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Project objectives and achievements

Objective

Status

Determine the effect of selected crop and
management  practices  (rotation  crops;
amendmentsin situ stubble retention; treated sewal
effluent as a source of irrigation water) on carl
sequestration, soil quality, drainage soil wateraje,
water use efficiency, greenhouse gas emissionq
growth, yield and profitability.

sdflost achieved. See sections 6.1, 6.2, 6.3, 6.4, 6.5
s@ihd 6.6.

g\eﬂ-ﬁeld water use with “Irrimate” use not assesasd
Ychnical officer for WUE project of Mr Jackson wi
Cpgt appointed due to funding constraints.

AS

Investigate whether system characteristics such
water use efficiency and carbon sequestration cbel
related to qualitative indicators, which could
measured by cotton growers and consultants, sug
ground cover, rotation frequency and tillage intgng
We hypothesized that these qualitative indicatordd:
be used as surrogate indices of soil car
sequestration, N and WUE.

Achieved for irrigated sites in NSW. See sections
d6.1.5 and 6.6.5.
be

h as

pon

Complete modifications to "Mulch manager",
machinery system developed to manage vetch
cotton-vetch systems on permanent beds.

Achieved. See sections 5.4 and 6.7. Provisional
patent awarded. Full patent not pursued.

Determine drainage & leaching under selected crap
systems and management practices. Compare dra|
estimated with CMB with that measured with f
tension lysimeter funded by Cotton CRC/CRDC

inage

pbiAchieved. See sections 6.5.1, 6.5.2 and 6.5.3

he

Communicate research outcomes to the National
Priority Teams for extension throughout the indystr

Information provided to individual extension staff
via copies of publications, conference papers and

L

reports and at industry workshops. See section 14




2 Executive Summary

The aims of the project were to determine the efféselected management practices on
carbon sequestration, soil quality and hydrologgpagronomy and profitability in irrigated
and dryland Vertosols using a combination of fighdl laboratory experiments, and desktop
studies. Management practices were tillage systeotetjon crops, soil amendments,
irrigation and stubble management. Measuremenksdad environmental variables such as
soil quality, carbon storage and sequestratiorerdreuse gas emissions, deep drainage and
soil water storage, and agronomic variables su@base- and below-ground crop growth
and cotton lint yield. Economic returns in irrigatgites at ACRI were evaluated by
comparing seasonal and cumulative gross margimgsaHde cycle analyses of greenhouse
gas emissions were made using a desktop approhaetiMulch Manager”, a machinery
attachment which was able to kill vetch while radgderbicide application rates and
trafficking was completed and assessed.

In general, SOC stocks in the 0-60 cm depth rahgédeen 50 and 70 t/ha. Legumes,
although contributing large amounts of carbon #gbil were unable to retain it because their
low C/N ratio facilitated rapid microbial decomptosn. Carbon inputs of C4 crops such as
sorghum and corn were much larger than those ar@® such as wheat. A major proportion
of that carbon came from their root systems. Irgirepwater availability and reducing tillage
improved root growth. SOC sequestration rates \generally negative or neutral, except
where a stressed soil (disease, sodicity, salimg in the process of recovering. Estimates of
carbon inputs, based on above-ground and root dtfem together with measured
sequestration rates indicated that large lossearbbn were occurring, probably due to a
combination of accelerated erosion, runoff and ali@l decomposition. SOC storage was
positively related to dry matter inputs, averageimam temperature, soil aeration and water
availability but was negatively associated withexifiser inputs. Except for temperature, the
other variables can be manipulated by cotton grew&rerage maximum temperature and
soil organic carbon in the 0-60 cm depth had aitoear relationship. The temperature
optima were higher in the Namoi valley (2728 than in the Macquarie (25°6). Farming
practises that could reduce emissions include eétmg inversion tillage, minimising use of
groundwater, sowing winter crops in rotation wititton, reducing/optimising mineral N
fertiliser rates, substituting a legume an thusediN for mineral N fertiliser. Long-term
cropping-related K depletion may be minimised hyutar application of cattle manure.
Gypsum application did not improve subsoil struetunder dryland conditions, probably
because of the erratic rainfall pattern.

Water losses through drainage can be reduced @nslader storage increased (i.e. water
conservation improved) by including a wheat croghim rotation with in situ stubble retention
under less frequent irrigation. Management systiiaisconserve all rainfall received in situ,
thereby reducing irrigation water requirements camtribute greatly to the sustainability of
irrigated cropping. Deep drainage in cropped ploider normal or low rainfall conditions
was many times higher than that in fallow plotg] agflects the higher water inputs in the
former. When rainfall was frequent and no irrigatigas required, drainage was higher under
fallow, with fallow length being positively corrééd to drainage. A model was developed
that used rainfall and potential evaporation tineste soil evaporation from beds where
stubble was either incorporated or retained in gitmodel that used EM38 measurements,
soil water storage and sodicity (ESP) was abletorately estimate chloride in non-saline
soils. These values could then be used to estidrateage using chloride mass balance
models.

Cotton yields and gross margin/ML were generalghler when wheat was included in the
rotation with highest values occurring on permarsas. Amendments such as gypsum or
manure did not improve crop yields under drylandditbons, even though soil quality was
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improved. Including vetch in the rotation did nesult in sufficient improvements in cotton
yield to compensate for the increase in produatimsts. In years of plentiful water (or when
crop area is the limiting factor) reducing wateplégation rates on a continuous cotton crop
was a false economy.

Cotton lint yields, in general, were positivelyatad to water and N inputs, soil aeration in
some sites and average annual daily maximum tetupera cooler or poorly-drained sites
but were lowered by higher average annual dailyimum temperature. In a sodic soil, a high
frequency of the tillage practices intended to t&etlae soil may have caused yield decreases,
presumably due to exposure of more sodic soilstibapd frequency of tillage, average
annual maximum and minimum temperature, N and Siggctty affected WUE of cotton.
Except for SOC, which had no effect, all of theabwariables directly affected NUE of
cotton, particularly N fertiliser rate, which wasgatively related, and legumes, which were
positively related. The relative importance of indual variable differed among sites for
yield, WUE and NUE.

The “Mulch manager” reduced use of herbicides, elesed labour, lowered risk to operators
and had a lower carbon footprint. In comparisosgaying with an 8-row boom sprayer,
depth of compaction was more when this 4-row imgetwas used, although the former
resulted in more intense and shallower compaction.

Between 2008 and 2011, two postgraduate studevdadidnours student and a visiting fellow
from Pakistan were hosted by the project. Projagputs were: 7 journal articles, 11
conference papers and 5 cotton industry and extenaitotal of 16 public presentations were
given by project and associated staff.

Key outcomes included:

» Identifying soil and crop management practices, @dimdatic variables that had direct
impacts on soil carbon stocks, yield, water antbgin use efficiency in irrigated cotton
soils.

* Quantifying rainfall harvested, and associatedndrge and evaporation, and thus, water
saved by retaining rotation crop stubble as inmitdch.

» Identifying practices that could reduce carbon oot of cotton farming systems with
life cycle analysis.

* A machinery attachment for managing prostrate coxeps bed-furrow systems.
e Simplified field methods to estimate soil evaparatand deep drainage.

* A whole-farm model of profitability for cotton faimg systems that can be used as an
analytical research tool.



3 Introduction

A major proportion (~75%) of Australian cotton iogn on Vertosols (Vertisols, Usterts), of
which almost 80% is irrigated. Typically, they haaeself-mulching layer 2 to 5 cm deep,
overlying a zone of blocky peds to depths of 36@acm. These soils have high clay contents
(40-80 g/100g) and strong shrink-swell capacitigshsthat they form deep soil cracks which
close when wetting occurs due to swelling of thié, wt are frequently sodic at depth and
prone to deterioration in soil physical qualityinicorrectly managed. In addition, soil pores
and stable aggregates attributable to the integctctivities of soil organic matter,
exchangeable cations, plant root systems and nasrobcur in these soils.

Resiliency and sustainability in cotton farming teyss are dependent upon a number of
interacting factors which include climate, soil tiya plant nutrition, farm management,
weed and disease incidence, and economic facta@guéntly, when external constraints such
as drought and economic factors impose on farmystems, growers who manage their soils
to optimise quality are able to respond more rapitiereby sustaining profits. Indices of soil
guality include soil porosity, organic carbon anditable nutrients.

Management systems whereby soil quality can be fieddand managed include tillage and
stubble management systems, and crop rotationsatVbgtion crops sown after cotton can
improve soil quality indicators such as subsolisture, salinity and sodicity, while legumes
such as vetch and faba bean can increase availdldgen by fixing atmospheric nitrogen,
and by reducing leaching losses. Furthermore stubihnagement systems which avoid
burning such a situ stubble retention in combination with suitablel sshendments can
also improve soil quality. As comparative studies these systems (wheat and vetch
rotations, standing stubble) had not been conductexhsurements commenced in 2002 in
several on-station experiments at ACRI and in 2005everal on-farm trials in Moree,
Brigalow and Narrabri. These observations wereinaetl during this phase of this project
focussing on water conservation, carbon sequestragiconomic profitability and drainage.
Management practices (e.g. fertiliser rates, itiigg rotation sequences, stubble
management, depth of tillage etc.) and climatiddiac (e.g. rainfall, temperature etc.) that
influence C sequestration, N and Water use effayien either a positive or negative way
were also assessed.

This report focuses on results obtained over theo@e2008-2011 from seven experiments
(six irrigated, one dryland) in New South Wales a@uieensland on rotation crop

management. Where long-term trends are discussad, abllected since 1993 were also
included. In addition, management practices fronessd past long-term experiments were
evaluated as potential surrogate indices for sarba@n sequestration, water and N use
efficiency using a multiple linear regression agmio.

4  Aims and Objectives

The general aims of the project were to determime effect of selected crop and soaill
management practices on carbon sequestrationgality, drainage, soil water storage, crop
growth, yield and profitability.

The specific objectives were to:

a) Determine the effect of selected crop and soil rganmeent practices (rotation crops; soil
amendmentsin situ stubble retention; treated sewage effluent as aceoof irrigation
water) on carbon sequestration, soil quality, drgen soil water storage, water use
efficiency, greenhouse gas emissions, crop groyighd and profitability.

b) Investigate whether system characteristics suchwater use efficiency and carbon
sequestration could be related to qualitative iaiaics, which could be measured by cotton
growers and consultants, such as ground covettiootérequency and tillage intensity.
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We hypothesized that these qualitative indicatotddbe used as surrogate indices of soil
carbon sequestration, N and WUE.

c) Complete modifications to "Mulch manager”, a maelynsystem developed to manage
vetch in cotton-vetch systems on permanent beds.

d) Determine drainage & leaching under selected crappystems and management
practices. Compare drainage estimated with CMB whtit measured with the tension
lysimeter funded by Cotton CRC/CRDC (CRC Proje2tl).

e) Communicate research outcomes to the NationaliBribeams for extension throughout
the industry

5 Methodology

The methodology consisted of several field expenitmdocated in the Namoi (Narrabri),
Gwydir (Ashleigh), Macquarie (Narromine) and Lachl@Hillston) valleys (section 5.1),

laboratory experiments and linear regression mablelopment using results from the
experiments described below and from several lengrtexperiments conducted between
1993 and 2005that were located in the Namoi and Macquarie yaltesf NSW.

5.1 Field Experiments

5.1.1 Effects of sowing cotton into standing rotation crp stubble on soil quality,
carbon seguestration, gas emissions, soil hydrology crop growth and

profitability

Soil quality, carbon sequestration in soil, dramagater storage, evaporation, greenhouse gas
emissions and cotton and rotation crop growth weamitored in two on-going on-station
experiments on rotation crop management locaté&C&I (long-term rotation/tillage system
experiment established in 1985 and a cotton/whetativrotation experiment established in
2002); and three on-farm experiments (“Federatiam¥, near Narrabri, “Windmill Farm”
near Ashleigh via Moree and “New Haven”, near Naniree). Measurements on the on-farm
sites were limited to soil quality and carbon setpation, with additional measured of
greenhouse gas emissions being conducted on ¢hatSkEederation Farm”. The details of the
individual experiments are as follows:

5.1.1.1 Tillage/rotation experiment in Field C1 at ACRear Narrabri

Treatments were continuous cotton sown after eito@ventional or on “permanent beds”
with most tillage operations being restricted te bed after cotton picking), and cotton-wheat
rotation sown after minimum tillage into standindiemt stubbfe The trial was initially
established in 1985 with the wheat stubble beirggrporated before sowing cotton. Since
2000 the wheat stubble was retained as standingpblstuand Round-up Ready cotton
(SICALA V2-RR) sown until the 2005-06 season, ari@blfgard-Roundup Ready Flex”
varieties thereafter (43BRF during the 2006-07 aeasd its successors 60BRF during the
2007-08 and 2008-09 seasons, and 71BRF during@f8-20 and 2010-11 seasons). From
2005, the experiment was re-designed such thatrtigation regimes, “frequent” (~7-14 day

1 Hulugalle, N.R., and Cooper, J.L. (1996). "Finalaeeio Cotton Research and Development CorporaticBRBC Project
no. DAN 83C (Management Systems for Cotton on PerntédBeds - Maximizing the benefits of Rotation Crop&p,pp.
Hulugalle, N.R., Cooper, J.L., and Scott, F. (199Binal report to Cotton Research and Development Gatjpm on
CRDC Project no. DAN 108C (Long-term effects of cottotations on the sustainability of cotton soilg, pp.

Hulugalle, N.R., Weaver, T.B., and Scott, F. (200Bjnal report to Cotton Research and Development Gatjom on
CRDC Project no. CRC 12C (Long-term effects of cottoatrots on the sustainability of cotton soils 184 pp.

Hulugalle, N.R., Weaver, T.B., and Scott, F. (200Binal report to Cotton Research and Development Gatjom on
CRDC Project no. CRC 45C (Maintaining profitability amil guality in cotton farming systems)”, 70 pp.

Hulugalle, N.R., Weaver, T.B., and Scott, F. (200Bnal Report to Cotton Catchment Communities Co-opezadResearch
Centre on CRC Project 1.04.13 (Maintaining profitapiéihd soil quality in cotton farming systems IIJQ pp.

2 Limited to drainage, soil water storage and evatom
% The terms “standing stubble” anith ‘situ mulch” are used synonymously in this report.
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cycle) and “infrequent” (14-21 day cycle), were sumposed on the tillage/rotation
treatments to assess the role of different soitking patterns caused by imposition of
contrasting irrigation frequencies on deep drairaugkits pathways. The experimental design
was a split plot design where tillage/rotation egstwas designated as the main plot
treatments and irrigation frequency as sub-pla@ttnent, replicated twice in plots 190 m long
and 36 rows wide. Cotton crops received 160-18NKmp during August of each year as
anhydrous ammonia before sowing cotton until th@8209 season, and as urea after sowing
cotton thereafter. An additional 60 kg N/ha of uveas applied to cotton crops in January
2011 due to excessively wet conditions from Novenmi®@l0 to January 2011 as it was
assumed that N losses through volatilisation aadhimg were high during this period. Urea
was applied to wheat before sowing at a rate di@0l/ha, and 60-80 kg N/ha subsequently
during later July or early August. Cotton and rotatcrops were irrigated at an average rate
of 1 ML/ha subject to water availability, rainfadhd soil water content. Soil quality was
evaluated in samples taken during September 20B8858m diameter soil cores were
extracted from each plot with a tractor-mounted swier from the 0-10 cm, 10-30 cm, 30-60
cm and 60-120 cm depths. A supplementary sampliag eonducted during May 2009 to
evaluate post-season soil chloride concentratiaditional samples (6 cores to a depth of 2
m) were taken near the tension lysimeter thatdatked in this experimehtDue to extended
and heavy rainfall, and consequent waterloggintheffield during the last quarter of 2010,
soil could not be sampled. Soil water content @ 20 to 120 cm depth was measured with a
neutron moisture meter, and that in the surfacegbgvimetric sampling. Agronomic
measurements included cotton plant mapping, romwir of cotton (2008-09 season) in the
surface 10 cm with the core-break method and thahe 10-100 cm depth with a I-CAP
image capture system and minirhizotrons, lint yiatdl fibre quality of cotton, wheat grain
yield and quality, and dry matter yield. Static ctieers were used to sample greenhouse gas
emissions after operations such as tillage, slgshstubble incorporation, irrigation and
fertiliser application.

5.1.1.2Cotton-wheat and cotton-vetch cropping systems rgrpat in Field D1 at ACRI,
near Narrabri

The experiment commenced in 2002, and crop rotaionl their chronosequences from 2005
to 2008 are summarised in Table 1). The experingeeikpected to run for a period of 12
years (until 2014). The rotations studied weretarotvetch-cotton (Rotation 1), cotton-winter
fallow-cotton (Rotation 2), cotton-wheat-summer amohter fallow-cotton, wheat stubble
incorporated (Rotation 3), and cotton-wheat-sumrfaow-vetch-cotton, wheat stubble
retained as standing stubble (Rotation 4). Vetchthim cotton-vetch sequence was sown
immediately after cotton picking and bed renovatioiMay and slashed/sprayed out in mid to
late September whereas that in the cotton-wheatvetquences was sown after suitable
rainfall events during late February and slashedisga out in July or August. This practice
differs from management earlier in the experimeiten vetch was killed in September. The
objective of early vetch termination was to maxintbe fallow period between vetch and
sowing cotton, thus conserving spring rains for logehe subsequent cotton crop. The vetch
stubble was retained as surface mulch into whiehféllowing cotton crop was sown. Land
preparation was with minimum tillage (“permanentd$@ with tillage operations (disc-
hilling, commonly known as “go-devilling”) being sticted to the bed after cotton picking.
When cotton was sown, a “Roundup Ready” cottonetqariSICALA V2-RR) was used until
the 2005-06 season, and “Bollgard-Roundup Ready’ Marieties thereafter (43BRF during
the 2006-07 season and its successors 60BRF dineng007-08 and 2008-09 seasons, and
71BRF during the 2009-10 and 2010-11 seasons).ekperiment was laid out in 3 RCB,
with individual plots being 20 1-m rows wide and5i® long. Within the more complex

! Ringrose-Voase, A.J., and Nadelko, A.J. (2006). @fyamy Deep Drainage Using Lysimetry, Cotton Catcimtne
Communities Cooperative Research Centre (Final repp@dtton CRC Project 1.2.01), 21 pp.
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rotations, both rotation and cotton phases werensowhe same year to allow evaluation of
climatic variability. Cotton in rotations which ditbt include a vetch component (Rotations 2
and 3) received 160-180 kg N/ha before sowing oaottatil the 2008-09 season, and as urea
after sowing cotton thereafter. An additional 60Nda of urea was applied to cotton crops in
January 2011 due to excessively wet conditions fidavember 2010 to January 2011.
Cotton in rotation that did not include vetch werat fertilised before sowing cotton but
received supplementary N as urea in December aradgnApplication rates were dependant
on N fixation by the vetch and estimated losseswBen 2008 and 2011, they were 60 (2008-
09), 70 (2009-2010) and 120 (2010-11) kg N/ha fotaon 4 and 80 (2008-09) and 120
(2009-2010, 2010-2011) kg N/ha for Rotation 1. didiion, 60 kg N/ha of urea was applied
to cotton crops in January 2011 due to excessmuely conditions from November 2010 to
January 2011 as it was assumed that N losses tihnmlgtilisation and leaching were high
during this period. Urea was applied to wheat efowing at a rate of 20 kg N/ha, and 60-
80 kg N/ha subsequently during late July or earlygést. Phosphorus was applied only
during September 2010 to all plots at a rate ok@3°/ha as single superphosphate. Cotton
and rotation crops were irrigated at an average oatl ML/ha subject to water availability,
rainfall and soil water content.

Soil quality was evaluated in samples taken dulittg September or early October of each
year. Chloride was also measured in soil samplest abtton picking in May and drainage

estimated with the chloride mass balance methoil.s8mpled during September 2010 was
also analysed for exchangeable cations. Four 5iameter soil cores were extracted from
each plot with a tractor-mounted soil corer frora €R10 cm, 10-30 cm, 30-60 cm and 60-120
cm depths. A supplementary sampling to evaluatéegeEmsson soil chloride concentration was
conducted during May of each year. These resulte weed to estimate drainage using the
chloride mass balance method. Soil water contetthen20 to 120 cm depth was measured
with a neutron moisture meter, and that in theaggiby gravimetric sampling.

Agronomic measurements included plant mapping, gvotvth of cotton (2008-09 season)
rotation crops (2008, 2009 and 2010 winters) insiinéace 10 cm with the core-break method
and that in the 10-100 cm depth with a I-CAP imagpture system and minirhizotrons, lint
and DM vyield and fibre quality of cotton, wheat igrand DM yield, and vetch DM vyield, C
and N concentrations. During the 2010 winter, vatchreplicate one of treatment 4 was
severely affected damaged by aphids (Fig. 1). Tptedadamaged plot was analysed as a
separate treatment using a mixed models approazhtiuthe effect of the aphids on root
growth. Static chambers were used to sample gresehgas emissions after operations such
as tillage, slashing, stubble incorporation, irtig)a and fertiliser application.

Fig 1. Aphid-damaged vetch,
June 2010, Field 1, ACRI




8

Table 1.Crop rotations and chronosequences in cotton/ixeteat experiment in Field D1, ACRI, 2008-011.
(The letters a and b denote different phases ofdhnee rotation. Vetghy = green-manured /stubble

mulched vetch)

Rotation 2008 winter 2008-09 2009 2009-10 2010 2010-11 2011
summer winter summer winter summer winter
1 Vetchyu Cotton Vetchy Cotton Vetchy Cotton Vetchy
2 Fallow Cotton Fallow Cotton Fallow Cotton Fallow
3a Wheat stubble Cotton Wheat Wheat stubble Cotton Wheat
incorporated/ Fallow incorporated/ Fallow
3b Wheat Wheat stubble Cotton Wheat Wheat stubble incorporate
incorporated/ Fallow Fallow
4a Vetclyy Cotton Wheat Standing wheat stubble/ Cotton Wheat
Fallow/ Vetchyy
4b Wheat Standing wheat stubble/ Cotton Wheat Standing wheat stubble/

Fallow/ Vetchyy

Fallow/ Vetchyy

5.1.1.3Gypsum x standing wheat stubble experiment at “Fagaten Farm”, near Narrabri

Treatments were cotton sown into wheat stubblerpuwrated with an aer-way cultivator to a
depth of ~15 cm which had either 2.5 t/ha gypsuplieg in 2000 or standing wheat stubble
with no gypsum applied. The plots were 400 m lori@xows wide, and were arranged in a 3
RCB design. The experiment was irrigated with tdasewage effluent which is high in
exchangeable Na and K, soluble Cl and has a madeiaigh EC. Statistical precision was
improved by establishing 5 sampling plots withircleandividual treatment plot. Soil was
sampled during June 2000 (baseline sampling), 8dg#e 2001, January 2002, September
2003, April 2004, September 2005, April 2006, OetoB007, April 2008, September 2009
and May 2010. Results presented in this reportaetasamples taken from 2009 to 2010. At
each time of sampling, 5-cm diameter soil coresevextracted from each plot with a tractor-
mounted soil corer from the 0-10 cm, 10-30 cm, B0efn, 60-120 cm and 120-180 cm
depths. The previously-described static chamberse wesed to sample greenhouse gas
emissions after operations such as tillage/stuinlolarporation and irrigation during the 2009-
10 cotton-growing season.

5.1.1.4 Gypsum x standing wheat stubble experiatef/indmill Farm”, near Ashley

Treatments were intended to be cotton sown intadstg or incorporated wheat stubble,
which had either 2.5 t/ha gypsum applied during ¢ia2006 or remained untreated in a 2
RCB design. Due to a combination of drought/lack iofgation water, poor wheat
establishment and changing grower priorities, tilewheat stubble management treatments
had not been implemented by December 2008. Evengthasoil sampling had been
conducted from 2005 to 2008 on the assumptionttreaexperiment would be implemented
as this had not occurred by the end of 2008, nbdéuisampling took place.

5.1.1.5 Comparison of cotton-corn (stubble burnt/incorpm@) with cotton-wheat (standing
wheat stubble/no-tillage “New Haven”, Narromine

A split-field trial under sprinkler irrigation haloeen established by the collaborating grower
since 2006. An EM-38 survey was conducted durir@®20 determine spatial variability, and
soil (clods and disturbed bulk soil) sampled usanggired sites design (10 pairs) from the O-
10 cm and 10-30 cm depths during September 200%5aptember 2010. Cotton was sown
during the 2009-10 cotton season, wheat duringwimer of 2010 and sorghum during
summer 2011. Both wheat and sorghum were sown mothillage. Plant dry matter was
sampled at crop maturity, and grain/lint yields digaicked at harvest.



5.1.2 Application of organic and inorganic amendmets to dryland Vertosols and
their effects on soil quality and crop yield

5.1.2.1 On-farm experiment on soil amendment xiegipdn depth near Brigalow, Qld

Dryland cotton soils in the southern Darling Dowar® frequently characterised by sub-
optimal K availability, and high subsoil salinityné sodicity. Following a request by Mr.
Wade Bidstrup, an experiment was established d@d@db in one of his fields at Brigalow
(near Dalby) to evaluate the effects of some setbntanagement practices and amendments
on soil quality, and crop growth and yield. Althdugeplicated, a formal experimental design
was not used. Exchangeable K concentration indhfase 0.10 m of this field was < 1 cmol
(+)/kg, and declined exponentially with increasuegpth, average chloride concentration in
the 0.6-1.2 m depth was of the order of 550 mg/ky il and ESP 22. The experimental
treatments, imposed after zero-tillage on individelats 50 m x 24 m and replicated three
times, were as follows: (1) Ripping alone to anrage depth of 0.5 m; (2) Deep application
(0.5 m) of P, Zn and K; (3) Deep application (0.pohP and Zn; (4) Surface application and
incorporation (no ripping) of cattle manure at teraf 16 t/ha; (5) Gypsum at a rate of 9 t/ha
followed by ripping; (6) Gypsum at a rate of 9 tfloowed by ripping, and deep application
of P, Zn and K. In all treatments P was applied atte of 11 kg P/ha in the form of mono-
ammonium phosphate (MAP), K at a rate of 55 kg Kdkgpotassium sulphate, and Zn at a
rate of 3.5 kg Zn/ha as zinc sulphate. Wheat wamsduring winter 2005, cotton during
2006-07 summer and sorghum during 2007-08 summee.tD poor rainfall during 2005 the
wheat crop failed but cotton and sorghum yieldedl wae to good in-crop rainfall in
subsequent years. The treatments were imposedgdapnl-May 2005, and soil sampled
from the experiment during July 2005, and June 28@6 2007, and July 2008. Two 5-cm
diameter soil cores were extracted from each pitht a utility-mounted soil corer from the O-
10 cm, 10-30 cm, 30-60 cm and 60-120 cm depths. eXperiment was terminated after
harvest of the 2007-08 sorghum crop in June 20080@ lint, and wheat and sorghum grain
yields were determined by hand-picking. Soil anthdmalyses were completed by February
2009.

5.1.3 Sowing two cereal rotation crops (winter cereal fosummer cereal) after cotton

5.1.3.1.Comparing a cotton-wheat-sorghum sequence withtmravheat sequence on soil
carbon

An experiment was established at “Merrowie” nedtsttin during October 2008 using 3RCB
design, comparing two cropping sequenaas, cotton-wheat-sorghum vs. cotton-wheat on
soil carbon stocks. Individual plots were 530 mg@nd 48 1-m rows wide. The experiment
was planned to run for 6 years. Cotton was sownndguOctober 2008 and wheat the
following winter. Unfortunately due to the collalating agronomist departing on leave during
December 2009, the summer sorghum crop was not,samh hence, the experiment was
sown to a wheat crop that was sprayed out andwelioby cotton in 2010 summer. The
originally intended cropping sequence will be inmpénted form now on. An EM-38 survey
was conducted during 2008 to determine spatiakdity, and soil sampled from the 0-10
cm and 10-30 cm depths during 2008 and 2010. Riantmatter was sampled at crop
maturity, and grain/lint yields hand-picked at hestv Concurrently unreplicated observation
plots of both cotton and rotation phases of a cettheat-sorghum sequence were established
in Field D1, adjacent to the experiment descrilmeskeiction 4.1.1.2, and soil sampled from the
0-10 cm and 10-30 cm depths during September ZI and 2010.

5.1.4 Ancillary experiments

5.1.4.1Carbon contribution by sorghum roots

The contribution of carbon by sorghum roots growder conventional tillage and no-tillage
(sown into standing wheat stubble) was measurethgluhe summer of 2011 in adjacent
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plots in Field C1, adjacent to the experiment dbsdrin section 4.1.1.1. The experiment was
sown after good spring and summer rains, but wenew irrigated with 100 mm of water
when in-crop rainfall was insufficient to meet evegtive demand. The rows (beds) were
spaced at 1-m intervals with vehicular traffic lieirestricted to the furrows. Measurements
were made of root growth in the surface 10 cm withcore-break method and that in the 10-
100 cm depth with an I-CAP image capture system anahinirhizotron, and C and N
concentrations in roots. DM and grain was measatedrop maturity. Root images were
analysed with RooTracker 2.03.

5.1.4.2Carbon contribution by corn roots

Corn root growth was measured in an experimerfteaustralian Cotton Research Institute,
near Narrabri during the summers of 2007-08 and8ZI® in Field C1, adjacent to the
experiment described in section 4.1.1.1. The erpant consisted of four cropping systems:
continuous cotton, continuous corn, cotton-wheatl @otton-corn rotations sown in plots 20
m long and 8 rows wide. The experiment was desigueth that both phases of the rotation
were sown every year in the rotation treatmentg &periment was sown after good spring
rains, but were furrow irrigated with 100 mm of watvhen in-crop rainfall was insufficient
to meet evaporative demand. The rows (beds) weaaeespat 1-m intervals with vehicular
traffic being restricted to the furrows. Corn ragiiowth was measured only in the corn
monoculture and cotton-corn rotation. Cotton roetse not monitored in this experiment.
Measurements were made of root growth in the serfficcm with the core-break method and
that in the 10-100 cm depth with a minirhizotro am 1-CAP image capture systems, and C
and N concentrations in roots. DM and grain wassuesal at crop maturity. Root images
were analysed with RooTracker 2.03.

5.2 Laboratory experiments

5.2.1 Modelling soil evaporation from beds where wheat sibble was either
incorporated or retained in-situ

The objective of this study was to develop a med#l easily determined input variables that
could be used by cotton consultants, extensio ataf growers to predict evaporative water
losses from wet or moist bed surfaces (e.g. afcaver of rain), thus facilitating planning

for sowing cotton crops.

