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Take home messages 
 

• 2010 was an extremely wet year.  
• 50% of grain yield was determined from out of seaso n rainfall and summer 

fallow management. 
• Summer weed control consistently gave greatest resu lts across Gunningbland 

and Tottenham trial sites. 
o Grain yield (or WUE) increased by 65% and 137%.  
o Increased stored water at sowing by 60% and 30%.  
o Increased nitrogen levels by 89% and 411%. 
o Every dollar invested in fallow sprays returned app rox $4 - $5. 

• Probability of getting economic benefit from contro lling summer weeds is 
likely to occur across diverse range of seasons. 

o Poor season – $ returns come via increased moisture  retention. 
o Average season - $ return come via increased moistu re and nutrition.  
o Great season – $ returns come via increased nutriti onal benefits. 

• Deep ripping and cultivation increased mineralisati on of nitrogen by 5-7 units 
at Tottenham site, and produced a 10% yield advanta ge at Gunningbland. 

• Grain yield was unaffected by if stubble remained s tanding or slashed in 2010. 
• Benefit from stubble is most likely dependant on au tumn sowing conditions 

and occurrence of intense summer thunderstorms.  
 

Background 

Improved summer fallow management is thought to be a potential area for improved winter crop 

performance according to local benchmarking data from AGnVET services, crop modelling 

simulations (Hunt et al., 2011) and results from nine soil moisture monitoring sites conducted across 

central NSW (McMaster et al., 2008). 

Crop modelling suggests that additional plant available water (PAW) at sowing can increase water 

use efficiency (WUE) by 148% at Bogan Gate, 173% at Condobolin and 210% at Tottenham (Hunt et 

al., 2011). The significant contribution of summer rainfall to winter crop water use in central NSW is 

due to the combination of equi-seasonal rainfall distribution, moderate to high PAWC (McMaster et 



al,. 2008) and variable growing season rainfall. Further crop modelling suggests that only 1-3% of 

years will not return an investment on retaining summer moisture (Hunt et al., 2011). 

However the ability for out of season rainfall to be stored and made available to a crop as PAW is 

dependant on both seasonal rainfall patterns (small number of large falls vs large number of small 

falls) and soil type (Hunt et al., 2011). Evaporation losses from fallows are closely linked to soil type 

as heavy clay soils tend to store a greater proportion of PAW towards the surface whilst sandier soils 

tend to store a greater proportion of moisture at depth (McMaster et al., 2008). Consequently heavy 

soil types require larger rainfall events to penetrate moisture below the evaporation layer of 20-

30cm. 

The key aim of this report is to evaluate and identify the key drivers for retaining out of season 

rainfall and assess its contribution to grain yield. Treatments include (refer to Material and methods) 

a range of stubble management options (stubble standing/slashed/cultivated/deep ripped) 

combined with various summer weed control strategies (Nil spray/miss first spray/complete 

spray/delayed spray) 

Material and Methods 

Three trial sites where sown in 2010 across central NSW at Gunningbland, Tottenham and Rankin 

Springs. Each trial comprised three replicates of each combination of treatment 1 (stubble 

management) and treatment 2 (weed control timings). 

Treatment 1: Stubble management treatments included stubble standing, stubble slashed, 

cultivation and deep ripping.  

Treatment 2: Weed control timings included nil spray, miss first spray, complete spray and delayed 

spray (refer to table 1 for protocols on spray timings) 

The stubble management treatments (deep ripping, cultivation and stubble slashed) where 

conducted in December 2009 (post harvest). Off set discs used for cultivation, agro plough for deep 

ripping (depth of 35cm) and K-line stubble cutter for stubble slashed treatments. The Deep ripping 

treatments also required an additional cultivation (offset discs) to break down clods.  

Note: Stubble was washed away in the stubble slashed treatment at Tottenham due to a 130mm 

rainfall event that caused localised flooding – consequently ground cover was zero over summer. 

Table 1 indicates protocols used for weed control timings in treatment 2 

Table 1: Protocols for spray timings in treatment 2 

Treatment Protocol

 Nil spray Summer weeds not sprayed over the fallow period except for knockdown spray prior to sowing.

 Miss first spray When the first spray for the complete spray was conducted, the miss first spray treatment was left.

Complete spray Zero tolerance of weeds. Herbicide applied approx 10 days after significant rainfall event

Delayed spray Same protocol as complete spray - however application was delayed a further 2 weeks  

 

 



Summary of seasonal conditions across trial sites 

Table 2 highlights that 2010 was an extremely wet year across all trial sites. Key rainfall events 

during Feb/Mar/May and September enabled trials to be sown in an ideal time period with high 

stored subsoil moisture levels. Additionally the September rainfall provided ideal conditions during 

flowering and grain fill which consequently made 2010 one of the best years on record.  

Table 2: Seasonal overview 

Gunningbland 32 9.5 150 38 40 40 32 60 35 51 84.8
Decile  a

4.6 1.6 9.8 5.5 6.8 6 3.7 7.5 4.6 7.4 8.5

Tottenham 174 22 149.5 71.2 0 51.2 0 19.8 18 62.4 51.7
Decile  a

<10 0 9.8 8.2 0 7.8 0 3 2.9 8.7 6.7

269.5 302.8 572.3

467.9 203.1 619.8

Total rainfall    
(Dec 09 -Oct 

10) mmDec (09) Jan (10) Feb (10) Mar (10) Apr (10) May (10) Jun  (10) Jul (10)

Trial location

Monthly rainfall (mm) Fallow 
rainfall                       
(Dec 09-
May 10)

Incrop 
rainfall    

(May-Oct) 
mmAug (10) Sep (10) Oct (10)

 

a 
Monthly decile figures can be used to compare monthly rainfall with historical data. For example in 

September 2010, Gunningbland received decile7.4 rainfall which means that historically only 3 in 10 seasons 

have received the 2010 September monthly rainfall. 

 

Results and discussion 

Gunningbland site 

Impact on moisture retention 

Stored moisture declined dependant on how long summer weeds were able to actively persist. An 

additional 49mm of PAW was retained when a zero tolerance to weeds strategy was applied.  

Stubble treatments such as stubble standing/slashed/cultivation or deep ripping had no significant 

impact on moisture or nutrient retention in 2010 

Unusually high fallow efficiencies where achieved at Gunningbland in 2010 with a range from 29% to 

46%. This is significantly higher than the typical range of 20-30% which has normally been measured 

over recent years. It is postulated that the increased fallow efficiencies experienced in 2010 was due 

to higher than average rainfall during the later half of the fallow period (Feb/Mar/Apr). 

Consequently soil evaporation losses where reduced as rainfall occurred beyond the hottest period 

of the summer. 

Table 3: Impact of fallow management on moisture and nutrient retention at Gunningbland site 

Treatment Fallow efficiency

Nil Spray 81 100% a 29% 54.8 100% a
Miss first spray 114 141% b 40% 98.1 179% c
Complete spray 130 160% c 46% 103.3 189% c
Delayed spray 118 146% b c 42% 82.3 150% b
P- value <0.001 <0.001

PAW (mm) Mineral nitrogen (kg/N/ha)

 

Note: Stubble management treatment results not displayed in table 3 due to no significant response.  



Impact on nitrogen retention 

Again a zero tolerance to summer weeds increased nitrogen availability for plant uptake by 89% 

(48.5 units of Nitrogen). To replace this amount of nitrogen via urea fertiliser it would cost approx 

$68/ha. 

Whilst there was a slight trend for increased nitrogen mineralisation on the cultivation and deep 

ripping treatment, it was not considered significant. 

Impact on grain yield and gross margin 

Controlling summer weeds gave the greatest response to both grain yield and profitability (refer to 

appendix 1). 

Yield increased by 65% when a zero tolerance to weeds strategy was applied. 

Grain yield also increased by 10% via cultivation and/or deep ripping. However the most profitable 

treatment was stubble standing/complete spray with a return on investment of $5 for every $1 

invested on fallow herbicide sprays.  

Figure 1 illustrates no significant yield penalties between the complete spray and miss first spray 

treatments in 2010. However, the first spray treatment was initiated after a 32mm rainfall event 

that occurred at the end of December (ie moisture was retained towards the surface were 

evaporation losses are high). Larger yield benefits maybe expected if this opening rainfall event was 

larger to push moisture into the safety of the subsoil or occurred towards the end of the fallow 

period with less evaporation demands/losses.  

Figure 1: Gunningbland - Impact of fallow managemen t on grain yield
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Spray treatment 



Tottenham site 

Impact on moisture retention 

The excessively wet summer period (467.9mm) allowed most treatments to have a full profile of 

moisture at sowing despite the various stubble and weed control treatments. However the clean 

weed free fallow treatment retained an additional 22mm of PAW. 

Stubble treatments such as stubble standing/slashed or cultivation had no impact on summer fallow 

moisture retention. The Tottenham site has a lower PAW holding capacity of approx 100mm in the 

top 1.2m. 

Table 4: Impact of fallow management on moisture retention 

Treatment Fallow efficiency %
Nil spray 77.8 a 100% 17%
Miss first spray 96.3 b 124% 21%
Complete spray 100.1 b 129% 21%
Delayed 104 b 134% 22%
P- value 0.03

PAW (mm)

 

Note: Stubble management treatment results not included in table 4 due to no significant response. 

 

Impact on nitrogen retention 

Again controlling summer weeds had the greatest impact on preserving nitrogen availability for the 

following crop (increased by approx 31 units).  

An additional 5-7 units of Nitrogen was made available via cultivation or by stubble removal 

treatments. This small increase in nitrogen availability is postulated to be achieved via increased soil 

residue contact (cultivation treatment) or reduced nitrogen tie-up (stubble removed treatment). 

Figure 2- Impact of fallow management on mineral ni trogen
(Tottenham)
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Spray treatment 



Impact on grain yield and gross margin 

Controlling summer weeds gave the greatest response to both grain yield (by up to 237%) and 

profitability (refer to appendix table 2). Similar to the Gunningbland site, every dollar invested in 

summer sprays returned an additional $4.60.  

Stubble treatments (stubble slashed, removed or cultivated) had no significant impact on yield.  

Table 5: Impact of fallow management on yield (t/ha) 

Treatment 
Nil spray 1.01 a 100%
Miss first spray 1.69 b 167%
Complete spray 2.39 c 237%
Delayed 2.11 d 209%
P- value <0.001

Yield (t/ha)

 

Note: Stubble management treatment results not included in table 5 due to no significant response. 

  

Conclusion 

These trials have clearly highlighted that approx 50% of grain yield can be derived from out of 

season rainfall and summer fallow management. 

The greatest gains to both grain yield (on average 100% yield increase) and profitability came via 

controlling summer weeds. The benefits of clean weed free fallows are that they have a relatively 

low cost for high potential returns as both moisture (up to 60% increase) and nutrient (up to 48 units 

of N) use efficiency is improved. Every $1 invested in summer herbicides returned an additional $4-

$5. 

Therefore controlling summer weeds is likely to provide economic response over a diverse range of 

seasonal conditions, for example;  

1) Poor season = $ return comes via increased moisture retention 

2) Average season = $ return comes via increased moisture and nutrient availability 

3) Great season = $ return comes via increased nutrient availability 

With fertiliser costs becoming a major input costs across central NSW, efficiencies can be made via 

summer weed control. These results also highlight that cultivation and/or deep ripping can have 

small increases of nitrogen mineralisation (benefits of 5-7units) due to increased soil residue 

contact. 

The absence or presence of stubble had no impact on grain yield in 2010. However 2010 was an 

extremely wet year and this may have masked possible benefits. Recent research suggests that 

stubble cover has little impact on crop evaporation losses during the hot summer months, but can 

improve infiltration rates during intensive summer thunderstorm  and improve sowing conditions 

during marginal autumns (stubble cover helps retains moisture near surface – evaporation losses are 

slowed). 
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Appendix 1 

Table 1: Economic analysis of Gunningbland site 

Nil Spray $0 1 H $24 $24 $202 2.16 $389 $187
Miss first spray $0 2 H, L $42 $42 $272 6.5 $220 3.67 $661 $441
Complete spray $0 3 L, L, L $54 $54 $266 4.9 $232 3.64 $655 $423
Delayed spray $0 3 H, H, H $72 $72 $158 2.2 $250 3.04 $547 $297
Nil Spray $12 1 H $24 $36 -$43 -1.2 $214 1.92 $346 $132
Miss first spray $12 2 H, L $42 $54 $229 4.2 $232 3.43 $617 $385
Complete spray $12 3 L, L, L $54 $66 $221 3.4 $244 3.39 $610 $366
Delayed spray $12 3 H, H, H $72 $84 $115 1.4 $262 2.80 $504 $242
Nil Spray $30 1 H $24 $54 $54 1.0 $232 2.46 $443 $211
Miss first spray $30 2 H, L $42 $72 $326 4.5 $250 3.97 $715 $465
Complete spray $30 3 L, L, L $54 $84 $319 3.8 $262 3.93 $707 $445
Delayed spray $30 3 H, H, H $72 $102 $212 2.1 $280 3.34 $601 $321
Nil Spray $120 1 H $24 $144 $67 0.5 $322 2.53 $455 $133
Miss first spray $120 2 H, L $42 $162 $340 2.1 $340 4.05 $729 $389
Complete spray $120 3 L, L, L $54 $174 $333 1.9 $352 4.01 $722 $370
Delayed spray $120 3 H, H, H $72 $192 $225 1.2 $370 3.41 $614 $244

Stubble standing

Stubble slashed

Cultivation

Deep ripping + 
cultivation f

Gross 
margin 
($/ha)

No of 
sprays

Herbicide rate 

(low or high) e
Cost 

($/ha)
Cost 

($/ha)
Benefit 
($/ha)

Benefit cost 

ratio c

Partial analysis b Total 
variable 

costs 

Yield 
(t/ha)

Income 
($/ha)aStubble Treatment Spray treatment

Cost of stubble 
treartment ($/ha)

Fallow spray details

 

Table 2: Economic analysis of Tottenham site 

 

Nil Spray $0 1 H $24 $24 $202 1.0 $182 -$20
Miss first spray $0 2 H, L $42 $42 $122 2.9 $220 1.7 $304 $84
Complete spray $0 3 L, L, L $54 $54 $248 4.6 $232 2.4 $430 $198
Delayed spray $0 3 H, H, H $72 $72 $198 2.8 $250 2.1 $380 $130
Nil Spray $12 1 H $24 $36 $0 0.0 $214 1.0 $182 -$32
Miss first spray $12 2 H, L $42 $54 $122 2.3 $232 1.7 $304 $72
Complete spray $12 3 L, L, L $54 $66 $248 3.8 $244 2.4 $430 $186
Delayed spray $12 3 H, H, H $72 $84 $198 2.4 $262 2.1 $380 $118
Nil Spray $30 1 H $24 $54 $0 0.0 $232 1.0 $182 -$50
Miss first spray $30 2 H, L $42 $72 $122 1.7 $250 1.7 $304 $54
Complete spray $30 3 L, L, L $54 $84 $248 3.0 $262 2.4 $430 $168
Delayed spray $30 3 H, H, H $72 $102 $198 1.9 $280 2.1 $380 $100

Stubble standing

Stubble removed

Cultivation

Gross 
margin 
($/ha)

No of 
sprays

Herbicide rate 

(low or high) e
Cost 

($/ha)
Cost 

($/ha)
Benefit 
($/ha)

Benefit cost 

ratio c

Partial analysis b Total 
variable 

costs 

Yield 
(t/ha)

Income 
($/ha)aStubble Treatment Spray treatment

Cost of stubble 
treartment ($/ha)

Fallow spray details

 

Notes
a Grain quality reduced to feed due to weather damage - assumed value of $180/t 
b Partial analysis in benefit and cost related to treatment change 
c Ratio compares the bennefit of treatments over the standing stubble /nil spray treatment
d Total variable costs have been sourced from I&I NSW Farm Gross Margin Guide 2010 (Wheat, short fallow central west zone)
e H = High herbicde rate requirred ($24/ha including application)
  L = Lower herbicde rate requirred ($18/ha including application)
f Cultivation requirred to level deep ripping  

 

 

 



Estimating Soil MoisturEstima e
ting Soil Moisture
by Feel and Appearance
by Feel and Appearance

Irrigation Water Management (IWM) is applying water 
according to crop needs in an amount that can be stored 

in the plant root zone of the soil. 

The "feel and appearance method" is one of several 
irrigation scheduling methods used in IWM. It is a 
way of monitoring soil moisture to determine when 
to irrigate and how much water to apply. Applying 
too much water causes excessive runoff and/or 
deep percolation. As a result, valuable water is lost 
along with nutrients and chemicals, which may 
leach into the ground water. 

The feel and appearance of soil vary with texture 
and moisture content. Soil moisture conditions can 
be estimated, with experience, to an accuracy of 
about 5 percent. Soil moisture is typically sampled 
in I-foot increments to the root depth of the crop at 
three or more sites per field. It is best to vary the 
number of sample sites and depths according to 
crop, field size, soil texture, and soil stratification. 
For each sample the "feel and appearance method" 
involves: 

1. Obtaining a soil sample at the selected depth 
using a probe, auger, or shovel; 

2. Squeezing the soil sample firmly in your hand 
several times to form an irregularly shaped "ball"; 

3. Squeezing the soil sample out of your hand 
between thumb and forefinger to form a ribbon; 

4. Observing soil texture, ability to ribbon, firmness 
and surface roughness of ball, water glistening, 
loose soil particles, soil/water staining on fingers, 
and soil color. [Note: A very weak ball will disinte
grate with one bounce of the hand. A weak ball 
disintegrates with two to three bounces; 

5. Comparing observations with photographs and/or 
charts to estimate percent water available and 
the inches depleted below field capacity. 

Example:
 
 


Sample USDA AWC*for Soil Moisture Percent 
Depth Zone Texture Zone Delpetion** Depletion

 6” 0-12" sandy loam 1.4" 1.0" 70

 18" 12-24" sandy loam 1.4" .8" 55

 30" 24-36" loam 2.0" .8" 40

 42" 36-48" loam 2.0" .5" 25 
6.8" 3.1" 

Result: A 3.1" net irrigation will refill the root zone. 
* Available Water Capacity
 
 

** Determined by “feel and appearance method”
 
 


Available Water Capacity (AWC) is the portion of 
water in a soil that can be readily absorbed by plant 
roots of most crops. 

Soil Moisture Deficit (SMD) or Depletion is the 
amount of water required to raise the soil-water 
content of the crop root zone to field capacity. 
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Appearance of fine sand and loamy fine sand soils 
at various soil moisture conditions. 

Available Water Capacity 
0.6-1.2 inches/foot 

Percent Available: Currently available soil mois
ture as a percent of available water capacity. 

In/ft. Depleted: Inches of water currently needed to 
refill a foot of soil to field capacity. 

0-25 percent available
 
 

1.2-0.5 in./ft. depleted
 
 


Dry, loose, will hold together if not disturbed, loose 
sand grains on fingers with applied pressure. (Not 
pictured) 

25-50 percent available
 
 

0.9-0.3 in./ft. depleted
 
 


Slightly moist, forms a very weak ball with well-
defined finger mark 

50-75 percent available
 
 

0.6-0.2 in./ft. depleted
 
 


Moist, forms a weak ball with loose and aggregated 
sand grains on fingers, darkened color, moderate 
water staining on fingers, will not ribbon. 

75-100 percent available
 
 

0.3-0.0 in./ft. depleted
 
 


Wet, forms a weak ball, loose and aggregated sand 
grains remain on fingers, darkened color, heavy 
water staining on fingers, will not ribbon 

100 percent available 
0.0 in./ft. depleted (field capacity) 

Wet, forms a weak ball, moderate to heavy soil/ 
water coating on fingers, wet outline of soft ball 
remains on hand. (Not pictured) 
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Appearance of sandy loam and fine sandy loam soils 
at various soil moisture conditions. 

Available WaterCapacity 
1.3-1.7 inches/foot 

Percent Available: Currently available soil mois
ture as a percent of available water capacity. 

In/ft. Depleted: Inches of water currently needed to 
refill a foot of soil to field capacity. 

0-25 percent available 1
 
 

7-1.0 in/ft. depleted
 
 


Dry, forms a very weak ball, aggregated soil grains 
break away easily from ball. (Not pictured) 

25-50 percent available
 
 

1.3-0.7 in/ft. depleted
 
 


Slightly moist, forms a weak ball with defined finger 
marks, darkened color, no water staining on fingers, 
grains break away. 

50-75 percent available 
 
 
0.9-0.3 in./ft. depleted 
 
 

Moist, forms a ball with defined finger marks, very 
light soil/water staining on fmgers, darkened color, 
will not slick. 

75-100 percent available 
0.4-0.0 in./ft. depleted 

Wet, forms a ball with wet outline left on hand, light 
to medium staining on fingers, makes a weak 
ribbon between the thumb and forefinger. 

100 percent available 
0.0 in./ft. depleted (field capacity) 

Wet, forms a soft ball, free water appears briefly on 
soil surface after squeezing or shaking, medium to 
heavy soil/water coating on fingers. (Not pictured) 
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Appearance of sandy clay loam, loam, and silt loam soils 
at various soil moisture conditions. 

Available WaterCapacity 
1.5-2.1 inches/foot 

Percent Available: Currently available soil mois
ture as a percent of available water capacity. 

In/ft. Depleted: Inches of water currently needed to 
refill a foot of soil to field capacity. 

0-25 percent available
 
 

2.1-1.1 in./ft. depleted
 
 


Dry, soil aggregations break away easily, no stain
ing on fingers, clods crumble with applied pressure. 
(Not pictured) 

25-50 percent available
 
 

1.6-0.8 in./ft. depleted
 
 


Slightly moist, forms a weak ball with rough sur
faces, no water staining on fingers, few aggregated 
soil grains break away. 

50-75 percent available
 
 

1.1-0.4 in./ft. depleted
 
 


Moist, forms a ball, very light staining on fingers, 
darkened color, pliable, forms a weak ribbon be
tween the thumb and forefinger. 

75-100 percent available
 
 

0.5-0.0 in/ft. depleted
 
 


Wet, forms a ball with well-defined finger marks, 
light to heavy soil/water coating on fingers, ribbons 
between thumb and forefinger. 

100 percent available 
0.0 in/ft. depleted (field capacity) 

Wet, forms a soft ball, free water appears briefly on 
soil surface after squeezing or shaking, medium to 
heavy soil/water coating on fingers. (Not pictured) 
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Appearance of clay, clay loam, and silt clay loam soils 
at various soil moisture conditions. 

Available WaterCapacity 
1.6-2.4 inches/foot 

Percent Available: Currently available soil mois
ture as a percent of available water capacity. 

In/ft. Depleted: Inches of water currently needed to 
refill a foot of soil to field capacity. 

0-25 percent available
 
 

2.4-1.2 in/ft. depleted
 
 


Dry, soil aggregations separate easily, clods are 
hard to crumble with applied pressure. (Not pic
tured) 

25-50 percent available
 
 

1.8-0.8 in/ft. depleted
 
 


Slightly moist, forms a weak ball, very few soil 
aggregations break away, no water stains, clods 
flatten with applied pressure. 

50 - 75 percent available
 
 

1.2-0.4 in./ft. depleted
 
 


Moist, forms a smooth ball with defined finger 
marks, light soil/water staining on fingers, ribbons 
between thumb and forefinger. 

75-100 percent available
 
 

0.6-0.0 in./ft. depleted
 
 


Wet, forms a ball, uneven medium to heavy soil/ 
water coating on fingers, ribbons easily between 
thumb and forefinger. 

100 percent available 
0.0 in./ft. depleted (field capacity) 

Wet, forms a soft ball, free water appears on soil 
surface after squeezing or shaking, thick soil/water 
coating on fingers, slick and sticky. (Not pictured) 
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Guidelines for Estimating Soil Moisture Conditions 

Coarse Texture-
Fine Sand and 

Loamy Fine Sand 

Moderately Coarse Texture 
Sandy Loam and 
Fine Sandy Loam 

Medium Texture 
Sandy Clay Loam, Loam, 

and Silt Loam 

Fine Texture-
Clay, Clay Loam, or 

Silty Clay Loam 

Available Water Capacity (Inches/Foot) 

0.6-1.2 1.3-1.7 1.5-2.1 1.6 -2.4 

Available 
Soil Moisturre 

Percent 
Soil Moisture Deficit (SMD) in inches per foot when the feel and appearance of the soil are as described. 

0-25 Dry, loose, will hold together 
if not disturbed, loose sand 
grains on fingers with 
applied pressure. 

SMD 1.2-0.5 

Dry, forms a very weak ball, 
aggregated soil grains 
break away easily from ball. 

SMD 1.7 -1.0 

Dry. Soil aggregations break 
away easily. no moisture 
staining on fingers, clods 
crumble with applied 
pressure. 

SMD 2.1-1.1 

Dry, soil aggregations 
easily separate, clods are 
hard to crumble with 
applied pressure 

SMD 2.4-1.2 

25-50 Slightly moist, forms a very 
weak ball with well-defined 
finger marks, light coating of 
loose and aggregated sand 
grains remain on fingers. 

SMD O.9-0.3 

Slightly moist, forms a weak 
ball with defined finger 
marks, darkened color, no 
water staining on fingers, 
grains break away. 

SMD 1.3-0.7 

Slightly moist, forms a weak 
ball with rough surfaces, no 
water staining on fingers, 
few aggregated soil grains 
break away. 

SMD1.6-0.8 

Slightly moist, forms a weak 
ball, very few soil aggrega
tions break away, no water 
stains, clods flatten with 
applied pressure 

SMD 1.8-0.8 

50-75 Moist, forms a weak ball with 
loose and aggregated sand 
grains on fingers, darkened 
color, moderate water 
staining on fingers, will not 
ribbon. 

SMD O.6-0.2 

Moist, forms a ball with 
defined finger marks. very 
light soil/water staining on 
fingers. darkened color, will 
not slick. 

SMD O.9-0.3 

Moist, forms a ball, very 
light water staining on 
fingers, darkened color, 
pliable, forms a weak 
ribbon between thumb and 
forefinger. 

SMD 1.1- 0.4 

Moist. forms a smooth ball 
with defined finger marks, 
light soil/water staining on 
fingers, ribbons between 
thumb and forefinger. 

SMD l.2-0.4 

75-100 Wet, forms a weak ball, 
loose and aggregated sand 
grains remain on fingers, 
darkened color, heavy water 
staining on fingers, will not 
ribbon. 

SMD O.3-0.0 

Wet, forms a ball with wet 
outline left on hand, light to 
medium water staining on 
fingers, makes a weak 
ribbon between thumb and 
forefinger. 

SMD O.4-0.0 

Wet, forms a ball with well 
defined finger marks, light to 
heavy soil/water coating on 
fingers, ribbons between , 
thumb and forefinger. 

SMD O.5 -0.0 

Wet, forms a ball, uneven 
medium to heavy soil/water 
coating on fingers, ribbons 
easily between thumb and 
forefinger. 

SMD O.6-0.0 

Field 
Capacity 
(100 %) 

Wet, forms a weak ball, 
moderate to heavy soil/ 
water coating on fingers, 
wet outline of soft ball 
remains on hand. 

SMD 0.0 

Wet, forms a soft ball, free 
water appears briefly on soil 
surface after squeezing or 
shaking,medium to heavy 
soil/water coating on 
fingers. 

SMD 0.0 

Wet, forms a soft ball, free 
water appears briefly on soil 
surface after squeezing or 
shaking, medium to heavy 
soil/water coating on fingers. 

SMD 0.0 

Wet, forms a soft ball, free 
water appears on soil 
surface after squeezing or 
shaking, thick soil/water 
coating on fingers, slick and 
sticky. 

SMD 0.0 

The United States Department of Agriculture (USDA) prohibits discrimination in its programs and activities on the basis of race, color, national origin, gender, religion, age, disability, political beliefs, sexual orientation, and marital 
or family status. (Not all prohibited bases apply to all programs.) Persons with disabilities who require alternative means for communication of program information (Braille, large print, audiotape, etc.) should contact the USDA’s 
TARGET Center at 202-720-2600 (voice and TDD). 

To file a complaint of discrimination, write USDA, Director, Office of Civil Rights, Room 326W, Whitten Building, 14th and Independence Avenue, SW, Washington, DC, 20250-9410 or call 202-720-5964 (voice or TDD). USDA is 
an equal opportunity provider and employer. 
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Key Points 

• A statistical analysis is yet to be performed on 
this data. 

• Weed control in this trial gave an average of 
301% return on investment over a nil summer 
weed control program. 

• Summer weeds reduced soil plant available 
water by 34%, total nitrogen by 15% and 
topsoil phosphorous by 20%. This in turn 
reduced yield by 35% (1.11t/ha). 

• Adding nitrogen to this trial increased yield and 
profitability. The ideal rate was 50 kg N/ha. 

• Spray weeds on time, apply nitrogen according 
to yield potential and profits will be maximised.  

Trial aim 

To measure the impact that various fallow spray 
programs and nitrogen application rates have on 
soil nutrition and moisture, grain yield and quality. 

Trial details 

Soil type: Red Sandy Loam  

Previous crop: Wheat 

Variety: Sunvale 

Sowing rate: 25 kg/ha  

Sowing Date:  6th May 

Fertiliser: 60 kg MAP 

Row spacing: 27.3 cm 

Harvest date: 21st November  

Treatments 

Spray treatments 

Nil spray –  No summer spray (until a 
knockdown applied prior to 
sowing) 

Full spray -  A nil tolerance to weeds and 
herbicides applied at the ideal 
timings identified by the 
agronomist. 

Miss first spray – The first spray of the full spray 
program is missed, then full 
spray program implemented. 

Delayed spray -  Herbicides applied about 14 days 
after the ideal timing. 

Nitrogen rates  

0, 50, and 100 kg/ha Nitrogen in the form of liquid 
N42 applied via boom spray post sowing and 
before rain. 

Seasonal review 

Heavy rain in February and March filled the soil 
profile. The paddock tested quite high in nitrogen 
even though the previous crop was wheat. About 
half of the soil nitrogen was leached below 60cm 
during the heavy summer rain events. 

The trial was sown into good moisture and 
established very quickly and evenly. Weed control 
was exceptional, and the trial was very even 
throughout the season. 

