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A B S T R A C T

Yield in dryland wheat could be improved through a better understanding of crop responses to no-till (NT),
stubble retention and nitrogen (N). Field experiments were established at Roseworthy and Karoonda in South
Australia to evaluate wheat crop responses to contrasting tillage systems, different amounts of stubble and N
timing. Canopy development regulated grain yield. No-till crops produced more biomass compared with con-
ventional tillage while large amounts of stubble (5 t ha−1) reduced biomass at harvest compared with both
moderate amounts of stubble (2.5 t ha−1) and bare ground. The application of N at sowing produced large
vegetative biomass compared with delayed N supply. However, delayed N supply allowed more rapid accu-
mulation of biomass between stem elongation and flowering, the critical period for yield determination in wheat.
Crop growth rate during this period positively correlated with grain number (R=0.44) but negatively with tiller
numbers (R=0.66). Grain yield declined with the retention of more than moderate amounts of stubble, irre-
spective of whether the stubble was applied as mulch or left standing; similarly, additional stubble did not
improve water conservation benefits. Results demonstrate that the strategic supply of N under stubble retention
can increase crop growth rate during the critical period between stem elongation and flowering.

1. Introduction

Sustainable dryland cropping typically involves no-till (NT), stubble
retention and effective nitrogen (N) fertilization. However, the me-
chanisms operating among tillage systems, stubble amounts and N
fertilization are only partially understood. Limitations arise from a poor
understanding of how these management practices impact crop devel-
opmental rates to improve yield potential. This limitation is com-
pounded by challenges in matching water use patterns with N avail-
ability and crop demand for N. Uncertainties on the optimal amount of
stubble to retain and its orientation (mulch or standing stubble), as well
as post-harvest handling challenges of stubble limit tillage and stubble
management options.

Tillage and stubble retention affect soil water and N economies, the
fundamental constraints in dryland cropping systems. Together with
stubble retention, NT conserves soil through reduced runoff, erosion,
evaporation and increased infiltration (Alvarez and Steinbach, 2009;
Kirkegaard, 1995). Yield gain from increased water availability

depends on many factors, such as crop growth rate, and N use patterns
(Sadras and Lemaire, 2014). In wheat, crop growth rate between stem
elongation and flowering affects grain number, radiation use efficiency
and N uptake (Andrade et al., 2005; Miralles and Slafer, 2007; Slafer
et al., 2015). Little is documented on the mechanisms that impact crop
growth rate and yield in NT and stubble retention systems.

Wheat and maize crops grown under NT and stubble retention had
slow initial growth rates compared with those under conventionally
tilled soils (Verhulst et al., 2011). However, the slow growth rates were
compensated in later stages, which led to higher grain yield. The au-
thors attributed the slow start and the subsequent compensation at late
stages to the synchronization of N availability with crop demand for N,
compared with an initial flush of N in tilled soils. Nonetheless, from a
physiological point of view, the shift in biomass indicates changes in
crop growth rate during the reproductive phase. Nitrogen deficiency
will impact differently at different growth stages during crop growth
(Ravier et al., 2017). Therefore, low initial N, when plant available
water is high, are poorly matched but may lead to high yield if some
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water is conserved for later growth. Water limitations during the yield
determination window reduce N recovery, potentially reducing leaf
area, photosynthetic activity and grain number (Slafer et al., 2015).
Studies evaluating management practices only use end-of-season yield
components (Brennan et al., 2014; Singh et al., 2015) but provide little
information about the physiological mechanisms regulating crop
growth and yield.

Rainfall uncertainties make N fertilization a risky venture in dry-
lands, which leads to large gaps between actual and water-limited po-
tential yield (Sadras et al., 2016). Water-limited yield potential is the
maximum yield achievable under rainfed conditions if soil water cap-
ture and storage are maximised and nutrient constraints are eliminated
(van Ittersum et al., 2013). Improved moisture regimes under NT and
stubble retention provide opportunities for better N management,
particularly with late N applications (Riar and Coventry, 2013). N ap-
plications at sowing minimise the risks of N fertilization in drylands
(Sadras et al., 2016) but lead to potential trade-off in the build-up of
large vegetative biomass that squanders valuable soil moisture before
the reproductive and grain-filling phases (van Herwaarden et al., 1998;
Zhou et al., 2017). In addition, wheat crops require small amounts of N
in the initial stages while applications at sowing inefficiently convert
biomass to yield (Hooper et al., 2015; Zhou et al., 2017) and predis-
poses N to leaching losses (Alley et al., 1996). Timing the N supply is
one mechanism used to manage biomass to better match rainfall pat-
terns and balance water use, both before and after flowering (Zhou
et al., 2017). Late applications of N provide better N recovery for in-
creased grain yield quality (Coventry et al., 2011). In Australia, man-
agement of stubble in NT systems can require the removal of excess
stubble by burning or feeding livestock to minimise physical impair-
ment to seeding operations and crop establishment (Flower et al., 2017;
Rochecouste and Crabtree, 2014; Scott et al., 2013). Recent findings are
inconsistent; some report yield increase as stubble amounts increase
(Scott et al., 2013; Yunusa et al., 1994) but others show a negative
relationship (Flower et al., 2017). The increased yield is attributed to
conservation of water and nutrients while losses are ascribed to reduced
plant numbers due to physical obstruction by stubble, and diseases and
pests (Scott et al., 2013); yet the minimum amount of stubble required
to off-set losses and maximise benefits is not known (Kirkegaard et al.,
2014). The quality and amount of stubble is important, as high amounts
of cereal stubble have larger negative effects compared with legume or
brassica materials (Flower et al., 2017), presumably due to lower C:N
ratio in the latter types. However, cereal stubble is dominant, and un-
derstanding the critical quantities of stubble to retain could provide a
theoretical basis for the minimal amount to retain and post-harvest
handling techniques (Kirkegaard et al., 2014). These amounts are likely
to be independent of the cropping environment and system.

In view of the identified limitations, this study examined crop
growth and water use on wheat yield as affected by tillage, stubble and
N timing in contrasting environments. We hypothesised that, (i) the
effects of management practices on yield are mediated by changes in
crop growth rate between stem elongation and flowering, (ii) yield
response to tillage and stubble is N dependent, and (iii) the critical
amount of stubble at which grain yield is maximised in dryland wheat is
independent of cropping environment. In NT systems, an optimal
amount of stubble in combination with better N timing could reduce
wheat yield gaps in winter-rainfall Australian environments.

