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In southern  Australia,  the  majority  of  farms  combine  a  sheep  enterprise  with  a cropping  enterprise  to
form  a mixed  farming  business.  Crops  are grown  in sequence  with  pastures,  and sheep  graze  vegetative
juvenile  crops  and  crop  stubble  residues  after  harvest.  Recently,  growers  practicing  no-till,  controlled
traffic  cropping  became  concerned  that grazing  livestock  would  damage  soil  and  reduce  soil water  cap-
ture, crop  yield  and  profitability.  Sheep  grazing  on  stubbles  remove  residue  cover  and  compact  surface
soil,  but  there  is little  published  research  on potential  impacts  on  subsequent  crop  performance.

Two  experiments  were  conducted  in  high  (Temora)  and low  (Condobolin)  rainfall  environments  from
2009  to 2013  to  determine  whether  sheep  grazing  crops during  the  vegetative  phase  and/or  stubbles  after
harvest  damaged  soil,  reduced  soil  water  capture  and  storage  or affected  the  performance  of  subsequent
crops.  Sheep  grazing  on  stubbles  did  not  reduce  crop  yields  provided  summer  weeds  were  controlled  with
herbicides  and  at least  70%  stubble  cover  (2–3 t/ha  cereal  stubble)  was  maintained  on  the  soil  surface.
Sheep  grazing  on  stubble  increased  soil  strength  and bulk  density  and  reduced  water  infiltration  rates,  but
rarely  to  levels  that  were  detrimental  to  soil water  capture,  crop  growth  or grain  yield.  Where  reduced
infiltration  rates  did  reduce  soil  water  capture,  it was  due  to removal  of  cover  by grazing  rather  than
compaction.

Grazing of vegetative  crops  in winter  when  soils  were  generally  wet  further  increased  soil  strength
compared  to  grazing  stubbles  alone,  but  not  to an  extent  that  was  detrimental  to  plant  growth.  Yield
effects  from  grazing  crops  in  winter  were  not  due  to  soil  physical  effects,  but  to differences  in plant
growth  in  response  to  defoliation.
Grazing  of  both  stubbles  and  crops  increased  the  availability  of  soil  mineral  N  to  subsequent  crops
which  increased  grain  yield  and  protein  in  some  seasons.

The  results  from  these  experiments  provide  strong  evidence  that  livestock  can  be  retained  within  mod-
ern  conservation  cropping  systems  without  compromising  crop  performance,  and  continue  to  provide
the production  and business  risk  benefits  for which  they  have  been  historically  valued.
Abbreviations: NG, nil graze; SG, stubble graze; WSG, winter and stubble graze;
G,  moderate graze; HG, heavy graze; SB, stubble burn; SR, stubble retain; SM,

tubble mown and removed; SA, additional stubble added; SRW, stubble retained &
ummer weeds not controlled.
∗ Corresponding author.
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1. Introduction

A livestock enterprise, particularly sheep (Ovis aries), in conjunc-
tion with a wheat-based (Triticum aestivum) cropping enterprise
has long formed the basis of mixed farming systems in south-
ern Australia (Bell and Moore, 2012; Kirkegaard et al., 2011). In
southern NSW (SNSW) where livestock often comprise 50% of farm

enterprise by area, rainfall is equi-seasonal, but crops are grown
only during the cool half of the year from April to December. During
the warm summer months, cropping land is left fallow and sheep

dx.doi.org/10.1016/j.fcr.2016.05.012
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
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raze stubble residues and weeds that germinate in response to
ummer rain (Hunt et al., 2009). Recent research has re-evaluated
he contribution that summer fallow rain makes to winter crop
ield (Hunt and Kirkegaard, 2011) versus grazing value of summer
eeds (Moore and Hunt, 2012) and weeds growing on fallows are
ow predominantly controlled with herbicide to allow accumula-
ion of soil water and mineral nitrogen (N) for use by subsequent
rops (Hunt et al., 2013; Kirkegaard et al., 2014). However, crop
esidues are still a highly valuable feed source and stock are grazed
n them in situ following chemical control of summer fallow weeds.
his is somewhat different to other regions of the world where
heep are grazed on fallows specifically to control fallow weeds
e.g. Barsotti et al., 2013; Hatfield et al., 2007; Lenssen et al., 2013;
ainju et al., 2014).

The mix  of a livestock and cropping enterprise in this environ-
ent is fundamentally symbiotic, as the sheep consume and give

alue to by-products from the cropping enterprise (e.g. crop stub-
les following harvest, weather damaged and spilt grain, Thomas
t al., 2010) and early vegetative crop growth (Dove and Kirkegaard,
014). Legume-based pasture phases used for sheep production
llow fields to be spelled from crop production, increase soil N fer-
ility and reduce levels of crop weeds and diseases (Peoples et al.,
998). The presence of both livestock and crops also diversifies
arm business, offsetting production and price risk and increasing
esilience (Bell and Moore, 2012; Fisher et al., 2012).

In recent times much credence has been given to the poten-
ial for conservation farming practices such as no-till seeding with
omplete residue retention and controlled traffic to increase crop
roductivity in the face of rising global food demand and declin-

ng resources (Derpsch et al., 2010). Adoption of no-till has been
apid in SNSW and now comprises the majority of cropped land
n the region (Llewellyn et al., 2012). Adoption of controlled traf-
c has been less extensive due to higher investment costs and less
emonstrated benefit (Anon., 2009).

Following recent declines in growing season rainfall (Cai et al.,
012; Verdon-Kidd and Kiem, 2009), many growers in SNSW, espe-
ially those practicing no-till cropping, became concerned that
razing livestock were reducing soil water capture and storage dur-
ng the summer fallow period, and consequently crop yield and
rofitability. Some proponents argued that the full potential of con-
ervation farming systems may  not be realised if sheep are grazed
n cropping country, removing residue cover (Govaerts et al., 2009)
nd compacting soils (Hamza and Anderson, 2005).

Bell et al. (2011) reviewed studies investigating effects of graz-
ng on soil properties and subsequent crop performance. They
oncluded that whilst treading by livestock increases soil strength
nd bulk density and reduces macro-porosity and infiltration rate,
he effects are shallow (0–0.1 m)  and transient due to amelioration
hrough natural processes or tillage. Only two of seven published
tudies investigating grazing effects on crop yield found a negative
esponse to grazing, and both of these were by cattle grazing on
et, unfrozen soil (Clark et al., 2004; Radford et al., 2008). Bell et al.

2011) also report two field experiments in SNSW which found no
ffect of sheep grazing on subsequent crop growth or yield, despite
vidence of surface compaction and reduced infiltration rate.

More recently, Allan et al. (2016) report a study comprising 31
ite years conducted in the Mediterranean-type environments of
outhern Australia and found that summer grazing of crop residues
ad little impact on amount of residue, soil properties, soil water
torage, weeds and yield of the following crops. However, these
xperiments were conducted in environments with little summer
ainfall, and at relatively low grazing intensities (15–1420 sheep/ha

ays). Equi-seasonal rainfall in SNSW increases chances of grazing
ccurring on wet soil which is likely to be more damaging (Bell
t al., 2011; Radford et al., 2008). Stocking rates are also higher in
NSW compared to most of the locations used in the study of Allan
earch 196 (2016) 22–32 23

et al. (2016), which they felt was an important factor in explaining
the one site year in which they observed a negative yield response
(956 sheep/ha days).