Low in crop rainfall meant that the majority of crop 
growth was attributed to stored soil moisture. 
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Table 1: Monthly rainfall at Rankins Springs 2012. 

  Rainfall Rankins 
Springs (mm) 

Jan 46.5 

Feb 155 

Mar 187 

Apr 16 

May 17 

Jun 14 

Jul 39 

Aug 41 

Sep 3.5 

Oct 12 

Nov na 

Dec na 

Total 531 

In-crop  142.5 

Trial results 

Soil nutrient tests 

Soil tests were taken just prior to sowing (before 
any fertiliser was applied), and various nutrients 
were measured at soil depths of; 

 0-10cm 

 10-30cm 

 30-60cm 

 60-90cm 

 90-120cm 

Soil pH 

Soil pH levels were consistent between 
treatments, and were graphed in figure 1. Soil pH 
was acid at the surface, however not to the extent 
where aluminium was available. 

Soil pH as expected increased with depth. This is 
typical for soil types in this region. 

Colwell Phosphorous 

Colwell Phosphorous levels averaged 33.1 mg/kg 
at 0-10cm, which is regarded as adequate for crop 
growth.  

There appeared to be a difference between 
treatments at the surface (figure 2). The Nil weed 
control averaged 6-8 mg/kg lower in Colwell P 
than other treatments. 

Colwell Potassium 

Colwell Potassium levels remained consistent 
between treatments. The levels recorded were 0-
10cm = 463, 10-30cm = 316, 30-60cm = 269, 60-
90cm = 376 and 90-120cm = 426 mg/kg.  

In all cases these levels would be deemed 
adequate for normal crop growth. 

Sulphate Sulphur 

Sulphate sulphur levels in this trial seemed 
reasonably consistent between treatments (figure 
3). The surface levels of 4-5 mg/kg are low, and 
may limit crop growth, however there is an 
increase in soil sulphur at depth. This may negate 
any deficiencies found in the early part of the 
season. 

Nitrogen 

Total nitrogen levels (nitrate and ammonium) 
varied significantly between treatments (table 2). 
The complete spray treatment had the highest 
level (168.9 kg N/ha) and the nil spray had the 
lowest (124.3 kg N/ha). 

Table 2: Total nitrogen levels (kg/ha) from 0-
120cm. 

Complete spray 168.9 
Delayed Spray 143.3 
Miss First Spray 126.5 
Nil Spray 124.3 
Average 140.7 

 

The difference between the treatments was mainly 
because of a variation in nitrate nitrogen (figure 4) 
rather than ammonium nitrogen (figure 5). 

Soil moisture 

The average total soil water measured 0-120cm 
across treatments in this trial was 280mm of 
volumetric soil water content.  

When crop lower limits of volumetric soil water 
content were subtracted from the total soil water, 
plant available water (PAW) averaged 78mm. 

There were differences between treatments (figure 
6) where full spray treatments had the highest soil 
water contents, and nil spray had the lowest. 

Grain Yield 

The average grain yield in this trial was 2930 
kg/ha. 

There was no apparent difference in yield across 
nitrogen treatments between full spray, miss first 
spray and delayed spray. This was due to variation 
between replicates. 

Yield did decline across all nitrogen rates under 
the nil spray treatment (figure 7). 

When comparing nitrogen rates across spray 
treatments, yield increased as nitrogen increased 
(figure 8). 
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Grain Quality 

The average grain protein in this trial was 11.1%. 
There was no apparent difference between any 
treatment in grain protein, however there was a 
difference in protein yield (table 4).  

Economic analysis 

A full economic analysis of treatments in this trial 
is found in table 3. Simpler treatment analysis are 
found in tables 5 and 6. 

With regard to nitrogen, it was most economically 
viable to apply 50 kg N/ha, where profits increased 
by $135.10 over the nil treatment. 

With regard to spray treatments it was most 
economically viable to apply the delayed spray, 
miss first spray and complete spray treatments. 
The difference between these treatments was 
small and variable across replicates, and therefore 
it would be likely there would be no statistical 
difference in profitability between these 
treatments. 

Discussion 

This trial is a continuation of similar trials held at 
across CW NSW in other years. 

A consistent message of the importance of 
spraying fallows in a timely manner has been 
highlighted in every trial. In a practical scenario, 
the older the weeds are left, the harder they are to 
kill with herbicides. This was the case in this trial. 

This trial looked in detail at the effect of various 
spray timings on soil moisture, nitrogen, 
phosphorous, sulphur etc. In all cases, letting 
weeds grow in the fallow period caused losses in 
all of the above resources. 

Interestingly, this trial also evaluated the possibility 
of maintaining yield in weedy fallows by adding 
nitrogen. When comparing a full spray treatment 
with no nitrogen to a nil spray treatment with 100 
kg/ha nitrogen yield was maintained or even 
increased.  

The economic comparison of these treatments 
however in every case favoured the full spray 
program.  

In this trial profitability was maximised when 
weeds were controlled and 50 kg N was added. 
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Figure 1: Soil pH at various depths averaged across all spray treatments. 
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Figure 2: Cowell Phosphorous levels of each treatment at various soil depths. 
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Figure 3: Sulphate sulphur levels of each treatment at various soil depths. 
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Figure 4: Nitrate Nitrogen levels of each treatment at various soil depths. 
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Figure 5: Ammonium Nitrogen levels of each treatment at various soil depths. 
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Figure 6: Total soil water and plant available water (PAW)* 0-120cm for each spray treatment. 
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*Assumes crop lower limit specified at a similar site in 2008. These PAW figures are questionable. 
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Figure 7: Grain yield of nitrogen and spray treatments. 
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Figure 8: Grain yield of nitrogen treatments averaged across all spray treatments. 
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Table 3: Whole trial gross margin analysis. 

Full spray Nil Spray Miss first Delayed 
 
 Inputs 

0 
Nitrogen 

50 
Nitrogen 

100 
Nitrogen  

0 
Nitrogen 

50 
Nitrogen 

100 
Nitrogen  

0 
Nitrogen 

50 
Nitrogen 

100 
Nitrogen  

0 
Nitrogen 

50 
Nitrogen 

100 
Nitrogen  

15th 
Dec 

1.2L Roundup Attack + 1.2L LV 
Estercide 680 + 120 g Lontrel 750 

$31.40 $0.00 
 

$0.00 
 

$0.00 
 

27th 
Dec 

1.2L Roundup Attack + 1.2L LV 
Estercide 680 + 120 g Lontrel 750 $0.00 $0.00 

 
$0.00 

 
$31.40 

 

21st 
Feb 

1.2L Roundup Attack + 1.5L 
Surpass 475  

$22.40 
 

$0.00 
 

$22.40 
 

$22.40 
 

20th 
March 

1.0L Roundup Attack + 1.0L 
Amicide Advanced 700 

$20.00 
 

$0.00 
 

$20.00 
 

$20.00 
 

4th 
April 

1.2L Roundup Attack + 0.3 
Pyresta + 5g Ally 

$18.45 
 

1st 
May 2.0L Gramoxone 

$14.50 
 

6th 
May Sow (NDF Disc) 

$25.14 
 

  Seed Sunvale @ 25kg/ha) 

 
$12.50 

 

  Fertiliser MAP @ 60 kg/ha 
$47.70 

 
23rd 
May 

Apply nitrogen @ $1.50/kg N (inc 
application) $0.00 $75.00 $150.00 $0.00 $75.00 $150.00 $0.00 $75.00 $150.00 $0.00 $75.00 $150.00 

17th 
July 

0.6L MCPA 500 + 100g Lontrel 
750 

 
$16.24 

 

30th 
July 0.1L Topik + Uptake 

$11.40 
 

21st 
Nov Harvest 

$40.00 
 

  Yield (kg/ha) 2470 3423 3436 1326 2324 2571 2236 3429 3603 2844 3520 3703 

  Income ($/ha) at $220/t on farm $543.40 $753.06 $755.83 $291.61 $511.39 $565.67 $492.00 $754.33 $792.61 $625.69 $774.44 $814.56 

  Variable costs ($/ha) $259.73 $334.73 $409.73 $185.93 $260.93 $335.93 $228.33 $303.33 $378.33 $259.73 $334.73 $409.73 

  Profit ($/ha) $283.67 $418.33 $346.10 $105.68 $250.46 $229.74 $263.67 $451.00 $414.28 $365.96 $439.71 $404.83 
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Table 4: Nitrogen use efficiency averaged across spray treatments. 

Nitrogen Applied 
(kg/ha) Yield (kg/ha) 

Protein 
(%) 

Conversion 
factor 

Protein 
yield  

Amount 
N 

extracted 
(kg/ha) 

Nitrogen 
efficiency (%) 

0 2247 11.0 1.75 247 43.25 na 
50 3202 11.0 1.75 352 61.64 37 

100 3340 11.2 1.75 374 65.46 22 

 

Table 5: Return on investment of nitrogen treatments. 

Nitrogen Applied 
(kg/ha) Yield (kg/ha) 

Increased return 
($/ha) 

Increased profit 
($/ha) 

Return on investment 
($/ha)* 

0 2247 $0.00 $0.00 na 
50 3202 $210.10 $135.10 180% 

100 3340 $240.46 $90.46 60% 
     
*Assuming wheat worth $220/t on farm and urea at $600/t on farm.   

 

Table 6: Return on investment of spray treatments. 

Spray treatment Yield (kg/ha) 
Increased return 
($/ha) 

Increased profit 
($/ha) 

Return on investment 
($/ha)* 

Nil Spray 2074 $0.00 $0.00 na 
Complete spray 3109 $227.86 $154.07 209% 
Miss first spray 3356 $282.01 $181.03 427% 
Delayed spray 3089 $223.43 $208.21 282% 
     
*Assuming wheat worth $220/t on farm.    

 



Re-evaluating the contribution of summer fallow rain
to wheat yield in southern Australia
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Abstract. In southern Australia, summer fallow rain (SFR) has not traditionally been valued for winter crop production.
Modern, higher yielding farming practices combined with a decade of below-average growing-season rainfall and a
predicted increase in the proportion of summer rain under future climate patterns have stimulated a re-evaluation of
this notion.

We used a widely validated crop simulation model (APSIM-Wheat) to quantify the potential value of SFR to wheat
yield under contemporary farming practices using long-term climatic data at 37 locations throughout southern Australia.

The potential value of SFR was high, contributing on average 1.0 t/ha or 33% of water-limited attainable yield. Yield
increases were due to both increased water use and increased water-use efficiency through higher harvest index. The
contribution to yield varied significantly according to the rainfall distribution and soil type across sites. In central-west
New South Wales, the equi-seasonal rainfall pattern, high soil water-holding capacity and variable spring rainfall resulted
in SFR contributing up to 2.0 t/ha or 72% of mean simulated wheat yield. In contrast, in the north-western grain belt of
Western Australia, SFR contributed as little as 0.1 t/ha or 3% of mean simulated yield due to strong Mediterranean rainfall
pattern, low soil water-holding capacity and reliable growing-season rainfall. At all locations there was significant year-to-
year variation in the simulated yield contribution of SFR. At a given site, soils with higher water-holding capacity in the
surface tended to reduce summer fallow efficiency (proportion of summer rainfall stored at sowing) due to the failure of
most summer rain to penetrate below the evaporation zone. Despite seasonal variability in yield contribution, interventions
to preserve summer rainfall, such as strict summer weed control generated high return on investment (range 6–1328%;mean
733%). Risk of financial loss due to strict summer weed control varied across sites, with failure to achieve a return on
investment occurring in 1–70% of years depending on location.

The proportion of annual rain falling during the summer fallow period in some locations has increased in the last
10 years and this forecast result of climate change is likely to increase the value of SFR to wheat production in the future.

Additional keywords: climate change, drought, fallow efficiency, water use, weeds.
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Introduction

In southern Australia, autumn sowing of winter grain crops is
preceded by a 4–6-month fallow period following harvest of the
previous crop in early summer (Fischer 1987). During this
summer or ‘short’ fallow, mean monthly rainfall is low
(20–50mm) and evaporation rates high (250–300mm), but a
significant portionof rain falls in large, infrequent events.Rainfall
in excess of 20–30mm can infiltrate below the evaporative zone
at the soil surface, and be stored for subsequent crop growth.
Summer fallow rain (SFR) has not traditionally been valued as a
resource for winter crops in regions of winter-dominant
rainfall (Freebairn et al. 2006) because in-crop rainfall has
generally been adequate to achieve the attainable yield of
cereal crops as determined by non-water limiting factors such
as nutrient availability and root disease (French and Schultz
1984; Cornish and Murray 1989; Angus and Good 2004).
However, recent improvements in water productivity under

modern conservation farming systems, increased use of
fertiliser nitrogen (N), and control of pathogens with break
crops (Passioura and Angus 2010) combined with a decade of
below-average growing-season rainfall, have re-focussed
awareness on the potential contribution of SFR to crop yield in
southern Australia. Better capture and use of SFR has been
proposed as a means by which water productivity of wheat
crops can be increased, and significant recent research on
various management practices such as control of summer
weeds (Browne et al. 2010; Mudge and Whitbread 2010), crop
residue management (Lawson et al. 2010; Verburg et al. 2010)
and livestock grazing management (Hunt et al. 2011) is
underway.

With few exceptions of limited regional scope (Fischer et al.
1990; O’Leary and Connor 1997; Hunt 2006; Kirkegaard et al.
2007a), no effort has been made to comprehensively quantify
the potential contribution of SFR to wheat yield across southern
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Australia. Knowledge of the potential value of this resource
across grain-growing regions would assist to better target
research investment to achieve the Australian grains industry
goal of increasing crop and system water-use efficiency (WUE)
by 10% (GRDC 2007). At the region and farm scale, estimates of
the magnitude and risk of achieving productivity and economic
benefits from adopting novel management strategies to capture
and make better use of SFR will assist in decision making and
expedite adoption.

In many southern environments, it is likely that the
contribution of SFR to wheat yield will be significant. French
and Schultz (1984) noted that soil water stored before sowing
was more effective in promoting yield than in-crop rainfall,
and water stored in the sub-soil and accessed by wheat
during critical growth periods can be converted to grain yield
very efficiently (Kirkegaard et al. 2007b). While the recent
millennium drought in southern Australia re-focussed attention
on the value of stored soil water, climate change scenarios for
southern Australia also indicate that the proportion of annual
rainfall arriving in summer may increase (CSIRO and BOM
2007), magnifying the importance of SFR to crop productivity
in the future. Developing and promoting management strategies
to improve the capture, storage and crop use of SFR is likely to
become increasingly important in specific locations (Kirkegaard
and Hunt 2010) although the magnitude of potential contribution
to yield across regions is likely to vary.

We used existing and publicly available databases of soil
and climate with the APSIM-Wheat simulation model (Keating
et al. 2003) to quantify the potential value of SFR to wheat yield
under modern crop management scenarios in southern Australia.
The aim was to identify regions and scenarios best able to
capitalise on research investment to improve the management
of SFR for improved crop production and to provide insights
into the soil, crop and seasonal conditions related to better
capture and use of this resource.

Materials and methods
Site selection and simulation approach

Locations for the analysis (Fig. 1, Table 1a) were selected to
represent the range of important grain-growing regions of
southern Australia based on the existence of accurate soil
characterisations (APSoil database – Dalgliesh et al. 2009) and
patched point meteorological weather stations (Jeffrey et al.
2001). The cropping systems model APSIM-Wheat (Keating
et al. 2003; www.apsim.info/apsim/, accessed 28 November
2011) was used to compare wheat productivity with and
without captured SFR. The key APSIM modules deployed in
the analysis were Wheat (wheat crop growth and development),
SoilWat (soil water balance), SoilN (soil nitrogen dynamics)
SurfaceOM (surface residue dynamics) and Manager
(specifying management rules). APSIM-Wheat has been

Fig. 1. Dry-land cereal-cropping areas in Australia (shaded) in relation to the percentage of rain falling in
May–October (dotted lines) adapted from Angus and Good (2004), and the locations used for this study
(numbers 1–37, see Table 1 for corresponding locations).
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Table 1. Patch point dataset (PPD) station number, mean annual and April–October rainfall and sowing parameters for the 37 locations used in the
simulation study, and APSoil file number, plant-available water capacity (PAWC) to depth of measured characterisation (shown in brackets), total
water-holding capacity in the first soil layer and APSIM evaporation parameters U and Cona for the 41 soil types used in the simulation study

Location PPD station
number

Mean annual
rainfall (mm)

Mean April–October
rainfall (mm)

Sowing
window

APSIM wheat cultivar
maturity

1. Buntine 8017 332 263 7 May–1 June Early (e.g. Wyalkatchem)
2. Mingenew 8088 406 352 7 May–1 June Early (e.g. Wyalkatchem)
3. Morawa 8093 333 264 7 May–1 June Early (e.g. Wyalkatchem)
4. Wongan Hills 8138 363 298 7 May–1 June Early (e.g. Wyalkatchem)
5. Kellerberrin 10073 327 256 7 May–1 June Early (e.g. Wyalkatchem)
6. Borden 10519 388 296 7 May–1 June Early (e.g. Wyalkatchem)
7. Salmon Gums 12071 344 233 7 May–1 June Early (e.g. Wyalkatchem)
8. Minnipa 18053 343 258 1 May–1 June Early to mid (e.g. Gladius)
9. Lock 18046 390 305 1 May–1 June Early to mid (e.g. Gladius)
10. Cleve 18014 400 293 1 May–1 June Early to mid (e.g. Gladius)
11. Buckleboo 18008 300 216 1 May–1 June Early to mid (e.g. Gladius)
12. Cummins 18023 428 349 1 May–1 June Early (e.g. Wyalkatchem)
13. Morchard 19025 352 248 1 May–1 June Early to mid (e.g. Gladius)
14. Hart 21000 458 346 1 May–1 June Early to mid (e.g. Gladius)
15. Maitland 22008 502 389 1 May–1 June Early to mid (e.g. Gladius)
16. Saddleworth 23315 493 372 1 May–1 June Early to mid (e.g. Gladius)
17. Bordertown 25501 479 356 7 May–1 June Early to mid (e.g. Gladius)
18. Lameroo 25509 385 277 1 May–1 June Early to mid (e.g. Gladius)
19. Waikerie 24018 258 169 1 May–1 June Early to mid (e.g. Gladius)
20. Walpeup 76064 331 219 1 May–1 June Early to mid (e.g. Yitpi)
21. Hopetoun 77018 342 230 1 May–1 June Early to mid (e.g. Yitpi)
22. Swan Hill 77042 344 226 1 May–1 June Early to mid (e.g. Yitpi)
23. Kerang 80024 356 235 1 May–1 June Early to mid (e.g. Yitpi)
24. Charlton 80067 403 275 7 May–1 June Early to mid (e.g. Yitpi)
25. Longerenong 79028 413 286 7 May–1 June Early to mid (e.g. Yitpi)
26. Yarrawonga 81057 509 332 7 May–1 June Early to mid (e.g. Gladius)
27. Inverleigh 90167 553 369 7 May–1 June Late (e.g. Bolac)
28. Mathoura 74129 360 235 1 May–1 June Early to mid (e.g. Lincoln)
29. Urana 74110 441 279 1 May–1 June Early to mid (e.g. Lincoln)
30. Temora 73038 510 310 1 May–1 June Mid to late (e.g. Gregory)
31. Cootamundra 73142 618 383 1 May–1 June Mid to late (e.g. Gregory)
32. Dubbo 65012 591 319 1 May–1 June Mid to late (e.g. Gregory)
33. Bogan Gate 50004 495 280 1 May–1 June Mid to late (e.g. Gregory)
34. Merriwagga 75142 356 216 25 April–1 June Early to mid (e.g. Lincoln)
35. Condobolin 50052 437 244 25 April–1 June Early to mid (e.g. Lincoln)
36. Tottenham 50011 471 246 25 April–1 June Early to mid (e.g. Lincoln)
37. Nyngan 51039 441 225 25 April–1 June Early to mid (e.g. Lincoln)

Location APSoil
file no.

PAWC (mm)
to depth (m)

Total water-holding
capacity of top
soil layer (mm)

Depth of top
layer (m)

U Cona

Buntine 24 89 (0.9) 11 0.15 4 2
Mingenew 422 135 (2.5) 6 0.10 4 2
Morawa 444 147 (1.5) 11 0.10 4 4
Wongan Hills 402 78 (2.5) 5 0.05 4 2
Kellerberrin 410 117 (2.1) 9 0.10 4 2
Borden 473 105 (1.5) 16 0.15 2 2
Salmon Gums 454 88 (1.0) 9 0.10 4 2
Minnipa 352 202 (1.2) 7 0.10 2 2
Lock 318 123 (1.2) 14 0.10 6 4
Cleve 316 218 (1.2) 18 0.10 6 4
Buckleboo 312 117 (1.2) 33 0.10 6 4
Cummins 37 121 (1.7) 11 0.05 6 4
Morchard – heavy 603 150 (1.5) 46 0.25 6 4
Morchard – light 604 146 (1.3) 35 0.20 4 2
Hart 286 211 (1.7) 37 0.15 6 4
Maitland 261 149 (1.5) 24 0.10 4 4

(Continued next page)
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demonstrated to adequately simulate soil water balance, crop
growth and yield across southern Australia and has been
extensively validated and reported in several recent studies on
the major soil types and environments of interest (Lilley et al.
2003, 2004;Verburg and Bond 2003; Dolling et al. 2006; Hunt
et al. 2006; Lilley and Kirkegaard 2007; Carberry et al. 2009;
Hochman et al. 2009a).

The soil water balance is simulated in APSIM 7.3 using a
cascading water balance model (SoilWat). The plant-available
water capacity (PAWC) of each soil layer is specified by a
crop lower limit (CLL), and a drained upper limit. Water
movement is described using separate algorithms for saturated
or unsaturated flow. Rainfall infiltration is calculated using the
USDA-Soil Conservation Service curve number technique
(Rallison 1980) and soil evaporation is assumed to take place
in two stages. In the first stage the soil is sufficiently wet for water
to be transported to the surface at a rate equal to the potential
evaporation rate. Potential evapotranspiration is calculated using
an equilibrium evaporation concept as modified by Priestley
and Taylor (1972). Once the water content of the soil has
decreased below a threshold value (represented by the
parameter U, expressed as mm of evaporation) the rate of
supply from the soil will be less than potential evaporation
(second stage evaporation). The rate of soil evaporation during
the second stage is specified as a function of time since the end of
first stage evaporation. The parameter Cona (mm/t1/2) specifies
the change in cumulative second stage evaporation (Es, mm)
against the square root of time;

Es ðmmÞ ¼ Cona t1=2

Water lost by evaporation is removed from the surface layer
of the soil profile and this layer can dry below CLL to a specified
air-dry water content. Default values of U and Cona of APSoil
files used in this study were modified (Table 1) according to
descriptions of surface texture included with the files e.g. for a
soil with a surface texture description of ‘clay’ U= 6 and
Cona= 4, for ‘sand’ U= 2 and Cona = 2. The values of USDA-
SCS curve numbers specified in APSoil were unchanged.

The APSIM-Manager was parameterised with sowing and
management rules taken from farmer behaviour observed during
the evaluation of the web-based interface of APSIM known as
Yield Prophet (Hunt et al. 2006; Hochman et al. 2009b), as well
as expert opinion of regional researchers, consultants and
farmers (Table 1). In the simulations, crops were sown (and
assumed to establish at 150 plantsm–2) in all locations
in each year of the simulation if more than 20mm of rain fell
over a 3-day period during a regionally relevant specified
sowing window (Table 1). If the rainfall criteria were not met
during the specified sowing window, a crop was sown at the
conclusion of the sowing window so that a crop was sown in
every year of the simulation.

In order to evaluate the potential contribution of SFR to
wheat yield, two continuous wheat simulations (1889–2008)
for each location were run and compared in each year. The
first simulation which assumed best possible SFR management
reset PAW to zero at harvest of the previous crop, and
accumulated soil water from SFR according to the specific
rainfall distribution and soil conditions at each site. The
second simulation had PAW set to zero at the start of the
sowing window. By comparing yields of these two scenarios

Table 1. (continued )

Location APSoil
file no.

PAWC (mm)
to depth (m)

Total water-holding
capacity of top
soil layer (mm)

Depth of top
layer (m)

U Cona

Saddleworth 104 121 (1.5) 26 0.10 6 4
Bordertown 344 253 (1.4) 30 0.10 6 4
Lameroo 253 90 (1.5) 10 0.15 2 2
Waikerie 104 121 (1.5) 6 0.10 2 2
Walpeup 726 179 (1.3) 7 0.10 2 2
Hopetoun – heavy 714 110 (1.0) 27 0.10 6 4
Hopetoun – light 716 153 (1.3) 13 0.10 4 2
Swan Hill – heavy 719 113 (1.3) 25 0.10 4 3
Swan Hill – light 718 276 (1.3) 27 0.10 2 2
Kerang 733 131 (1.0) 21 0.10 4 3
Charlton 736 130 (1.0) 30 0.10 6 4
Longerenong 746 179 (1.0) 30 0.10 6 4
Yarrawonga 208 120 (0.9) 32 0.15 6 4
Inverleigh 737 138 (1.3) 18 0.10 4 4
Mathoura 203 125 (1.8) 39 0.15 6 4
Urana 212 157 (1.2) 29 0.15 4 4
Temora 179 125 (1.2) 40 0.15 6 4
Cootamundra 180 202 (1.8) 33 0.15 6 4
Dubbo 197 134 (1.5) 42 0.15 6 4
Bogan Gate – heavy 189 240 (1.8) 40 0.15 6 4
Bogan Gate – light 188 243 (1.8) 17 0.15 4 2
Merriwagga 697 165 (1.5) 29 0.15 5 3
Condobolin 688 233 (1.8) 30 0.15 5 3
Tottenham 200 219 (1.8) 27 0.15 4 4
Nyngan 246 108 (1.5) 21 0.15 4 4
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across the seasons, the potential value of SFR for grain yield at
each of the sites could be quantified. Soil nitrate in the top three
soil layers was maintained above 100 kg/ha in all simulations
to avoid a confounding effect of N availability on crop yield,
although in practice this may play a significant role (Osten et al.
2006). Stubble from the crops in all scenarios was fully retained
and no summer weeds were allowed to grow in the simulation
during the summer fallow period. All grain yields were
calculated and presented at 12% moisture. Fallow efficiency
was calculated as the amount of PAW at the start of the
sowing window divided by the total amount of rainfall from
maturity of the previous crop to the start of the sowing window
and expressed as a percentage. Mean contribution of SFR to
yield was calculated as the difference between yield with SFR
and yield without SFR divided by yield with SFR and
expressed as a percentage. WUE was calculated as grain yield
divided by the sum of transpiration, evaporation, runoff and deep
drainage. Potential increase in WUE was calculated as the
difference between WUE with SFR and WUE without SFR
divided by yield with SFR and expressed as a percentage.

APSIM runs on a daily time step but the output for this
analysis was based on yearly grain yield to detect differences
between the two simulations at the 37 locations.

Data analysis and presentation

Climatic and soil water balance data arising from the simulations
were generally presented asmeans to compare different sites. The
yield benefit from SFR emerging from the simulations in each
seasonwere presented asmeans and variability represented using
box and whisker plots showing the frequency of different
magnitudes of yield benefit across seasons for each site.

Assuming that the simulation in which PAWwas reset to zero
mimics poor SFR management where weeds are allowed to
germinate and grow and no water is stored, a simple economic
analysis was used to estimate return on investment in strict
summer weed control arising from income provided by the
yield benefit due to stored SFR. Criteria for a summer weed
emergence ‘event’ were that it was a day, or sequence of days,
on which rainfall equalled or exceeded 25mm (Hunt et al.
2009). A sequence could contain a maximum of 1 day without
rain. If days of rainfall were separated by 2 or more days without
rain, then the events were considered to be separate. Every
emergence event had a weed control event associated with it,
but emergence events that occurred within 30 days of each other
were controlled by a single event. The price of wheat grain was
assumed to be $AUD200/t and the cost of each summer weed
control event was assumed to be $AUD20/ha per event ($AUD8/
ha for the spraying operation and $AUD12/ha for chemicals
and adjuvants e.g. 1.2 l/ha of 450 g/L glyphosate, 0.8 L/ha of
800 g/L 2,4-D low volatile ester, 0.12 l/ha of 600 g/L triclopyr).
Return on investment in weed control was calculated as the
difference in return from grain yield with SFR and the return
fromgrainyieldwithoutSFR(assumed tobeprofit from increased
yield due to summer weed control) divided by the cost of weed
control in the preceding summer fallow and expressed as a
percentage.

To detect evidence of change in seasonal rainfall in
recent years across the sites, a two-tailed Student’s t-test
assuming equal variance was used to test for differences in the

means of in-crop and SFR and their ratio, and grain yield and
contribution of SFR to grain yield for the period 1889–1998 and
1999–2008.

Results

Season length, rainfall pattern and distribution across sites

Average annual rainfall amount and distribution varied
significantly across the sites from those with high annual
average rainfall and almost equi-seasonal distribution such as
Dubbo in central-west New South Wales, to those with marginal
rainfall for reliable crop production and a stronglyMediterranean
rainfall distribution such as Buckleboo and Waikerie in South
Australia (Table 1a). Mean season length (time from sowing to
maturity) also varied from southern locations such as Inverleigh
and Cootamundra which have a long, cool growing season that
favour late-maturing varieties to northern locations such as
Morawa and Nyngan, where early-maturing varieties are
grown and the growing season extends from late May to mid
October (Table 2). The length of the growing season determines
the length of the fallow period in which SFR accumulates. Thus
locations with a short growing season have a longer pre-crop
fallow period, which increases the proportion of rain that falls
outside the growing season.

