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Abstract: Herbicide resistance in weeds restricts control options, thereby escalating economic loss and
threatening agricultural sustainability in cereal production. Field evaluation of the crop performance,
competitive traits, and consequent weed suppressive potential of 13 commercial winter wheat
(Triticum aestivum L.) cultivars was performed in central NSW Australia with a focus on the evaluation
and modelling of above-ground interactions. In 2015 and 2016, replicated field trials were established
with genetically diverse commercial wheat genotypes under moderate to low rainfall conditions in
Wagga Wagga (572 mm) and Condobolin (437 mm) New South Wales, respectively. The heritage
cultivar Federation and a commercial cultivar of winter cereal rye (Secale cereale L.) were included as
known weed-suppressive controls. Crop and weed growth, as well as early vigour, leaf area index,
and photosynthetically active radiation, were monitored at various crop phenological stages including
early growth, vegetative, flowering, grain fill, and harvest. Significant differences between wheat
cultivar and location were observed for crop biomass, early vigour, leaf area index, weed number,
weed biomass, canopy architecture, and yield in both 2015 and 2016. Differences in weed establishment
were largely impacted first by rainfall and season and secondly by crop architecture (i.e., height,
size, canopy) and phenology (i.e., growth stages). Early vigour and early canopy closure were
instrumental in suppressing weed establishment and growth. Cultivar performance and competition
with weeds were also clearly influenced by both environmental factors and genotype, as evidenced
by differences in early cultivar performance, yield, and weed suppression by season and location.
Specifically, Federation, Condo, and Janz wheat cultivars were superior performers in terms of
weed suppression in both locations and years; however, Federation produced up to 55% lower
yield than recently introduced cultivars. Partial least squares (PLS) regression was performed to
develop a predictive linear model for weed competition in commercial wheat cultivars based on
weed dry biomass as the response variable and selected aboveground crop canopy traits as predictors.
In 2015, the model differed in accordance with crop growth stage, but the impact of predictors on
weed biomass at both locations was not significant. In 2016, under local above average rainfall
conditions, the model showed a significant negative correlation (p < 0.001) of most predictors on
weed biomass (r2 = 0.51 at Condobolin, r2 = 0.62 at Wagga Wagga), suggesting the most influential
factors in reducing weed numbers and establishment as crop vigour, biomass, and height. Our results
indicate the establishment of competitive wheat cultivars in the absence of post-emergent herbicides
resulted in a two to five-fold increased weed suppression over less suppressive genotypes, without
significant yield penalties. Therefore, cultivar choice constitutes a cost-effective and sustainable weed
management tool, particularly when weed pressure is significant.
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1. Introduction

Weeds are a persistent problem in cereal crops, increasing production costs while reducing crop
yields [1]. Worldwide, yield losses of approximately 34% are caused by weeds among the major food
crops and are typically higher than losses due to other crop pests [2]. Herbicides are the most widely
used tools to manage weeds in commercial crops, but weeds have now evolved resistance to 23 of the
26 known herbicide sites of action and to 163 different herbicides across the globe [3], thereby limiting
options for chemical control, escalating economic losses and threatening agricultural sustainability [1].
This threat comes at a time when global population growth necessitates greater agricultural productivity
for food sustainability, and environmental concerns have resulted in significant restrictions on the use
of many herbicides.

In Australia, herbicide resistance in both grasses and broadleaf weeds is on the rise, with resistance
to multiple herbicides reported for an increasing number of arable weeds [4]. Llewelyn et al. [5]
estimated that the cost of additional herbicides due to herbicide resistance was AUD 187 million on
top of the costs of using extra integrated weed management practices. They also reported the overall
cost of weeds to Australian grain growers as AUD 3.3 billion annually, which equates to AUD 146/ha
in expenditure and yield losses of ca. 2.76 million tonnes of grain annually. Therefore, crops that
significantly reduce weed growth are an attractive option, because they offer a potentially sustainable
strategy with no additional in-crop weed management costs [6].

Both above and below-ground crop competition have been shown to contribute to crop interference
with weed growth under controlled and field growth conditions. The combined effects of both typically
determine the total competitive ability of a crop cultivar. Recent research has been undertaken
to improve both competitive and allelopathic (chemical interference) potential simultaneously to
achieve maximum gains in crop weed suppression [7,8]. Competitive wheat genotypes have been
demonstrated to result in up to 50% reductions in weed numbers and herbicide applications [9] due to
the above-ground suppression of weeds. In addition, Milan et al. [10] demonstrated that hybrid and
conventional wheat cultivars were competitive in multiple years of field studies. However, others
have reported that certain heritage cultivars suppressed significantly greater weed biomass at harvest
compared to most modern cultivars [11].

Integrated weed management (IWM) practices have focused on the use of enhanced above-ground
crop competitive ability using competitive cultivars in combination with chemical control methods
and cultural practices such as increased seeding rates, narrow row spacing, altered row orientation,
crop rotation, and delayed seeding [4,12], while maintaining acceptable yields and suppressing weed
populations [6,8]. The selection of morphological traits that enhance early crop vigour, including leaf
size, light interception, plant height at tillering [13], as well as grain yield in weedy conditions, and grain
yield tolerance [14,15], are important factors to consider in breeding programs when improving the
competitive ability of modern wheats without compromising yield [6,16].

Early vigour of a cultivar has been shown previously to be related to crop establishment and the rate
at which above-ground biomass is produced and has been correlated with morphological leaf traits such
as leaf area and light interception in the earliest phases of growth [17]. Christensen [18] also observed
that more rapidly developing cultivars of spring barley were weed suppressive, while Coleman et
al. [19] reported that the rapid development of leaf area improved the weed competitive ability of
wheat. Seavers and Wright [20] reported that the competitive ability of wheat, oat, and barley cultivars
against Galium aparine L. was associated with greater leaf area and height, resistance to loss of tillers
under competition pressure, and a faster rate of canopy development. In wheat, traits relating to leaf
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size, specific leaf area, and rate of production vary between cultivars but have been linked to higher
suppressive ability [19,21].