Cores with a diameter of seven cm were extractech fhe surface of beds in cotton-wheat
and cotton-wheat-vetch rotations in the experimenfield D1 (section 4.1.1.2) during
December 2008, February 2009 and March 2010. Fivescwere extracted from each of
these treatment plots in every replication, thualliog 15 cores per treatment. In addition,
five cores were extracted from an adjacent bufterezbare fallow within the experimental
area. The cores were saturated and excess watevedllto drain. The cores were then
allowed to dry our by evaporation under varyinginigycondition,viz. laboratory bench, open
air, combination of the two). The cores sampledFebruary 2009 were subjected to 2
wetting/drying cycles, whereas the cores sampledtiar times were subjected to a singe
wetting drying cycle. During each drying cycle, pueation from a free water surface was
measured with an evaporimeter, radiation obtaimech fmeteorological records and ambient
temperature measured with a 10K NTC thermistor ldg¢eer (TinyTa§ TG-4080). After
completion of each drying cycle, the cores werenedeed at 110 C, weighed, and the
stubble separated from the soil by washing oveman#sieve. The washed stubble was then
dried and weighed. The results (cumulative evaporatvere fitted to a 3-parameter power
function. Empirical models were developed usingt lsedbset and stepwise linear multiple
regression analysis using independent variablels aadield bulk density, initial soil water
content, stubble amounts and their managemengurhulch or incorporated), radiation and
potential evaporation from a free water surfacee Thodel was field validated during
February 2011 by comparing samples taken fromdigliere wheat stubble had either been
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incorporated or retained situ with values derived from the model. Data was asedyusing
regression analyses and Student’s T-test.

5.3 Measurements and data analyses
5.3.1 Soil quality (physical and chemical properties)

Air-dried soil was passed through 2 mm-sieve arel fillowing tests carried out: pH (in
0.01M CaC)); electrical conductivity, EGs (in a 1:5 soil:water suspension); nitraté-(ith

a nitrate electrode pre-calibrated with the Kjehldaethod and from 2007 onwards with the
Kjeldahl method alone after extraction with 0.02MSKK),); and exchangeable Ca, Mg, K and
Na (after extraction with alcoholic 1M NBI at a pH of 8.5; commonly described as the
“Tucker” method). These data were used to deriweerseé sodicity indices: exchangeable
sodium percentage, ESP [= (exchangeable®&ahangeable cations) x100], electrochemical
sodicity index, ESI (= EGJ/ESP) and EGJ/ESC ratio (ESC, exchangeable sodium content).
Total soil organic carbon (SOC) was determinednatet oxidation method of Walkley and
Black on soil which had been passed through a @nssmve. All chemical analyses are those
described in the “Australian Laboratory HandbookSafil and Water Method§” The SOC
was expressed in t/ha, by multiplying their concaiin in each depth interval by the bulk
density and the depth increment, followed by sungmip all the depth intervals. Soil Cl was
determined by measuring its concentration by taratwith AgNO; of a saturated paste
extract using a chloridomefer

Surface bulk density was measured on both soilscidter coating with paraffin w&and on
air-dried aggregates (1-10 mm diameter) with the@s$ene saturation methodind the bulk
density expressed as a weighted mean (33:67 adgseg#ods). Bulk density in other depths
was determined on soil clods (experiments at AGRIromine and Hillston, sections 5.1.3.1
and 5.1.1.5) or 5-cm diameter cores extractede@gqursly described after oven-drying at 110
°C (Field D1 at ACRI, section 5.1.1.2) after coatinigh paraffin wax. Complete shrinkage
curves were determined only where clods were uSed.water retention was determined
with the filter paper methdd

5.3.2 Field measurements

Surface soil water content was determined gravicadly whereas that in depths > 20 cm
was measured with neutron moisture meter (CPN-568 Hydroprob®) that had been
calibratedn sitt’.

Root growth in the surface 10 cm m was measurell thi¢ core-break methbdThe live

roots in a sub-sample of the cores were separated the dead material after washing.
Washing root samples involved soaking them in wasater containing a solution containing
a 2:1 10% sodium hexametaphosphate: 1 M sodiunokig for a period of 4-6 hours. Once
dispersed, the suspension was washed through mr@.8ieve. The remaining silt and sand
material were separated from the root and othearocgmaterial by flotation and decantation.
The remaining organic material (including roots)revéhen stained with a 0.1% congo red

! Nitrate-N was measured only in ACRI's cotton-wheetet experiment (see section 5.1.1.2). Due to metfoning of the
nitrate analyser (managed by CSIRO at ACRI) result2@09 were discarded.
2 Rayment, G.E., and Higginson, F.R. 1988stralian Laboratory Handbook of Soil and Watertimels, 1st

edition Inkata, Melbourne and Sydney.
3 Beatty, H.J., and Loveday, J. 1974. Soluble catambsanions. InMethods for analysis of irrigated soils’. Technical
Communication No. 54Ed J Loveday) pp. 108-117. Commonwealth Burdeaods, Commonwealth Agricultural Bureau:
Farmham Royal, Bucks, UK.
4 McKenzie, N., Coughlan, K., and Cresswell. 2086il Physical Measurement and Interpretation fantd Evaluation -
edition. CSIRO publishing, Collingwood.
® Mclntyre, D.S., and Stirk, G.B., 1954. A method dimtermination of apparent density of soil aggregi@tust. J. Agric.
Res5, 291-296.
® Greacen, E.L. 1981.08 water assessment by the neutron meth®8IRO publishing, East Melbourne.
7 Smit, A.L., Bengough, A.G., van Noordjwijk, M., Rein, S., van de Geijin, S.C. (EdRoot methods: A Handbook
Springer-Verlag, Berlin, Heidelberg & New York.
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solution for a period 4-8 hours (depending on aigerap), followed by washing in absolute
alcohol (supermarket grade). The congo red stdieditve roots in the sample a bright red
colour, whereas the dead organic material remanokbIThe live roots were separated from
the dead material using a forceps under a bright.liRoot separation was done by spreading
the sample in a shallow white, plastic tray. Thay$rwere filled with ~5 mm of water. Once
the live roots were separated from the dead métehay were stored in a 25% alcohol
solution until the length was measured using a fresiNewman’s line interception method
or scanned and measured with WINRH{Z®oftware. The root samples were then oven-
dried, weighed and nitrogen and carbon concentratieasured by combustion with a LECO
CHN 2000 analyser. Relationships were derived b&tweot number, root length and root
weight, and the root length and weight in each csstmated. Relative root length (root
weight /root length) was also calculated. Root dlow the 0.10 to 1.0 m depth was
measured at 10 cm depth intervals with a “Bartz’CBT I-CAP image capture syst&nirhe
video camera part of the image capture system wasrted into clear, plastic acrylic
minirhizotron tubes (50 mm diameter) installed witlkeach plot, 3D from the vertical.
Measurements of roots were made 4-5 times during d¢lop growing season, at
approximately 3-4 week intervals. Root images waptured in two orientations, left and
right side of each tube, at each time of measuremarash analysed with RooTracker
estimate selected root growth indices. The dataefch orientation and over the entire
measured profile were summed to assess root groveha 360 plane of vision. The indices
evaluated were the length and number of live rabtsach time of measurement, number and
length of roots which died (i.e. disappeared betw@aes of measurement) and net change in
root numbers and length. The above, together wWith greviously-described relative root
lengths and root C concentrations were used taledéc several other indices of root growth;
viz. (1) Root length per unit area to a depth af,1Ls; (2) Root carbon at end of seasopC

= Sum of net changes in root carbon between timeseasurement in all depths where, for
individual depths and between times of measurentéet,net change in root carbon was
calculated as: Net change in root length x Relatbad length x Root carbon concentration)
(3) Root carbon added to the soil during seas@g,<~Sum of root carbon added to soil due
to root death between times of measurement inegthds where, for individual depths and
between times of measurement, root carbon addediltovas calculated as: Length of roots
which died x Relative root length x Root carbon @amtration; (4) Root carbon which could
be potentially added to SOCio& = Goot (2) + Gost (3).

Penetrometer resistance was measured only in theriment in D1 with the objective of
assessing trafficking effects of the “Mulch manégBenetrometer resistance to depth of 0.45
m was measured before and after trafficking at 1B depth increments in 6 sites (3
insertions per site) selected at random in eachiplaovheel-tracked furrows with a Rinfik
CP10 recording cone penetrometer fitted with adsesh 300 circular stainless steel cone of
12.83 mm diameter and a 9.83 mm diameter shafui@edric water content was measured at
0.10 m depth intervals in soil sampled at the same from the same locations with a tractor-
mounted soil corer. Penetrometer readings werestatjuo a standard water content of 0.275
g/g (~field capacity)and pre- and post-trafficking values compared witudents t-test.

Green house gas monitoring was conducted at reguiéawals, triggered by key events in the
system, such as slashing/incorporation, irrigatowl fertiliser application. Emissions were
measured in Fields C1, D1 and “Federation Farm'nifeOdiameter static chambers, with a
150mm head-space. These were capped for 2 hoanstpratmospheric sampling. A 25mL
air sample was taken in an Exetainer vial and aealyy multi-column GHG GC: 0, CGO,
CO and CH. This methodology is suitable for detecting diéfleces between treatments, but
makes emission accounting difficult due to the agar nature of the sampling program. Lids

1 Busscher, W.J., Bauer, P.J., Camp, C.R., and Sojka1B9. Correction of cone index for soil water contifferences
in a coastal plain soiSoil Till. Res43, 205-217.
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were removable to allow semi-permanent installateord could be fitted with septa for one-
off sampling or septa and Tedlar® baffle combimatio allow for multiple samplings from a

single chamber with Exetainer® sampling tubes aasttgght syringes. Due to the highly
labour-intensive nature of their operation, sangphvas limited to emissions associated with
events such as tillage, irrigation, laser-levellargl fertiliser application.

Black root-rot incidence in the rotation experimemtField D1 was assessed by Mr. P.
Lonergan of the Plant Pathology unit at ACRI by plng two transects in each cotton plot,
one at the head ditch end and the other at thelitalh end. From each plot 160 plants were
dug up and the tap root assessed. Severity of ifeask was established by rating the
percentage length of the tap root with characierigackening using a scale of 0-10, where 0
= no blackening, 1 was >0 ard0%, 2 was >10% and?0%, 3 was >20% and30%, 4 was
>30% and<40%, 5 was >40% aneb0%, 6 was >50% and60%, 7 was >60% and70%, 8
was >70% ana80%, 9 was >80% and90% and 10 was >90% ard 00% of the tap root
affected.

Agronomic measurements included plant mapping,tpday weight and crop yields. In all
sites multiple locations (3/plot in on-station expeents and 10-15/plot in on-farm sites) of 1
m? were sampled. Yield in on-station experiments wasessed by mechanically-picking
cotton or harvesting grain from the entire plotirdljen and carbon concentration in vetch dry
matter was measured by combustion with a LECO CB0DZnalyser.

Cotton fibre quality parameters assessed (by thiRQSibre quality laboratory) were fibre
length, strength, short fibre index, uniformitypegjation and micronaire. Wheat grain quality
parameters were protein concentration, falling nemsland screenings.

5.3.3 Desktop assessment of greenhouse gas emissions caes with farming
practices

Greenhouse gas emissions (as carbon dioxide eqotgalCQ-e) associated with farming
operations, herbicide and fuel production and arts were estimated from available
source$ by relating them to diesel and electricity consdniestimates were made for the two
long-term experiments at ACRI and the dryland expent at Brigalow (sections 5.1.1.1,
5.1.1.2, 5.1.2.1). Nitrous oxide emissions from é\tifiser and legume cover crops were
based on the average figure Of 0.3% of N inputented by Grace (2006)Assuming that
60% of soil carbon losses were attributable to ¢htise to erosion (in sediments) and runoff
(as dissolved organic carbdngarbon dioxide emissions from soil were calculdtem the
net sequestration rates for the above mentioned gported in Table 4.

Detailed records were maintained of labour requami® associated with both setting up and
in-field operation of the “mulch manager” in itsrigaand final versions. Detailed records
were also kept of fuel use, herbicide applicatiates and costs. Fuel use and greenhouse gas
emissions (as carbon dioxide equivalents, €D associated with vetch management,
herbicide and fuel production and transport wetgneged from available sources. The above
information was used to assess labour requiremantsgreenhouse gas emissions associated
with herbicide and fuel production for three deyslental stages of the “Mulch manager”.

! (i) Chen, G., and Baillie, C. 2007. Development of En€ajy —A tool to assess cotton on-farm energy (BESEA
Publication 1002565/1). University of Southern Qusdand, Toowoomba, Qld.

(ii) Audsley, E., Stacey, K., Parsons, D.J., andlisivns, A.G. 2009Estimation of the greenhouse gas emissions from
agricultural pesticide manufacture and usgranfield University, Cranfield, UK.

(i) Scott, F. 2009. Personal Communication.

% Grace, P. 2006Reducing nitrogen losses from cotton rotation syst&inal report for project no. GCRC4C, 24 pp. CRDC,
Narrabri, NSW.

3 (a) Gregorich, E. Get al 1998. Carbon distribution and losses: erosiondembsition effectsSoil & Till. Res47, 291-

302. (b) King, A. P.et al.2009. Annual carbon and nitrogen loadings forreofu-irrigated field. Agric. Water Manage96,
925-930.
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5.3.4 Estimating soil organic carbon storage and sequesttion

Soil organic carbon (SOC) concentration (%) in edepth interval was converted to carbon
content (t/ha) as:

SOC content = SOC concentration x oven-dried balksity (Mg/n?) x depth interval (m).

SOC concentration is usually reported on an oveeddrasis. Soil carbon storage at any one
time was determined by summing carbon contentpedied depth intervals in a profile.

A potential source of error when evaluating sorboa storage and sequestration is the use of
a fixed depth in the calculation rather than aniedent soil massas the former does not
account for possible changes in bulk density eitiver time or between treatments and when
the entire profile is not sampled. In other woidsbon storage should be reported on an
equal mass of soil between the times being compMethodology for this is described by
Ellert and Bettany (1995)Carbon contents were calculated with the fixeptldenethod (FD)
and Ellert and Bettany’s method (ESM) for a sulodehe results from the experiments in
Field D1 and C1 (sections 4.1.1.1 and 4.1.1.2)Herperiod 2002 to 2009 to ascertain the
magnitude of differences, if any between the prestipmentioned methods, and values
compared using linear regression analysis.

SOC sequestration is defined as the rate of cheang®C storage with time, and is usually
determined by fitting a linear regression modetk (yix + ¢) between time (in years) and SOC
storage measured at intervals of 1-3 years or ifRoelsonet al, 2011¥.

5.3.5 Drainage estimation with the chloride mass balancmethod

Drainage was measured with the chloride mass balamethod in all treatments in the
tillage/rotation experiment and cotton/wheat/vetotations experiment at ACRI; gypsum X
standing wheat stubble trial at “Federation Fararip the soil amendment experiment at
Brigalow. Water samples were taken from the he&hdduring each irrigation at each
experimental site. The water samples were anali@edH,, EC, (salinity), Cl by titrating
with AgNQOs, nitrate-N (with the Kjeldahl method), and Ca, Mg,and Na with an atomic
absorption spectrophotometeAt each sampling site soil water content in tfle120 cm
depth interval was measured with a neutron moistneter (CPN 503-DR Hydroprobe)
which had been calibratea-situ. Soil water content in the soil surface was mesu
gravimetrically.

Previously published modéfswere used to estimate deep drainage assumingysséais
conditions (Eqgn. 1) and transient state conditi@mmn. 2). Assuming steady state conditions,
deep drainage was calculated as:

Ci
z = = 1
DP. |(C) 1)

Z

where DR is the deep drainage (mm/wk) at soil depth z (minig; infiltration of irrigation
and rain application rate (mm/wk);; & average chloride concentration of irrigationteva
(mmol/l); C: is the concentration of chloride in the drainagatew at depth z (mmol/l),

1 Ellert, B.H. and Bettany, J.R. 1995. Calculation @famic matter and nutrients stored in soils undatresting
management regimeSan. J. Soil Sci75, 529-538.
2 powlson, D. S., Whitmore, A. P., Goulding, K. W.2D11. Soil carbon sequestration to mitigate déwhange: a critical
re-examination to identify the true and the faBeropean J. Soil Sc62, 42-55.
3 Rayment, G.E., and Higginson, F.R. 1988stralian Laboratory Handbook of Soil and Watertimels, 1st

edition Inkata, Melbourne and Sydney
4ussL (United States Salinity Laboratory) 1954agnosis and improvement of saline and alkalissoil
Agriculture handbook No. 60. USDA, Washington DC
® Slavich, P.G., Petterson, G.H., and Griffin, D. 20Bffects of irrigation water salinity and sodyctn infiltration and
lucerne growth over a shallow watertatAeist. J. Exp. Agricd2, 281-290.
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calculated from the mean of the soil chloride comiagions pre- and post-crop. Assuming
transient state conditions, deep drainage was ledétlias:

Sy = Ci/(LgA) = Sim —D2
Si—C/(LA) = Sem ¥ (=) 2)

Where $ and $ are the masses of chloride stored per unit volemsoil in the (0-z) layer
(kg/m®) at the start and end of the desired monitorimipge G is the weighted average chloride
concentration of the irrigation water and rainfédy/m®); L; is the net leaching fraction [i.e.
D/(1+R)] where | is the depth of applied irrigatiovater and R is the depth of rainfall; -4<L;
dimensionless); D is the net amount of drainagep@sijtive downwards); z is the depth at which
net drainage is assessadind $, are defined by the assumption that the relatignbbtween the
chloride concentration of the drainage water attiep(G, kg/nt) and the mass of chloride per
unit volume of soil stored in the (0-z) layer S(Oizlinear, ie. G=A (So0--Sm). TheA term (nt
soil/m® water) can be interpreted as the inverse of #esport pore space of the (0-z) layer and
Sm (kg/nT) can be interpreted as the mass of chloride pigrvotume of soil in the (0-z) layer
which is occluded from the transport pore space. ATand $, terms are calculated from the soil
sampling data at the start and end of the assesgmeod.

The chloride concentration of drainage watej) (Gr each sampling time was calculated as:

Cepnf
Co= S @)

9(2)

where Gp(,is chloride concentration in the saturation exteaaepth z (mmol/l)fsp() is the
water content of the saturation paste at depthgkdl; 6y, is the water content at depth z
(mm) at which drainage is assumed to occur (kg/kg).

The field saturated water content was estimate@Bés (a correction factor for entrapped air
of 7%) of the total porosity, which was calculafeain the bulk density. The mean soluble
chloride content per unit volume of the 0-z layardéach sampling time was calculated as:

§(0 -2 = 0.814Csp(z)&ﬁ>(z),aa (4)

where py, is soil bulk density (kg/f); 0.814 accounts for anion exclusion®(kg) and has
been defined as the distribution factor

The amount of irrigation water that infiltrated tipeofile (I) to a depth of 1.2 m was
calculated as | $p.1.2 myt2 —B8-1.2 myt1 + ETc where the difference in volumetric soil water
content before§(o-1.2myt1 iIn mm) and afterf(o.1.2 mt2 in mm) sampling events (intervals of 7-
14 days) plus any evapotranspiration E{inm)) was calculated for each site. The
volumetric soil water content was measured witheatron moisture meter (CPN 503-DR
Hydroprobe) which had been calibratacsitu. The ET for each site was calculated ascET
Ke X (Kp X Epan) Where Kis crop factor, K is pan coefficient, Fnis evaporation from class A
pan with green fetch (mm/day).

The total rainfall that occurred during the monitgrperiod was used to adjust the chloride
concentration of the irrigation water JGn equation 1 and 2 to account for dilution doe t
rainfall. Rainfall was collected and analysed dbtoride concentration and was shown to be
negligible, thus reducing the effective chloridencentration of the infiltrating water when
combined with irrigation. If there was no rainfdliring the monitoring period, no adjustment
was made.

The deep drainage estimates from both models vested for differences using regression
analysis and Student’s t-test to determine if ¢éoiflux was in steady or transient state.

1 Slavich, P.G., Petterson, G.H., and Griffin, DO20Effects of irrigation water salinity and sodlyobn infiltration and
lucerne growth over a shallow watertable. AusExp. Agric. 42, 281-290.
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Model accuracy was cross checked by comparinggmme-post-cropping season soil chloride
concentrations with a paired t-test. If they didig significantly at the 95% probability level,

then the chloride flux was assumed to have occuwretér transient state conditions. If not,
then they were assumed to have occurred underysséaté conditions.

5.3.6 Estimating deep drainage using an EM38 in horizontamode

An EM38 is an electromagnetic induction instrumiiatt comprises of two electrical coils
one metre apart - a transmitter at one end andesver at the other. A time varying magnetic
field induces eddy currents in the soil and the mitade is proportional to the electrical
conductivity of the soil. Secondary magnetic fiedlls generated from these current loops in
proportion to the current flowing in the loop. Tieeeiver coil intercepts the secondary
magnetic fields and the sum of the signals is dmdlproducing an output voltage that is
converted to a reading on the display. An EM38lmanised to measure and map soil
parameters such as salinity, water content andocacentration.

The experimental sites were located at the Auamallotton Research Institute (ACRI) near
Narrabri, ‘Glenarvon’ near Wee Waa and ‘Beechwonigar Merah North, NSW. The ACRI
sites were a plot sown with a cotton-wheat rotatinrpermanent beds where wheat stubble
was retained as situ mulch (site 1) and the rotation experiment indiell (experiment
5.1.1.2, site 2). The ‘Glenarvon’ site consistec @iot sown with a cotton-wheat rotation
where stubble was incorporated. At the ‘Beechwasit®, there were three cropping
sequences, continuous cotton, cotton-wheat, artdredblichos sown between 1993 and
2000. The three treatments were sown with cottomduhe 2000-01 and 2002-03 growing
seasons, wheat during 2001 winter and sorghum gitime 2001-02 growing season with
stubble being incorporated.

Soil cores (0-120 cm) were taken from 2000 to 2@0sx sampling sites established in a
diagonal transect at ACRI (site 1), Wee Waa andaki@torth from the tail-drain to the head-
ditch. Four cores were also taken from the saméhdepeach plot in the rotation experiment
in Field D1 at ACRI during 2010 and 2011. Samplvaes conducted immediately before
sowing and after picking cotton. Air-dried soil waassed through a 2 mm-sieve and chloride
concentration determined by AgN@ration'. Soil water content in the 20-120 cm depth
interval was measured at 7-10 day intervals duiiegcotton season with a neutron moisture
meter which had been calibratedsitu, whereas that in the soil surface was measured
gravimetrically. Drainage was estimated with theodde mass balance method assuming
either steady or transient state conditions asritbestpreviously. Measurements using an
EM38 in the horizontal mode were made prior to smand after harvest for the 2000-01,
2002-03 and 2010-11 cotton growing seasons. Thiengawere taken at the same locations
where soil was removed for chloride analysis.

A linear multiple regression model was derived lestw selected independent variables such
as electromagnetic readings in the horizontal n{&diéH), soil parameters such as profile
water content and exchangeable sodium percentaiyhamlependent variable, soil chloride
concentration using data collected during the 2082otton growing season. The model was
used to estimate soil chloride concentrationstfer2a000-01 and 2010-11 cotton seasons and
validated with actual soil chloride concentratidhe estimated chloride concentrations were
used in a chloride mass balance model to estinesp drainage for 2000-01 and 2010-11
seasons. Measured values of Cl were also usedintaés deep drainage.

! Beatty, H.J., and Loveday, J. (1974). Soluble catiand anions. IMMethods for analysis of irrigated soils’. Technical
Communication No. 54Ed J Loveday) pp. 108-117. Commonwealth BurdaBods, Commonwealth Agricultural Bureau:
Farmham Royal, Bucks, UK.
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Table 2 Dataset from 2002-03 cotton season used in épséte linear multiple regression model. ESP,
exchangeable sodium percentage;{=®ectromagnetic induction measured in the hotalamode; $
soil water storage in the 0-120 cm depth, pre,sg@son values; post, post-season values

Chloride ESP EM S
Experimental Locations  Sites meq/| mS/m mm
pre post pre post pre post
ACRI (site 1) 1 1 1 4 58 50 491 391
2 1 1 4 61 47 456 354
3 1 1 4 71 44 445 355
4 1 1 3 66 46 453 385
5 1 1 3 55 43 440 341
6 1 2 5 49 45 434 355
“Glenarvon” 1 1 1 6 79 67 251 208
2 1 1 3 78 56 260 223
3 1 1 3 79 63 268 218
4 1 1 3 79 64 266 220
5 1 1 3 78 63 305 239
6 1 1 4 82 63 286 250
“Beechworth” 1 3 5 12 112 106 366 285
ex-Continuous Cotton 2 1 2 10 108 101 385 325
3 9 7 16 114 124 381 313
4 4 2 11 116 105 391 323
5 5 6 14 103 113 349 302
6 2 3 11 109 105 390 326
ex-Cotton-Wheat 1 6 5 12 119 110 367 295
2 2 3 11 110 103 364 290
3 3 4 13 114 112 355 281
4 4 3 11 118 98 380 294
5 5 4 13 115 101 369 290
6 1 1 10 112 94 365 310
ex-Cotton-Dolichos 1 15 14 16 118 124 366 309
2 7 10 17 110 116 392 316
3 8 7 13 118 113 373 313
4 5 4 13 118 103 390 311
5 15 15 19 118 118 374 314
6 3 4 15 119 106 384 318

5.3.7 Data analyses

In replicated experiments, all data were analysild analysis of variance appropriate for the
specified experimental design. In unreplicatedt gpbt experiments (e.g. Narromine), where
soil was sampled in paired transects, the reswdte @nalysed using Student’s t-test.

The results from the site at Brigalow, in whichoanfial experimental design was not used,
were analysed using Generalised Linear Models (QLMghere possible, a fixed model
consisting of treatment, year, depth and theiratigons was used, with a random model of
replications, plots and depth within plots. Thes®lals were restricted for some variables, as
appropriate. Spatial correlations for plot and Hepere fitted for exchangeable magnesium
percentage (EMP), exchangeable sodium percent&fe) @&nd EC/ESC only. Spatial
correlations for other variables were too smalbéaesolved by this model, and were
dropped.

The relationship between management practices asctillage depth, rotation crop, dry
matter inputs, N fertiliser and irrigation amounasd climatic factors such as temperature,

1 McCullagh P., and Nelder, J.A. (198®eneralized Linear Modelhapman and Hall, London
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rainfall (in-crop, fallow etc.), on lint yield, dodrganic carbon sequestration, N use efficiency
(yield/N in fertiliser) and water use efficiencyi€id/total water) were evaluated with multiple
linear regression analysis using results from paston-going irrigated experiments on crop
rotations and tillage systems conducted betweerd B@ 2011 in the Lachlan, Namoi and
Macquarie valleys of NSW. Analyses were conductétiimveach individual site and among
all sites. The among site analysis was restricted single common treatmewitz. cotton-
wheat rotation due to confounding by the differeeatments in each site. The influence of
temperature within and between sites was furtheestigated with non-linear regression
analysis.

5.3.8 Profitability

Profitability: Financial returns and profitabilitfor each rotation were evaluated for the
tillage/rotation (C1) and rotation (D1) experimeatsACRI by comparing cumulative gross
margins per hectare and per ML of irrigation wadeplied. A gross margin is the gross
income from an enterprise less the variable casist§ directly attributed to the enterprise).
Fixed costs such as depreciation, permanent ladomipverhead costs are not included. Gross
margin results were calculated using a cotton po€e$450/bale and a seed price of
$300/tonne and costing of all operations conduaiadeach treatment, including fallow
management. The wheat price used was ‘Feed’ an#/'A8 95/tonne, ‘AH’ $202/tonne and
‘PH14’ $235/tonne with the current discount systim low protein and bonuses for low
screenings included. Where possible, 2011 priee® been used for inputs such as fuel,
fertiliser, herbicides (including defoliants) andsgpicides. The same output and input prices
are used for each season’s results, in order terrdate the rotation effects. Alteration of
prices from year to year would confuse the rotagfiect. Cotton price sensitivity testing
was conducted using lint prices ranging from $358350 per bale.

5.4 Development of the “Mulch Manager”

The objective of this study was to develop an eounally and environmentally-acceptable
management system which minimised trafficking aeduced the use of the more toxic
herbicides for killing a prostrate cover crop imriw-irrigated permanent beds in a Vertosol.
The cropping system tested was one in which vetatig villosaL. Roth,Vicia benghalensis
L.), a prostrate leguminous cover crop, was folldviy row-cropped cotton. Our ultimate
objective was to retain the vetch residues killgdhe herbicides a® situ mulch into which
the following cotton could be sown (Fig. 2). Thisport includes a summary of the
development of an implement (“Mulch manager”) tonage vetch cover crops. Vetch has
several issues and constraints which need to beesslel when its termination is under
consideration:

* Vetch is a prostrate crop which forms adventitions through its lateral stems (also
referred to as stolons or runners) and producesnditier in the range of ~5-7 t/ha. The
bulk can be reduced by mowing with a slasher mof@epending on climatic conditions,
this kills about 20-50% of the vetch. The remainchar be killed either by incorporation
or by application of a knockdown herbicide suclBpsay.Seetl Mature vetch is tolerant
of Glyphosate.

« Spray.Seelis highly toxic and more costly than Glyphosate2@®L drum of
Spray.Seelis of the order of $A 215 and Glyphosate (Rouff @A 80.

» Survival of the prostrate vetch cover is enhanbedugh adventitious roots formed by the
lateral stems. Personal observations by the ausuggest that adventitious root
formation by the laterals is stimulated by mowi@gitting the lateral stems can, however,
minimise proliferation of adventitious roots.

The implement described in this report addressesalblove constraints and issues in a single
pass subsequent to mowing.
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Fig. 2. Sprayed out vetch stubble

The initial design (Fig. 3a) consisted of a tooltmaevhich paired sets of parallel coulter discs
were rigidly attached. The pairs of discs were tedasuch that they ran on either side of the
vetch plant line to a depth of ~2-4 cm, thus cgttoff any lateral stems (Fig 3b). It was
assumed that the discs would follow the bed costaius ensuring a uniform cutting depth.
A set of nozzles that applied herbicide (Spray.8gdd the vetch plant line on bed surfaces
was located between individual disc pairs (Fig. 3tle nozzles were attached to a tank that
R - -

(@)

Fig. 3. Later design of mulching
implement (Stage 27). (a)
Complete implement
under field conditions (b)
Close-up of strip cut by
coulter discs (c) Close up
of coulter-discs and
nozzle

|
el ¥ SN R

contained the herbicide. The discs also minimis&thibide drift. While this design was
successful in reducing Spray.S&egplication amounts and killing the vetch, it alssulted
in winter weeds such as wild Phalafhélaris paradoxd..), milk thistle Sonchus oleraceus
L.), dead nettlel(amium amplexicaule.) and wild turnip Brassica tournefortilL.,
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Raphanus raphanistruin, Rapistrum rugosurh.) proliferating in the furrows, thus
necessitating an additional application of a hédeisuch as Roundfiwith a boom sprayer.
The implement was subsequently modified to incladecond tank and a second set of
nozzles that directed an appropriate herbicide asdRoundup® to the furrows to control
winter weeds. In addition, the rigidly attached ltens discs were replaced with spring-loaded
coulter discs as the cutting depth of the formes wariable. Thus, the final design consisted
of a toolbar to which were attached four sets ohgploaded pairs of parallel coulter discs,
one set of nozzles that applied herbicide (Spr do the bed surfaces located between
individual discs, and a second set of nozzles éuttd directed Roundup® to the furrow
(Figs. 4 and 5). The two groups of nozzles werachtd to separate tanks which contained
the two different herbicides. Limiting Spray.S&egpplication to a narrow band between two
coulter discs ensures that herbicide drift is dye&iduced, thus minimising non-target crop
damage, and reducing exposure of farm workers taySpeel. Commercially available,
“off-the-shelf” components (nozzles, coulter didesiks etc.) were used at all times. In
summary, the three developmental stages of thé vetmination system were:

+ Stage 1 — Mowing followed by applying Spray.Seedth 2 passes of an 8-row boom
sprayer (“No implement”). Occasionally, an addiabapplication of Roundfpwith a
single pass of a boom sprayer was required.