2. Materials and methods

2.1. Sites

Field experiments combining tillage systems, different amounts of
stubble application and N timing were conducted in 2013 through 2015
in two contrasting dryland wheat growing Mediterranean-type en-
vironments in South Australia. The sites had a history of commercial
production, with rotation of cereals, canola and crop legumes under

continuous NT and use of direct drill sowing equipment while stubble
was typically reduced by grazing livestock. Experiments were con-
ducted in 2013 through 2015 at Roseworthy farm of the University of
Adelaide (34.52 °S, 138.68 °E, 63m altitude) and in 2013 and 2014 at
Karoonda (35.04 °S, 140·05 °E, 75m altitude).

Roseworthy has 463mm average annual rainfall, with 315mm in
the growing season between April and October. The site has mean
maximum temperature of 22.5 °C and mean minimum temperature of
10.0 °C during this cropping season. Soil is red-brown earth and clas-
sified as sodic, supracalcic, red chromosol with a firm sandy loam
surface in the A horizon (Isbell, 2002). Soil tests before sowing at
0–20 cm depth returned a pH of 6.6 in CaCl2, EC of 244 μS cm−1, 0.07%
by weight total N (Kjedahl method) and 1.41% by weight organic
carbon (Walkley-Black chromic acid wet oxidation method). At
20–40 cm depth, the soil had a pH of 6.7, 252 μS cm−1 EC, 0.05% total
N by weight and 1.21% organic carbon by weight.

Karoonda is located in the Murray Mallee with lower rainfall than
Roseworthy. Annual rainfall at this site is 310mm, and approximately
70% falls between April and October cropping season. Mean maximum
temperature at this site is 24.0 °C whereas the mean minimum tem-
perature is 9.0 °C. Karoonda soils are sandy with a shallow profile of
approximately 60 cm on rock. At 0–20 cm depth, pH was 6.6, 163 μS
cm−1 EC, 0.02% by weight total N and 0.63% by weight organic carbon
(C). At 20–40 cm depth the soil has a pH of 7.2, an EC of 629 μS cm-1,
0.01% total N by weight and 1.07% C by weight.

2.2. Treatments and experiment design

At Roseworthy, two tillage systems (conventional tillage, CT, and
no-till, NT), four rates of stubble (zero, low, moderate and high) and
three N timings. The N timing represented normal (single sowing ap-
plication), low yield (early application) and high yield (late applica-
tion) based on the results of Hooper et al. (2015). N timing treatments
were, (i) sowing application of 100 kg N ha−1 (N1), (ii) 100 kg N ha-1

split as 25% at sowing, 50% at tillering and 25% at awn emergence
(N2), and (iii) 100 kg N ha-1 divided as 50% at tillering and 50% at awn
emergence (N3). The experimental design was a split-split plot ar-
rangement in a randomized complete block design with three replica-
tions. Tillage system was assigned to the main plots, residue amount
formed the sub-plots, while N timing made the sub-sub-plots.

In Karoonda, two tillage systems (CT and NT) and four rates of
stubble (zero, low, moderate and high stubble) were evaluated under
uniform application of 100 kg N ha−1 at sowing. The experiment design
was a split plot arrangement in a randomized complete block design
with four replications. Tillage system was assigned to the main plots
and stubble amounts were assigned to the sub-plots. In both sites, main
plots were 48m long and 6.5 m wide, sub-plots were 48m long and
1.5 m wide while sub-sub plots measured as 12m by 1.5 m. Six rows
were sown per plot with as 0.25m spacing.

2.3. Experiment management

In both sites, crops of wheat (Triticum aestivum L.), Justica CL Plus, a
variety well-adapted to Australian conditions were grown. Crops were
sown on 29th May 2013, 10th June 2014 and 24th June 2015 at
Roseworthy while at Karoonda crops were sown on 28th May in both
2013 and 2014. At the beginning in 2013, crops were sown into surface
applied stubble mulch. After sowing, mulch was applied manually at
zero stubble (0 t ha−1), low stubble (0.5 t ha−1), medium stubble (2.5 t
ha−1) and high stubble (5 t ha−1). In 2014 and 2015, crops were sown
into standing stubble treatment. After harvesting the previous stubble
was retained after cutting to different heights and the cut material was
removed. Stubble was cut at ground level for zero stubble, 15 cm from
the ground level for low stubble, 25 cm for moderate stubble and 35 cm
for high stubble. A canvas bag was secured at the rear of the straw
walker of the harvester to collect the cut stubble. Conventional tillage
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plots were prepared using multiple tillage passes with a spring-tyne
plough to 5 cm depth, the usual cultivation depth for loamy and sandy
soils in Australia; stubble was thoroughly incorporated. The NT plots
remained undisturbed. In both tillage systems, a six-row narrow tyne
direct-drill seeder with press wheels was used for seed and basal ferti-
lizer placement.

Crops were seeded at the rate of 95 kg seed ha−1 and a basal fer-
tilizer of single superphosphate was supplied with seed at the rate of
12 kg P ha−1. Nitrogen treatments were supplied from urea (46% N).
Sowing applications were supplied with seed while the in-crop sub-di-
visions were hand broadcast, prior to at least 5 mm of rainfall. In both
tillage systems, fertilizer was left on the soil surface without in-
corporation. Weeds were controlled with herbicide sprays of 1.5 l ha−1

of glyphosate and 85ml ha−1 of Goal® (240 g L−1 oxyfluorfen, 108 g
L−1 N-methyl pyrrdidone and 606 g L−1 liquid hydrocarbons) before
sowing and 1.5 l ha−1 of glyphosate and 2.5 l ha−1 Boxer Gold® (800 g
L−1 prosulfocarb and 120 g L−1 S-metolachlor) after sowing. Diseases
were controlled with fungicides and micro-nutrient deficiencies were
checked with trace element foliar sprays.

