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Abstract. Six years of survey data taken from 184 paddocks spanning 14 million ha of land used for crop and pasture
production in south-west Western Australia were used to assess weed populations, herbicide resistance, integrated weed
management (IWM) actions and herbicide use patterns in a dryland agricultural system. Key findings were that weed
density within crops was low, with 72% of cropping paddocks containing fewer than 10 grass weeds/m2 at anthesis.
Weed density and herbicide resistance were not correlated, despite the most abundant grass weed species (annual
ryegrass, Lolium rigidum Gaudin) testing positive for resistance to at least one herbicide chemistry in 92% of monitored
paddocks. A wide range of herbicides were used (369 unique combinations) suggesting that the diversity of herbicide
modes of action may be beneficial for reducing further development of herbicide resistance. However, there was a
heavy reliance on glyphosate, the most commonly applied active ingredient. Of concern, in respect to the evolution of
glyphosate resistant weeds, was that 45% of glyphosate applications to canola were applied as a single active ingredient
and area sown to canola in Western Australia expanded from 0.4 to 1.4 million hectares from 2005 to 2015. In order to
minimise the weed seed bank within crops, pastures were used infrequently in some regions and in 50% of cases
pastures were actively managed to reduce weed seed set, by applying a non-selective herbicide in spring. The use of
non-selective herbicides in this manner also kills pasture plants, consequently self-regenerating pastures were sparse
and contained few legumes where cropping intensity was high. Overall, the study indicated that land use selection and
utilisation of associated weed management actions were being used successfully to control weeds within the survey
area. However, to successfully manage herbicide resistant weeds land use has become less diverse, with pastures
utilised less and crops with efficacious weed control options utilised more. Further consideration needs to be given to
the impacts of these changes in land use on other production factors, such as soil nutrient status and plant pathogens to
assess sustainability of these weed management practices in a wider context.
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Introduction

Weed control is a major cost in grain cropping systems
worldwide. In Australian annual cropping systems weeds are
estimated to reduce revenue by AUD $745 million per annum
(Llewellyn et al. 2016). Land use selection, commonly referred
to as rotation or crop and pasture sequence, is a fundamental tool
used tomanipulate weed populations within dryland agricultural
ecosystems.

Substantial changes in land use across southernAustralia over
therecentdecadeshave resulted inagreater frequencyofcropping
at the expense of pasture and livestock production and a switch
from legume tooilseed crops (Kirkegaard et al. 2011;ABS2016).
This has occurred in most agroecological zones of south-west
Western Australia (WA), across an area of 14 million ha, with
sheep numbers declining from26million to 14million from2005
to 2015 (Harries et al. 2015; Planfarm and Bankwest 2016).
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Weed control practices have also changed within WA
farming systems in recent decades. Extensive adoption of
no-tillage and minimum-tillage practices (Llewellyn et al.
2012; Llewellyn and Ouzman 2019), has provided many
benefits such as reduced soil erosion, improved soil
structure and greater water use efficiency (Derpsch et al.
2010; Fisher and Hobbs 2019). However, this practice alters
weed seed dynamics (Chauhan et al. 2006) and eliminates
cultivation as a method of weed control, resulting in a
greater reliance on herbicides. Indeed the total area on
which herbicides are applied in WA are estimated to have
increased from 3.9 to 9.5 million ha over the period from 1980
to 1989 (Gill 1995), additionally since 1989 cropped area rose
from 5.0 million to 8.0 million ha (ABS 2016). Novel
integrated weed management strategies utilised within
reduced tillage systems have also been developed and
adopted, such as application of herbicides in spring to
sterilise weed seeds before maturity and shedding and
various methods of capturing weed seeds during harvest
(Walsh and Powles 2007; Norsworthy et al. 2012).

Under these cropping systems several economically
important weed species have evolved resistances to
commonly utilised herbicides including acetolactate synthase
(ALS) inhibitors, microtubule inhibitors, acetyl-CoA
carboxylase (ACCase) inhibitors, carotenoid biosynthesis
inhibitors, photosystem II inhibitors, synthetic auxins and 5-
enolpyruvylshikimate-3-phosphate synthase (EPSP) inhibitors
(Heap 2020). In particular herbicide resistant populations of
annual ryegrass (Lolium rigidum) and wild radish
(Raphanus raphanistrum) are now widespread throughout
the cropping zone of WA (Walsh et al. 2007; Owen et al.
2014) and are estimated to have a 10-fold or greater economic
impact than any other weed species with revenue loss due to
each species estimated at AUD $50.3 and $40.1 million per
annum respectively (Llewellyn et al. 2016). Further evolution
of resistances to herbicides presents a major risk to the
sustainability of the no-till cropping system, due to the
dependence upon the remaining effective herbicides for
weed control (Gianessi 2013).

Diverse rotations have been shown to reduce the likelihood
of severe weed problems in minimum tillage cropping
(Nichols et al. 2015), by enabling the use of a wide range
of herbicide active ingredients (Derksen et al. 2002) and IWM
strategies – both of which are advantageous to slow or prevent
the evolution of herbicide resistant weed populations (Busi
et al. 2013; Powles and Gaines 2016). Diverse rotations can
also provide other benefits including improved plant nutrition,
breaks in disease cycles and opportunities to spread market
risk (Bullock 1992; Kirkegaard et al. 2008; Davis et al. 2012;
Seymour et al. 2012).