Mixed farming necessitates some compromise between opti-
mal  management of the crop enterprise, and optimal management
of the livestock enterprise. Fisher et al. (2012) argued that greater
understanding of possible trade-offs between livestock production
and no-till systems is required in order to better integrate animal
and cropping enterprises. This study aimed to quantify trade-offs
between livestock grazing and crop production due to changes in
soil physical properties and crop resource capture and use, in par-
ticular soil water and N. Two field experiments were designed to
determine the impact of sheep grazing on soil properties and crop
growth under no-till, controlled traffic cropping with strict weed
control. The sheep grazed on crop residues (summer) and crops
during the vegetative phase (winter). In maintaining contempo-
rary practice of strict summer weed control, the study differs from
others which have focussed on the role of sheep in controlling sum-
mer  fallow weeds (Barsotti et al., 2013; Hatfield et al., 2007; Lenssen
et al., 2013; Sainju et al., 2014), or have allowed weeds to remain
as a treatment effect on subsequent crop production (Allan et al.,
2016).

2. Methods

2.1. Experiment 1—Temora

2.1.1. Site description
Experiment 1 was located on a red chromosol soil (Isbell, 2002)

with little slope 5 km SSE of the township of Temora in SNSW
(S 34.49◦, E 147.51◦, 299 m ASL) which has a mean (1963–2013)
annual rainfall of 520 mm,  313 mm of which fall during the wheat
growing season from April-October. A tipping bucket rain-gauge at
the site recorded daily rainfall.

Crop lower limit (CLL), drained upper limit (DLL), bulk density
and various soil physical and chemical properties (Table 1) were
measured at three locations across the site as per the methods of
Burk and Dalgliesh (2008). These characterisation areas were also
used to generate calibration curves for a neutron moisture meter
(CPN International, Martinez, CA) which was used to measure soil
water in the experiment.

2.1.2. Treatments and experimental design
The experiment at Temora consisted of three grazing treatments

(nil graze—NG, stubble graze—SG, winter and stubble graze—WSG)
applied in a factorial randomised complete block design with
two stubble management treatments (stubble burn—SB, stubble
retain—SR) and four replicates. Treatments were applied in two dif-
ferent phases in adjoining areas of a farmer’s paddock which had
been in lucerne (Medicago sativa)  pasture since 2005. In Phase 1,
lucerne was terminated with herbicide in late spring 2008, in Phase
2 it was  terminated in late winter 2009. Following lucerne removal,
large plots (7.25 × 16.00 m)  were established which allowed all
operations to be conducted using controlled traffic, which removed
machinery compaction as a confounding factor in the experiment.
All plots were fenced so they could be individually grazed by sheep.

All crops were inter-row sown using a plot seeder equipped
with contemporary no-till seeding equipment. This consisted of
six Flexi-Coil 250 kg break-out tines (Flexi-Coil Australia, St Marys,
NSW Australia) set on 305 mm  row spacing and fitted with
Agmaster® boots, 12 mm knife points and press wheels (Agmaster,

Welshpool, WA Australia).

Crops were sown in mid-late April in all years of the exper-
iment, and both crop phases were kept in a rotation of canola
(Brassica napus)-wheat–wheat which is widely practiced in the
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Table 1
Soil physical properties to-depth at the experimental site at Temora. All values are means from three characterisation areas from across the experimental site.

Depth (m) Bulk Density
(Mg/m3)

Soil water content at
drained upper limit
(m3/m3)

Soil water content at
wheat lower limit
(m3/m3)

Soil water content at
canola lower limit
(m3/m3)

Soil water content
when air dry
(m3/m3)

Soil water content at
1500 kPa (m3/m3)

Sand (%) Silt (%) Clay (%) pH (CaCl2)

0–0.05 1.35 0.348 0.026 0.038 0.017 0.079 57 27 16 4.7
0.05–0.15 1.54 0.275 0.052 0.069 0.025 0.094 48 30 22 4.9
0.15–0.25  1.66 0.255 0.085 0.113 0.032 0.116 44 28 27 5.3
0.25–0.35  1.66 0.279 0.133 0.179 0.053 0.192 37 23 40 5.3
0.35–0.45 1.65  0.313 0.204 0.215 0.028 0.223 33 21 46 5.6
0.45–0.55  1.67 0.327 0.220 0.213 0.031 0.236 31 22 48 5.6
0.55–0.65  1.70 0.317 0.194 0.192 0.028 0.212 32 25 43 5.9
0.65–0.75  1.72 0.310 0.163 0.196 0.027 0.207 32 26 42 5.9
0.75–0.85  1.63 0.350 0.235 0.247 0.037 0.259 25 20 55 6.0
0.85–0.95  1.64 0.350 0.236 0.246 0.038 0.259 25 21 54 6.0
0.95–1.05  1.66 0.338 0.222 0.232 0.036 0.239 29 23 48 6.3
1.05–1.15 1.65 0.330 0.192 0.214 0.033 0.220 35 22 42 6.3
1.15–1.25  1.60 0.336 0.190 0.223 0.029 0.182 39 24 36 6.5
1.25–1.35  1.58 0.324 0.221 0.187 0.030 0.191 35 26 39 6.5
1.35–1.45  1.62 0.317 0.247 0.189 0.032 0.235 34 24 42 6.5
1.45–1.55 1.65 0.310 0.278 0.209 0.032 0.213 39 19 42 6.5
1.55–1.65  1.67 0.311 0.303 0.229 0.032 0.215 41 18 41 6.6
1.65–1.75  1.68 0.307 0.304 0.254 0.032 0.211 45 16 39 6.6
1.75–1.85 1.68  0.301 0.302 0.277 0.033 0.216 43 16 41 6.6
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Table  2
Grazing treatments applied to crop and stubble at the Temora site in Phases 1 and 2.

Winter graze (crop) Summer graze (stubble)

Phase Year & crop Date Grazing intensity (sheep/ha days) Date Grazing intensity (sheep/ha days)

1 2009 (wheat) 18–19 June, 7–9 July 517 30 Nov-7 December 2414 on SG treatments, 1810 on WSG  treatments
2010  (canola) 30 June-1 July 517 13–18 December 1724
2011  (wheat) 23 June 359 6–12 December 2586
2012  (wheat) 20–21 June 442 – –
2013  (canola)

2  2010 (wheat) 25–26 June 129 13–18 December 3448
2011  (canola) 25 June 1078 6–12 December 1293
2012  (wheat) 20–21 June 442 – –
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ig. 1. Plant available water from 0 to 0.2 m depth at 9:00 am each day as measured
he  summer fallow of 2009/2010 in Phase 1 of the Temora experiment. The numbe
tandard error of means and means with overlapping bars are unlikely to be signifi

rea. All wheat cultivars were of hard white milling quality. Merino
wes (3–8 per plot) were used to graze crops in WSG  treatments
n winter whilst crops were still in the vegetative stage (Table 2).
ollowing harvest in each year (late November-early December),
eaner ewes grazed stubbles in SG and WSG  treatments (Table 2).

heep were not removed from the plots if it rained during graz-
ng. In winter 2011 WSG  treatment plots were split and half the
rea grazed while the other half remained un-grazed. This made it
ossible to distinguish yield effects caused by grazing of the crop

tself in 2011 and soil physical effects from grazing in previous
ears. There was no significant effect of winter grazing in 2011 on
rain yield (data not shown), and subsequently all grazing treat-
ents were applied to the whole plot. The stubble burn treatments
ere applied in mid- to late-March of each year as is typical in the

egion due to wildfire risk in summer and thus had little bearing
n soil water accumulation during the summer fallow period. Sum-
er  weeds that emerged at the site were controlled with herbicide
ithin 5–10 days of emergence, and all in-crop weeds, foliar dis-

ases and pests were controlled with registered pesticides such that
hey likely did not affect yield. Synthetic fertilisers were applied as
equired such that nutrient deficiency did not limit yield.