+ Stage 2 - Mowing followed by applying Spray.S®é&ua single pass with an intermediate
stage of the implement (Fig. 3a) and Rourftwjth a single pass of an 8-row boom
sprayer (“Later stage”);

+ Stage 3 - Mowing followed by applying Spray.S®edd Roundupwith the final version
of the implement in a single pass (Fig. 4) (“Fidekign”)

Fig. 4. Final design (“Stage 3") of
mulching implement
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Fig. 5. Line drawing of final design
of mulching implement
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6. Key Results and Discussion
6.1 Cropping systems and soil organic carbon

6.1.1 Estimating soil_organic _carbon (SOC) using the egwalent soil mass (ESM)
method

Comparison of a subset of SOC values (2000-200@)méned with both the ESM and fixed
depth (FD) methods for the 0-30 cm, 0-60 cm and®@-&m depths for the experiments
described in sections 5.1.1.1 (Field C1, ACRI) &rid1.2 (Field D1, ACRI) with Student’s t-
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Fig. 6. SOC stocks in the 0-30 cm, 0-60 cm and 0-120 gmhdedetermined using the fixed depth (FD) and
equivalent soil mass (ESM) methods in Field D1, ACR02-2009)

test indicated although statistically significantfetences were present (P < 0.001), these
differences were very small (Fig. 6). In Field O&r example, relative to the FD method,
values determined using the ESM method differecabyaverage of 0% (range of -4% to
+2%) in the 0-30 cm depth, 3% (range of 1% to 4@6thie 0-60 cm depth and 2% (range of
1% to 3%) in the 0-120 cm depth. Similarly, in Ei€1 in comparison with the FD method,
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values determined using the ESM method differecibyaverage of -4% (range of -20% to
+22%) in the 0-30 cm depth, -3% (range of -8% tg &¥he 0-60 cm depth and -3% (range
of -5% to 5%) in the 0-120 cm depth, with the gesatvariability occurring in the 0-30 cm
depth where deeper tillage operations had takecepl@he relatively small differences in
Field D1 may be due to the fact that all treatmewmtse sown on permanent beds. The low
average differences suggest although it is jubtiidao use the FD method, soil carbon stocks
for shallow depths (e.g. surface 30 cm) where cotiweal tillage is practised may be more
accurately determined with the ESM method. Soiboarstocks can, however, be accurately
determined with the FD method for depths deepar tha maximum depth of tillage (e.g. O-
60 cm or 0-120 cm depths).

6.1.2 Soil organic carbon stocks 2008-2010

Soil organic carbon stocks generally ranged betwseand 70 t/ha in the 0-60 cm depth,
although higher values were present in the tillajation experiment and where a cotton-
wheat-sorghum sequence was sown at ACRI (TabldI®. latter sequence resulted in a
higher SOC than with cotton-wheat and was probealysed by the higher amounts of plant

Table 3. Effect of cropping system on SOC stocks, 2008-2010

Site Cropping system Soil organic C in the 0-60 cm
depth (t/ha)
2008 2009 2010
ACRI, Narrabr, Conventional tillage/continuous cotton 69 - -
NSW Permanent beds/continuous cotton 73 - -
(Tillage/rotation Permanent beds/cotton-whet itu mulch) 80 - -
experiment) P< 0.05 - -
SEM 2.2 - -
ACRI, Narrabri, Continuous cotton 58 62 52
NSW (Cotton/vetch/ Cotton-vetch 66 60 54
wheat rotations Cotton-wheat (incorporated), cotton phase 64 70 52
experiment) Cotton-wheat (incorporated), rotation phase 57 69 2 6
Cotton-wheatif situ mulch)-vetch, cotton phase 59 67 54
Cotton-wheatif situ mulch)-vetch, rotation phase 62 63 59
P < ns ns 0.001
SEM 3.7 3.3 1.1
“Federation Farm”  The site had been laser-levelled during the 2009 - 69 -
, Narrabri, NSW winter. Treatments were, thus, not imposed and a - -
baseline measurement taken during 2009 from at$ plo- -
“New Haven”, Corn (burnt) fb. cotton-wheain(situ mulch) - 52 49
Narromine, NS\ Cotton-wheatif situ mulch) - 61 60
t-value - -2.89 2.48
P< - 0.05 0.05
“Merrowie”, Hillston =~ Treatments only partially imposed due to absence of 48 - 56
NSW collaborator. Only values averaged among all treatm
plots are reported
ACRI, Narrabri, Cotton-wheat-sorghum (mean of 3 years) 715
NSW (Cotton/wheat/ Cotton-wheat (mean of 3 years) 57.4
sorghum rotation t-value -2.41
experiment) P< 0.05

material that were retained in the field. Signifitaifferences among treatments in the
cotton/vetch/wheat rotation experiment at ACRI ootgurred when a wet winter and spring

L Irrigation frequency did not significantly affeBOC storage and averaged 73 t/ha with “infrequerigation and 76 t/ha
with “frequent” irrigation. The site was not samgli@ 2010 due to excessively wet conditions.

2 Sampled only from 0-30 cm depth. Values for 20djaisted using ESM method.
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coincided with a wheat crop in 2010. The additiodal matter associated with the vetch
(Tables 7 and 9) did not contribute to soil carlstocks, and may due to its low C/N ratio
facilitating rapid microbial decomposition and ceqaent loss of C and N through a
combination of plant uptake and gaseous emission.

Irrigation frequency in the tillage/rotation expaant at ACRI did not result in a significant
difference in soil carbon stocks although there waasigher non-significant response with
frequent irrigation. The absence of a significa#ponse may be due to the fact as these sub-
treatments had been implemented only since 200806 two points in time (2006, 2008)
had been sampled. The values of SOC in the 0-3@epth at “New Haven” (sprinkler-
irrigated) were comparable to those in the 0-60dapths in the other sites, which were all
furrow-irrigated. This may be caused by a highercemtration of SOC in the surface (range
of 1.2-2.1 g/100g) with sprinkler-irrigation. In mparison with retaining stubble &ssitu
mulch, SOC stocks were lower where stubble had baant.

6.1.3 Soil organic carbon sequestration 1993-2010

SOC sequestration rates were, generally, negaiivextended periods in many sites (Table 4). In
other words, there was a net loss of carbon eaah fesome sites such as Field D1, Federation
Farm and “Glenarvon”, the low?R< 0.15) values suggest that SOC sequestration eteepgh
negative, were effectively similar to a situatiohexe there was no net change with time (i.e. the
line was horizontal). It is notable that in theges, cotton was sown for much of the time either
into standing crop stubble or after minimum tillggey. aer-way cultivator).

Table 4. SOC sequestration rates (t C/halyear) in the 6p@epthin the Lachlan, Macquarie and Namoi valleys of

New South Wales. A single average value is giversites where there were no significant differences
among treatments. Only sites where measurementsmade for 6 years or more are included in this

table.

Site Years SOC sequestration rate R

Field C1, ACRI, Narrabri, NSW 1993-2008 -1.25 0.61

(Tillage/rotation experiment) 1993-2000 -1.54 0.34
2000-2008 -2.38 0.45

Field D1, ACRI, Narrabri, NSW 2002-2010 -0.05 0.068

(Cotton/vetch/wheat rotations experiment)

“Federation Farm” , Narrabri, NSW: 2000-2009

Gypsum (stubble incorporated) -0.81 0.04ns

No gypsum ifi situ mulch) -1.50 0.12**

“Beechworth”, Merah North, NSW 1993-1999 -4.67 0555
1999-2004  2.10 0.73

“Glenarvon”, Wee Waa 1993-2001 -1.60 0.04ns

“Auscott”, Warren 1993-2009 -1.74 0.16
1993-1998 -5.24 0.37
1998-2009 0.04 0.01ns

In other sites (“Beechworth”, “Auscott-Warren”),rban losses were followed by a stabilisation
or increase in sequestration rates. The causéesd tdecreases, however, differed. At
“Beechworth”, a very sodic soil was irrigated witbre water that became increasingly saline with
time leading to a reduction in crop growth, andstizarbon sequestration. By 2000, the soil
condition had deteriorated to the extent that 0@0201 cotton crop was a failure. The grower
responded by irrigating with good quality river egtand substituted an irrigated/fertilised wheat-
irrigated/fertilised sorghum sequence from 20002fallowed by a cotton-wheat sequence
thereafter. The wheat-sorghum sequence returneceaya below-ground dry matter amounts of
the order of 36 t/ha. The net result was an iner@asequestration rate from 2000 to 2004. At
“Auscott-Warren”, the sharp decline in SOC stocsr the 1990’s may have been due to crop
stubble being burnt during the initial stages &f éxperiment. In addition, root-borne diseases
such as black-root rot was prevalent in the cottops. After termination of the trial in 2001, the
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combination of sowing cotton in to cereal stubbid permanent beds appears to have resulted in
the decline in SOC being arrested.

6.1.4 Temperature and soil organic carbon

Beechworth, 1993-2004 Auscott-Warren, 1993-2009 Field C1-ACRI, 1993-2008

120 120 120

2,
SOC =84.34*exp(-0.5%((Tmax-25.51)/1.38)"), ® Conventional tillage/continuous cotton
R2 =051 n=76 O Permanent beds/continuous cotton
v Permanent beds/cotton-wheat

100 4 100 4 ) 100 4

80 -

60 - SOC =02.99%exp(-0.5*(Tynax27.94)12.10)2),

R? = 0.41"* n = 66

SOC in 0-60 cm depth (t/ha)

60 1

40 T T T 40 T T T T T T
26 27 28 29 24 25 26 27 26.0 26.5 27.0 27.5 28.0

Average annual daily maximum temperature, Tmax (OC)

Fig. 7. Effect of annual average daily maximum tempertli,.,, on soil organic carbon stocks in the 0-60 cm llept
“Beechworth”, “Auscott-Warren” and Field C1, ACHitted equations for Field C1 at ACRI are as folkow
Conventional tillage/continuous cotton: SOC = 87e4p(-0.5*((Tmar1.40)/27.03), R* = 0.66 ; Permanent
beds//continuous cotton: SOC = 92.90*exp(-0.5x(d1.48)/27.0%) R* = 0.72"; Permanent beds/cotton-wheat :
SOC = 93.33*exp(-0.5*((Far1.71)/27.0%) R = 0.51".

The decrease in SOC stocks at “Beechworth” duhedl990’s may partly be due to sub-optimal
temperatures (Fig. 7). At “Auscott-Warren” a condtiaon of sub- and supra-optimal temperatures
(Fig. 7) and black-root rot during the 1990’s résdlin a period of decreasing SOC followed by a
period when they appeared to stabilise. In fielda€CACRI due to supra-optimal temperatures’
during the 2000’s in combination with deterioratingter quality there was more rapid loss of
SOC relative to the 1990’s, although the cotton-athetation appears to be less sensitive to
temperature than either of the continuous cotteattnents. The data for the three sites suggest
that there may be an optimal temperature with ©&speSOC sequestratioviz. 27.9°C at
“Beechworth”, 25.5C at “Auscott-Warren” and 2°C at ACRI (Fig. 7).

The impact of temperature on SOC stocks was furtivesstigated by comparing SOC under the
same cropping system (cotton-wheat rotation sowh-onpermanent beds) at several different
locations in which cotton is grown in Australiaz. Hillston (latitude -33.4, longitude 145.4),
NSW, Warren (latitude -31.8, longitude 147.8), NS\éyrabri, NSW (latitude -30.2, longitude
147.8) and Emerald, Queensland (latitude -23.59itade 148.1). Details of the Emerald
experiment (terminated in 2002) have been repqutediously. Briefly, it consisted of four
cotton-based cropping systems (early cotton sowwdsn August and October; wheat sown in
May, sprayed out and followed by early cotton; whawed to mature, harvested and followed
by late cotton sown between October and Decemhdrgeain sorghum followed by cotton) sown
on 1-m and 2-m wide permanent beds.

SOC storage increased on moving northwards froisteil in southern NSW to Narrabri in
northern NSW (Fig. 8). Moving further north to Eralekin central Queensland resulted in

only a small (non-significant) increase in SOC agg. These changes in SOC with latitude
were closely related to changes in annual averatye maximum temperature, which in turn

! Hulugalle, N.R., Weaver, T.B., and Scott, F. (200Bj)nal report to Cotton Research and Development Gatjgm on
CRDC Project no. CRC 45C (Maintaining profitability amil guality in cotton farming systems)”, 70 pp. S#go section
6.4 in this report.

2 Hulugalle, N.R., Weaver, T.B., and Scott, F. (200B)nal report to Cotton Research and Development Gatjgm on
CRDC Project no. CRC 12C (Long-term effects of cottoatrots on the sustainability of cotton soils 184 pp.
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is closely related to the length of a growing segeommonly measured as day-degrees) in
each year.

120 —
Emerald, Qld.

100 + Narrabri, NSW

80 |

Warren,
NSW

Narrabri
Warren
Emerald
Hillston

60 |

XpOe®

i Hillston,
4 NSW
SOC = 96.19/(1+exp(-(T ,,-23.44)/1.55), R? = 0.65%**

Soil organic carbon in the 0-60 cm depth (t/ha)

22 24 26 28 30 32 24 26 28 30

-Latitude (O) Average daily maximum temperature (OC)

Fig. 8. Variation of latitude and annual average dailximaim temperature, ., on soil
organic carbon stocks in the 0-60 cm depth. Vdrbeas are SEM’s.

We propose that there are two inter-related fadtaasdetermine how temperature affects soill
carbon stocks. (Note that dry matter productioalirsites was similar). Firstly, increasing
length of the growing season ensures that theae iscreasing frequency of wet/dry cycles.
At the same time higher temperatures result indriglhvaporative demand. Thus the intensity
of the wet/dry cycles are also likely to be greateiswelling soils such as Vertosols, frequent
and intense wet/dry cycles ensures that large nisdfestable aggregates are formed, usually
encompassing soil organic matter. Within these egapes, the organic matter is protected
from microbial decomposition, and thus, sequesteédedondly, aggregation is also enhanced
by microbial activity, which increases with increagtemperatures. A simplified

diagrammatic representation of both these processt®wn below (Fig. 9)..

Modified from Pascale et
al., 2002

Incarporation of FOM Ca, electrolytes, x 3
Plant residuss Microbial activity Wetting/drying cycle:
roots I in cracking clay soil

Cf)

Fig. 9. Simplified representation of ; Aggregafion

. . . trapping
aggregation processes in soil i 1

As temperatures increase, there is an increasggiregation until a maximum values is
reached. Thereafter, the microbial decompositicertakes the aggregation process, leading
to decreasing SOC with further increases in tentpexdFig. 7). The end result is a “bell-
shaped” curve. Figure 7 suggests that the “maximaite” may also be site dependent with
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factors such as management, crop types, soil gondihd quality, and eco-climatic zone
exerting significant effects. In addition, high feenatures cause inhibition of plant growth
through enhanced respiration and reduced photossistrand thus, reduction in plant dry
matter available for addition to soil carbon stocks

6.1.5 Management inputs and soil organic carbon @tks

Within site multiple linear regression of managetraard climatic variables with soil organic
carbon stocks for Field C1 and D1 at ACRI, “Glemarty “Beechworth” and “Auscott-
Warren” produced somewhat variable results (Tapléng=ield C1 the number of tillage
operations irrespective of tillage depth had a tiega&ffect on SOC whereas at “Glenarvon”
and “Beechworth” it was positive. This may be do¢he fact that in the latter two sites “deep
tillage” was primarily associated with pupae-bugtamd rarely exceeded 15 cm but in Field
C1 it was more aggressive and associated with lelaisd disc-ploughing, listering and
preparation of land for laser-levelling. The numbeshallow tillage (< 10 cm depth)
operations had positive and negative effects on 80Glenarvon” and “Auscott-Warren”,
respectively . Increasing N fertiliser rates hatkgative effect on SOC in Field C1 and
“Glenarvon”, no effect at “Auscott-Warren” but agiive response was observed at
“Beechworth”. The sodic/saline conditions in thiedamay have contributed to this response.
This was also the only site where dry matter inpats a positive effect on SOC. Average
daily maximum temperature had a positive effec6@C at Field C1, “Auscott-Warren” and
Table 5. Results of multiple linear regression analysesiahagement and climatic variables on SOC
sequestration. Max till, number of tillage opevas > 10 cm deep; Min till, number of tillage
operations < 10 cm deep; N, N fertiliser applied Kkha); Water, total water inputs, irrigation and

rainfall (mm); Ta, annual average daily maximum temperatf@®;(T.», annual average daily
minimum temperaturé’C); DM, total plant dry matter (t/ha); VIF, variaminflation factor.

Site Variable Coefficient VIF P< R n
Field C1, ACRI, Narrabri,  Max till -2.34 1.2 0.001 0.69" 57
NSW Min till -3.02 1.2 0.001

N -0.110 1.7 0.001

Water 0.015 1.4 0.001

Trax 4.80 1.8 0.001

Tmin -5.64 1.2 0.001
Field D1, ACRI, Narrabri, Max till x N x -1.180E-05 1.0 0.05 0.12* 48
NSW Water
“Glenarvon”, Wee Waa, Max till 2.07 1.1 0.01 060 32
NSW Min till 2.77 1.6 0.001

N -0.039 1.6 0.05
“Beechworth”, Merah DM -0.55 1.3 0.01 066 72
North, NSW Max till 9.86 1.3 0.001

N 0.022 1.2 0.01

Tmax 6.22 1.2 0.001
“Auscott-Warren”, Trnax 4.46 1.3 0.001 0.52** 56
Warren, NSW Min till -2.50 1.2 0.001

Tmin 5.71 1.2 0.05
Pooled resulfsfor cotton- DM 1.76 1.3 0.001 041 96
wheat rotations on Water 0.009 1.9 0.05
permanent beds N -0.077 1.9 0.01

Tmax 5.96 1.1 0.001

Max till 2.17 1.3 0.05

! Fields C1 and D1, ACRI, Narrabri; “Glenarvon”, Wee &VéAuscott-Warren”, Warren, NSW; “Merrowie”, Hilisn, NSW
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“Beechworth” but had no effect on SOC at “Glenarfvdxverage daily minimum temperature
was positively related to SOC at “Auscott-Warrent bad a negative effect at Field C1. The
variations in SOC stocks in Field D1 were poorlplained by management and climatic
variables (Table 5). Presumably a non-linear apgireaay have had more success, although
model complexity may have been significantly enleainc

Pooling of results for cotton-wheat rotations ompanent beds from Fields C1 and D1,
ACRI, Narrabri; “Glenarvon”, Wee Waa; “Auscott-Wan’, Warren, NSW; and “Merrowie”,
Hillston, NSW indicated that increasing amountsligf matter inputs, water (irrigation and
rainfall), average daily maximum temperature aredrtmber of tillage operations greater
then 10 cm deep increased SOC stocks in the O-6fepth whereas increasing N fertiliser
rate had a negative effect (Table 5). Except ferithpact of tillage, the other responses are
not surprising. The positive impact of tillage >df deep is at variance with the widely-held
belief that tillage results in depletion of SOCcét®. It should be noted that these claims have
been made with respect to carbon concentratiosBaliow depths whereas the present study
was based on SOC stocks in the 0-60 cm depth.dii@a many of the tillage operations
conducted in this study, did not include inversitlage,did not exceed 15-20 cm, and were
mainly associated with pupae-busting and thus cotleduwnder dry conditions after picking
cotton. The clods formed by tillage were coarsé, thas aggregate disruption was minimal.
Examples of such tillage practices were cultivatiotin the aer-way cultivator, “centre-
busting” or “go-devils” (disc-hiller). The end rdsis an aeration of the soil after the
compactive effects of trafficking associated witbtkpg (Fig. 10). In contrast, if an

implement such as a rotary-harrow had been usedisant disruption of soil aggregates
would have been likely.

Fig. 10. Aer-way cultivator and associated land prepanadio‘Federation Farm”, Narrabri

6.1.6 Carbon inputs into soil

The major sources of carbon inputs into soil in@gtural systems are plant materialg,

above and below-ground residues, root exudatesietgever, much of the carbon in crop
residues is returned to the atmosphere as carbarddithrough microbial respiration. The
literature suggests that the proportion of carlocrop residues that is ultimately sequestered
in soil can range from 2-20%, although most autlcorscur that the values are more likely to
be at the lower end of this range. In this repathave used two values, 5% and 15%, to
estimate the amounts of carbon that can potenti@lgequestered in soil. Furthermore no
assessments were made of root exudates in sodl.aBsessment does not account for the
subsequent losses of carbon due to microbial degsitign, soil erosion and runoff.

Cotton and rotation crops above-ground residuethfoperiod 2008-11 are summarised in
Tables 6, 7 and 8. The amounts of sequesteredrcastionated for the cotton-wheat-vetch
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rotation and @ crops such as corn and sorghum using a 5% sedgtiestrate (Tables 9 and
10) are similar to those reported for Vertosolsarrahnual cropping systems in Texas, USA
(Potter, 2018). The above and other sources in the literatsmggest that the using a value of
5% to estimate potential sequestration rates éasaonable assumption.

The estimated sequestration value for the cottoeatvlietch sequence (Table 9) is similar to
the value reported by Potter (2016)r pasture systems. This is largely due to tigbéi

below ground contributions by the vetch crop (whicks sown in later summer/early
autumn) (Table 9, Fig. 11). Assuming a 5% sequésiraate, cotton, wheat and vetch roots
totalled 0.5 t C/ha/year of which vetch contribu@8 t C/ha/year. In spite of this higher
value, however, significant differences among S@Cks in this experiment were only
observed during the 2010 winter (Table 2), whemeslin treatments with a wheat crop were
higher than those without. This implies that edesugh higher amounts of carbon are
potentially available for sequestration with théten-wheat-vetch sequence, the high N
concentration, and thus, low C/N ratios of bothweh@12.9) and below-ground (18.7) vetch
materials results in enhanced microbial decompsidf soil organic matter resulting from
vetch residues. This casts doubt on the efficadggafiminous crops in soil carbon
sequestration in environments where microbial &gtis high such as in irrigated summer-
cropping systems. A further cause of SOC lossen adield are those associated with
erosion and as dissolved carbon in runoff waterlddg-term results are available for cotton
soils under furrow irrigation but data from Canadggests that up to 70% of SOC losses are
due to erosion and only 30% were caused by mickdeizomposition. Under the warm, wet
conditions of northern NSW and southern Queenslaoggever, the proportion of SOC lost

600 | 2008 2009 2010

Root C (g/mz)
ey
8
L

200

Rl || l 1 T 1l

Carbon in crop Carbon in  Total carbon Carbon in crop Carbon in Total carbon Carbon in crop Carbon in  Total carbon
roots atend of  dead roots potentially available roots at end of dead roots  potentially available  roots at end of dead roots potentially available
season for addition to soil C season for addition to soil C  season for addition to soil C

HE Vetch in cotton-vetch

[ Vetch in cotton-wheat-vetch

I \Wheat in cotton-wheat

1 Wheat in cotton-wheat-vetch

24 Aphid damaged vetch in cottton-wheat-vetch

Fig. 11 Effect of crop rotation on root C indices, Fi&d, ACRI, Narrabri. G, carbon in roots at end of
season; (g, carbon added to the soil during season throughdeath; ., carbon which could
be potentially added to soil organic carbon stock.: + Cost. Significant differences between
cropping systems at the 95% probability level wanesent for all root indices (Table 20)

! potter, K.N. (2010). Building soil carbon contefiffexas Vertisols. InSoil Solutions for a Changing World, Eds. R. J.
Gilkes and N. Prakongkep, Proc.1®/orld Congress of Soil Science, 1 — 6 August 2Bfi§bane, Australia [DVD]
http://www.iuss.org/19th%20WCSS/symposium/pdf/0paP.

2 Environment and Natural Resources Committee of thigaReent of Victoria (2010). Report of Inquiry infoil Carbon
Sequestration in Victoria, Parliamentary Paper 362, Session 2006-10.
http://www.parliament.vic.gov.au/publications/contiieé-reports/817-final-report-of-the-inquiry-intoiscarbon-
sequestration-in-victoria/download
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by microbial decomposition is probably higher. Bplating from published data of SOC
concentration in eroded sediments and sedimeneoration in runoff watér for a typical
cotton season estimated values of SOC lost withi@naanged from 0.4 to 1.2 t C/ha. These
values, for the most part, are greater than theggerted in Tables 6-10. It is not surprising,
therefore, that net carbon sequestration measaoriulsi study was either negative or neutral.

In comparison with gcrops such as wheat, the estimated potential Gesé@tion values of
the G crops corn and sorghum are much higher (Tabled@)are comparable to those
reported for pastures. This is largely due to lagbve- and in particular, below-ground
biomass. With respect to below-ground contributiopgorn, G and Goot Of corn differed
significantly (P < 0.05) between rotations and saagFig. 12). Significant (P < 0.05)
interactions also occurred between years and sea§gqof corn was not significantly
affected by seasons or yeargfand Goo: were higher (P < 0.05) with corn monoculture
(Fig. 12). Average corn g with monoculture was 9.3 t/ha and with cotton-ceas 5.0 t/ha,
and average /g With corn monoculture was 7.7 t/ha and with cottom was 4.1 t/ha. a
averaged between both treatments was, thus, afirtlee of 7.7 t C/ha/year. Assuming a 5%
sequestration rate, this suggests that corn rootisl contribute 0.4 t/ha/year to SOC stocks
whereas above-ground dry matter is expected taiboike 0.2 t/ha/year. Averaged between
both cropping systems meap<3vas of the order 0.8 t/ha. These data also sugjugst

carbon addition to soil throughdG was small with corrviz. averaging 11% of &4 in both
years. This is much lower than that of cotton, Whignged from 25-29% in the same field.
The differences in root carbon between the twatiaria may be related to the greater amount
water stored in the soil after corn than with cottd@he shorter growing season of the corn
(5-6 months) results in a longer fallow period betw corn crops whereas the longer growing
season of the cotton (~6 months) results in ashfallow. Subject to late summer, autumn
and winter rainfall, more water is therefore, likéb be stored under a corn monoculture than
with a cotton-corn rotation.

Sorghum roots contributed less carbon with coneaiatitillage than with no-tillage (P <
0.05) (Fig. 13). Values forGa, Cootand Gost Were higher than those of corn. A large
proportion of the carbon inputs from sorghum ramse from depths > 60 cm. Averaged
between both treatments, during flowering and gfidling, 65% of the total root mass was
located in the 60-1.0 m depth (Fig. 47). Thisguattof root distribution is unusual in irrigated
soils where the majority of roots are located i $hrface regions. As noted in previous
sections, heavy and frequent rainfall during Decemnbsulted in near saturated soil profiles,
and thus no irrigation was applied until Februdrye high root densities and proliferation in
the deep subsoil may have been caused by the i®bitsiand low soil strength stimulating
root growth at depth. It is unlikely that this “igel’ of roots in the deep subsoil would be
present in a season when rainfall distribution mase typical of this region and where
frequent irrigation occurred. Extrapolation of theslues to other sites and years should,
therefore, be done with some caution.

! (a) Carroll C.et al (1999). A simulation study of erosion in the Entédarigation AreaAust. J. Soil Re$7, 479-494; (b)
Silburn, D.M. and Glanville, S.F. (2002). Managemeractices for control of runoff losses from catforrows under storm
rainfall. I. Runoff and sediment on a black Vertogalst. J. Soil Re40, 1-20. (c) Silburn, D. Mgt d. (2009). Management
practices for control of runoff losses from cotfarrows under storm rainfall.lll.Cover and wheeffi@effects on nutrients
(N and P) in runoff from a black Vertosdlust. J. Soil Re€7,221-233.

2 Devereux AF, Fukai S, Hulugalle NR (2008) The efeaft maize rotation on soil quality and nutrienaidgability in cotton
based cropping. InGlobal Issues — Paddock Action, Proceedings 14#trAlian Agronomy Conference, 21-25 September
2008, Adelaide, SA (Unkovich M, Ed)." Australiartisty of Agronomy, Adelaide, SA. [CD-ROM]
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Table 6. Dry matter production of wheat and cotton in glgrotation experiment, Field C1, ACRI. DM, dry meat Wheat dry matter yields are those from previainter; thus for
2008-09 season, wheat dry matter yields shownrare 2007 winter. *, ** and *** indicate that treaents differ significantly at P < 0.05, P < 0.01 &he 0.001, levels,
respectively. 40% of plant dry matter was assuroembhsist of carbon.

Irrigation Rotation Tillage system 2008-09 2009-10 2010-11
frequency Wheat Cotton Total Total Wheat Cotton Total Total Wheat Cotton Total Total
DM carbon DM carbon DM carbon
Frequent Cotton-cotton Conventional - 5.2 5.2 2.1 - 4.2 4.1 1.6 - 3.2 3.2 1.3
Cotton-cotton Permanent beds - 6.3 6.3 25 - 3.2 3.2 1.3 - 4.0 4.0 1.6
Cotton-wheat Permanentbeds 1.2 4.9 6.0 2.4 - - - - 3.9 5.9 9.8 3.9
Infrequent  Cotton-cotton Conventional 3.8 3.8 15 - 3.7 3.7 15 - 2.3 2.3 0.9
Cotton-cotton Permanent beds - 3.2 3.2 1.3 - 3.5 3.5 1.4 - 2.3 2.3 0.9
Cotton-wheat Permanentbeds 1.1 5.0 6.1 2.4 - - - - 4.0 3.8 7.8 3.1
SEM:
Parameter Cropping systems (CS) Irrigation frequency (IF) CSxIF
2008-09 2009-10 2010-11 2008-09 2009-10 2010-11 2008-09 2009-10 2010-11
Cotton DM 0.27 0.16 0.22" 0.06 0.02 0.06 0.38" 0.23 0.31
Wheat DM - - - 0.09 - - - -

Table 7. Dry matter production (t/ha) of vetch, wheat @otton in rotation experiment, Field D1, ACRI. Véhelry matter yields are those from previous wirttems for 2008-09
season, wheat dry matter yields shown are from 206fer. Values in parentheses are.lognsformed values. DM, dry matter. *, ** and **fdicate that treatments differ
significantly at P < 0.05, P < 0.01 and P < 0.06¢els, respectively. 40% of plant dry matter wasuemed to consist of carbon.