Recent changes in land use, widespread adoption of no-
tillage and evolution of herbicide resistant weeds in south-
west WA raises concerns about the long-term sustainability
of current cropping systems and a reassessment of the
interactions between land use and weed populations is
timely. The research objective was to identify relationships
between land use and weed populations within south-west
WA. This was done through documenting changes over time
in crops and weeds as well as farmer practices in a series of

selected paddocks, encompassing several distinct
agroecological zones. The findings would also be relevant
to dryland farming systems elsewhere in the world.

Materials and methods
Data sources

Data was obtained from the Focus Paddocks database (Harries
et al. 2015). This comprised 184 paddocks monitored over
6 years across south-west WA (Fig. 1). Field measurements
were from a geo-referenced 1 ha area within each paddock.
Farmers were interviewed annually. Wheat (Triticum aestivum)
was grown in all paddocks in the first year of monitoring,
followed by farmer-specified land uses in the following years.
Climate data were interpolated for each paddock co-ordinate
using the SILO (Scientific Information for Land Owners)
database (Jeffrey et al. 2001).

Weeds

The one hectare area was divided into quarters of 25 �100 m
and weeds were sampled in a zig zag transect through each.
Weed species and density were recorded from five quadrats per
transect (20 quadrats), each quadrat 0.1 m2 (0.33 �0.33 m).
Alternatively, if weeds were in noticeable patches, numbers
were rated in five areas of 0.5 m by 10 m per transect and
converted to plants/m2 using an exponential scale, as described
by Rew et al. (2000). Measurements were taken twice per year,
at 2–4 weeks after emergence and at anthesis. If pastures were
present, detailed species composition was assessed once
per year, in spring.

Herbicide use

Data on herbicide use were from 614 paddock-years (368
wheat, 91 canola (Brassica napus), 44 barley (Hordeum
vulgare), 38 lupin (Lupinus angustifolius), 56 pasture and
17 other crop or fallow). Data shown in supplementary
material (see Supplementary Material table S1 available at
the journal’s website). Analysis of herbicide use patterns was
conducted by categorising the data according to land use,
sowing date and date and rate of herbicide applications. For
pastures that were not sown (i.e. regenerated/volunteer
pasture), the first rains of autumn (�15 mm within a 1day
period after 1 April) were taken as the sowing date. The mass
of herbicide active ingredient (a.i.) applied was calculated.
Combinations of active ingredients were identified based on
the products in each tank mix.

Herbicide resistance

Seed from annual ryegrass was collected from 125 paddocks at
physiological maturity and tested for resistance to herbicides at
Charles Sturt University, Wagga Wagga Australia, as per
Broster et al. (2019) and Broster and Pratley (2006). Six
herbicides with different modes of action were tested
individually, not as mixtures. Application rates in the
resistance tests were at half label/recommended rate (0.5 �
R), full recommended rate (1.0 � R), and twice recommended
rate (2.0 � R). The recommended rates of the six herbicides
tested were: diclofop-methyl (Hoegrass) at 375 g/ha, (Weed
Science Society of America Group 1, Herbicide Resistance
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Action Committee Group A); clethodim (Select) at 120 g/ha
(1, A); triasulfuron (Logran) at 26 g/ha (2, B); atrazine
(Atrazine) at 1800 g/ha (5, C); trifluralin (Treflan) at
800 g/ha (3, D) and glyphosate (Roundup) at 576 g/ha (9, M).

For post emergent herbicides, the methodology of the
testing laboratory was to categorise populations as resistant
if �20% of seedlings survived application at 1.0 � R. For pre-
emergent herbicides ratings of establishment were, 0 (no
germination) to 10 (similar to susceptible annual ryegrass
control). Populations were considered resistant if rated
�2.5. In addition, we defined a more quantitative and
general measure of resistance by calculating the mean plant
survival percentage (MS%) over all herbicides at all rates.

Integrated weed management

Records of 528 paddock-years were utilised to determine an
integrated weed management index (IWMI). Likely control of
the existing annual ryegrass seed bank or seed production
(future seed bank) was assigned using default parameter values
of the ryegrass integrated management (RIM) computer
simulation model (Lacoste 2014). Categories and % control
included: whole paddock burn (50% control), hay cutting
(90%), grazing (80%), pre-sowing tillage (15%), knife-point
sowing tillage (20%), knockdown (pre-sow non-selective
herbicide application, 35%), double-knockdown (two
applications of pre-sow non-selective herbicide at least
a week apart, 75%), crop competition (plant density by crop

species, low 10%, medium 20%, high 40%), seed set control 1
(crop-top, herbicide application near crop maturity to sterilise
immature weed seed, 70%) seed set control 2 (pasture-top,
herbicide application to pastures in spring to stop seed set,
90%), seed set control 3 (swathing 40%) and seed capture
(chaff cart or windrow 85%). Crop competition was assigned
as low, medium or high according to recommended densities
for wheat and barley as <100, 110–150 and >150 plants/m2;
canola as <25, 25–40 and >40 plants/m2; and lupin as <30,
30–45 and >45 plants/m2 respectively (Anderson and Garlinge
2000; Harries et al. 2008; French et al. 2016).