.1.3. Soil and crop measurements

Soil water was monitored during the summer fallow period

sing time-domain reflectometry (TDR) soil water probes (Camp-
ell Scientific CS615, Campbell Scientific, Logan, Utah USA) at the
oil surface (75 and 150 mm depth) and a neutron moisture meter
R probes in the nil graze ( ) and stubble & winter graze treatments ( ) during
t to curve peaks are amounts of rainfall in corresponding events. Error bars are +/−

 different.

(NMM)  for the subsoil (0.1–1.8 m depth). Prior to seeding each year
two soil cores (42 mm diameter) were taken per plot to a depth of
1.8 m and segmented into depth 0–0.1, 0.1–0.2, 0.2–0.4, 0.4–0.6,
0.6–0.8, 0.8–1.0, 1.0–1.3, 1.3–1.6 m.  Additional cores were taken
for 0–0.1 m depth, and cores were bulked according to depths. Soil
from each depth increment was  analysed for mineral N (NH4 and
NO3)

Grain yield was  measured using a plot header harvesting only
the middle four rows of each seeding run to remove edge effects
from rows adjacent to tram tracks. Grain yields were also measured
by hand harvesting large areas (>1.0 m2) of crop and threshing
which also allowed total dry matter production, harvest index and
amount of the residue returned to plots prior to grazing to be calcu-
lated. Wheat grain protein and moisture content was  estimated by
NIRS, and moisture content was  used to standardise grain yields at
12.5% moisture. The amount of stubble present in plots was  mea-
sured after grazing to calculate how much sheep had consumed.

At the end of each summer fallow period, all residues were
removed from a 1 m2 area in each plot and infiltration rates mea-
sured using a drip infiltrometer (McCallum et al., 2004). Surface
soil strength was measured at 10 positions between rows and six
positions within rows in each plot using a hand-held penetrome-
ter (Zoli Maurizio Geotester, Zoli Maurizio, Alfonsine, Italy) with a

blunt 6.35 mm diameter tip which recorded the maximum resis-
tance to penetration for the tip to 6 mm depth. Soil strength was
measured on wet  soil in areas where water infiltration had been
measured 40 min  after water infiltration measurements had fin-
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Fig. 2. Volumetric soil water content down the soil profile of the nil graze (©) and
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shed. Bulk density (0–50 mm)  was measured in the wet areas using
harpened brass rings forced carefully into the soil and removed for
rying at 105 ◦C.

.2. Experiment 2—Condobolin

.2.1. Site description
The second experiment was conducted on a red chromosol

ith little slope near Condobolin in central west NSW (S 33.57◦,
 147.23◦, 198 m ASL) which has mean (1963–2013) annual rain-
all of 452 mm,  246 mm of which fall during the growing season. A
ain-gauge at the site was read following each rainfall event.

.2.2. Treatments and experimental design
Additional factors were considered at Condobolin in a non-

actorial experiment with the following treatments;
Nil graze, stubble retained (NGSR)
Nil graze, stubble mown  and removed (NGSM)
Nil graze, additional stubble added (NGSA)
Moderate graze, stubble retained (MGSR)
Heavy graze, stubble retained (HGSR)
Heavy graze, stubble retained & summer weeds not controlled

HGSRW—2012 only)
Each treatment was replicated four times in a randomised

omplete block design. Treatments were imposed in December
009 after harvest in a field which carried just under 3 t/ha of
heat stubble, and reimposed on the same plots annually to mea-

ure cumulative responses. Plots were 10.5 × 28 m and individually
enced, the fences being erected and removed each year so that all
perations except for the stubble treatments were conducted using
ommercial farm equipment and controlled traffic.

All crops were inter-row sown using a 9 m wide commercial
eep Blade System Auseeder (Ausplow, Cockburn Central, WA
ustralia). This was fitted with parallelogram seeding units com-
rised of high breakout tines with 13 mm knife points and press
heels, set at 250 mm row spacing. Cereal crops (wheat, barley,
heat) were sown in May  each year, a common sequence following

 period of legume-based pasture. Merino ewes grazed the stubbles
f treatments MGSR, HGSR and HGSRW in December each year,
ith grazing duration sufficient to reduce the stubble to about 70%

f the ungrazed level in treatment MGSR and 50% in treatments
GSR and HGSRW. The NGSM treatment was designed to separate

he effects of stubble removal and animal treading. The stubble was
own  at a height of 0.05 m with a walk-behind sickle-bar mower

nd the cut stubble was carefully removed, minimising surface soil
isturbance. The removed stubble was spread on NGSA plots to give

 treatment with greater stubble cover.
In all treatments other than HGSRW, summer weeds that

merged at the site were promptly controlled with herbicide. Crop
eeds, foliar diseases and pests were controlled with registered
esticides such that they likely did not affect yield.

.2.3. Crop and soil measurements
Soil water was monitored during the fallow and crop growth

eriods using a neutron moisture meter (Model 503DR, CPN Inter-
ational, Martinez, CA, USA) read at 0.2 m increments from 0.1 to
.3 m depth, with two access tubes per plot. Soil water contents
ere calculated using locally derived linear calibration regressions
hich accounted for 87% of the variance.

Prior to seeding each year, five soil cores (37 mm diameter) were
aken per plot to a depth of 0.9 m,  segmented into depths 0–0.1,
.1–0.3, 0.3–0.5, 0.5–0.7, 0.7–0.9 m and bulked according to depths.

oil from each depth increment was analysed for mineral N (NH4
nd NO3) and for gravimetric moisture content.

The amount of stubble present in each plot was  measured after
arvest each year and before and after the imposition of the stubble
combined grazed treatments (�) on 16 March 2010 in Phase 1 of the Temora exper-
iment. Error bars are +/− standard error of means and means with overlapping bars
are  unlikely to be significantly different.

and grazing treatments by collecting the stubble from two quadrats
of 0.375 m2.

Grain yield was measured by harvesting a 1.8 × 27 m strip from
the centre of each plot. Wheat grain protein and moisture con-
tent was  estimated by NIRS, and moisture content was used to
standardise grain yields at 12.5% moisture.

2.3. Statistical analysis

All data at Temora were analysed using a two-way analysis of
variance (ANOVA) in randomised blocks with grazing and stub-
ble treatment as factors in the GenStat 15 software package (VSN
International Ltd.). All data at Condobolin were analysed using a
one-way ANOVA in randomised blocks in the GenStat 15 software
package. Significance is assumed at the 95% confidence level and
tests of mean separation were made using Fisher’s least significant
difference test calculated at the 95% confidence level.