Crop competitive ability can be separated into two components: (1) competitive effect or
weed-suppressive ability, i.e., the capacity of the crop to reduce weed growth and reproductive
success through interference, and (2) the competitive response or weed tolerance; i.e., the ability of
the crop to mature and yield despite the presence of weeds [14,22,23]. Therefore, a crop’s ability
to both suppress weed growth and tolerate weed competition is a key consideration when taking
an agroecological approach to weed management [13]. The application of integrated weed control
strategies [24] combined with increased precision with regard to agronomic factors including crop
seeding rate or row spacing for enhancing competitive crop ability in different environments [25,26] is
required to inform the final cultivar choice. In this study, field experiments were performed using
standard row spacings and seeding rates to assess the competitive traits of commercial Australian
winter wheat cultivars, with a focus on above-ground interactions. Specific crop morphological traits
were evaluated for their association with weed suppression in a two-year study over two locations
with the objective of evaluating genotypically diverse cultivars for enhanced weed suppression and
yield tolerance in the low to moderate rainfall zone in southern Australia.

2. Materials and Methods

2.1. Site Description and Experimental Design

In 2015 and 2016, replicated wheat field trials were sown at two locations in moderate to low
rainfall zones at Wagga Wagga (572 mm) and Condobolin (449 mm) NSW, respectively. In both
years, 13 wheat cultivars representing four major genetic backgrounds of winter and spring wheat
commercially grown in Australia were selected for evaluation, plus Grazer, which is a cultivar of
winter cereal rye (Secale cereale L.) as a positive suppressive control (Table 1), resulting in a total of 14
treatments. The 14 plots were seeded with six replications in a randomised complete block design

Treatments included wheat cultivars with both short and moderate time to maturity along with
two grazing winter wheat cultivars, Whistler and Wedgetail (Table 1). Other notable cultivars included
the recently released cultivar Trojan, as well as Federation, which is an older heritage cultivar that
was bred and released in 1901 and widely used until 1970. Federation is considered to be both early
maturing and drought resistant and was included for comparison of its inherent weed-suppressive
abilities and upright growth habit with more recent releases. Experimental sites were established in
close proximity at each location in both 2015 and 2016 following a canola crop at each site.

At Wagga Wagga, field trials were conducted on fine red clay loam kandosols, surface pH 6.4,
previously planted commercially for the production of cereals, canola, and/or lucerne (Medicago sativa
L.). At Condobolin, soils were predominantly red gradational, and red-brown earth sodosols with
surface pH 7.0 and were previously rotated among canola, cereals, and pasture legume crops. Both soils
were maintained using standard commercial practices to reduce weed populations [27] such as pre-
and post-chemical control.

2.2. Crop Establishment

At sowing, replicated composite soil samples (10 cm circular core by 5 cm depth) were taken
from each replicate block (12 × 28 m) to evaluate the weed species in the seedbank at experimental
initiation as suggested by Menalled and Schonbeck [28]. Fifteen samples were taken every two
meters along two diagonal transects in each replicate (336 m2), and 30 samples were bulked. In the
glasshouse, the bulked samples were spread over the soil media surface in trays and watered regularly
for evaluation of the existing weed seedbank at each location, including both winter and summer
annuals. Then, weed seedbanks were evaluated separately by species for six months with continued
flushes of seedling emergence recorded and consequently removed to allow for further establishment.
Weed species densities were calculated based on the formula applied by Nkoa et al. [29].
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Density = total number of weed species in a tray ÷ total area of the replicate × 100 (1)

All crops were established with seed generated in Wagga Wagga harvested from the previous trial
season. This potentially eliminated cultivar variation due to seed variability resulting from production
at different sites [27,30]. At Condobolin, the crop was sown on 15 and 17 May at 33 cm spacing,
which is typical for drier soils, while at Wagga Wagga, the crop was sown on 22 and 14 May at 25 cm
spacing for 2015 and 2016, respectively, due to soil moisture differences encountered among the regions.
Cultivars were established at equal plant density (target population of 120 plants/m2) in each trial by
sowing seed lots adjusted for seed weight per cultivar and germination rate. A total of 200 seeds of
each cultivar were weighed, and the weight was multiplied by five to determine the seed weight/1000.
For a specific target plant population, the following calculation was performed for each cultivar to
determine the sowing rate [27].

Sowing rate (kg/ha) = (Seed weight/1000 (g) × Proposed target plant population
(plants/m2) × 100) ÷ (Expected Establishment % × Actual germination percentage)

(2)

Plots were planted using a calibrated disc cone seeder (Kimseed Australia Pty Ltd, Wangara,
Australia) with a 22 and 30 cm row spacing and 25 and 33 cm in-row spacing between plants respectively
at Wagga Wagga and Condobolin. Seeds were sown together (in-row) with granulated fertiliser;
diammonium phosphate (DAP) (analysis 17.1% N, 20.0% P; Incitec Pivot Fertilisers, Melbourne,
Australia) was applied at 70 kg/ha. DAP was treated with 400 ml/ha Flutriafol (Intake®Hiload Gold
200 g/ha Flutriafol, Nufarm Australia, Melbourne, Australia). Before sowing, all the established
weeds were controlled with glyphosate (Weedmaster®DST®470 g/L Glyphosate, Nufarm Australia,
Melbourne, Australia) at 960g/ha. Individual plots measured 2 × 12 m and were trimmed to 2 × 10 m
after crop establishment.

2.3. Crop Assessments and Data Collection

Data collection was performed at each location at critical plant developmental stages of crop
establishment including stem elongation, flowering, and maturity. Data were collected each year
on various crop morphological characteristics shown to be previously associated with cereal crop
competitiveness, including leaf size, early vigour, and crop canopy closure. A light ceptometer
(AccuPAR LP-80 Ceptometer, Decagon Devices®, Pullman, Washington, United States) was used to
measure PAR (photosynthetically active radiation µmols m2s) both above and below the crop canopy),
light interception (%), and leaf area index (LAI m2). Leaf area index and light interception (%) below
the crop canopy were calculated from the above and below canopy PAR readings. All measurements
were made between 11 h and 14 h (solar noon at 13 h).

NDVI (normalised difference vegetative index) readings (GreenSeeker®505 handheld sensor and
Trimble®Recon PDA, NTech Industries Inc. Sunnyvale, California, United States) were obtained (at 1
to 1.5 m above ground) to monitor canopy closure and estimate crop biomass production. NDVI is
preferable for global vegetation monitoring, since it compensates for changes in lighting conditions,
surface slope, exposure, and other external factors. Low NDVI values indicate moisture-stressed or
sparse vegetation, and higher values indicate a healthy and dense of green vegetation. NDVI was
calculated in accordance with the formula:

NDVI = NIR-RED/ NIR + RED (3)

where NIR is reflection in the near-infrared spectrum and RED is reflection in the red range of
the spectrum.
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Other assessments included crop biomass and weed biomass in crop, visual vigour ratings
(0 = poor, no stand, 5 = crop with more than 50% open canopy space, 10 = high vigour, closed canopy)
based on crop growth and biomass accumulation over time, specifically ground cover leading to
canopy closure (a 10 would be recorded for an extremely vigorous crop with closed canopy in contrast
to a less vigorous crop with open canopy allowing light to reach the soil surface). Post-harvest weed
suppression visual ratings were also performed (0 = weeds absent, 5 = crop and weeds at 50:50
ratio, 10 = weeds dominate, no crop) [31]. Time units in all results are expressed as days after crop
emergence (DAE).