Statistical analysis

All analyses were conducted using R statistics software ver.
3.6.0. Descriptive statistics include standard error represented
as �. ANOVA was used to test differences in means between
multiple groups. If significantly different, (P < 0.05) further
analysis was conducted to differentiate between groups using
unpaired t-tests and the pairwise function within the R
statistics software or Tuckey HSD tests. A Chi-square test
for homogeneity was conducted to assess whether herbicide
usage was in proportion to the frequency at which each land
use was employed. This analysis used the proportion of
paddock-years of each land use within the herbicide dataset.
The frequency distribution of the total amount of herbicide a.i.
applied/paddock-year was assessed using Shapiro-Wilk tests
and Q-Q plots. Diversity of herbicide combinations applied

N

Fig. 1. Location of 184 survey paddocks (blue dots) from 2010 to 2015 in the south-west of
WA. Boundaries depict Western Australian Department of Primary Industries and Regional
Development (DPIRD), agroecological zones according to rainfall. Letters refer to rainfall zones: VH,
very high; H, high; M, medium; L, low. Numbers refer to regions northern (1 and 2), central (3 and 4) and
southern (5) agricultural regions.
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was assessed using Shannon diversity index. Julian dates were
used for analysis of herbicide application timing and sowing
dates. The effect of IWMI on grass weed density/m2 in the
following autumn was assessed by segregating weed density
into three levels; (low <3; medium 3–75; high <75), and IWMI
into two levels; (above or below 100), and applying a Chi-
square test.

Regression tree analysis (RT) was conducted, using the
r.part package of the R statistics software (ANOVA method)
(Therneau and Atkinson 2019), to identify which variables had
greatest influence on grass weed populations in the following
autumn. Variates included, annual rainfall, land use, region,
number of herbicides applied, MS% and IWMI. Since the first
regression tree split strongly on annual rainfall and pasture
land use, a second regression tree analysis was conducted
without annual rainfall as a variate and without any pasture
data to look for more subtle relationships.

Results

Land use

A total of 1017 paddock-years of land use data were
accumulated. This incorporated an additional 330 paddock-
years to that reported in Harries et al. (2015), however the
segregation of land uses and regional distribution remained
similar: wheat 60%, canola 12%, barley 6%, lupin 6%,
pasture 12% and other land uses 4%, which comprised of
chickpea (Cicer arietinum), faba bean (Vicia faba), fallow,
field pea (Pisum sativum), oat (Avena sativa), oaten hay and
vetch (Vicia spp.). Regionallymore wheat and lupin were grown
in the northern agricultural region (NAR), more pasture and
barley in the southern agricultural region (SAR) and canola
accounted for around 14% of paddock-years in each region.
Data are shown in Supplementary table S2.

Climatic conditions of the study area

Western Australia has a Mediterranean-type climate in which
the major growing season runs from May to November. There
were large differences in rainfall between years with annual
averages of 246 mm in 2010 (�4.1), 480 mm in 2011 (�5.3),
304 mm in 2012 (�3.9), 366 mm in 2013 (�5.5), 353 mm in
2014 (�5.2) and 335 mm in 2015 (�4.1). Mean annual rainfall
during the survey period in the NAR was 326 mm (�3.9),
central agricultural region (CAR) 334 mm (�4.7) and SAR
394 mm (�6.6).

Weeds

Species diversity

Weed species recorded across all land uses included annual
ryegrass (64% of paddock-years), barley grass (Hordeum
glaucum and H. leporinum, 12%), brome grass (Bromus
spp., 8%), blue lupin (Lupinus cosentinii, 2%), Cape weed
(Arctotheca calendula, 27%), doublegee (Emex australis, 5%),
silver grass (Vulpia myuros and V. bromoides, 2%), wild
radish (18%) and 38 economically unimportant minor weed
species and volunteer crop or pasture plants (<6%).

Pasture species composition was categorised as legume
pasture, annual ryegrass, broadleaf weed and grass weed.

Across all paddock-years total plants/m2 within pastures was
1098 (�174), 1471 (�143) and 1474 (�75) for the NAR, CAR
and SAR respectively. Legume pasture plants accounted for 7,
49 and 40% of species in the NAR, CAR and SAR
respectively, annual ryegrass plants 6, 14 and 35%,
broadleaf weeds 67, 31 and 14% and grass weeds 20, 6 and
11% (Fig. 2). For each species category the number of plants/
m2 differed between regions: legume pasture, annual ryegrass,
broadleaf weed, (P < 0.001) and grass weed (P = 0.018).
Pairwise comparisons of t-tests between regions indicated
pasture paddocks in the NAR had fewer ryegrass plants/m2

than the CAR (P = 0.033) and the SAR (P < 0.001), fewer
legume pasture plants/m2 than other regions (P < 0.001), more
grass weeds/m2 than the CAR (P = 0.006) but not the SAR
(P = 0.208), and more broadleaf weeds/m2 than the CAR
(P = 0.009) and SAR (P < 0.001). Hence there was a strong
regional influence with pasture density and composition
poorest in the NAR.

Frequency

Weeds were observed in 84% of paddock-years in the
survey; grass weeds in 86% of pastures and 68% of crops
and broadleaf weeds in 94% of pastures and 50% of crops. By
region, the frequency of grass weeds was 71% (NAR), 58%
(CAR) and 86% (SAR) and the frequency of broadleaf weeds
was 47, 54 and 66% respectively. Canola paddocks had the
highest proportion without either grass or broadleaf weeds at
anthesis. As expected pastures frequently contained a high
density of species considered to be weeds within crops,
although around 15% of pastures were sparse, containing
few plants/m2 (Fig. 3).