2.4. Measurements

After sowing in 2013, data loggers (UA-002-64, One Temp Pty. Ltd.,
MA, USA) for measuring temperature were placed on the soil surface on
plots with 0, 2.5 and 5 t ha−1 stubble treatments at Roseworthy, while
temperature was recorded under 0 and 2.5 t ha−1 stubble at Karoonda.
The data loggers were not shaded. At 28 days after sowing (DAS), soil
cores in each plot were sampled by inserting a 5 cm diameter tube to
measure bulk density from 0 to 140 cm depth of the profile.
Measurements of rainfall, temperature, evaporation, relative humidity
and radiation were obtained from the Australian Bureau of Meteorology
stations at both sites.

Soil water content (SWC) was measured with a neutron moisture
meter (NMM) (Model 503, Campbell Pacific Nuclear Corp., Martinez,
CA, USA), at Roseworthy only. All N timing treatments were sampled
for SWC in 2013 but in 2014 and 2015 only N1 were tested. Aluminium
access tubes (5 cm diameter× 150 cm length) were inserted in the
middle of each plot for NMM probe to pass through. The NMM readings
were calibrated using corresponding soil volumetric water content that
was obtained gravimetrically at the designated depths. Measurements
were taken at 20 cm intervals from 20 to 140 cm depth. Water content
at 0–10 cm depth was estimated gravimetrically. Since each NMM
reading indicated the average for a volume of soil within a 10-cm radius
of the probe, the actual SWC at 10–140 cm was calculated. Water use at
0–140 cm depth was estimated as change in water content between
sowing and maturity plus rainfall in the same period (French and
Schultz, 1984). Water use efficiency (WUE) was computed by dividing
grain yield by water use.

Phenology was monitored regularly using Zadoks scale (Zadoks
et al., 1974) to establish the time of critical stages, which guided the
application of the fertilizer N treatments. In three randomly selected
1m row lengths per plot, plants were counted at 15 and 27 DAS to
establish plant emergence and survival, respectively. Shoot biomass
was measured from 0.25m2 samples at around GS16 (six leaves un-
folded), GS22 (tillering), GS31 (stem elongation), GS65 (flowering) and
GS94 (maturity); oven dried at 60 ᴼC for 72 h and weighed. Crop
growth rate between GS31 and GS65 was determined and expressed in
grams per unit area per day (g m−2 day-1).

At Roseworthy, canopy interception of photosynthetically active
radiation (PAR) was measured at mid-day under clear sky using a
ceptometer (AccuPAR LP-80; Pullman, WA, USA) on four occasions.
The ceptometer sensor was inserted below the canopy, close to the
ground level at 90° to the rows. Three measurements were taken both
below and above the canopy at randomly selected locations in each
plot. Percentage PAR interception was expressed as the difference be-
tween mean above- and below-canopy readings. Radiation use

efficiency (RUE) was calculated as the ratio of crop growth and cu-
mulative PAR between stem elongation and flowering, and expressed in
millijoules per unit area per day (MJ m−2).

At maturity, tiller and head numbers were counted per 1m row
length at three random locations of each plot, and converted to tillers
m−2. Four random 25 cm sections of central rows were hand-harvested
to measure shoot biomass and harvest index. Excluding the outer rows,
the whole plot was harvested for grain using a plot harvester and ex-
pressed in t ha-1. A subsample of the harvested grain was used for the
determination of 1000 kernel weight and grain N content. In 2013,
grain N content (%) was determined using the semi-micro Kjeldahl
method (Kjeltec 8200 Auto Distillation Unit, Foss, Hillerød, Denmark)
(Dai et al., 2013), after grinding the samples though a 0.5 mm sieve. In
2014 and 2015, grain protein content was determined by near infra-red
spectroscopy using FOSS Infratec® 1241 grain analyser. Equivalent % N
content was obtained by dividing the % protein content by 5.7
(Herridge, 2013).

2.5. Data analysis

Analysis of variance (ANOVA) using GenStat 18th Edition (VSN
International Ltd., Hertfordshire, UK) was used to assess the effects of
the experimental sources of variation. Combinations of tillage, stubble
amount and N timing were analysed for Roseworthy across the seasons
(environments). Combinations of tillage and stubble amount under N1
were analysed across five environments that included the three seasons
at Roseworthy and two seasons at Karoonda. Differences among treat-
ment means were compared and separated using Fisher’s Least
Significant difference (LSD) test at P≤ 0.05 (Gomez and Gomez, 1984).
In the presence of significant interactions, the response of main effects
was investigated by partitioning the factorial combinations by the use
of graphical displays to identify crossover and non-crossover interac-
tions, or both (Vargas et al., 2015). Least square regression was used to
explore relationships between parameters.

Due to sizeable environment-to-environment variation for actual
yields, the amounts of standing stubble retained and grain yield were
estimated on relative basis, as a percentage of the plot yield to the
environmental mean. Management-driven gaps between water-limited
potential yield and actual yield were estimated by comparing actual
yield and water use with a boundary line representing the water-limited
potential yield in south-eastern Australian environments. A boundary
function showing the upper limit of wheat yield against water use was
parameterised; accounting for evaporation (Sadras and Roget, 2004)
and WUE of contemporary wheat varieties (Sadras and Lawson, 2013).

3. Results

3.1. Growing conditions

Growing conditions are summarised in Table 1. They typify winter
cropping conditions in the Mediterranean-type dryland wheat belts of
Australia, that are characterised by a narrow rainfall-evapotranspira-
tion ratio at the start of the season but rainfall tapers off as the crop
ages. During the winter, cropping temperatures, vapour pressure deficit
and solar radiation are low in the early crop stages and rise as the crop
matures. In Roseworthy, growing season rainfall was 208mm in 2013,
162mm in 2014 and 177mm in 2015 while Karoonda received 183mm
in 2013 and 107mm in 2014. Accounting for the last 20 years in Ro-
seworthy, seasonal rainfall from April to October fell within the rank of
decile 6 for 2013 and 2014 while 2015 was a decile 2 season. In Kar-
oonda, 2013 was a decile 3 season while 2014 was a decile 2. A decile
ten season falls within the top 10% of the wettest seasons while a decile
1 falls within the bottom 10%, which represents a dry season (Hayman
and Alexander, 2010).
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3.2. Soil conditions and plant establishment

In the structured loamy soils of Roseworthy, CT increased surface
bulk density (BD) (0–2 cm depth) but reduced BD at shallow depths
(2–10 cm) compared with NT but without differences in the medium to
deep soil profile (10–140 cm depth). In the unstructured sandy soils of
Karoonda, tillage did not impact BD of the whole measured soil profile.
Plant establishment did not correlate with BD in both environments.
However, NT improved emergence in the structured soils of
Roseworthy, with no significant effects in the unstructured soils of
Karoonda, but the effects of stubble and its interaction with tillage were
few and inconsistent across the environments.