Rotation Rotation 2008-09 2009-10 2010-11
stubble Vetch Wheat Cotton Total Total Vetch Wheat Cotton Total Total Vetch Wheat Cotton Total Total
management DM carbon DM carbon DM carbon
Cotton-vetch Mulched 3.4 - 4.5 7.7 3.1 2.7 - 4.0 6.7 2.7 2.9 - 4.7 7.6 3.0
Cotton-cotton - - - 5.4 5.4 2.2 - - 4.8 4.8 1.9 - - 45 45 1.8
Cotton-wheat Incorporated - 1.0 6.2 7.2 2.9 = 2.7 5.4 8.1 3.2 - 3.0 53 8.3 3.3
Cotton-wheat- Mulched 4.2 1.1 4.7 10.0 4.0 6.4 2.6 3.9 129 5.2 4.4 2.8 5.1 12.3 4.9
vetch
SEM 0.21 0.15 0.36 0.23 0.09 0.35 0.27 0.23 0.38

P< 0.01 ns 0.05 0.001 ns ns 0.01 ns ns
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Table 8.Dry matter production of rotation crops and cotitoexperiments at “Federation Farm”, Narrabri; tiNelaven”, Narromine; “Merrowie”, Hillston; and tletton-wheat-
sorghum rotation experiment, Field D1, ACRI, Narrab

Site Cropping system 2008-09 2009-10 2010-11
Rotation Cotton Total Carbon Rotation Cotton Total Carbon Rotation Cotton Total Carbon
DM DM DM

“Federation Cotton-wheat (incorporated) 4.2 - 4.2 1.7 6.9 6.9 2.8 3.2 - 3.2 1.3
Farm”, Cotton-wheatif situ mulch) - 6.8 6.8 2.7 3.2 - 3.2 1.3
Narrabrt SEM 0.34 0.22

P < ns ns
“Merrowie”, Cotton-wheat 6.5 6.5 2.6 - 6.4 6.4 2.6
Hillston Cotton-wheat-sorghufn 6.9 6.9 2.8 4.5 5.0 9.5 3.8

SEM 0.18 - 0.25

P < ns - 0.001
“New Haven”,  Corn (burnt) fb. Cotton- ? 7.3 7.3 2.9 6.1 - 6.1 2.4
Narrominé wheat

Cotton-wheatif situ mulch) ? 7.9 7.9 3.2 7.3 - 7.3 2.9

t-value -0.97 -2.05 -

P < ns 0.01 -
Field D1, Cotton-wheat-sorghufn 19.6 5.9 25.5 10.2 9.4 6.3 15.7 6.3 10.3 6.5 16.8 6.7
ACRI, (in situmulch)
Narrabri Cotton-wheatif situmulch) - 6.1 6.1 2.4 2.9 6.0 8.9 3.6 35 5.6 9.1 3.6

! Laser levelled in 2008 winter and sown to chickped wheat; values shown are an average of thé¢tteatments not imposed). Wheat sown in 2010 coatce harvested due to frequent, heavy
rains and waterlogged conditions. The residue wasttand soybean sown during summer 2010-11.

2 Sorghum was not sown during 2009-10. Instead atwrep which was sprayed out was sown during 2@héer, followed by cotton.

% Dry matter production by corn and wheat is unkn@smmeasurements commenced in October 2009. Cdmwizeat crops had been sown during the 2008-0®8eas

4 Forage sorghum was sown during 2008-09, and graighum, thereafter. The experiment was designetul that both cotton and rotation phases were saerysear.



Table 9.Effect of cropping system on carbon inputs and sstjation averaged from 2008 to 2011

Tillage/rotation experiment, Field C1, ACRI

Irrigation Rotation Tillage system Average carbon inputs (t C/halyear) Amount sequested (t C/halyear)
frequency DM  Rootd  Total 5% 15%
Frequent Cotton-cotton  Conventional 1.7 0.6 2.3 0.1 0.4
Cotton-cotton ~ Permanent beds 1.8 0.6 2.4 0.1 0.4
Cotton-wheat = Permanent beds 2.1 2.2 4.3 0.2 0.7
Infrequent  Cotton-cotton  Conventional 1.3 0.3 1.6 0.1 0.2
Cotton-cotton ~ Permanent beds 1.2 0.3 15 0.1 0.2
Cotton-wheat = Permanent beds 1.8 1.7 3.5 0.2 0.5

Rotation experiment, Field D1, ACRI

Rotation Rotation crop stubble Average carbon inputs (t C/halyear) Amount sequested (t C/halyear)
management DM  Roots' Total 5% 15%

Cotton-vetch Mulched 2.9 2.9 5.8 0.3 0.9

Cotton-cotton - 2.0 1.2 3.2 0.2 0.5

Cotton-wheat Incorporated 3.1 3.1 6.2 0.3 0.9

Cotton-wheat-vetch Mulched 4.7 9.0 13.7 0.7 2.1

Table 10.Carbon inputs and estimated sequestration by @#sdisorghum, corn, see experiments 5.1.4.1, 3,1541.3.1)

Site Crop Years Average carbon inputs Amount sequestered (t
(t C/halyear) C/halyear)
DM  Roots Total 5% 15%

Field C1, ACRI Corn 2007-08 & 2008-09 5.1 7.7 128 0.6 1.9

Field D1, ACRI Grain sorghum  2009-10 & 2010-11 2.59.2 11.7 1.8

Field C1, ACRI Grain sorghum  2010-11 3.4 12.5 159 0.8 2.4

! Based on data in Figs. 11, 12 and 13
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6.2
6.2.1 Greenhouse gas emissions associated with farmpractices
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Greenhouse gas emissions

A significant cause of greenhouse gas emissioagticulture is claimed to be that produced
by burning fossil fuel during various farming opwas. Few long-term results exist,
however, for Australian cotton farming systems.sl$gction presents emissions estimated
from fuel and electricity use (presented as cadioride equivalents, CO2-e) from the
experiments described in sections 5.1.1.1. 5. hdd?5.1.2.1. Treatments included tillage
systems, stubble retention, rotations and soil @memts such as gypsum and cattle manure.

CO,-€ (kg/ha)

Tillage & rotation experiment-Field C1-ACRI
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Fig. 14 Effect of tillage and cropping system on in-figigeenhouse gas emissions, measured as

carbon dioxide equivalent (G&), Field C1, ACRI, Narrabri

The key findings from these estimates are sumnteasdollows:

Groundwater pumping can be a major contributoré@aghouse gas emissiofanissions

produced during irrigation with river water areatgrely small whereas those produced by
pumping groundwater are large; about 6 times highdact. The sharp increases in £0

e after the 2005-06 cotton season shown in Figndidate the point at which irrigation
with river water was replaced by groundwater pumipech an average depth of 35 m.
Energy use and emissions are high when pumpindnsiepé high.

Reducing tillage reduced in-field emissions wher@aginuous cotton increased them
High emissions occurred when cotton was sown eyeay (i.e. summer cotton-winter
fallow or rotation crop-summer cotton) (Figs. 14ldb). Within such cropping systems,
sowing cotton onto permanent beds resulted ingastlamount of emissions, with
increases taking place when conventional tillage practiced or a vetch rotation crop
was sown. Relative to permanent beds, conventidizgle produced about 3 times more
CO.-€ (i.e. 3 times more diesel is consumed) duringd lareparation. Furthermore,
sowing a vetch or any other rotation crop into siil immediately after cotton and when
rainfall is insufficient for seed germination recgd irrigation, which produces emissions.




35

Rotations on permanent beds-Field D1-ACRI
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Fig. 15 Effect of tillage and cropping system on in-figiceenhouse gas emissions, measured as carbon
dioxide equivalent (C&e), Field D1, ACRI, Narrabri

» Least in-field emissions were produced when whest part of the rotatiofi.e. cotton-
wheat-cotton; cotton-wheat- vetch-cotton). The Ioemissions were due mainly to the
inclusion of a fallow in these rotations. Inclugiwetch in a cotton-wheat rotation had a
negligible effect on C@e emission because the former was grown mainéydryland
crop with water used by vetch coming from storeitlsater and in-crop rainfall.

» Partial life cycle analysis showed that most,t&3vas produced by in-field activities and
soil emissions (Figs. 16 and 1%jgnificant amounts of C£e were also emitted during
production of N fertiliser used in the field, hatigie production and transport to the field
and fuel production and transport to the field.ti@hsubstitution of mineral N fertiliser by
legumes such as vetch was able to reduce emisssgosiated with N fertiliser
production and transport by 65% when cotton wassevery year and 49% in a cotton-
wheat rotation system (Fig.16). This is equivatera reduction of 256 and 135 kg €0
e/halyear, respectively.

» Emissions were least when manure was applied ai$ ansendmentFig. 18). CQ-e
emissions in the experiment at Brigalow (experintett2.1) reflected depth and
frequency of tillage operations associated withliagppon of the amendments at its
commencement. In subsequent years, as zero-tilageracticed, there were no
differences among treatments.

In summary, reduction in in-field G&e production ranged between 28% and 59% when
management practices such as reduced or minimlagetjlpermanent beds and wheat
rotation crops were used in comparison with soveoion every year after conventional
tillage. The inclusion of wheat was able to redeessions because it included a stubble-
mulched fallow which facilitated harvesting of raiater, thereby reducing the number of
irrigations. Past research has also shown that thiesthe very same practices which can
improve soil health, cotton yield and fibre qualiBubstitution of mineral N fertiliser with a
leguminous crop was able to reduce the carbon fimbtpf cotton-based rotation systems.
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Fig. 16. Partial life-cycle analysis (in-field, transpaurtd production of variable inputs) of greenhouse
gas emissions from tillage and cropping systentSefds C1 and D1, ACRI, Narrabri

The above analysis does not account for losses tinersoil in the form of BD from fertiliser
and decomposing leguminous crop residues, angfi@@ mineralisation of soil organic
matter. Inclusion of these factors, which is natally addressed, suggests that soil emissions
can be significant (Fig. 17). The estimated re&dsinigh losses of C£xthrough soil organic
matter mineralisation in Field C1 was probably tlughe high level of soil disturbance
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D1, ACRI, Narrabri with emissions of,® and CQ accounted for
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associated with bed re-alignment and laser levgll@onversely, the absence of any such
disturbance in Field D1 may have resulted in moeter values of emissions through organic
matter mineralisation. It should be noted thateates of CQemissions from SOM were
based on estimated C sequestration rates (Talaled 9), and are thus, likely to be
underestimates as they do not account fog @@issions from decomposition of retained crop
residues. Table 9 and Figs. 19-22 suggest thatrthisbe the single largest component of
CO, emissions in a farming system. Note that notedflined crop residues decompose
completely within a single year.

Application of soil amendments to a zero-tilled grey clay
250

200 -

150

CO,-e (kg/ha)

100 A

50 A

2005 wheat 2005-06 fallow 2006-07 cotton  2007-08 sorghum

Fig. 18.Seasonal C&e production from soil amendments trial, near Biogv, Qld. T1, Ripping alone to
an average depth of 0.5 m; T2, Deep applicatidh ft). of P, Zn and K; T3, Deep application
of P and Zn; T4, Surface application and incorgorafno ripping) of cattle manure at a rate
of 16 t/ha; T5, Gypsum at a rate of 9 t/ha follovbgdripping; T6, Gypsum at a rate of 9 t/ha
followed by ripping, and deep application of P,atd K.

6.2.2 Greenhouse gas emissions from soil

Green house gas samples were taken from 150mm wiastatic chambers (0.24over a
two hour incubation period with monitoring conduttd regular intervals, triggered by key
events in the system such as slashing/incorporatiigation and fertiliser application.
Results for twenty four sampling events are degigi@phically in Figs. 19-22. Methane was
not detected in significant quantities in any & #ampling events, and so results are not
included. For reporting purposes, data is convedegimissions in kg C&£e/halyear. In the
case of nitrous oxide, the measured values ofgetrayas in nitrous oxide is multiplied by
(44/28)*298 to convert it to carbon dioxide equesatis

In spite of this reporting format, the reader istc@ed against extrapolating these values, as
they are deliberately measured at targeted evamispnly measured across two hours.
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6.2.2.1 Cropping system effects

Fig. 19A shows emissions late in the 2008-09 sedsotreatments 1, 2 and 3a in the rotation
experiment in Field D1 at ACRI (Experiment 5.1.1 Pjeatment 1, cotton sown in the
cotton-vetch rotation had more than double the sions of cotton in continuous cotton
(treatment 2) or cotton-wheat (treatment 3a). Eimnssin systems that include legumes may
occur throughout the season as crop residues @dratganic matter originating from the
leguminous vetch decomposes, whereas in croppstgreg where N was applied as mineral
fertiliser, emissions may occur rapidly when theiliser is applied during the early part of

the season. In other words, in the latter typeysfesn the pattern of gas emissions is
characterised by an early season peak that fallsriolow emission rates whereas in systems
that include a legume, emissions are associatddosgianic matter decomposition and occur
continuously at moderate rates throughout the se&3$9. 19B shows emissions at the break
in the cropping cycle after cotton. Notable ares=sioins of nitrous oxide during the go-
devilling operation. Spikes of nitrous oxide or £&ere not detected during wheat planting,
which can occur following hydrolysis and mineratisa of urea. Slashing of the vetch (Fig.
19C) resulted in significant amounts ofemissions. One week later (Fig. 19D), these
emissions had declined substantially.

Slashing vetch in the cotton-vetch rotation duiSeptember again resulted in significant,CO
emissions but unlike with cotton-wheat vetch, eioiss of NO were low (Fig. 20A).This

may be related to differences in climatic condisidietween the two times and lower amounts
of vetch dry matter, and hence, lower available khe cotton-vetch. N in above ground
vetch dry matter was 187 kg/ha in the cotton-whre#th rotation and 97 kg/ha in the cotton-
vetch rotation (Table 24), Similarly N in vetch teavas of the order of 308 kg/ha and 53
kg/ha in the cotton-wheat-vetch and cotton-vetebpectively. Significant differences also
occurred between vetch varieties with Rasina haldsg emissions relative to Popany. This
can be partly attributed to differences in N conht#rthe vetch dry mattewjz. 105 kg N/ha

with Popany and 82 kg N/ha with Rasina, althougtentinknown factors may also have been
involved. Within the Rasina plots, incorporatioteesed more emissions than slashing, and
may be associated with soil disturbance duringripea@tion.

6.2.2.2 Irrigation and N fertiliser effects

Irrigation at “Federation Farm” in October 2009ulésd in significant emissions of nitrous
oxide (Fig. 20C). At a subsequent irrigation (Debem (Fig. 20D) emission returned to
background levels. No pattern of emissions downrtigation run was evident in either of
these sampling events.

No immediate response was detected to urea apphaatDecember 2009 in Field D1 (Fig.
21A), but during irrigation later that month sigo#gnt NNO emissions and highly elevated
CO, emissions occurred (Fig. 21B). These were thedsgimstantaneous carbon dioxide
emissions measured in the project. By the followrrigation in January, however, the
system had settled back to a more normal level pBagwas carried out on the 6th, 9th and
20th April, following an irrigation event on 31/320. Instrument failure in the laboratory
resulted in the loss of the two earlier samplirigyge to this, assessment of the influence of
drying has been lost. No nitrous oxide was deteictdlde emissions sampled on 20/4 (three
weeks after irrigation) (Fig. 21C).

In comparison with retaining wheat stubbldarasitu mulch in Field C1, “listering” (ridging

or bedding) of the continuous cotton had no obvioysact when measured after urea
application during December 2010 (Fig. 21D). Siigiaifit nitrous oxide was measured in both
“listered” and standing stubble, and may be relédettie very wet conditions in this field
during December 2010. In Field D1, urea applicatigain failed to detect a spike in either
N>O or CQ. Irrigation events were monitored at both the Fatien Farm and ACRI sites in
January 2011 but little difference was evident witach irrigation at the ACRI sites. In
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Field C1, however, an effect of irrigation frequgneas evident, with the infrequent (14-21
day cycle) irrigation producing much less £@ig. 22A) This may be related to lower dry
matter, and hence, available carbon, in the infeatjy irrigated treatments. A final monitored
irrigation in February 2011, in Field D1 (Fig. 22&)\ealed little of interest. D emissions
were extremely low in all treatments. No differembetween treatments were evident. The
final monitoring event during irrigation at C1 (Fi2RC) failed to detect the effects of
irrigation frequency observed during January.

In summary, carbon dioxide was the dominant gremrsé gas generated in the system.
Fertiliser application combined with high soil mois is seen as the dominant driver of
nitrous oxide generation. This is consistent witkMpus greenhouse experiments carried out
at Wollongbar. It is likely that the high pH of 8esoils is responsible for the moderation of
N.O emissions compared to the rates of nitrogenigats being used in the system. The
largest instantaneous fluxes of carbon, measur@gaswere associated with either
mechanical disturbance of residues (slashing/iraratpn) or irrigation events. Other key
drivers of greenhouse gas emissions were nitrogifider application and irrigation.

No evidence was found to suggest that nitrous osdissions are high from these production
systems, bearing in mind the sporadic nature os#mepling program. Differences between
rotations are weakly suggested throughout the Batssignificance is masked by replicate
variability. The problem of high spatial variabylits one that is not addressed by the
automated systems deployed around the country. dttempt to overcome variability
problems by sampling from a larger soil surfaceare

It should be noted that the static chamber mettigglenhouse gas measurement is suitable
for the comparison of treatments, but is not appatg for quantifying total emissions.
Inherent variability in greenhouse gas generatioparticular nitrous oxide, remains
problematic, but this is real variability and cahhe avoided. The research team at
Wollongbar are currently using an automated sarg@imd analysis system; however, current
projects will not see it available in the next fgaars.

A lack of temporal replication, typical of manuaegn house gas sampling techniques makes
interpretation of results difficult. Previous labtory work by the author has shown that
spikes in emissions, particularly op@®, (but also CQ such as during urea hydrolysis) can be
very rapid, and brief. As such, these events caitydae missed with this sampling regime.



Carbon dioxide equivalents (kg/ha/yr)

Carbon dioxide equivalents (kg/hafyr)

25000

20000

150004

100004

5000+

ARRR

5 88

o
!

Green house gas emmissions. Block D1, ACRI March 2009

A Il co, Conponent

[ Nitrous oxide component

Trtl Trt2 Tt 3a

Green house gas emmissions. Block D1, ACRI August 10, 2009

Il ©o, Component
[ Nitrous oxide componert

C

Rep 1 Rep2 Rep3
Root slashing, Treatment 4b

Carbon dioxide equivalents (kg/halyr)

Carbon dioxide equivalents (kg/halyr)

3500+

30004

2500+

20004

15004

10004

3
2

o
!

Green house gas emmissions. Block D1, ACRI May 2009

T T
I co, Component

B [ Nitrous oxide component

5000+
4500
4000
3500+
3000+
2500+
2000+
1500
1000

500

ke Bt et aa Bl aRjade
6/5/2009 7/5/2009 12/5/2009

Green house gas emmissions. Block D1, ACRI August 18,2009

[ co, Component
[ Nitrous oxide component

L I L L
T
Rep 1l Rep 2 Rep 3

1 week after vetch slashing, Treatment 4b

40

Fig. 19 Greenhouse gas emission in rotation
experiment in Field D1 during selected
events March-August 2009. Results
converted to carbon dioxide equivalents (A)
End of 2008-09 cotton season; (B) Root
cutting was carried out on th& 65o-

devilling on the ¥ and wheat planted with

20 kg N/ha as urea on the"l& May; (C)
Slashing of vetch on 10 August in treatment
4b (cotton-wheat-vetch); (D) one week after
vetch slashing on 18 August in treatment 4b
(cotton-wheat-vetch). Treatment 1, Cotton-
vetch; Treatment 2, Cotton-cotton;
Treatment 3, Cotton-wheat ; Treatment 4,
Cotton-wheat-vetch
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Fig. 20. Greenhouse gas emission in
rotation experiment in Field D1 and
“Federation Farm” during selected events
September 2009-December 2009. Results
converted to carbon dioxide equivalents (A)
After vetch slashing and incorporation in
Treatment 1 (cotton-vetch), September 2009.
Results for 11 /9/2009 relate to the variety
Popany and those for 14/9/2009 to the
variety Rasina; (B) After cutting vetch
laterals and applying herbicides with “Mulch
Manager” in Treatment 1, September 2009
(C) Spatial distribution of emissions down
the length of the field during irrigation,
“Federation Farm”, October 2009. Note no
obvious pattern. (D) Spatial distribution of
emissions down the length of the field
during irrigation, “Federation Farm”,
December 2009. Again, no obvious pattern
in emissions down the field.
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Fig. 21. Greenhouse gas emission in rotation
experiment in Field D1 during selected
events December 2009-December 2010.
Results converted to carbon dioxide
equivalents (A) Emissions after urea
application on 14/12/2009. Note the absence
of significant quantities of nitrous oxide; (B)
Irrigations following urea application on
14/12/2009. More significant emissions of
N,O observed in the 1st irrigatign(C)
Emissions on 20/4/2010 during the drying
cycle following irrigation on 31/3. Data for
two previous samplings in the drying cycle
lost due to instrument failure. (D) Field D1
ACRI during irrigation, and C1 after urea
application, December 2010
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Fig. 22 Greenhouse gas emission in
rotation Fields D1 and C1 during
selected events January-March 2011.
Results converted to carbon dioxide
equivalents (A) During and 1 week
after irrigations at field D1 and C1 at
ACRI. Standing stubble is cotton-
wheat rotation standing stubble,
stubble incorporated is continuous
cotton plots that had been laser
levelled, incorporated and listered in
Field C1; (B) 14 Block D1, ACRI,
irrigation, 24th February 2011(C) 1
week after irrigation at Field C1,
ACRI, March 2011. NB. Irrigated on
24/2, sampled on 1/3
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6.3

“Soil quality” in this section refers primarily &oil physical and chemical properties
including soil carbon concentration.

6.3.1

Soil physical properties measured were soil shgekasing paraffin wax-coated clods (2009)
and kerosene-saturated aggregates (2008) in tlec@rdepth. Soil water retention was
measured with a modified filter-paper method. Thienkage data was fitted to a logistical 4
parameter model. Significant differences were ihedrty evident due to the scatter of the data
(Fig. 23, Table 11). Nonetheless some treatmeataeldifferences were present among the
fitted parameters (Table 11).

Cropping systems and soil quality

Including vetch in cotton-based crop rotatins
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Fig. 23.Shrinkage curves in the 0-10 cm depth, Field DIRA®, 2009 (clods)p, 2008 (aggregates)

Table 11 Fitted parameters for shrinkage curves for cfoals the surface 10 cm in Field D1, ACRI. A

logistical 4 parameter model of the form: y &tya/ (1+(x+x))° was fitted to the data where y is bulk

density and x is soil water content.

Rotation Rotation stubble a b % Yo R®
management

Cotton-vetch In situ mulch 0.60 2.77 0.15 1.14 0.83

Continuous cotton 0.49 12.80 0.21 1.08 0.78**

Cotton-wheat (incorporated), cotton phaséncorporated 0.75 4.61 0.26 0.94 0.97

Cotton-wheat (incorporated), rotation d 0.76 3.18 0.30 0.83 0.78**

phase Incorporate

Cotton-wheatifi situ mulch)-vetch, cotton , . 0.48 6.19 0.20 1.23 0.89

phase In situ mulch

Cotton-wheatifi situ mulch)-vetch, : 0.55 3.37 0.14 1.29 0.96
In situ mulch

rotation phase
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Fig. 24.Soil water retention characteristics for clods @0&nd aggregates (2008)
from the 0-10 cm depth in the rotation experimerftield D1, ACRI.
Curves were derived by pooling results from botharge

Table 12 Fitted parameters for water retention charadtesi®f clods and aggregates from the surface 1thcm
Field D1, ACRI (Fig...). A modified 3-parameter exgential model of the form y = a*exp(b/(x+c)),
where y is soil water content and X is soil wateteptial, and a, b and c are constants was used.

Rotation Rotation stubble a b c R
management

Continuous cotton 0.10 3.81 3.89 0.80

Cotton-wheat (incorporated), cotton | -~~~ 0.12 9.72 1425  0.85

phase P

Cotton-wheat (incorporated), rOtatioqncorporate q 0.11 3.35 3.52 0.85

phase

Cotton-wheatif situmuich)-vetch, .\ 0.12 0.54 0.47 0.95

cotton phase

Cotton-wheatif situmuich)-vetch, .\ 0.14 0.34 0.35 0.77

rotation phase

Soil water retention characteristics for both cladd aggregates sampled during 2008 and
2009 were pooled and a modified 3-parameter exg@ienodel of the formy =

a*exp(b/(x+c)), where y is soil water content anid s0il water potential, and a, b and c are
constants (Table 12). The shapes of the curveshenparameters in Table.. suggest that some
surface compaction was present in the rotationitithided a wheat crop, although a clear
pattern is not evident. This is confirmed by theepsize distribution calculated from the 2009
water retention characteristics (Fig. 26). Presuynthiis surface compaction is associated

with trafficking on beds during wheat harvest (F2§). Until 2009 wheel and axle widths of
the wheat harvester used in this site were incaitvlpatith the cotton system’s 1-m bed
configuration.
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Fig. 25.Compaction on beds due to trafficking bywheat barer
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Fig. 26.Pore size distribution in the 0-10 cm depth ofrbiation experiment in Field D1, ACRI, 2009

Except for nitrate-N, and SOC and exchangeabler€eatrations, values of other soll
chemical properties generally increased with dépithwere affected by factors such as
presence of a crop and length of fallow (Table K&y points in 2010 (which was preceded
by a wet winter) were:

* Nitrate-N was influenced by fertiliser applicatifiwefore cotton) and the presence of
vetch (i.e. a legume) or wheat in the rotationsadée surface concentrations of nitrate-N
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were higher where N fertiliser was applied (cottootton-wheat, cotton-cotton) and
where legume had been sown. Between cotton-vettic@ton-wheat-vetch, N values
were lower in the latter, and may have been dw@e-t4.5 month fallow in the latter, which
may have facilitated N leaching and volatilisatibowest values occurred in the surface
where a wheat crop was present. At depth, values higher in rotations that include
wheat and where sampling was preceded by a fallbws. highest nitrate-N values at
depth and to a deeper depth were observed in thengalots in the cotton-wheat rotation,
which had been preceded by a 11 month fallow. freement was also noted to have the
highest drainage (see later discussion under “Hgdyo).

Evidence of leaching was present also with resjpeekectrical conductivity, Cl and ESP
profiles, and similar trends to the nitrates weseayved in the subsoil (Table 14).

As notes in a previous chapter, surface SOC coratents were highest where a wheat
crop was present and followed by rotations thattheh under vetch during the past few
months. In other words, decreasing length of faleas strongly related to increases in
SOC concentrations in the surface. Differences @motations in other depths were not
significant.

6.3.2 Including corn in the rotation

Results in this section relate to the experimefiNatv Haven”, near Narromine (Experiment
5.1.1.5). Except for SOC concentration, soil prépsr(Table 13) in the 0-10 cm and 10-30
cm depths did not differ significantly (Studenttest analyses). SOC concentration was,
however, significantly higher with corn in the 0-&¢® (t = 5.00, P < 0.001) and 10-30 cm
depth (t = 2.69, P < 0.05). When corrections ardarfar differences in sampling volume and
soil water content at sampling, however, SOC cdr(iart/ha) in the surface 30 cm was lower

with cotton-corn (Table 3).

Table 13 Soil properties in the 0-10 cm and 10-30 cm depiider cotton-wheain( situ mulch) and cotton-
corn (burnt) rotations, “New Haven”, Narromine, 200

Depth
Rotation Soil property 0-10cm 10-30 cm
Wheat/standing stubble pH(Cagl 6.7 6.4
EC,.5(dS/m) 0.27 0.20
SOC (g/100g) 1.19 0.86
Ca (cmol/kg) 16.6 16.7
Mg (cmol/kg) 5.9 5.7
K (cmol/kg) 2.0 1.4
Na (cmol/kg) 15 1.9
CEC (cmol/kg) 26.0 25.7
ESP 5.6 7.3
Corn/burnt pH(CagG) 6.8 6.8
EC..5(dS/m) 0.26 0.25
SOC (g/100g9) 1.24 1.12
Ca (cmol/kg) 14.6 13.5
Mg (cmol/kg) 5.4 5.0
K (cmol/kg) 2.1 1.2
Na (cmol/kg) 1.4 1.6
CEC (cmol/kg) 23.5 21.3
ESP 5.8 7.3




Table 14.Soil properties under cotton/vetch/wheat rotati¢isld D1, ACRI, November 2010. Cotton stubble werporated but rotation stubble was manageddisated in

table. Sampled at time of sowing cotton. *, ** ariti indicate that means differed significantly at<€0.05, P < 0.01 and P < 0.001, respectively.