Density

Overall mean density was 115 (�13) plants/m2, but the
distribution of densities was highly skewed towards zero, with
a median density of 6 plants/m2. With pastures excluded, total
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Fig. 2. Pasture composition, represented as % of plants within the four
categories (legume plants, annual ryegrass plants, broadleaved weeds and
grass weeds), across three agricultural regions (northern, NAR; central,
CAR; southern, SAR).
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mean weed density was 19.1 (�1.3, median 5), grass weeds
14.2 (�1.2, 2) and broadleaf weeds 4.9 (�0.5, 0.1) plants/m2.

Weed density observed in spring compared with autumn
depended on land use and weed species (Table 1). Grass
weed density increased from autumn to spring in pasture
and wheat; while decreasing for barley, canola and lupin
(Table 1). Broadleaf weed density increased from autumn to
spring in pasture, and decreased compared with autumn levels
for all the crops (Table 1). Additionally, two canola herbicide
tolerance types were grown, glyphosate tolerant (GT) and
triazine tolerant (TT). GT cultivars were sown into
paddocks with fewer autumn weeds, (P = 0.017) (23 plants/
m2, � 12), compared with TT cultivars (52 plants/m2,
� 11/m2) and in spring there were fewer grass weeds/m2 in
GT with 4/m2, than TT with 17/m2; however, this was not
statistically significant (P = 0.203).

Regional differences in weed density were large with
means of 47, 122 and 259 plants/m2 for the NAR, CAR
and SAR respectively. Pairwise comparisons indicated
fewer weeds in the NAR than CAR (P = 0.011) and SAR
(P < 0.001) and fewer weeds in the CAR than the SAR
(P < 0.001) (Fig. 4). Excluding pastures, mean total weeds/
m2 were 11, 17 and 41 for the NAR, CAR and SAR: the NAR
and CAR not different (P = 0.077), both with fewer weeds than
the SAR (P < 0.001). Excluding pastures, mean, grass weeds/
m2 were 7, 13 and 30 for the NAR, CAR and SAR: fewer grass
weeds in the NAR than CAR (P = 0.016) and SAR (P < 0.001)
and fewer weeds in the CAR than the SAR (P < 0.001).
Excluding pastures, broadleaf weeds/m2 were 4, 3 and 11
for the NAR, CAR and SAR: the NAR and CAR not different
(P = 0.370), both with fewer broadleaf weeds than the SAR
(P < 0.001). By crop there were differences in weed density
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Fig. 3. Frequency of crop weed occurrence at anthesis, by density categories and land use for (a) grass
weeds and (b) broadleaf weeds (W = wheat, C = canola, P = pasture, L = lupin, B = barley, O = other).

Table 1. Mean density (number/m2) of grass and broadleaf weeds in autumn and spring by land use and region
(northern, central and southern agricultural regions)

Note: Values in parenthesis are s.e.m.

Land use or region Grass weeds (%) Broadleaf weeds (%)
Autumn Spring Spring vs Autumn Autumn Spring Spring vs Autumn

Barley 22.4 (5.3) 13.2 (3.3) 59.0 7.2 (2.4) 3.6 (1.4) 49.2
Canola 25.3 (5.2) 7.1 (2.8) 28.2 3.4 (1.0) 2.0 (0.5) 59.4
Lupin 20.2 (4.7) 8.0 (1.7) 39.8 5.6 (2.0) 3.8 (1.3) 67.3
Other 29.7 (8.7) 20.6 (10.3) 69.3 5.3 (2.4) 2.9 (1.9) 55.3
Pasture 82.8 (52.0) 561.9 (80.7) 678.5 562.5 (477.1) 1160.9 (149.4) 206.4
Wheat 10.4 (1.2) 14.4 (3.0) 139.4 8.0 (1.2) 2.6 (0.4) 32.2
NAR 15.9 (2.7) 24.6 (8.2) 154.8 6.8 (2.0) 51.6 (21.3) 754.3
CAR 9.2 (1.4) 49.2 (17.7) 536.8 25.9 (19.8) 175.5 (48.1) 677.8
SAR 30.5 (3.8) 225.4 (39.3) 739.1 13.5 (2.5) 245.1 (46.5) 1812.9
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between regions (P < 0.001). For lupin and wheat the NAR and
CAR had fewer weeds/m2 than SAR (P < 0.001). For canola
the NAR and CAR had fewer weeds/m2 than SAR (P < 0.05).
For barley there were no statistically significant differences in
weed density between regions (P = 0.417).