Fallow efficiency

The storage of fallow rainfall for crop use depended on rainfall
patterns (e.g. few, infrequent falls of large magnitude v. many
small events, Sadras and Rodriguez 2007) and soil type. Soils
with higher clay content in the upper layers retain larger amounts
of water in the surface layers and require larger rainfall events for
water to infiltrate below the evaporation zone (Fig. 2). When air-
dried, they also require a greater amount of rainfall to reach
CLL. These soils include those at Buckleboo, Morchard, Hart,
Charlton, Longerenong and Mathoura where mean fallow
efficiency was <15%. The effect of heavier soil texture can
also be seen in paired soils at Morchard, Hopetoun, Swan Hill,
and Bogan Gate. Across these zones of different rainfall pattern,
the effect of the heavier textured surface soils in each case was to
reduce fallowefficiencies to aroundone-quarter toone-half that of
the lighter textured soils in the same environment (Table 2). In the
simulation the parameters U and Cona are also adjusted to
account for the higher evaporation rates in these soils, but total
water-holding capacity of the top layer of soil alone (the
difference between drained upper limit and air-dry water
content, Table 1b) explains 62% of variation in evaporation
losses during the summer fallow period (Fig. 3), which are the
biggest source of fallow inefficiency (Table 2).

The factors influencing fallow efficiency vary across
locations. While high evaporation is the overriding cause of
inefficiency, losses due to runoff are also considerable at equi-
seasonal rainfall locations such as Tottenham, Dubbo and
Nyngan (Table 2), where high intensity summer rainfall on
soils already wet to capacity can occur in some years.

Value of stored fallow water to subsequent wheat yield

The marginal value of additional PAW stored from SFR is
dependent on both the magnitude and reliability of the
growing-season rainfall (GSR) and on the soil PAWC
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(Table3). For exampleBorden in the southernWesternAustralian
wheatbelt has similar SFR (121 v. 139mm) and GSR (388 v.
413mm) to Longerenong in the Wimmera of Victoria
(Tables 1, 2), yet at Longerenong the high PAWC of the soil
andmore variable growing season rain result in SFR contributing
1.0 t/ha (32%) tomeanyield.AtBorden the reliability of growing-
season rainfall and low PAWC sandy soil override the value of
additional fallowwater storage and SFR contributes only 0.2 t/ha
(7%) to mean yield (Table 3). Similarly at Inverleigh and
Maitland, which have significant SFR, good fallow efficiency
and PAWC, the large amount of GSR overrides the impact of
stored PAWC on crop yield. In such environments additional

stored PAW at sowing can contribute to water logging, de-
nitrification and nitrate leaching, although these negative
effects are not accounted for in this simulation.

SFR is of most value to wheat yield in environments where it
makes up a greater proportion of annual rainfall, where fallow
efficiencies are high, PAWC is large relative to GSR, and GSR is
more variable. In these areas (e.g. Salmon Gums, Morchard,
Hopetoun, Swan Hill, Yarrawonga, Mathoura, and all central-
westNewSouthWales locations) SFRcontribution tomean yield
is at least 0.6 t/ha or 32%andup to2.1 t/ha or 70%(Table 3, Fig. 4)
andmean increase inWUEvaries from45 to 202%. In these areas
widespread adoption of good fallow management could on

Table 2. Meanvalues of sowingdate,maturity date,waterbalance frommaturity to the start of the sowingwindow,plant-availablewater (PAW)at the
start of the sowing window and fallow efficiency taken from 120-year simulations for all locations

Location Mean
sowing
date

Mean
maturity
date

Mean rainfall
from maturity
to start of
sowing

window (mm)

Mean evaporation
from maturity
to start of
sowing

window (mm)

Mean drainage
from maturity
to start of
sowing
window

Mean runoff
from maturity
to start of
sowing
window

Mean PAW
at start of sow

window
(mm)

Mean fallow
efficiency

(%)

Buntine 25 May 18 October 100 61 2 4 28 21
Mingenew 23 May 8 October 96 60 1 0 33 28
Morawa 25 May 13 October 102 74 0 0 26 19
Wongan Hills 25 May 23 October 97 60 0 1 33 27
Kellerberrin 25 May 25 October 102 64 0 1 34 27
Borden 25 May 4 November 121 74 2 1 40 28
Salmon Gums 27 May 1 November 140 91 5 2 38 23
Minnipa 26 May 31 October 101 63 0 1 34 28
Lock 24 May 3 November 104 84 0 1 15 11
Cleve 25 May 2 November 135 106 0 2 23 13
Buckleboo 26 May 5 August 176 157 0 1 9 4
Cummins 21 May 20 October 106 93 0 0 10 8
Morchard – heavy 22 May 26 August 191 164 0 2 12 5
Morchard – light 22 May 9 November 115 70 1 1 34 22
Hart 20 May 3 November 137 104 0 1 21 12
Maitland 20 May 3 November 148 106 1 1 37 21
Saddleworth 21 May 4 November 148 117 1 2 22 12
Bordertown 24 May 21 November 139 101 0 0 34 21
Lameroo 25 May 13 November 121 70 3 2 43 34
Waikerie 27 May 30 October 107 59 6 1 39 34
Walpeup 26 May 10 November 122 67 0 3 50 36
Hopetoun – heavy 24 May 13 October 139 114 0 1 18 10
Hopetoun – light 24 May 16 November 119 72 0 2 42 30
Swan Hill – heavy 23 May 27 October 140 100 1 1 31 18
Swan Hill – light 23 May 11 November 129 68 0 1 55 36
Kerang 23 May 5 November 136 94 0 2 33 20
Charlton 25 May 27 October 161 130 0 1 22 11
Longerenong 25 May 17 November 139 107 0 1 23 13
Yarrawonga 21 May 11 November 195 135 3 4 38 16
Inverleigh 25 May 11 December 168 94 2 2 64 35
Mathoura 24 May 11 October 153 122 0 1 19 9
Urana 23 May 15 November 174 120 1 3 42 20
Temora 17 May 19 November 201 133 8 4 55 25
Cootamundra 20 May 25 November 240 137 6 3 86 33
Dubbo 20 May 6 November 296 175 19 10 76 24
Bogan Gate – heavy 22 May 8 November 235 149 1 6 64 22
Bogan Gate – light 22 May 10 November 234 108 4 8 107 42
Merriwagga 20 May 28 October 160 114 1 3 40 20
Condobolin 20 May 1 November 209 133 0 9 54 20
Tottenham 18 May 23 October 254 145 3 11 75 27
Nyngan 20 May 15 October 255 160 1 24 44 16
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average see improvement in WUE far beyond the 10% targeted
by the GRDC, depending on current fallow management
practices (Table 3). The impact of additional PAW at sowing
on yield in these locations is 2-fold. First, the increase in water
supply results in more water use, which leads to an increase in
dry matter production. Second, greater availability of water
during critical development periods of wheat results in greater
harvest indices, which leads to an increase in WUE for grain
(Table 3).

The mean increases in yield and WUE (Table 3) disguise the
variable nature of the yield increases resulting from stored
SFR. Even in locations where mean yield and WUE benefit is
generally low (e.g.Mingenew,WonganHills, Borden,Cummins,

Maitland, Lameroo and Inverleigh – Table 3), SFR can have a
large impact on yield and WUE in specific seasons (Fig. 4). The
majority of benefits tend to occur in seasons where the additional
storage of SFR at sowing is high, and GSR is low (Oliver et al.
2010). Under these circumstances, the presence of additional
PAW effectively acts as insurance against crop failure (Moeller
et al. 2009). The extreme yield differences, both positive and
negative, generally relate to differences in crop establishment due
to the presence of stored SFR. Extreme positive differences are
the result of crops being able to establish and survive initial dry
periods in the simulation with stored SFR but failing in the
simulation without stored SFR. In seasons where subsequent
winter and spring rainfall are high, this can create very large yield
differences of 6–8 t/ha. While it is true that stored SFR does
increase sowing opportunities (Fischer et al. 1990) and improves
crop establishment, these extreme outcomes are unlikely in
reality as failed crops may be re-sown in favourable seasons.
As indicated by Fig. 4, such seasonal scenarios are rare and thus
do not overly affect the mean values reported in Table 3. Yield
losses occur when stored SFR creates differences in emergence
times between the two simulations and the subsequent crop
development and rainfall pattern is such that greater periods of
water stress are experienced by the earlier emerging crop in the
stored SFR simulation. While such an outcome is a plausible
consequence of stored SFR, occurrence is very infrequent
across locations (Fig. 4).

Economics of summer fallow weed control

Assuming that comprehensive summer weed control would
provide the yield benefits due to accumulation of SFR,
investment in control historically provides exceptional returns
for very little risk in most locations in Victoria and New South
Wales (Table 4).Whilemean return on investment is high inmost
locations in South and Western Australia (with the notable
exception of Mingenew), the risk of not receiving a return on
investment in summer weed control at some locations is
substantial (e.g. Wongan Hills, Borden, Buckleboo, Cummins,
Morchard with soil 603 and Maitland, Table 4).

APSoil No. 714 – Hopetoun heavy APSoil No. 716 – Hopetoun light 
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Fig. 2. Crop lower limit (- - -) and drained upper limit (—) of the contrasting soil types used for
Hopetoun, Victoria. The surface texture of APSoil No. 714 is described as a clay loam and has a plant-
available water capacity (PAWC) of 19mm from 0–0.1m depth. The surface texture of APSoil No. 716
is described as loamy sand and has a PAWC of 9mm from 0–0.1m depth.
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Fig. 3. The relationship between the total water-holding capacity (drained
upper limit – air-dry water content) in the top layer of the soil and summer
fallow evaporation. Different symbols indicate the depth of the top layer
0.05m (*), 0.10m (*), 0.15m (&), 0.20m (&) and 0.25m (~). The linear
function (- - - -) fitted by least-squares regression to all data points is of the
form y= 2.3x+ 52.1, r2 = 0.62.
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Evidence of climate change
There were three regions in which rainfall and production
metrics from 1999 to 2008 were significantly different to the
long-term data 1889–1998 suggesting a change in climate
(Table 5). Most notably, all sites in Western Australia appear
to have received either less in-crop rain (P < 0.10 at Morawa,
Buntine, Mingenew, Kellerberrin and Borden), and/or more SFR
(P < 0.10 at Wongan Hills and Salmon Gums) resulting in a
significant decrease (P < 0.05) in the ratio of in-crop to SFR at
all Western Australian locations except Borden. The percentage
contribution of SFR to yield has increased at allWesternAustralia
sites except Wongan Hills. There are similar but less defined

trends on the Eyre Peninsula of South Australia where Lock,
Cleve and Cummins have received less in-crop rain in the latter-
half of the period (P < 0.10), while Buckleboo has received
more SFR, and the ratio has increased at Minnipa. Reductions
in in-crop rain contribute to significant reductions in yield
during the same period at Morawa, Mingenew, Cleve and
Lock (Table 5).

The third area of interest is north-west Victoria. Although in-
crop and SFR patterns have not changed (Table 5), mean
simulated grain yields for the last 10 years of the study have
decreased at Hopetoun, Swan Hill, Kerang, Charlton and
Longerenong (P< 0.10, Table 5). This decrease is most likely

Table 3. Mean plant-available water (PAW) at sowing, dry matter, yield, harvest index and water-use efficiency [WUE=grain yield/
(transpiration + evaporation + runoff + drainage)] with and without capture of summer fallow rain (SFR) at each location

Location PAW Dry matter Grain yield Mean contribution Harvest Water-use Potential
at sowing (t/ha) (t/ha) of SFR to with index efficiency increase in
(mm) No With No With SFR yield (%) No With (kg/ha.mm) WUE (%)

No
SFR

With
SFR

SFR SFR SFR SFR SFR SFR No
SFR

With
SFR

Buntine 13 40 6.1 7.2 2.3 2.8 17 0.36 0.38 10.0 11.1 10
Mingenew 19 50 6.8 7.0 2.9 3.0 3 0.43 0.43 11.7 11.5 –2
Morawa 16 39 5.2 6.7 1.9 2.5 25 0.34 0.35 8.0 10.0 25
Wongan Hills 18 50 7.0 7.4 2.9 3.1 7 0.41 0.41 13.3 13.5 2
Kellerberrin 14 47 5.7 6.9 2.2 2.7 19 0.37 0.38 10.0 11.6 15
Borden 17 55 6.8 7.2 2.9 3.1 7 0.41 0.42 12.7 12.7 0
Salmon Gums 9 45 3.2 5.6 1.1 2.1 46 0.31 0.35 5.5 9.1 65
Minnipa 15 48 7.2 9.1 2.7 3.5 23 0.35 0.36 11.4 13.5 19
Lock 11 25 6.9 8.0 2.6 3.0 14 0.34 0.35 8.7 10.0 15
Cleve 11 33 5.7 7.7 2.2 3.0 27 0.33 0.35 8.2 10.8 33
Buckleboo 3 13 1.5 2.6 0.5 0.9 41 0.14 0.19 1.9 3.3 68
Cummins 16 23 6.3 7.0 2.5 2.8 10 0.39 0.39 9.2 10.0 9
Morchard – heavy 2 17 2.4 4.1 0.8 1.5 43 0.15 0.22 2.7 4.7 74
Morchard – light 9 46 6.4 9.1 2.2 3.3 32 0.29 0.32 8.4 11.2 33
Hart 9 34 8.4 10.8 3.4 4.3 22 0.34 0.36 10.0 12.5 25
Maitland 18 52 11.6 12.8 4.7 5.3 11 0.40 0.41 15.2 16.1 5
Saddleworth 12 35 8.6 10.2 3.5 4.1 16 0.36 0.38 10.3 11.9 16
Bordertown 15 48 10.3 12.2 4.1 4.9 17 0.37 0.38 12.2 14.1 15
Lameroo 18 55 7.9 9.2 3.1 3.6 15 0.36 0.37 11.8 12.5 6
Waikerie 13 48 3.5 5.0 1.2 1.8 34 0.30 0.32 7.4 9.9 33
Walpeup 15 62 5.6 8.7 2.0 3.2 39 0.31 0.34 9.3 12.9 39
Hopetoun – heavy 9 26 2.9 4.7 0.9 1.6 42 0.22 0.25 3.5 5.9 68
Hopetoun – light 13 54 5.4 8.4 1.8 3.0 39 0.30 0.33 7.7 11.3 47
Swan Hill – heavy 10 41 4.1 6.7 1.4 2.3 41 0.25 0.29 5.5 8.7 57
Swan Hill – light 13 69 5.9 9.5 2.1 3.5 42 0.31 0.34 9.2 13.4 45
Kerang 11 43 4.7 7.3 1.7 2.7 37 0.29 0.32 6.7 9.9 47
Charlton 11 30 4.8 6.7 1.7 2.5 30 0.26 0.30 5.6 7.8 39
Longerenong 9 32 5.5 8.1 2.1 3.1 32 0.27 0.32 6.5 9.5 46
Yarrawonga 19 49 5.6 9.5 2.1 3.6 43 0.28 0.34 6.1 10.0 65
Inverleigh 16 78 15.5 18.3 6.3 7.6 17 0.38 0.40 17.3 18.5 7
Mathoura 7 28 2.7 4.8 0.9 1.6 45 0.20 0.25 3.2 5.6 76
Urana 10 51 5.5 8.5 2.0 3.1 37 0.29 0.33 6.5 9.9 51
Temora 14 66 7.1 10.7 2.6 3.9 35 0.31 0.34 7.8 10.9 40
Cootamundra 14 98 10.1 14.1 4.0 5.6 29 0.34 0.38 10.2 12.9 26
Dubbo 9 87 4.7 10.6 1.6 3.7 56 0.28 0.32 5.0 10.2 103
Bogan Gate – heavy 7 75 3.4 9.2 1.1 3.2 66 0.24 0.31 3.8 9.7 156
Bogan Gate – light 14 120 6.9 12.3 2.3 4.6 50 0.31 0.35 9.0 13.4 49
Merriwagga 12 48 3.5 5.9 1.1 2.0 44 0.26 0.30 4.9 8.0 65
Condobolin 6 63 2.6 7.2 0.8 2.5 68 0.22 0.31 3.2 8.7 172
Tottenham 36 86 2.3 7.6 0.8 2.7 72 0.24 0.32 3.1 9.5 202
Nyngan 15 52 2.6 5.2 0.8 1.6 52 0.26 0.28 3.7 7.1 91
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due to a reduction in the frequency of autumn breaks (Pook et al.
2009; Verdon-Kidd and Kiem 2009) and a prevalence of hot,
dry springs in that location during that period (Kirkegaard and
Hunt 2010). As these factors relate to rainfall distribution, they
are not represented by the SFR and GSR totals alone, but are
integrated in the simulation of yield. Kerang is notable as the
only eastern location in which percentage contribution of SFR to
yield has increased.

Discussion

Our simulation study shows that SFR contributes significantly
to wheat yield in most areas of southern Australia, although
regional variation in magnitude and the factors influencing the
contribution were revealed.

Rainfall amount and distribution (total amount and small v.
large events) and soil type were the environmental factors
which most influenced the accumulation of SFR. The total
amount of SFR and the proportion of SFR to annual rain had a
significant influence on the contribution of SFR to attainable
yield. Locations where SFR contributed on average more than
50% of grain yield (Table 3) were in the central-west of New
South Wales where rain is equi-seasonal and SFR averaged
~200mm (Table 2). In this region, Fischer and Armstrong

(1990) found that a linear function based on the total amount
of December–April rainfall could explain 81% of the variation
observed in simulated accumulation of available soil water
during the summer fallow. The average figures they derived
for accumulation of available soil water at 1 May during a
summer fallow in which weeds were controlled very closely
match those reported here (Yass = 88mm, Wagga Wagga =
73mm and Griffith = 54mm, Fischer et al. 1990). In these
locations there is also likely to be a greater proportion of large
SFR events compared with locations further south. Sadras and
Rodriguez (2007) analysed rainfall patterns in a north–south
gradient from Emerald in Queensland to Horsham in Victoria
using the method described by Golluscio et al. (1998). They
found that the median amount of rain falling in small events
(�5mm) was only 15mm at Emerald but 105mm at Horsham
and was linearly related to latitude. Based on their relationship,
small events would comprise 45mm at the most northerly site in
eastern Australia used in this study (Nyngan, 31.568S) but more
than 100mm at the most southerly sites of Longerenong
(36.678S) and Inverleigh (38.108S). While they used this
relationship to explain greater in-crop evaporation along the
transect, it would also apply to summer fallow evaporation and
contribute to the higher fallow efficiencies generally observed
in the central-west of New South Wales compared with further

–

Yield difference (t/ha)

Fig. 4. Distribution of yield difference between simulations with and without capture of summer fallow rain at each
location and soil type. The centre line represents the median yield difference; outer lines of the box are one quartile from
the median.
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south. Verburg et al. (2011) took a novel approach to explain the
effect of SFR event size on soil water accumulation using the
‘pulse-reserve’ paradigm borrowed from arid-land ecology. The
paradigm accounts for both the size of rainfall pulses and the
duration between pulses to explain the storage of soil water.

The effect of soil texture on evaporation has been widely
reported (Keen 1921; Meyer et al. 1990; Gill and Jalota 1996;
O’Leary and Connor 1997) and simulated based on soil physical
properties (Hillel and Van Bavel 1976). Typically, more water
evaporates from soils with higher clay content at the surface, and
the effect of this can be seen in the paired summer fallow water
balances in single locations (Table 2) where heavier textured

soils often have inferior fallowefficiency. Interestingly, due to the
lower mean crop yield on these soils compared with lighter
textured soils, SFR often contributes a greater percentage to
attainable yield (e.g. 43 v. 32% of yield on heavy and light
soil at Morchard, respectively, Table 3). However, the strict
control of summer weeds to conserve SFR is more risky on
heavy soils as there is a much higher chance of investment in
control being unprofitable (Table 4). This supports the notion that
there is potential for rules-of-thumb based on soil type and
rainfall event size in different regions to help farm managers
better identify circumstances in which control of summer fallow
weeds will be profitable (Verburg et al. 2011).

Table 4. The percentage of years in which summer weed control criteria are met at each location, the percentage of those years in which control is not
profitable and mean cost, return, profit and return on investment in control of summer weeds calculated from the simulations

Location Financial outcomes for years where control is triggered
Years in which
control triggered
by simulation
rules (%)

Years in which
control is not
profitable (%)

Mean cost of
control

($AUD/ha)

Mean return
($AUD/ha)

Mean profit
($AUD/ha)

Mean return
on investment

(%)

Buntine 43 27 27 145 118 472
Mingenew 34 66 25 27 2 6
Morawa 43 12 25 180 156 634
Wongan Hills 45 56 24 41 17 88
Kellerberrin 48 18 26 155 129 585
Borden 53 42 25 59 34 151
Salmon Gums 62 8 27 240 213 842
Minnipa 52 11 27 247 220 801
Lock 49 27 27 140 113 421
Cleve 72 31 27 191 164 632
Buckleboo 48 60 26 118 92 286
Cummins 53 70 24 64 40 183
Morchard – heavy 62 50 28 170 142 545
Morchard – light 61 8 27 296 269 1068
Hart 73 26 25 226 200 854
Maitland 63 53 28 145 116 385
Saddleworth 76 37 26 147 121 479
Bordertown 63 33 28 202 174 622
Lameroo 58 25 24 129 104 424
Waikerie 55 3 25 166 141 603
Walpeup 62 4 28 340 312 1244
Hopetoun – heavy 65 29 27 178 152 573
Hopetoun – light 65 3 27 319 292 1134
Swan Hill – heavy 68 16 28 243 216 1314
Swan Hill – light 68 5 28 373 345 824
Kerang 68 10 29 244 216 771
Charlton 74 33 28 171 143 522
Longerenong 60 15 28 259 231 895
Yarrawonga 84 19 33 348 315 1054
Inverleigh 73 25 29 302 274 1012
Mathoura 69 35 28 189 161 614
Urana 81 14 34 272 238 795
Temora 89 16 35 291 256 883
Cootamundra 93 19 39 342 304 927
Dubbo 96 10 46 431 385 876
Bogan Gate – heavy 92 6 38 459 421 1328
Bogan Gate – light 92 1 38 482 445 1208
Merriwagga 77 14 31 211 180 600
Condobolin 90 6 35 353 318 955
Tottenham 93 5 39 417 378 1072
Nyngan 90 19 41 181 140 353
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While little can be done to influence the environmental and
edaphic determinants of summer fallow efficiency, much can be
done to improve management factors. Given the large
contributions to yield demonstrated in this study, well targeted
regional investment to develop and extend appropriate
management interventions to improve fallow efficiency are
likely to lift productivity and WUE. Although the paired
simulations used in this study represent extremes of best- and
worst-practice summer fallow management with current
technology, most commercial farms will be operating on a
continuum between these extremes. Management of weeds,

crop residues, soil tilth and livestock are likely to have the
largest impact on fallow efficiency in ways described below.

Weeds
Various studies across southern Australia have shown that by far
the biggest increase in fallow efficiency will be achieved through
improved control of fallow weeds (Verburg and Bond 2003;
Browne et al. 2010; Mudge and Whitbread 2010). Weeds
growing during the summer fallow transpire water that could
otherwise be used by subsequent crops (Fromm and Grieger
2002; Hunt 2006). Water use by summer fallow weeds and

Table 5. Comparisons of in-crop rain, summer fallow rain (SFR), the proportion of summer fallow to in-crop rain, simulated grain yield and
contribution of SFR to yield for each location from 1889 to 1998 and 1999 to 2008

Shaded cells are significant at the 90% confidence level (P< 0.10)

Location In-crop
rain (mm)

Summer
fallow rain (mm)

Summer fallow
rain/in-crop rain

Grain yield
(t/ha)

Mean contribution
of SFR to yield (%)

1889–
1998

1999–
2008

P-
value

1889–
1998

1999–
2008

P-
value

1889–
1998

1999–
2008

P-
value

1889–
1998

1999–
2008

P-
value

1889–
1998

1999–
2008

P-
value

Buntine 208 170 0.07 98 118 0.36 0.47 0.70 0.02 2.8 2.3 0.19 17 32 0.03
Mingenew 288 218 0.02 95 101 0.75 0.33 0.46 0.04 3.1 2.3 0.00 3 16 0.00
Morawa 207 151 0.01 101 115 0.48 0.49 0.76 0.01 2.7 1.4 0.01 23 46 0.01
Wongan Hills 238 224 0.50 93 140 0.01 0.39 0.62 0.00 3.1 3.0 0.61 7 11 0.51
Kellerberrin 203 170 0.09 100 120 0.28 0.49 0.71 0.02 2.8 2.4 0.30 21 35 0.08
Borden 237 208 0.11 120 131 0.59 0.51 0.63 0.14 3.1 3.0 0.64 7 19 0.01
Salmon Gums 180 167 0.44 132 229 0.00 0.73 1.37 0.00 2.1 2.6 0.18 44 77 0.00
Minnipa 217 181 0.12 97 97 0.99 0.45 0.54 0.06 3.5 2.8 0.18 25 29 0.61
Lock 261 213 0.07 101 90 0.59 0.39 0.42 0.54 3.1 1.9 0.05 20 32 0.25
Cleve 237 191 0.04 133 110 0.23 0.56 0.58 0.88 3.1 1.7 0.04 31 13 0.10
Buckleboo 163 111 0.08 133 148 0.69 0.81 1.33 0.28 0.9 0.3 0.15 30 10 0.12
Cummins 290 237 0.06 106 106 0.97 0.36 0.45 0.74 2.8 2.6 0.55 11 13 0.76
Morchard – heavy 197 190 0.84 171 85 0.11 0.87 0.45 0.47 1.5 0.7 0.20 33 60 0.10
Morchard – light 225 187 0.18 108 86 0.35 0.48 0.46 0.74 3.4 2.4 0.18 35 38 0.72
Hart 300 277 0.48 127 113 0.50 0.42 0.41 0.64 4.3 4.0 0.72 27 29 0.84
Maitland 324 299 0.37 142 125 0.41 0.44 0.42 0.92 5.3 5.2 0.86 12 10 0.86
Saddleworth 317 291 0.40 144 127 0.43 0.45 0.44 0.71 4.1 4.1 0.99 22 22 0.95
Bordertown 314 268 0.12 142 110 0.10 0.45 0.41 0.96 5.0 3.9 0.11 22 8 0.10
Lameroo 239 194 0.07 117 110 0.66 0.49 0.56 0.35 3.7 2.7 0.10 19 24 0.45
Waikerie 134 117 0.35 105 89 0.46 0.78 0.76 0.72 1.8 1.6 0.52 39 37 0.82
Walpeup 185 152 0.11 119 113 0.74 0.64 0.74 1.00 3.3 2.4 0.13 40 41 0.92
Hopetoun – heavy 193 162 0.26 131 110 0.36 0.68 0.68 0.80 1.7 0.7 0.08 37 42 0.71
Hopetoun – light 198 168 0.21 118 97 0.25 0.60 0.58 0.58 3.2 1.8 0.03 42 39 0.73
Swan Hill – heavy 188 169 0.29 136 114 0.56 0.72 0.67 0.92 2.4 1.2 0.04 41 61 0.15
Swan Hill – light 193 169 0.45 127 115 0.38 0.66 0.68 0.59 3.7 2.3 0.05 43 55 0.21
Kerang 201 170 0.23 133 127 0.82 0.66 0.75 0.76 2.8 1.6 0.07 41 62 0.06
Charlton 244 206 0.19 136 110 0.28 0.56 0.53 0.61 2.6 0.5 0.00 34 40 0.64
Longerenong 256 196 0.05 140 106 0.14 0.55 0.54 0.66 3.3 1.0 0.00 42 55 0.31
Yarrawonga 302 238 0.07 187 144 0.18 0.62 0.60 0.71 3.8 2.5 0.11 48 55 0.56
Inverleigh 357 316 0.18 167 166 0.95 0.47 0.52 0.41 7.6 7.1 0.46 21 26 0.54
Mathoura 197 188 0.76 138 134 0.89 0.70 0.71 0.81 1.7 0.8 0.18 44 64 0.15
Urana 245 220 0.37 171 156 0.59 0.69 0.71 0.12 3.2 2.9 0.69 45 45 0.98
Temora 281 256 0.44 205 165 0.21 0.73 0.64 0.41 4.0 3.4 0.44 38 38 0.97
Cootamundra 356 322 0.39 239 183 0.13 0.67 0.57 0.44 5.7 4.2 0.06 36 38 0.81
Dubbo 275 237 0.30 293 281 0.78 1.07 1.19 0.36 3.8 2.9 0.21 60 68 0.47
Bogan Gate – heavy 238 227 0.70 233 193 0.29 0.98 0.85 0.78 3.3 2.4 0.28 68 47 0.07
Bogan Gate – light 238 225 0.66 233 195 0.31 0.98 0.86 0.83 4.6 4.1 0.48 51 51 0.95
Merriwagga 175 147 0.23 162 147 0.65 0.93 1.00 0.92 2.0 1.5 0.36 40 42 0.86
Condobolin 204 175 0.25 209 187 0.54 1.02 1.07 0.64 2.5 2.0 0.41 68 63 0.69
Tottenham 194 169 0.37 253 248 0.90 1.30 1.46 0.83 2.7 2.3 0.54 70 76 0.51
Nyngan 165 146 0.43 249 269 0.67 1.50 1.84 0.44 1.6 1.1 0.19 51 57 0.60
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resultant reductions in crop yield reported in the literature
generally correspond with the magnitudes reported in this
simulation study. For example Fromm and Grieger (2002)
found experimentally that summer fallow weed control in the
South Australian Mallee increased soil water stored at sowing
by 6–21mm depending on weed density and rainfall pattern.
Subsequent grain yield increases varied from 0 to 0.68 t/ha,
depending on the amount and distribution of in-crop rainfall
and soil N status.

Weedy fallows are currently not uncommon, even in regions
where benefits from summer weed control are clear and large in
magnitude such as in central-west New South Wales. Provision
of stock feed is the primary anecdotal reason provided for
unwillingness to control fallow weeds. In many instances this
is likely to be false economy. Preserving water and N to grow
more vegetative biomass for in-crop grazing, or more grain yield
for later supplementary feeding may provide a more efficient
conversion of water to stockfeed than the grazing of weedy
stubbles. The knowledge and attitudes of land managers to
summer fallow weed control would provide further insight as
to the apparent reluctance to control summer fallow weeds
despite the widely demonstrated benefits of doing so. Remote
sensing techniques have been used in the Yaqui valley of
Mexico to show that wheat yields decreased substantially
(>1 t/ha) when weeds were present in fields before sowing and
that failure to control summer fallow weeds reduced regional
yield by 5% (Ortiz-Monasterio and Lobell 2007). Similar
methods used in the regions simulated in this study could
identify current status of fallow weed management and thus
potential to improve productivity. Productivity on farms
where summer fallow weed control is currently practised could
be achieved through thedevelopmentof cheaper ormore effective
forms of weed control e.g. WeedSeeker (www.ntechindustries.
com/weedseeker-home.html, verified 28 November 2011) and
Weed IT (Kempenaar et al. 2006) weed detection and spot-
spraying systems.