3. Results

3.1. Experiment 1—Temora

The set-up year of Phase 1 (2009) received well below average
in-crop rainfall (182 mm)  and winter grazing of the crop reduced
yield by 0.4 t/ha and protein increased accordingly (Table 3). Dur-
ing the first summer fallow period at the end of 2009, 313 mm of
rain fell, including five significant individual events (Fig. 1). The nil
graze treatment accumulated more water during the summer fal-
low period following large and intense rain in mid-February and
early March (Table 3). The extra water accumulated was  stored
deep in the profile (Fig. 2), and there was  no difference in soil water
content measured at the surface by TDR between nil graze or grazed
treatments (Fig. 1). Grazing reduced infiltration rates measured at
the end of the summer fallow period. Additional infiltration mea-
surements were made in the un-grazed farmer’s field (low residue
cover ∼1.6 t/ha of a drought-affected canola crop) surrounding the
experiment and rates were also found to be low (mean 11 mm/h,
standard error = 2). Despite the differences in plant-available water
prior to sowing in 2010, in-crop rain (460 mm)  was sufficient to
sustain crop growth and there were no significant differences in
crop yield among the grazing treatments (Table 3) or stubble burn

treatments (data not shown). Differences in plant-available water
persisted at maturity (data not shown), but heavy rain during the
summer of 2010–2011 (477 mm)  filled the soil profile and had all
but removed the differences prior to sowing in 2011.
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Table 3
Stubble remaining after grazing in December of the previous year, steady-state infiltration rate at the end of summer, soil bulk density, soil strength, plant available water (PAW) and mineral N prior to sowing, wheat grain yield
and  protein in Phase 1 of the Temora experiment.

Stubble
remaining after
summer grazing
(t/ha)

Summer
infiltration rate
(mm/h)

Bulk density
0–50 mm (Mg/M3)

Soil strength
0–10 mm (KPa)

PAW at sowing
(mm)

Mineral N at sowing
(kg/ha)

Grain yield
(t/ha)

Grain protein
(%)

2009—Wheat (cv. Gregory)
Nil graze – – – – 20 143 1.6 14.4
Stubble  graze – – – – 20 143 1.6 14.6
Winter  and Stubble Graze – – – – 20 143 1.2 14.9
P-value  – – – – – – <0.001 0.006
LSD  (P = 0.05) – – – – – – 0.2 0.33
–
2010—Canola (cv. Tawriffic)
Nil graze 5.4 33 1.22 222 155 178 4.1 –
Stubble  graze 0.8 20 1.23 365 110 205 4.2 –
Winter  and Stubble Graze 0.8 16 1.25 516 99 279 4.0 –
P-value  – 0.041 0.549 0.005 <0.001 0.014 0.62 –
LSD  (P = 0.05) – 11 NS 135 19 53 NS –
–
2011—Wheat (cv. Bolac)
Nil graze 8.0 102 1.35 298 201 93 4.6 13.1
Stubble  graze 4.0 49 1.38 355 183 126 4.6 13.5
Winter  and Stubble Graze 4.0 44 1.40 460 187 199 5.2 13.0
P-value  – 0.006 0.819 0.010 0.011 0.001 <0.001 0.158
LSD  (P = 0.05) – 29 NS 91 11 49 0.2 0.6
–
2012—Wheat (cv. Wedgetail)
Nil graze 9.8 – – – 203 99 4.7 10.5
Stubble  graze 4.2 – – – 192 144 4.8 10.9
Winter  and Stubble Graze 3.8 – – – 196 168 4.7 11.2
P-value  – – – – 0.127 0.005 0.768 0.022
LSD  (P = 0.05) – – – – NS 38 NS 0.5
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Table 4
Stubble remaining after grazing in December of the previous year, steady-state infiltration rate at the end of summer, soil bulk density, soil strength, plant available water (PAW) and mineral N prior to sowing, wheat grain yield
and  protein in Phase 2 of the Temora experiment.

Stubble
remaining after
summer grazing
(t/ha)

Summer
infiltration rate
(mm/h)

Bulk density
0–50 mm
(Mg/M3)

Soil strength
0–10 mm (KPa)

PAW at sowing
(mm)

Mineral N at
sowing (kg/ha)

Grain yield
(t/ha)

Grain protein
(%)

2010—Wheat (cv. Bolac)
Nil graze – – – – 48 185 6.9 13.6
Stubble  graze – – – – 48 185 6.9 13.4
Winter  and Stubble Graze – – – – 48 185 7.5 13.3
P-value  – – – – – – 0.012 0.419
LSD  (P = 0.05) – – – – – – 0.4 NS
–
2011—Canola (cv. 45Y82)
Nil graze 11.5 59 NA 308 145 92 3.4 –
Stubble  graze 5.5 36 NA 494 143 94 3.3 –
Winter  and Stubble Graze 5.5 34 NA 563 135 105 3.1 –
P-value  – 0.022 – 0.002 0.338 0.696 0.114 –
LSD  (P = 0.05) – 16 – 111 NS NS NS –
–
2012—Wheat (cv. Bolac)
Nil graze 7.4 79 1.18 150 138 73 4.8 10.5
Stubble  graze 3.3 36 1.28 360 140 76 4.9 10.3
Winter  and Stubble Graze 3.1 24 1.27 524 132 90 4.8 10.5
P-value  – 0.003 0.059 0.006 0.438 0.032 0.451 0.595
LSD  (P = 0.05) – 24 NS 168 NS 13 NS NS
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Table  5
Stubble remaining after grazing in the previous fallow, water stored during the fallow, and mineral N prior to sowing, wheat grain yield and protein in the experiment at
Condobolin.

Stubble remaining after
summer grazing (t/ha)

Fallow water
storage (mm)

Mineral N at
sowing (kg/ha)

Grain yield (t/ha) Grain protein (%)

2010—Wheat (cv. Livingston)
Nil graze, stubble retained 1.9 125 183 4.6 11.8
Nil  graze, stubble mown and removed 1.8 128 199 4.5 11.8
Nil  graze, stubble added 3.7 136 134 4.7 11.8
Moderate graze, stubble retained 1.4 126 157 4.7 11.8
Heavy graze, stubble retained 0.9 131 181 4.4 11.8
P-value <0.001 0.17 0.006 0.001 0.99
LSD  (P = 0.05) 0.2 NS 32 0.2 NS

2011—Barley (cv. Hindmarsh)
Nil graze, stubble retained 3.2 −3 115 2.5 10.4
Nil  graze, stubble mown and removed 0.8 −19 120 2.1 10.5
Nil  graze, stubble added 6.4 16 108 2.5 10.7
Moderate graze, stubble retained 2.8 −3 120 2.3 10.6
Heavy graze, stubble retained 2.2 −11 137 2.2 11.1
P-value <0.001 <0.001 0.58 0.003 0.31
LSD  (P = 0.05) 0.4 11 NS 0.2 NS

2012—Wheat (cv. Livingston)
Nil graze, stubble retained 3.3 96 90 1.72 9.0
Nil  graze, stubble mown and removed 0.5 90 116 1.83 9.7
Nil  graze, stubble added 6.1 98 76 1.65 9.0
Moderate graze, stubble retained 1.6 93 103 1.78 8.9
Heavy graze, stubble retained 1.2 99 85 1.84 9.7
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Heavy graze, stubble retained & summer weeds not controlled 1.2 

P-value <0.001 

LSD  (P = 0.05) 0.4 

Winter and stubble grazing significantly increased the amount
f soil mineral N available compared to the other treatments prior
o sowing in 2010, and this difference persisted in 2011 (Table 3). In
012 both the SG and WSG  treatments increased mineral N relative
o the NG treatment

In 2011 there was no difference in grain yield between these
wo halves of the WSG  plots that had been split for grazing in 2011
results not shown), and the WSG  treatment out-yielded the NG
nd SG treatment by 0.6 t/ha.