Herbicides

Frequency of use

Overall there were 6.3 herbicide applications per paddock-
year. The number of herbicides applied to each land use was
not proportional to frequency of land use (c2 <0.001). A
greater number of herbicides were applied to barley
(7.4 � 0.3), canola (5.6 � 0.2), lupin (7.6 � 0.5) and
wheat (6.8 � 0.1) compared with pasture (2.7 � 0.2). Some
herbicides were applied twice in the same year such that a
mean of 5.6 active ingredients were applied/paddock.year;
barley (6.6 � 0.3), canola (4.5 � 0.2), lupin (6.7 � 0.3),
wheat (6.2 � 0.1) and pasture (2.5 � 0.2). Overall, there were
2.7 tank mixes/paddock.year. There were differences between
some of the crops, barley (3.1 � 0.1), canola (3.3 � 0.1), lupin
(3.7 � 0.2), wheat (2.6 � 0.1) and a greater number of
tank mixes were applied to crops compared with pasture
(1.8 � 0.1). Forty-five unique herbicide active ingredients
were applied (Fig. 5). Of 3903 herbicide applications within
the dataset, glyphosate was applied most frequently (15%),
followed by trifluralin (10%), MCPA (9%), paraquat (7%) and
triasulfuron (7%). Median amount of these herbicides applied
(g a.i./ha.year) was 495 (interquartile range 450–675), 864
(720–960), 240 (180–300), 200 (135–250) and 12 (6–26)
respectively. See Supplementary Material fig. S1 for more
details.

The most frequently applied active ingredients differed by
land use. For wheat, these were glyphosate, trifluralin, MCPA
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and triasulfuron at 1.0, 0.8, 0.8 and 0.7 applications/crop.year
(including any fallow period) respectively. For canola, these
were atrazine, glyphosate, clethodim and trifluralin at 1.2, 1.1,
0.8 and 0.4 applications/crop.year. For barley, these were
glyphosate, trifluralin, metribuzin and MCPA at 1.2, 1.0, 0.8
and 0.8 applications/crop.year. For lupin, these were simazine,
diflufenican, clethodim and glyphosate at 1.2, 0.9, 0.9 and 0.8
applications/crop.year. For pasture, these were paraquat,
glyphosate, quizalofop and 2,4-D at 0.7, 0.5, 0.3 and 0.3
applications/paddock.year.

Timing of sowing and herbicide applications

Sowing occurred within a narrow window, 75% between
Julian days 127 (7 May) and 148 (28 May). The median
sowing date for all site-years was day 138 (18 May) with a
standard deviation (s.d.) of 16 days. There were differences in
sowing date between land uses (P < 0.001), canola and lupin
sown at fewer Julian days (earlier) than each of the other land
uses (P � 0.004). Median sowing dates were: Day 123 (3
May), s.d. 10 for canola; 126 (6 May), s.d. 12 lupin; 134 (14
May), s.d. 28 pasture; 138 (18 May), s.d. 17 other; and 142 (22
May) for barley and wheat, s.d. 13 and 12 respectively. There
were differences in sowing date between years, 2010 and 2011
a greater number of days to sowing than 2013 and 2014
(P < 0.001). Median sowing date mostly decreased
(earlier sowing) over the years: Day 145 (25 May), s.d. 10
in 2010; 139 (19 May), s.d. 14 in 2011; 141 (21 May), s.d. 15
in 2012; 134 (14 May), s.d. 21 in 2013; and 131 (11 May), s.d.
14 in 2014.

The timing of application of the four most used herbicides
in relation to sowing date differed between land uses (Fig. 6).
Notably for barley and wheat, glyphosate application almost
always occurred before or on the day of seeding and paraquat

was rarely used after sowing. For lupin, 12% of glyphosate and
53% of paraquat was applied more than 130 days after sowing.
For canola, 42% of applications of glyphosate occurred
between 100 and 1 day before sowing, 16% occurred on
the day of sowing, 33% between sowing and 100 days after
sowing and 9%more than 130 days after sowing, whereas 25%
of paraquat was applied more than 130 days after sowing. For
pasture, no trifluralin was applied while 47% of glyphosate and
76% of paraquat applications occurred more than 100 days
after the first rainfall event of autumn. Monthly temporal
patterns for the four most frequently used herbicides are
available in Supplementary fig. S2.

Diversity of herbicide use

There was a high level of diversity of herbicide use, with
369 unique herbicide combinations applied, the top 25 given in
Table 2. The four most frequent spray applications were single
herbicides each with one a.i. (glyphosate, clethodim, paraquat
and atrazine). Glyphosate was the herbicide used most
frequently as a single product (19.5% of applications). It
was used as a single product in canola more often than the
other crops or pastures. For example, 46 of 100 applications of
glyphosate to canola (Fig. 5) were as a single product
(Table 2), compared with 40 of 369 applications to wheat.
The number of unique herbicide mixes used per paddock.year
differed by land use (P < 0.001), barley (3.0 � 0.12), canola
(3.0 � 0.10), lupin (3.7 � 0.17), other (2.9 � 0.30), pasture
(1.7 � 0.10) and wheat (2.6 � 0.05). Overall wheat received
the most unique herbicide combinations and had the highest
diversity of herbicides applied (Table 2). Table 2 also shows
that the diversity of herbicides used was lower for pasture than
other land uses.
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Fig. 6. Timing of application of the four most frequently used herbicides for each land use.
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Herbicide resistance

Of 663 annual ryegrass resistance tests, 200 (32%) were
classified as resistant to the herbicide applied. Ryegrass
seeds from 77% of paddocks survived maximum label rate
of diclofop-methyl, 94% for triasulfuron, 5% for clethodim,
1% for trifluralin and 0% for atrazine and glyphosate. In the
NAR, 34% of populations were classified as resistant,
compared with 28% and 27% for the CAR and SAR
respectively (Table 3). If a high proportion of populations
were classified as resistant (>20% survivors at the
recommended rate), the percentage of plants surviving was
also high. For example, 97% of populations were resistant to
diclofop-methyl in the NAR and this corresponded to 66%
survival at the recommended rate (Table 3).