Tillage and residue management

Tillage influences fallow efficiency through numerous
mechanisms that depend on site and season relating to weeds,
surface residues, soil structure and micro-relief, which have
been extensively described and reviewed (Fischer 1987;
Hatfield et al. 2001) and are not considered in detail here.
Most authors agree that the greatest and most reliable
influence of tillage on fallow efficiency has been through weed
control (Fischer 1987). Retaining crop or pasture residues on the
soil surface improves fallow efficiency by minimising the
physical impact of raindrops on the surface soil, maintaining
structural integrity and infiltration rates, and reducing runoff
(Felton et al. 1987; Foley and Silburn 2002; Scott et al. 2010).
Residues slow the flow of water on the soil surface, allowing
more time for infiltration (Freebairn and Boughton 1981) as
well as slowing soil evaporation following rainfall events.
However, if conditions remain dry for an extended period,
total evaporation will be unaffected by residues (Felton et al.
1987). As a result, increases in fallow efficiency due to reduced
evaporation are minor, and occur only when large amounts
of residue are present and rainfall patterns favourable (Schultz

1972; Felton et al. 1987; Kirkegaard et al. 2007a; Browne
and Jones 2008), or in fallows of greater than 6 months’
duration (long fallows, Ridge 1986), particularly on dark,
heavy textured soil types prone to evaporation (O’Leary and
Connor 1997).

Livestock

The impacts of livestock grazing summer fallows on fallow
efficiency and subsequent crop yield have been recently
reviewed (Bell et al. 2011). To summarise, treading by
livestock can reduce soil porosity and infiltration rate, and
increase soil bulk density and soil strength, although these
effects are mainly in the soil surface (top 5–10 cm). Despite
these effects, reported reductions in fallow efficiency and
subsequent crop performance following grazing are rare,
possibly because effects are too small in magnitude or depth to
influence plant growth significantly. Because compaction
from livestock is shallow it is not long-lasting and is often
rectified by natural processes or tillage. The greatest effect of
livestock on summer fallow efficiency is through removal of
surface residues or by either improving or inhibiting summer
weed control.

Variation across regions

This simulation study identified needs for both extension and
research which are distinct across regions. In areas where the
marginal value of SFR is high (e.g. Salmon Gums in Western
Australia, upper and mid-north of South Australia, Wimmera-
Mallee and north-east of Victoria, southern and central-west New
South Wales) validation, demonstration and extension of good
fallow management is likely to result in significant increases in
WUE on-farm. Research is required in areas such as Morchard,
Hart and Mathoura, where SFR forms a significant proportion of
annual rainfall, but low fallowefficiencyprimarily due to soil type
make the marginal value of SFR to yield low and summer weed
control risky. Critical research needs in these regions include
identification of soil types which have higher fallow efficiencies,
the benefits of varying fallowmanagement according to soil type,
and development of management interventions that could
improve fallow efficiency on soils with inherently low fallow
efficiency.

Emphasis on aspects of management should also vary with
location. In central-west New South Wales, fallow losses due to
runoff form a significant source of inefficiency, thusmanagement
practices which seek to increase infiltration (e.g. stubble
retention, controlled traffic, stock containment areas) will be of
value in locations such as Nyngan, Tottenham, Condobolin and
Dubbo, but are unlikely to significantly improve summer
fallow efficiency in locations such as the Victorian Mallee
(albeit that the environmental benefits of such practices are
beyond question).

In some locations (e.g. Mingenew, Borden, Cummins,
Inverleigh) it is clear that SFR only makes a minor
contribution to attainable yield and hence efforts to improve
capture and use SFR are unlikely to be rewarded unless done
on a tactical basis (Ward et al. 2009). Increasing storage of
SFR may in fact have negative production and environmental
outcomes e.g. runoff, deep drainage contributing to dry-land
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salinity, water logging and de-nitrification in areas where the
soil profile often fills during winter (Ludwig et al. 2009).

Evidence of climate change

The locations in Western Australia are notable in that although
SFR has historically not contributed greatly to simulated yield,
the proportion of SFR has increased in that region due to recent
climate change (Smith et al. 2000; Nicholls 2006). Ludwig
et al. (2009) reported that the observed decline in winter
rainfall did not reduce simulated yield, which is the case at all
Western Australia sites simulated here with the exception of
Mingenew and Morawa. However, our simulation indicates that
the maintenance of yield despite the declining winter rainfall
may be attributed to greater reliance on SFR, as its contribution to
yield has increased at all Western Australian sites with the
exception of Wongan Hills (Table 5). Consequently, the
importance of summer fallow management has increased in
Western Australia, and growers and advisors are justified in
expending more time and effort to capture SFR in this region.
Irrespective of the potential impacts of climate change, across all
regions better agronomy leading to higher yielding crops may
leave a legacy of drier soil profiles at harvest potentially
increasing the importance of SFR to overall productivity.

In-crop management to capitalise on SFR

With efforts currently underway to improve fallow efficiency in
many of the regions featured in this study, thought needs to be
given to how increasing the amount of PAW available at the
start of the growing season will interact with other aspects of pre-
and in-crop management. Kirkegaard and Hunt (2010) used
simulation to demonstrate that in the presence of stored soil
water, adjustments to in-crop management (sowing time)
could further increase water productivity beyond levels
currently achieved. The most obvious impact of stored soil
water will be on time of sowing, as emphasised by Fischer
et al. (1990), who found that in southern New South Wales
the probability of being able to sow during the month of April
almost doubled when weeds were controlled during the summer
fallow. The presence of stored subsoil water improves the
chances of early crop establishment in several ways. First, it
allows dry-sowing before ‘breaking’ autumn rains with little risk
of failure due to a ‘false break’. Winter crops can also be
established on soil water stored during the summer fallow
period by sowing deeply using ‘moisture-seeking’ tillage
equipment. Cereal varieties with long coleoptiles (Rebetzke
et al. 2007) provide a genetic complement to such equipment
on more difficult soils, and have potential to significantly
improve productivity in southern Australian farming systems
(Kirkegaard andHunt 2010).Whatever themechanism (moisture
seeking, long coleoptile, polymer films), establishment of crops
at a time optimal for yield potential on stored soil water
independent of autumn rains has potential to significantly
increase water productivity in the face of declining autumn
rains (Verdon-Kidd and Kiem 2009) and unfavourable spring
periods (Kirkegaard and Hunt 2010). Another genetic trait
which might assist in maximising productivity from SFR
stored as soil water is a deeper and more extensive root system
(Lilley and Kirkegaard 2011).

Conclusion

In many grain-growing areas of Australia with winter-dominant
rainfall, SFR can make a significant contribution to attainable
wheat yield. Adoption of management practices to conserve and
better use SFR are likely to lead to increased productivity, WUE
and a large return on investment to farm managers who adopt
them. The most significant benefits are likely in areas such as
central-west New South Wales, the north-east, Wimmera and
Mallee of Victoria, and the Mallee and upper north regions of
South Australia where a high proportion of SFR, higher PAWC
and unreliable seasonal rainfall combine to increase the value of
SFR. In areas such as the high rainfall zones of Victoria, lower
Eyre Peninsula and south-west Western Australia, which have
reliable GSR, a Mediterranean rainfall pattern and/or soils with
low PAWC, the value of SFR to crop production is limited due to
inherent environmental and edaphic constraints. Research into
management factors which seek to improve the capture and
efficient use of SFR should be targeted in areas most likely to
benefit.
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All of the herbicides included in this trial are 
registered for use in fallows in NSW apart 
from product A which is un named. Only 
Alliance and Tordon 75-D are specifically 
registered for fleabane control, however each 
of the remaining herbicides when used to 
control other fallow weeds will provide 
varying levels of control to fleabane. 

Other trials in 2011 have showed the 
importance of residual herbicides at sowing 
to lower the numbers of fleabane germinating 
in winter/spring, and the benefit in cereals 
with late application of 2,4-D. This practice 
was common when mixing with fungicides. 

Please also understand the residual effect of 
herbicides, particularly Tordon 75-D, Ally and 
Lontrel and their requirement for plant back 
periods of sensitive crops.  

Always read product labels, and understand 
that this publication does not favour one 
product over another. 

Key Points 

 

• There were some herbicides that performed 
better control than others as a single pass, 
however no herbicide as a single pass gave 
full control. 

• By adding a double knock, 100% control was 
achieved with most treatments. 

• The rate and choice between the double knock 
products was less important where the first 
pass was >90% successful. 

• Applying the double knock at 11 days after the 
first application was better than 23 days after 
first application. 

• Addition of Uptake spray oil to Roundup and 
Amicide 700 Advanced gave slightly better 
control than when LI700 was used. 

Trial aim 

To compare various commercially registered fallow 
herbicides as a single pass and a double knock, 
and their impact on fleabane. 

Aim to evaluate; 

• Product comparisons as a single pass. 

• Product comparisons and rates as a 
double knock. 

• Importance of timing of double knock. 

• Difference between LI700 and Uptake as 
an adjuvant. 

Trial details 

Soil type: Red Sandy Clay Loam  

Previous crop: Fallow 2011 

Fleabane size: Ranging from 7-20cm in height. 

Water rate: 80L/ha (course droplets) 

Date of first application: 1st November, 2011 

Date of second application: 11th November 

Date of third application: 23rd November 

Treatments 

First pass herbicides 

*1.2L Roundup CT 

*2.0L Roundup CT 

*1.2L Roundup CT + 800ml Amicide Advance 700 
+ 5g Ally 

*1.2L Roundup CT + 800ml Amicide Advance 700 

*1.2L Roundup CT + 850ml LV Estercide 680 

*1.2L Roundup CT + 850ml LV Estercide 680 + 30 
ml Product A * 

*1.2L Roundup CT + High rate Garlon 
Fallowmaster 

*1.2L Roundup CT +  5g Ally 

*1.2L Roundup CT + 120g Lontrel 750 

*1.2L Roundup CT + 700ml Tordon 75-D 

 

All products received 0.3% LI700 adjuvant. Note 
this is not ideal for use with Tordon 75-D. 

 



  

 
*Product A was not registered for use in fallows 
and is hence not named. 
**Amicide Advanced 700 is not yet registered, and 
will replace Amicide 625 and Surpass 475. 

We also compared 0.3% LI700 with 0.5% Uptake 
spray oil in the first pass treatment of Roundup + 
Amicide 700 Advanced. 

Second pass herbicides 

11 Days after first application 

Gramoxone – 1.2 and 2.0L 

Sprayseed – 1.2 and 2.0L  

Alliance – 2.4 and 4.0L 

23 days after first application 

Gramoxone – 2.0L 

Seasonal conditions 

The plants sprayed were all less than 20cm in 
height, and had only germinated in early August. 

They were fresh, however tended to be more 
upright rather than prostrate in this trial. This was 
common in the region, and may be due to the 
cooler conditions in the spring and lower nutrition 
in the paddock following a good crop last year. 

The conditions at spraying was ideal, with slight 
breeze and temperatures below 25 degrees C. 
This was the case with all three spray timings. 

Trial results 

Product comparisons as a single pass 

As seen in figure 1, there were some products that 
worked better than others when controlling 
fleabane. Note that scoring was 28 days after 
application (DAA) of first pass. 

No herbicide as a single pass gave 100% control. 

Roundup alone did not do an acceptable job. 

Roundup plus either 2,4-D Amine, LV Estercide 
and Tordon 75-D were the better performing 
herbicides in this trial. 

Roundup plus Lontrel whilst very slow to act also 
gave adequate control. This was evident at 40DAA 
which is not reported in this trial. 

The addition of Ally improved control, but again 
Ally was very slow acting. 

Effect of the double knock 

In most cases, the double knock applied 11 days 
after the first application gave 100% control. This 
was particularly the case where the first pass gave 
> 90% control (figure 2). 

There was a significant rate effect of the double 
knock, especially when used with products that 
gave <90% control of the first pass. This was 
consistent with all double knock treatments. 

The choice of double knock was less important 
than the rate (figure 3), however there was a trend 
that showed when averaged across all treatments 
Alliance gave better control than Gramoxone 
which gave better control than Sprayseed. 

By delaying the double knock treatment of 2.0L 
Gramoxone from 11 to 23 days, we lost on 
average 4% control across all treatments. 

Effect of adjuvant 

The use of 0.5% Uptake as the adjuvant with 
Roundup + Amicide gave on average 1% better 
control compared with using 0.3% LI700.  

Whilst this result was small, it was visually 
noticeable in the trial in all replications.  

Discussion 

There are a number of outcomes that can be 
taken from this trial. 

Firstly, whilst registrations for controlling fleabane 
are limited, there are some fallow herbicides that  
when used to control other fallow weeds will 
provide >90% control on young fleabane. 

It is important to note that the scoring of control in 
this trial was performed at 28 days after 
application of the first pass. Some products such 
as Lontrel and Ally which are slow acting and 
showed better control after scoring than what was 
reported. 

Secondly, for 100% control it was vital to use a 
double knock. Previous trials and commercial 
experience support this claim. 

The choice of double knock product was less 
important than the rate, where lower rates gave 
lower control, especially when the first pass gave 
< 90% control. In a practical situation achieving 
<90% control may be due to product choice, weed 
size, plant stress and conditions at application. 

Thirdly, the delay of the double knock from 11 to 
23 days resulted in lower control. This is 
supported in many other trials. In a practical 
situation it is difficult to return to a paddock within 
the recommended 7-10 day window, however if 
you cannot you must understand you may be 
compromising the effect the double knock may 
have. Surviving plants commonly reshoot and 
regrow (figure 9). 

Lastly, the use of an oil (in this case Uptake 0.5%) 
gave slightly better control than LI700 0.3%. Again 
this theme is consistent with findings from other 
trials.  



  

It is important to note that the difference was 
small, and the addition of oil to Roundup in some 
cases may affect grass weed control. 

New products of interest 

Also of interest was the addition of a new product 
called Sharpen which is yet to be released by 
Nufarm. This product was applied with Roundup 
Attack (another product yet to be released) at 17 
and 34 g/ha. 

The results were very promising and when 
compared with the other treatments sharpen 
provided much faster brownout, and very good 
weed control on smaller fleabane. 

This product was not included in the trial report as 
it was applied at a later date and hence could not 
be accurately compared. See figure 8. 
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Figure 1: Comparison of products as a single pass (28DAA). 
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Figure 2: Comparisons of products with a double knock of Gramoxone. Note that the trend with both 
Sprayseed and Alliance were similar. 
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Figure 3: Comparison between the double knock treatments averaged across ALL first pass 
treatments. 
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Figure 4: Fleabane plants 28DAA following 1.2L Roundup CT. 

 

 

 

Figure 5: Fleabane plants 28DAA following 1.2L Roundup + 800ml Amicide Advanced 700. 

 

 

 

 



  

Figure 6: Effect of a double knock in a commercial situation. 

 

 

 

 

 

 

 

 



  

Figure 7: Effect of nil weed control (near telegraph pole), single pass (green section) and double knock 
(dead section). 

 

 

Figure 8: Comparison between 34g/ha Sharpen (left) with 800ml Amicide Advanced 700 10DAA 
(right). Both products had 1.5L Roundup Attack + 1% Bonza oil. 

 

 



  

 

Figure 9: Plants that survive the first pass commonly reshoot. This is also the case with late (>25DAA) 
double knock applications. 
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MIXed farMIng  
fact sheet

Mixing livestock with no-till farming
Intensifying cropping and reducing livestock has been a trend as the adoption of 
conservation agriculture has spread. There is a renewed interest in the value of  
livestock as a risk management tool in the wake of escalating crop input costs, climate 
variability and fluctuating commodity prices. resolving the conflicts between livestock  
production and no-till/conservation agriculture is a challenge.

Level 1, Tourism House | 40 Blackall Street, Barton aCT 2600 | PO Box 5367, Kingston aCT 2604 | t. +61 2 6166 4500 | f. +61 2 6166 4599 | e. grdc@grdc.com.au  | w. www.grdc.com.au

KeY POINts

■  Livestock is an important source 
of farm diversification and risk 
management. 

■  Negative impacts of livestock  
on soil structure and surface 
cover must be balanced  
against consumer demands  
and constraints of no-till 
cropping, including weed control 
issues, lack of soil cover and 
disease.

■  Livestock use can be adapted 
to improve integration with 
cropping through rotational 
grazing or livestock removal/
agistment.
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Integration of livestock in 
no-till systems – possible 
pros and cons 

advantages: 
■  non-chemical control of pests 

including herbicide-resistant  
weeds;

■  increased biodiversity in plant and 
soil communities;

■  higher soil organic carbon  
levels;

■  more available nutrients  
(nitrogen); and

■  use of excess crop residues and 
failed crops.

Disadvantages:
■  more labour required for stock 

management and welfare;
■  removal of ground cover during 

grazing, leading to increased 
erosion;

No-till cropping systems – 
possible pros and cons
advantages:
■  improved soil physical  

structure;
■  more timely sowing;
■  improved soil water storage, 

especially at seeding; and
■  full stubble retention enabled by 

narrow points and disc openers, 
precision cropping and controlled 
traffic.

Disadvantages:
■  weed control issues;
■  lack of soil cover;
■  inadequate crop diversity in 

rotations;
■  run-down of soil carbon; 
■  build-up of plant and soil-borne 

disease; and
■  machinery costs.

■  patchiness of livestock impact on 
soil, plants and soil biota;

■  redistribution of nutrients to stock 
camp areas;

■  volatilisation losses associated with 
urine patches;

■  soil compaction from livestock 
movement; and

■  weed redistribution. 

Managing ‘the mix’ 
■  rotational grazing with strict 

minimum ground cover (50 per  
cent to 70 per cent) and/or soil 
condition (especially wetness) 
levels, together with individual 
paddock monitoring; 

■  removal of livestock to sacrificial 
paddocks or confinement feeding 
areas;

■  livestock agistment; and
■  livestock sale.

Grazing management that prevents over-grazing of crop residues is important if the integration of 
livestock and no-till cropping systems is to be successful.

The mixed farming paradox



Table 1 Summary of the impacts of the livestock-pasture system on six environmental and one production 
aspect of no-till cropping systems and estimated changes with management options

Aspect Impact Type
Stock type Stocking rate Grazing management Pasture type

Cattle Sheep Goats Low High Set-stock Rotational Confinement 
or removal* Annual Perennial

Ground cover Removal of 
ground cover, 
trampling, 
erosion risk

Negative - (?) or (?) (?)

Utilisation/
management of 
stubble Positive (?) - (?) - (?)

Soil 
compaction

Decreased pore 
space, increased 
bulk density, 
decreased 
infiltration, 
remoulding

Negative ? - - ? (?)

Soil water Drying of soil 
profile, decrease 
in crop yield

Negative ? ? ? ? ? - ? -

Decreased 
recharge, 
lowering of water 
tables

Positive ? ? ? (?) ? -

Nutrient 
cycling

Redistribution of 
nutrients to stock 
camps 

Negative (?) ? - (?)

Supply of 
nitrogen, 
increased soil 
organic matter, 
increased 
biological activity

Positive - (?)

Pest 
management

Redistribution or 
burial of weed 
seeds, reduction 
in beneficial 
species 

Negative - (?) ?

Control of weeds, 
reduction of 
stubble and soil-
borne diseases

Positive - or

Biodiversity Decreased 
species 
abundance and 
diversity

Negative (?) (?)

Build-up of 
organic carbon, 
greater diversity 
compared with 
crop

Positive - -

Integrating 
crops and 
livestock

Decreased 
timeliness, 
increased 
management 
complexity and 
labour

Negative (?)

Increased 
crop yield, 
increased soil 
nitrogen, pest 
management

Positive (?)

Symbols indicate the impacts of management in a semi-quantitative manner. Upward arrows indicate an increase in the impact, either negative or positive as greatly increasing ( ),  
increasing ( )  or slightly increasing ( ). Downward arrows indicate a decrease in the impact, either negative or positive as greatly decreasing ( ), decreasing ( ) 
or slightly decreasing ( ). A hyphen (-) indicates no effect. (?) indicates uncertain effect or no data. * The impacts of confinement or removal have been assessed assuming that the 
livestock are not run on cropping paddocks at all.



Positive Negative

Use/management of stubble
removal of ground cover

Increased erosion risk caused by tracking and trampling

Management

Use perennial pastures, summer fodder crops and grazing-failed or dual-purpose crops to address feed gaps and maintain 
annual ground cover.

Monitor grazing during summer/autumn to ensure cover levels remain above 50 per cent (1000 kilograms per hectare of dry 
matter for cereal stubbles, 750 kg/ha for dry pastures) to provide surface stability against water erosion.

Use rotational grazing, temporarily remove livestock from areas with insufficient ground cover (to confinement feeding, 
neighbouring paddocks or other farms) or sell livestock to maintain ground cover.

Positive Negative

decreased pore space

Increased bulk density

decreased infiltration

remoulding, pugging

Management

Prioritise maintenance of pasture cover in grazing management decisions since soil physical properties are insensitive to 
stocking rate in the long-term.

Positive Negative

decreased recharge

Lowering of water tables

drying of soil profile

decrease in crop yield

Management

Integration of perennial crops and pastures can potentially improve water use and assist salinity management in mixed 
farming systems, however current options are largely restricted to high rainfall areas.

ground cover and animal production 
– the trade-offs
There are advantages and 
disadvantages associated with the 
integration of livestock into no-till 
cropping systems (Table 1).

a review of livestock impacts on no-till 

systems was conducted by Curtin 
University of Technology (Muresk) and 
the department of agriculture and 
food, Western australia, on behalf of 
the grdC. This examined the effects 

of grazing livestock on ground cover, 
soil compaction, soil water, nutrient 
cycling, pest management, biodiversity 
and crop production. It also discussed 
options for managing these impacts.

Ground cover
grazing of stubbles by livestock in mixed farming enterprises is in direct conflict with stubble retention – an important 
component of conservation farming. Cropping systems that combine reduced tillage and stubble retention aim to provide soil 
cover, aid moisture retention and contribute to organic matter recycling.

soil compaction
Compaction caused by livestock movement is generally restricted to the top five to 15 centimetres of soil and is concentrated 
in gateways, camps and around troughs. Soil compaction by livestock is less widespread and shallower than that caused by 
machinery. Most compaction occurs when livestock trample soils that are wet, lacking in ground cover and/or poorly structured. 

soil water
annual crops and pastures in southern australia do not use out-of-season summer/autumn rainfall. This can lead to episodic 
recharge contributing to secondary dryland salinity. Perennial crops can improve water use and assist salinity management. 
Most commercial perennials for dryland broadacre cropping are pastures.



Positive Negative

Increased supply of nitrogen

More soil organic matter

greater biological activity

redistribution of nutrients to stock camps

Management

employ more intensive grazing management, for example rotational grazing, or use portable electric fencing or virtual fencing 
to create smaller paddocks to control livestock nutrient deposits.

Include a wider range of pasture plants in the diet or use feed supplements. Pastures containing varying levels of secondary 
plant compounds (tannins, terpenes and alkaloids) such as medics and clovers can vary in palatability during their lifespan; 
this causes grazing patterns to be modified. These methods can alter grazing behaviour and the way nutrients are returned to 
the soil in animal urine and faeces. 

Positive Negative

Control of weeds by reducing biomass and controlling seed set

reduction of stubble and crop residues

decrease in soil borne diseases

redistribution or burial of weed seeds

reduction in beneficial invertebrate species

Management

Carefully monitor timing and intensity of grazing; manipulate the range of plant species and develop knowledge to distinguish 
the impacts of grazing on pests and beneficial species.

To prevent the introduction of weed seeds by livestock: uphold crop hygiene including withholding periods of up to 10 days; 
use grazing management to control seed-set or in combination with burning of chaff dumps; and employ good husbandry 
practices such as shearing sheep prior to seed-set.

Positive Negative

Build-up of organic carbon

greater biodiversity compared with cropping
decreased species abundance and diversity compared with 
undisturbed soil

Management

Maintain native perennial grasses in pastures for associated productivity water use and biodiversity benefits. employ more 
targeted use of phosphorus fertiliser when soil tests indicate it is needed to increase productivity. reduce inputs and grazing 
intensity in areas inhabited by high-value native grassland. Maintain connected habitats such as linked shelterbelts to 
encourage beneficial predatory species.

Nutrient cycling
nitrogenous fertiliser use has increased dramatically since the early 1990s, mainly due to the intensification of cropping 
in rotations. escalating nitrogen fertiliser prices are expected to continue and have prompted renewed interest in sourcing 
nitrogen from legumes planted during the pasture-livestock phase of mixed farming.

Pest management
an integrated pest management approach considers chemical, biological, cultural and mechanical control options, including 
grazing, to tackle weeds, invertebrates and diseases in a way that is specific to the climate, environment, pest(s) and farm/
farmer. 

anecdotal evidence suggests control of herbicide-resistant weeds is a major driver for farmers to incorporate livestock in no-till 
cropping systems. 

Biodiversity
Livestock’s impact on biodiversity in rural australia is a combination of the direct effects of grazing animals and the impact of 
changing to a livestock-pasture system.

The key challenge is to encourage contributions that benefit the ecosystem, such as predatory species of crop and pasture 
pests, without compromising farming profitability.



Converting water 
into money – the 
pros and cons
There is a trade-off between income 
and income variability in mixed 
farming systems. 

Crops convert more water into money 
than livestock

Systems with a higher proportion of 
cropping and a lower percentage of 
livestock generate a higher income, 
but also face higher income variability. 
return on assets is more sensitive 
to the proportion of livestock than 
variability in net farm income (figure 
1 a & b).

Higher percentage of cropping = 
higher income

generally net farm income (nfI) and 
return on assets (rOa) increase as 
the proportion of cropping in a mixed 
farming enterprise increases. 

Higher percentage of livestock = 
reduced income variability

Conversely, as the percentage of 
livestock increases in the farming 
system the rOa declines, however 
livestock activities reduce the 
variability of nfI – a phenomenon 
that is most evident where livestock 
contributes more than 15 per cent of 
the income.

do livestock have a 
long-term role in no-
till cropping systems?
The continuation of livestock in most 
mixed farms is likely to be influenced by:
■  higher prices for livestock, 

particularly meat;
■  declining sheep numbers – a 

challenge to growers who wish 
to use livestock opportunistically. 
There are genuine concerns for the 
size and genetic diversity of the 
national flock – a situation that is 
expected to reach a critical level 
within the next five to 10 years; and 

■  if growers are prepared to apply 
the same level of attention to detail 
required for rotational grazing or 
confinement feeding that they 
currently apply to cropping.

Integrating crops and 
livestock 
Increased frequency of rotational 
cropping has seen long pasture leys 
replaced by break crops such as crop 
legumes and oilseeds, increasing the 
need for inputs such as nitrogen fertiliser. 
Threats to continuous cropping from 
herbicide resistance, disease build-up 
and poor break crop productivity have 
subsequently shifted the focus back to 
pastures, grazed or ungrazed. 

One business in South Australia (SA2) had a calculated ROA of 16% as land is leased, so it is not shown on the graph.
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FIGURE 1 a)  The effect of percentage of livestock in the 
total gross margin (TGM) on return on asset (ROA)

FIGURE 1 b)  The impact of percentage of livestock in the 
total gross margin (TGM) on the coefficient of variation of 
net farm income (NFI) for case study mixed-farming 
businesses from Western Australia, South Australia 
and Victoria

Return on assets (%) Coefficient of variation

Impacts of livestock in the system

Positive Negative

Increased crop 
yield

Use of pasture 
legumes to 
increase soil 
nitrogen

Pest 
management

decreased 
timeliness; 
conflicts with 
cropping 
operations

Increased 
management 
complexity and 
labour

Management

Select appropriate pastures that 
will fit into this system and conduct 
a side-by-side assessment of the 
gains/losses compared with grazed 
pastures.

Use dual-purpose crops that can 
be grazed in the early stages of 
grain production in high-rainfall 
zones. further research is required 
to develop varieties for medium and 
low-rainfall areas.

Segregate livestock and cropping 
into separate land management 
units. research is required to 
examine respective impacts on soil 
fertility, production and fertility.
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Disclaimer 
Any recommendations, suggestions or opinions contained in this publication 
do not necessarily represent the policy or views of the Grains Research and 
Development Corporation. No person should act on the basis of the contents of 
this publication without first obtaining specific, independent professional advice. 
The Corporation and contributors to this Fact Sheet may identify products by 
proprietary or trade names to help readers identify particular types of products. 
We do not endorse or recommend the products of any manufacturer referred to. 
Other products may perform as well as or better than those specifically referred 
to. The GRDC will not be liable for any loss, damage, cost or expense incurred 

Useful resources:

■	 Grain and Graze  www.grainandgraze.com.au

■	 Dr james Fisher, Désirée Futures  08 9641 1651, Email james@desireefutures.net.au  

■	 Dr Peter Tozer, PrT Consulting  0418 163 102, Email prt_consulting@live.com.au

■	 Dr Doug abrecht, Department of agriculture and Food Western australia  08 9690 2102, Email doug.abrecht@agric.wa.gov.au

■	 GrDC review of Livestock Impacts on no-Till Systems (2010), Dr james Fisher, Dr Peter Tozer, Dr Doug abrecht 
 www.grdc.com.au/uploads/documents

■	 Dual-purpose crops fact sheet (july 2009) Ground Cover Direct 1800 11 00 44, www.grdc.com.au/bookshop

■	 Pastures from space www.pasturesfromspace.csiro.au

or arising by reason of any person using or relying on the information in this 
publication.

caUTiON: researcH ON UNreGisTereD PesTiciDe Use  

Any research with unregistered pesticides or of unregistered products reported 
in this document does not constitute a recommendation for that particular use by 
the authors or the authors’ organisations. 

All pesticide applications must accord with the currently registered label for that 
particular pesticide, crop, pest and region.
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dual-purpose crops, for grazing and 
grain production, can be a useful 
and profitable means of integrating 
cropping and livestock. 