Grazing again reduced infiltration rates in 2011, but rates in all
reatments were much higher than at the start of 2010. Likewise
razing increased soil strength in both 2010 and 2011.

Summer fallow rain preceding the 2012 cropping season was
lso well above average (462 mm)  which filled the soil profile and
emoved the differences in plant available water (Table 3). In-crop
ainfall was well below average (175 mm)  and there was  no signifi-
ant effect of grazing on grain yield. The WSG  treatment had higher
rain protein than the NG treatment, reflecting the higher soil avail-
ble N. In 2012 burning stubble increased yield from 4.6 to 4.9 t/ha
P = 0.003) and there was an interaction with grazing (P = 0.037)
uch that burning increased yield to a greater extent in the NG treat-
ent (0.6 t/ha) compared to both of the grazed treatments (0 and

.4 t/ha for SG and WSG  respectively). This was the only time dur-
ng the experiment that there was a significant interaction or main
ffect of burning on any parameter.

In the set-up year of Phase 2 (2010), winter grazing of the crop
ncreased yield by 0.6 t/ha (Table 4). There were no effects of graz-
ng treatments on yield in either 2011 or 2012. Grazing reduced
nfiltration and increased soil strength in both 2011 and 2012, but
ot to levels likely to reduce fallow efficiency or decrease crop yield.
inter and stubble grazing significantly increased mineral N prior

o sowing in 2012.
.2. Experiment 2—Condobolin

There was 338 mm of summer fallow rain prior to the 2010
rowing season. There was no effect of grazing or addition or
74 87 1.49 9.6
0.076 0.049 0.02 0.04
NS 23 0.18 0.6

removal of stubble on soil water storage, but mineral N at sow-
ing was lower where stubble was  added and higher where it was
removed (Table 5). In the wet  growing season of 2010 (286 mm)  the
heavily grazed treatment yielded less than all other treatments.

During the 2010/2011 summer fallow (298 mm rain) treatments
with more stubble stored more soil water, but there was  no differ-
ence between the NGSS and HGSR treatments. In the relatively dry
growing season of 2011 (189 mm)  the higher water storage under
the NGSR and NGSA treatments resulted in higher yields.

During the 2011/2012 summer fallow (461 mm)  the HGSRW
treatment accumulated less soil water than the other treatments
(P = 0.076). The NGSA treatment had 40 kg/ha less mineral N than
the NGSM treatment. The 2012 growing season was also dry
(177 mm)  and the HGSR and NGSM treatments yielded marginally
more than the nil graze treatment and also had higher grain protein
content (Table 5).

4. Discussion

4.1. Effects of grazing stubble during the summer fallow

Over the four years of the Temora experiment, grazing stub-
bles during summer consistently affected soil properties − reducing
infiltration, increasing bulk density and soil strength, but rarely
to levels that were detrimental to soil water capture, crop growth
or grain yield. Infiltration rates generally remained well in excess
of usual rainfall intensity in the region (Australian Government
Bureau of Meteorology, 2013) and soil strength did not reach levels
detrimental to plant growth (>2000 KPa). This finding is consistent
with the conclusions of a number of recent studies elsewhere in
different systems (Allan et al., 2016; Barsotti et al., 2013; Bell et al.,
2011; Lenssen et al., 2013; Stavi et al., 2015).

The only negative yield responses due to grazing stubbles was in

the HGSR treatment at Condobolin in 2010 and 2011. In this treat-
ment the amount of stubble remaining (0.9 t/ha in 2010, 2.2 t/ha
in 2011) was  at or below the 70% cover or 2.0 t/ha level commonly
recommended for the prevention of run-off and soil erosion on clay
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oils (Felton et al., 1987). This was also the case at Temora when
he greatest potentially negative impact on crop production due
o grazing occurred following the 2009 growing season, when the
mount of stubble remaining in the grazed treatments at the start
f 2010 (0.8 t/ha) was below known thresholds for prevention of
un-off and soil erosion. In this second instance, grazing stubble
educed soil water storage during the 2009/2010 summer fallow
eriod by 50 mm.  The additional soil water in the NG treatment
as stored at depth, indicating that the difference in accumulation
as due to improved infiltration in the presence of stubble, rather

han reduced evaporation. It is unlikely that the relatively small
ifferences in residue cover could slow evaporation sufficiently to
reate such large differences in soil water given the frequency of
ainfall events (Bond and Willis, 1970; Verburg et al., 2012). This
ypothesis is supported by measurements of soil water at the sur-

ace by TDR which showed no difference between the NG or WSG
nd SG treatments following rainfall events.

The inferior infiltration in the grazed treatments was likely to
e due to higher rain-drop impact damage due to reduced stubble
over (Felton et al., 1987; Freebairn and Boughton, 1981) rather
han soil physical effects due to trampling, as infiltration rates
n the surrounding un-grazed farmer’s field (low stubble cover
1.6 t/ha of a drought-affected canola crop) were comparable to
easurements in the stubble grazed treatment (11 cf 20 mm/h;

espectively). Further evidence to support this hypothesis can be
ound at Condobolin in 2011, when removal of stubble by sheep
razing (HGSR) or mowing and removing (NGSM) had equivalent
egative effects on soil water storage and crop yield. This implies
rampling by sheep does no additional damage beyond that due to
emoval of soil cover.

In the case of Temora in 2010, any influence of reduced soil water
torage on grain yield was negated by the wet growing season of
010 and summer fallow period of 2010/2011. The circumstances
f actual (Condobolin, 2010) and potential (Temora, 2010) negative
mpact on crop production (grazing below threshold cover) also
eflect the circumstances of the only site year reported by Allan
t al. (2016) where a yield penalty was recorded, at which pasture
esidues were grazed to 1.8 t/ha and 38% cover.