There was a poor correlation between the Mean survival
percent (MS%), calculated from the resistance test, and
annual ryegrass density in the field, calculated as the sum of
annual ryegrass numbers from all years from the corresponding
paddock, (P = 0.68, r2 = 0.01) (Fig. 7a).

There were 53 instances when an a.i. was applied to a
paddock with a population of annual ryegrass which tested
resistant to that chemical. Forty six of these were triasulfuron;
however, this herbicide was always applied in combination
with a herbicide of a different mode of action. There were a
further 194 applications of sulfonylurea herbicides (other than
triasulfuron); 98% of these were applied in combination with
another a.i. of a different mode of action.

Integrated weed management

Overall mean IWMI was 102 and it was higher in the NAR
(P < 0.001), (122 � 5) compared with CAR (83 � 3) and SAR
(92 � 4), which were not different (P = 0.336). There were
differences in IWMI by land use, canola greater than pasture,
barley and wheat (P < 0.001, P = 0.005, P = 0.006
respectively) and lupin greater than pasture and barley
(P = 0.014, P = 0.034). Mean IWMI for barley was 85
(�9), canola was 120 (�8), lupin was 116 (�10), other was
125 (�11), pasture was 84 (�8) and wheat was 101 (�3).
There was no statistically significant relationship between
IWMI and grass weed density in the following autumn
(Fig. 7b). However, Chi-square analysis indicted a
difference (P = 0.002) in the proportions of paddocks
within weed density and IWMI categories. Paddocks with
an IWMI <100 were three times more likely to have >75
grass weeds/m2 the following autumn. IWM actions were
summarised by land use (Table 4). Of these, the chemical
options of the double knockdown and crop or pasture topping
were most widely used. Whole-paddock burn and hay
production occurred on <3% of paddocks (cereals only),
grazing occurred on all pasture paddocks and >98% of
cropping paddocks were sown using knife-point tillage.

Factors influencing weed numbers

Annual rainfall had the greatest influence on grass numbers in
the following autumn (Fig. 8a), as expected in a rain-limited

Table 2. Contingency table of herbicide mixtures applied by land use for the period 2010 to 2014

Herbicide active applied Barley Canola Lupin Other Pasture Wheat Total

Glyphosate 5 46 4 5 17 40 117
Clethodim 0 41 15 3 0 0 59
Paraquat 0 7 7 2 28 5 49
Atrazine 0 47 0 0 0 0 47
2,4-D, glyphosate, triclopyr 4 10 3 2 2 20 41
Diflufenican, MCPA 8 0 0 1 0 30 39
Glyphosate, trifluralin 1 2 0 0 0 31 34
Diuron, paraquat, trifluralin 5 0 0 1 0 27 33
Clethodim, quizalofop 0 11 12 4 4 0 31
Glyphosate, oxyfluorfen 9 8 1 1 0 11 30
MCPA 4 0 0 0 1 23 28
Trifluralin 4 3 0 0 0 20 27
MCPA, triasulfuron 6 0 0 1 0 20 27
Glyphosate, triasulfuron, trifluralin 1 0 0 0 0 24 25
Diflufenican 2 0 13 4 0 5 24
2,4-D, glyphosate 3 0 0 0 6 15 24
Glyphosate, metsulfuron 2 1 0 1 0 18 22
2,4-D 4 0 0 0 1 16 21
Quizalofop 0 7 1 0 11 0 19
Diquat, paraquat, trifluralin 0 4 0 0 0 13 17
Bromoxynil, pyrasulfotole 0 0 0 0 0 17 17
Bromoxynil, diflufenican, MCPA 0 0 0 0 0 16 16
Bromoxynil, MCPA, pyrasulfotole 1 0 0 0 0 15 16
Glyphosate, MCPA, triclopyr 3 1 4 0 0 7 15
2,4-D, triclopyr 4 1 1 0 1 8 15

TotalA 58 60 57 31 29 254 –

Shannon diversity index 3.75 3.21 3.57 3.27 2.67 4.91 –

ATotal = sum of unique herbicide combinations within Focus Paddocks database.
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environment. Weed density was higher when fewer herbicides
were applied: 108 plants/m2 with <5 herbicides and 35 plants/
m2 with �5 herbicides. A split occurred on crop type, with
barley and wheat averaging 47 weeds/m2 and the other land
uses 12 weeds/m2, (note no pastures received �5 herbicides).
Barley and wheat split again based on herbicide resistance and
number of herbicides applied (Fig. 8a).

With rainfall and pasture removed (Fig. 8b), region had the
greatest influence on grass weed numbers in the following
autumn, fewer weeds/m2 in the NAR and CAR compared
with the SAR. Within the SAR if <4.5 herbicides were
applied weed density was 87 plants/m2, which reduced to 26
plants/m2 with �4.5 herbicides.

For �4.5 herbicides, a split occurred based on land use,
wheat and barley averaging 33 weeds/m2 compared with 11
weeds/m2 across all other land uses. For the CAR and NAR
there were three splits made on MS%, higher MS% did not
always result in more weeds, and on IWMI with 85 weeds/m2

(2% of the sample) when IWMI was <73 (Fig. 8b).