The application of stubble mulch at the rate of 2.5-5 t ha−1 led to
10–12 °C lower soil surface temperature in the daytime but a 3–5 °C rise
at night, compared with bare ground (Fig. 1a, b). Despite the mod-
eration of soil surface temperature by stubble, there was no relationship

between temperature and the establishment of wheat crops. Tillage×
stubble interactions affected plant establishment (P=0.002), with in-
creased plant number under NT combined with 2.5 t ha−1 but emer-
gence reduced with 5 t ha−1 of stubble (Fig. 2c). However, under 5 t
ha−1 of stubble, NT improved plant emergence compared with CT
(P= 0.004). In addition, the retention of 2.5 and 5 t ha−1 of stubble
reduced emergence in CT plots compared with bare ground.

3.3. Grain yield and its components

Across the three environments (years) at Roseworthy, environment,
tillage, stubble and N timing, as well as some treatment interactions
impacted grain yield and yield components (Table 2). Grain yield
varied with the environment (P < 0.001) but the interaction between
environment and tillage system was not significant (P=0.121). How-
ever, environment significantly influenced yield responses to stubble

Table 1
Growing conditions for wheat crops in 2013, 2014 and 2015 at Roseworthy and Karoonda, South Australia. Environment is the experimental site and season, and
conditions are shown for the entire cropping season and in three phenostages, including the period between sowing to stem elongation, stem elongation to flowering
and flowering to maturity. ETo is the reference evapotranspiration, Tmax is the maximum temperature, Tmin is the minimum temperature, VPD is the vapour
pressure deficit estimated at the time of daily maximum temperature.

Environment and phenostages Grain yield (t ha−1) Rainfall (mm) ETo (mm) Rain:ETo ratio Tmax (oC) Tmin (oC) VPD (kPa) Radiation (MJ m−2day-1)

Sowing to maturity
Roseworthy

2013 3.27 208 667 0.31 20.3 7.7 0.80 15.1
2014 2.17 162 717 0.23 21.1 6.8 0.93 15.9
2015 1.52 177 678 0.26 20.9 7.4 0.93 16.0

Karoonda
2013 2.29 183 489 0.37 19.8 6.9 0.62 13.7
2014 2.06 127 523 0.20 19.6 5.9 0.63 14.2

Sowing to stem elongation
Roseworthy

2013 3.27 156 159 0.98 16.0 6.8 0.38 9.1
2014 2.17 120 173 0.69 15.9 5.2 0.42 9.9
2015 1.52 125 158 0.79 15.4 5.9 0.41 9.0

Karoonda
2013 2.29 136 146 0.93 16.5 5.6 0.37 9.5
2014 2.06 75 163 0.48 16.0 4.8 0.38 9.7

Stem elongation to flowering
Roseworthy

2013 3.27 35 110 0.32 21.6 9.4 0.72 15.8
2014 2.17 15 158 0.10 22.8 6.6 0.96 18.6
2015 1.52 28 91 0.31 18.1 4.9 0.55 14.2

Karoonda
2013 2.29 31 112 0.28 22.5 8.4 0.71 15.2
2014 2.06 23 105 0.15 21.1 5.1 0.65 17.0

Flowering to maturity
Roseworthy

2013 3.27 17 397 0.04 25.7 8.2 1.42 23.2
2014 2.17 27 386 0.07 28.5 9.4 1.73 23.7
2015 1.52 24 429 0.06 27.7 10.2 1.60 23.1

Karoonda
2013 2.29 15 231 0.07 24.8 8.4 1.06 21.4
2014 2.06 29 256 0.05 26.7 8.8 1.17 22.2

Fig. 1. Diurnal soil surface temperature under
different amounts of stubble in 2013 at
Roseworthy (a) and Karoonda (b). The inter-
action between tillage (conventional tillage
and no-tillage, CT and NT) and stubble amount
(S0: zero stubble; S1: low stubble; S2: medium
stubble; S3: high stubble) on plant establish-
ment (c). Plant establishment data was ana-
lysed across the five environments, including
three for Roseworthy (2013, 2014 and 2015)
and two for Karoonda (2013 and 2015). Error
bars are 1 standard error of mean.
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(P= 0.004) and N timing (P < 0.001). On the other hand, N timing
modified the effects of tillage (P < 0.001) and stubble (P= 0.002) on
yield. In Roseworthy and Karoonda, ANOVA for the factorial combi-
nation of tillage system and stubble amount under N1 showed sig-
nificant effects of environment (P < 0.001), tillage (P= 0.005),
stubble (P=0.005) and tillage× stubble interaction (P=0.016) on
grain yield (Table 3).

Grain yield ranged from 1.5-3.2 t ha−1. Grain yield was 12% higher
under NT compared with CT while stubble retention increased yield by
15% compared with bare ground. Delayed N supply increased grain
yield by 7% compared with sowing application. With sowing

application (N1), NT improved yield by 7% relative to CT while the
application of stubble improved yield by 12% compared with bare
ground. No-till combined with the application of low (0.5 t ha−1) and
high (5 t ha−1) amount of stubble produced higher grain yield than CT
but there were no yield differences between the two tillage systems
under medium (2.5 t ha−1) amounts of stubble (Fig. 2a). There was no
interaction between environment and tillage system.