Depth Rotation Rotation pH ECis Cl SOC Nitrate-N Exchangeable cations ESP
stubble (cmol/kg)

(cm) management (CaG) (dS/m) (mg/kg) (g/100g) (mg/kg) Ca Mg Na

0-10 Cotton-vetch In situ mulch  7-2 0.16 18 0.94 171 16.7 133 19 07 1.7
Continuous cotton 7.2 0.12 18 0.82 14.7 168 129 21 0.6 1.6
Cotton-wheat (incorporated), Incorporated 7.1 0.18 8 0.81 13.6 171 128 22 05 1.2
cotton phase
Cotton-wheat (incorporated), Incorporated 7.0 0.13 36 1.21 0.3 171 128 21 05 1.4
rotation phase
Cotton-wheatif situ mulch)- In situ mulch 7.0 0.15 9 0.94 135 175 130 23 05 1.2
vetch, cotton phase
Cotton-wheatif situ mulch)- In situ mulch 7.0 0.16 38 1.21 7.1 185 128 22 0.6 1.4
vetch, rotation phase

10-30 Cotton-vetch In situ mulch 74 0.18 68 0.41 5.6 20.0 157 0.8 1.9 4.5
Continuous cotton 7.3 0.15 32 0.41 6.3 204 148 09 15 3.7
Cotton-wheat (incorporated), Incorporated 7.1 0.09 12 0.43 7.7 207 148 10 1.2 2.9
cotton phase
Cotton-wheat (incorporated), Incorporated 7.2 0.15 57 0.46 0.3 207 137 09 13 3.3
rotation phase
Cotton-wheatif situ mulch)- In situ mulch 7.3 0.11 12 0.44 4.4 211 147 1.0 13 3.2
vetch, cotton phase
Cotton-wheatif situ mulch)- In situ mulch 7.3 0.11 39 0.48 0.4 215 142 09 13 3.3
vetch, rotation phase

30-60  Cotton-vetch In situ mulch  7-5 0.19 107 0.40 15 224 166 06 35 85
Continuous cotton 7.5 0.22 83 0.38 3.4 228 167 06 33 7.8
Cotton-wheat (incorporated), Incorporated 7.5 0.19 27 0.37 9.3 228 164 06 25 6.0
cotton phase
Cotton-wheat (incorporated), Incorporated 7.4 0.18 88 0.43 0.2 228 157 06 24 6.0
rotation phase
Cotton-wheatif situ mulch)- In situ mulch 7.5 0.18 39 0.36 5.1 228 177 0.7 29 6.7
vetch, cotton phase
Cotton-wheatif situ mulch)- In situ mulch 7.4 0.15 58 0.37 0.2 228 158 06 24 6.0
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vetch, rotation phase
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60-120  Cotton-vetch In situ mulch 7.6 0.34 353 0.36 0.5 228 184 0.7 54 130
Continuous cotton 7.6 0.34 327 0.31 1.2 231 185 08 5.0 11.9
Cotton-wheat (incorporated), 7.6 0.27 230 0.33 7.4 231 176 08 4.3 10.3

Incorporated
cotton phase
Cotton-wheat (incorporated), 7.6 0.23 168 0.34 0.4 232 172 06 3.9 9.9
; Incorporated
rotation phase
Cotton-wheatif situ mulch)- . 7.6 0.34 284 0.35 1.4 236 191 10 53 12.1
In situ mulch
vetch, cotton phase
Cotton-wheatif situ mulch)- . 7.5 0.24 170 0.34 0.2 239 181 0.7 40 96
! In situ mulch
vetch, rotation phase
SEM
Rotations (R) 0.05" 0.009 131 001" 1.22 0.38 0.50 49.0 020 45
Depths (D) 003" 001" 1297 0017 0.94 022 021 ?())*.*9 0.20 0.40
RxD 0.04 0.027 31.6  0.043 2:31 054 051 00 448 099

8
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Table 15 Fitted parameters for water retention charadtesi®f aggregates from the surface 30
cm at “New Haven”, Narromine (Fig...). A modifieeb@rameter exponential model
of the form y = a*exp(b/(x+c)), where y is soil watontent (g/g) and x is soil water

potential (-bar), and a, b and c are constantsused

0.5
()
0.4 — @® Corn-burnt, 0-10 cm
@ Corn-burnt, 10-30 cm
@® Wheat-mulched, 0-10 cm
@ Wheat-mulched, 10-30 cm
0.3 95% Confidence Band
0.2 H
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Soil water potential (-bar)

10-30 cm depths after corn (burnt) and wheat (nadih
November 2010

Rotation a b c R
0.033 81.99 32.43 0.81
Corn (burnt), 0-10 cm
Wheat (mulched), 0-10 cm 0.046 58.81 25.96 0.45
Corn (burnt), 10-30 cm 0.062 54.15 30.06 §.89
Wheat (mulched), 10-30 cm 0.050 47.66 22.51 '0.85
[ ] Corn-burnt, 0-10 cm
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Fig. 29 Soil shrinkage in the 0-10 cm and 10-30 cm depftes corn
(burnt) and wheat (mulched), November 2010
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Table 16 Effect of applying soil amendments during 2005awerage soil properties from 2005 to 2007. Datave are averages of 3 replicates in 18 plots ayeb8s

Management practice 0-0.1m 0.1-0.3m 0.3-0.6 m 0.6-1.2m P < SEM
Exchangeable Ca (cmdig?)

Ripping alone 25.5 22.4 17.7 11.8 0.05 0.87
Deep incorporation of P and Zn 25.7 21.8 17.9 12.8

Deep incorporation of P, K and Zn 24.9 21.6 16.4 12.8

Manure 24.1 22.5 18.1 12.7

Gypsum 26.3 22.9 17.6 131

Gypsum and deep incorporation of P, Zn and K 25.7 22.1 16.9 12.8

Exchangeable Mg (cmokg™)

Ripping alone 7.5 10.2 13.4 13.3 n.s. 0.15
Deep incorporation of P and Zn 7.9 10.1 12.5 13.4

Deep incorporation of P, K and Zn 7.7 9.4 12.8 13.9

Manure 7.0 9.0 12.6 13.1

Gypsum 7.2 9.3 12.1 13.0

Gypsum and deep incorporation of P, Zn and K 7.6 9.4 12.7 13.2

Exchangeable K(cmol kg™

Ripping alone 0.8 (0.91) 0.3 (0.53) 0.2 (0.42) 0.1 (0.33) (0.001) (0.028)
Deep incorporation of P and Zn 1.0 (0.98) 0.4 (0.60) 0.2 (0.44) 0.2 (0.40)

Deep incorporation of P, K and Zn 0.8 (0.89) 0.4 (0.60) 0.2 (0.41) 0.1 (0.36)

Manure 1.2 (1.10) 0.3 (0.53) 0.2 (0.41) 0.1 (0.36)

Gypsum 0.9 (0.93) 0.4 (0.61) 0.2 (0.43) 0.1 (0.34)

Gypsum and deep incorporation of P, Zn and K 0.9 (0.94) 0.4 (0.60) 0.2 (0.41) 0.1 (0.32)

ESP

Ripping alone 2.0 7.2 13.8 22.3 0.01 0.53
Deep incorporation of P and Zn 2.0 7.2 14.4 22.4

Deep incorporation of P, K and Zn 15 5.7 12.5 20.8

Manure 1.2 5.1 115 20.0

Gypsum 1.2 5.2 13.1 20.5

Gypsum and deep incorporation of P, Zn and K 1.7 6.1 13.6 21.2

ECys (dS m)

Ripping alone 0.20 0.28 0.37 0.81 0.001 0.036
Deep incorporation of P and Zn 0.21 0.30 0.37 1.15

Deep incorporation of P, K and Zn 0.21 0.26 0.34 1.07
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Manure 0.18 0.25 0.36 0.89

Gypsum 0.33 0.40 0.38 0.89

Gypsum and deep incorporation of P, Zn and K 0.37 0.36 0.41 1.04

pH

Ripping alone 7.6 7.6 7.6 6.7 n.s. 0.06
Deep incorporation of P and Zn 7.6 7.5 7.5 6.5

Deep incorporation of P, K and Zn 7.6 7.5 7.6 6.6

Manure 7.6 7.6 7.6 6.8

Gypsum 7.5 7.5 7.6 6.9

Gypsum and deep incorporation of P, Zn and K 7.5 7.5 7.6 6.7

Dispersion index (g 100 %

Ripping alone 9.0 11.7 10.8 17.7 n.s. 1.20
Deep incorporation of P and Zn 10.0 11.2 10.4 17.2

Deep incorporation of P, K and Zn 9.3 10.3 9.2 18.6

Manure 9.1 11.6 10.0 15.2

Gypsum 115 9.9 10.3 154

Gypsum and deep incorporation of P, Zn and K 111 10.2 10.6 155

Drainagé (2005-06)

Ripping alone 45 (7.42) 32 (6.47) 9 (4.38) 4(3.71) n.s. (0.774)
Deep incorporation of P and Zn 43 (7.30) 31 (6.46) 4 (3.71) -1 (2.93)

Deep incorporation of P, K and Zn 59 (8.32) 35 (6.68) 8 (4.23) 3(3.67)

Manure 33 (6.56) 11 (4.62) 4 (3.75) -1 (2.95)

Gypsum 36 (6.78) 23 (5.70) 15 (4.96) 3 (3.65)

Gypsum and deep incorporation of P, Zn and K 52 (7.89) 27 (6.10) 3 (3.64) -5(3.2)

Drainagé (2006-07) 36 (6.77) 18 (5.29) 6 (3.99) 0 (3.15) n.s. (0.774)
Ripping alone 33 (6.54)) 17 (5.16)) 10 (4.47) 3(3.62)

Deep incorporation of P and Zn 43 (7.29) 20 (5.48) 7 (4.16) 5(3.91)

Deep incorporation of P, K and Zn 35 (6.73) 15 (4.96) 9 (4.36) -6 (2.11)

Manure 40 (7.04) 20 (5.47) 10 (4.47) 4 (3.76)

Gypsum 26 (5.98) 15 (5.03) 6 (4.05) 5(3.88)

Gypsum and deep incorporation of P, Zn and K

1Values in parentheses were sqrt transformed

2values in parentheses are sqrt transformed valu@sainage+10)
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Soil water retention characteristics were measaredggregates sampled during September
2009 and fitted to a modified 3-parameter expomaéntiodel of the form y = a*exp(b/(x+c)),
where y is soil water content and x is soil watateptial, and a, b and c are constants (Fig.
27, Table 15). The shapes of the curves suggdsanmang both depths and rotation crops,
the 10-30 cm depth under the corn (burnt) plotp@ater structure. This may be related to
the burning of corn residuesSignificant differences among the other treatmeotuld not be
ascertained, partly due to the large scatter ird#ta. Differences among all depths and
treatments were also absent in clods sampledta#€2010 wheat crop. Consequently, results
of soil shrinkage and water retention for all treants and depths were pooled in 2010 when
fitting curves (Figs. 28 and 29).

In summary, few differences existed between thésgown with corn and wheat, namely
higher SOC concentration and a transient differémeeater retention characteristics in the
corn plot, presumed to be associated with structieétrioration associated with burning
stubble. When adjustment is made for sampling dapthvolume, SOC under corn was
found to be lower than that under wheat during 2009 and 2010. The major cause of
differences between the two treatments was thexgbarning of the corn residues. The
general absence of differences between the twtigntamay also have been due to the short
time period of this study.

6.3.3 Applying organic and inorganic amendments

Application of manure to a rainfed Vertosol (Expeent 5.1.2.1) resulted in higher
exchangeable K (50% higher relative to deep-ripgilogie) in the in the 10-30 cm depth
(Table 16). The same treatment also reduced E&Rieeto ripping alone) in the 10-30 cm,
30-60 cm m and 60-120 cm depths. ESP was also lioviee same depths with deep
incorporation of P, K and Zn, albeit to a lessdeekthan manure. Overall, the decreases in
ESP were small. The ESP changes were also nasudfieient magnitude to reduce
dispersion or increase drainage in any depth. Rgarout of the 30-60 cm depth was low and
out of the 60-120 cm depth negligible (Table 16dlicating that there was very little water
movement at depths > 30 cm. Application of K ia farm of manure or as mineral fertiliser
appeared to be as effective as applying gypsumdioce ESP. Relative to deep ripping alone
or manure application, exchangeable K values wigigeh by a very small amount only in the
0.10-0.30 m depth, but not in other depths, wheheemineral fertiliser or gypsum was
combined with deep ripping. This is probably beestle maximum operating depths of the
tines were of the order of 50 cm. Godwin (200¥tes that in clayey soils, the stable
openings created by tines with operating depth<6fcm rarely exceed 30 cm.
Consequently, the effects of the amendments incateo with the tines were restricted to the
10-30 cm depth. These results are similar to tiiisd by Jayawardane and Chan (1§94)
who noted that even when ameliorants and deepagpgiie combined amelioration of subsoil
constraints such as sodicity is limited to shaltbepths.

Gypsum application also resulted in increasing.&6 the 0-60 cm depth, presumably due to
increases in the concentrations of calcium andséions in the soil. These increases in
EC..s did not, however, reduce dispersion or increaamdge in the subsoil as the ESI,
electrochemical stability index (R@ESP) values did not increase beyond the thresradice

of 0.05, below which, significant structural instap occurs, which in turn leads to
reductions in hydraulic conductivity and drainagtes. ESI was similar among all treatments
and averaged 0.05 in the 0.1-0.3 m depth, 0.08ar®t3-0.6 m depth and 0.04 in the 0.6-1.2

! Lal, R. (1987) Fire. InTropical Ecology andPhysical Edapholdgpp.452-502. Wiley, Chichester.

% Godwin, R.J. (2007). A review of the effect of ilment geometry on soil failure and implement ferGail
& Till. Res, 97, 331-340.

3 Jayawardane, N.S. and Chan, K.Y. (1994). The meamagt of soil physical-properties limiting crop gustion in
Australian sodic soils — a reviewust. Soil Res32, 13-44
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m depth, but was increased by gypsum in the 0-Odkpth such that it increased from 0.10
with ripping alone to 0.25 with gypsum (averagéoth gypsum treatments). The
relationship between ESI and dispersion indexHt site suggests, however, that decreases
in the latter would be small when ESI exceeds QFl@. 30). In comparison with manure
application, exchangeable Ca concentration wasehighthe surface 0.10 m where ripping
was combined with gypsum (Table 16). Significafitedences in exchangeable Ca did not
occur among other treatments or in other depthsegkehangeable Mg, dispersion index and
drainage were not significantly affected by treattsgTable 16).
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Fig. 30.Scatter plot of change in dispersion index wittclochemical stability index,ESI for all
depths, Brigalow, QId., 2005-2008

Overall the differences in soil properties amomgtments were small in absolute terms. In
comparison with ripping alone, the increase in exgeable K with manure application was
of the order of 0.16 t K/ha. The positive respaimssanure suggests that long-term cropping-
related K depletion could be minimised by regulaplecation of cattle manure; for example
once every 5 years. It is notable that gypsumiegibn, even at a rate of 9 t ha-1, did not
significantly reduce dispersion and increase dgegndhe recommended rates for gypsum,
based on economic and bio-physical parameterseraom 2% to 5 t/ha for grey Vertosols.
At the same time, there are significant costs (2@08s) associated with applying gypsum:
the total cost of gypsum, spreading and ripping efadke order of $ 209.37/ha whereas
ripping alone costs $A 41.40/ha. Given the abseheeresponse to gypsum application and
the associated costs, the local farmer practiecebépplying gypsum, which goes against
advisory services’ recommendations, is a rational io this soil type and environment. In
other words, contrary to the widely-held opiniomduent gypsum applications in the sub-
tropical semi-arid dryland Vertosols of southerrrlidg Downs are not sustainable. The poor
response to gypsum may be related to the typieatbtic rainfall patterns of this region.
Strong and positive effects of gypsum applicatiaméhusually been reported where water
availability, either through irrigation or frequenainfall, and soil fertility were not limiting
factors. In addition, the low stubble cover at tbenmencement of this experiment (20%)
may also have facilitated evaporation and runbgreby decreasing water availability, which
in turn may have reduced the impact of the appjygzsum.
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6.4 Irrigation water quality

At ACRI irrigation water quality deteriorated betgrethe 2008-09 and 2009-10 seasons such
that there were marked increases in alkalinity sadohity that were characterised by increases
in Na, pH and E¢ and decreases in Ca and Mg (Table 18). Consequ&&R increased by
2-3 times, indicating that structural deterioratigmstability): may have been present. As the
irrigation water was sourced from ground waters tBuggests that aquifer quality had
deteriorated as the duration of the drought lengteand rate of groundwater extraction
increased with limited replenishment. Irrigationteraat ACRI was also a good source of
nitrate-N and K, and suggests that fertiliser aapln other fields was being delivered via the
reticulated water delivery system to fields C1 &id During 2010, after a wet winter and
frequent runoff, water quality improved through reases in Ca and Mg, and decreases in
SAR and pH. This may be due to replenishment otiggavater reserves through greater
drainage and water storages at ACRI through graateaw. Nitrate-N concentration in
irrigation water decreased.

In comparison with ACRI, irrigation water (treateewage effluent) at “Federation Farm” had
very high SAR, E(, and soluble Cl concentration (Table 17). K comedion and pk} were
higher than at ACRI, but Ca and Mg were lower. pitesof the relatively high Eg the very
high SAR suggests that soil structural stability ymiae poor in this site. Previous
measurements of dispersion index in this site lstnaevn that values were of the order of 12-
20. In comparison, during the September 2001 (@@ gfter irrigation with treated sewage
effluent commenced) it was 8 in the 0-10 cm deptim the 10-30 cm depth, 3 in the 30-60
cm depth, and 6 in the 60-120 cm depth.

Table 17.Irrigation water quality July 2009-June 2010 a¢dEration Farm”, Narrabri. SAR, sodium adsorption

ratio.
Field Date Cl K Ca Mg Na SAR pH, EC,
(mg/L) (dS/m)

1A 20/10/2009 90 15 12 7 262 15.0 8.9 1.31
11/12/2009 100 14 14 7 273 149 94 1.44
25/01/2010 81 11 15 7 288 153 9.0 1.24
25/02/2010 73 11 13 7 265 146 9.2 1.01

Seasonal sum (kg/ha) 344 52 54 28 1089
2 4/12/2009 127 16 14 7 301 162 9.1 1.41
25/01/2010 101 16 17 8 242 121 9.0 1.24
25/02/2010 71 18 15 8 281 144 9.1 1.05

Seasonal sum (kg/ha) 299 49 46 24 824
1 4/12/2009 85 18 16 8 270 13.7 9.2 1.30
24/01/2010 76 22 23 13 298 124 9.2 1.28
5/02/2010 80 19 18 10 263 122 93 1.41
24/02/2010 79 5 17 9 292 144 9.3 0.93

Seasonal sum (kg/ha) 320 64 73 40 1123

1 Maas, S., and Chapman, V. 2005. Water and solitguaustralian Cotton Industry BMP.
http://WWW.cottoncrc.org.au/files/ac52fc81-494a-426898-994d00a50998/ISWQ_BMP.pdf
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Table 18.Irrigation water quality July 2008-June 2009, J2009-June 2010 and July 2010-June 2011 at ACRI
(Fields C1 and D1), Narrabri. SAR, sodium adsorptatio.

F 1
Season Site Date Cl K ca Mg Na “WaeN" gip pbH, EC.
(mg/L) (dS/m)
2008-09 Tillage/rotation 22/12/2008 21 7 29 14 49 17 19 8.2 0.27
experiment 12/01/2009 23 6 33 15 51 16 1.8 8.2 90.3
Field C1, 22/01/2009 31 6 41 20 47 11 15 8.0 0.47
ACRI, 4/02/2009 24 6 29 14 42 21 1.6 8.0 0.37
6/03/2009 24 6 30 15 45 20 1.7 8.0 0.39
19/03/2009 23 6 28 14 51 8 2.0 8.2 0.38
Seasonal sum (kg/ha) 146 37 191 92 285 146
Cotton/vetch/wheat ~ 21/05/2008 23 6 25 15 51 12 2.07.8 0.38
rotation experiment ~ 27/08/2008 25 5 31 17 47 5 1.77.6 0.43
Field D1, 31/10/2008 25 4 24 16 54 23 2.1 7.9 0.40
ACRI, 12/01/2009 21 6 32 15 39 8 14 8.0 0.39
Narrabri 23/01/2009 30 6 37 18 61 4 2.0 8.0 0.44
5/02/2009 26 6 31 16 75 8 2.7 8.0 0.39
6/03/2009 24 6 30 16 65 6 2.4 8.0 0.38
Seasonal sum (kg/ha) 174 37 210 112 391 65
2009-10 Tillage/rotation 24/06/2009 20 3 24 11 103 44 9.0 0.45
experiment 14/08/2009 22 3 21 11 117 51 8.8 0.40
Field C1, 2/02/2010 20 4 23 11 143 6.2 8.7 0.37
ACRI, Narrabri 24/03/2010 24 5 27 13 121 48 8.30.41
Seasonal sum (kg/ha) 86 16 94 45 484
Cotton/vetch/wheat 23/06/2009 22 3 24 13 139 5.69.0 0.42
rotation experiment 13/08/2009 23 3 22 12 108 4.58.8 0.41
Field D1, 17/11/2009 23 4 21 14 132 5.4 8.8 0.44
ACRI, 23/11/2009 27 4 19 14 133 5.6 8.8 0.44
Narrabri 21/12/2009 24 4 19 12 117 5.1 8.9 0.42
3/02/2010 19 3 18 10 108 5.0 8.8 0.35
4/03/2010 21 4 21 12 100 4.3 8.8 0.38
30/3/2010 26 8 22 24 217 7.6 8.9 0.44
Seasonal sum (kg/ha) 185 33 165 113 1054
2010-11 Tillage/rotation 20/01/2011 23 5 32 17 69 .500 25 8.4 0.36
experiment 2/02/2011 35 6 34 23 69 0.02 2.2 8.5 510.
Field C1, 17/02/2011 25 4 32 15 63 0.03 2.3 8.4 360.
ACRI, Narrabri 1/03/2011 25 7 52 27 85 <0.02 24 68 034
16/3/2011 33 5 33 20 72 0.03 2.4 8.7 0.42
Seasonal sum (kg/ha) 118 21 151 85 289 0.1
Cotton/vetch/wheat 19/01/2011 21 4 28 15 57 030 .2 2 84 0.33
rotation experiment 3/02/2011 34 5 36 18 67 0.07 2 2 84 0.48
Field D1, 24/02/2011 28 4 28 15 79 0.04 3.0 8.6 380.
ACRI, Narrabri 21/03/2011 29 5 36 18 64 0.03 22 58 043
Seasonal sum (kg/ha) 112 18 128 66 266 0.4

! During 2010, it was discovered that the nitratalgser in the CSIRO laboratory had been malfunctigifiim some time.
All nitrate-N results from 2009 were, thereforgented. Samples for the 2010-11 season were anbifeSW DPI's

laboratories at Wollongbar.
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6.5  Soil hydrology
6.5.1 Sowing cotton intan situ mulch of wheat stubble

6.5.1.1 Soil water storage and infiltration

Among cropping systems, soil water storage wasrgégpdighest under the cotton-wheat
rotation sown on permanent beds, although reld@ifferences varied with seasonal rainfall
during the cotton season (Figs. 31 and 32). Dugiogving seasons when rainfall was the
major source of early season water for the cottop 2004-05, 2008-09, see Fig. 31), soil
water storage was greatest under the cotton-wbestan sown on permanent beds (Fig. 32).
When a major proportion of early season water reguents were supplied by irrigation
(2002-03, 2006-07), however, a similar, but smahend in soil water storage among
cropping systems was present. This was such thagmparison with continuous cotton,
average soil water storage from October to Decemb2004-05 and 2008-09 seasons was 52
mm higher under the cotton-wheat rotation, whefeathe same period during the 2002-03
and 2006-07 seasons it was only 26 mm higher. Tgieehearly season soil water storage
under the cotton-wheat rotation when rainfall wdscuate reflects the greater rainfall
infiltration and lower evaporation resulting frohretin situwheat stubble (see later
discussion), and better soil water storage capdcigyto its greater subsoil porositis the
season progressed, and water used by the cott@magsed, with much of it coming from
irrigation, the magnitude of the differences amtmegtments decreased or disappeared.

In comparison with either of the continuous cott@easonal infiltration was least during
2002-03, 2004-05 and 2008-09 where cotton-wheatsaas on permanent beds (Fig. 33),
but did not differ significantly among cropping s during 2006-07. This may be due to
the higher in-crop rainfall during 2002-03, 2004+#% 2008-09, and consequently, wetter
conditions under the cotton-wheat system. Soillkirag; and therefore, infiltration would
have been less in this treatment. The dominaninggtiof water infiltration in drying
Vertisols are soil cracks. Seasonal infiltrationl @il water storage with “frequent” irrigation
were greater than that with “infrequent” irrigatiand reflects the water availability under the
former. However, the proportions of water (as aeetage of rainfall and irrigation) which
infiltrated differed. Averaged over 2006-07 and @D, this was of the order of 64% with
“frequent” irrigation and 79% with “infrequent” igation, and presumably reflects the drier
and hence, deeper and more intensive soil crackitige former treatment.

In summary, the rainfall harvesting and storageabdjpy of a cotton-wheat rotation where
cotton is sown intdn situ wheat stubble is superior to continuous cottonrseither on
permanent beds or after conventional tillage. itespf the above-average rainfall during the
past year, reduction in water availability due twoanbination of drought and legislation has
become a major constraint in irrigated farming sys in many Australian states during the
past decade. Consequently, management systems edrisbrve all rainfall receivad situ,
thus reducing the requirements for irrigation wai@n contribute greatly to the sustainability
of irrigated farming systems.

6.5.1.2Deep drainage

Drainage, particularly in the deeper depths, wghést (P < 0.01) during the cotton seasons
of 2004-05, 2006-07 and 2008-09 under the cottoeawiotation on permanent beds (Fig.
34). This reflects the distribution of drainageg®m these treatmeht®uring the 2002-03
cotton season, however, subsoil drainage did ffif@r diignificantly among treatments,
although there was trend towards higher valuesmupelenanent beds. Drainage also varied
significantly (P < 0.001) with depth, with that aftthe 1.2 m and 0.3 m depths being lowest
and highest, respectively. The low drainage ouhefl.2 m depth was

1 Hulugalle, N.R., Weaver, T.B., Scott, F. (2005). hamous cotton and cotton-wheat rotation effectsoihproperties and
profitability in an irrigated Vertisol. Sustainable Agri@7,5-24.
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2008-09 seasons) and irrigation frequency (2006s272008-09 seasons). Black, Conventional
tillage/cotton-cotton/frequent irrigation; Lighteyr, Permanent beds/cotton-cotton/frequent
irrigation; Dark grey, Permanent beds/cotton-wHesdlent irrigation; White, Conventional
tillage/cotton-cotton/infrequent irrigation; Coatsatched, Permanent beds/cotton-
cotton/infrequent irrigation; Fine hatched, Permmrmeds/cotton-wheat/infrequent irrigation;
Vertical bar is standard error of the means.
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probably due to the low porosity and sodicity ie h2 m depth, whereas the tendency for the
depths nearest the furrows (i.e. 0.3 m) to remeatarated for longer periods means that
hydraulic conductivity also remains relatively hifgin extended periods in this depth.
Drainage was also least during the 2002-03 se@sesymably because water inputs were
relatively low, but not low enough to cause deggrking, such as with the infrequent
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irrigation during 2006-07. During the 2006-07 seag@ter inputs were lower, but due to
intensive soil cracking drainage was higher becafisehigh level of preferential flow (see
below).

Drainage in all depths was greater (P < 0.05) wittigher irrigation frequency than with an
“infrequent” one (Fig. 35) during the 2006-07 ari2-09 cotton seasons. However, the
pathways of drainage may have differed betweemvibdreatments. The drier soil profile in
the infrequently irrigated treatments would hav&uteed in more cracking, and consequently
drainage via the soil cracks would have been tmeinfant pathway whereas with frequent
irrigation and wetter soil, more water would havaided by matric flow.

The previous discussion on the possible pathwagsaihage in this soil referred to
conventional belief, which states that that draenamgVertisols occurs by preferential flow
through open soil cracks or mass flow through ulicracked) soil. However, some authors
have suggested, that a significant proportion afrédrge may occur in wet soils through by-
pass flow via slickensides.

6.5.2 Including vetch in cotton-based crop rotations

6.5.2.1Soil water storage and infiltration

In comparison with rotations that included a whaap (cotton-wheat, cotton-wheat-vetch),
soil water storage to a depth of 1.2 m during dudyepart of the cotton-growing season was
generally characterised by lower values in systératshad cotton sown every year (cotton-
cotton, cotton-vetch) (Fig. 36). The probable causay include longer fallow periods, better
subsoil structure and greater amounts of rotatiop stubble in the former two systems.
Towards the latter part of the season, howevercditton-wheat rotation tended to dry out
the profile more, suggesting that uptake and exaperlosses were high. Soil water storage
was lowest in the cotton-vetch rotation. This wasbpbly due to the fact that the cotton-
vetch sequence had virtually no fallow, whereashinee rotations included fallows that
ranged from 3 to 10 months. Soil water storag@édotton-wheat-vetch rotation was higher
than that in the cotton-wheat sequence in yearswdiafall was a major early season
contributor to crop water requirements. The reversairred when irrigation contributed
more to crop water needs. Retention of vetch aneltvimulchin situin the cotton-wheat-
vetch sequence may have facilitated rainfall hdaimgsThis observation is similar to soil
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water storage patterns in the cotton-wheat rotatiimin situ mulch reported in the previous
section.

Seasonal water infiltration during the 2008-09 2089-10 cotton seasons did not differ
significantly among rotations. Mean seasonal irdtlon was 586 mm during 2008-09 and
396 mm during 2009-10. The lower value during tB8210 season may be related to the
higher rainfall (464 mm in 2009-10 vs. 361 mm i®&@9),and consequently wetter soil
conditions that prevailed during 2009-10. Thisumtwould have minimised the occurrence
of intense wetting/drying cycles (and soil cracRidgring the cotton season. Soil cracks are
the major pathways of infiltration in cracking clagils (Vertosols). Thus, infiltration would
have been reduced and runoff enhanced during 2009-1

Results of soil water storage during the wintessaa were analysed by grouping according
to the crops that were in the field at any one time stage 1 corresponds to the period when
only vetch in the cotton-wheat-vetch sequence waesent, stage 2 to the period when
rotation crops from all four treatments were présstage 3 to the period when wheat crops in
the two rotations that included wheat and the veaidhe cotton-vetch sequence were present,
and stage 4 the period when wheat crops in thedtedions that included wheat were present
(Fig. 37).
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During the rotation phase, soil water storage waisdr with wheat in the cotton-wheat-vetch
sequence than with wheat in the cotton-wheat sexueéxs water stored in soil was higher
shortly after sowing wheat in the former rotatitms suggests that there may have been some
residual water remaining from the previous cotteas®n. Vetch in the cotton-wheat-vetch

was always sown into moist soil as it followed anguer fallow (where stubble from the
previous wheat crops had been retaineth &gu mulch) whereas vetch in the cotton-vetch
sequence was sown into dry soil as it followed ococrop, and thus required irrigation.

6.5.2.2Deep drainage

Deep drainage in cropped plots was many times hidjaa that in fallow plots, during the
cotton seasons of 2008-09, 2009-10 and 2010-1Xkaadsdflection of the higher water inputs
in the former (Fig. 38). Among rotations, cottorwsoin either the cotton-wheat or cotton-
wheat vetch rotations had higher drainage thamettte continuous cotton or cotton-vetch
rotation (Fig. 38). This is likely to be due to thigher proportions of drainage pores observed
in soils where wheat had preceded cotton (seesedibcussions). Drainage out of the beds
(0-10 cm depth) of the cotton-wheat rotation wae &ligher than that in the cotton-wheat-
vetch sequence during 2008-09 and 2009-10 buturaigi2010-11, and may have been
related to early season soil water contents ind@pgh;viz. frequent rainfall on rotations with
wetter soil conditions ensured greater drainagg. (36).

During the winters of 2008 and 2009, drainage wgkdr in plots which had wheat or vetch
sown than in fallow plots (Fig. 39). Irrigation aranfall when combined with actively
growing crops results in cycles of wetting and dgyout of the soil profile, and thus, creation
of soil cracks, root channels and slickensidesyfalthich function as preferential flow
pathways for deep drainage. In addition, irrigat@so results in transient saturated
conditions and high hydraulic conductivity and thiigh drainage rates. The differences
among the rotation crops reflect the varying gropghiods, which in turn, lead to differences
in water inputs (rainfall and irrigation) and sdilying. In this experiment, drainage was
generally in the order of wheat in cotton-wheat aotion-wheat-vetch > vetch in cotton-
vetch and vetch in cotton-wheat-vetch. The lastthadeast amount of irrigation and
subsisted mainly on stored soil water and in-ceopfall.