Discussion

Land use

Harries et al. (2015) discussed land use in detail. In brief, land
use in the south-west of WA changed substantially over the
past 15 years, with a trend towards increased cropping and
reduced legume area due to increased wheat and canola
production. The frequency and geographic distribution of
land uses observed were consistent with industry statistics
(Robertson et al. 2010; Borger et al. 2012; Harries et al. 2015;
ABS 2016).

Weeds

Diversity of weeds (46 species) was lower than reported by
Borger et al. (2012) from earlier surveys within south-west
WA, which covered 956 sites recording 152 species. However,
128 species were observed at <1% of sites and the most
common species were the same as our study including
annual ryegrass, Cape weed and wild radish. Borger et al.
(2012) reported changes in weed population and land use
between 1997 and 2012 where the incidence of several
species declined in cropped fields (i.e. silvergrass 25%,
brome grass 20% and wild oat 18%) and across crop and
pasture fields annual ryegrass incidence declined 17%.
Overall, the proportion of fields cropped increased from 59
to 70%, a trend which continued within our survey at 85%. For
annual ryegrass, Cape weed and wild radish, Borger et al.
(2012) reported incidences of 84, 65 and 40% across all land
uses compared with 64, 27 and 18% from our survey.
Numerous studies of weed species richness in cropping
systems report declining diversity associated with increased
monoculture, simplification of rotations, adoption of minimum
tillage and herbicides, lack of temporal variation in crop
emergence, large field size and reduction of natural
vegetation within the landscape (Baessler and Klotz 2006;
Ulber et al. 2009; Gaba et al. 2010; Cirujeda et al. 2011;
Nichols et al. 2015; Richner et al. 2015). Hence, declining
species diversity in the survey zone is consistent with
environmental limitations and recent trends in managementT
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practices. Indeed we observed fewer species compared with
several surveys of crop and pasture based agricultural
landscapes within and outside Australia (Thomas 1985;
Osten et al. 2007; Fried et al. 2008; Gaba et al. 2010;
Pinke et al. 2012); although, Broster et al. (2012) found
only 27 species in 192 cropping paddocks under a similar
farming system to our survey in Eastern Australia. The
reduction in weed species diversity may simplify weed
management requirements, although this would depend on
species composition.

Weed density was low in the majority of cropped paddocks,
although slightly higher than reported by Llewellyn et al.
(2009). Both studies suggest an intolerance by farmers of

high weed populations in crops (i.e. large weed seedbanks)
and weed density was a consideration when selecting land use.
For example, wheat was sown into paddocks with fewer
autumn grass weeds compared with canola. Additionally,
GT canola cultivars were sown into paddocks with fewer
autumn weeds than TT canola. This was due to GT canola
being utilised more frequently in the northern and central
regions (NAR 61%, CAR 39%, SAR 0%). Hence GT
canola was employed on low weed seed banks as a
component of IWM, rather than as a convenient method to
control large weed populations. These results demonstrate that
farmers were aware of the weed challenge and the likely
control from each land use and adjusted land use
accordingly. Indeed survey results from Llewellyn et al.
(2016) indicated 66% of Western Australian farmers would
grow more wheat if they did not have to consider weeds.

Herbicide resistance

The proportion of annual ryegrass populations resistant to all
herbicides tested, except clethodim, were consistent with
multiple surveys across southern Australia (Owen et al. 2007;
Owen et al. 2014; Broster et al. 2019). For clethodim, the
frequency of resistance was lower in our survey (5%)
compared with 14 to 20% in other surveys (Owen et al. 2014;
Broster et al. 2019). Geographic distributionwas similar to other
studies of annual ryegrass and other weed species, with higher
levels of resistance in the NAR, associated with higher cropping
and herbicide use intensity (Owen et al. 2007;Walsh et al. 2007;
Owen and Powles 2009; Owen et al. 2014). Herbicide resistance
was not associated with high weed density, similar to surveys in

Table 4. Percentage of paddock-years with IWM action by land use
from 2010 to 2014

L = low, M = med, H = high

Crop competition
TillA DKB SSCC SCD L M H

Barley 2 19 12 9 41 36 23
Canola 1 18 36 15 4 12 85
Lupin 3 10 38 14 7 36 57
Other 4 8 35 8 19 6 75
Pasture 14 53
Wheat 7 19 12 13 25 40 34
Total 3 15 31 12 19 26 55

APre-sow tillage.
BDouble knockdown.
CSeed-set control (crop or pasture-top or swath).
DSeed capture (chaff cart or windrow burn).
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Fig. 7. Annual ryegrass numbers (plants/m2) in the paddock compared with mean survival (MS%) in
the resistance tests (a) and total grassweednumbers comparedwith integratedweedmanagement (IWM)
practices (b).
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1998 and 2003 (Llewellyn et al. 2009), indicating farmers
continue to effectively control increasingly resistant annual
ryegrass populations.

The continued use of triasulfuron, which in most of cases
is not effectively controlling annual ryegrass populations,

may be warranted because it is a broad spectrum herbicide,
registered to control 51 weed species in Australia. However, it
is impossible to determine efficacy in the field as it is almost
always applied in combination with another a.i. This
uncertainty about the efficacy of triasulfuron needs to be

(a)

(b)

Fig. 8. Classification and regression tree analysis (CART) (a) including annual rainfall (annual) and pasture (P)
and (b) excluding annual rainfall andpasture.TheCARTincluded region (northern, central and southern agricultural
regions), mean herbicide resistance test survival (MS%), integrated weed management (IWM) index (IWMI), the
number of herbicides used (herb) and land use group (LUG:B = barley, C = canola, L = lupin, O = other,W=wheat)
as variates for predicting grass weed density/m2 in the following autumn.
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balanced against the potential for carryover within soils and
damage to subsequent broadleaf crop or pasture species,
discussed in more detail below.