Grain yield correlated positively with grain number (Fig. 3b). Across
the three seasons in Roseworthy, grain number differed among the
environments (P < 0.001), between tillage systems (P= 0.040) and
among the stubble treatments (P= 0.001) (Table 2). N timing did not

Fig. 2. Grain yield response to stubble and stubble dependence on
fertilizer N for dryland wheat grown under contrasting tillage
systems, different amounts of stubble application and different
timing of fertilizer N application in field experiments conducted in
2013 through 2015 at Roseworthy and Karoonda, South Australia.
Yield response to stubble mulch at Roseworthy and Karoonda in
2013 (a). Yield response to different cutting heights for standing
stubble at Roseworthy in 2014 and 2015, and at Karoonda in 2014
(b). The relative amount of standing stubble retained and grain
yield were estimated on a relative basis, as a percentage of the plot
yield to the environmental mean. Lines are least square linear
regressions. Stubble mulch amount× fertilizer N application
timing interaction at Roseworthy in 2013 (c). Standing stubble
height× fertilizer N application timing interaction at Roseworthy
across 2014 and 2015 (d). Bars are 1 standard error of mean.

Table 2
Analysis of variance for dryland wheat grown under conventional tillage and no-till, different amounts of stubble application and different timing of fertilizer N
application in field experiments conducted in 2013 through 2015 at Roseworthy, South Australia. Environments are the three experiment seasons in Roseworthy,
including 2013, 2014 and 2015. Data were analysed across environments and treatments. Significance levels in parentheses are for 2013 when water use was
measured for N treatments. *significant at 0.05%; **significant at 0.01%; ***significant at 0.001% probability level; ns: not significant at 0.05% probability level; na:
not applicable, where data was collected for only one environment.

Source of variation Grain
yield

Grain
number

Kernel
weight

Crop
growth
rate

Radiation
use
efficiency

Biomass Harvest
index

Protein Plant
establishment

Tillers Heads Water
storage

Water use Water use
efficiency

Environment (Env) *** *** *** * ** *** *** *** ns * *** *** *** **
Tillage (Til) *** * *** ns * ns ns ns ** ns ns * * ns
Stubble (Stub) *** *** *** ns ns * * ns ns ns ns *** *** ***
N-timing (N-tim) *** ns ns ns ns * * ** ns ** ns na (***) (***)
Environment×Tillage ns ** *** ns * ns ns * ns ns *** *** * ***
Environment× Stubble ** ns *** ns ns * ns ns ns ns ns *** ** ***
Environment×N-timing *** *** *** ns ns ns ns *** ns * ns na na na
Tillage× Stubble ns ns ** ns ns ns ns ns ns ns ns ns *** ns
Tillage×N-timing *** * ns ns ns ns ns ns ns ns ns na (ns) (ns)
Stub×N-timing ** * ns ns ns * ns ns ns ns ns na (ns) (ns)
Env×Til× Stub ns * *** ns ns ns ns ns ns ns ns ns ** ns
Env×Til×N-tim *** ** ns ** ns ns ns ns ns ns ns na na na
Env× Stub×N-tim ns ns ns ns ns * ns ns ns ns ns na na na
Til× Stub×N-tim ns ns ns ns ns * ns *** * ns ns na (*) (ns)
Env×Til× Stub×N-tim ns ns ns ns ns * ns * ns ns ns na na na
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affect grain number (P=0.078) but its interactions with tillage
(P= 0.042) and stubble amount (P= 0.030) were significant. Under
N1, tillage (P= 0.058), stubble amount (P= 0.054) and their interac-
tion (P=0.078) did not affect grain number in both Roseworthy and
Karoonda (Table 3). However, large environmental effects (P < 0.001)
were recorded. Despite significant environment× stubble interaction
(P= 0.021), neither linear nor quadratic response to stubble increase
was apparent.

Patterns showing yield increase from bare ground to the application
of moderate amounts of stubble, then a decline with the application of
high amounts of stubble were evident. When stubble mulch (non-

standing) was applied in both sites in 2013, grain yield declined when
stubble amount exceeded 2.5 t ha−1 (Fig. 2a). A Similar response was
measured on standing stubble (Fig. 2b). In two of the five environments
grain yield showed a significant quadratic response of the rate of
stubble application indicated that increases in grain number with the
application of up to moderate (2.5 t ha−1) stubble was followed by a
decline under high amounts (5 t ha−1) of stubble. Despite the effects of
stubble amount× tillage interaction on grain number, linear or quad-
ratic responses were not apparent. Stubble amount did not affect kernel
weight.

Despite large environmental influence on grain yield, N timing

Table 3
Analysis of variance for dryland wheat grown under conventional tillage and no-till and different amounts of stubble application under a one-off basal N supply in
field experiments conducted in 2013 through 2015 at Roseworthy and Karoonda, South Australia. Environments are the experiment seasons, including three seasons
in Roseworthy (2013, 2014 and 2015) and two seasons in Karoonda (2014 and 2015). Data were analysed across the five environments and treatments.*significant at
0.05%; **significant at 0.01%; ***significant at 0.001% probability level; ns: not significant at 0.05% probability level.

Source of variation Grain yield Grain number Kernel weight Crop growth rate Biomass Harvest index Protein Plant establishment Tillers Heads

Environment *** *** *** *** *** *** *** *** * ***
Tillage ** ns ** ns ns ns ns ** ns ns
Stubble ** ns *** ns ns ns ns *** ns ns
Environment×Tillage ** ** ** ns ns * ns *** ns ns
Environment× Stubble ns ns *** ns ns ns ns * ns ns
Tillage× Stubble * ns ns ns ns * * ** ns ns
Environment×Tillage× Stubble ns ns ** ns ns ns * ns ns ns

Fig. 3. Grain yield and yield drivers for dryland
wheat grown under conventional tillage (CT)
and no-till (NT), different amounts of stubble
(S0 for zero stubble, S1 for low stubble, S2 for
medium stubble and S3 for high stubble) and
different timing of fertilizer N application (N1:
one-off basal N at 100 kg N ha−1; N2: 100 kg N
ha-1 of N applied at 25% at sowing, 50% at
tillering and 25% at awn emergence; N3:
100 kg N ha-1 applied at 50% tillering and 50%
awn emergence) in field experiments con-
ducted in 2013, 2014 and 2015 at Roseworthy
and in 2013 and 2014 at Karoonda, South
Australia. Interaction between tillage system
and stubble amount for grain yield (a). Error
bars are 1 standard error of mean. Relationship
between grain number and grain yield (b). For
a and b data was pooled across the five en-
vironments, including three in Roseworthy and
two in Karoonda Crop development curves
under different treatments (c-e). Letters and
arrows indicate phenostages, T: tillering; SE:
stem elongation; A: awn emergence and F:
flowering. Relationship between crop growth
rate (CGR) between stem elongation and flow-
ering and grain number (f), radiation use effi-
ciency (RUE) (g), tiller number (e). Lines are
least square linear regressions.
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modified crop response to tillage and stubble addition. ANOVA re-
turned large environment×N timing effects on grain yield and its
components (P < 0.001) except for harvest index (Table 2). Both N2
and N3, increased grain yield and kernel weight compared with N1 but
grain number increased in one out of three environments. Largely, yield
response to stubble amount was modified by N2 compared with both
N1 and N3 (Fig. 2c, d) but these effects were prominent under NT than
CT.