Above-ground crop biomass, total weed numbers (overall and per significant individual species),
and weed biomass were measured in two 50 × 50 cm quadrats per plot in all 6 replicates at four critical
growth stages: early growth (30–40 days following establishment), vegetative growth (60–70 days
following establishment), flowering, and crop harvest. Biomass was obtained by cutting plant material
at the soil surface and weighing after drying at 40 ◦C for 5 days in a forced-air oven. Weed counts
were monitored in-crop and after harvest by counting identified weeds in two 50 × 50 cm quadrats per
plot. To increase the robustness of the data collected to estimate both weed numbers and biomass,
we obtained an appropriate number of sub-samples (6 × 2 replicates = 12 subsamples), which were
collected in each cultivar treatment. Sub-sampling in six replications has proven useful in past
experimentation at both locations given the inherent variability of weed populations in field conditions.
Grain harvest was performed at crop maturity before 15 December in each year and location, using a
small plot harvester (plot harvest area = 18 m2). The yield was measured as harvested cereal grain
in t/ha. Due to the impact of unusually high and low daily temperatures at Condobolin in 2015 on
crop yield, the mean maximum temperature for both years are presented together with yield data in
Section 3.5.

2.4. Data Analysis

Trial design, randomisation, and data analyses were performed using Agricultural Research
Manager (ARM) version 9.0 (Gylling Data Management Inc. 2014). Comprehensive statistical analysis
of selected data sets was later performed using GenStat [32] for ANOVA and MANOVA REML
(residual/restricted maximum likelihood) or regression model with means separated using Least
Significant Difference (LSD, 0.05 confidence level). The competitive effectiveness of each cultivar
in terms of weed suppression was calculated using the following equation based on the least weed
suppressive cultivar in the same year and location.

CeWs = (ClWb − CtWb) ÷ ClWb × 100 (4)

where CeWs is the cultivar effectiveness in weed suppression, ClWb is the value of weed dry biomass
for the cultivar with the least weed biomass in the year and location, and CtWb is the value of weed
dry biomass for the cultivar.

Data generated in this study investigated multiple interactions both at a plant and environmental
level. In order to analyse this complex dataset and due to its display of multicollinearity (e.g., PAR,
LAI, and height), a model was generated that utilised partial least squares (PLS) regression or (PLS-R)
as the statistical model. PLS regression is a technique that reduces the predictors to a smaller set of
uncorrelated components and performs least squares regression on these components instead of on the
original data. This analysis is particularly useful when predictors are highly collinear or when there are
more predictors than observations [33]. The interrelatedness of plant characteristics associated with
canopy structure and weed competitiveness in grain crops (i.e., plant height, early canopy closure, LAI,
vertical leaf orientation, rapid biomass accumulation at the early crop growth stage, high shoot dry
matter, large root biomass and root volume [34]) makes PLS regression analysis particularly well-suited
to characterise relationships between crop plant characteristics and weed suppression.



Agronomy 2020, 10, 983 6 of 21

Statistical analysis modelling of the data was performed by linear and partial least squares (PLS)
regression for randomised experiments with four replicates using XLSTAT (Addinsoft, New York, USA).
Dry weed biomass was used as the dependent variable (or variable to model), while the quantitative
explanatory variables included crop biomass, PAR light interception expressed as percentage of PAR
light intercepted by crop canopy at the sampling time, leaf area index, visual vigour ratings, and NDVI,
taking into account the time of sampling and crop growth stage. PLS results are presented on the
variable importance in model projection (VIP) charts (one bar chart per component); a border line is
plotted to identify the VIPs that are greater than 0.8 and above. These thresholds allow identification
of the variables that are moderately (0.8 < VIP < 1) or highly influential (VIP > 1) [35]. The VIP score
first published by Wold and others in 1993 measures the explicative power of predictor variables with
respect to the response variable based on the PLS-R. The VIP score of variable j is calculated by the
equation below:

VIPj =

√√√√√√√√√√√√√√√√√√√√√√√
∑h

a = 1

R2 (y, ta)(Waj/\\wa\\)2

(
1
p

)∑h

a = 1

R2(y, ta)
(5)

where Waj is weight of the jth predictor variable in component a and R2(y,ta) is a fraction of variance in
y explained by the component a. The variable with a higher VIP score indicates that it is more relevant
to predict the response variable [35].
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Table 1. Wheat cultivars and commercial use for field trials performed in Condobolin and Wagga Wagga, NSW in 2015 and 2016.

Cultivar Breeder Year of Release Main Use Growth Characteristics

Condo AGT 1 2014 grain
Early maturity adapted to low–medium rainfall areas. Similar in maturity to Livingston.
Has consistently yielded well in low–medium rainfall environments. A tall plant type with medium
straw strength. Moderately tolerant of acid soils.

Corack AGT 2011 grain Derived from Wyalkatchem, an early-maturing cultivar with high straw strength. Could be suitable for
a wheat-on-wheat situation, low rainfall environments, or late sowings. Highly tolerant of acid soils.

Espada AGT 2008 grain Mid-season maturity. Best performance in medium to high yield potential areas. Good seedling vigour.
Produces large grain.

Federation 2 William Farrer 1901 grain The first specifically Australian variety that is both rust and drought resistant. Early maturing,
high yielding, and drought tolerant with strong straw. Awnless and broad adaptation.

Grazer (Cereal rye) 3 dual purpose Performs well on lighter soils. Rapid growth with early vigour and grazing possible four weeks after
emergence if tillering and the secondary root system development has occurred to anchor the plant.

Gregory EGA 4 2004 grain Excellent yield potential in early to mid-season sowings in northern and southern Australia. Medium to
slow maturity.

Janz CL AGT 1989 grain Widely adapted main season Clearfield®(BASF, Germany) variety. Moderate seedling vigour.
Medium–strong straw strength, with good lodging and shattering resistance.