Drainage during 2010 winter was lower than thosgnguthe 2008 and 2009 winters,
presumably because no irrigation took place dubddrequent rainfall in 2010. Highest
drainage during the 2010 winter occurred in thiovalphase (~ 11 months, Nov 2009 to
November 2010) of the cotton-wheat rotation (F). 3he primary difference between this
year and previous years was the frequent rairffadl. 37). This was such that no irrigation
was required. Furthermore, rainfall received du@0@0 winter was in addition to that
received during the 2009-10 summer, ensuring asearated profile in the fallow of the
cotton-wheat rotation and a relatively high hydi@abnductivity. This was not the case with
the other treatments which either had a much shiaftew (e.g. cotton-cotton, ~5 months
fallow) or had crops growing in them after cotttmys resulting in generally unsaturated soil
conditions and lower hydraulic conductivities. Hidfainage under lengthy fallows when
rainfaéll is frequent and high has been reportediptesly from this region (e.g. Liverpool
Plains).

1 Paydar Z., Huth, N., Ringrose-Voase, A., Young,Bernardi, T., Keating, B.,and Cresswell, H. (20@3ep drainage and
land use systems. Model verification and systemspasison Aust. J. Agric. Re$6, 995-1007
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6.5.2.3Evaporation
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Fig. 40. Cumulative evaporation from soil with no stubfdeusted surface), wheat stubble incorporated
or retained as in situ mulch, Field D1, ACRI, Namia

Evaporation measured from bare/crusted soil and &oil where wheat stubble was either
incorporated or retained assitu mulch showed that incorporation of wheat stubbkilted

in the highest water losses through evaporatiop @0). However, there were no differences
between the undisturbed, bare surface and wheratwheble was retained situas mulch
with no soil disturbance. This suggests that ond@fconsequences of the act of disturbing
the soil is to facilitate evaporation. Furthermanea self-mulching soil, the practice of
retaining the mulch may be of secondary importanceducing evaporation.

Two empirical models were developed using linealtipie regression analysis: one, which
used all drying sequences (laboratory and exteamal)a second, which used only exterior
drying sequences. These were as follows:

(a) E;=-2.46 +0.098-0.73S+4.82Ingn = 1221, R= 0.77*** MSE = 5.76 [all drying
sequences];

(b) E;=-10.17+0.38-1.36S +4.65InE n = 792, R = 0.63*** MSE = 5.63[exterior drying
sequences only];

Where E is cumulative soil evaporation (mm),; I cumulative evaporation from a free water
surface (potential evaporation) (mrf)is initial soil water content (mm), and S is a aayn
variable indicating the presence (1) or absencef(Blrface mulch. The model was verified
during February 2011 using samples taken from wuarfeelds at ACRI. A very close fit
between estimated and observed evaporation occwitiedhe model based on exterior
drying sequences, whereas the model based oryalgdsequences overestimated
evaporation (Fig. 41). The former model can be usexbtimate evaporative water losses
from cotton fields during the germination and enesige process. The model suggests that
depending on evaporative demand over a 7-10 daydyehe difference in available water in
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the surface 7 cm of stubble incorporated ensitu mulched plots can be of the order of 3-10
mm. Although this is small in absolute terms, tig@act on hydraulic conductivity, and thus
water movement through soil to the germinating ssedmanyfold. This is because in clay

soils, the relationship between water content aitdulic conductivity is exponential (Fig.
42).
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Fig. 41.Comparison of evaporation estimated using previodstived models with measured
evaporation
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Fig. 42.Typical soil water content-hydraulic conductiviglationship for a
clay soil

Provided rainfall and potential evaporation is &lae, the model derived from exterior

drying sequences can be used to estimatporation from mulched and stubble incorporated
soils. An example that uses actual rainfall anepial evaporation (from weather records)
for the first half of October 2008 is shown beldvig 43). It was assumed that as soil water
storage at field capacity for the seedbed (0-7 epth) in grey clays ranges from 25-35 mm,
the soil water storage in this site after the @lrdvent shown was of the order of 30 mm. The
results indicate that soil evaporation from tHe@the 14' of October 2008 was 18 mm in

the mulched soil and 28 mm in the stubble incorjgatsite.
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6.5.3 Methods for measuring deep drainage in the field

6.5.3.1Comparing deep drainage measured with a tensiambter and chloride mass
balance method
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Table 19 Comparison of drainage (means + sd) measuredchltride mass balance method and tension
lysimeter in the cotton-wheat rotation in Field @CRI, Narrabri

Season Depth Chloride mass balance (mm) LysimeterDifference (mm)

(cm) Steady Transient (mm) Steady Transient

state state state state

2006-07 cotton 0-60 212 +40.3 256 +48.5 -
season 60-90 150 + 35.9 181 +43.2 -

90-120 87+17.6 104 +£21.2 -

120-150 45+8.5 54 +10.2 -

150-200 29+4.0 35+4.8 74 45 39
2008-09 cotton  0-60 218 +20.3 277+125 -
season 60-90 111+1.8 175+£70.9 -

90-120 71+23.2 150 + 106.9 -

120-150 50+6.4 74 £34.8 -

150-200 28+1.2 40 £13.2 54 26 14
2010-11 cotton 0-60 257 +31.0 259 +30.7 -
season 60-90 127 +£42.6 126 +43.0 -

90-120 57+ 28.5 55 +28.8 -

120-150 29 +13.0 28 +13.1 -

150-200 21 +13.0 21 +13.3 0.5 20.5 20.5
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Except during the 2010-11 season, drainage ounteo20®0 cm depth estimated with the
chloride mass balance method using either steatky st transient state assumptions was
lower than that measured with the tension lysim@iable 19). However, values estimated
using transient state assumptions were closeretditinage measured with the lysimeter than
those estimated using steady state assumption. M#arences for the 2006-07, 2008-09 and
2011-11 seasons were of the order of 31 mm withdststate assumptions and 25 mm with
transient state assumptions. These differencesotietiay be due to a combination of factors
that include:

Drainage through preferential flow pathways is tasen into consideration by the
chloride mass balance method.

Spatial variability. Cores taken to estimate sdiWw€re not taken from the exact same
position as the lysimeter to avoid damage to tagstand to ensure that sampling did not
result in preferential flow pathways adjacent te ttays.

Exchange of chloride with the soil mass is not aoted for by the chloride mass balance
method.

A proportion of the chloride in pore water remaimaccessible to water draining through
the soil profilé

Artefacts may have been created by the lysimetgr ¢eil disturbance associated with its
construction, soil subsidence and ponding, retgrdinwater flow due to the access
“chimney” etc.) (Fig. 44)
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Fig. 44. Ponding of water near lysimeter

During the 2010-11 season drainage measured vétlysimeter was 41 times less than those
measured with either chloride mass balance methdids was probably caused by the
absence of a significant potential gradient in2ZBem thick layer immediately above the

! Gee, G.W.gtal. (2005). Chloride mass balance: cautions in predidticreased recharge raté¢adose Zone. 3}, 72-78.
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lysimeter trays (A. Nadelko, pers. comm.). The frexaf and heavy rains during the preceding
winter and the first half of the 2010-11 growingsen resulted in a uniformly wet profile to
depths of approximately 2 m. The drainage froet (he soil layer with a significant potential
gradient) may, therefore, have existed deeperarptbfile than in most years.

6.5.3.2 Estimating deep drainage using an EM38anzontal mode

The linear multiple regression model for estimathgpride concentration, Glegicteafrom
EMy, soil water storage and ESP data was:

INCl pregictea= 4.05 - 0.15(INEM) — 0.74(InS) + 0.20ESP,  n = 302=R0.87***

Where ClyredictediS the estimated chloride concentration; S iswailer content (mm); EMH is
the electromagnetic induction from the EM38 (mSiimhorizontal mode and ESP is the
exchangeable sodium percentage. Comparison ofgbeeldivith measured chloride
concentrations in saturated extracts indicatedviea¢ two distinct relationships (Fig. 45).
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Fig. 45 Relationship between measured and predictedidblepncentrations in saturated extracts of soil
sampled from “Beechworth, ACRI (Field C1) and “Géewvon” during 2000 to 2002 and Field D1 at

ACRI during 2010 and 2011.

Where Clin saturated extract exceeded 10 meg/L (355 mgiiGEmg/kq)), predicted CI
diverged widely from actual CIDirect application of the model is therefore lied to soils
where Cl concentrations were < 10 meg/L. The causes femtlay include interference with
neutron probe readings (i.e. absorption of fastroes) by chloride and incomplete extraction
of cations due to salinity during soil chemical lgeas. Thus in saline soils (chloride
concentration > 10 meg/L), the predicted chlorideaentration requires further adjustment
with the following equation before using in a clidiermass balance model:

Cl adjusted= 5.04 +2.13Chredicted R = 0.58*, SE est. = 5.73.

This also implies that neutron probes calibratedan-saline or low saline soils cannot be
used in saline soils without further calibrationsitu.
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6.6 Crop growth and yield
6.6.1 Rotation crop root growth
6.6.1.1 Corn
8 9
I 8 1 T
T ==
77 I I I 7 I
L 6
§ 57 2008-09
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[e] 3
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| —&— Corn-Corn
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Fig. 46.Root length per unit area, lof corn in continuous corn and cotton-corn rotatioField C1, ACRI,
Narrabri
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Fig. 47. Root length density, L(mm/cn?) of corn at crop maturity 2007-08 and 2008-09
growing seasons, Field C1, ACRI, Narrabri. Horizbtars are SEM’s.

Corn root length, particularly towards the lattartpf the growing season, were generally
higher with corn monoculture than with cotton-cootation (Figs. 46 and 47). Values of L
(cm/cnf) at crop maturity under continuous corn rangechf8Y5 at 125 days after sowing
(DAS) during the 2007-08 season to 1097 at 120 O&$g the 2008-09 season, lalues

for corn in the cotton-corn rotation at the sameetwere 365 and 606 during the 2007-08 and
2008-09 seasons, respectively. This may be retatdte greater amount water stored in the
soil after corn than with cottdnThe shorter growing season of the corn (5-6 nE)mésults

in a longer fallow period between corn crops whetéa longer growing season of the cotton
(~6 months) results in a shorter fallow. Subjeatainfall, more water is therefore, likely to
be stored under a corn monoculture than with anetbrn rotation.

! Devereux, A.F., Fukai S., Hulugalle, N.R. (2008) Hffects of maize rotation on soil quality and it availability in
cotton based cropping. IGlobal Issues — Paddock Action, Proceedings 14#trAlian Agronomy Conference, 21-25
September 2008, Adelaide, SA (Unkovich M, Ed).trAlisn Society of Agronomy, Adelaide, SA. [CD-ROM]
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6.6.1.2Wheat and vetch
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Fig. 48 Root length per unit area, Lof wheat and vetch under differing crop rotatidfield D1, ACRI, Narrabri
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Fig. 49 Variation in root length density,|-of wheat and vetch under differing crop rotatidosing winter 2008,
Field D1, ACRI, Narrabri
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Table 2Q Analyses of variance for root parameters, roteéigperiment, Field D1, ACRI, Narrabri,,Lroot length density (mm/ciy L, root length per unit area (cm/@mBack-
transformed values are shown in Figs. 11, 48-51.

Root length F-value

Ln (Ly+10) Ln La
Year and date 5cm 10 cm 20 cm 30 cm 40 cm 50cm cn60 70 cm 80 cm 90 cm
2008:
27/6/2008 (df = 3,30) 14.57*%* 12.47** 16.28*** @.93*** 8.05*** 21.45%*  5.25* 5.52* 1.31 1.76 1875***
5/8/2008 (df = 3.30) 67.01***  4.94* 2.71 3.72* B 0.88 0.77 1.68 0.80 5.44* 4.21*
11/9/2008 (df = 2,22) 41.05*** 0.39 0.66 4.66* 1.4 1.82 1.19 241 1.94 1.49 0.44
26/9/2008 (df = 2,22) 62.28** 0.94 4.04* 6.92** a8 3.40* 1.30 0.64 1.46 1.62 0.63
30/10/2008 (df =1,14) 79.93***  1.09 0.51 0.33 0.01 257 0.02 0.96 0.24 1.01 9.09**
20092
6/7/2009 (df = 3,30) 27.92%*  4.35* 17.49%* 10.38 74.68** 48.64** 21.83** 15.14** 10.59** 7. 21** 72.66***
4/8/2009 (df = 3.30) 78.14**  8.60*** 9.46%+* 2.58 7.70%* 17.30*** 13.61*** 20.77** 6.87** 6.68** 51.95%*
31/8/2009 (df = 2,22) 29.49***  0.64 6.82* 0.88 A2**  8.38** 8.62* 5.89** 1.17 1.91 27.91%+*
7/10/2009 (df =1,14) 1.52 6.59* 7.38* 0.24 0.00 610. 3.12 0.00 0.67 1.82 0.60
2010
14/4/2010 (df = 1,7) 3.72 0.05 0.03 1.33 0.05 0.00 0.47 0.38 - - 0.38
5/5/2010 (df = 1,7) 0.05 0.24 0.01 0.93 0.01 1.10 .130 0.47 - - 0.43
10/6/2010 (df = 1,7) 5.59* 0.30 0.05 0.13 0.22 3.96 1.83 3.17 9.92* 0.15 5.79*
23/6/2010 (df = 2,29) 21.56*** 211 8.79%* 23.80** 30.60** 39.26** 19.39** 12.78%* 10.35** 3.58* 53.66***
16/8/2010 (df = 2,22) 22.91%**  5.04* 7.04%+* 4.87* 2.28 5.85* 8.25* 1.32 1.00 1.00 28.12%+*
21/9/2010 (df = 2,22) 40.96** 0.61 0.60 2.58 0.03 0.66 0.67 5.94* 1.31 0.98 13.61***
27/10/2010 (df=1,14) 1.53 0.47 0.00 0.79 0.18 210. 0.20 0.06 0.00 0.02 0.58
25/11/2010 (df=1,14) 0.01 0.64 0.19 0.45 0.02 100. 0.18 0.00 0.02 0.13 0.03
Root carbon:
Parameter F-valué

2008 (df =3,30) 2009 (df =3,30) 2010 (df = 2,29)

Ln (Carbon in crop roots at end of season) 10.97** 21.10*** 3.52*
Ln (Carbon in roots that died) 4.18* 19.58%+* 19’9*
Ln (Total carbon potentially available for addititmsoil) 12.71%** 26.52*** 3.87

Lx # gand ** indicate that means differed signifantly at P < 0.05, P < 0.01 and P < 0.001, reiséyt
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While there were variations among treatments amdsy® the rotation experiment in Field
D1, there were some discernible trends,

» Early sown vetch (i.e. cotton-wheat-vetch) had nroms at depth, although overal{ L
values were similar among both wheat treatmentdtamgetch in the cotton-wheat vetch
rotation (Figs 48-51, Table 20).

* The later sown vetch (cotton-vetch rotation) haphigicantly lower root length than the
other treatments in two years (2009, 2010) oubefthree. This may partly reflect
variations in rainfall distribution among years.

» Differences among treatments between years maypalsly have been caused by
differences in in-crop rainfall and soil water stge as the crops were sown at different
times during the winter.

+ Between wheat treatments, both of which were sowthe same date, cotton-wheat
tended to have higher root length than cotton-whetth.

« Damage by aphids to the early sown vetch had afisigmt detrimental effect on vetch
root growth and resulted in shallower and morespavot system (Figs. 48 and 51).

Ln (Ly+50)
35 40 45 50 55 40 45 50 55 60
O 1 1 1 1 1 1 1 1
20 7 January 2011 —e— Conventional tillage
—O— No-tillage
40
60 20 December 2010 8
80 | 6

0
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LnlLa

20 28 January 2011

25 February 2011

40

60 -

80

100 T T T T

Fig. 52.Variation in root length density (Lmm/cn?) and root length per unit area (cmAmith depth and
time during summer 2010-11. Horizontal Yland vertical (L) bars are standard errors of the means.

6.6.1.3Grain sorghum

Densities of sorghum roots (Fig. 52) were vary muigiher in the deeper subsoil than that of
either wheat or vetch but were comparable to thabm, although under the no-tilled
sorghum values tended to be much higher. Whilestddterences were undoubtedly caused
by genetic factors, the differences between nediind conventionally-tilled sorghum were
probably due to the better drainage under the far&enoted in previous sections, heavy and
frequent rainfall during December resulted in egehwaterlogging in this site. Inhibition of
sorghum growth by waterlogging was, however, lesls mo-tillage. The better drainage
under minimum tilled systems has been previousbudeented in this field (Fig. 34). The
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high root densities and proliferation in the deeps®il as the season progressed may be
because in the absence of irrigation the wet sigos@y have stimulated root growth at depth
in both treatments. It is unlikely that this “bulg® roots in the deep subsoil would be present
in a season where rainfall distribution was mopedgl of this region.

In both sorghum treatments the high root densitiégse 90 cm depth also suggests that
significant root growth may have been present apdedepths. As the minirhizotron tubes
did not extend beyond this depth, this could notdrdied. The deep and extensive root
system of sorghum does show, however, that roatsopls such as sorghum and corn, both
C4 crops, can be important sources of carbon inptaghe soil.

6.6.2 Cotton and rotation crop vields

6.6.2.1Sowing cotton into in situ mulch of wheat stubble

At ACRYI, in the tillage/rotation experiment (expaent 5.1.1.1) pronounced differences (P <
0.01) between irrigation frequencies, all croppaiygtems and their interactions were present
with respect cotton physiological growth indicestsas squares/ngreen bolls /fhand open
boll/m? (Fig. 18). However, these differences did not ti@esin their entirety with respect to
lint yields. Lint yield was less in both continuocmtton treatments than in plots where cotton
was sown into a mulch of wheat stubble on permabeds under both irrigation regimes
during 2008-09 and under frequent irrigation in @Q1 (Table 21). Between 2001 and 2011,
averaged over both irrigation frequencies, cottonrsinto wheat stubble yielded 18% more

30 100
25 /D\é\ Squares/m? 80 4 =T
T : .
l ' i
? 60 / /:5:\3(\ A

15

40
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r —r— e R —
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Fig. 53.Effect of irrigation frequency and cropping systemphysiological growth indices (squares, green
bolls and open bolls/fhof cotton. Vertical bars are standard errorshefrneans

than continuous cotton. This compares favourablih weiotton sown after wheat stubble
incorporation in this site, which over a 6 yearipeérfrom 1993 to 1999 resulted in lint yields
higher than those in continuous cotton plots by 84ring the 2009-10 season, when the
cotton-wheat rotation was not sown, there were wmifscant differences in lint yield

between continuous cotton sown after conventiatagé or on permanent beds. Significant
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differences between the two irrigation frequenewese absent (Table 10). This may be due to
the wetter conditions (relative to the previousedng) prevailing during the cotton seasons of
2008-09, 2009-10 and 2010-11. Relative to 2008#@D29D09-10, cotton lint yields were very
low in 2010-11. The very low cotton yields duringet2010-11 season may be due to the
extended waterlogging (~ 10-12 days) and cool, dyjoaonditions that prevailed during
December 2010. Supplementary N fertiliser applcatoes not seem to have overcome these
constraints.

Dryland wheat sown after frequently-irrigated cattgielded 1.2 t/ha and that sown after
infrequently-irrigated cotton 0.7 t/ha. This suggethat residual moisture in the subsoil from
irrigation during the summer may have contribut@heat growth and yield in the following
winter.

Table 21 Yields of cotton (bales/ha) and wheat (t/ha)iliage/rotation experiment, Field C1, ACRI. *, *hd
*** indicate that treatments differ significantlyt & < 0.05, P < 0.01 and P < 0.001, levels,
respectively.1 bale = 227 kg.

Irrigation Rotation Tillage system Cotton lint (bales/ha) Wheat grain (t/ha)
frequency 2008-09 2009-10 2010-11 2008-09 2009-10 2010-11
Frequent  Cotton-cotton Conventional 10.0 8.7 54 - - -
Cotton-cotton Permanent beds 11.0 8.6 53 - - -
Cotton-wheat Permanent beds 12.3 - 76 1.2 - 1.6
Infrequent  Cotton-cotton Conventional 8.5 7.2 4.9 - - -
Cotton-cotton Permanent beds 7.9 7.8 44 - - -
Cotton-wheat Permanent beds 9.7 - 48 0.7 - 1.6
SEM:
Parameter Cropping systems (CS) Irrigation frequency (IF) CSxIF
2008-09 2009-10 2010-11 2008-09 2009-10 2010-11 2008-09 2009-10 2010-11
Cotton lint ~ 0.38 0.23 0.18 0.55 0.53 0.30 0.54 0.32 0.25
Wheat grain - 0.04 0.14 - -

Cotton lint yield was not significantly affected byheat stubble management (Table 22),
although wheat grain yields at “New Haven”, Narroemiand soybean yields at “Federation
Farm”, Narrabri were improved. This result is samito other years where cultivation with an
aer-way cultivator under dry conditions did notrsigantly decrease cotton lint yields at

“Federation Farm”. Cultivation with an aer-way owdtor under dry conditions results in less
soil disturbance than with conventional methodshsag disc-ploughing (Fig. 10). Previous
research in this site has also suggested that yt ma@&e minimal effects on soil quality,

although the changes may be of a sufficient intgrisi lower soybean yields. Due to heavy
rains and extended waterlogging, the wheat cropnsduring winter 2010 could not be

harvested. Instead it was burnt and a soybeansoep.

6.6.2.2Sowing two cereal rotation crops (winter cerealshmmer cereal) after cotton

The relevant experiments at Hillston and ACRI (ekpent 5.1.3.1) had been in place for a
short-time and hence, any differences betweemtieats should be interpreted with some
caution. Nonetheless, the cotton in the cotton-whmation was significantly higher than that
in the cotton-wheat-wheat (sprayed out) (Table PBxsible reasons for lower yields in the
latter may be because the profile after the whest not have been replenished completely by
irrigation. Hence, the cotton may have been maesséd than that in the cotton-wheat
rotation. N immobilisation by the wheat stubble waled out as N concentrations in cotton
seeds (an indicator of NUE) of both treatments vgarelar.

Relative to Cotton-wheat, lower cotton yield alszwrred in the experiment in field D1 at
ACRI in the Cotton-wheat-sorghum sequence. This beagiue to either N immobilisation by
the large amounts of sorghum stubble that remamétk field or other nutrient imbalance
caused by export in the sorghum grain.
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Table 22.Effect of wheat stubble management on cotton liglidy(bales/ha), and wheat, sorghum, chickpea and
soybean grain yields (t/ha) at on-farm and on-@tagites. Values in parentheses arg log
transformed values.

Site Cropping system 2008-09 2009-10 2010-11
Rotation Cotton Rotation Cotton Rotation Cotton
“Federation Cotton-wheat 3.9, 12.1 2.7 -
Farm”, Narrabri  (incorporated) 1.0° (0.978f
Cotton-wheatif situ 11.8 3.1 -
mulch) (1.123%
SEM 0.51 (0.0449) -
P < ns 0.05
“Merrowie”, Cotton-wheat 2.6 - - 11.8
Hillston Cotton-wheat-sorghum 2.3 - Sprayed 9.9
SEM 0.13 0.55
P < ns 0.05
“New Haven”, Corn (burnt) fb. Cotton- ? 13.4 4.f
Narromine wheat
Cotton-wheatif situ ? 13.0 3.7
mulch)
t-value 0.45 2.34
P< ns 0.05
Field D1, ACRI,  Cotton-wheat-sorghumn( 8.4 15,49 89 47,56 7.3
Narrabri situ mulch)
Cotton-wheatif situ 13.2 2.7 11.4 3.6 8.3
mulch)
Field C1, ACRI Wheat stubble incorporated 52 -
Narrabri In situwheat mulch 53 -

Awheat;’sorghum*soybean’chickpea

6.6.2.3Including vetch in the rotation

Table 23 Yields of wheat and cotton in rotation experiméfield D1, ACRI.

Rotation Rotation crop stubble Wheat grain yield (t/ha) Cotton lint yield (bales/ta)
management
2008-09 2009-10 2010-11 2008-09 2009-10 2010-11
Cotton-vetch Mulched - - - 11.3 10.9 7.0
Cotton-cotton - - - - 10.8 10.5 6.5
Cotton-wheat Incorporated 3.5 2.7 3.1 13.1 12.4 8.2
Cotton-wheat-vetch Mulched 3.2 2.8 3.0 11.3 10.5 7.9
SEM 0.27 0.23 0.32 0.20 0.54 0.22
P < ns ns ns 0.01 ns 0.01

Wheat yields were not significantly changed by smaretch (Table 23). Cotton yields were
generally highest with the wheat-cotton rotationcbmparison with the cotton-cotton
sequence, inclusion of vetch and concomitant redluad mineral fertiliser inputs in the
cotton-vetch rotation did not result in a decraaseotton yields, thus suggesting that the N-
fixed by the vetch sufficed to maintain cotton gl Inclusion of vetch in a cotton-wheat
rotation however, resulted in significantly redugiyields of cotton during the 2008-09
season. Relative to cotton-wheat, lint yield in tb&on-wheat-vetch sequence was
numerically lower although statistically non-sigo#nt during the 2009-10 cotton season as
well. This varies from that observed during thevpyes 5 years and may be due to two
reasons. The vetch in the cotton-wheat vetch segueas killed during between July and

! Laser levelled in 2008 winter and sown to chickppd wheat (treatments not imposed); values showaraaverage of the
two. Wheat sown in 2010 could not be harvestedtddieequent, heavy rains and waterlogged conditidhe residue was
burnt and soybean sown during summer 2010-11.
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later August from 2008 to 2010, whereas duringeidudy stages of this experiment it was
killed between mid-August to mid-September. Thiswane with the objective of including
a short fallow before sowing cotton, during whicety aainfall received could be stored for
use by the latter. In addition relative to 2003-20@te winter and spring rainfall was higher
between 2008 and 2010. Rainfall during this falboveraged 52 mm from the 2003 to 2007,
and 180 mm from 2008 to 2010. The wetter conditibay have resulted in faster
decomposition and more N lost through a combinatideaching as nitrates and emissions
as nitrous oxide. Thus, under conditions of adexjgpting rainfall, early killing of vetch may
have resulted in inadequate N for maximal yieldh®y/ cotton. The low cotton yields during
the 2010-11 season may be due to the extendedoggierg (~ 10-12 days) and cool, cloudy
conditions that prevailed during December 2010 pBmentary N fertiliser application does
not seem to have overcome these constraints.

N contents in vetch DM averaged 114 kg N/ha incibiéon-vetch rotation and 155 kg N/ha in
the cotton-wheat-vetch (Table 24). The vetch r@ibiugh root death during the growing
season and that contained in the roots at thedifrk#ling) contributed an average of 45 kg
N/ha in the cotton-vetch and 136 kg Nfhaith the cotton-wheat-vetch rotation. Values were
lowest during the 2010-11 season, presumably dapha damage (Fig. 1).

6.6.2.4Applying organic and inorganic amendments

Due to poor rainfall during 2005 the wheat crophie Brigalow site (Experiment 5.1.2.1)
failed but cotton and sorghum yielded well duedequate soil moisture (stored water from
fallow + in-crop rainfall) in subsequent years. groelds were not affected by application of
soil amendments. Mean yield of wheat grain (whias\affected by drought) during 2005
was 1.8 t/ha, cotton lint during 2006-07 was 9.ke&a and sorghum grain during 2007-08
was 9.4 t/ha. Lack of response to applied amendmeay be related to the fact that they had
only a small effect on ESP, and exchangeable Kegailu the surface, albeit low, were
nonetheless higher than those suggested byeBall (2008} as causing yield reductions in
sorghum and cotton. These authors reported th@¥arg&duction in yield of sorghum and
cotton was not achieved until exchangeable K camagons had fallen to 0.19 cmol/kg and
0.3 cmol/kg, respectively. They further noted tiat threshold value for cotton may well be
higher as their cotton crops yielded poorly dusdwing late with a low yielding variety.
Potassium stress during boll-filling is thoughbt®a possible cause of premature senescence,
and hence, yield decreases in cotton. It is likislgrefore, that organic waste products will
significantly improve crop yields in Vertisols onlyhen soil fertility, particularly potassium
availability, is very low.

6.6.3 Cropping systems and fibre quality

Cotton lint fibre quality in the tillage/rotatiorxperiment in Field C1 was little affected by
experimental treatments during the 2009-09 seagpnelongation and micronaire in
continuous cotton plots were reduced by infrequmeigiation (Table 25). Micronaire in the
cotton-wheat rotation was not affected significauty irrigation frequency, and presumably
reflects the water availability in this treatmedtn-significant decreases in short fibre index
and fibre strength also occurred.

Crop rotation and stubble management did not hayesignificant effect on fibre quality
indices in the rotation experiment in Field D1, AIC&though values differed between the
2008-09 and 2009-10 seasons (Table 26).

Froma depthof 1 m

2 Bell, M., Harch, G., Want, P., and Moody, P. (2008nagement responses to declining potassiuntitieiti Ferrosol
soils.Global Issues, Paddock Action, Proc™MAustralian Agronomy Conference, Adelaide, SouthrAlies, 21-25
September 200Ed. M. Unkovich). Aust. Soc. AGron, Adelaide, §ED-ROM].



Table 24 Nitrogen in vetch dry matter and roots, rotatperiment, Field D1, ACRI, Narrabri.
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Rotation Rotation crop stubble N in above-ground N in roots N released through root death
management dry matter (kg/ha) at harvest (kg/ha) (kg/ha)
2008 2009 2010 2008 2009 2010 2008 2009 2010
Cotton-vetch Mulched 124 97 122 193 (2.960) 53 (1.167) 4 (1.280) 14 (0.309) 7 (-0.296) 0 (-3.426)
Cotton-wheat-vetch Mulched 140 187 138 430 (3.762) 308 (3.428) 26 (3.261) 17 (0.552) 31(1.142) 1 (-0.046)
SEM 8.8 10.1 (0.193) (0.177) (0.243) (0.472) (0.328) (0.484)
P< 0.05 ns 0.05 0.001 0.001 ns 0.01 0.001

Tvalues in parentheses are Jognsformed values in units of kgfm

Table 25 Effect of cropping system on cotton fibre qualitgices, Tillage/rotation experiment, Field C1, RICNarrabri, 2008-09 cotton season.

treatments differ significantly at P < 0.05, P 8Dand P < 0.001, levels, respectively.

. ¥, ** and tidicate that

Irrigation  Rotation Tillage system Elongation Length  Micronaire Short-fibre Strength  Uniformity
frequency (in") (ug/in™) index (%)
Frequent Cotton-cotton  Conventional 7.7 1.2 4.7 9.4 31.1 84
Cotton-cotton ~ Permanent beds 7.7 1.2 4.2 10.1 33.6 83
Cotton-wheat  Permanent beds 8.0 1.2 4.2 9.5 30.9 84
Infrequent Cotton-cotton  Conventional 7.8 1.2 3.5 11.7 33.7 82
Cotton-cotton ~ Permanent beds 7.9 11 3.2 12.2 33.8 82
Cotton-wheat  Permanent beds 8.0 1.2 4.4 10.0 31.8 4 8
SEM:
Parameter Elongation Length Micronaire  Short-fibore  Strength Uniformity
index
Irrigation frequency (IF) 1E-16*** 0.01 0.07 0.51 2 0.4
Cropping system (CS) 0.06 0.01 0.17 0.62 0.56 0.7
IF x CS 0.08 0.02 0.24* 0.88 0.79 1.0




Table 26 Effect of crop rotation and stubble managementaiton fibre quality indices, in rotation experimgeField D1, ACRI, 2008 to 2010. *, ** and *** iridate that
treatments differ significantly at P < 0.05, P 8 Dand P < 0.001, levels, respectively.