Grain protein was affected by environment (P < 0.001); highest
protein content was recorded at Roseworthy in 2015 (Table 2). Tillage
and stubble amount did not affect this trait. N3 produced kernels with
the least protein but there were no differences between N2 and N1.

3.4. Canopy development

Canopy development was affected by tillage, stubble and N timing
but with minimal treatment interactions. Across the five environments,
crops under NT produced more biomass than those under CT (Fig. 3c).
In the initial stages, high amounts of stubble reduced biomass yield
compared with both bare ground and low amounts of stubble (Fig. 3d).
However, the differences disappeared during the flowering phase but
they reappeared as the crop aged, with significantly low biomass under
high stubble. Crops under N1 had a quick early start compared both N2
and N3. However, as the crops matured, canopy under N2 and N3 was
larger than for N1 (Fig. 3e).

Crop growth rate (CGR) between stem elongation and flowering
differed among environment (Tables 2 and 3) but this trait was not
impacted by tillage, stubble amount and N timing (Tables 2 and 3).
Hardly no treatment interactions were measured except that of en-
vironment× tillage×N timing (P=0.003) (Table 2); whereby N3
consistently reduced CGR under both tillage systems in two out of three
environments.

Radiation use efficiency (RUE) between stem elongation and flow-
ering also varied among the environments (P=0.010): wheat crops of
2014 used 0.5MJm−2 more radiation compared with crops grown in
2015 (Table 2). Crops grown under CT had higher RUE compared with
counterparts under NT (P=0.042). Environment× tillage interaction
(P= 0.028) impacted RUE, with a slight increase in this trait under NT
in 2015 (Table 2).

Grain number was a function of CGR (Fig. 3f) while CGR was pro-
portional to RUE (Fig. 3g) which in turn was associated with grain
number (R2=0.40). Nonetheless, neither the rate of stubble applica-
tion nor N timing could explain the relationships between CGR, RUE
and grain number. Crop growth rate negatively correlated with tiller
number (Fig. 3h) but tiller and head numbers were not affected by
tillage, stubble amount and their interactions. Environment affected
tiller and head numbers (Tables 1 and 2) whereby more numbers were
recorded during the wetter seasons compared with drier seasons. N2
and N3 reduced tiller numbers by 30 stems m−2 compared with N1 but
without differences in head numbers. In addition to rainfall, weather
conditions such as temperature could have impacted tiller production
but its effect was not quantified in the present study

3.5. Water storage, use and water-limited yield gaps

Across environments at Roseworthy, there were significant effects of
environment and stubble amount on water storage, water use and WUE,
while tillage had effects on water storage and water use but not WUE. N
timing affected water use and WUE. Treatment interactions were
measured across environments for tillage, stubble and N timing
(Table 2).

In the 0–140 cm soil profile, NT conserved 7mm of extra water
compared with CT, while 30mm were conserved with the application
of stubble compared with bare ground. However, there were no dif-
ferences in water storage under moderate (2.5 t ha−1) and high (5 t
ha−1) amounts of stubble (Fig. 4a). Water use and WUE increased from

bare ground to moderate stubble but high amounts of stubble reduced
WUE by 0.5 kg ha−1 mm−1 compared with the application of moderate
amount (Fig. 4b, c). However, NT improved water use under the ap-
plication high amounts of stubble.

Despite its effect on water use and WUE, N timing did not moderate
tillage and stubble effects on water use. Crops supplied with N1 ex-
tracted 20mm more water compared with crops under N2 and N3 re-
gimes. However, the additional water use did not yield higher WUE
compared with 1 kg ha−1 mm-1 increase with delayed N supply.

Relationships between soil water storage at sowing with plant es-
tablishment, tiller numbers, biomass and yield were not present but
increased water storage at sowing led to higher WUE (Fig. 4d) and grain
yield (Fig. 4e). Higher water use increased harvest index (Fig. 4f).

Yield gap analysis established large yield gaps between water-lim-
ited potential yield and actual yield (Fig. 5a). Both tillage systems had
yield gaps of -3.8 t ha−1 (Fig. 5b) while the retention of moderate
amount of stubble reduced yield gap by 400 kg ha−1 compared with
both bare ground or high amounts of stubble (Fig. 5c). N2 reduced the
yield gap by 600 kg ha−1 compared N1 (Fig. 5d).

4. Discussion

In this study, the consequences of crop development on grain yield
were confirmed by the simultaneous increases in CGR and grain
number. However, CGR was negatively correlated with tiller numbers,
a trade-off that suggests that large vegetative biomass was detrimental
to yield. N-driven modification of crop response to tillage and stubble
application were measured, whereby delayed N supply altered crop
developmental rates and improved yield compared with sowing appli-
cation. Grain yield reduced with the application of high amounts of
stubble, either as mulch or standing stubble, while additional stubble
did not improve water conservation benefits. Grain yield and its com-
ponents in the present study were commensurate with expectations
from south-eastern Australian dryland environments, where yield is
principally driven by seasonal rainfall (Anderson et al., 2017; Sadras
et al., 2016). Although the effects of tillage, stubble and N timing, and
their interactions, were somewhat small, large environmental effects
were measured. Crop growth rate between stem elongation and flow-
ering was the prime driver of RUE and grain number.