Livingston AGT 2008 grain Early maturing cultivar. Livingston is derived from a cross involving Sunvale and was released as
a higher-yielding alternative for Ventura in areas that are not constrained by acid soils.

Mace AGT 2008 grain
Mace has broad adaptation, consistently high relative yield under a wide range of conditions and is less
susceptible to downgrading at receival due to black point, pre-harvest sprouting, or screenings losses
than many other cultivars. An awned variety of medium height.

Scout LongReach 5 2009 grain
Mid-season maturity. Medium to long coleoptile with good early vigour. Performs well in both alkaline
and acid soils. Contains the Commonwealth Scientific and Industrial Research Organisation (CSIRO,
Australia) Transpiration Efficiency gene, which confers improved water use efficiency.

Suntop AGT 2012 grain
A main season line with stable yields in areas with both low to high yield potential. More rapidly
maturing than Gregory but similar in maturity to Janz CL with outstanding disease resistance and
wide adaptation.

Trojan LongReach 2013 grain Mid-long season maturity suited to the medium–high rain zone. Short–medium plant height at maturity
with good straw strength.

Wedgetail EGA 2002 dual purpose Dominant winter wheat. Tolerant of acid soils, early sowing cultivar. Large grain size. Adapted to
higher rainfall regions of the wheat belt.

Whistler 1998 dual purpose Early maturing and the quickest of the winter wheats. Relatively low ‘cold requirement’ and heads
prematurely when sown early as a dual-purpose crop.

1 Australian Grain Technologies, 2 bred by William Farrer in 1901, 3 Cereal rye was used as a control in all the field trials, 4 Enterprise Grains Australia, 5 LongReach Plant Breeders.
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3. Results

3.1. Local Rainfall and Dominant Weeds

Monthly rainfall received during the growing season is reported in Table 2 for both locations from
2014 to 2016. Given the variable rainfall conditions across years, wheat cultivars also exhibited variable
performance under the average (2015) and above average (2016) rainfall conditions experienced. Due to
the above-average in-crop rainfall in 2016, significantly greater weed pressure was observed based on
weed count biomass assessments at both locations. At Condobolin and Wagga Wagga, weed counts
and biomass increased by 84.8% and 82.3% and 94.8% and 97.0%, respectively in 2016 compared
to 2015.

The dominant weed observed in Condobolin plots was stonecrop (Crassula spp. L.), which was
similar to the previous findings of Lemerle et al. (1996). Other common weeds at Condobolin included
annual ryegrass (Lolium rigidum Gaud.) capeweed (Arctotheca calendula (L.) Levyns) and bluebell
(Hyacinthoides non-scripta (L.) Chouard ex Rothm.). At the Wagga Wagga site, in-crop weeds included
fumitory (Fumaria spp. L.), bluebell, capeweed, poppy (Papaver spp. L.), annual ryegrass, and barley
grass (Hordeum murinum L.), all of which are commonly encountered in the mixed cropping zone of
the Riverina region in south-eastern Australia [36]. Other weeds present at lower densities in Wagga
Wagga included stonecrop and fleabane (Conzya bonariensis (L.) Cronq.).

To measure weed seed abundance and the type of weeds in the seedbank, we counted the
germinated seedlings. Table 3 presents the densities of weed species germinations of the soil cores from
both trial sites collected each year at sowing. The most prevalent weeds at Wagga Wagga were windmill
grass (Chloris truncata R.Br.), bluebell, and fumitory, as well as Hillman’s panic grass (Panicum hillmanii
L.), fat hen (Chenopodium album L.), and sow thistle (Sonchus oleraceus L.). At Condobolin, stonecrop and
witchgrass (Panicum capillare L.) were the most prevalent in the weed seedbank samples, and others
observed included shepherd’s purse (Capsella bursa-pastoris (L.) Medik.), fat hen, and windmill grass.
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Table 2. Monthly rainfall (mm) and the total in-crop rainfall for the Wagga Wagga and Condobolin canola field trial sites in 2014, 2015, and 2016 from Australian
government bureau of meteorology.

Wagga Wagga Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total STDV In-crop×

2014 13.2 27.2 63.4 56.6 47.0 81.0 24.2 10.6 36.6 22.0 47.0 29.0 457.8 21.35 325.0
2015 89.0 41.2 2.0 56.4 18.8 66.0 60.0 98.8 22.7 10.0 92.2 30.2 587.3 33.25 424.9
2016 58.6 20.0 42.6 10.8 102.1 99.7 86.8 68.1 178.0 79.1 28.0 53.5 827.3 45.58 652.6

Long-term average * 40.1 40.8 45.3 40.4 50.9 51.2 54.1 50.7 48.8 56.8 47.0 46.1 572.2 5.43 372.1

Condobolin Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total STDV In-crop

2014 35.2 46.7 104.5 28.0 27.6 57.4 9.2 22.2 11.0 11.5 17.7 88.6 459.6 31.00 184.6
2015 59.2 35.9 0.2 64.7 11.6 31.8 41.2 42.3 6.8 65.2 67.3 28.5 454.7 23.40 330.9
2016 80.9 0.0 21.8 21.4 60.2 161.5 37.1 43.4 143.2 31.6 40.8 56.7 698.6 48.77 539.2

Long-term average * 42.6 36.9 37.4 33.4 34.7 37.5 33.6 35.2 31.7 39.5 35.4 39.5 437.4 3.08 288.4

* Monthly long-term average of last 70 years with the location average in bold, STDV means standard deviation. × In-crop rainfall- This is the total amount of rain that falls between
sowing and crop maturity.
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Table 3. The total glasshouse seedbank weed species germination density (seedlings/m2) generated in the topsoil from Condobolin and Wagga Wagga trial sites taken
at crop sowing in 2015 and 16 (based on four counts).

Wagga Wagga Weed count

Replicate Fumaria spp L. Chloris truncata
R.Br.

Hyacinthoides
non-scripta L.

Chenopodium
album L. Sonchus oleraceus L. Panicum spp. L.

1 16 6 15 0 0 2
2 3 26 28 0 0 5
3 4 6 3 1 1 1
4 16 17 26 1 0 1
5 39 15 16 1 0 2
6 2 25 2 0 1 1

Total 80 95 90 3 2 12

Condobolin

Replicate Crassula spp. L. Chloris truncata
R.Br.

Hyacinthoides
non-scripta L.

Chenopodium
album L.

Capsella bursa-pastoris
(L.) Medik. Panicum spp. L.