Intercropping, overcropping or 
companion cropping refers to the 
combination of crops and pastures, 
particularly perennial on the same 
piece of ground, each occurring 
concurrently for at least part of its life 
cycle. 

Cropping – not 
an ‘all-or-nothing’ 
decision
research findings and anecdotal 
evidence suggest that the complete 
removal of livestock from no-till 
cropping systems is often not the best 

approach; that cropping should not be 
an ‘all-or-nothing’ decision for most 
growers.

Long-term economic, environmental 
and social benefits can be achieved 
by exploring ways to minimise 
negative, and accentuate positive, 
aspects of integrating livestock in the 
system. 

Triple-bottom-line gains can be 
realised through:
■  improved management of  

grazing practices and livestock 
production;

■  attention to pasture management;
■  a move away from the ‘stock 

and forget’ approach to sheep 
management; and

■  implementation of precision 
livestock technologies.

Including livestock in the mix – what 
are the key determinants?

determining the ‘fit’ of livestock in a 
no-till cropping system is guided by:
■  the underlying capacity of the land 

and environment combined with the 
relative profitability of cropping and 
livestock;

■  the relative weed burden and the need 
to manage herbicide-resistant weeds;

■  soil sensitivity to damage from 
grazing and trampling;

■  infrastructure; and
■  the farmer’s passion, preference 

and career stage.

To establish the best mix for an individual 
situation, farmers should conduct a 
balanced evaluation of the benefits and 
limitations of each, and how various 
combinations will contribute to overall 
business goals and profitability.

MaNaGeMeNt checKLIst
It is important for growers to understand the key profit drivers 
and agronomic management of a cropping system before 
establishing whether a current system is working. 

■  Establish the proportion of your farm that is profitably arable.

■  Establish the areas of good, average and poor cropping 
land and the likely production range of each over a range of 
seasons, for example, wet, dry, average (based on actual 
historical data to provide worst to best-case scenarios).

■  critique your current weed control program. List all 

management options available to control weeds in the 
absence of pasture (including integration of livestock) then 
ascertain which you would, and would not, use.

■  Develop a picture as to what a crop program looks like 
without a pasture phase in the medium to long-term, that is  
year-in, year-out.

■  When evaluating the options, look at the level of impact on 
weed control, the cost (capital and operating), ease of use 
and understanding, reliability and repeatability, effect on 
capacity (including header capacity, time of sowing, total 
area of crop spraying), and farmer experience. 

 Source: AShLey herbert, FArm conSuLtAnt, WeStern AuStrALiA
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2 Groundcover Monitoring Tool

Published by the Victorian Government Department of Primary
Industries, 2005

Also published on www.dpi.vic.gov.au/science/ems

© The State of Victoria Department of Primary Industries 2005

Disclaimer:
This publication may be of assistance to you but the State of
Victoria and its employees do not guarantee that the publication is
without flaw of any kind or is wholly appropriate for your particular
purposes and therefore disclaims all liability for any error, loss or
other consequence which may arise from you relying on any
information in this publication.

ISBN 1 74146 503 6

Other Monitoring Tools available:

Water (Perenniality and Leakage)
Groundwater salinity
Risk of Phosphorus (P) loss
Nitrogen (N) monitoring
Soil fertility
Soil structure
Soil health
Soil acidity
Subsoil Tool
Livestock (Sheep) IPM
Sustainable livestock carrying capacity
Herbicide resistance
Remnant vegetation (Biodiversity)
Energy efficiency
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GROUNDCOVER MONITORING TOOL

How to use these tools:
The first section of this monitoring gives an introduction to the term groundcover, followed by two
tools to help you monitor groundcover.  The tools contain steps to help guide you through the
processes, plus some simple calculations and tips on how to monitor your current groundcover
situation.

TOOL A: Visual Assessment
TOOL B: Field Assessment - wire and step point method

Introduction

Monitoring is an essential component of developing an Environmental Management System (EMS).
The ‘groundcover monitoring tool’ outlined below has been developed to help farmers and advisers
in southern Australia to measure and understand the importance of groundcover on farms.
Managing groundcover can ensure that soils do not become susceptible to degradation caused by
erosion from wind and water.

The tools allow farmers to assess the current groundcover conditions using a range of different
techniques.  Groundcover assessments are seasonably variable, hence this tool will highlight the
need to consistent monitoring and recording.

The groundcover tool will provide some management techniques to ensure adequate groundcover
throughout the year and will make reference of how this tool can be used in conjunction with the
Sustainable Livestock Carrying Capacity Tool (found at www.dpi.vic.gov.au/science/ems).

What is groundcover?

Groundcover is the amount of plant material (dead or alive) which covers the soil surface.  It is
usually expressed in percentage terms – 100% groundcover means that the soil cannot be seen and
0% groundcover is bare soil.  In most landscapes there is usually some form of groundcover on the
soil surface.  Farming systems have groundcover in the form of annual or perennial pastures or
crops.  Native vegetation areas will also benefit from groundcover assessments, however
management of these areas is quite different to managing introduced species.  See the Remnant
Vegetation Monitoring Tool for further information.  Weeds can be a form of groundcover but they
have obvious effects of a decline in production and raise environmental concerns.

Common scenarios in which groundcover may be reduced is through over grazing, times of
drought, cropping, tilling, poor seed establishment, chemical removal and excessive trafficking.

MONITORING GROUNDCOVER

Groundcover can be estimated visually and through simple field measurements.  The following
monitoring tools will provide a range of different monitoring techniques.  You can decide to use just
one of the tools or both, depending on how you prefer to monitor and how much time you have.

Goal:  To maintain groundcover at a minimum of 70% to prevent soil erosion from wind and water.
Groundcover includes both living and dead plant material and litter.
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TOOL A: VISUAL ASSESSMENT

STEP 1.  Select areas to monitor.

Firstly think about what it is that you are trying to achieve by monitoring groundcover.  Is it to
rehabilitate a known degraded area?  To assess pasture cover for potential increases in animal
carrying capacity?  Or generally to assess the groundcover of the entire property to assess your risk
of soil erosion?  Whatever the reason it is important to record the areas monitored, stating
specifically where the assessments were taken and if possible, marking the areas on a farm map.
This will allow you to assess groundcover over time.

STEP 2.  Decide the time of year when groundcover is at its lowest level.

Groundcover is seasonably variable, therefore it is important to take into consideration the times of
the year that the monitoring has taken place and in some cases it may be advantageous to monitor
twice a year, again recording the dates in which the assessments have occurred.  In southern
Australia groundcover is often at its lowest level prior to the autumn break and therefore this is the
best time to assess the risk of soil loss through erosion.

STEP 3.  Choosing a representative area.

When monitoring it is important to make sure that the areas being assessed are representative of
the entire area, therefore it is a good idea to take a few assessments in the one area to make sure
that you are not unknowingly creating a biased assessment.  The best way to achieve this is to walk
along an imaginary transect line, diagonally across the paddock from post to post, Figure 1 or take
10 steps in one direction then randomly turn and take 10 steps in the other direction, Figure 2.

Figure 1.  Transect Figure 2.  Zig Zag- random

The larger the area, the more assessments you need to take.  Once you have had a quick walk over
the general area, you will begin to understand how variable the groundcover is.  If an area seems
quite uniform, then perhaps 8-10 assessments will give you a good indication of the average
groundcover.  In areas of high variability, take at least 15 or more assessments (depending on the
size of the paddock or area).

Draw your transect roughly on a piece of paper and note approximately where the assessments were
taken, remember to mark on the drawing where North or the top of the paddock to give you a
reference point.  Use a GPS (Global Positioning System) if you have access to this equipment.  This is
not an essential part of the step, but it can add to the rigour of your monitoring, remember it
depends on how much time you have and how you like to monitor.

STEP 4.  Estimate the groundcover.

Make a 30 cm x 30 cm quadrat (square) out of sturdy cardboard or wire.  A quadrat is used to help
focus the eye on a defined area for assessment.

Assessment
points
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Along the pre-determined transect line, see Figures 1 and 2, throw the quadrats out at random and
visually assess the groundcover in the quadrant, comparing it with the photo standards in Appendix
A.  Record the assessments in the pro-forma table provided below.

STEP 5.  Photographic records.

Photographic records can be used in conjunction with the visual assessment as a permanent
reminder of what the pasture cover was like when being assessed.  It is important to take the photos
in the same spot each time and also to ensure that the photos are taken approximately at the same
times of the day, say between the lightest hours of 9am- 3pm.  Always have the sun behind the
camera when shooting and make sure that the date is recorded, if not through the camera function
then on a piece of paper on the ground in the photo shot.

To ensure that the photos have been taken in the same spot, use the rough drawing you may have
developed in step 3, and mark down at which points the photos were taken for future reference.  Try
to take a few photos of the different ranges of cover.  Either file the photos on the computer, if
digital, remembering to name and date the file, or once developed put in an album or scrap book
for future reference, again dating the pictures.

PRO-FORMA SHEET FOR RECORDING GROUNDCOVER ASSESSMENTS.

Assessment
location

Date of
assessment

Transect type
eg, line
transect or
random

Sample no. eg
1, 2, 3 etc.

Percentage
groundcover

Eg: Paddock 10B 12-12-04 Line 1 70%

Eg: Paddock 10B 12-12-04 Line 2 90%



6 Groundcover Monitoring Tool

PRO-FORMA SHEET FOR CALCLUATING AVERAGE GROUNDCOVER ASSESSMENTS.

Averaging the measurements in each area monitored will give you an overall % groundcover figure
for that area.  These can then be compared to other areas of the farm and priority can be made to
the areas of low groundcover % in regards to on ground works.

Average percentage % of all assessments:

Add up all the percentages taken in the same area and divide that by the number of assessments
taken.  Then multiply by 100 to give and average percentage of groundcover for that area.

Eg. Add up the 5 samples taken in paddock 10B:

70%+ 90%+ 40% +70% + 40% = 310%

Then divide the total of the samples by the number of samples taken:

310/5 = 62%

Assessment
location

(Column A)

List samples
taken (%)

(Column B)

Total of
samples taken
(%)

No. of sample
taken

(Column D)

Average
percentage of
groundcover
(%)

Paddock 10B 70, 90, 40, 70,
40

310 5 (C / D) = E

310/5 = 62%

Different levels of minimum groundcover (and herbage mass can also be important) are needed for
different soil types and regions.  Minimum levels for pastures in south-eastern Australia are
suggested to be:

70% for pastures on flat and slightly sloping (<3%) land and on non-erosion prone soils
(moderate-good soils generally).  Herbage mass should be a minimum of 800-1200kg dry matter
(DM)/ha.

80-90% groundcover for lighter, more erosion prone soils and where land is undulating.
Minimum herbage mass should also be 1000-1500kg DM/ha.

90-100% groundcover for steep hill country on light and erosion prone soils (eg slopes of greater
than 10%, granite or light sedimentary soils with low fertility and often high acidity).  Herbage
mass should be a minimum of 1500kg DM/ha.

In areas such as the Mallee and Western Australia, 50% is often used as the minimum groundcover
percentage.  If you have less than the minimum groundcover percentages at the critical time, then
your stocking rate is too high for sustainability.



7 Groundcover Monitoring Tool

Groundcover % figures are given in Appendix A (at the back of the document), ranging from 20-
100% to help you assess your groundcover levels.  (These were supplied by Greg Lodge NSW DPI for
the 20, 40 and 70% levels and for the remainder, Primary Industries South Australia, 1996, Pasture
Pics: easy estimation of pasture dry matter levels, Appila / Bundaleer Pasture Group, Appila, SA.)

TOOL B: FIELD ASSESSMENT - THE WIRE OR STEP POINT METHOD

STEP 1.  Select areas to monitor.

STEP 2.  Decide the time of year when groundcover is at its lowest level.

The first 2 steps of this method are the same as in the Visual Assessment method on page 2.

STEP 3.  Choosing a representative area.

When monitoring it is important to make sure that the areas being assessed are representative of
the entire area. It is a good idea to take a few assessments in the one area to make sure that you are
not unknowingly creating a biased assessment.  For the wire and step point method it is
recommended that you divide the area to be assessed into 4 line transects (use fences posts or
trees to help guide your path along the transect) and sample 25 times at random along the transect.

Figure 3. Transect

STEP 4.  Estimate the groundcover.

Equipment: A painted white nail in the end of your leather boot or

A straight piece of fencing wire that reaches approximately to your shoulder height,
with one end of the wire bent to form a handle

Taking the readings:

1. Hold the wire at arms length and shoulder height, with the tip straight down but not touching
the ground

2. Look straight ahead along your transect line, and take two or more steps along the line
(depending on how long the line is to how many steps you can take).

3. After your second or so step, lower the point of the wire onto the ground or if using the step
point method, just take the steps and then look down.

4. Look down and record the presence (yes) or absence (no) of surface cover directly under the
point of the wire or at the tip of the nail in your boot on the pro-forma sheet below.

5. After recording the result, repeat steps 1-4 until you have recorded 25 sample points along the
transect.

Assessment points-
25 along each
transect line
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Example:  PRO-FORMA SHEET FOR RECORDING GROUNDCOVER ASSESSMENTS WITH WIRE AND STEP
POINT METHOD.

Location: Old school paddock

Sampling Date:: 12/11/04

Transect Surface Cover

Yes No

Eg. 1 IIII   IIII   III IIII   IIII   II

Eg.  2 IIII   IIII   IIII IIII   IIII

Eg.  3 IIII   IIII   IIII IIII   IIII   I

Eg. 4 IIII   IIII   I IIII   IIII   IIII

TOTAL YES  (A) divided by  TOTAL SAMPLES TAKEN –    A / (A+B) = D

Convert to a percentage –  D x 100 = ___%

TOTAL YES  divided by  TOTAL SAMPLES TAKEN –  53 / 100 = 0.53

Convert to a percentage – 0.53 x 100 = 53%

Percentage Cover = 53%

PRO-FORMA SHEET FOR RECORDING GROUNDCOVER ASSESSMENTS WITH WIRE AND STEP POINT
METHOD.

Location:

Sampling Date::

Transect Surface Cover

Yes (A) No (B)

1

2

3

4 Surface Cover

TOTAL YES  (A) divided by  TOTAL SAMPLES TAKEN –    A / (A+B) = D

Convert to a percentage –  D x 100 = ___%

TOTAL  YES  divided by  TOTAL SAMPLES TAKEN –   ____/____= ____

Convert to a percentage – ____ x 100 = ____%

Percentage Cover =   ____ %
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MANAGEMENT TECHNIQUES TO ENSURE ADEQUATE GROUNDCOVER THOUGHOUT THE YEAR

Avoid overgrazing: Stocking rates should be calculated on the amount of available dry matter per
head of stock, refer to the Sustainable Livestock Carrying Capacity tool for instructions on how to
monitor carrying capacity - www.dpi.vic.gov.au/science/ems)

Cropping: Crops need to be managed so that groundcover is provided thorough out the year, as
intense rain and wind events can lead to erosion and degraded soil structure if crop cover is burnt
of buried.  The management option of stubble retention and minimal tillage are the best ways to
ensure maximum groundcover retention, more efficient water use and greatest control of erosion
(DPI QLD).

FURTHER READING

Hunt, N and Gilkes, B (1992) Farm monitoring handbook.  University of Western Australia, Nedlands
Western Australia.

Primary Industries South Australia, 2003, Andrea Francis Rural Solutions SA, Richard Payne DWLBC,
Fact sheet no: 8/01.  Field methods for measuring soil surface cover.

Primary Industries South Australia, 1996, Pasture Pics: easy estimation of pasture dry matter levels,
Appila / Bundaleer Pasture Group, Appila, SA.

Sustainable Grazing Systems Key Program information can be found on the www.mla.com.au
website.  Search Tips & Tools and Fact sheets on the home page.

Land Manager’s Monitoring Guide, CD Version, 2005, Community and Landscape Sciences, Natural
Resource Sciences, Queensland Department of Natural Resources and Mines
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APPENDIX A:

Figure 4: 20% cover

Figure 5: 40% cover
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Figure 6: 50% cover

Figure 7: 80% cover
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Figure 8: 90% cover

Figure 9: 100% cover

Photographs from:
Greg Lodge, NSW DPI – 20% and 40% cover photographs.

Primary Industries South Australia, 1996, Pasture Pics: easy estimation of pasture dry matter levels, Appila /
Bundaleer Pasture Group, Appila, SA - 50, 80 and 100% photographs.
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Summary

This�project�aimed�to�evaluate�the�effect�of�summer�fallow�management�on�soil�water�storage.�A�combination�of
field�experimentation�and�simulation�analysis�was�used�to�quantify�the�effects�of�different�management�practices
and�to�explore�management�strategies.�Control�of�weeds�had�the�greatest�impact�on�soil�water�storage�during
the�fallow�(11�mm�on�average).�In�autumn�and�winter�residue�retention�past�May�1st�was�effective�in�conserving
moisture�(average�9-25�mm�depending�on�residue�levels).�The�findings�have�been�communicated�to�growers�and
advisers.�Fallow�management�strategies�have�been�developed�that�benefit�the�crop�in�drier�years�and�reduce�the
risk�of�deep�drainage�in�wetter�years.

Report�Disclaimer
This�document�has�been�prepared�in�good�faith�on�the�basis�of�information�available�at�the�date�of�publication�without�any�independent�verification.�Grains�Research
&�Development�Corporation�(GRDC)�does�not�guarantee�or�warrant�the�accuracy,�reliability,�completeness�or�currency�of�the�information�in�this�publication�nor�its
usefulness�in�achieving�any�purpose.�Readers�are�responsible�for�assessing�the�relevance�and�accuracy�of�the�content�of�this�publication.�GRDC�will�not�be�liable�for�any
loss,�damage,�cost�or�expense�incurred�or�arising�by�reason�of�any�person�using�or�relying�on�information�in�this�publication.�Products�may�be�identified�by�proprietary
or�trade�names�to�help�readers�identify�particular�types�of�products�but�this�is�not,�and�is�not�intended�to�be,�an�endorsement�or�recommendation�of�any�product�or
manufacturer�referred�to.�Other�products�may�perform�as�well�or�better�than�those�specifically�referred�to.�Check�www.apvma.gov.au�and�select�product�registrations
listed�in�PUBCRIS�for�current�information�relating�to�product�registration.
Copyright
Grains�Research�and�Development�Corporation.�This�publication�is�copyright.�Apart�from�any�use�as�permitted�under�the�Copyright�Act�1968,�no�part�may�be�reproduced
in�any�form�without�written�permission�from�the�GRDC.
Old�Reports
The�subject�matter�in�this�report�may�have�been�revisited�or�may�have�been�wholly�or�partially�superseded�in�subsequent�work�funded�by�GRDC�or�others�(check
completion�date).
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Conclusions

• Weed�management�was�found�to�be�the�most�effective�means�of�conserving�soil�moisture�during�the�summer
fallow�(average�of�11�mm�and�in�26%�of�years�more�than�20mm),�whereas�residue�management�such�as
flattening�of�stubble�(e.g.�with�a�Coolamon�harrow)�had�only�limited�impact�(average�of�4�mm,�77%�of�years�an
effect�of�less�than�5�mm).

• In�autumn�and�winter,�residue�cover�played�a�bigger�role,�reducing�soil�evaporation�quite�effectively�(averaging�9
to�25�mm�for�treatment�effects�from�May�1st�depending�on�residue�levels).

• Because�prolonged�dry�periods�are�quite�common�in�summer,�the�impact�of�weeds�will�normally�only�be
significant�when�rainfall�has�wet�the�soil�to�below�the�evaporation�front�(usually�20-30�cm).

• When�the�aim�is�to�maximise�soil�water�storage,�use�of�herbicide�sprays�can�be�minimised�by�applying�them
tactically�depending�on�depth�of�wetting�of�the�soil�profile.

• While�weed�management�is�effective�in�controlling�soil�moisture�storage�during�summer,�it�is�difficult�to�find�a
balance�between�benefiting�the�crop�and�reducing�the�risk�of�deep�drainage�without�the�early�availability�of
seasonal�rainfall�forecasts.

• Residue�retention�(>1�t/ha)�past�sowing�currently�appears�to�cause�a�relatively�large�increase�in�the�risk�of�deep
drainage�(e.g.�19�mm�for�4�t/ha,�7�mm�for�2�t/ha),�with�limited�benefits�to�the�crop.�However,�if�the�negative
impacts�of�retained�residue�(nitrogen�(N)�immobilisation,�disease,�cold�temperatures)�could�be�alleviated,
the�conservation�of�soil�moisture,�which�is�quite�effective�in�autumn/winter,�could�potentially�benefit�the�crop
significantly�in�dry�years.

Recommendations

Grower�recommendations

• Summer�fallow�management,�and�in�particular�weed�management�can�have�a�large�impact�on�the�amount�of
water�that�is�stored�in�the�soil�during�the�summer�fallow.�In�dry�years,�controlling�weeds�can�be�very�beneficial�to
the�subsequent�crop,�although�in�wetter�years�it�may�contribute�to�a�risk�of�deep�drainage.�Maintaining�residue
cover�after�sowing�does�not�appear�to�benefit�the�crop,�but�does�increase�the�risk�of�deep�drainage�in�wetter
years.�Strategies�included�in�Appendix�C�(Attachment�1)�provide�suggestions�on�how�to�manage�for�different
aims.

Researcher�and�research�investor�recommendations
*�See�"Other�Research�and�Development�Opportunities"�below
Industry�recommendations

• This�project�has�demonstrated�that�summer�fallow�management�can�play�an�important�role�in�regulating�soil
moisture�storage,�either�to�reduce�the�risk�of�deep�drainage,�or�to�benefit�the�crop.�Increasing�farmer�awareness
further�of�the�consequences�of�alternative�managements�of�summer�fallows�will�be�important�if�the�current�run
of�dry�years�continues.�Upon�a�return�to�wetter�climatic�conditions,�farmers�and�advisers�should�also�be�made
aware�of�the�need�to�modify�fallow�management�in�wetter�years�in�order�to�find�a�balance�between�the�risk�of
deep�drainage�and�crop�performance.

Outcomes

Expected�outcome:�Farmers�to�be�more�aware�of�their�ability�to�manipulate�soil�water�through�management�of
summer�fallows�so�they�can�influence�water�conservation�for�increased�crop�production�and�risk�of�deep�drainage.

Economic�outcomes
The�major�economic�benefits�from�this�project�will�arise�from�a�better�understanding�among�growers�and
consultants�of�the�role�of�fallow�management,�and�in�particular�summer�weed�management,�in�providing�the�crop
with�valuable�extra�soil�water�in�dry�years.�After�the�relatively�wet�1990s�when�this�was�not�critical�in�south�eastern
Australia,�growers�and�advisers�in�the�Wagga�Wagga,�Harden,�Young,�and�Junee�region�welcomed�and�valued
information�received�(in�conjunction�with�project�CSP00049)�on�how�to�conserve�soil�moisture�during�the�fallow.
If�climate�change�leads�to�more�prolonged�dry�periods,�increasing�farmer�awareness�of�the�consequences�of
alternative�managements�of�summer�fallows�will�have�significant�benefits�to�the�industry.�This�study�suggests�for
example,�that�appropriate�summer�weed�control�could�result�in�up�to�35�mm�(average�of�11�mm)�of�additional
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stored�water�which�may�result�in�wheat�yield�benefits�of�up�to�1.3�t/ha�of�wheat�(average�0.3�t/ha�for�1960-2006
climate�history).�In�dry�years�this�can�sometimes�be�the�difference�between�harvesting�a�crop�or�not.�These
potential�gains�need�to�be�considered�against�the�potential�increased�risk�of�deep�drainage�in�wetter�seasons�(>
300�mm�growing�season�rain).

Environmental�outcomes
The�project�has�confirmed�that�fallow�management�has�an�important�role�in�regulating�soil�water�storage�and
hence�can�be�used�to�reduce�the�risk�of�deep�drainage�losses�to�groundwater.�Important�determinants�of�the
amount�of�water�stored�under�summer�fallow�have�been�identified.�Upon�a�return�to�wetter�climatic�conditions,
they�can�be�applied�to�increase�farmer�awareness�of�the�need�to�modify�fallow�management�in�wetter�years.
Residue�retention�past�May�1st�has�been�identified�as�a�practice�that�increases�the�risk�of�deep�drainage�quite
significantly�(average�effect�19�mm�for�4�t/ha�residue�cover),�especially�in�years�with�above�average�growing
season�rainfall�(GSR).�A�tactical�approach�to�management�decisions�that�balances�between�the�risk�of�deep
drainage�and�crop�performance�would,�however,�rely�quite�heavily�on�early�growing�season�rainfall�forecasts,
something�not�yet�available.

Achievement/Benefit

Background�and�aims
Successful�control�of�deep�drainage�under�agricultural�systems�requires�careful�management�of�all�factors
affecting�the�water�balance�in�order�to�maintain�an�appropriate�target�soil�water�storage�buffer�and�maximise
the�chances�of�storing�water�from�large�rainfall�events�within�the�root�zone.�Soil�water�monitoring�on�farms�in
the�vicinity�of�Wagga�Wagga,�New�South�Wales�(NSW)�(GRDC�project�CSO197;�LWA�project�CDS20)�showed
on�a�few�occasions�that�the�way�surface�residue�and�weeds�were�managed�during�the�summer�fallow�period
could�have�a�large�effect�on�the�amount�of�water�stored�in�the�profile�and�the�amount�of�deep�drainage�during�the
subsequent�growing�season.

Sometimes�stored�soil�moisture�may,�however,�constitute�a�significant�proportion�of�the�water�needed�for�crop
growth.�This�is�particularly�so�in�drier�climates�and�in�the�northern�wheat-belt�with�its�summer�dominated�rainfall.
Traditionally,�less�importance�has�been�placed�on�stored�soil�water�in�the�wetter�climates�of�south�eastern
Australia.�The�series�of�dry�seasons�since�2001�has,�however,�re-focussed�attention�on�water�conservation�due�to
some�dramatic�impacts�on�crop�response�attributed�to�management-related�differences�in�stored�water.

The�aims�of�this�project�were,�therefore,�to�(1)�quantify�the�effects�of�different�fallow�management�practices�on�soil
water�storage�for�a�range�of�different�rainfall�patterns,�and�(2)�develop�fallow�management�strategies�that�minimise
deep�drainage�without�detrimentally�affecting�the�subsequent�crop�by�limiting�water�availability.

Achievements
This�project�has�improved�the�understanding�of�soil�water�dynamics�during�the�summer�fallow�and�the�impacts�of
different�management�through�a�combination�of�field�experimentation�and�simulation�analysis�for�a�Red�Kandsol
near�Wagga�Wagga.

• In�particular�the�project�has�established�that:
weed�management�is�important�relative�to�residue�management�for�fallow�moisture�storage,�and

• residue�cover�has�a�surprisingly�large�impact�on�water�storage�in�the�late�autumn/winter�months.

The�project�has�shown�the�interactions�of�fallow�management�with�rainfall�patterns�and�possible�ways�that�soil
water�monitoring�might�be�used�in�decision�making.�Fallow�management�principles�have�been�developed�but
drought�conditions�prevented�adequate�validation�and�were�not�conducive�to�promoting�techniques�to�minimise
deep�drainage.�The�main�project�findings�are�described�briefly�below.�Further�details�are�provided�in�Appendices
A�and�B�(Attachment�1),�which�include�referenced�Figures�and�Tables.�Appendix�B�also�provides�details�of�project
contributions�to�the�further�development�and�testing�of�the�Agricultural�Production�Systems�simulator�(APSIM)
model�used�for�the�simulations.

(1)�Relative�importance�of�weed�control�and�surface�residue�management�during�summer
During�the�very�dry�summers�of�2003-04�and�2004-05�management�impacts�on�soil�water�storage�were
negligible.�In�the�2005-06�trial,�weed�control�(on�average�22�mm�saved)�was�more�important�to�water
conservation�than�flattening�of�stubble�(e.g.�with�a�Coolamon�harrow�-�no�effect);�harvesting�of�straw�caused�an
average�loss�of�10�mm�moisture�(see�Table�A1�for�details).
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The�limited�effect�of�flattening�of�the�stubble�on�soil�evaporation�losses�was�confirmed�by�experiments�with
weighing�lysimeters.�Treatment�differences�were�generally�only�observed�for�a�brief�period�after�large�rainfall�events
and�reversed�after�a�few�days�so�that�the�cumulative�difference�in�evaporation�just�prior�to�sowing�was�at�most
3-4�mm�(see�Fig.�A1).

Simulations�using�46�years�of�historical�climate�data�(1960-2006)�confirmed�that�strict�summer�fallow�weed
control�was�the�most�effective�way�to�increase�soil�water�storage�with�a�higher�average�effect�on�sowing�soil
moisture�(+�11�mm)�than�flattening�of�stubble�(+�4�mm),�and�a�more�frequent�occurrence�of�larger�effects�of�>
20�mm�(26%�of�years).�The�effect�of�controlling�weeds�could�be�as�large�as�35�mm�extra�soil�water�storage�at
sowing,�although�this�would�depend�on�weed�density�and�rooting�depth.

Maintaining�a�stubble�cover�as�opposed�to�harvesting�straw�was�predicted�to�increase�soil�water�storage,�with�the
magnitude�of�the�effect�rapidly�increasing�the�longer�residue�reduction�(e.g.�burn)�was�delayed�(average�gain�+10
mm�if�maintained�until�mid-April,�+13�mm�until�end�of�April,�and�+20�mm�until�sowing�(conditional�upon�rainfall
between�1�May�and�15�June).

(2)�Impact�of�rainfall�distribution
An�analysis�of�the�effect�of�rainfall�amount�and�distribution�on�the�simulated�fallow�management�impacts
demonstrated�the�following:

• If�a�rainfall�event�is�followed�by�a�dry�period,�soil�evaporation�under�stubble�can�catch�up�to�that�with�less
stubble�cover,�minimising�its�cumulative�effect.�Therefore,�flattening�stubble�had�a�bigger�impact�on�water
conservation�in�years�with�rainfall�distributed�over�several�events�(e.g.�1973,�2001)�rather�than�in�large�single
events�(e.g.�2002,�2003).