4.1. Crop growth rate and yield

In wheat, the critical developmental phase for yield determination
falls between stem elongation and flowering, when grain number is
determined (Slafer et al., 1996, 2015). The present study found positive
relationships between CGR and RUE hence higher grain number. The
simultaneous increase in grain number and CGR supports the idea that
CGR between stem elongation and flowering determines yield (Miralles
and Slafer, 2007; Slafer et al., 2015). Tiller number, the prime driver of
CGR in the present study, was significantly reduced by delayed N
supply compared with sowing application.

Rainfall and management practices, especially N timing, influenced
crop development through the regulation of tiller production. Growing
conditions were favourable up to stem elongation in all years.
Thereafter, flowering and grain filling coincided with water deficit,
rising temperatures and vapour pressure deficit (Table 1), which re-
duced leaf area and photosynthetic capacity. These post-flowering
yield-reducing factors are exacerbated in crops with large vegetative
biomass (van Herwaarden et al., 1998; Kitonyo et al., 2017). In the
present study, large vegetative biomass with many tillers significantly
reduced CGR during the critical period for yield determination, po-
tentially due to early growth and water use that predisposed the crop to
premature senescence under water stress (van Herwaarden et al., 1998;
Zhou et al., 2017). In contrast, crops that had fewer tillers achieved
higher growth rates under N2, possibly due to more balanced water and
N use. The positive association between CGR and RUE could be
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attributed to increased leaf expansion during stem elongation (Alley
et al., 1996). In addition, rapid growth rates during the yield de-
termination window increased N uptake, hence higher grain yield and
quality (Alley et al., 1996; Coventry et al., 2011). In maize, delayed N
supply led to increased CGR between six-leaf stage and flowering, and
in turn to higher grain yield (Kitonyo et al., 2018).

In response to environmental cues, tiller number is the most adap-
tive yield component in wheat (Sadras and Slafer, 2012) and better
management practices improve spike fertility and grain number (Elhani
et al., 2007; Mitchell et al., 2013). Our results support the working
hypothesis that the effect of management practices on yield are medi-
ated by changes in CGR between stem elongation and flowering.

Fig. 4. Soil water storage and water use by
dryland wheat grown under conventional til-
lage (CT) and no-till (NT) and different
amounts of stubble in field experiments con-
ducted in 2013, 2014 and through 2015 at
Roseworthy, South Australia. S0 for zero
stubble, S1 for low stubble, S2 for medium
stubble and S3 for high stubble (a-c). Stubble
effects on soil water content at sowing, water
use and water use efficiency (WUE). Data was
pooled across the three environments for the
factorial combination of tillage and stubble
under one-off basal N supply. Error bars are 1
standard error of the mean. Relationship be-
tween WUE and soil water storage at sowing
(d). Relationship between grain yield and WUE
(e). Relationship between harvest index and
water use. Lines are least square linear re-
gressions (f).

Fig. 5. Management-driven gap between water-limited po-
tential yield and actual yield of dryland wheat under con-
ventional tillage (CT) and no-till (NT), different amounts of
stubble (S0: zero stubble; S1: low stubble; S2: medium stubble;
S3: high stubble) and different timing of the application of
100 kg N ha−1 of fertilizer N; applied as a one-off basal ap-
plication (N1) or fractionated at 25% at sowing, 50% at til-
lering and 25% at awn emergence (N2), or fractionated at
50% tillering and 50% awn emergence (N3) in field experi-
ments in 2013 through 2015 at Roseworthy, South Australia.
Yield and water use compared with a boundary line re-
presenting the water limited potential for yield of modern
varieties in south-eastern Australian environments (a).
Parameters of the line are x-intercept 60mm, assuming 60mm
of water is lost to evaporation (Sadras and Roget, 2004) and
slope 25 kg ha−1 mm−1 accounting for the potential of
modern varieties in the dryland environments of south-eastern
Australia (Sadras and Lawson, 2013). Average yield gap across
environments for tillage systems (b) stubble amounts (c). Yield
gap for the timing of the application of fertilizer N in experi-
ment conducted in 2013 (d). Bars are I standard error of mean.
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Canopy size at the vegetative stage impacted CGR during this critical
window for yield determination. This has practical implications in ca-
nopy management and the choice of varieties. Management practices
such as seeding rate and varieties that restrict the production of tillers
could be useful in NT and stubble retention systems (Elhani et al.,
2007). Few tillers reduce early season water use, which shifts more
water to the reproductive window for the development of larger and
fertile spikes (Mitchell et al., 2012, 2013).

4.2. Nitrogen modified the crop response to no-till and stubble retention

Yield under NT, unlike CT, was modified by N timing. Crops under
N2 regime had higher grain number and grain yield compared with
counterparts under N1 and N3. In addition, under moderate and high
amounts of stubble, N2 increased grain yield compared with N1 and N3.
The yield increase under NT was due to increased shoot biomass
compared with CT (Fig. 3a). On the other hand, the alteration of canopy
size by N timing moderated water use, potentially availing more water
to the reproductive and maturation phases. This is demonstrated by the
large initial biomass under N1 compared with smaller canopies when N
was delayed. The large vegetative biomass used more water but
achieved the least yield, which suggests possible premature senescence
(van Herwaarden et al., 1998; Kitonyo et al., 2017). In the drylands of
south-eastern Australia, delayed N supply altered canopy development,
water use and N use efficiency in wheat (Hooper et al., 2015; Zhou
et al., 2017).

In addition to canopy alteration and water use mechanisms de-
monstrated in the present study, N timing modifies both the soil and
plant N economy. Decomposition of stubble impacts the flux of N
(mineralisation, immobilisation, turnover), where immobilisation re-
duces the immediate availability of mineral N to crops. To meet both
the requirements of the crop and hasten microbial decomposition of
stubble, fertilizer N is important (Moran et al., 2005; Newton, 2001;
Perakis et al., 2012). Thus better matching of the availability of mineral
N and crop demand for N is required (Riar and Coventry, 2013). Results
of the present study support the working hypothesis that yield response
to tillage and stubble depends on fertilizer N. In this regard, N2 mod-
ified the soil-plant system to maintain a critical N uptake to allow the
minimum N uptake necessary to achieve maximum crop biomass
(Lemaire et al., 2007; Sadras and Lemaire, 2014), hence more efficient
conversion of biomass to yield.