1 9 1 0 1 0 1
2 8 0 0 0 0 3
3 4 0 0 0 0 2
4 29 0 0 1 0 3
5 16 0 0 0 2 0
6 1 2 0 0 0 2

Total 67 3 0 2 2 11
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3.2. Early Crop Biomass Differences and Weed Biomass Interference

Wheat cultivar often impacted both crop and weed biomass accumulation as well as weed count
in both years (p < 0.001) and locations (p < 0.001) (Table 4). Cultivar differences in early crop biomass
accumulation were significant at the elongation growth stage at both locations and years, but no
differences were observed at the booting/flowering growth stage at either location in 2016. The cultivars
that consistently harboured fewer weeds in both years and locations included Federation, Condo,
and Janz CL, while Gregory in 2015 and Mace in 2016 (Figures 1 and 2) were less weed competitive.
Certain cultivars exhibited reduced weed establishment in one year and location, but not both (e.g.,
Scout and Trojan at Condobolin and Mace and Wedgetail at Wagga Wagga in 2015).
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Figure 1. The relationship between mean wheat cultivar early biomass and weed biomass at crop
maturity before flowering at Condobolin in 2015 and 2016. Each data value represents the average of
the two-year mean of six replicates for each year.

At 100 days after seeding, cultivar Condo was 82.8% and 97.1% more weed-competitive than
the older industry-standard cultivar Gregory in 2015 at Condobolin and Wagga Wagga, respectively
(Table 4). However, as higher in-crop rainfall (Table 2) resulted in higher weed pressure in 2016 at both
locations, Condo was only 47.4% and 28.1% more weed-competitive than Gregory at Condobolin and
Wagga Wagga, respectively (Table 4). However, Mace harboured more weeds in crop at both locations
in 2016. Federation, a heritage cultivar with early vigour and upright growth habit, was typically the
most weed-competitive cultivar in both locations and years in this experiment and also experimentation
conducted previously at both sites.
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Figure 2. The relationship between mean wheat cultivar early biomass and weed biomass at crop
maturity before flowering at Wagga Wagga in 2015 and 2016. Each data value represents the average of
the 2-year mean of six replicates for each year.

Weed count and biomass differed depending on the location (p < 0.001) with significant cultivar,
year, and location interactions. The accumulation of crop biomass early in the season also resulted
in reduced weed biomass at both locations, which was a relationship that was negatively correlated
(coefficient of determination (r2) of 0.45 (p < 0.001, Figure 1) at both Condobolin and 0.57 (p < 0.001,
Figure 2) at Wagga Wagga (Table 4).

3.3. Weed Suppression by Other Crop Canopy Traits

Cultivar differences were observed for all parameters associated with crop growth and vigour
including early vigour, PAR light interception (%), leaf area index, normalised difference vegetation
index (NDVI), and plant height (p < 0.001), with significant cultivar, year, and location interactions
(p < 0.001). The ranking of cultivars based on these individual parameters indicated that cultivars
with highest early growth vigour, light interception as measured by LAI and PAR, leaf area, and plant
height were also the most weed suppressive (Tables S1 and S2).

At the early crop growth stage, PAR light interception and LAI were positively correlated with
weed suppression across the years and locations (p < 0.001). At Wagga Wagga, the coefficient of
determination was r2 = 0.97 and 0.94 in 2015 and 2016, respectively, while at Condobolin, r2 was 0.89
and 0.22, respectively. The cultivars with the highest PAR light interception also exhibited higher leaf
area indices as well as lower weed biomass (e.g., Federation and Condo, Table 4, Tables S1 and S2).

3.4. Modelling for Weed Suppression Using Crop Canopy Traits

PLS regression predictive linear model results for weed suppression by commercial wheat cultivars
are presented in Figure 3 by location and year based on weed dry biomass as the response variable and
selected above-ground crop canopy traits (crop biomass, PAR light interception, leaf area index, visual
vigour ratings, plant height, and NDVI) as the predictive variables.
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Table 4. Wheat cultivar differences in average crop biomass (g/m2) at crop elongation and booting growth stages, in-crop weed count (plants/m2), and weed dry
biomass (g/m2) at crop maturity (including weed suppression percentage in the brackets expressed in comparison to the less suppressive cultivar in the same year and
location) at Condobolin and Wagga in 2015 and 2016. Each data value is a mean of six replicates.

Item Elongation Dry Biomass Booting Dry Biomass Maturity Weed Count Maturity Dry Weed Biomass
Site Condo Wagga Condo Wagga Condo Wagga Condo Wagga

Cultivar/year 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016

Condo 44.7 152.3 720.7 122.7 433 1063 870 1066.5 204 5058 27 575 7.6 (82.8) 90.2 (71.3) 0.14
(97.1) 64.5 (79.9)

Corack 45.5 131.9 531.4 109.7 443 798.1 782 971.8 375 3936 33 1126 25.4 (42.7) 159.7 (49.2) 2.6 (47.8) 185.6 (42.2)
Espada 42.8 119 486.8 114.2 378 908.1 770 992.4 262 4326 14 480 11.9 (73.1) 129.2 (58.9) 0.6 (87.8) 106.2 (66.9)

Federation 63.7 105.7 765.1 123.7 433 887.2 738 1007.9 297 4195 5 705 12.4 (72.0) 101.7 (67.6) 0.0 (100) 70.1 (78.2)
Grazer-rye 78.4 156 737.1 168.3 530 939.3 1041 986.8 298 4603 3 226 5.5 (87.6) 27.5 (91.2) 0.0 (100) 20.3 (93.7)

Gregory 43.8 90.6 464.5 107.1 299 928.1 671 812.8 347 4331 19 904 44.3 (0.0) 165.2 (47.4) 4.9 (0.0) 231.0 (28.1)
Janz CL 47.2 103 707.9 135.7 349 714.3 742 972.8 245 3522 11 536 21.1 (52.4) 121.2 (61.4) 0.3 (93.7) 87.0 (72.9)

Livingstone 57.3 146.6 672.3 106.9 430 941 759 972.4 483 4545 24 915 11.6 (73.8) 149.3 (52.5) 3.8 (22.0) 188.9 (41.2)
Mace 46.4 95 539.6 113.7 412 861.1 924 893 455 4091 17 442 10.2 (77.0) 314.1 (0.0) 1.2 (75.9) 321.2 (0.0)
Scout 38.9 154 587.7 118.3 415 1022.1 770 978.7 464 4903 43 927 1.8 (95.9) 158.8 (49.4) 2.2 (55.9) 164.9 (48.7)