• In�years�with�very�high�summer�rainfall�(>�300�mm,�e.g.�1989,�1994)�residue�effects�were�minimised�due�to�full
wetting�up�of�the�profile.

• Due�to�the�frequent�occurrence�of�prolonged�dry�spells�during�summer,�weeds�generally�only�have�an�impact
when�rainfall�events�are�large�enough�to�wet�the�soil�below�the�evaporation�zone�and�weed�roots�reach�this
depth.�Therefore,�the�biggest�effects�of�weed�control�were�achieved�when�summer�weeds�emerged�following
large�rainfall�events�early�in�the�summer�fallow�(e.g.�1971).�Summers�dominated�by�smaller�rainfall�events�or
those�with�late�germinating�rain�(e.g.�1999)�benefited�less�from�weed�control.

• In�very�dry�summers�(2004,�2005)�management�impacts�on�soil�water�storage�were�generally�negligible.
• The�total�amount�of�rainfall�between�harvest�and�sowing�on�its�own�was,�however,�not�a�good�predictor�of�the

benefits�of�weed�control�because�of�carry�over�of�late�rainfall�from�previous�cropping�seasons�(e.g.�summers�of
1967,�1986,�2006).

(3)�Impacts�on�yield�and�drainage
In�2006�crop�growth�responded�to�the�small�differences�in�stored�soil�moisture�(around�0.4�t/ha�biomass,�see
Table�A1),�but�unfortunately�the�crop�had�to�be�aborted�due�to�the�continuing�drought.�It�could�not�be�determined
whether�these�differences�were�translated�into�yield�effects.�In�the�simulations�the�average�wheat�yield�benefit�from
the�extra�stored�water�was�0.3�t/ha,�but�depended�on�growing�season�rainfall�and�distribution�(up�to�1.3�t/ha).

The�differences�in�soil�moisture�storage�at�sowing�due�to�fallow�management�could�result�in�drainage�effects�as
large�as�40-50�mm,�but�the�average�effect�was�much�lower�(around�7�mm�for�difference�created�by�weed�control,
10�mm�for�difference�created�by�harvesting�of�straw).

(4)�Strategies�for�summer�fallow�weed�control
Strategies�for�maximising�yield

• To�maximise�benefits�of�summer�water�storage�to�the�subsequent�crop,�strict�weed�control�should�be�adopted.
• The�number�of�sprays�can�be�reduced�by�spraying�only�when�a�rainfall�event�has�wet�the�soil�below�the

evaporation�zone�(20-30�cm).�On�the�Red�Kandosols�around�Wagga�Wagga,�about�20�mm�of�moisture�can�be
conserved�from�a�wetting�event�to�60�cm.

• The�depth�of�wetting�from�a�rainfall�event�will�depend�very�much�on�antecedent�soil�moisture,�rainfall�intensity,
and�soil�type.�Measurements�of�soil�water�status�should�be�taken�as�these�integrate�the�effects�of�all�these
factors.�The�use�of�simple�soil�moisture�sensors�has�been�explored�elsewhere�(Bond�2006a,b).�They�measure
soil�water�potential�and�can�identify�wetting�and�drying�events.

Strategies�for�minimising�deep�drainage
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• To�minimise�the�risk�of�summer�water�storage�contributing�to�deep�drainage,�spraying�of�summer�weeds�should
be�delayed�as�long�as�possible.�But�spraying�should�be�carried�out�before�setting�seed�with�enough�time�left�for
their�control�prior�to�sowing�of�the�winter�crop.

• Spraying�could�potentially�be�carried�out�on�the�basis�of�whether�the�subsoil�(>80�cm)�is�wet�or�not�(e.g.�with
soil�water�potential�sensors�as�above),�but�the�simulations�suggest�this�has�limited�predictive�skill.�The�biggest
factor�determining�whether�the�stored�moisture�leads�to�deep�drainage�is�the�amount�of�growing�season�rainfall.
Improved�seasonal�climate�forecasts�that�have�predictive�skills�from�summer�would�be�helpful,�but�are�not�yet
available�due�to�a�"predictability�barrier"�(McIntosh�et�al.�2007).

(5)�Impact�of�residue�retention�in�autumn�and�winter�(past�sowing)
The�lysimeter�experiments�showed�that�a�4�t/ha�residue�cover�past�sowing�(early�and�mid�June)�could�reduce
evaporation�losses�by�approximately�10�mm�in�2005�(see�Fig.�A2)�and�15�mm�in�2006.�Simulations�suggest�that
residue�retention�past�May�1st�(opening�of�sowing�window)�can�reduce�soil�evaporation�losses�by�up�to�45�mm,
depending�on�residue�levels�and�rainfall�patterns�(see�Table�B2�for�details).�Residue�levels�of�at�least�2�t/ha�would
be�required�to�conserve�amounts�of�more�than�5�mm.�At�4�t/ha�the�average�evaporation�reduction�was�predicted
to�be�25�mm.

While�soil�moisture�is�conserved,�benefits�to�yield�are�predicted�to�be�surprisingly�small,�and�in�wetter�growing
seasons�(>300�mm)�even�negative�(e.g.�Fig.�B1).�This�appears�to�be�due�to�decomposition�of�the�residue�causing
nitrogen�immobilisation.�These�simulation�results�match�experimental�findings�summarised�by�Kirkegaard�(1995),
who�listed�lowered�temperatures�and�disease�problems�in�residue�retained�systems�as�other�potential�negative
impacts�on�crop�vigour.

In�years�with�above�average�growing�season�rainfall�(>318�mm),�simulations�suggest�that�the�soil�moisture
conserved�by�residue�retention�is�largely�lost�in�deep�drainage,�except�if�the�soil�below�40-50�cm�was�dry�(drier
than�-200�kPa)�at�the�end�of�April.�The�overall�average�drainage�increase�was�19�mm�for�4�t/ha�and�7�mm�for�2�t/
ha�residue�cover.

(6)�Strategies�for�residue�retention

• To�maximise�benefits�for�the�crop,�residue�cover�should�be�maintained�as�long�as�possible�during�autumn,�but
only�retained�past�sowing�if�potential�negative�impacts�such�as�nitrogen�immobilisation�can�be�managed.�In
years�with�below�average�growing�season�rainfall�this�may�increase�yield�potential.

• To�minimise�the�risk�of�deep�drainage,�residue�retention�should�be�avoided�as�much�as�possible�and�residue
loads�reduced�to�1�t/ha�or�less,�unless�required�for�other�purposes�(e.g.�erosion�control).

• If�negative�impacts�of�retained�residue�on�crop�vigour�can�be�managed,�there�may�be�value�in�deciding
on�residue�retention�past�sowing�tactically�on�the�basis�of�seasonal�climate�forecasts�and�soil�water
measurements,�e.g.�reducing�the�residue�load�to�1�t/ha�or�less�when�growing�season�rainfall�is�predicted�to�be
above�average�and�the�soil�below�40-50�cm�is�wetter�than�-200�kPa.�Due�to�the�drought�in�recent�years,�this
approach�has�not�yet�been�tested.

• It�should�also�be�noted�that�the�confidence�with�which�this�tactical�approach�can�be�applied,�depends�very
much�on�the�predictive�skill�of�the�rainfall�forecast.

Benefits�to�industry
This�work�has�confirmed�that�fallow�management�can�play�an�important�role�in�regulating�soil�moisture�storage.
It�can�either�be�used�to�benefit�the�crop�or�to�reduce�the�risk�of�deep�drainage.�The�project�has�contributed�to�a
greater�awareness�of�the�key�elements�of�fallow�management�that�can�make�a�difference�in�soil�moisture�storage.
Presentations�on�fallow�management�during�drought�conditions�were�conducted�at�GRDC�Adviser�Updates
(Wagga�Wagga�Feb�2007)�and�follow�up�pre-season�grower�talks�(both�in�conjunction�with�project�CSP00049).

In�south-eastern�Australia�where�soil�moisture�conservation�now�appears�critical�in�the�drier�years,�but�deep
drainage�still�a�risk�in�wetter�years,�it�will�be�important�to�adopt�a�tactical�approach�to�fallow�management.�Some
strategies�have�been�proposed�as�part�of�this�project�(see�above�and�Appendix�C)�including�the�use�of�soil
moisture�measurements,�e.g.�using�soil�water�sensors�developed�as�part�of�project�CSO0004�(Bond�2006a,b),
to�determine�the�soil�water�status�of�soils�and�avoid�uncertainties�of�predicting�amounts�of�water�infiltration,
evaporative�losses�and�weed�transpiration.

Further�information
Bond�WJ�(2006a)�Soil�water�measurements�at�the�2005�Marrar�Grazing�Wheat�Trial.�CSIRO�Land�and�Water
Science�Report�7/06.
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Bond�WJ�(2006b)�Soil�water�sensors�for�managing�deep�drainage.�CSIRO�Land�and�Water�Science�Report�49/06.
Kirkegaard�JA�(1995)�A�review�of�trends�in�wheat�yield�responses�to�conservation�cropping�in�Australia.�Aust.�J.
Exp.�Agric.�35,�835-848.
McIntosh�PC�et�al.�(2007)�Seasonal�climate�forecasts�for�agriculture:�Towards�better�understanding�and�value.
Field�Crops�Res.�104,�130-138.

Other�Research

As�weed�growth�was�limited�in�the�field�experiments�due�to�drought�conditions,�the�simulations�assumed�generic
weeds�at�a�fixed�density�(15�plants/m2).�In�discussing�project�results�with�farmers�their�questions�often�revolved
around�the�type�of�weeds�and�densities.�It�was�felt�that�the�model�was�not�sensitive�enough�to�give�answers
to�such�questions.�Further�work�would�be�warranted�to�determine�the�relationship�of�soil�moisture�storage�to
type�and�density�of�weeds.�Strategies�sensitive�to�these�issues�should�be�established.�These�should�incorporate
knowledge�about�weed�growing�cycles,�timing�of�seed�setting,�ease�of�removal,�and�the�impact�of�grazing�the
weeds.�Further�work�is�also�needed�on�the�effect�of�fallow�management�on�nitrogen�(N)�dynamics.�The�interaction
of�surface�residue�with�soil�nitrogen�dynamics�in�residue�retained�systems�needs�attention�as�well�as�quantification
of�the�uptake�of�N�by�summer�weeds�and�the�dynamics�of�its�release�upon�decay�of�its�residues.�Drought
conditions�prevented�this�from�happening�during�the�course�of�this�project.�Quantification�of�disease�risks�from
residue�retention�or�keeping�a�'green�bridge'�during�the�summer�fallow�would�also�be�important.

The�project’s�concepts�and�strategies�could�benefit�from�further�work�on�incorporating�soil�water�measurements
(using�simple�and�cheap�sensors)�into�management�decision-making.

Tactical�management�could�be�greatly�improved�if�appropriate�seasonal�climate�forecasts�were�available.�For
summer�fallow�management�(e.g.�spraying�of�weeds)�or�residue�retention�decisions,�these�forecasts�would�have
to�be�available�in�summer�or�early�autumn�and�extend�for�six�to�nine�months.�Currently�seasonal�rainfall�forecasts
have�limited�predictive�skill�prior�to�July.

The�current�project�has�provided�an�understanding�of�factors�that�determine�water�conservation�from�fallow
management,�based�on�analyses�for�a�Red�Kandosol�in�the�Wagga�Wagga�region.�The�principles�underlying
the�fallow�management�strategies�will�hold�for�other�soils�and�climates,�but�the�relative�effects�may�change.
The�project�results�form�a�good�platform�for�subsequently�analysing�the�opportunities�from�different�fallow
management�strategies�in�other�grain�growing�areas,�e.g.�through�application�of�further�simulation�analysis.

Additional�Information

The�following�are�attached:
Attachment�1

Appendices�from�original�CSO232�Final�Report
Appendix�A:�Experimental�treatment�effects
Appendix�B:�Model�development�and�simulated�effects�of�fallow�management
Appendix�C:�Towards�fallow�management�strategies

Attachment�2

Fallow�management�affects�the�risk�of�deep�water�loss�(paper�4th�International�Crop�Science�Congress)

Attachment�3

Increasing�the�options�for�managing�the�risk�of�deep�drainage�losses�(paper�GRDC�Updates�Wagga�Wagga�Feb
2004)

Attachment�4

Fallow�management,�water�storage�and�wheat�yield�in�southern�NSW�(paper�GRDC�Updates�Wagga�Wagga�Feb
2007)

More�recent�research�is�being�undertaken�in�project�CSP00111�(The�National�Water�Use
Efficiency�Initiative);�see�also:
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(http://www.csiro.au/science/Water-Use-Efficiency.html).
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a  b  s  t  r  a  c  t

In  a  worldwide  context  of  agricultural  intensification,  cropping  systems  in Mediterranean-type  environ-
ments  have  been  reducing  the  frequency  of long-fallow  in a shift  to  continuous  cropping.  The focus  of
this  paper  is the  short  summer  fallow  between  successive  winter  grain  crops  in  environments  of  South
Australia  with  winter-dominant  rainfall.  Our  aims  were  to (i)  estimate  wheat  yield  response  to  summer
rainfall,  (ii)  explain  yield  responses  in terms  of  capture  and  efficiency  in the  use of  radiation  and  water,
(iii)  explore  the  incidence  of the  amount  and disposition  of  stubble  on  storage  of  summer  rainfall,  and
(iv) assess  the  interaction  between  summer  rainfall  and  nitrogen  supply.  We  used  trickle  irrigation  to
manipulate  summer  water  supply  in  two  factorial  experiments  combining  water  and  stubble  treatments,
and  three  factorials  combining  water  and  nitrogen  supply.

Addition  of 50–100  mm  of water  increased  soil  water  content  at sowing  between  8  and  46 mm  com-
pared  to controls  that only  received  the background  summer  rainfall  (10–74  mm).  Yield  gain  from
additional  water  input  in  summer  declined  from  1.1  t ha−1 to zero  when  the  yield  of controls  increased
from  2.0  to 7.8  t ha−1. Where  yield  response  was  related  to a  single  resource,  water  or  nitrogen,  capture  of
radiation  and  water  were  major  drivers  of  growth  and  yield  response.  Where  yield  response  was  related
to the  interaction  between  water  and  nitrogen,  both  capture  and  efficiency  in the use  of  resources  were
important.  Amount  (0–5  t ha−1) and  disposition  of  stubble  (standing  or  flat)  did not  affect  the amount  or
distribution  of water  in  soils,  and  had  no  effect  on  grain  yield.

High  nitrogen  rate  was  critical  to  capture  the  benefits  of  additional  summer  water  and  reciprocally  high
water supply  was  required  to capture  the  benefits  of  nitrogen  fertilisation;  this  highlights  the  resource  co-
limitation  for  wheat  production  in  these  environments.  In  a water  ×  nitrogen  factorial,  crops  with  either
low  nitrogen  or no  additional  summer  water  supply  had  radiation  use  efficiency  ∼1.6  g MJ−1,  biomass
per  unit  evapotranspiration  ∼33  kg ha−1 mm−1 and  yield  per  unit  evapotranspiration  ∼15  kg  ha−1 which
increased  to  1.9 g  MJ−1, 40 kg ha−1 mm−1 and  18  kg  ha−1 mm−1 in  crops  with both  additional  water  and
high  nitrogen.
Across  experiments  and  treatments,  grain  number  accounted  for  88%  of the  variation  in yield.  Grain
number  was  proportional  to crop growth  rate  between  stem  elongation  and  anthesis;  crops  with  high
nitrogen  produced  116  ±  5.0  grains  per  unit  crop  growth  rate  and  their  low  nitrogen  counterparts  99  ±  4.6.
Building  evidence  from  Mediterranean  environments  worldwide  highlights  the  importance  of  grain  num-
ber as the  main  source  of  variation  in  yield  and  therefore  the  critical  period  between  stem  elongation
and  anthesis  where  both  water  and  nitrogen  supply  are  critical.

© 2011 Elsevier B.V. All rights reserved.
. Introduction
Aschmann (1973) highlighted the concentration of rainfall in
he winter half year (May to October in the southern hemisphere)

∗ Corresponding author. Fax: +61 8 83039717.
E-mail address: victor.sadras@sa.gov.au (V.O. Sadras).

161-0301/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.eja.2011.09.001
as the most distinctive element of the Mediterranean climate, and
proposed 65% of annual rainfall in this period as a boundary in his
definition. Agricultural regions of south-eastern and south-western
Australia conform to this criterion (Gentilli, 1971; Sadras et al.,

2003b; Williamson, 2007). Rainfall during the wheat growing sea-
son is associated with frontal events from mid-latitude depressions
whereas rainfall in the summer half year is associated with tropical
cyclones (Gentilli, 1971). Summer rain in southern Australia “is not

dx.doi.org/10.1016/j.eja.2011.09.001
http://www.sciencedirect.com/science/journal/11610301
http://www.elsevier.com/locate/eja
mailto:victor.sadras@sa.gov.au
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ery frequent, but when it comes it may  reach almost any part of
he mainland” (Gentilli, 1971).

Many studies reported effects of long fallow (>6 months) on
ater storage and cereal yield in winter-rainfall environments

Schultz, 1971; French, 1978a, 1978b; Amir et al., 1991; O’Leary and
onnor, 1997a, 1997b; Moret et al., 2006). The efficiency of water
torage by long fallows is generally low and the yield gains small.
he low marginal benefit from long fallow together with local and
lobal factors including scarcity of agricultural land have driven
hese systems to continuous cropping (Rischkowsky et al., 2004;
adras and Roget, 2004; Ryan et al., 2009). This paper focuses on
he short summer fallow between harvest and sowing of successive
rops.

Agronomic practices such as weed control and stubble man-
gement aim at capturing and conserving soil water (Kirkegaard
nd Hunt, 2011). Scarcity of quantitative measures of the benefits
f summer rainfall, however, precludes cost-benefit evaluation of
hese practices. Kirkegaard et al. (2007) and Lilley and Kirkegaard
2007) combined field experiments and modelling to quantify the
esponse of wheat yield to stored water in southern New South

ales, a transition region from winter to summer rainfall (Sadras
nd Rodriguez, 2007; Williamson, 2007). On a deep (>2 m)  red Kan-
osol wetted to 1.35 or 1.85 m,  growth differences developed after
nthesis and yield differences were fully accounted for by grain size.
here treatments included shallower wetting, i.e. 0.85–1.65 m,

nd water deficit developed before anthesis, differences in yield
ere related to grains per head and grains per m2 (Kirkegaard et al.,

007).
Improvement in the capture and storage of water derived from
illage and stubble management depends on soil type, rainfall pat-
ern and evaporative demand (Schultz, 1971; French, 1978a, 1978b;
ncerti et al., 1993; Cantero-Martinez et al., 1995; Gregory et al.,

able 1
ummary of experiments. Experiment 1 was conducted in 2009, and Experiments 2–5 in
ither  wheat stubble (Exp. 1–2) or nitrogen treatments (Exp. 3–5).

Exp. Location Water treatments 

1 Hart Control: background rain (10 mm)  

33◦ 45′ S +50 mm:  background rain + 50 mm in 1 event at Feb 1
138◦ 26′ E +100 mm:  background rain + 100 mm in 1 event at Feb

2  Hart Control: background rain (74 mm)  

33◦ 45′ S 100 mm/1: background rain + 100 mm in 1 event at Fe
138◦ 26′ E 100 mm/2: background rain + 100 mm in 2 events at F

100  mm/3: background rain + 100 mm in 3 events at F
Mar  22

3  Hart Control: background rain (74 mm)  

33◦ 45′ S +100 mm:  background rain + 100 mm at Feb 12 

138◦ 26′ E 

4  Roseworthy 34◦ 31′S, Control: background rain (34 mm)  

138◦ 41′E +100 mm:  background rain + 100 mm at Feb 23 

5  Spalding Control: background rain (41 mm)  

33◦ 30′ S 138◦ 36′ E +100 mm:  background rain + 100 mm at Mar  24 

Experiment 3 was  established on 2.4 t ha−1 standing wheat stubble, Experiment 4 on 2
owing.
Differential nitrogen treatments were established at late tillering in experiments 3–5. Tw
he  beginning of the experiments (range 93–140 kg N ha−1) and 11–18 kg N ha−1 applied a
Rain between a. sowing and stem elongation, b. stem elongation and anthesis, c. anthesi
ronomy 36 (2012) 41– 54

2000; Monzon et al., 2006; Moret et al., 2006; Kirkegaard and
Hunt, 2011). Modelling by Gregory et al. (2000) indicated that
the scope for reducing soil evaporation with stubble mulch was
greatest with frequent rainfall, low evaporative demand and clay
soils and least with sporadic rainfall, high evaporative demand and
sandy soils. Measurements in the Mallee of SE Australia showed
minor gains in water storage attributable to stubble retention
in long-fallow periods, with no advantage in crop yield (Incerti
et al., 1993). Greater and more consistent responses to stubble
retention were reported for the Wimmera region, which is wet-
ter and has heavier soils than the Mallee (Cantero-Martinez et al.,
1995).

Yield gains associated with storage of water from summer rain-
fall depend on many factors including the effects of preceding crop
(e.g. soil borne diseases, residual water and nitrogen in soil), subsoil
nutrient toxicities and deficiencies that constraint water uptake,
and amount and pattern of seasonal rainfall (Sadras et al., 2003a,
2004; Rodriguez et al., 2006; Lilley and Kirkegaard, 2007). Short-
age of nitrogen may  also limit the yield benefit of stored soil water
because organic matter in soils of Mediterranean regions is gen-
erally low and the risk associated with uncertain seasonal rainfall
prevents high rates of fertiliser (Sadras, 2002; Sadras and Roget,
2004; Ryan et al., 2009); wheat yield is often co-limited by water
and nitrogen in these environments (Sadras, 2004, 2005; Cossani
et al., 2010).

The aims of this study are to: (i) estimate wheat yield responses
to summer rainfall in a Mediterranean-type environment, (ii)
explain yield responses in terms of capture and efficiency in the
use of resources, (iii) explore the incidence of the amount and

disposition of stubble on the storage of summer rainfall, and
(iv) assess the interaction between summer rainfall and nitrogen
supply.

 2010. All experiments included the factorial combination of water treatments and

Stubble A or N treatmentsB Sowing date RainC (mm)

Bare ground: stubble removed 8th May  a.129
1 Stubble 1: 2 t ha−1 standing b.26

 11 Stubble 2: 2 t ha−1 flat c.111
Stubble 3: 5 t ha−1 flat d.266

Bare ground: stubble removed 3rd June a. 132
b 1 Stubble: 2.4 t ha−1 standing b. 88
eb 1 and Mar  1 c. 90
eb 1, Mar  1, d. 310

Low N: 20 kg N ha−1 3rd June a. 132
High N: 70 kg N ha−1 b. 88

c. 90
d. 310

Low N: 0 kg N ha−1 3rd June a. 85
High N: 160 kg N ha−1 b. 149

c.  37
d. 271

Low N: 0 kg N ha−1 6th May  a.112
High N: 100 kg N ha−1 b.167

c.163
d.442

 t ha−1 canola stubble and Experiment 5 on 8.6 t ha−1 wheat stubble burnt before

o sources of nitrogen common to all treatments include soil inorganic nitrogen at
s DAP at sowing. No attempt was made to quantify other sources of nitrogen.
s and maturity, and d. sowing and maturity.
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Fig. 1. Amount of rainfall received in small (≤5 mm) or large (>5 mm)  events as a
function of total rainfall between January 1 and March 31 in five experiments in

T
P

a

V.O. Sadras et al. / Europ

. Method

.1. Crops and treatments

We  used wheat cv Gladius, a locally adapted variety, in all exper-
ments. Experiments 1 and 2 focused on the influence of stubble
n the capture of summer rainfall and experiments 3–5 investi-
ated the interaction between summer rainfall and nitrogen supply
Table 1). The experimental sources of variation were combined in
actorial experiments in a block design with three replicates; each
eplicate was 5 × 6 m in exp. 1, 7 × 11.5 m in exp. 2, 7 × 5.5 m in
xp. 3, 7 × 6 m in exp. 4 and 3 × 10 m in exp. 5. Summer water sup-
ly was manipulated using trickle irrigation; to ensure uniformity,
rickle lines with holes 0.30 m apart were placed along the rows at

 distance of 0.23 m between lines.

.2. Environments

Table 2 summarises physical and chemical properties of soils
hich ranged from sandy loam to loam. Considering that harvest
ay  occur well into December and that rain shifts from cyclonic

o frontal in autumn (Gentilli, 1971), we defined a summer rain-
all window between January 1 and March 31. For this period,
ig. 1 shows the long term and actual rainfall patterns during the
xperiments. Daily rainfall and solar radiation were obtained from
he closest (between 5 and 45 km from the experiment) Bureau of

eteorology stations, i.e. Snowtown (experiments 1–3), Rosewor-
hy (experiment 4) and Spalding (experiment 5).

.3. Measurements and calculations

Phenology was monitored weekly using the scale of Zadoks et al.
1974). We measured shoot biomass from samples taken around
tem elongation (GS31), anthesis (GS65) and maturity (GS94); sam-
le size was 0.36 m2 in experiment 4, and 0.45 m2 in the other
xperiments. Yield and yield components were derived from matu-
ity samples. Grain protein was obtained using near infra red
nalysis of the harvested grain samples with the FOSS Infratec 1231
n-farm analyser (Hillerød, Denmark).

In experiment 2, we  measured soil water content gravimetri-
ally at sowing. In all the other experiments soil water content was
easured periodically on one access tube per replicate to a depth of
–1.2 m using a capacitance probe calibrated for each soil (Diviner
000, Senteck Technologies, Magill, Australia). Evapotranspiration
as calculated as a function of changes in soil water content and

ainfall; flat terrain and dominance of small rainfall events allow

able 2
hysical and chemical soil characteristics in five experiments in South Australia.

Experiment Soil layer (cm) Particle size distribution (%) 

Sand Silt C

1–3 0–20 75 7 1
20–40  64 13 2
40–60  58 14 2
60–80  54 15 3
80–100  50 15 3

4  0–20 76 9 1
20–40  70 11 1
40–60  67 10 2
60–80  68 12 2
80–100  68 8 2

5  0–20 56 22 2
20–40  53 21 2
40–60  41 19 4
60–80  58 12 2
80–100  48 19 3

Electrical conductivity.
comparison to long-term records. Exps 1–3 at Hart, Exp. 4 at Roseworthy and Exp.
5  at Spalding, South Australia.

for the assumptions of negligible deep drainage and runoff (Sadras,
2003). Water use efficiency was calculated as the ratio between
shoot biomass or grain yield and evapotranspiration.

Periodically during the season we measured photosynthetically
active radiation (PAR) interception with a ceptometer (AccuPAR LP-

80; Pullman, Washington, USA) at three positions in each replicate.
Polynomials were fitted to describe the dynamics of fractional PAR
interception with ontogeny; daily PAR interception was derived
from daily fractional interception from fitted curves and total solar

EC (dS m−1)a pH (CaCl2) B (mg  kg−1)

lay

8 0.128 8.0 2.4
3 0.126 8.0 2.5
8 0.157 8.0 3.7
1 0.403 8.2 14.9
4 0.510 8.3 22.6
5 0.138 8.0 1.2
9 0.128 8.1 1.1
3 0.123 8.1 1.4
0 0.149 8.0 2.4
4 0.199 8.1 4.3
2 0.281 5.8 0.6
6 0.187 7.0 0.6
0 0.318 7.2 1.3
9 0.198 7.2 1.3
3 0.211 8.0 1.3
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Fig. 2. Seasonal dynamics in the profiles of soil water content (mm per 0.1 m layer)
in  plots that received nil (control), 50 or 100 mm summer rainfall in addition to
the background rainfall of 10 mm (experiment 1). Data were pooled across stubble
treatments, as ANOVA indicated no effects of stubble or stubble × water interaction.
Effect of water treatment from ANOVA: *P < 0.05, **P < 0.01 and ***P < 0.0001.
4 V.O. Sadras et al. / Europ

adiation assuming a PAR: solar radiation ratio of 0.5 (Trápani et al.,
992). Radiation use efficiency was calculated as the ratio between
hoot biomass and intercepted PAR.

Analysis of variance was used to assess the effects of the
xperimental sources of variation, i.e. water supply and stubble
experiments 1–2), water and nitrogen supply (experiments 3–5)
nd their interactions, on crop response variables.

. Results

.1. Experiment 1

.1.1. Stubble effects
Stubble treatments did not affect (P > 0.05) soil water content,

ntercepted radiation, evapotranspiration, resource use efficiency,
rowth or grain yield; data were therefore pooled across stubble
reatments for the following analyses.

.1.2. Dynamics of soil water
Fig. 2 shows the profiles of soil water and Table 1 the rainfall

uring key phases of the experiment. At sowing, plots that received
00 mm additional water in summer had 46 mm more soil water
han controls, and plots that received 50 mm had 22 mm more
oil water than controls; water stored below 0.5 m in the profile
ccounted for most of the differences between treatments. At stem
longation, additional water was reduced to 19 and 8 mm,  respec-
ively; water stored below 0.9 m in the profile accounted for most
f these differences. At anthesis, differences between treatments in
oil water content were only detectable below 1 m.  There was little
r no apparent uptake of water below 1 m between anthesis and
aturity.

.1.3. Growth, capture and efficiency in the use of radiation and
ater

Table 3 shows shoot dry matter and its components capture of
AR and radiation use efficiency, and evapotranspiration and water
se efficiency. Additional water supply enhanced crop growth rate
etween sowing and stem elongation (P < 0.0001) and between
tem elongation and anthesis (P < 0.05) but not between anthe-
is and maturity (P = 0.93). Significant increases in early water
se and growth were detected in crops with additional subsoil
oisture and this early, water-driven increase in growth rate
as reflected in larger biomass at stem elongation, anthesis and
aturity. Additional water supply enhanced PAR interception and

vapotranspiration with undetectable effects on radiation use effi-
iency, biomass per unit evapotranspiration and grain yield per unit
vapotranspiration.

.1.4. Grain yield and grain protein
Table 3 shows the effect of summer water supply on yield and

ield components. Crops grown with 50 or 100 mm additional
ater produced an additional 0.5 t grain ha−1 in comparison to

ontrols. Shoot biomass, number of heads and number of grains
ccounted for this increase in yield. Summer water supply did not
ffect harvest index, grain size or grain protein concentration, that
veraged 12.4%.