The present study supports prior work on the significance of delayed
N supply for dryland wheat (Hooper et al., 2015; Zhou et al., 2017), and
emphasises better N management strategies to fine-tune crop develop-
ment in NT-stubble systems. Essentially, yield is a function of rainfall in
drylands (Sadras et al., 2016) but better N timing will shift water use to
critical phenostages for maximised growth and improved yield (Hooper
et al., 2015; Monjardino et al., 2013).

4.3. Stubble amount and its effect on yield

Irrespective of environment and the orientation of stubble, an op-
timal amount of stubble was measured, where either less or more
stubble resulted in yield decline. With the application of stubble mulch,
grain yield increased from bare ground up to the application of mod-
erate (2.5 t ha−1) amount of stubble but was reduced when high (5 t
ha−1) amount of stubble was retained. These results suggest that the
yield of dryland wheat is maximised at an optimal amount of stubble. In
these environments, cereal stubble is the predominant soil cover ma-
terial, with proportionally less stubble from rotational crop legumes
and brassicas. In low rainfall south-western Australia, reduction of
stubble loads to approximately 3 t ha-1 also increased wheat yield
(Flower et al., 2017) while the orientation of stubble did not affect soil
conservation benefits (Sadras et al., 2012).

Mechanisms associated with the measured wheat response to
stubble amount in the present study are not known (Fig. 2a, b).

Treatment interactions, which could have partially explained the me-
chanisms, were few and inconsistent. However, the similarities in yield
response to either mulch or standing stubble signify a ‘critical
threshold’, where adequate groundcover is achieved, soil is conserved
and yield maximised, despite mechanisms not being understood.
Clearly, the gain in 30mm of stored water under stubble compared with
bare ground contributed to higher yield than that of bare ground. This
is reinforced by the improvement in WUE with increased SWC at
sowing when stubble was applied (Fig. 4a). Lack of benefits of water
storage from additional stubble reduces the likelihood that water sto-
rage was the only driver for the yield in this system. Indeed, for similar
environments, water conservation benefits from the application of
stubble were achieved when rainfall ranged between 65–250mm, but
the benefits declined when rainfall exceeded 250mm, irrespective of
stubble cover (Monzon et al., 2006).

The yield decline with the application of large amount of stubble in
the present study is due to other factors, including reduced plant es-
tablishment vigour. Reduced plant establishment was measured under
high stubble loads (Fig. 2c), and the effects were independent of both
environmental and edaphic differences (Table 2). However, even with a
lower plant density, crops under high amounts of stubble did not in-
crease tiller production, an outcome that suggests that other factors
might have constrained growth in this treatment. Stubble might have
contributed to a larger disease burden (Scott et al., 2013) but the crops
were protected with chemical sprays, and colonization by stubble-borne
fungal diseases was not evident. Possible causes of reduced vigour could
be physical obstruction of crops by stubble (Yunusa et al., 1994),
stubble-borne phyto-toxic allelic chemicals (Weston, 1996) or N im-
mobilisation-related factors. Top dressing N applications were made
prior to a substantial rainfall event, but this study does not rule out the
possibility that large amounts of stubble intercepted broadcasted urea
granules, leading to losses through immobilisation and volatilisation
(Grahmann et al., 2014).

Advantages and disadvantages of stubble retention are multiple.
However, the relationship between stubble amount and yield described
in the present study has practical implications for the management of
stubble. Under the study conditions, header cutting height of up to
approximately 50% of the previous crop stubble could be adequate for
soil conservation and yield improvement. In addition to the ease of
application, cutting stubble to this ‘standard’ height, as opposed to
spreading mulch, might achieve uniformity of application and plant
establishment. In these environments, contemporary wheat varieties
yield approximately 2.5 t ha−1 (Anderson et al., 2017; Sadras et al.,
2016), and assuming harvest indices of 0.4-0.5, stubble production
would seldom exceed 5 t ha−1. Thus, chances of exceeding the “critical
threshold” of moderate amounts stubble could be minimal. In addition
to this, in many traditional systems, stubbles are grazed, and therefore
trampled to provide for animal production during times of low feed
availability (Allan et al., 2016). This study did not quantify stubble
breakdown rates, but it is estimated that more than half of the previous
material is usually decomposed before the application of new stubble
(Scott et al., 2013). Additionally, the carry-over stubble has minimal
nutrient legacy effects in these environments due to dry summer con-
ditions (Nguyen et al., 2016). To maximise the efficiency of sowing
operations and to limit the potential for root disease carry-over, inter-
sowing into standing stubble is preferred.

4.4. Cropping environment dominated the effects of management practices

In the backdrop of small treatment effects and large environmental
influences, results of the present study affirm that environmental con-
ditions, particularly rainfall, drive yield in dryland farming systems
(Sadras et al., 2016). A wheat crop in south-eastern Australian en-
vironments is expected to use about 475mm water for maximum yield
potential (French and Schultz, 1984). Our treatments produced less
than 75% of the benchmark water use. In addition, WUEs were far
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below the reference 24 kg ha−1 mm−1 for modern wheat varieties in
these environments (Sadras and Lawson, 2013). Water conservation by
NT and stubble retention did not close yield gaps, which suggests that
grain yield was a function of in-crop rainfall but not stored moisture.
The large yield gaps in the present study could be due to water and N
co-limitation for grain yield. Better N management to match water
availability is required, in addition to adapted varieties and optimal
sowing date to maximise the use of seasonal rainfall for reduced yield
gaps.

5. Conclusion

No-till, moderate amounts of stubble and delayed N supply in-
creased the yield of dryland wheat. Grain yield was a function of CGR
between stem elongation and flowering, while CGR was inversely
proportional to tiller numbers. N timing modified crop response to til-
lage and stubble retention by regulating canopy development. The
sowing application of N produced large vegetative biomass that led to
reduced CGR between stem elongation and flowering. On the other
hand, delayed N supply initially produced a small canopy that led to
increased CGR and RUE, hence higher grain yield. Grain yield and soil
conservation benefits were maximised with the retention of moderate
amounts of stubble (2.5 t ha−1), irrespective of whether the stubble was
applied as mulch or standing stubble.
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