Season Rotation Rotation crop stubble Elongation Length Micronaire Short-fibre Strength  Uniformity
management (%) (in") (ugf/in™) index (%) (g/tex) (%)

2008-09 Cotton-vetch Mulched 7.7 1.19 4.8 9.4 29.3 83.1
Cotton-cotton - 7.5 1.17 4.6 9.5 30.7 83.7
Cotton-wheat Incorporated 7.7 1.17 4.7 9.6 30.0 84.0
Cotton-wheat-vetch Mulched 7.7 1.18 4.6 9.4 30.0 83.1

2009-10 Cotton-vetch Mulched 6.3 1.24 4.6 7.8 30.8 84.6
Cotton-cotton - 6.5 1.23 4.1 8.5 31.2 84.4
Cotton-wheat Incorporated 6.3 1.23 4.1 9.2 30.7 83.6
Cotton-wheat-vetch Mulched 6.5 1.22 4.5 9.2 29.2 84.1

SEM:

Parameter Elongation Length  Micronaire Short-fibre  Strength Uniformity

index
Season (Y) 0.10* 0.004*  0.02** 0.13* 0.73 0.33
Cropping system (CS) 0.08 0.008 0.10 0.28 0.50 0.28

Y xCS 0.11 0.010 0.15 0.39 0.71 0.40
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6.6.4 Cropping systems and profitability

6.6.4.1 Rotation experiment, Field D1, ACRI - Resde of profitability to changes in input
costs

In this section economic results from the long t€2003 — 2011) crop rotation experiment in
Field D1, ACRI are presented and the consequerfaasreased fertiliser prices on
profitability, measured as gross margins, are dised. In order to compare different
treatments in the current price context, whereiptess2011 prices have been used for inputs
such as fuel, fertiliser, herbicides (includingalgints) and pesticides. In addition prices for
cotton lint were set at $450/bale and a seed pfi&300/t. Wheat prices for various grades
were taken as ‘Feed’ and ‘ASW’ $195/t, ‘AH’ $202afid ‘PH14’ $235/t.

The cropping systems were compared on a per feddspe.g assuming a field was
continuously farmed under a particular system, @ghnibe the case if there was sufficient
water to irrigate all the available land.

Basic Gross Margin Comparisons

At a cotton price of $450/bale, average annualggnoeargins per hectare were in the order of
T2 (cotton-fallow-cotton-fallow) $2428/ha, T1 (cmtivetch-cotton-vetch) $2282/ha, T3
(cotton-wheat-fallow-fallow) $1590/ha and T4 (cokHwheat-fallow-vetch) $1557/ha. In

terms of gross margin/ML of irrigation water appligrofitability was in the order of T3
$523/ML, T2 $489/ML, T4 $467/ML and T1 $379/ML (Fig4). On the basis of the results
so far the inclusion of vetch between cotton chogs not been profitable. This is because the
cotton yields in the rotations that include vetelvda not exceeded yields in the non-vetch
rotations.

Annual Gross margins T1 -T4 OMean annual GM @ Average GM/ML
$3,000 600
$2,500 A Py M 1+ 500
*
$2,000 A N T 400
$/ha

$1,500 A T 300
$1,000 T 200
$500 A T 100

$‘ T T T -
Cotton-vetch (T,) Cotton-cotton (T,) Cotton-wheat (T3s) Cotton-wheat-vetch(T,)

Fig. 54Annual gross margin comparison

Whilst Figure 1 indicates a superior performanceatfon-vetch and cotton-cotton in terms of
gross margin/hectare, due consideration must lendiv the fact that both of the above grow
cotton annually, compared with cotton-wheat andocetvheat-vetch, which grow cotton bi-
annually. Consequently, cotton-vetch and cottotecolso used significantly more water/ha
than cotton-wheat and cotton-wheat-vetch. Amondpallt rotations, cotton-wheat has so far
returned the highest yield, lowest water use agtdst gross margin/ML of irrigation water
(Table 27).
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Table 27. Cumulative results for the period 2003 to 201044th cotton-wheat and cotton-wheat-vetch
averaged. 7, cotton-vetch; 3, cotton-cotton; 3, cotton-wheat;7, cotton-wheat-vetch

Parameter T1 T2 T3 T4
Total Gross Margin ($) 18,257 19,423 12,723 12,452
Ave cotton yield (bales/ha) 8.7 8.7 10.3 10.2

Average GM/ha ($/ha) 2,282 2,428 1590 1,557
Average GM/ML ($/ML) 379 489 523 467
Total water use/ha 48.2 39.7 24.4 25.9

The two bi-annual treatments (cotton-wheat ancboettheat-vetch) have lower cost on
average due to having half the number of cottopsrBetween these two treatments, the
costs were very similar, however cotton-wheat hasrgslightly higher returns and slightly
lower water use. Of the two continuous cotton treatts, cotton-cotton had similar costs on
average to cotton-vetch but gave higher returns thsulting in a higher gross margin/ha.
Cotton-vetch used significantly more water whickuieed in the overall lowest gross
margin/ML. This is because most years between 20032010 had relatively dry winters and
vetch was sown immediately after cotton, and tlegsiired irrigation. As a consequence,
cotton-vetch required more water than cotton-cotidmnch was in fallow during the winter.

The dominance chart (Fig. 55) indicates that betweedton-vetch and cotton-cotton, and
between cotton-wheat and cotton-wheat-vetch, ttaioms without the vetch were more
profitable in terms of gross margin/ha. The differes between the cotton-wheat and cotton-
wheat-vetch were, however, relatively small.

D1: Average gross margins compared to costs: 2003 -2010/11

$3,000 T
Average annual gross margin (% ha)
$2.500 - T2 cottonffalow
T1 c6>tton/vetch
$2,000 - T3:
cotton/whe ble
$1,500 -
T4:cotton/wheativetch
$1,000 -
$500 -
—&- Dominant < Dominated
$- T T T T 1
$- $500 $1,000 $1,500 $2,000 $2,50C

Average annual variable costs ($/ha)

Fig. 55 Dominance chart for rotation experiment in FiBt, 2003 to 2010/11

Impact of input and output price changes

Whilst this analysis has been conducted usingahg term average price of $450/bale, the
price of cotton can be quite variable. Priceslier2011 cotton season reached almost
$1000/bale, these prices were not prolonged nathaseexpected to be repeated in future
seasons, however it is important to understaneffieet that cotton price has on gross margin
(Fig. 56). The rotations with a higher frequenéygatton crops (cotton-vetch and cotton-
cotton) gave better returns with a higher cottangythowever with a lower cotton price the
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gap between the continuous cotton and bi-annutditodtations was lower. The bi-annual
rotations were less sensitive to falling cottorcesi due to lower overall costs and the lower
proportion of cotton in the rotation. When fuel dediliser price changes are applied, the
relative profitability of the rotations changed gamly.

$3,000

Cotton price $450/bale

$2,500 -

$2,000 -

$1,500 -

$1,000 -

$500 - Cotton price $350/bale

Average annual gross margin/ha .

$_ T T T
June 2011 0.25 0.5 0.75 1

Increase in on-farm diesel and fertiliser prices

Fig. 56. Impact of cotton lint price and fuel/fertiliserdareases on rotation returns, Field D1, ACRI.
Squares, cotton-vetch; Triangles, cotton-cottongl€s, cotton-wheat; Diamonds, cotton-wheat-
vetch; Open symbols, $550/bale; closed symbolsQfbéte

6.6.4.1 Rotation experiment, Field C1, ACRI - Resde of profitability to changes in input
costs

In this section results (2000-2011) from the losugnt tillage/rotation/irrigation experiment in
field C1 at ACRI are presented and the consequersfdasreases in fuel and fertiliser prices
on profitability, measured as gross margins, aseutised. The experiment compared either
conventional or minimum tillage (permanent bedgjarrcontinuous cotton (11 cotton crops
since 2000) and minimum tillage (permanent beddeua cotton-wheat rotation (6 cotton
crops and 5 wheat crops since 2000) where cottanv(gbi-annually) was sown into
standing wheat stubble. The treatments wereig@h005/06 into ‘infrequent (low)’

irrigation frequency and ‘frequent (normal)’ irrig@n frequencies. These results cover 11
years of data for the ‘frequent (normal)’ irrigatjaand only 5 % years under ‘infrequent
(low)’ irrigation. These systems were comparedqer field basis assuming a field was
continuously farmed under that particular system.

In order to compare different treatments in theenirprice context, where possible, 2011
prices have been used for inputs such as fuelljdert herbicides (including defoliants) and
pesticides. In addition prices for cotton lint weet at $450/bale and a seed price of $300/t.
Wheat prices for various grades were taken as ‘et ASW’ $195/t, ‘AH’ $202/t and
‘PH14’ $235/t.

Basic Gross Margin Comparisons
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When comparing gross margins it should be notedcthratinuous cotton treatments have
grown twice as many cotton crops and used sigmifiganore water than the cotton-wheat
treatments.

With respect to the ‘normal’ irrigated treatmentsl aising a cotton price of $450/bale,
minimum tilled cotton-winter fallow-cotton returnéide highest average annual gross margin
($2,221/ha). This was 6% higher than the conveatipnilled cotton-winter fallow-cotton
treatment ($2,104/ha) and 37% higher than the mimirtilled cotton-wheat treatment
($1602/ha) (Fig. 57). With respect to gross maMInof irrigation water applied, minimum-
tilled cotton wheat returned 8% higher returns @H¥8.) than conventionally tilled cotton-
winter fallow-cotton ($398/ML). Minimum-tilled cath-winter fallow-cotton was 6% higher
($423/ML) that the conventionally tilled treatment.

Cropping systems under ‘low’ irrigation frequenegponded similarly to those under
‘normal’ irrigation frequencies (Fig. 57). Grossargin/ha were in the order of conventionally
tilled cotton-winter fallow-cotton ($1305/ha) > nmmum tilled cotton-winter fallow-cotton
($1203) >> minimum-tilled cotton-wheat treatmer81$). Gross margin/ML were in the
order of the minimume-tilled cotton-wheat ($460)>ngentionally tilled cotton-winter fallow-
cotton ($427) > minimum tilled cotton-winter falle@otton treatment ($423).

C1: 'Normal water use-2000 to 2010/2011 mAverage GM/ha @ Average GM/ML C1: "Low" water use-2005/06 to 2010/11 DAwrage GMiHa ¢ Awrage GMIML
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Cont.cotton/conventional
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Fig. 57. Gross margins 2000-2010/11for the ‘normal (freq)iend ‘low (infrequent)’ irrigation regimes

Impact of input and output price changes

In addition to cotton lint price variability, growgealso face issues of volatile fuel and
fertiliser prices. The profitability of differembtations is affected by different cotton prices
relative to wheat and rotations can also diffeteims of their resilience to changing input
prices, especially as some crops require more maghpasses for cultivation, weed control
and spraying. Generally, rotations with lower @lefuel costs will be less affected by rising
fuel prices.

Price changes included using cotton lint price$4850 and $550/bale, a cotton seed price of
$300/tonne, and by increasing both on-farm dieseélratrogen fertiliser prices by 25, 50, 75,
and 100%. The base diesel price used was the0aly price of $1.50/litre at the bowser
(which is equivalent to $0.98/litre on farm, ex G&Td the off road rebate). The base price of
the fertiliser urea was $700/tonne. All other inposts were not altered. Rising fuel prices
may also affect other inputs such as insecticidesyicides, growth regulators and other
nutrients.

Contract costs are a large part of cotton operstisn it was assumed that there would be a
0.5% increase in contract charges for every 1%ems® in the price of fuel. Even though in
practice some contract rates are quoted ‘plus {uelthe grower pays a base rate/ha and pays
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for fuel on top of that, for ease of calculatioantract rates used were calculated to include
the cost of fuel. The relative rate increases wstemated by calculating the estimated
contract rates for a sample tractor (using variabks, including fuel and oil, and overhead
costs per hectare plus a 20% profit margin). Thexaye increase in estimated contract rates
was in the order of 50% when fuel prices incredsefl00%. Using this assumption, for
example an aerial spraying charge of baseline &vfuld increase to $21/ha if fuel prices
rose by 100%.

The minimume-tilled cotton-wheat rotation was leffected than either the cotton
monoculture systems (Fig. 58) by the increaseesaliand fertiliser costs and appears to be
more resilient to such increases. This is dueltovar frequency of cotton crops in the
cotton-wheat sequence compared with cotton monaeu#tnd therefore lower use of inputs.

The relative profitability of the rotations alsoartges as the cotton price increased, due to the
increase in the price of cotton relative to wheat.

3500 Cotton price $550/bale
‘EU 3000
£
D 2500
@©
S
& 2000
%)
o
S 1500- D\D\D\D\D
® .
g 1000 - Cotton price $450/bale
@©
Q500
o
G>-) O T T
< June 2011 0.25 0.5 0.75 1

Increase in on-farm diesel and fertiliser prices

Fig. 58 Impact of cotton lint price and fuel/fertiliserdreases on rotation returns, Field C1, ACRI.
Squares, permanent beds/cotton-wheat; Triangles\greent beds/cotton-cotton; Circles,
conventional tillage/cotton-cotton; closed symb8B50/bale; open symbols, $450/bale

To summarise, in field D1, inclusion of vetch wasd profitable than a fallow or wheat
rotation. In terms of gross margin/ha the diffeemwas minor; however in terms of gross
margin/ML the treatments without vetch were sigrafitly more profitable. In field C1, the
minimum-tilled cotton-wheat treatment consistemithieved the highest cotton yields and the
highest gross margin return/ML. In years of pliertivater (or when crop area is the limiting
factor), however, the reducing water use on a naotis cotton crop was a false economy.



88

6.6.5 Determinants of cotton lint yield, water use effiatncy and nitrogen use efficiency
6.6.5.1Cotton lint yield

Table 28 Results of multiple linear regression analysesiahagement and climatic variables on cotton lint
yields in individual sites. Max till, number ofléige operations > 10 cm deep; Min till, number of
tillage operations < 10 cm deep; N, N fertilisepkgd (kg N/ha); Water, total water inputs, irritgpet
and rainfall (mm); ., annual average daily maximum temperat8@;(T,, annual average daily
minimum temperature’C); VIF, variance inflation factor.

Site Variable Coefficient VIF P< R n
Field C1, ACRI, Narrabri, N 0.032 1.1 0.001 0.48**55
NSW Water 0.003 1.1 0.001

Tmax -0.76 1.1 0.05
Field D1, ACRI, Narrabri, NSW  Water 0.013 1.0 0.000.61*** 42

Mintill x N 0.008 1.0 0.05
“Glenarvon”, Wee Waa, NSW Max till 0.24 1.0 0.01 50D 16
“Beechworth”, Merah Max till -1.41 1.7 0.01 0.78** 65
North, NSW N 0.019 2.3 0.001

Water 0.002 25 0.01

Tmin -2.77 1.6 0.001

Tmax 1.64 1.4 0.01
“Auscott-Warren”, T max 0.70 1.1 0.001 0.84*** 33
Warren, NSW Max till 0.76 1.7 0.001

Water 0.003 1.4 0.001

Tmin -1.33 1.4 0.001
Pooled results for cotton-wheat Water 0.004 2.1 0D.00.73*** 78
rotations on permanent béds N 0.027 2.1 0.001

Tmin -1.49 1.0 0.01

Within site multiple linear regression of managetraamd climatic variables with cotton lint
yields for Field C1 and D1 at ACRI, “Glenarvon”, éBchworth” and “Auscot-Warren”
produced similar results (Table 28). Except forérvon”, N and total water inputs had a
positive relationship to cotton lint yield. Linteld was related negatively to annual average
minimum temperature at “Auscott-Warren” and “Beeohiv’, Positively to average annual
maximum temperature in the same sites, and nefjatvannual average maximum
temperature in Field C1. The relationships to tenajpee at Warren and Merah North may be
associated with the cooer conditions in the foraret sodic conditions, poorer drainage and
thus, cooler soil conditions in the latter. In Ei€1 at ACRI, which was only mildly sodic at
depth, increasing annual temperatures had a negzffect on lint yield.

Some differences occurred with respect to the nurobidlage operations greater than 10 cm
deep where positive relationships were presenGiriarvon” and “Auscott-Warren”,
negative relationship at “Beechworth” and no sigaifit effect at ACRI. As with SOC, the
positive effect of the tillage in the two formetes may be related to the aeration effect
previously noted whereas the negative effect aetBevorth” may be a consequence of the
sodic soil in this site. Yield was not significaniffected by the number of tillage operations
at ACRI, although a positive relationship occuriedrield D1 with respect the interaction
between the number of shallow tillage operatiorg Mnnputs.

Pooling of results for cotton-wheat rotations ompanent beds from Fields C1 and D1,
ACRI, Narrabri; “Glenarvon”, Wee Waa; “Auscott-War’, Warren, NSW; and “Merrowie”,

! Fields C1 and D1, ACRI, Narrabri; “Glenarvon”, Wee &V8Auscott-Warren”, Warren, NSW; “Merrowie”, Hilisn,
NSW. Tmax was significant at P =0.08
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Hillston, NSW indicated that increasing N inputster (irrigation and rainfall), and falls in
average daily minimum temperature increased cditorields (Table 17).

In summary, cotton lint yields, in general, wereigigely related to water and N inputs, soil
aeration in some sites and average annual dailynmuax temperature in cooler or poorly-
drained sites but were lowered by higher averagaardaily minimum temperature. In a

sodic sail, a high frequency of the tillage praeticntended to aerate the soil may have caused
yield decreases, presumably due to exposure of suatie soils.

6.6.5.2Water use efficiency

For the purpose of this study, we have definedeoottater use efficiency (WUE) as cotton
lint yield per mm of water (rainfall + irrigatiomyputs (bales/ha/mm).

Table 29 Results of multiple linear regression analysesahagement and climatic variables on cotton water
use efficiency in individual sites. Max till, numbof tillage operations > 10 cm deep; Min till,
number of tillage operations < 10 cm deep; N, Nilfeer applied (kg N/ha); Water, total water
inputs, irrigation and rainfall (mm);.k, annual average daily maximum temperatf@;(Tmin,
annual average daily minimum temperatd@){ Stubble, dummy variable for rotation stubble
management: 0, no rotation stubble, 1, surface magcincorporation; SOC, soil organic carbon in
0-60 cm depth (t/ha), VIF, variance inflation facto

Site Variable Coefficient VIF P< 23 n
Field C1, ACRI, Narrabri, N 0.004 1.3 0.01 048 55
NSW SOC -0.040 1.5 0.001

Max till x N -6.26E-04 1.4 0.05
Field D1, ACRI, Narrabri, NSW T, 0.72 1.4 0001 075 28

T max -0.62 1.4 0.001

Stubble 0.25 1.1 0.01

SOC -0.032 1.4 0.05
“Glenarvon”, Wee Waa, NSW Max till 0.36 1.3 0.001 .88~ 16

Tmin -1.11 1.3 0.001
“Beechworth”, Merah Max till -0.56 2.1 0.001 066 41
North, NSW Min till -0.26 15 0.001

N 0.003 1.1 0.01

Water -8.99E-04 1.2 0.001

Tmin -1.03 2.4 0.001
“Auscott-Warren”, Trmax 0.069 22 005 091 33
Warren, NSW Max till 0.14 1.7 0.001

Water -5.36E-04 2.3 0.001

SOC 0.007 3.3 0.05

Tomin -0.25 1.4 001
Pooled results for cotton-wheat Min till 0.42 2.8 .0D 0.67*** 66
rotations on permanent beds N 0.011 15 0.01

Max till x N -0.004 2.0 0.01

SOC 0.051 1.2 0.001

Max till x mintill  0.26 35 0.001

As with SOC and yield, there was considerable tianaamong individual sites with respect
to the determinants of water use efficiency (T&8lg Overall, however, SOC and frequent
deep tillage were positively related to WUE at Véarand Wee Waa whereas total water
inputs had a negative relationship. In most sit@sage minimum temperature was negatively
related to WUE but was not evident in the poolesliits across all sites. In contrast to the on-
farm sites, SOC was negatively related to WUE atal tvater had no significant effect at
ACRI. This may be due to higher water applicatiates in on farm sites. N was either
positively related to WUE or had a negative intéoacwith frequent deep tillage. In

summary, variable such as depth and frequencyladei, N and SOC played significant roles
in determining WUE of cotton.
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6.6.5.3Nitrogen use efficiency

For the purpose of this study, we have definedoatitrogen use efficiency (NUE) as cotton
lint yield per kg N of mineral fertiliser (bales/kag).

Table 30.Results of multiple linear regression analysesiahagement and climatic variables on cotton
nitrogen use efficiency in individual sites. Malk humber of tillage operations > 10 cm deep; Min
till, number of tillage operations < 10 cm deep;NN\fertiliser applied (kg N/ha); Water, total water
inputs, irrigation and rainfall (mm);.E, annual average daily maximum temperatf®;(Tin,
annual average daily minimum temperat3@){ SOC, soil organic carbon in 0-60 cm depth ft/ha
Legume, dummy variable for presence (1) or absébicef a leguminous rotation crop in the
rotation; VIF, variance inflation factor.

Site Variable Coefficient VIF P< R n
Field C1, ACRI, Narrabri, Max till x N -0.004 1.3 005 048 51
NSW Water 0.006 1.2 0.001

Tnin -1.91 1.2  0.05

SOC -0.19 1.5 0.001
Field D1, ACRI, Narrabri, NSW  Legumes 10.13 1.0 010 0.45 40

Water 0.033 1.0 0.001
“Glenarvon”, Wee Waa, NSW Maux till 0.29 1.2 0.05 9D0. 16

Min till 0.30 1.3 0.01

N -0.066 1.1 0.001
“Beechworth”, Merah Max till -3.93 1.8 0.001 0B2 41
North, NSW Min till -1.85 1.5 0.001

N -0.015 1.1 0.01

Tonin -9.94 2.3 0.001
“Auscott-Warren”, Trax 0.97 22 001 09 33
Warren, NSW Max till 1.83 2.8 0.091

Water 0.007 2.7 0.001

N -0.092 4.0 0.001
Pooled results for cotton-wheat T -5.43 1.4 0.001 059 75
rotations on permanent beds mat 1.93 1.3 0.01

Water 0.010 1.0 0.001

As with SOC, yield and WUE there was consideralléation among individual sites with
respect to the determinants of NUE (Table 30). S@€ positively related to NUE only in
Field C1 at ACRI. Within individual sites, frequesiéep (> 10 cm) tillage and total water
inputs were positively related to NUE whereas mahsrinputs and in two sites, average
minimum temperature were negatively related. Tlotusion of legumes in a crop rotation
had a large positive effect on NUE in Field D1 &F but did not do so at “Glenarvon”.
This is probably because N applications rates wemtaced in Field D1 to account for N
fixation by the legumes but was not done so at fi@feon”. When the results were pooled
across all sites, however, only water and the emoperature variables were significantly
related to NUE. In summary, variable such as fraquef deep tillage, N, water and average
maximum and minimum temperatures played significal@s in determining NUE of cotton.

6.6.6 Effect of crop rotation on black root rot incidence

Black root rot incidence in cotton seedling was suead during December of 2008-09 and
2009-10 seasons in the rotation experiment inflEld ACRI (Experiment 5.1.1.2).
Measurements could not be made during the 201@d4o0s due to heavy rainfall and
waterlogging of the site.

Black root rot incidence had a significant effentamtton seedling growth (Fig. 59). Crop
rotation significantly affected black root rot ideince only during 2008, but not during 2009
when overall incidence increased by 2 or 3 times(@ 31). During 2008, least incidence
occurred in cotton sown in the cotton-wheat-vetuthtion.
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y = 2.55*xp(-0.51x), R2=0.90**, n = 28

Cotton-vetch
Cotton-cotton
Cotton-wheat
Cotton-wheat-vetch

o
>D40@

Cotton seedling dry weight (g)
N

Black root rot score

Fig. 59 Variation of cotton seedling growth (plant dryigle) with black root rot infestation rate.
Pooled results from 2008-09 and 2009-10 season.

Table 31 Effect of rotation on black root rot infestatiofispresented as black root rot score) in yountpoot
Values within parentheses are In(black root roteseb) transformed values.

Rotation 2008 2009 Mean
Cotton-vetch 1.7 (0.989) 2.1(1.139) 1.9 (1.064)
Cotton-cotton 0.8 (0.614) 2.7 (1.320) 1.6 (0.967)
Cotton-wheat 1.2 (0.786) 2.7 (1.302) 1.8 (1.044)

Cotton-wheat-vetch 0.1 (0.112) 2.5 (1.240) 1.078)6
Mean 0.9 (0.625) 2.5 (1.250)
P< sem
Rotation ns (0.098)
Year 0.001 (0.063)
Rotation x year 0.05 (0.125)

6.7 Performance of the “Mulch manager”
6.7.1 Greenhouse gas emissions, and herbicide and labotmsts

In-field fuel use and greenhouse gas emissionseamsisions associated with fuel production
and transport were in the order of Stage 2 > Stagé&tage 3 (Table 32). This was because,
relative to Stage 1, 10% more fuel was used byeStagnd 3% less by Stage 3. Emissions
associated with herbicide production and transpere, however, in the order of Stage 1 >
Stage 2 = Stage 3. In comparison with the Staperbjicide production and transport resulted
in Stages 2 and 3 emitting 21% less£&0This was because Stages 2 and 3 used less
herbicides. Overall, emissions associated withaldfactivities, and herbicide and fuel
production and transport were least with Stagel36 less than Stage 1 and 7% less than
Stage 2.

A significant proportion of emissions (32-37%) ihthree stages were accounted for by the
mowing. It is likely that major improvements inrnes of fuel and emission reduction may be
achieved by seeking alternatives to the slashail. iRbwers, undercutters, cutter bars and
band mowers are other possible alternatives. Aamradtive to mowing may be to graze the
vetch with livestock, although this may result irfikéd by the vetch moving off-field when
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the stock are relocated. The subsequent crop mengfore, not benefit from the N fixation
by the vetch.

Costs of herbicides (using September 2010 pric&&\df0.75/Litre of Spray.Se&and $A
4/Litre of Glyphosate 45%) were of the order of $A 75.50/ha for Stage 1, $Adi4.25/ha for
Stages 2 and 3. In all three stages, a compldtefkietch and weeds was obtained. In Stage 3
(“Final design”), Spray.Seé&dvas applied at an overall average rate of 3 Ldh@@.2 m wide
band at 1-m intervals, (i.e. 20% of the land ar&#yphosate 45Dwas similarly applied to

80% of the area.

Labour requirements were in the order of StageSiage 2 > Stage 3 (Table 32). Stage 3
required 36% less labour than Stage 1, and 26%dbesr than Stage 2. This is a significant
cost saving. For example, assuming that the haady to an employer for a farm worker is
$A 31.55/hour (salary of $A 45,000/annum and ortsc¢sum of payroll tax, workers
compensation, leave loading, extended leave aneranpuation of 35%), then estimated
labour costs/ha would be of the order of $A 347Stage 1, $A 300 for Stage 2 and $A 221
for Stage 3. Other benefits would include reducexdbicide exposure and fatigue to workers
due to reduced working hours and Spray.Segglication rates.

6.7.2 Soil compaction

Depth and pattern of compaction in furrows, asdatiid by changes in penetrometer
resistance differed among the three stages (FigM&ximum statistically significant depth
of compaction was shallow in Stage 1 and was obtder 0.120 m with an average
(geometrical mean) increase of 101% in the 0-Orb2fepth, whereas maximum depths of
compaction in Stages 2 and 3 were 0.315 and 0.398gpectively, and average increases to
maximum depths of compaction were 20% and 39%gertsely. In other words, Stage 1
(total weight of 6.9 t, axel load of 1.0 t) hadhalow but intense pattern of compaction,
whereas Stages 2 and 3 had less intense but deggaction patterns. In comparison with
Stage 2, more intense and deeper compaction odowitie Stage 3. Although there was a
weight differential between Stage 3 (total weightt & t, axel load of 0.7 t) and Stage 2 (total
weight of 4.4 t, axel load of 0.6 t), the smalffeience of 0.1 t alone does not adequately
explain the near doubling of compaction betweenestages. We surmise that relative to
Stage 2 (Figs. 4(a)), the inclusion of an additidaak and altered weight distribution in
Stage 3 (Fig. 5) may have resulted in a significacrtease in vibrations, and when combined
with the relatively moist, clayey soil, a deeped amore intense compaction (and possibly,
smearing) may have occurred in the |&fteFhe varying patterns of compaction between
Stage 1, and Stages 2 and 3 may be due to a cdiohinfactors such as greater weight of
the tractor/boom sprayer/herbicide tank combinatéf t), more vehicle passes and wider
tyres in the JD6130 used in Stage 1 (Table 32)ivel#o the JD5303 used in Stages 2 aftd 3
Widths of the front and back tyres of the JD6130evEL0 mm and 320 mm, respectively,
and of the JD5303 were 370 mm and 240 mm, res@dgtixir pressure in the tyres is
unlikely to have been a contributory factor as éiosthe JD6130 were higher (207 and 117
kPa in the front and back tyres, respectively) ttiese in the JD5303 (124 and 103 kPa in
the front and back tyres, respectively). Shallompaction patterns are characteristic of
wider tyres and low air pressures.