.2. Experiment 2

In experiment 1, about 50% of the additional summer water sup-
ly was stored in the soil at sowing time. This high storage efficiency

ay  have been related to the application of water in a single event.

o explore for the effect of the size and frequency of wetting events,
n experiment 2, we applied 100 mm of water in 1, 2 or 3 events
Table 1).
3.2.1. Soil water at sowing
Soil water content at sowing was unaffected by stubble (P > 0.13)

or stubble × water interaction (P > 0.27), hence data were pooled
across stubble treatments (Fig. 3). Watered plots had 29 mm more
water at sowing than controls; water stored below 0.6 m accounted
for most of this difference. Plots that received 100 mm of additional
water in one event had more water below 0.6 m than those watered

in two or three events (Fig. 3).
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Table 3
Shoot dry matter, yield components, capture and efficiency in the use of PAR and water of wheat crops grown with background summer rainfall (control), or additional 50
or  100 mm in summer (experiment 1). RUE is radiation use efficiency, ET is evapotranspiration. P from ANOVA indicates effect of water treatment.

Variable Stage or period Control +50 mm +100 mm P

Shoot dry matter Stem elongation 1500 ± 49.4 1792 ± 70.9 2073 ± 107.6 0.0001
(kg  ha−1) Anthesis 4990 ± 172.4 6112 ± 266.7 6279 ± 190.4 0.0008

Maturity 6113 ± 134.2 7206 ± 163.1 7515 ± 239.6 0.0001
Yield  (kg ha−1) Maturity 2644 ± 80.4 3169 ± 99.0 3176 ± 98.4 0.0005
Harvest index 0.43 ± 0.01 0.44 ± 0.01 0.42 ± 0.00 0.17
Head  number (m−2) 220 ± 7.7 254 ± 8.5 263 ± 10.8 0.0015
Grain  number (m−2) 6185 ± 199.4 7420 ± 256.5 7433 ± 233.8 0.0008
Grain  size (mg) 42.5 ± 0.37 42.8 ± 0.38 42.8 ± 0.43 0.90
Protein (%) 12.5 ± 0.16 12.6 ± 0.16 12.1 ± 0.14 0.12
PAR  interception Stem elongation – anthesis 210 ± 1.4 225 ± 1.2 230 ± 1.9 0.0001
(MJ  m−2) Anthesis – maturity 231 ± 5.3 251 ± 4.0 268 ± 5.7 0.0001

Stem elongation – maturity 441 ± 5.9 476 ± 4.4 498 ± 6.6 0.0001
RUE Stem elongation – anthesis 1.66 ± 0.077 1.92 ± 0.109 1.83 ± 0.085 0.16
(g  MJ−1) Anthesis – maturity 0.49 ± 0.103 0.45 ± 0.145 0.47 ± 0.112 0.96

Stem elongation – maturity 1.05 ± 0.039 1.14 ± 0.040 1.10 ± 0.057 0.43
ET  Sowing – stem elongation 101 ± 2.2 114 ± 1.7 129 ± 1.6 0.0001
(mm) Stem elongation – anthesis 81 ± 2.2 86 ± 1.5 85 ± 2.2 0.090

Anthesis – maturity 107 ± 1.5 113 ± 1.4 121 ± 2.1 0.0001
Sowing – maturity 289 ± 2.1 313 ± 3.4 336 ± 44 0.0001

Biomass ET−1 Sowing – stem elongation 15.0 ± 0.6 15.5 ± 0.7 15.2 ± 0.8 0.84
(kg  ha−1 mm−1) Stem elongation – anthesis 43.4 ± 2.2 50.6 ± 3.6 50.1 ± 2.8 0.14
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.2.2. Growth, capture and efficiency in the use of radiation
Radiation use efficiency between anthesis and maturity

ncreased from 1.43 ± 0.083 g MJ−1 in crops where stubble was
emoved to 1.72 ± 0.093 g MJ−1 in crops with stubble (P = 0.05).
ummer water supply did not affect shoot growth, PAR interception
r radiation use efficiency (Table 4).

.2.3. Grain yield and grain protein
Yield related traits and grain protein were unaffected by stub-

le or water × stubble interaction. Across stubble treatments, yield,
ield components and grain protein of control crops were statisti-
ally undistinguishable from those in crops grown with 100 mm
dditional water applied in one, two or three events (Table 4).

.3. Experiment 3
.3.1. Dynamics of soil water
Analysis of variance showed no effect of nitrogen supply or

itrogen × water interaction on soil water content, hence data were
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ig. 3. Soil water content (mm  per 0.1 m layer) at sowing in plots that received nil
control) or 100 mm water in 1, 2 or 3 events in addition to the background rainfall
4  mm (experiment 2). Data were pooled across stubble treatments, as ANOVA indi-
ated no effects of stubble or stubble × water interaction. Effect of water treatment
rom ANOVA: *P < 0.05, ***P < 0.001.
 2.3 9.3 ± 3.5 10.7 ± 2.6 0.92
 0.6 22.8 ± 0.6 22.4 ± 0.9 0.23
 0.3 10.0 ± 0.4 9.5 ± 0.4 0.24

pooled across nitrogen treatments (Fig. 4). At sowing, plots with
100 mm additional water in summer had 30 mm more soil water
than controls, and differences were detected in the 0.2–0.4 m layer
and below 0.6 m.  Differences between watered and control plots
were 19 mm at stem elongation, 9 mm at anthesis and negligible at
maturity.

3.3.2. Growth, capture and efficiency in the use of radiation and
water

Table 5 shows shoot dry matter and its components capture of
PAR and radiation use efficiency, and evapotranspiration and water
use efficiency. Additional water supply in summer increased shoot
dry matter at stem elongation and anthesis, when effects of nitro-
gen and water × nitrogen interaction were not significant. Shoot
dry matter at maturity was  affected by all three sources of varia-
tion: nitrogen did not affect dry matter in controls and additional
water did not increase dry matter in crops with low nitrogen. Only
the combination of additional water supply and high nitrogen rate
was effective in increasing shoot dry matter at maturity.

Additional water supply increased PAR interception between
stem elongation and anthesis and to a lesser extent between
anthesis and maturity. Water supply did not affect radiation
use efficiency. A significant effect of nitrogen supply and nitro-
gen × water interaction was  detected for radiation use efficiency
between stem elongation and anthesis: additional water reduced
radiation use efficiency from 1.73 to 1.20 g MJ−1 in crops with
low nitrogen, and increased radiation use efficiency from 1.42 to
1.83 g MJ−1 in crops with high nitrogen. The water × nitrogen inter-
action was also significant between stem elongation and maturity,
when the crop with both additional water and high nitrogen rate
had the highest radiation use efficiency of 1.89 g MJ−1.

A significant water × nitrogen effect on evapotranspiration
between sowing and stem elongation was detected: additional
water increased evapotranspiration by 8 mm in crops with low
nitrogen compared to 20 mm under high nitrogen. This effect did
not persist in later stages. Averaged across nitrogen treatments,

additional water supply increased seasonal evapotranspiration
from 355 mm in controls to 383 mm in crops with additional water.
Additional summer water supply increased biomass per unit ET
between sowing and stem elongation, the effect waned between
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Table 4
Shoot dry matter, yield components, PAR interception and radiation use efficiency (RUE) of wheat crops grown with background summer rainfall (control), or additional
100  mm in summer applied in 1, 2 or 3 events (experiment 2). P from ANOVA indicates effect of water treatment.

Variable Stage or period Control +100 mm,  1 event +100 mm,  2 events +100 mm,  3 events P

Shoot dry matter Stem elongation 1418 ± 105.0 1583 ± 154.5 1437 ± 183.5 1391 ± 146.8 0.82
(kg  ha−1) Anthesis 5279 ± 412.2 5965 ± 743.7 5826 ± 370.8 5263 ± 294.0 0.64

Maturity 10239 ± 669.3 11821 ± 716.4 11097 ± 753.5 10747 ± 288.2 0.44
Yield  (kg ha−1) Maturity 4867 ± 274.9 5369 ± 303.6 5182 ± 347.2 5021 ± 127.6 0.68
Harvest index 0.48 ± 0.005 0.46 ± 0.005 0.47 ± 0.005 0.47 ± 0.011 0.27
Head  number (m−2) 314 ± 38.8 330 ± 19.5 306 ± 11.2 310 ± 7.4 0.88
Grain  number (m−2) 11430 ± 567.8 13019 ± 541.0 12051 ± 841.8 11686 ± 318.0 0.35
Grain  size (mg) 42.07 ± 0.55 42 ± 0.42 43 ± 0.40 42 ± 0.55 0.83
Protein (%) 12.52 ± 0.11 13 ± 0.29 12.55 ± 0.17 12.42 ± 0.07 0.96
PAR  interception Stem elongation – anthesis 278 ± 4.7 292 ± 9.0 281 ± 9.7 276 ± 3.7 0.52
(MJ  m−2) Anthesis – maturity 320 ± 7.7 336 ± 11.9 336 ± 5.9 333 ± 6.4 0.47

Stem  elongation – maturity 598 ± 10.7 627 ± 19.7 617 ± 15.5 609 ± 7.8 0.57
RUE  Stem elongation – anthesis 1.39 ± 0.128 1.48 ± 0.182 1.56 ± 0.105 1.40 ± 0.063 0.74
(g  MJ−1) Anthesis – maturity 1.54 ± 0.193 1.76 ± 0.182 1.56 ± 0.113 1.65 ± 0.081 0.71
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Stem  elongation – maturity 1.47 ± 0.105 

tem elongation and anthesis and disappeared between anthe-
is and maturity. Between anthesis and maturity, however, there
as a significant interaction between water and nitrogen supply:

dditional summer water supply increased the biomass: evapo-
ranspiration ratio in high nitrogen crops and diminished the ratio
n low nitrogen crops. The water × nitrogen interaction affected
oth seasonal biomass per unit ET and grain yield per unit ET:
itrogen supply only improved ratios in crops with additional sum-
er  water and summer water supply only increased ratios in high

itrogen crops.

.3.3. Grain yield and grain protein
Yield, shoot dry matter at maturity and grain number were

ll affected by water supply, nitrogen rate and their interaction
Table 5). In crops with high nitrogen supply, additional water input

ncreased yield from 5.6 to 7.2 t ha−1. No effect of water supply

as observed at low nitrogen rate and no effect of nitrogen rate
as recorded in controls with no additional water supply. Simi-

ar patterns were found for shoot biomass at maturity and grain

able 5
hoot dry matter, yield components, capture and efficiency in the use of PAR and wate
00  mm in summer in a factorial combination with two  nitrogen rates (experiment 3). RUE
W),  nitrogen (N) and interaction (×) effect.

Variable Stage or period Control, low N Contr

Shoot dry matter Stem elongation 1678 ± 137.6 1521
(kg  ha−1) Anthesis 6206 ± 357.4 6655

Maturity 12291 ± 308.5 11799
Yield  (kg ha−1) Maturity 5782 ± 52.5 5638
Harvest index 0.42 ± 0.01 0.42
Head  number (m−2) 351 ± 13.0 346
Grain  number (m−2) 13027 ± 280.7 13758
Grain  size (mg) 42.7 ± 0.94 39.3
Protein (%) 12.8 ± 0.27 13.0
PAR  interception Stem elongation – anthesis 296 ± 3.3 292
(MJ  m−2) Anthesis – maturity 351 ± 2.0 363

Stem  elongation – maturity 647 ± 4.1 655
RUE  Stem elongation – anthesis 1.53 ± 0.06 1.77
(g  MJ−1) Anthesis – maturity 1.73 ± 0.19 1.42

Stem  elongation – maturity 1.64 ± 0.08 1.57
ET  Sowing – stem elongation 137 ± 2.0 129
(mm)  Stem elongation – anthesis 141 ± 8.0 152

Anthesis – maturity 75 ± 2.4 76
Sowing  – maturity 353 ± 7.4 357

Biomass ET−1 Sowing – stem elongation 12.2 ± 0.84 11.7
(kg  ha−1 mm−1) Stem elongation – anthesis 32.2 ± 1.32 33.8

Anthesis – maturity 80.9 ± 5.98 68.1
Sowing  – maturity 34.9 ± 1.63 33.0

Yield  ET−1 (kg ha−1 mm−1) Sowing – maturity 15.9 ± 0.49 15.3
1.63 ± 0.073 1.56 ± 0.098 1.54 ± 0.036 0.63

number. Grain size decreased with high nitrogen rate. Both harvest
index and grain protein were unresponsive to all three sources of
variation.

3.4. Experiment 4

3.4.1. Dynamics of soil water
Between the establishment of water treatments and sowing,

water supply was the only source of experimental variation in soil
water, hence data were pooled across nitrogen treatments (Fig. 5a
and b). At sowing, plots that received 100 mm additional water in
summer had significantly more water than controls between 0.5
and 0.8 m;  the difference over the whole profile was only 8 mm
(Fig. 5b). During the season, the soil water profile was affected
by all three sources of variation (Fig. 5c–e). The soil profile was

consistently drier under crops with a high rate of nitrogen in rela-
tion to their low nitrogen counterparts, particularly at ∼ 0.8 m.  This
nitrogen effect was stronger in plots with additional water than in
controls (Fig. 5 f–h vs. i–k).

r of wheat crops grown with background summer rainfall (control), or additional
 is radiation use efficiency, ET is evapotranspiration. P from ANOVA indicates water

ol, high N +100 mm,  low N +100 mm, high N PW PN P×

 ± 152.4 1988 ± 20.3 2286 ± 141.3 0.003 0.59 0.11
 ± 243.3 7765 ± 270.2 8591 ± 753.5 0.005 0.20 0.69

 ± 536.3 12192 ± 466.7 15558 ± 72.6 0.002 0.006 0.001
 ± 213.1 5680 ± 212.3 7170 ± 188.6 0.004 0.006 0.002

 ± 0.00 0.42 ± 0.00 0.42 ± 0.01 0.47 0.40 0.93
 ± 4.6 313 ± 15.4 424 ± 12.7 0.14 0.003 0.001

 ± 782.3 12802 ± 651.7 17063 ± 465.7 0.029 0.003 0.016
 ± 0.97 42.5 ± 0.72 40.2 ± 0.53 0.71 0.008 0.55
 ± 0.45 13.1 ± 0.03 12.9 ± 0.35 0.76 0.92 0.61

 ± 9.5 312 ± 1.6 319 ± 1.5 0.003 0.73 0.29
 ± 10.7 370 ± 3.5 385 ± 13.5 0.052 0.18 0.91
 ± 17.8 682 ± 4.2 704 ± 13.6 0.007 0.23 0.57

 ± 0.09 1.85 ± 0.07 1.97 ± 0.26 0.11 0.26 0.71
 ± 0.12 1.20 ± 0.20 1.83 ± 0.24 0.75 0.44 0.040
 ± 0.03 1.50 ± 0.08 1.89 ± 0.03 0.18 0.028 0.005

 ± 1.1 145 ± 1.9 149 ± 2.7 0.0001 0.44 0.015
 ± 2.9 155 ± 2.8 157 ± 3.1 0.085 0.20 0.40

 ± 2.3 80 ± 2.6 82 ± 0.9 0.016 0.40 0.68
 ± 2.9 379 ± 6.6 389 ± 0.8 0.0005 0.23 0.60

 ± 1.09 13.7 ± 0.18 15.3 ± 0.84 0.014 0.52 0.24
 ± 1.75 37.4 ± 1.58 39.9 ± 4.73 0.072 0.46 0.87
 ± 6.63 56.0 ± 10.87 84.4 ± 7.52 0.61 0.36 0.03
 ± 1.38 32.2 ± 2.89 40.0 ± 0.42 0.15 0.06 0.008
 ± 0.55 14.5 ± 0.75 18.0 ± 0.50 0.29 0.04 0.008
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in  plots that received nil (control) or 100 mm water in summer in addition to the
b
t
t

3
w

P
u
d
w

P

ackground rainfall of 74 mm (experiment 3). Data were pooled across nitrogen
reatments, as ANOVA indicated no effects of nitrogen or nitrogen × water interac-
ion. Effect of water treatment from ANOVA: *P < 0.05, ***P < 0.01 and ***P < 0.0001.

.4.2. Growth, capture and efficiency in the use of radiation and
ater

Table 6 shows shoot dry matter and its components capture of
AR and radiation use efficiency, and evapotranspiration and water
se efficiency. Additional water supply in summer increased shoot

ry matter at anthesis. Dry matter at maturity was unaffected by
ater and nitrogen supply and their interaction.

Irrespective of water treatment, high nitrogen increased
AR interception between anthesis and maturity, and this
ronomy 36 (2012) 41– 54 47

effect contributed to increased PAR interception over the stem
elongation-maturity period. Radiation use efficiency did not
respond to the experimental sources of variation.

There was a statistically significant but small increase in evap-
otranspiration associated with additional water supply between
stem elongation and anthesis. For the sowing to maturity period,
additional water supply increased evapotranspiration by 5–14 mm
in relation to controls. Biomass per unit evapotranspiration was
unaffected by water, nitrogen and their interaction. In the period
anthesis-maturity, however, this ratio was unusually high (e.g.
86 kg ha−1 mm−1 for the control, high nitrogen treatment) and
errors were also large. This suggests that evapotranspiration was
underestimated in the sandy soils of this trial, where water uptake
might have been important beyond the depth (1 m) used in our
calculations.

3.4.3. Grain yield and grain protein
Yield, shoot dry matter at maturity, harvest index, head and

grain number and grain protein were unaffected by water and
nitrogen supply (Table 6). Grain size increased with additional
water supply and decreased with high nitrogen supply (Table 6).

3.5. Experiment 5

3.5.1. Dynamics of soil water
Analysis of variance showed no effect of nitrogen supply or

nitrogen × water interaction on soil water content, hence data were
pooled across nitrogen treatments (Fig. 6). At sowing, plots that
received 100 mm additional water in summer had 34 mm more soil
water than controls, and differences were more marked in the top
0.7 m.  Rainfall between sowing and stem elongation was 112 mm.
At stem elongation, additional water was  reduced to 17 mm;  water
stored below 0.6 m in the profile accounted for most of the dif-
ference between treatments. Rainfall was 168 mm  between stem
elongation and anthesis and 162 mm between anthesis and matu-
rity. This rainfall contributed to the lack of detectable difference in
the profiles of soil water at anthesis and maturity.

3.5.2. Growth, capture and efficiency in the use of radiation and
water

Experimental sources of variation had no effect on radiation use
efficiency or biomass per unit evapotranspiration (Table 7). High
nitrogen supply increased yield per unit evapotranspiration from
11.4 to 15.1 kg ha−1 mm−1 in crops with additional supply of water,
and from 12.0 to 17.0 kg ha−1 mm−1 in controls (Table 7).

3.5.3. Grain yield and grain protein
Yield, shoot dry matter at maturity, head and grain number

increased with increasing nitrogen supply and were unaffected
by water supply or water × nitrogen interaction (Table 7). Grain
size increased with additional water supply in summer and
decreased with high nitrogen supply (Table 7). Both harvest index
and grain protein were unresponsive to all three sources of
variation.

3.6. Patterns across experiments

The partitioning of seasonal evapotranspiration among three
stages, i.e. sowing to stem elongation, stem elongation to
anthesis, and anthesis to maturity, varied among experiments
but was  remarkably stable across water and nitrogen treatments
(Fig. 7). Consistently with the stable fraction of water use after
anthesis, harvest index was  unaffected by treatments in all five

experiments (Tables 3–7). Grain number accounted for 88% of
the variation in yield (Fig. 8a). Grain number was proportional to
crop growth rate between stem elongation and anthesis (Fig. 8b)
and proportional to dry matter at anthesis (r = 0.70, P < 0.0005).
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Table 6
Shoot dry matter, yield components, capture and efficiency in the use of PAR and water of wheat crops grown with background summer rainfall (control), or additional
100  mm in summer in a factorial combination with two nitrogen rates (experiment 4). RUE is radiation use efficiency, ET is evapotranspiration. P from ANOVA indicates water
(W),  nitrogen (N) and interaction (×) effect.

Variable Stage or period Control, low N Control, high N +100 mm,  low N +100 mm,  high N PW PN P×

Shoot dry matter Stem elongation 993 ± 238.2 852 ± 146.4 977 ± 247.2 912 ± 106.2 0.91 0.61 0.85
(kg  ha−1) Anthesis 10684 ± 466.2 9259 ± 480.5 11464 ± 223.9 11024 ± 979.8 0.068 0.16 0.44

Maturity 13619 ± 939.0 13054 ± 667.7 13291 ± 818.4 13718 ± 962.8 0.85 0.94 0.58
Yield  (kg ha−1) Maturity 5819 ± 233.1 5413 ± 86.0 6053 ± 385.9 5778 ± 359.0 0.33 0.28 0.83
Harvest index 0.43 ± 0.014 0.42 ± 0.023 0.46 ± 0.004 0.42 ± 0.004 0.29 0.13 0.45
Head  number (m−2) 413 ± 66.0 397 ± 43.7 337 ± 11.7 374 ± 21.3 0.27 0.82 0.54
Grain  number (m−2) 14569 ± 1364.5 16306 ± 846.7 14259 ± 139.0 16403 ± 1203.4 0.92 0.090 0.84
Grain  size (mg) 39.0 ± 1.79 32.9 ± 1.62 45.2 ± 0.91 35.0 ± 0.59 0.014 0.0003 0.16
Protein (%) 10.5 ± 0.32 14.4 ± 1.47 10.6 ± 0.52 14.0 ± 0.46 0.83 0.002 0.80
PAR  interception Stem elongation – anthesis 440 ± 17.9 451 ± 11.5 432 ± 8.8 446 ± 4.1 0.57 0.30 0.88
(MJ  m−2) Anthesis – maturity 275 ± 7.5 310 ± 5.9 262 ± 4.4 298 ± 6.7 0.083 0.001 0.88

Stem  elongation – maturity 716 ± 23.2 761 ± 15.5 693 ± 13.2 745 ± 10.7 0.27 0.018 0.87
RUE  Stem elongation – anthesis 2.22 ± 0.239 1.86 ± 0.116 2.43 ± 0.084 2.26 ± 0.192 0.11 0.16 0.60
(g  MJ−1) Anthesis – maturity 1.07 ± 0.515 1.23 ± 0.252 0.70 ± 0.396 0.90 ± 0.139 0.36 0.62 0.95

Stem  elongation – maturity 1.76 ± 0.065 1.60 ± 0.044 1.78 ± 0.139 1.72 ± 0.106 0.52 0.28 0.61
ET Sowing – stem elongation 88 ± 4.5 85 ± 0.7 88 ± 0.4 96 ± 4.8 0.15 0.43 0.13
(mm)  Stem elongation – anthesis 134 ± 1.9 135 ± 1.1 140 ± 1.1 137 ± 1.4 0.024 0.63 0.21

Anthesis – maturity 42 ± 2.3 45 ± 2.0 43 ± 1.0 46 ± 0.9 0.61 0.13 0.94
Sowing – maturity 264 ± 2.6 265 ± 1.4 270 ± 1.8 279 ± 4.1 0.006 0.11 0.22

Biomass ET−1 Sowing – stem elongation 11.1 ± 2.10 10.0 ± 1.67 11.1 ± 2.77 9.6 ± 1.16 0.92 0.52 0.90
(kg  ha−1 mm−1) Stem elongation – anthesis 72.4 ± 5.60 62.2 ± 3.17 75.1 ± 1.62 73.9 ± 7.37 0.18 0.28 0.39

Anthesis – maturity 73.5 ± 36.52 86.0 ± 19.97 41.6 ± 22.62 58.7 ± 8.15 0.25 0.55 0.92
Sowing – maturity 53.1 ± 3.16 50.7 ± 2.83 50.5 ± 2.78 50.5 ± 2.81 0.65 0.68 0.16

Yield  ET−1 (kg ha−1 mm−1) Sowing – maturity 22.9 ± 0.67 21.2 ± 0.36 23.2 ± 1.27 21.5 ± 0.98 0.75 0.099 0.97

Table 7
Shoot dry matter, yield components, capture and efficiency in the use of PAR and water of wheat crops grown with background summer rainfall (control), or additional
100  mm in summer in a factorial combination with two nitrogen rates (experiment 5). RUE is radiation use efficiency, ET is evapotranspiration. P from ANOVA indicates water
(W),  nitrogen (N) and interaction (×) effect.

Variable Stage or period Control, low N Control, high N +100 mm,  low N +100 mm,  high N PW PN P×

Shoot dry matter Stem elongation 1138 ± 162.1 1170 ± 63.5 1115.6 ± 64.5 1527 ± 166.3 0.22 0.11 0.167
(kg  ha−1) Anthesis 8164 ± 840.8 11270 ± 697.8 8830.4 ± 1179.3 9505 ± 773.0 0.56 0.067 0.210

Maturity 11595 ± 486.8 17031 ± 884.8 11772.1 ± 793.0 16090 ± 1927.9 0.75 0.003 0.642
Yield  (kg ha−1) Maturity 4791 ± 196.4 7039 ± 387.1 4835.5 ± 246.6 6780 ± 819.1 0.83 0.002 0.759
Harvest index 0.41 ± 0.002 0.41 ± 0.002 0.41 ± 0.007 0.42 ± 0.002 0.42 0.247 0.245
Head  number (m−2) 374 ± 4.6 539 ± 43.9 351 ± 31.7 484 ± 55.3 0.35 0.005 0.690
Grain  number (m−2) 10400 ± 397.6 16124 ± 1289.6 10101 ± 555.5 14860 ± 1966.0 0.54 0.003 0.704
Grain  size (mg) 45.8 ± 0.40 43.2 ± 0.98 47.0 ± 0.47 45.5 ± 0.67 0.029 0.015 0.465
Protein (%) 11.1 ± 0.64 11.2 ± 0.23 12.1 ± 0.86 11.3 ± 0.52 0.43 0.60 0.463
PAR  interception Stem elongation – anthesis 339 ± 18.4 409 ± 5.3 341 ± 4.5 395 ± 7.5 0.58 0.0004 0.442
(MJ  m−2) Anthesis – maturity 367 ± 17.7 542 ± 27.9 381 ± 2.1 541 ± 20.5 0.75 0.0001 0.707

Stem  elongation – maturity 706 ± 36.1 951 ± 31.5 722 ± 2.6 935 ± 20.3 0.98 0.0001 0.554
RUE  Stem elongation – anthesis 2.06 ± 0.212 2.47 ± 0.167 2.25 ± 0.332 2.03 ± 0.189 0.61 0.71 0.211
(g  MJ−1) Anthesis – maturity 0.96 ± 0.278 1.06 ± 0.128 0.77 ± 0.132 1.23 ± 0.456 0.96 0.36 0.546

Stem  elongation – maturity 1.49 ± 0.114 1.67 ± 0.039 1.48 ± 0.114 1.55 ± 0.199 0.64 0.35 0.720
ET  Sowing – stem elongation 86 ± 4.2 81 ± 1.1 99 ± 4.5 106 ± 2.5 0.001 0.82 0.087
(mm)  Stem elongation – anthesis 212 ± 6.1 220 ± 2.6 224 ± 1.0 228 ± 0.3 0.015 0.13 0.583

Anthesis – maturity 115 ± 2.3 125 ± 7.1 115 ± 1.5 126 ± 0.6 0.92 0.022 0.887
Sowing – maturity 414 ± 10.2 426 ± 5.6 438 ± 6.9 460 ± 2.7 0.003 0.036 0.472

Biomass ET−1 Sowing – stem elongation 13.1 ± 1.57 14.5 ± 0.64 11.4 ± 1.17 14.3 ± 1.28 0.46 0.11 0.535
(kg  ha−1 mm−1) Stem elongation – anthesis 33.0 ± 4.12 46.0 ± 3.31 34.4 ± 5.37 35.0 ± 2.69 0.26 0.13 0.160

Anthesis – maturity 30.1 ± 8.23 47.0 ± 9.43 25.6 ± 4.50 52.0 ± 18.91 0.98 0.098 0.690
Sowing – maturity 28.1 ± 1.85 40.0 ± 2.35 26.8 ± 1.40 35.0 ± 4.23 0.27 0.006 0.499
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Yield  ET−1 Sowing – maturity 12.0 ± 0.77 17.0
(kg  ha−1 mm−1)

To quantify the seasonal dependence of yield response to stored
ater, we pooled the data across experiments and complemented

he analysis with published data and a brief simulation exercise
Fig. 9). Yield gain from additional water input in summer declined
rom 1.1 t ha−1 to zero when the yield of controls increased from
.0 to 7.8 t ha−1 (Fig. 9a). Shoot biomass gain from additional water

nput in summer declined from 2.0 t ha−1 to zero when the biomass
f controls increased from 5 to 18.6 t ha−1 (Fig. 9b). Fig. 9c,d rep-

esents a modelling approximation to the comparison of yield
etween control and their counterparts with additional 46 mm of
ater at sowing, as found in experiment 1. Intercept and slope

f the regression for modelled yields (Fig. 9c) were statistically
4 11.4 ± 0.39 15.1 ± 1.80 0.31 0.005 0.597

similar to the parameters derived from experiments (Fig. 9a). Yield
gain declined linearly from 50% to zero when seasonal rainfall
declined from 94 to 264 mm (Fig. 9d).

4. Discussion

The aims of this study were to: (i) measure wheat yield

responses to summer rainfall in a Mediterranean-type environ-
ment, (ii) explain yield responses in terms of capture and efficiency
in the use of resources, (iii) explore the incidence of the amount
and disposition of stubble on the storage of summer rainfall, and
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iv) assess the interaction between summer rainfall and nitrogen
upply.