Suntop 51.6 157.3 639.6 116.4 418 1082 777 969.6 435 5155 23 974 16.3 (63.2) 132.4 (57.8) 2.6 (46.1) 157.0 (51.1)
Trojan 46.3 126.5 489.4 95.5 379 1005.9 696 922.7 391 4754 16 1079 4.9 (88.9) 215.1 (31.5) 4.3 (13.3) 221.3 (31.1)

Wedgetail 42.6 131.4 479.1 123.6 244 1059.3 647 733.7 442 4997 21 523 9.4 (78.8) 139.2 (55.7) 0.2 (96.9 209.7 (34.7)
Whistler 39.3 95.7 531.4 89.8 305 1122.5 645 838.9 497 5105 16 857 18.5 (58.2) 173.6 (44.7) 2.4 (52.0) 197.3 (38.6)

Mean 49.2 126.1 596.6 117.5 390.6 952.3 773.7 937.1 371.1 4537.2 19.4 733.5 14.4 148.4 1.8 158.9
LSD 17.8 35.6 188.8 38.5 119.1 362.4 130.2 208 121.8 1559.4 15.3 320.4 10.7 15.1 1.4 135.5

p value a *** * ** * *** ns *** ns ** ns * *** ** *** ** **
a p value: *** = p < 0.001, ** = p < 0.01 * = p < 0.05, ns = not significant, Least significant difference (LSD), cultivar weed suppression effectiveness is shown in the brackets in comparison
with the least suppressive cultivar. The bold numbers indicate the least weed competitive cultivar in that year and location.
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Figure 3. Condobolin 2015-120 days after crop emergence (DAE) regression model r2 = 0.21 (a).
Wagga Wagga 2015-120 DAE regression model r2 = 0.29 (b). Condobolin 2016-120 DAE regression
model r2 = 0.51 (c). Wagga Wagga 2016-120 DAE regression model r2 = 0.62 (d). Commercial wheat
partial least squares regression (PLS-R) based on weed dry biomass as the response variable at 120
DAE showing the variable importance in model projection (VIP) values by several independent crop
canopy traits (taken at various DAE) in 2015 and 2016 at Condobolin (a,c) and Wagga Wagga (b,d).
The dotted border line in the graphs identifies the VIPs that are greater than 0.8 and above: these
variable thresholds are either moderately (0.8 < VIP < 1) or highly influential (VIP > 1) in weed
suppression. The canopy traits include crop biomass, PAR percentage of light interception, leaf area
index, visual vigour ratings, plant height, and normalised difference vegetative index (NDVI).

In 2015, the model prediction variables differed in accordance with crop growth stage and impact
in interfering with weed biomass at both locations (Condobolin r2 = 0.21, Figure 3a; Wagga Wagga
r2 = 0.29, Figure 3b). For the Condobolin crop, early visual vigour, crop height, and NDVI at vegetative
VIPs were highly influential (VIP > 1), while crop biomass (at early and vegetative), early NDVI,
and plant count VIP scores were moderate. At Wagga Wagga, the VIP scores of crop height (at early and
vegetative), crop biomass (early and vegetative), NDVI (vegetative), and visual vigour rating suggested
that these variables were highly influential in weed suppression in-crop. In both locations, PAR light
interception and LAI VIP value thresholds were moderate in weed suppression (0.8 < VIP < 1).
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In 2016, a year with above average rainfall, the model predictions showed a significant inverse
correlation (p < 0.001) of most predictors with weed biomass (r2 = 0.51 at Condobolin, r2 = 0.62 at
Wagga Wagga). At Condobolin, in contrast to 2015, strong influential predictor variable VIPs (VIP > 0.8)
included crop height (early, vegetative), LAI (early, vegetative) and early crop biomass and PAR (early)
(Figure 3c). At Wagga Wagga, vigour rating (early), crop biomass (vegetative), and height (early,
vegetative) had influential VIPs, while PAR (early, vegetative), LAI (early, vegetative), and early NDVI
had moderate projection importance (0.8 < VIP < 1) (Figure 3d).

Overall, the PLS regression model analysis in 2015 demonstrated that weed biomass was generally
inversely related to early crop vigour rating, vegetative NDVI, and height at both locations. In addition,
at Wagga Wagga, early and vegetative crop biomass was highly influential. By contrast in 2016,
early crop vigour, biomass, and height had the highest and stronger projection importance at both
locations. However, at Condobolin, LAI and PAR light interception were also highly influential in
weed suppression. Not surprisingly, the projection importance of all the canopy traits assessed varied
with crop growth stage, location and year.

3.5. Cultivar Grain Yield versus Weed Suppression

In 2015 and 2016, grain yield differed significantly between cultivars and locations (Table 5).
At Wagga Wagga, there were differences in yield between cultivars and years (2015 higher than 2016),
while interestingly, at Condobolin, cultivar differences were only noted between years, with higher
yields in 2016 than in 2015 for all cultivars. It should be noted that in 2016 moisture was not limiting
in both locations. The heritage cultivar Federation, developed in central NSW in the late 1800s,
was consistently the most weed suppressive over year and location, but its yield potential was 10% to
55% less than recently improved cultivars (Table 5). Condo, Espada, and Janz CL consistently produced
higher yields while suppressing weeds moderately to exceptionally well.

Table 5. Mean wheat cultivar grain yield (t/ha) and weed biomass (g/m2) at crop maturity at Condobolin
and Wagga Wagga in 2015 and 2016.

Location Condobolin Wagga Wagga
Cultivar Y-2015 WB-2015 Y-2016 WB-2016 Y-2015 WB-2015 Y-2016 WB-2016
Condo 1.1 7.6 3 90.2 5.6 0.1 4.2 64.5
Corack 1.1 25.4 2.8 159.7 5.6 2.6 4.8 185.6
Espada 1.1 11.9 3.2 129.2 5.4 0.6 5.4 106.2

Federation 0.6 12.4 2.7 101.7 2.5 0 2.9 70.1
Grazer 0.1 5.5 1.7 27.5 2.3 0 2.7 20.3

Gregory 0.8 44.3 3.1 165.2 5.1 4.9 4.6 231.0
Janz CL 0.8 21.1 2.6 121.2 5.2 0.3 4.8 87.0

Livingstone 1 11.6 2.5 149.3 5.4 3.8 4.4 188.9
Mace 1.2 10.2 2.7 314.1 5.6 1.2 4 321.2
Scout 1.2 1.8 3.4 158.8 5.5 2.2 5.3 164.9

Suntop 1.2 16.3 3.3 132.4 5.4 2.6 4.8 157.0
Trojan 1.1 4.9 3.5 215.1 5.7 4.3 5.2 221.3

Wedgetail 0.1 9.4 3.4 139.2 4.5 0.2 5.1 209.7
Whistler 0.4 18.5 3.4 173.6 4.5 2.4 5 197.3

Mean 0.8 14.4 3 148.4 4.9 1.8 4.5 158.9
LSD 0.56 10.7 0.76 15.1 0.32 1.4 0.82 135.5

a p value ns ** ns *** *** ** *** **
a p value: *** = p < 0.001, ** = p < 0.01, ns = not significant, Y = grain yield, WB = weed biomass. Least significant
difference (LSD).