In Phase 1 of the Temora experiment there was a trend for the SG
reatment to accumulate more mineral N during the summer fal-
ow compared to the NG treatment, although this difference only
ecame significant in 2012. There was also more mineral N in the
oderate grazed treatment compared to the nil graze treatment

t Condobolin in 2012. There are several mechanisms that could
ollectively be responsible for this difference. Crop residues and
egetative biomass consumed by sheep are digested by the ani-
al  and the majority (up to 80%; White et al., 1997) of the N is

ommonly returned to the soil as urea in urine, which under warm
ummer temperatures would rapidly hydrolyse to ammonia before
itrifying (Haynes and Williams, 1993). Much of the carbon in plant
esidues consumed by animals is emitted in gaseous form (CO2 and
H4) and lost from the system, or separately excreted to plots as

aeces (Freer et al., 1997). This allows N to remain in mineral form
nd available to crops, whereas in NG treatments the organic N
n stubble is likely to be immobilised by decomposing microbes
Mary et al., 1996). Stavi et al. (2015) found that grazing of wheat
esidues increased total soil organic carbon content and labile car-
on content, which over time would increase the capacity for soils
nder grazing to mineralise N. No measurements of soil carbon
ave been made in this study, but these would be a helpful starting
oint to elucidate the mechanisms behind the observed increase

n mineral N. At Condobolin, there was significantly more mineral

 in the NGSS treatment compared to the NGSA treatment in both
010 and 2012, implying that immobilisation of N by decompos-

ng wheat residues may  be the dominant factor driving measured
ifferences in mineral N.
earch 196 (2016) 22–32

Previous studies have speculated that increased mineral N is a
possible benefit from grazing cropping fallows (Barsotti et al., 2013;
Hatfield et al., 2007), but few have demonstrated it and none have
elucidated which mechanisms may  be responsible, or their relative
importance. Lenssen et al. (2013) and Sainju et al. (2014) reported
significantly lower soil nitrate in grazed treatments compared to
tilled or chemical fallow, and Allan et al. (2016) report inconsistent
responses in levels of soil mineral N to grazing. The discrepancy
between our results and previous studies is readily explained by
the focus or retention of fallow weeds as a treatment effect in pre-
vious studies. Summer fallow weeds are known to greatly reduce
levels of soil mineral N available prior to the planting of subsequent
crops (Hunt et al., 2013; Kirkegaard et al., 2014) and grazing them
is unlikely to substantially reduce water or N use (Fischer, 1987).
Further research into the effect of grazing of crop residues on N
availability to crops could potentially be rewarding given the eco-
nomic and environmental imperative to improve the nutrient use
efficiency of cropping systems.

A question remains regarding the extrapolation of the results
from the short grazing duration with high stocking rates used in
the Temora experiment to commercial paddocks where stocking
rates may  be lower, grazing duration longer and spatially variable.
Whilst it is impossible to answer this question definitively, in the-
ory as long as grazing intensity is thought of in terms of stocking
rate and duration (i.e. sheep/ha days) results should be relevant to
commercial practice. This assumption is supported by the similar
findings arising from paddock scale experiments at lower stocking
rates at Condobolin, and also reported by Allan et al. (2016).

4.2. Effects of grazing crops during winter

Winter grazing of crops during the vegetative stage at Temora
had variable impact on yield in a manner consistent with the review
of grazed crops by Harrison et al. (2011). Whilst the additional graz-
ing in winter when soils are generally wet significantly increased
soil strength relative to the SG treatment, it did not increase it to
an extent likely to be detrimental to plant growth (>2000 KPa). It
is unlikely that any of the observed yield effects from grazing in
winter were due to soil physical effects. They were more likely due
to differences in plant growth in response to defoliation, and possi-
bly to increased soil mineral N in the WSG  treatments (see below).
This is supported by results from 2011 in which WSG  plots were
split and only half grazed in order to separate soil physical effects
from previous grazing from effects of defoliation and there was no
difference in yield between the two  halves.

Grazing in winter increased the amount of soil mineral N mea-
sured prior to sowing in all years of the experiment in Phase 1
and in 2012 in Phase 2. This resulted in the WSG  treatment hav-
ing higher grain protein at equivalent grain yield levels in Phase 1
in 2012, and is also the probable explanation for the higher grain
yield of the WSG  treatment in 2011. This stands at odds with the
study of Franzluebbers and Stuedemann (2013) who found that
cattle grazing cover crops gave variable responses to soil mineral
N over a six year experiment, but that at the conclusion of the
experiment mineral N levels were lowered by grazing. There are
additional mechanisms not at play in the study of Franzluebbers
and Stuedemann (2013) and further to those discussed in the sec-
tion on stubble grazing above that could collectively be responsible
for this increased mineral N in response to vegetative grazing. In the
first year of Phase 1, grain yield of the WSG  treatment was lower
and thus N removal in grain was lower, leaving more N in the soil
for the following season. Secondly, winter grazed crops accumu-

late less total dry matter by maturity due to defoliation (Virgona
et al., 2006), and thus plant N uptake is less in comparison to NG
and SG crops. Thus more N would be left in the soil for subsequent
crops in these treatments. Reduced biomass accumulation in the
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SG  treatment also means less carbon-rich residues and roots are
eturned to the soil surface which could reduce N immobilisation
Holland and Detling, 1990). Residues of vegetatively grazed wheat
rops also tend to have higher N content which has been shown to
asten the release of N from residues (Assmann et al., 2014).

.3. Effects of burning residues

Wheat yield responses to either burning or retaining stubble
ere generally similar to those reported by Kirkegaard (1995) and
iller et al. (2015) in which the response related to the level of
rowing season rainfall. In general yield increases with retained
tubble are expected in drier seasons as a result of water conser-
ation while yield decreases occur in wetter seasons due to factors
uch as increases in N immobilisation, stubble borne diseases and
older temperatures in winter above the stubble. The only excep-
ion to this was in Phase 1 in 2012 where burning increased yield by
.5 t/ha despite very low growing season rainfall (178 mm).  There
re several possible reasons for this in the experiment reported
ere. Firstly, it was the only year in the experiment in which
heat was grown on wheat, and burnt treatments had less tan-spot

Pyrenophora tritici-repentis)  infection during vegetative growth.
owever, tan spot infection during vegetative stages in SNSW is
ery common and rarely affects yield. Visually, burnt treatments
ppeared to have less frost induced sterility (FIS) than those in
hich stubble was retained, but measurements of FIS showed no

ignificant difference (data not shown).

. Conclusions

Our data support the conclusions of Bell et al. (2011) reporting
hat physical effects from grazing sheep trampling soil tend to be
hallow and transient and reductions in subsequent crop yield are
are. These findings give confidence that provided a critical level of
oil cover is maintained (recommended >70% or >2.0 t/ha of cereal
tubble), livestock can be retained within modern conservation
ropping systems without compromising crop performance, and
ay  continue to provide production and business risk benefits in

he future. In SNSW crop residues are frequently produced that are
ell in excess of levels required to prevent soil erosion, and in more

avourable seasons reduce crop yield (Giller et al., 2015; Kirkegaard
t al., 1994). Reduction of residues by grazing is preferable to alter-
ate means of residue management (e.g. burning, baling, tillage or
ulching) which all carry financial and environmental costs.
Grazing of stubbles and crops appeared to make more min-

ral N available to crops which has obvious implications for crop
rowth, grain yield and protein and is perhaps an overlooked bene-
t of keeping livestock in stubble retained farming systems. Further
esearch is necessary to determine by what mechanism this effect is
perating, and how it could be used to greater advantage in mixed
arming systems in the longer term. Understanding these processes
ill be particularly important given the decreasing area and qual-

ty of legume-based pastures in NSW and the increasing reliance
n expensive fertiliser N for crop production (Angus and Peoples,
012).

cknowledgements

This research was funded by the Grains Research and Devel-
pment Corporation (GRDC) of Australia (Projects FLR00005,
WF00013, CSP00111 and CSP00174). Funding for the Temora

xperiment was provided through FarmLink Research, funding for
he Condobolin experiment was provided through Central West
arming Systems. We  thank the Catch More, Store More, Grow
roject steering committee (Jason Coleman, Greg Condon, Chris
earch 196 (2016) 22–32 31

Duff, Derek Ingold, James Ingrey, Geoff Lane, John Pattison, Jamie
Pursehouse, Michael Sinclair, Rob Taylor, Craig Warren) for their
advice on conduct of the experiments; Peter, Lynne and Jason
Coleman for hosting the experiments; Laura Goward, Brad Rhein-
heimer, Tony Pratt, Mitchell Cuell, James Holding and Mitch Allen
for providing technical assistance; Steve Henry for assisting with
soil characterisations.