.1. Wheat yield responses to summer rainfall
Yield response to summer water input was a function of growing
onditions, particularly rainfall during the growing season (Fig. 9).
easurements and modelling coincided in a yield gain from addi-

ional water input in summer that declined from 1.1 t ha−1 to zero
(experiment 1) and nitrogen supply (experiments 3–5). Water use was  not measured
in  experiment 2.

when the yield of controls increased from 2.0 to 7.8 t ha−1. For an
additional 46 mm in stored soil water, modelled yield gain declined
linearly from 50% to zero when seasonal rainfall declined to
264 mm,  which was  the median rainfall for the sowing-to-harvest
period used in the simulation. These environmental gradients in
the benefit of summer water are implicit in other studies, which
agree qualitatively and to some extent quantitatively with our find-
ings (French, 1978b; Kirkegaard et al., 2007; Moeller et al., 2009;
Lilley and Kirkegaard, 2011). The yield benefits from stored soil
water in our experiments aligned with those reported for wheat
in New South Wales (Fig. 9a,b). The modelled yield benefit from
additional water uptake associated with a hypothetical improve-
ment in wheat root systems declined from 0.56 to 0.29 t ha−1 when
the median environmental yield increased from 3.6 to 5.2 t ha−1

(Lilley and Kirkegaard, 2011). Moeller et al. (2009) modelled the
interactions between initial soil water, soil type, climate and nitro-
gen supply in Mediterranean environments of Western Australia. In
agreement with our findings, they concluded that additional yield
per mm plant available at sowing was  generally higher in seasons
with below median rainfall. A more detailed focus showed a lim-
ited benefit of stored soil water for particular combinations of dry
seasons and soils with low storage capacity.

4.2. Capture and efficiency in the use of radiation and water

Additional water supply in summer increased yield in experi-
ments 1 and 3 and high nitrogen rate increased yield in experiment
5. In all three cases, shoot biomass rather than harvest index
accounted for yield responses (Tables 3, 5 and 7). We  can there-

fore interpret yield responses in terms of capture and efficiency
in the use of resources to produce shoot biomass; no attempt was
made to account for root biomass.
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In experiment 1, additional summer water increased biomass by
ncreasing capture of radiation and water; radiation and water use
fficiency did not change (Table 3). In experiment 5, where yield
ncreased with high nitrogen supply, this response was mediated
y (i) increased capture of radiation with no change in radiation
se efficiency and (ii) increased water use and biomass per unit
vapotranspiration (Table 7).

In experiment 3, the water × nitrogen interaction was  sig-
ificant for yield, biomass at maturity, head number and grain
umber: yield increased with additional water supply in crops
ith high but not with low nitrogen. Interception of PAR

ncreased with additional water supply, but it was  unaffected
y nitrogen and water × nitrogen interaction. Likewise, evapo-
ranspiration increased with additional water supply and was
argely independent of other sources of variation, except for the

ater × nitrogen interaction between sowing and stem elonga-
ion. Hence, the effect of the water × nitrogen interaction on yield
eemed better explained by efficiencies. Radiation use efficiency
nd biomass and yield per unit evapotranspiration showed strong
esponses to the interaction. Radiation use efficiency increased
rom 1.5–1.6 g MJ−1 in crops with either low nitrogen or no addi-
ional water supply to 1.9 g MJ−1 in crops with both additional
ater and high nitrogen. Seasonal biomass per unit evapotran-

piration increased from 32–35 kg ha−1 mm−1 in crops with either
ow nitrogen or no additional water supply to 40 kg ha−1 mm−1

n crops with both additional water and high nitrogen. Yield per
nit evapotranspiration increased from 15–16 kg ha−1 mm−1 in
rops with either low nitrogen or no additional water supply to
8 kg ha−1 mm−1 in crops with both additional water and high
itrogen.

The combination of soils, seasons, locations and experimen-
al sources of variation resulted in conditions where yield
esponded to summer water supply, nitrogen rate or the interac-
ion between water and nitrogen, and conditions where yield was
nresponsive to all sources of experimental variation. Two  conclu-
ions arise from this analysis. Where yield response was related
o a single resource, water or nitrogen, capture of resources was
n important driver of growth and yield response. Where yield
esponse was  related to the interaction between water and nitro-
en, both capture and efficiency in the use of resources were
mportant. This provisory conclusion needs specific experiments to
e solved. Second, in contrast to other studies showing that stored
oil water enhanced growth after anthesis (Kirkegaard et al., 2007),
rops in both experiment 1 and 3 benefited from additional water
ery early in the season: significant increase in capture of water
as evident between sowing and stem elongation, and significant

ncrease in capture of radiation was evident between stem elonga-
ion and anthesis. This reinforces the importance of pre-anthesis
vailability of resources to the determination of wheat yield in
editerranean-type environments; this is further discussed in Sec-

ion 4.4.

.3. Stubble effects

Adding 50 or 100 mm of water during the fallow period
ncreased soil water content at sowing, in relation to controls,
etween 8 and 46 mm.  This represents storage of 8–46% of the
pplied water (mean over the 5 experiments 32 ± 5.6%). The lower
imit of this range corresponded to the coarse-textured soil in
xperiment 4 (Table 2); low fallow efficiency is characteristic of
his soil type (French, 1978a). The upper limit represents a fallow
fficiency larger than usually found with actual rainfall (French,

978a; Moret et al., 2006). This is partially related to the irrigation
ethod used to simulate summer rain and to the large amount

f water applied in a single event in experiment 1; a smaller pro-
ortion of water is lost through evaporation, hence higher fallow
ronomy 36 (2012) 41– 54 51

efficiency, with a dominance of large rainfall events (Sadras, 2003).
To explore the effect of size of wetting event, experiment 2 com-
pared the storage of water when 100 mm were applied in 1, 2 or 3
events. In this experiment, however, stubble effect on the amount
and distribution of water in the soil at sowing was  statistically
undetectable.

Potential improvement in capture and storage of water in
soil associated with stubble relate to improved infiltration, and
under some combinations of soil and weather, reduced evapo-
ration (Malinda, 1995; Klocke et al., 2009; Kirkegaard and Hunt,
2011). Improved infiltration is particularly important where con-
ditions favour runoff, e.g. intense rain, steep slope and poorly
structured topsoil. The soil types, flat topography and irrigation
method used to simulate summer rain in this study combined to
reduce the likelihood of benefits associated with improved infiltra-
tion. Thus, the lack of stubble effect in this study resulted from
a combination of an underestimated benefit mediated by water
infiltration, and a realistic but otherwise minor effect mediated
by modulation in evaporation. Refined measurements demon-
strated no benefit from stubble on storage of summer rainfall in
sandy soils of Western Australia (Ward et al., 2009). Even if stub-
ble does not improve storage of summer rain in the soil, stubble
retention is justified in terms of reduced risk of soil erosion and
long-term soil stability (e.g. Fuentes et al., 2009; Gentile et al.,
2010).

4.4. Interaction between summer rainfall and nitrogen supply

The interaction between water and nitrogen modulating plant
growth in low rainfall regions has been approached from many
angles (Albrizio et al., 2010; Brown, 1971; Whitfield and Smith,
1989; Garabet et al., 1998; Mazzarino et al., 1998; Moeller et al.,
2009). From a top-down perspective, these interactions are sum-
marised in the concept of water–nitrogen co-limitation, which is
common in Mediterranean environments (Sadras, 2005; Cossani
et al., 2010).

In addition to the biology of the crop, two features of cropping
systems converge to determine this co-limitation. First, organic
matter of most soils in Mediterranean regions is low, hence the
limited contribution of mineralisation and the dependence on fer-
tiliser and biologically fixed nitrogen for the growth of cereals
(Ryan et al., 2009). Second, uncertain rainfall during the growing
season promotes a conservative use of costly fertiliser to manage
risk and the trade-off between water use efficiency and nitrogen
use efficiency (Sadras and Roget, 2004; Ryan et al., 2009; Sadras
and Rodriguez, 2010). Matching nitrogen fertiliser and water avail-
ability remains a challenge for rainfed wheat; attempts have been
made to inform fertiliser decisions with measurements of ini-
tial soil water, rainfall forecasts, models and tools to deal with
spatial soil variation (Moeller et al., 2009; Lawes and Robertson,
2011).

Our experiments indicated that adequate nitrogen supply
is critical to fully capture the benefits of summer rainfall in
Mediterranean-type environments of South Australia, and recip-
rocally that water supply conditions the utilisation of nitrogen to
produce biomass and grain. In experiment 1, watered crops had sta-
tistically detectable residual water between 1 and 1.2 m in relation
to controls (Fig. 2) and no yield differences were found between +50
and +100 mm treatments (Table 3). Shortage of nitrogen and sub-
soil constraints are potential causes (Sadras et al., 2003a; Rodriguez
et al., 2006). However, two observations point to nitrogen deficit as
the prime candidate to explain these results. First, measurements

in shoots at anthesis showed concentration of boron, between
12.8 mg  kg−1 in controls and 19.0 mg  kg−1 in watered crops, indica-
tive of relatively benign subsoil (McDonald, unpublished). Second,
this trial was managed with current growers’ practice, which makes
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Wales  with control yield >2t ha−1 (Mason and Fischer, 1986; Fischer, 1987; Kirkegaard et al., 2007). Modelled relationship between (c) grain yield in wheat crops that received
an  additional water supply in summer and controls and (d) change in yield and rainfall between sowing and harvest. Modelled data were generated using APSIM (v.7.0) with
long-term climate record for Snowtown (1957–2009), non-limiting nitrogen in a 1.35-m deep clay loam over light-clay with plant available water reset at sowing to either
100  (additional supply of water) or 54 mm (control); this difference of 46 mm represents treatment +100 mm in Experiment 1.
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 very conservative use of fertiliser; chlorophyll content was consis-
ently lower in leaves of +100 mm treatment than in controls (data
ot shown). These observations led to experiments 3–5, which
irectly established the importance of adequate nitrogen supply
o capture the yield benefit of water supply in summer. Soil water
rofiles in Fig. 5 directly support the proposition that shortage of
itrogen can restrict crop water uptake in these environments.

Contrary to the expectation that storage of summer rainfall
n the soil would contribute to post-anthesis growth and harvest
ndex, we found no treatment effect on the partitioning of water use
efore and after anthesis (Fig. 7) or harvest index. The tag “termi-
al drought” that characterises Mediterranean environments might
ave led to overstate the role of water limitations during grain fill-

ng; but in these environments yield is a primary function of grain
umber (Cartelle et al., 2006; Acreche et al., 2008) and grain number

s a function of growing conditions before flowering (Fischer, 1985;
oulkes et al., 2009). Consistently with these observations and with
heory (Sadras, 2007; Sadras and Denison, 2009), yield in our exper-
ments was closely associated with grain number, rather than grain
ize (Fig. 8). In experiment 3, where water supply affected grain
umber, yield did not respond to water supply under low nitrogen
ut increased from 5.7 to 7.2 t ha−1 with high nitrogen (Table 5).

n experiments 4 and 5, water supply did not affect grain num-
er; grain size increased with additional water supply but these
hanges in size had no implications for yield (Tables 6 and 7). Short-
ge of nitrogen could reduce grain number by reducing crop growth
ate before anthesis, reducing grain number per unit crop growth
ate or both (Abbate et al., 1995; Fischer, 2011). In agreement with
bbate et al. (1995),  we found that shortage of nitrogen reduced
oth crop growth rate, as illustrated in significant effects on anthe-
is biomass and grain number per unit growth rate (Fig. 8b,c). In
urn, the reduction in grains per unit growth rate in nitrogen defi-
ient crops involves two components: fewer fertile tillers and fewer
rains per ear. Abbate et al. (1995) hypothesised that “grain number
esponded directly to the supply of nitrogen to the spike probably
hrough the survival of differentiated florets” (Abbate et al., 1995).
he study of Ferrante et al. (2010) supports the second component
f this hypothesis. Under their experimental conditions, nitrogen
eficiency did not affect development of proximal florets (positions

 and 2 from rachis) but reduced the viability of distal florets (posi-
ions 3 and 4 from rachis). The lower frequency of intrinsically
maller grain from distal positions and the lower contribution of
illers to yield in nitrogen deficient crops collectively explain the
eavier average grain consistently found in crops grown with low
ate of nitrogen in experiments 3–5 (Tables 5–7).

. Conclusion

The contribution to yield of summer rainfall in environments
ith winter-dominant rainfall can be significant in dry seasons,
ith increases up to 50% in the soil–weather combinations tested

n South Australia. This benefit declined gradually with the increase
n seasonal rainfall. Stubble did not seem to be essential to cap-
ure this gain but plays a role on long-term soil stability. Adequate
itrogen supply was critical to capture the benefits of additional
ater from summer rainfall and reciprocally adequate water sup-
ly was required to capture the benefits of nitrogen fertilisation;
his highlights the resource co-limitation for wheat production in
hese environments. The label “terminal drought” to characterise

editerranean environments has led to an undue emphasis on
ater conditions after anthesis. Building evidence from Mediter-
anean environments worldwide highlights the importance of grain
umber as the main source of variation in yield and therefore the
ritical period between stem elongation and anthesis where both
ater and nitrogen supply are critical.
ronomy 36 (2012) 41– 54 53
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MANAGING THE WEED  
SEEDBANK FACT SHEET

Managing weeds – it starts 
with the seeds
Exhausting the seedbank is the key to integrated weed management (IWM) strategies. 
There are numerous techniques to deplete the seedbank, depending on the farming 
system, location and weed threat.
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IWM strategies
Management of weed seed-set 
offers the most practical long-term 
management of hard to control weeds, 
including wild oats, wild radish and 
annual ryegrass. Control tactics include 
destroying or burying set seeds, 
encouraging germination, strategic 
herbicide use and crop agronomy.

There is not a single IWM program 
ideal for all conditions. The suite of 
tactics chosen depends on the soil 
type, rainfall pattern, crop rotation, 
equipment available, budget and 
farmer preference.

The first step is to identify the problem 
weeds and develop a multi-year 
approach to their management. The 
next step is to control weeds that 
survive early weed control or germinate 
in-crop and set-seed reinfesting the 
seedbank. 

Once the weed seedbank has been 
reduced, the use of crop competition is 
one of the best tools to combat weed 
germination and seed-set, particularly 
for annual ryegrass. Strong crop 
competition, combined with rotating 
herbicide modes of action and the 
use of appropriate agronomy for crop 
nutrition and disease are the best 
methods of keeping seedbanks low.

Where weed populations are high or 
seedbank life is long, multiple years of 
seed-set control are required to drive 
populations down.

Resistance
Weed resistance can develop as a 
result of overuse of any single strategy. 

Herbicides remain the least risky 
option for weed control and are used 
by most farmers. However, rotating 
herbicide mode of action groups and 
reducing reliance on herbicide control 
by the use of physical and biological 
control techniques will help slow the 
development of herbicide resistance.

IWM is not a replacement for 
herbicides but adds other control 
strategies throughout the season in 
order to create a system that maintains 
weeds at low levels while minimising 
current and future financial risks.

Preventing weed seed-set
When managing weed seed-set the 
best results are obtained if control 
occurs before the point where mature 
weed seeds are formed. Monitoring 
and managing regrowth is essential. 

KEY POINTS
■   No single management technique 

provides 100 per cent weed 
seed control. A combination of 
techniques need to be employed 
throughout the year.

■   Decisions about which tool to 
use should be based on the weed 
species, rotation, farming system, 
budget and market opportunities.

■   As some seeds can last in the soil 
for several years, back-to-back 
years of weed control need to be 
employed to drive numbers down.

■   Manage weed blowouts before 
the seed goes into seedbank.

■   The computer-based models 
RIM and Weed Seed Wizard help 
predict the amount of weed seeds 
emerging each year.
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The choice of control tactics needs  
to consider the weed species, 
population size and on-farm 
management options in relation to 
rotation, expenditure, machinery and 
labour availability, market opportunities 
and future plans for the paddock. 
Tactics can be divided into prevention 
of weed seed-set, destroying weed 
seeds and encouraging germination 
for timely control (Table 1). In addition, 
good crop agronomy, herbicide 
rotation and farm hygiene all help 
effective weed control and/or prevent 
large weed populations becoming 
established. No single management 
technique provides 100 per cent 
control and generally a combination 
of techniques needs to be employed 
throughout the year. 

Prior to, or at, seeding
Long fallow
While a fallow period between two 
crops or a crop and pasture phase is 
designed to conserve soil moisture and 
nutrients, it also makes an ideal time 
for repeated and focused weed control. 
The lack of crop competition during the 
fallow means large numbers of weed 
seeds germinate. If left unchecked 
these weeds can set high numbers 
of seeds per plant. Non-selective 
herbicides and cultivation are the most 
relied on control methods; however, the 
use of any single method will lead to a 
shift in weed species adapted to that 
control method. Rotation of chemical 
and physical control methods through 
the fallow period is essential. The use of 
residual herbicides and weed scouting 
can save one or two applications of 
non-selective herbicides as future weed 
germinations are reduced.

Crop competition
Crop choice, seeding rate and row 
spacing all influence a crop’s ability to 
compete with weeds. 
Species with rapid establishment 
and good early vigour such as barley 
or oats as a pasture/hay crop are 
the most effective at suppressing 
weed growth. Of the cereals wheat, 
especially durum, is the least 
competitive. Increasing seeding rates 
to achieve 200 rather than 100 wheat 
plants/m², was found to halve the 
annual ryegrass biomass. Another 
study found increasing wheat plant 
densities from 40 to 200 plants/m², 
produced a 100-fold reduction in 
annual ryegrass biomass. Reductions 
in biomass in response to increased 
seeding rates have also been reported 
for wild oats and paradoxa grass. 

Increasing sowing rates in pulses has 
not been found to provide the same 
competitive effect.

During the growing season
Mowing, hay and silage
The use of multiple mowings, silage or 
hay combined with a follow-up non-
selective herbicide or heavy grazing 
to remove any late germinating plants 
provides excellent levels of control 

for several weed species. Timing is 
essential and cutting when grass 
weeds are flowering prevents viable 
weed seeds returning to the paddock 
or entering the hay (Table 2). Weed 
seeds are considered to be rendered 
unviable by ensiling. The spikelets of 
barley grass and silver grass make them 
unsuitable for hay or silage. If annual 
ryegrass toxicity is present the hay or 
silage should not be fed to stock.

TABLE 1 Average percentage control of the annual ryegrass 
seedbank from the use of different control methods,  
based on expert opinion and research trials
Preventing weed  
seed-set

% 
control

Destroying 
weed seeds

% 
control

Encouraging 
germination

% 
control

 
Other

Multiple mowings 95 Strategic 
burning 40

Pre-sowing 
cultivation 
followed by 

control

50

Synchronising 
nutrient 

applications 
with crop 
growth

Hay, silage, green/brown 
manure with follow-up 
control

90
Minimising 
seed burial/
predation

40

Autumn 
tickle 

followed by 
control

35 Wide-row 
cropping

Long fallow with controls 75 Deep seed 
burial N/A

Delayed 
seeding/
double-
knock

20* Herbicide 
rotation

Pasture or crop-topping/
weed-wiping 70 Farm hygiene

Grass control in pastures/
strategic grazing 70

Weed seed collection at 
harvest 60

High seeding rates/crop 
competition 40

Swathing/windrowing 35

*Improved control over one herbicide application
SOURCE: Dr David Minkey, WANTFA, Dr Christopher Preston, The University of Adelaide and 
Professor Stephen Powles, WAHRI. 

TABLE 2 Effect of grazing by wethers (10 DSE/ha) and cutting times on 
species composition of a mixed annual grass/sub clover/perennial grass 
pasture in the third spring (year three) after cutting or grazing in each  
of the two previous springs (Kaiser et al 2004)

 
 
 
 

Species 

 
Initial pasture 
composition 

(%) 

 
 

Grazing 
only

Grazed then cut in spring  
(no control of regrowth)

Early Oct 
(silage) 

 
Late Oct 

 
Early Nov 

 
Late Nov

                    (% of species in pasture in year 3)

Phalaris + cocksfoot 15.9 15.4 18.4 14.2 14.1 16.6

Sub clover 31.4 18.1 36.6 11.6 15.6 19.9

Naturalised clovers 3.9 0.5 4.5 0.3 4.0 6.6

Annual ryegrass 25.1 17.7 28.3 52.8 9.8 9.2

Vulpia (silver grass)  16.4 26.3  2.0  10.3 53.2 41.3

Great brome 1.0 14.1 2.1 0.2 1.3 3.9

Barley grass 0.3 4.8 0.2 0 0.4  0.1

Paterson’s curse 3.5 0.3 6.9 4.4 1.4 1.5

Other broadleaf weeds 2.3 2.7 1.2 6.0 0.8 0.2

Seedbank management tools



Green or brown manure 
Incorporating green plant material, 
usually with an offset disc or brown 
manuring by using a non-selective 
herbicide, can result in high levels of 
weed control. Operations must occur 
at or before flowering to ensure viable 
weed seeds have not been set. When 
a follow-up herbicide control is used 
after brown manuring an alternative 
herbicide mode of action group should 
be used, for example glyphosate 
followed by paraquat.

Crop-topping
This the most common method of 
in-crop weed control resulting in the 
prevention of weed seed-set. It is 
effective for annual ryegrass, but much 
less useful on wild radish and other 
early maturing weeds. 
Non-selective herbicides are used to 
control grass and broadleaf weeds. 
Application timing must be when weed 
seeds are immature and withholding 
periods before harvest must be 
observed. 
To be most effective, crop-topping 
needs to be planned at the start of 
the season. It works best with early 
maturing pulse varieties which are at 
the later stages of seed production 
when weeds are flowering or weed 
seeds are immature. Applied prior to 
pulse seed maturity, crop-topping can 
significantly reduce yield and quality. 
Crop-topping for wild radish control 
in current lupin varieties is not 
recommended because of the closely 
matched rate of development of crop 
and weed. 
If grain is intended for use as seed or 
for sprouting crop-topping should not 
be performed. 

Inter-row
The use of mechanical weed control in 
wider crop rows using ±2cm autosteer  
for inter-row weed control has been 
shown to suppress and delay weed 
growth on the inter-row but provides 
no control of weeds growing in the 
crop row. In the majority of broadacre 
crops, non-selective herbicides are not 
registered for use inter-row.

Spray grazing
Grazing can be coupled with hay and 
silage-making, mowing and pasture 
spray-topping for increased weed 
control. When used in conjunction 
with herbicides grazing can effectively 
manage weeds. Spray-grazing refers to 
the use of sub-lethal rates of selective 
herbicides (often phenoxy-based) to 
increase the palatability of broadleaf 
weeds for preferential grazing. It is 
usually undertaken in autumn or early 
winter and is especially beneficial for 

the control of erodium, capeweed, 
Paterson’s curse and wild radish.  
High stocking rates up to four times the 
normal rate for the area are required 
for spray-grazing to work effectively. 
Weeds that are not killed by spraying 
alone will recover in two to three weeks 
and show normal growth if they are not 
grazed heavily after spraying. 

At harvest
Weed seed collection at harvest
Ryegrass and wild radish both reach 
maturity at a similar time to wheat, 
lupins and canola. As the majority of 
seeds are retained on the plant they 
enter the harvester. Up to 80 per cent 
of wild radish seeds have been found 
to be collected in the grain sample, 
while more than 95 per cent of annual 
ryegrass seed that enters the harvester 
has been found to exit with the chaff. 
Therefore, seed cleaning and chaff 
carts or direct baling of chaff offer 
alternative methods to reduce the 
amount of weed seeds entering the 
seedbank. 
Chaff collected by chaff carts is 
generally burnt or used as livestock 
feed.

Destroying weed seeds
Strategic burning
Destroying weed seeds by burning 
requires exposure to temperatures 
of 400ºC (ryegrass) and 500ºC (wild 
radish) for 10 seconds. In wheat 
stubbles of three to six tonne per 
hectare of biomass, soil surface 
temperatures of between 300 and 
400ºC were recorded for between 30 
and 50 seconds. These temperatures 
and durations increased with more 
stubble.  

Concentrating stubble and weed 
seeds into windrows increases the 
effective biomass. Burning windrows 
is more effective for wild radish, where 
trials found 80 per cent of seed was 
destroyed compared to only 20 per 
cent in burnt standing stubble. For 
annual ryegrass 99 per cent of seed 
was destroyed by windrow-burning 
compared to 80 per cent in standing 
stubble. Burning windrows can be time 
consuming but results in only about 10 
per cent of the paddock being burnt, 
reducing the risk of soil erosion.

Minimising seed burial
The level of soil disturbance has been 
shown to affect the percentage of the 
seedbank that emerged in the following 
crop (Table 3). Small-seeded weeds, 
such as silvergrass, emerged in much 
greater numbers in no-till seeding 
compared to two passes with a wide 
shear. Under minimum tillage larger 
seeded species such as bedstraw, wild 
radish and annual ryegrass showed 
greater germination. 
Low disturbance discs leave more 
weed seeds on the surface while other 
single pass seeding equipment will 
bury seeds in the inter-row, resulting in 
delayed germination in the crop. 
Another advantage of minimising seed 
burial is the seeds may be removed 
by insects, especially ants. In trials, 
with a seedbank of annual ryegrass 
(2000 seeds/m2) and wild radish (1000 
seeds/m2) predation resulted in 81 per 
cent of the annual ryegrass seeds and 
46 per cent of the wild radish seeds 
being destroyed. Reduced tillage, 
stubble retention and minimal use 
of broad spectrum insecticides can 
help encourage populations of insect 
predators.

TABLE 3 The influence of no-till with a knife point and a minimum 
tillage system using two passes with a wide shear on weed emergence 
and depth of emergence

Species
Total emergence % Av. Depth of emergence (mm)

Min-till No-till Min-till No-till

Wild oats 45 32 24 13

Annual Ryegrass 30* 11 15* 5

Silvergrass 4 12* 4 3

Wild turnip 10* 6 18 12

Wild radish 3 1 12 12

Mallow 6 8* 16 11

Turnip weed 2 6* 23* 12

Bedstraw 14* 9 37* 28

Indian hedge mustard 2 17* 3 3

Common sowthistle 6 14* 8 7
 
*denotes species with a significantly higher emergence or greater average depth of emergence.
SOURCE: The University of Adelaide
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DISCLAIMER 
Any recommendations, suggestions or opinions contained in this publication 
do not necessarily represent the policy or views of the Grains Research and 
Development Corporation. No person should act on the basis of the contents of 
this publication without first obtaining specific, independent professional advice. 
The Corporation and contributors to this Fact Sheet may identify products by 
proprietary or trade names to help readers identify particular types of products. 
We do not endorse or recommend the products of any manufacturer referred to. 
Other products may perform as well as or better than those specifically referred 
to. The GRDC will not be liable for any loss, damage, cost or expense incurred 

Useful resources:

■	 Weeds CRC www.weeds.crc.org.au (no longer updated)

■	 West Australian Herbicide Resistance Initiative (WAHRI) www.wahri.uwa.edu.au

■	 Grains research update papers www.grdc.com.au

■	 David Pannell, UWA RIM Software   david.pannell@uwa.edu.au

■	 Asst Prof Michael Samm Renton, Weed Seed Wizard michael.renton@cyllene.uwa.edu.au

■	 GRDC Weedlinks www.grdc.com.au/weedlinks

■	 Integrated Weed Management in Australian cropping systems WAHRI, www.wahri.uwa.edu.au

or arising by reason of any person using or relying on the information in this 
publication.

CAUTION: RESEARCH ON UNREGISTERED PESTICIDE USE  

Any research with unregistered pesticides or of unregistered products reported 
in this document does not constitute a recommendation for that particular use by 
the authors or the authors’ organisations. 

All pesticide applications must accord with the currently registered label for that 
particular pesticide, crop, pest and region.

Encouraging germination
Cultivation
As previously reported, tillage can have 
a negative and positive effect on weed 
germination. This is because most 
weed species have a narrow depth 
preference for successful emergence 
(Tables 3 and 4). 

A shallow cultivation, ‘autumn tickle’ 
using a range of equipment including 
tined implements, heavy harrows, 
pinwheel (stubble) rakes and disc 
chains can stimulate some weeds to 
germinate by placing them in contact 
with moist soil (Table 3).

Deep seed burial using inversion 
ploughing can prevent weed 
germination and has been used 
for herbicide resistant populations. 
Cultivation can be used as a non-
herbicide component of a double-knock.

Delayed seeding
Early seeding has been recognised as 
a key component in securing yield in 
cereal and broadacre crops. The yield 
penalty from delaying sowing by up to 
two weeks after the opening rains may 
be justified by improved weed control.

Delayed seeding not only provides 
time for more weeds to germinate but 
also creates an opportunity to use two 
non-selective herbicides (glyphosate 
and paraquat) known as a double-
knock ensuring control of glyphosate 
survivors. Best results have been 
recorded when paraquat is applied 
one to five days after the application of 
glyphosate.

This double-knock has been found to 
consistently improve the pre-seeding 
control of annual weeds by between 10 
and 20 per cent over the application of 
a single knockdown herbicide.

Electronic tools
Ryegrass Integrated Management (RIM)
RIM is a computer package that allows 
many different combinations of weed 
treatments and their predicted impacts 
on ryegrass populations, crop yields 
and long-term economic outcomes 
to be observed. A wide variety of 
chemical and non-chemical weed 
treatment options are included, so 
that as chemicals are lost to herbicide 
resistance, the next best substitute can 
be identified. For availability see Useful 
resources.

The Weed Seed Wizard
The Weed Seed Wizard is an 
interactive computer-based system 
that provides an insight into the hidden 
weed seedbank and helps in the 
coordinated long-term management 
of weeds. The Wizard is currently 
under development, but a prototype 
version can be downloaded from 
Weedlinks on the GRDC website. The 
Wizard encourages users to simulate 
paddock or weed management options 
while illustrating the impact of those 
decisions on the current and predicted 
seed bank and weed populations. 

Compared to RIM, the Wizard has 
a wide range of weed species from 
both Northern and Southern cropping 
areas; more detailed representation 
of dormancy and weed ecology; 
and allows predictions to be driven 
by actual weather data and soil 
information for particular seasons  
and locations.
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TABLE 4 Persistence of three weed species after one and two years 
of burial in a non-disturbed soil at different burial depths. Estimated 
persistence is given for years three and four

 
Depth (cm)

Persistence (% of seed sown)

1 year 2 year 3 year 4 year

Barnyard grass
0-2 13 2 <1 <0.1

10 40 19 11 5

Liverseed grass
0-2 24 1 <1 <0.1

10 67 21 11 5

Bladder ketmia
0-2 71 38 27 17

10 72 64 47 37

SOURCE: Queensland Primary Industries and Fisheries
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