There were significant differences in both years between cultivars in yield at Wagga Wagga
(p < 0.001) but not at Condobolin. In 2015, at Condobolin, yield may have been negatively impacted
by the sudden rise in daily maximum temperature to 35.2, 36.0, and 33.4 ◦C for three consecutive days
at grain fill in October (Figure 4). In 2016, there were clear differences in weed biomass over cultivars,
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with a coefficient of determination was r2 = 0.58, although yield did not differ between cultivars
(Condobolin, Table 5). At Wagga Wagga in 2015, the coefficient of determination was r2 = 0.25 (figure
not presented, p < 0.001), with four cultivars being more weed suppressive including Federation,
Condo, Espada, and Janz CL. In 2016, the same cultivars were also the most weed suppressive (r2 = 0.45;
p < 0.001), with cultivar differences in yield and dry weed biomass (Table 5).
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Figure 4. Condobolin mean maximum temperature for 2015 to 2016 (050052 Condobolin Agricultural
Research Station, Australian Bureau of Meteorology).

4. Discussion

Previous studies addressing the factors influencing cereal crop competitiveness against weeds
have attempted to assess competitiveness by evaluating total weed numbers and biomass, in relation
to crop growth and yield produced, with an emphasis on crop traits easily assessed above
ground [20,22,25,34,37], including crop height and total biomass produced at maturity, or at various
time points during crop maturity. In recent years, Australian wheat breeders have shown that early
wheat vigour is particularly important in negatively impacting weed establishment and weed growth
in crop [17,38]. In this study, we investigated a number of key crop parameters influencing early canopy
formation such as leaf area, light interception, early vigour, and crop biomass, as well as impacts on
weed establishment. In addition, we applied PLS modelling techniques to further estimate which crop
parameters were the most influential in reducing weed numbers and weed biomass. This study was
performed over multiple locations and years and addressed both genetic and environmental factors
that impacted cultivar performance and weed establishment using both currently commercial and
historic Australian winter wheat cultivars for comparative purposes. Historic cultivars were included,
as they have been shown to be particularly suppressive to weeds in crop in past experimentation [39].

Early biomass accumulation in wheat cultivars in this study was strongly and negatively correlated
with weed biomass over both locations and years, indicating potential heritable competitive ability
against weeds. Biomass accumulation early in the season is impacted by early vigour in wheat.
Early vigour has been shown previously to be related to crop establishment and the rate of canopy
development, and it has been correlated with morphological leaf traits such as leaf area and leaf width
in the earliest phases of wheat growth [17]. Korres and Froud-Williams [40] also reported that crop
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height and rapid tillering capacity in winter wheat cultivars were associated with improved weed
suppression in experimentation with a diverse weed flora.

From the findings generated in this experiment and those of our collaborating plant breeders
at CSIRO [17,38], the selection of traits supporting early crop vigour in wheat breeding programs
as demonstrated by greater early leaf area accumulation and crop biomass can result in superior
weed-competitive cultivars, leading to significantly reduced weed biomass and weed numbers,
at similar planting densities to other commercial cultivars. Importantly, from a longer-term perspective,
substantial genetic gain in yield may be achieved if breeders are able to select for cultivars exhibiting
faster early growth rates and also greater biomass at maturity [41], because greater early vigour has
the potential to also result in increased water- and nutrient-use efficiency, as well as enhanced weed
competitiveness, thereby increasing crop yields and profitability [42].

In this study, we have demonstrated that significant cultivar differences existed with respect to early
crop vigour, PAR light interception (%), leaf area index, NDVI, and plant height. In addition, cultivar,
year, and location interactions were frequently significant. However, PLS modelling clearly showed
that only a few crop parameters—specifically early vigour, crop height, and total crop biomass—were
strongly and negatively correlated with weed biomass accumulation. This is an important finding
and may have relevance for future breeding efforts attempting to estimate crop competitiveness more
accurately using various genotypes, in multiple locations. Interestingly, the cultivars consistently
demonstrating the highest early growth vigour, light interception, leaf area, and plant height (Federation
and Condo) were also the most weed suppressive across all locations and years analysed, demonstrating
the importance of early crop vigour, leading to a closed canopy early in the season to result in effective
weed suppression. Didon and Hansson [43] recently demonstrated that the most weed-suppressive
barley cultivars were those that intercepted the most PAR. However, in the current study, PAR percentage
of light interception and LAI VIP value thresholds were moderate in driving weed suppression
(0.8 < VIP < 1) except at Condobolin (2016) when VIP values were influential (VIP > 1).

Our study findings also support the hypothesis that several key crop canopy traits contribute
to superior cultivar weed competitive ability, and therefore single trait measurement is often not a
strong indicator of competitive ability. For example, taller wheat cultivars have been reported to better
tolerate weed pressure and reduce weed growth [16], similar to our findings with the heritage cultivar,
Federation, which is typically very tall, but is also vigorous in forming an early closed canopy and is
therefore weed suppressive. Recently, Wicks et al. [37] reported that several shorter wheat cultivars
exhibited significant weed suppression in contrast to taller cultivars [37], suggesting that competitive
ability is not necessarily associated with only a single trait [6].

Our findings and those of Australian cereal breeders have suggested that a combination of
several crop canopy morphological traits contribute effectively to crop competitive ability, and these
typically include height, light interception, leaf area, and inclination. In our study, height was not an
exceptionally strong predictor of weed suppression for most cultivars, as today’s wheat cultivars are all
semi-dwarf and frequently exhibit similar height. However, Federation, the tallest cultivar in the trials,
was exceptionally weed suppressive over both years and locations. Unfortunately, it also possesses a
tendency to lodge, but this was not observed even in years with high moisture at either location.