In summary, an integrated mechanical and chemiealagement system, the “Mulch
manager” that was able to kill aggressive and bphogtrate cover crops such as vetch with
fewer machine passes, also reduced use of morehexbicides such as Spray.S&ed
decreased labour, lowered risk to operators ancalla@er carbon footprint. In comparison
to spraying with an 8-row boom sprayer, depth ahpaction was more when this 4-row
implement was used, although the former resultedare intense and shallower compaction.
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Stage 1 ("No implement") Stage 2 ("Later stage") Stage 3 ("Final design")
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Fig. 60.Penetrometer resistance (standardised to a graignseil water content of 0.275 g/g) to a depth of
0.45 m with the three developmental stages (Tabtd Zetch management, 5 October 204.0.
Before trafficking;o - After trafficking. Stage 1 — Mowing followed kapplying Spray.Seé&dwith 2
passes of an 8-row boom sprayer (“No implementtags 2 - Mowing followed by applying
Spray.Seef in a single pass with an intermediate stage ofrtigement and Glyphosate 45@ith a
single pass of an 8-row boom sprayer (“Later stadgétage 3 - Mowing followed by applying
Spray.Seetiand Glyphosate 450with the final version of the implement in a siaglass (“Final
design”). Horizontal bars are standard errors efrtiteans. Dotted line is the maximum depth that
significant changes were detected
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Table 32.Estimated emissions and labour requirements (@iredusetting-up time). JD, John Deere; weight efdD8100 was 8.8 t, JD6200 3.8 t, 8-row boom spraita 550 L
of herbicide 1.0 t and 4-row coulter / band sprayerStages 2 and 3, 0.6 t and 0.7 t, respecti#gtissions estimated for herbicide and fuel prodadncludes those
associated with transport

Options Operation Tractor Implement Diesel In-field Herbicide Fuel Total Labour
used emissions  production production
emissions emissions

(L/ha) CO,-¢ (kg/ha) (man h/ha)
Stage 1 (No Mowing JD8100 4-row Slasher 10.7 31.0 4.5 35.5 3.5
implement)  Applying Spray. Se€d(3 L’lha) x 2 ~ JD6200 8-row boom 4.4 12.8 20.0 1.9 34.7 5.0
sprayer
Applying Glyphosate 4%(3 L/ha)  JD6200 8-row boom 2.2 6.4 28.8 0.9 36.1 25
sprayer
Total 17.3 50.1 48.8 7.4 106.3 11.0
Stage 2 (Later Mowing JD8100 4-row Slasher 10.7 31.0 4.5 35.5 3.5
stage) Applying Spray. Se€tl(3 L/ha) JD 6200 4-row coulter/ 6.2 17.8 10.0 2.6 30.4 3.5
band sprayer
Glyphosate 450 (3 L/ha) JD6200 8-row boom 2.2 6.4 28.8 0.9 36.1 25
sprayer
Total 19.1 55.1 38.8 8.1 102.0 9.5
Stage 3 (Final Mowing JD8100 4-row Slasher 10.7 31.0 4.5 35.5 3.5
design) Applying Spray.Seéd(3 L/ha) + JD 6200 4-row coulter / 6.2 17.8 38.8 2.6 59.2 3.5
Glyphosate 450 (3 L/ha) band sprayer

Total 16.9 48.8 38.8 7.2 94.7 7.0
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Conclusions

Soil organic carbon:

In general, SOC stocks in the 0-60 cm depth rahgédeen 50 and 70 t/ha. Legumes,
even if they contribute large amounts of carboth&soil are unable to retain it due to
their low C/N ratios facilitating rapid microbiaedomposition. Carbon inputs of C4 crops
such as sorghum and corn were much larger thae tfdS3 crops such as wheat. A
major proportion of that contributed by the C4 @@ame from their root systems.

SOC storage was positively related to dry mattpuis, average maximum temperature,
soil aeration and water availability but was negayi associated with N fertiliser inputs.
The last three variables are those that can bepulatéd by cotton growers. Stubble
burning resulted in lower SOC storage.

Average maximum temperature and soil organic canbdine 0-60 cm depth had
curvilinear relationship. The temperature optimaenggher in the Namoi valley (27-28
°C) than in the Macquarie (25°6), presumably due to differences in the soils’
ecosystems. Although not addressed in this repastknown that that N and water have
similar relationships to SOC.

SOC sequestration rates were generally negatineutral, except where a stressed soil
(disease, sodicity, salinity) was in the processeobvering. Estimates of carbon inputs,
based on above-ground and root dry matter, indicduat large losses of carbon were
occurring in all soils. This was probably due toombination of accelerated erosion,
runoff and microbial decomposition.

SOC storage increased when moving northwards frdistéh to Emerald.

Greenhouse gas emissions

Farming practises that could reduce emissions diecieducing frequency and depth of
tillage, excluding or minimising use of groundwatsswing winter crops in rotation with
cotton, reducing/optimising mineral N fertilisetes, substituting a legume an thus, fixed
N for mineral N fertiliser.

Given the constraints of the static chamber metiaidd earlier, the production systems
studied in the project do not appear to resulustaned emissions of high concentrations
of nitrous oxide. Episodic events with large flaxgere observed, and these can be
correlated with incidence of gross system distuckansuch as irrigation and cultivation
type operations (see above point). Carbon dioxndissgons are in line with what could

be expected from an agricultural production systereatment effects are suggested by
the data, but inherent variability masks much efithpact. In the absence of the
availability of a continuous, automated systemreigsampling should be more intensively
directed at a smaller number of targeted events.

Soil and water quality

In a year when rainfall was frequent, surface catregions of nitrate-N were higher
where N fertiliser had been recently applied anémta legume had been sown whereas
subsoil concentration were higher after the faliowotton-wheat or cotton-wheat-vetch.
Length of fallow was also negatively correlatedst0C concentration in the soil surface.

In comparison with ripping alone, the increasexohangeable K with manure application
was of the order of 0.16 t K/ha. Long-term croppiatated K depletion can, therefore, be
minimised by regular application of cattle mandog;example once every 5 years.

Gypsum application did not significantly reducepeission and increase drainage. Given
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the absence of a response to gypsum applicatiotherassociated costs, not applying
gypsum is a rational one in this soil type and emnent. The poor response to gypsum
may be related to the typically erratic rainfalttpens of this region

Irrigation water quality at ACRI deteriorated (iease in SAR, pH and salinity) between
2008 and 2009 due to an increased dependency emwader but had improved (falls in
SAR, pH, salinity) by 2010 because of the frequamtfall during the 2010 winter and
spring, which is likely to have replenished theigmuand on-farm storage. Quality of the
treated sewage effluent was generally poor andactenised by high alkalinity, salinity
and SAR.

Soil hydrology

Soil water storage, particularly during the earytmf growing season when rainfall
provided the major proportion of crop water reguneats, and drainage were high when a
cotton-wheat rotation with situ retention of wheat stubble was sown on permanets.b
Soil water storage and drainage were also highenwiigation frequency was high.
Infiltration was less in management systems whasuited in wetter soil; viz. frequent
irrigation or a cotton-wheat rotation on permanaeds within-situ stubble retention.
Thus, water losses through drainage may be redagdoil water storage increased (i.e.
water conservation improved) by sowing a cotton-atmetation within situ stubble
retention under less frequent irrigation. Managensgstems which conserve all rainfall
receivedn sity, thereby reducing the requirements for irrigaticater can contribute
greatly to the sustainability of irrigated farmisgstems.

In comparison with rotations that included a whaap, soil water storage during the
early part of the cotton-growing season was gelydber in systems that had cotton
sown every year. Soil water storage in the cottbeat-vetch rotation was higher than
that in the cotton-wheat sequence in years wherfialaivas a major early season
contributor to crop water requirements. Retentibmedch and wheat muldh situin the
cotton-wheat-vetch sequence may have facilitatedalaharvesting. Deep drainage in
cropped plots was many times higher than thatliovigplots, and reflects the higher
water inputs in the former. Among rotations, drgmavas higher in the cotton-wheat or
cotton-wheat vetch rotations than either the camtirs cotton or cotton-vetch rotation.

Drainage during most winters was in the order oéathn cotton-wheat and cotton-wheat-
vetch > vetch in cotton-vetch and vetch in cottdmeat-vetch. The last had the least
amount of irrigation and subsisted mainly on st@eiiwater and in-crop rainfall. In
winters when rainfall was frequent and no irrigatwas required, drainage was highest in
fallowed treatments, with fallow length being posty correlated to drainage.

A simple model was derived that used rainfall aateptial evaporation data to estimate
soil evaporation from beds where stubble was eittearporated or retained assitu
mulch.

In “normal” years drainage measured with the lyseneas greater than that estimated
with chloride mass balance model whereas in wetsythe reverse occurred. A model that
used measurements made with an EM38 in horizoradensoil water storage and

sodicity (ESP) was able to accurately estimaterateéan soils where concentration in the
saturation extract was 335 mg/L (= 240 mg/kg) esl@ hese values could then be used to
estimate drainage using chloride mass balance mddeainore saline soils, large
differences occurred between actual and estimétiedide.

Root growth of rotation crops

Corn root densities are generally higher with amenoculture than with cotton-corn
rotation.
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» Early sown vetch (i.e. cotton-wheat-vetch) has nmoots at depth, although overal L
values are similar among both wheat treatmentgtangetch in the cotton-wheat vetch
rotation. The later sown vetch (cotton-vetch ratafihas significantly lower root length
than the other treatments in most years. Betwderatireatments, cotton-wheat
generally has higher root densities than cottonatetch. Aphid damage to above-
ground parts of vetch inhibits vetch root growthl aesults in shallower and more sparse
root system

» Densities of sorghum roots were higher in the desplesoil than that of either wheat or
vetch but were comparable to that of corn, althougdher no-tillage sorghum values tend
to be higher. The deep and extensive root systesnorghum does show, however, that
roots of crops such as sorghum and corn, both @#ksccan be important sources of
carbon inputs into the soil.

Cotton yields and profitability

e Cotton yields were generally higher where wheat welsided in the rotation. Sowing
sorghum may result in yield losses due to nutiieialances.

* Amendments such as gypsum or manure did not impyeyields under dryland
conditions.

* Inclusion of vetch was less profitable than a fallar wheat rotation. With respect to
gross margin/ha the difference was minor, butimgeof gross margin/ML the treatments
without vetch were significantly more profitabl&enerally, including vetch in the
rotation did not result in sufficient improvemeiriscotton yield to compensate for the
increase in production costs.

* Inrecent years, water has been the major limitasgurce for cotton production, and
consequently, cotton growers are looking for a fagsystem that gives them the greatest
return by ML. Reduced water cotton rotation magréfore, be an option. The
minimum-tilled cotton-wheat rotation consistentshaved the highest cotton yields and
the highest gross margin/ML. In years of plentifidter (or when crop area is the
limiting factor), however, reducing water applicatirates on a continuous cotton crop is a
false economy.

Lint yield, WUE and NUE determinants

« Cotton lint yields, in general, were positivelyatd to water and N inputs, soil aeration
in some sites and average annual daily maximumeesityre in cooler or poorly-drained
sites but were lowered by higher average annuft danimum temperature. In a sodic
soil, a high frequency of the tillage practicegided to aerate the soil may have caused
yield decreases, presumably due to exposure of suatie soils.

» Depth and frequency of tillage, average annual mari and minimum temperature, N
and SOC played significant roles in determining WafEEotton. The relative importance
of individual factors varied among sites.

* Frequency of deep tillage, N fertiliser rates, wapeesence of legumes and average
maximum and minimum temperatures played significal@s in determining NUE of
cotton. N fertiliser rate had a negative effect relas legumes had a positive effect on
NUE. The relative importance of individual factearied among sites.

Performance of the “Mulch manager”

* The “Mulch manager” an integrated mechanical arehgbal management system, that
was able to kill aggressive and bulky prostrateecavops such as vetch with fewer
machine passes, also reduced use of more toxili® such as Spray.Seed®,
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decreased labour, lowered risk to operators ancalla@er carbon footprint. In
comparison to spraying with an 8-row boom spragtepth of compaction was more when
this 4-row implement was used, although the forrasulted in more intense and
shallower compaction.

Suggested areas of future research

The processes related to long-term carbon seqtiestiia irrigated Vertosols and their
interactions with rotation crop type, and soil phgsand chemical properties such as clay
mineralogy and aggregation.

Pathways of carbon loss (erosion, dissolved orgearbon in runoff and drainage) and
entry into irrigated and dryland cotton fields. Wdugh considerable information is
available on some pathways of carbon inputs sucbr@s residues and organic waste
products (manure, composted gin trash etc.), th&ribation through irrigation water (i.e.

dissolved organic carbon) and sediments is unkrfowAustralian soils.

Expanded field research program to investigate use of solid waste materials (e.g.
cotton gin trash, manure, biosolids) as soil amesrdmin dryland and irrigated cotton
farming systems, particularly in sodic and nutrdapleted Vertosols. Issues which
should be addressed include the direct effectoomsality, environmental costs such as
N and P enrichment of water supplies, potentialcBmbon sequestration and greenhouse
gas emissions, detailed economic analyses andpbigntial for use as biochar.

In the absence of the availability of a continuoasiomated system measurement of
greenhouse gas emissions from soil should be nmaemsively directed at a smaller
number of targeted events.

Identify origin of recalcitrant and stable soil lban in cotton fields under differing
management systems.

Carbon distribution in the soil profile under dififgg irrigation systems.
Suggested/planned extension activities

Decline in the numbers of cotton industry extensgtaff results in a “bleeding” of
expertise with respect to soils capability (N.B.s@ynificant number of extension staff
equate soil management with fertiliser managemaith little emphasis given to other
aspects such as soil structure. This is of someerarin view of the larger, heavier round-
bale pickers that are becoming popular). Regulakshmps are suggested as a pathway to
extend the research outcomes from this and otlugeqis related to soil management and
farming systems and to maintain the skills bashefcotton extension staff.

Presentations to industry groups at workshops.
Field tours and farm walks

Being part of the extension network’s soil healthd anutrition team and providing
technical support to the Cotton extension staffmwteled upon to do so.

Articles in rural industry magazines such as theusthalian Cottongrower” and
“Spotlight” or newspapers such as “Agriculture Tgdar the “Land”.

Media releases of NSW Department of Primary Indesstr
Articles in local and regional newspapers.

Via interviews with print and electronic media. T@etton RDC in co-operation with the
Cotton CRC could provide significant assistancthia area by identifying and contacting
the relevant publications.
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New methods and techniques

Water retention curves using modified filter-papethod. The accuracy of the method is
uncertain at the soil water potentials > -20 kPa.

During the previous phase of this project a managemystem was developed whereby
vetch regrowth and suffocation of emerging cotteediings was avoided through a
combination of mechanical methods (slashing, cgttretch lateral stems with coulter

discs) and herbicides (paraquat-based herbicideh @s “Spray.Seed”) as either

herbicides or mechanical methods alone resultgubam control. The different steps were
combined into a single operation which also redubedamount of “Spray.Seed” applied

(see pp. 17-20 and 90-93 of this report).

Simple models were developed to estimate soil enajom using meteorological data and
soil ClI concentration using EM38 readings, soilevatontent and sodicity. The Cl values
can be used in mass balance models to estimateddziepge.

A whole-farm model to analyse the profitabilityadtton farming systems.
Problems encountered

Poor winter growth of wheat continued at Windmatrh” in Moree. The experiment was
discontinued as the rotation phase was an esseatrglonent of the treatments.

The nitrate-N analyser managed by CSIRO was foartthve malfunctioned. Results for
2009 were rejected. Samples for 2010 were analggeNSW DPI's laboratories in
Wollongbar.

Heavy rains and flooding during November/Decemb8d( resulted in some soil
sampling being aborted.

Obtaining accurate and complete records of siteag@ment practices was difficult.
Many staff who controlled these records for thefanm experiments have either retired or
moved onto other positions and locations.

Outcomes

The project had several outcomes which could sgriificance to the Australian Cotton
Industry. These are briefly summarised as follows:

Identifying soil and crop management practices, elntatic variables that had direct
impacts on soil carbon stocks, yield, water antbgén use efficiency in irrigated cotton
soils. Modification of these management practiceald improve soil carbon stocks,
water and nitrogen use efficiency.

Among rotation crops, identifying those that usleel €4 photosynthetic pathway such as
sorghum and corn as potentially being of more beméth respect to sequestration of
carbon in soil.

Quantifying rainfall harvested, and associatedrdigé and evaporation, and thus, water
saved by retaining rotation crop stubblerasitu mulch.

Identifying practices that could reduce carbon oot of cotton farming systems with
life cycle analysis.

A machinery attachment for managing prostrate coxagps bed-furrow systems.
Simplified field methods to estimate soil evaparatand deep drainage.

A whole-farm model of profitability for cotton farimg systems that can be used as an
analytical research tool. We suggest that this ihoaldd be used as a foundation for a
whole farm carbon accounting framework.
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13  Training

The following student projects have either been meted or are on-going in the
experimental sites described in this project:

Table 25.Postgraduate and honours research conducted Withject CRC 1.04.16

Student Degree University Years Project title
T.B. Weaver PhD (P/T) Griffitth University, 2000-to Deep drainage and leaching in irrigated
Nathan, Qld. date Vertosols

K. Broughton BSc (Agric.)University of Sydney 2008-0%Root growth and soil microbial biome
in Bt transgenic cotton

D. McLane  B. Nat. ResUniversity of New 2008-09 Nutrient release to vetch phases in
(Hons.) England, Armidale cotton rotation systems — the role of P
A. Devereaux MPhil University of Queenslan2)06-to Quantifying effects of maize rotation
St. Lucia, Qld. date on soil quality and nutrient availability

on cotton growth and yield

The project hosted two work experience studentsyWere:
» Gabby Saliba, Mudgee High School, 29 June-1 July)20
» Gavin Whitburn, University of Queensland (Gattofy August 2008

The project hosted Mr. Mansoor Ahmad from Faisalabaiversity in Pakistan (2009). Mr.
Ahmad studied methodologies related to root measenés and soil water monitoring.

14 Communication of results

Results from this project have been disseminatedational and international technical
journals and conferences, cotton industry publcetisuch as the "Australian Cottongrower",
ACGRA Cotton Conference Proceedings and field tbhabks, field days and industry
workshops.

Specific details of published articles and oralspreaations (1 July 2008 to 30 June 2011,
including those “in press”) are given below. Thedslinks for those items which have been
published on-line are also provided.

14.1 Technical journals

1. Hulugalle, N.R., Weaver, T.B., Finlay, L.A., Luelj.W., and Tan, D.K.Y. (2009).
Potential contribution by cotton roots to soil aambstocks in irrigated Vertosols. Aust. J.
Soil Res. A7, 243-252 http://www.publish.csiro.au/?paper=SR08180

2. Hulugalle, N.R., McCorkell, B.E., Weaver, T.B., afchlay, L.A. (2010). Managing
sodicity and exchangeable K in a dryland VertisoAustralia with deep tillage, cattle
manure and gypsum. Arid Land Res. Mgma4,, 181-195.
http://www.informaworld.com/smpp/section?content22®18553&fulltext=713240928

3. Hulugalle, N.R., Weaver, T.B., and Finlay, L.A. (Z). Carbon inputs by irrigated corn
roots to a Vertisol. Plant Roat, 18-21.
http://www.plantroot.org/PDFarchive/2010/4_18.pdf

4. Hulugalle, N.R., Weaver, T.B., and Finlay, L.A. {#). Soil water storage and drainage
under cotton-based cropping systems in a furroigated Vertisol. Agric. Water Mgmnt.,
97, 1703-1710http://www.sciencedirect.com/science/article/pid38377410001988

5. Powell, J. and Scott, F. (2018).Representative Irrigated Farming System in thedro
Namoi Valley of NSW: An Economic Analyéi3 pp. Economic Research Report No. 46,
Industry & Investment NSW, Orange.
http://www.dpi.nsw.gov.au/__data/assets/pdf_fil@R377346/ERR-46.pdf
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Hulugalle, N.R., Finlay, L.A., and Weaver, T.B. (A). An integrated mechanical and
chemical method for managing prostrate cover compgermanent beds. Renew. Agr.
Food. Syst., In Press. Published on-line, June .2D0O1: 10.1017/S1742170511000226.
http://journals.cambridge.org/action/displayFult®type=6&fid=8306560&jid=RAF&vol
umeld=-1&issueld=-

1&aid=8306559&bodyld=&membershipNumber=&societyE TE¥3sion=&fulltextType=
RA&fileld=S1742170511000226

Weaver, T.B., Hulugalle, N.R., and Ghadiri, H. (2D1 Estimating soil chloride
concentration and deep drainage with an EM38. Sitenior publication.

14.2  Conference & workshop papers

1.

Farrell, T., Hulugalle, N., and Gett, V. (2008). &fthier cotton soils through high input
cereal rotations. Proc. $3ustralian Cotton Conference, 12-14 August 200&a8beach,
Qld., Australia. (Australian Cotton Grower's ResbarAssociation, Narrabri, NSW,
Australia). [USB flash drive].

Holden, J., Devereux, A., Hulugalle, N., Fukai, $erry, J., and Tan, D.K.Y. (2008).

Irrigated maize in cotton systems. Proc™ #ustralian Cotton Conference, 12-14 August
2008, Broadbeach, QIld., Australia. (Australian GotiGrower's Research Association,
Narrabri, NSW, Australia). [USB flash drive].

Terry, J.H., Tan, D.K.Y., Hulugalle, N.R., Field,DWeaver, T.B., and Knox, O.G.
(2008). Cotton yield and soil carbon under contimiootton, cotton-corn, cotton-vetch-
corn and cotton-wheat rotations. In “Global Issué%addock Action”, Proc. 14th
Australian Agronomy Conference, 21-25 SeptembeB28delaide, SA (Ed. Unkovich,
M.). Australian Society of Agronomy, Adelaide, SA.
http://www.regional.org.au/au/asa/2008/poster/agnoy landscape/5595 _terryjh.htm

. Hulugalle, N.R., Weaver, T.B., Finlay, L.A., LueM.W., and Tan, D.K.Y. (2009). Potential

contribution by cotton roots to soil carbon stockfurrow-irrigated Vertisols of NW New
South Wales, Australia. In “Root Research and Agpions”, Proc. ? Symposium of
International Society of Root Research, 2-4 Sep&rb09, Vienna, Austridnstitute for
Hydraulics and Rural Water Management, UniversitjMatural Resources and Applied Life
Sciences, Vienna, Austribttp://rootrap.boku.ac.at/fileadmin/files/RRcd/ses®4/oral/001.pdf

Weaver, T.B., Hulugalle, N.R., and Ghadiri, H. (RR1Estimating deep drainage with an EM38
in horizontal mode. In “Recent Advances in Soilédce and Management”, ASSSI Fourth
Forum, 19 March 2010, Armidale, M6 ASSSI, Armidale, NSW, Australia.

Hulugalle, N.R., Weaver, T.B., Finlay, L.A., Brough, K., and Tan, D.K.Y. (2010). Potential
contribution by corn and Bollgard Il cotton rootssoil carbon stocks in a furrow-irrigated
Vertisol. In “Soil Solutions for Changing World”yét. 19th World Congress of Soil Science, 1-
6 August 2010, Brisbane, QId., Australpp. 182-185, (Eds. Gilkes, R., and Prakongkep, N.
ISSS, Brisbane, Australia [DVD-ROM].

Hulugalle, N.R., Weaver, T.B., and Finlay, L.A. (ZX). Drainage under permanent beds in a
furrow-irrigated Vertisol. In “Soil Solutions fort@&anging World”, Proc. 19th World Congress
of Soil Science, 1-6 August 2010, Brisbane, Qldist#alia,pp. 21-24, (Eds. Gilkes, R., and
Prakongkep, N.). ISSS, Brisbane, Australia [DVD-RPM

Hulugalle, N.R., Weaver, T.B., and Finlay, L.A. (Z0. Soil carbon management and water
conservation with irrigated permanent beds. PractaRClimate Change Solutions Symposium,
3-4 May 2011, Armidale, NSW, Australip. 57, (Ed. A. Cowie). National Centre for Rural
Greenhouse Gas Research, Armidale, Australia.
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9. Hulugalle, N. (2009). Greenhouse gas related researdong-term experiments of cotton
farming systems. Cotton Matters Forum, 12-13 Au@@§t9, Narrabri, NSW(Cotton Australia,
Sydney, NSW)http://www.cottonaustralia.com.au/news/view.aspx2g8B

10.Powell, J., and Scotto, F. (2018)whole farm comparison of irrigated cotton rotasan the
Lower Namoi Valley, NSW. Proceedings of'56onference of Australian Agricultural and
Resource Economics Society, 8-11 February 2011bdehe, Vic AARES, Melbourne.
http://ageconsearch.umn.edu/handle/100698

11.Hulugalle, N.R., Finlay, L.A., and Weaver, T.B. (). A new approach to manage prostrate
cover crops on permanent beds. Paper acceptedefsgration at'sWorld Congress of
Conservation Agriculture, 26-29 September 201 1skizme, Qld.

12.Hulugalle, N.R., Tann, C., and Weaver, T.B. (20Mnimum tillage systems can reduce
heliothis pupae emergence in irrigated cotton fagraystems. Paper accepted for presentation
at 3" World Congress of Conservation Agriculture, 265ptember 2011, Brisbane, QId.

13.Hulugalle, N.R. (2011). Overcoming problems asdediavith retaining crop stubble on
permanent beds in furrow-irrigated cotton farmiggtems. Paper accepted for presentation at
5" World Congress of Conservation Agriculture, 26Sptember 2011, Brisbane, Qld.

14.3  Cotton industry magazines and extension podlions

1. Hulugalle, N., Weaver, T., and Finlay, L. (2010¥idated corn roots can contribute to soil
carbon stocks in grey clays. Aust. Cottongrowe(23144-45.

2. Hulugalle, N. (2010). Reducing greenhouse gas eéomsgrom cotton farming practices. Aust.
Cottongrower, 31(3), 49-50.

3. King, D., Hulugalle, N., and Leven, T. (2011). Eieelection and preparation. In “Australian
Cotton Production Manual 2011”, pp. 34-36. Cottatd@ment Communities CRC, Narrabri,
NSW, Australia.

4. Contributed to revision of Cotton rotation poster Mafch 2009)
http://www.cottoncrc.org.au/files/32966203-3fb 1-Zk®4 3a
9c4700alcecc/Rotation_chart Back pages .pdf

5. Several articles were published in “Spotlight”. Yiveere as follows:
* “New rotation: New system”, Autumn 2008, p. 5.
« “Rotation offers natural solution”, Autumn 2009,31..
e “Cotton’s Big Day Out”, p. 4, and “Fallow managermamnd no-till cotton in action”, p.
8, Winter 2009.

14.4 Presentations
Presentations by N. Hulugalle

1. Presenter/resource person for "Cotton's Big Day' Qubree, February 2009), Auscott
Ltd. Agronomy team workshop (Narrabri, November @200and Lower Namoi Valley
Cotton field day (March 2009)

2. Interviewed by journalist for a video made for mnemtion at the ACGRA Cotton
conference in August (July 2008)

3. Oral presentation entitled “Greenhouse gas reledsdarch in long-term experiments of
cotton farming systems” at Cotton Australia's Coettadustry Forum, 1Narrabri, 12-13
August 2009.

4. Field presentation to ACRI farm staff on reshactivities of soils group, November 2009.

! Includes publications by staff from other orgatiises and units within NSW DPI where data colledigdhis project or its
preceding projects were used.



103
5. Interviewed by Patrick Francis, "Australian Farnudal", 2 June 2010

6. Oral presentation entitled “Potential contributioy cotton roots to soil carbon stocks in
furrow-irrigated Vertisols of NW New South Walespgtralia” at the ? Symposium of
International Society of Root Research, 2-4 Sep&rb09, Vienna, Austria.

7. Oral (“Drainage under permanent beds in a furrowgated Vertisol”) and poster
presentation (“Potential contribution by corn andll@ard Il cotton roots to soil carbon
stocks in a furrow-irrigated Vertisol”) at the 1@orld Congress of Soil Science, 1-6
August 2010, Brisbane, Qld.

8. Oral presentation entitled “Soil carbon managenagrat water conservation with irrigated
permanent beds” at the Rural Climate Change SalsitiSymposium, 3-4 May 2011,
Armidale, NSW.

Presentations by T. B. Weaver

1. Oral presentation entitled: “Estimating deep drgsmaith an EM38 in horizontal mode” at
Australian Soil Science Society Inc., Fourth RegioRorum, 19 March 2010, Armidale,
NSW. ASSSI, Armidale, NSW, Australia.

2. Oral presentation on soil science to Narrabri WRrstnary School students on 30 June
2009

Presentations by L. Finlay

1. Oral presentation on working as a technical supgtaft at ACRI to Regional High School
students during visits on 16 April 2009 and 19 Nta2610.

2. Oral presentation on soil science to Narrabri WRisthary School students on 30 June
2009

Presentations by J. Powell

1 Oral presentation by J. Powell entitled “A wholenfiacomparison of irrigated cotton
rotations in the Lower Namoi Valley, NSW" at the"56onference of the Australian
Agricultural and Resource Economics Society, 8-éfirgary 2011, Melbourne, Vic.

Presentations by other co-operators

1. Oral presentation by D. Tan entitled “Cotton yialtd soil carbon under continuous cotton,
cotton-corn, cotton-vetch-corn and cotton-wheatations” at the 14th Australian
Agronomy Conference, 21-25 September 2008, Adel&de

2. Oral presentations by T. Farrell (“Healthier cotsmls through high input cereal
rotations”) at the 13 Australian Cotton Conference, 12-14 August 2008aBbeach,

Qld.
145 Theses

1. Broughton, K. (2009). Root growth, turnover and saicrobial biomass in Bt and Non-Bt
cotton, 52 pp. University of Sydney, Sydney.

2. McLane, D. (2009). Nutrient release to vetch ittao systems, 46 pp. UNE, Armidale.

14.6  Popular media

1. Media releases by NSW DPI and articles for "Agticrd Today". These were as follows:
» Cotton Institute research team patents money gaveéAgriculture Today, March
2010, p. 4)
http://www.dpi.nsw.gov.au/__data/assets/pdf_filé®321109/agriculture-today-
march-2010.pdf
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* Death, decay...corn roots boost carbon (In “Agria@tlioday, April 2010, p. 7)
http://www.dpi.nsw.gov.au/ _data/assets/pdf fil€40332851/Agriculture-today-
may-2010.pdf

» Potential for corn to boost soil carbon levels.
http://www.dpi.nsw.gov.au/aboutus/news/recent-nawstulture-news-releases/corn-
to-boost-soil-carbon

2. Video presentation at the ACGRA Cotton conferemcAugust 2008 by journalist
sponsored by CRDC.

3. Two articles: “Vetch proves top winter rotation lege” and “Rotation crops: how they
rank” in the Cotton Outlook insert in “The Land’ugle 2009)
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16  Statement on Intellectual Property

This research is based on research publicationshvdre in the public domain. All publications
which have come about from this research are alsbe public domain. A provisional patent
was obtained for the “mulch manager” but was niboveed up with a full patent.
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17  Budget
Item 2008-09 2009-10 2010-11
(%)
A. STAFFING
Total Salaries 64,792 67,383 70,079
On costs 15,679 16,306 16,958
TOTAL 80,471 83,689 87,037
B. TRAVEL
Sustenance 4625 4226 5038
TOTAL 4625 4226 5038
C. OPERATING
Soil & gas analyses 5085 8382 9849
Laboratory/office maintenance 0 1645 1095
Field sampling (inc. Vehicle costs) 9120 7079 7433
Maintenance/purchase of field equipment 2500 2263 2761
Research levy 7143 7500 7811
Economic analyses 3000 3000 3000
Computer & software leasing, licences, freight 3756 4500 4500
Extension/publication costs 1000 1000 1000
Farm operations 37,300 37,652 39,058
ACGRA Cotton Conference registration 400 0 400
TOTAL 69,304 73,021 75,422
D. CAPITAL 0 0 0
GRAND TOTAL 154,400 160,936 167,497

TOTAL FUNDS (2008-2011): $482,833