References

Allan, C.J., Jones, B., Falkiner, S., Nicholson, C., Hyde, S., Mauchline, S., Ferrier, D.-A.,
Ward, P., Siddique, K.H.M., Flower, K.C., 2016. Light grazing of crop residues by
sheep in a Mediterranean-typeenvironment has little impact on following
no-tillage crops. Eur. J. Agron. 77, 70–80.

Angus, J.F., Peoples, M.B., 2012. Nitrogen from Australian dryland pastures. Crop
Past. Sci. 63, 746–758.

Anon, 2009. Preface: use of precision agriculture by the Australian grains industry.
Crop Past. Sci. 60, 795–798.

Assmann, T.S., de Bortolli, M.A., Assmann, A.L., Soares, A.B., Pitta, C.S.R.,
Franzluebbers, A.J., Glienke, C.L., Assmann, J.M., 2014. Does cattle grazing of
dual-purpose wheat accelerate the rate of stubble decomposition and
nutrients released? Agric. Ecosyst. Environ. 190, 37–42.

Australian Government Bureau of Meteorology, 2013.
Intensity–Frequency–Duration. http://www.bom.gov.au/water/
designRainfalls/ifd/, (accessed 15.03.16.).

Barsotti, J.L., Sainju, U.M., Lenssen, A.W., Montagne, C., Hatfield, P.G., 2013. Crop
yields and soil organic matter responses to sheep grazing in US northern Great
Plains. Soil Tillage Res. 134, 133–141.

Bell, L.W., Moore, A.D., 2012. Integrated crop-livestock systems in Australian
agriculture: trends, drivers and implications. Agric. Syst. 111, 1–12.

Bell, L.W., Kirkegaard, J.A., Swan, A., Hunt, J.R., Huth, N.I., Fettell, N.A., 2011.
Impacts of soil damage by grazing livestock on crop productivity. Soil Tillage
Res. 113, 19–29.

Bond, J.J., Willis, W.O., 1970. Soil water evaporation: first stage drying as
influenced by surface residue and evaporation potential. Proc. Soil Sci. Soc. Am.
34, 924–928.

Burk, L., Dalgliesh, N., 2008. Estimating Plant Available Water Capacity-A
Methodology. CSIRO Sustainable Ecosystems, Canberra.

Cai, W.,  Cowan, T., Thatcher, M.,  2012. Rainfall reductions over Southern
Hemisphere semi-arid regions: the role of subtropical dry zone expansion. Sci.
Rep.  2.

Clark, J.T., Russell, J.R., Karlen, D.L., Singleton, P.L., Busby, W.D., Peterson, B.C., 2004.
Soil surface properties and soybean yield response to corn stover grazing.
Agron. J. 96, 1364–1371.

Derpsch, R., Friedrich, T., Kassam, A., Hongwen, L., 2010. Current status of adoption
of  no-till farming in the world and some of its main benefits. Int. J. Agric. Biol.
Eng.  3, 1–26.

Dove, H., Kirkegaard, J.A., 2014. Using dual-purpose crops in sheep-grazing
systems. J. Sci. Food Agric. 94, 1276–1283.

Felton, W.,  Freebairn, D.M., Fettell, N.A., Thomas, J., 1987. Crop residue
management. In: Cornish, P.S., Pratley, J.E. (Eds.), Tillage. Inkata Press,
Melbourne, pp. 171–193.

Fischer, R.A., 1987. Responses of soil and crop water relations to tillage. In: Cornish,
P.S.,  Pratley, J.E. (Eds.), Tillage. Inkata Press, Melbourne, pp. 194–221.

Fisher, J., Tozer, P., Abrecht, D., 2012. Livestock in no-till cropping systems—a story
of  trade-offs. Anim. Prod. Sci. 52, 197–214.

Franzluebbers, A.J., Stuedemann, J.A., 2013. Soil-profile distribution of inorganic N
during 6 years of integrated crop-livestock management. Soil Tillage Res. 134,
83–89.

Freebairn, D.M., Boughton, W.C., 1981. Surface runoff experiments on the eastern
Darling Downs. Aust. J. Soil Res. 19, 133–146.

Freer, M.,  Moore, A.D., Donnelly, J.R., 1997. GRAZPLAN: Decision support systems
for Australian grazing enterprises—II. The animal biology model for feed intake:
production and reproduction and the GrazFeed DSS. Agric. Syst. 54, 77–126.

Giller, K.E., Andersson, J.A., Corbeels, M.,  Kirkegaard, J., Mortensen, D., Erenstein, O.,
Vanlauwe, B., 2015. Beyond conservation agriculture. Front. Plant Sci. 6.

Govaerts, B., Sayre, K.D., Goudeseune, B., De Corte, P., Lichter, K., Dendooven, L.,
Deckers, J., 2009. Conservation agriculture as a sustainable option for the
central Mexican highlands. Soil Tillage Res. 103, 222–230.

Hamza, M.A., Anderson, W.K., 2005. Soil compaction in cropping systems—a review
of  the nature, causes and possible solutions. Soil Tillage Res. 82, 121–145.

Harrison, M.T., Evans, J.R., Dove, H., Moore, A.D., 2011. Dual-purpose cereals: can
the relative influences of management and environment on crop recovery and
grain yield be dissected? Crop Past. Sci. 62, 930–946.

Hatfield, P.G., Goosey, H.B., Spezzano, T.M., Blodgett, S.L., Lenssen, A.W., Kott, R.W.,
Marlow, C.B., 2007. Incorporating sheep into dryland grain production
systems: III. Impact on changes in soil bulk density and soil nutrient profiles.
Small Rumin. Res. 67, 222–231.
Haynes, R.J., Williams, P.H., 1993. Nutrient cycling and soil fertility in the grazed
pasture ecosystem. In: Donald, L.S. (Ed.), Advances in Agronomy. Academic
Press, pp. 119–199.