In the current study, recent commercial cultivars (e.g., Trojan) produced high yields despite being
less weed suppressive. This suggests that under certain environmental conditions, the competitive
ability of the current commercial cultivars in weed tolerance may not always be linked with weed
suppression, especially in drier years with less weed infestation. Mechanisms of weed tolerance may be
independent of suppressive traits [44,45]. For example, Fradgley et al. [13] reported that taller varieties
of oats (Avena sativa L.) tended to be more weed tolerant but not necessarily more suppressive. Further
studies are required to differentiate crop interference and to determine the relationship between weed
suppression and weed tolerance in wheat cultivars.

The wide use of semi-dwarf wheat genotypes has resulted in an increased harvest index in
modern cultivars, with shorter plants and higher grain yield than older varieties [42] as demonstrated
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in this study. However, Richards et al. [38] reported that the shorter plant height is often associated
with reduced early vigour, a pleiotropic and undesired effect of the high grain yield performance of
modern semi-dwarf varieties. However, our findings and those of CSIRO breeders have demonstrated
that some modern semi-dwarf wheat genotypes have high early growth vigour and also enhanced
weed-suppression (e.g., Condo) [46]. This suggests that although the competitive ability of wheat
has clearly been reduced by selection based on yield potential [7], there are some genotypes that
could be used for weed management due to their weed-suppressive ability while maintaining yields.
Our findings further suggest that canopy closure associated with early vigour is a major factor in their
ability to suppress weeds.

Another key finding of this study was that the heritage cultivar Federation was one of the
most weed-suppressive cultivars examined. Vandeleur and Gill [16] examined 14 historical wheat
cultivars ranging in release date from 1860 to 1994 to determine the impact of crop breeding on the
competitive ability to suppress weeds. Using oat as the weed, there was a significant positive linear
relationship (r2 = 0.81, p < 0.01) between the year of cultivar release and crop yield loss, suggesting an
inferior competitive ability in modern cultivars compared to their ancestral counterparts. The older
cultivars not only provided superior weed suppression but were also more tolerant of weeds as
indicated by smaller yield loss. Similarly, older cultivars or landraces have been shown to be more
competitive with weeds than the higher-yielding, semi-dwarf modern cultivars [7,26]. When sown
at the same crop density, heritage crop stands had, on average, lower weed biomass (56%) than
modern crop stands [47], indicating superior weed suppression. These findings coupled with our
study results suggest that re-examination of the value of some heritage wheat cultivars should be
undertaken to provide additional options to the producer toolbox for wheat production in changing
climatic conditions.

In 2015 and 2016, the PLS model indicated a clear inverse relationship between some of the
cultivar traits related to canopy architecture/light interception and weed biomass at both locations.
This relationship was stronger in 2016, with in-crop above average rainfall at both locations.
This suggests that in a year when soil moisture is not limiting, the competitive advantage of the
wheat crop is dramatically increased, suggesting that a lack of soil moisture could also be associated
with reduced weed establishment and competitiveness in Australian dryland wheat production
farming systems.

The PLS model showed that early crop growth vigour, crop biomass, NDVI, height, LAI, and PAR
light interception (%) all negatively impacted weed biomass, but the most negatively correlated
predictors in both years and locations were narrowed down to crop vigour, crop biomass, and height.
Our findings also show that the most competitive cultivars including Federation, Condo, and Janz CL
had early canopy closure due to exceptional early growth vigour and biomass accumulation, resulting
in early shading and the subsequent suppression of weeds.

In addition, seasonal changes may impact the crop weed-suppressive competitive ability as
the model coefficient of determination was higher and more than double in 2016 at both locations
(Condobolin: 21 versus 51, Wagga Wagga: 22 versus 59) when above-average rainfall was received.
The model outcomes also suggest that early crop vigour is not a standalone trait but a combination of
other cultivar traits including leaf area index, PAR light interception, and NDVI; clearly, early canopy
closure positively impacts a cultivar’s ability to suppress weed growth. A better understanding
of the interaction between these plant traits and characteristics will assist breeders to develop
weed-suppressive cereal crop cultivars in the future. Our current comparative studies with recently
developed early vigour cultivars from CSIRO wheat breeders further suggests that early vigour (when
defined as the ability of the crop to shade the soil by canopy architectural traits) before crop maturity
(by 100 days after seeding) is positively correlated with weed suppression [46], and selection for such
traits can result in enhanced weed suppression with respect to today’s commercial cultivars.



Agronomy 2020, 10, 983 19 of 21

5. Conclusions

Our results clearly show that the establishment of competitive wheat cultivars can result in
the effective suppression of weed growth (up to 90% or greater) in the absence of post-emergent
herbicides. Significant differences between wheat cultivar and location and year were observed
for crop biomass, early vigour, leaf area index, PAR light interception, crop height, weed number,
weed biomass, and yield. However, PLS modelling applied in this study further suggested that
the most influential factors in reducing weed numbers and establishment were early crop vigour,
crop biomass accumulation, and height. Cultivar competitive traits were influenced by both genotype
and environmental factors, as shown by clear differences in cultivar performance, yield, and weed
suppression at each location and year. Cultivars Condo, Espada, and Janz were superior performers
in terms of weed suppression and yielding potential in both locations and years, while the heritage
cultivar Federation was the most weed-suppressive overall, but its yield potential was 10% to 55% less
than recently improved cultivars.

Overall, our study results suggest that weed suppression is strongly associated with crop
competitive ability early in the season, before boot stage and flowering. Clearly, in a year with
adequate rainfall, the choice of wheat cultivar for yield potential and weed suppression impacts the
subsequent ability of the crop to successfully interfere with weed growth. Therefore, when applying
IWM strategies for weed management, the choice of cultivar is a potential tool for maintaining suitable
grain yield in the presence of weeds and may reduce the need for subsequent herbicide application
while potentially delaying the development of herbicide-resistant weeds. We look forward to the
adoption of weed-suppressive traits by plant breeders when selecting future commercial cultivars for
improved adaptation to dryland conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/7/983/s1.
Table S1: Wheat cultivar differences in visual vigour ratings, PAR light interception (%), leaf area index (LAI),
normalised difference vegetation index (NDVI) and plant height (cm) taken at the vegetative and flowering stage
of the crop respectively, at Condobolin and Wagga Wagga in 2015. Table S2: Wheat cultivar differences in visual
vigour ratings, PAR light interception (%), leaf area index (LAI), normalised difference vegetation index (NDVI)
and plant height (cm) taken at the vegetative and flowering stage of the crop respectively, at Condobolin and
Wagga Wagga in 2016.
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