Holland, E.A., Detling, J.K., 1990. Plant response to herbivory and belowground
nitrogen cycling. Ecology 71, 1040–1049.

http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0005
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0010
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0015
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0020
http://www.bom.gov.au/water/designRainfalls/ifd/
http://www.bom.gov.au/water/designRainfalls/ifd/
http://www.bom.gov.au/water/designRainfalls/ifd/
http://www.bom.gov.au/water/designRainfalls/ifd/
http://www.bom.gov.au/water/designRainfalls/ifd/
http://www.bom.gov.au/water/designRainfalls/ifd/
http://www.bom.gov.au/water/designRainfalls/ifd/
http://www.bom.gov.au/water/designRainfalls/ifd/
http://www.bom.gov.au/water/designRainfalls/ifd/
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0030
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0035
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0040
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0045
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0050
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0055
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0060
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0065
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0070
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0075
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0080
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0085
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0090
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0095
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0100
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0105
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0105
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0105
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0105
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0105
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0105
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0105
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0110
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0115
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0120
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0125
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0130
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0135


3 ps Res

H

H

H

I

K

K

K

K

L

L

M

M

yield, development, water use, and nitrogen use. Aust. J. Agric. Res. 57,
1307–1319.
2 J.R. Hunt et al. / Field Cro

unt, J.R., Kirkegaard, J.A., 2011. Re-evaluating the contribution of summer fallow
rain to wheat yield in southern Australia. Crop Past. Sci. 62, 915–929.

unt, J.R., Cousens, R.D., Knights, S.E., 2009. Heliotropium europaeum only
germinates following sufficient rainfall to allow reproduction. J. Arid Environ.
73,  602–610.

unt, J.R., Browne, C., McBeath, T., Verburg, K., Craig, S., Whitbread, A.M., 2013.
Summer fallow weed control and residue management impacts on winter crop
yield through soil water and N accumulation in a winter-dominant, low
rainfall region of southern Australia. Crop Past. Sci. 64, 922–934.

sbell, R.F., 2002. The Australian Soil Classification—Revised Edition. CSIRO
Publishing, Collingwood, Australia.

irkegaard, J.A., Angus, J.F., Gardner, P.A., Muller, W.,  1994. Reduced growth and
yield of wheat with conservation cropping. 1. Field studies in the first year of
the  cropping phase. Aust. J. Agric. Res. 45, 511–528.

irkegaard, J.A., Peoples, M.,  Angus, J.F., Unkovich, M.,  2011. Diversity and
evolution of rainfed farming systems in southern Australia. In: Tow, P., Cooper,
I.,  Partridge, I., Birch, C. (Eds.), Rainfed Farming Systems. Springer, Dordrecht,
Netherlands, pp. 715–754.

irkegaard, J.A., Hunt, J.R., McBeath, T.M., Lilley, J.M., Moore, A.D., Verburg, K.,
Robertson, M.J., Oliver, Y.M., Whitbread, A.M., 2014. Improving water
productivity in the Australian Grains industry—a nationally coordinated
approach. Crop Past. Sci. 65, 583–601.

irkegaard, J.A., 1995. A review of trends in wheat yield responses to conservation
cropping in Australia. Aust. J. Exp. Agric. 35, 835–848.

enssen, A.W., Sainju, U.M., Hatfield, P.G., 2013. Integrating sheep grazing into
wheat–fallow systems: crop yield and soil properties. Field Crops Res. 146,
75–85.

lewellyn, R.S., D’Emden, F.H., Kuehne, G., 2012. Extensive use of no-tillage in grain
growing regions of Australia. Field Crops Res. 132, 204–212.

ary, B., Recous, S., Darwis, D., Robin, D., 1996. Interactions between

decomposition of plant residues and nitrogen cycling in soil. Plant Soil 181,
71–82.

cCallum, M.H., Kirkegaard, J.A., Green, T.W., Cresswell, H.P., Davies, S.L., Angus,
J.F.,  Peoples, M.B., 2004. Improved subsoil macroporosity following perennial
pastures. Aust. J. Exp. Agric. 44, 299–307.
earch 196 (2016) 22–32

Moore, A.D., Hunt, J.R., 2012. Does control of summer fallow weeds improve
whole-farm productivity in both Mediterranean and temperate environments?
In:  Capturing Opportunities and Overcoming Obstacles in Australian
Agronomy: 16th Australian Society of Agronomy Conference, Australian
Society of Agronomy, Armidale, Australia.

Peoples, M.B., Gault, R.R., Scammell, G.J., Dear, B.S., Virgona, J., Sandral, G.A., Paul, J.,
Wolfe, E.C., Angus, J.F., 1998. Effect of pasture management on the
contributions of fixed N to the N economy of ley-farming systems. Aust. J.
Agric. Res. 49, 459–474.

Radford, B.J., Yule, D.F., Braunack, M., Playford, C., 2008. Effects of grazing sorghum
stubble on soil physical properties and subsequent crop performance. Am.  J.
Agric. Biol. Sci. 3, 734–742.

Sainju, U.M., Barsotti, J.L., Lenssen, A.W., Hatfield, P.G., 2014. Particulate and active
soil nitrogen fractions are reduced by sheep grazing in dryland cropping
systems. Nutr. Cycl. Agroecosyst. 99, 79–93.

Stavi, I., Barkai, D., Islam, K.R., Zaady, E., 2015. No adverse effect of moderate
stubble grazing on soil quality and organic carbon pool in dryland wheat
agro-ecosystems. Agron. Sustain. Dev. 35, 1117–1125.

Thomas, D.T., Finlayson, J., Moore, A.D., Robertson, M.J., 2010. Profitability of
grazing crop stubbles may  be overestimated by using the metabolisable energy
intake from the stubble. Anim. Prod. Sci. 50, 699–704.

Verburg, K., Bond, W.,  Hunt, J.R., 2012. Fallow management in dryland agriculture:
explaining soil water accumulation using a pulse paradigm. Field Crops Res.
130, 68–79.

Verdon-Kidd, D.C., Kiem, A.S., 2009. Nature and causes of protracted droughts in
southeast Australia: comparison between the federation, WWII, and big dry
droughts. Geophys. Res. Lett. 36, L22707.

Virgona, J.M., Gummer, F.A.J., Angus, J.F., 2006. Effects of grazing on wheat growth,
White, P.F., Treacher, T.T., Termanini, A., 1997. Nitrogen cycling in semi-arid
Mediterranean zones: removal and return of nitrogen to pastures by grazing
sheep. Aust. J. Agric. Res. 48, 317–322.

http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0140
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0145
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0150
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0155
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0160
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0165
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0170
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0175
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0180
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0185
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0190
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0195
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0200
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0205
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0210
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0215
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0220
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0225
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0230
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0235
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0240
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245
http://refhub.elsevier.com/S0378-4290(16)30169-1/sbref0245

	Sheep grazing on crop residues do not reduce crop yields in no-till, controlled traffic farming systems in an equi-seasona...
	1 Introduction
	2 Methods
	2.1 Experiment 1—Temora
	2.1.1 Site description
	2.1.2 Treatments and experimental design
	2.1.3 Soil and crop measurements

	2.2 Experiment 2—Condobolin
	2.2.1 Site description
	2.2.2 Treatments and experimental design
	2.2.3 Crop and soil measurements

	2.3 Statistical analysis

	3 Results
	3.1 Experiment 1—Temora
	3.2 Experiment 2—Condobolin

	4 Discussion
	4.1 Effects of grazing stubble during the summer fallow
	4.2 Effects of grazing crops during winter
	4.3 Effects of burning residues

	5 Conclusions
	Acknowledgements
	REFERENCES