Herbicide use

Like the worldwide trend (Benbrook 2016), there has been
increased herbicide use, particularly glyphosate, in WA, along
with the uptake on no-tillage (Gill 1996). Despite the high
frequency of herbicide resistance found in our survey there
was a strong reliance on herbicides. This is consistent with
conclusions of Walsh and Powles (2007), that herbicides
remain the most efficient weed control technology for
Australia’s large cropping paddocks and reinforces the
importance of preserving herbicide efficacy. In our study,
there were fewer tank mixes and active ingredients applied
to pastures than crop. Despite the high level of wheat
production, there were few paddocks where continuous
winter cereal cropping extended more than three seasons
(Harries et al. 2015). The rotation of cereals with oilseeds,
legumes and pasture phases provided opportunities for the use
of multiple herbicide modes of action. Our results indicated a
high diversity of herbicides were used (47 active ingredients)
and their combinations/mixes (369) and doses. The use of
herbicide mixtures was at least as prevalent as applications of
single herbicides, suggesting that many growers were aware of
herbicide resistance weed issues and were choosing to
diversify their herbicide use in order to combat the
development of herbicide resistant weed populations, in line
with recent recommendations (Evans et al. 2016; Powles and
Gaines 2016; Busi and Beckie 2019; Busi et al. 2019).

Despite the diversity of herbicide use, it was apparent that
glyphosate, paraquat, pre-emergent herbicides (trifluralin,
triasulfuron, diuron), Group 4, O herbicides (MCPA, 2,4-D,
triclopyr) and Group 2, B herbicides (triasulfuron and
metsulfuron) were the main herbicides used in this region.
Newer herbicides, such as the pre-emergent chemical
pyroxasulfone, have been adopted, although resistance to
these is already developing (Brunton et al. 2019). There
was almost double the number of glyphosate applications
compared with the next most commonly used herbicide,
which reflects worldwide trends in high glyphosate use
intensity (Benbrook 2016). However, in contrast to global
trends where an estimated 56% of glyphosate usage is
within glyphosate tolerant crop production (Benbrook
2016), glyphosate application in the south-west of WA was
predominantly associated with fallow weed control and pre-
sowing weed control. The lifting of a moratorium on the
production of genetically modified crops in 2011 in WA
saw rapid adoption of GT canola to 20% of canola
production area (~250 000 ha) by 2015 (Bucat et al. 2016),
the majority within the NAR, to control weeds resistant to
other herbicides. In 2011 Ashworth et al. (2015) surveyed 239
GT canola crops in WA, finding one population of wild radish
and eight of annual ryegrass resistant to glyphosate. Neve et al.
(2003) modelled the impact of increased selection pressure of
GT canola predicting almost 100% of annual ryegrass
populations becoming resistant to glyphosate after 20 years,
particularly when reliance on glyphosate for pre-sowing weed

control remained high. In comparison, resistance in a similar
system using triazine tolerant canola resulted in 50% of
populations exhibiting glyphosate resistance after 20 years.
Hence, this analysis predicts use of GT canola is likely to
reduce glyphosate sustainability. This has been documented by
Evans et al. (2016) within glyphosate tolerant crops in North
America, although model predictions from WA have not been
validated.

Integrated weed management

The frequency of crop-topping and seed capture was similar to
a previous survey of 132 Western Australian farmers, but the
frequency of the double knockdown was lower, at 15%
compared with 39% (Llewellyn and Pannell 2009). This is
likely to be a function of late autumn rains in several seasons
from 2010 to 2015, reducing the opportunity to delay sowing
without incurring a high yield loss (Fletcher et al. 2015) and
the trend towards earlier sowing in later years of the study, also
documented by Fletcher et al. (2016). Double knockdown was
utilised less in lupin than other crops, as expected given the
early sowing date and the concentration of lupins in the
northern region, where yield loss following delayed sowing
is high (Harries et al. 2008). Tillage before sowing to stimulate
weeds was rarely used (3% of paddock/years), nonetheless it
was more common in wheat than the other crops. Again, this is
likely to be due to sowing date differences, and fewer weed
management options in spring in wheat compared with the
lupin and canola. Seed set control with desiccant herbicides
was used approximately three times more often in broad leaf
crops, (~30%), compared with cereals and was used for 50% of
pastures. Llewellyn et al. (2016) also reported many farmers
were routinely crop topping (52% of farmers over 18% of their
farm) and pasture topping (78% of farmers over 46% of their
farm). This highlights that spring application of these
herbicides is a key management tool to target weeds
resistant to other herbicides and late germinating cohorts. In
summary, land use dictated the IWM practices used and
importantly the time within the year that these were
applied. Increased dry sowing and variability of autumn
rainfall are likely to reduce efficacy of autumn weed
control. This will affect all land uses but may severely
compromise those with few spring weed control options,
such as cereals. Hence further development of weed seed
management options at harvest is likely to become a key
management strategy within WA grain production systems
(Walsh and Powles 2007; Newman 2013; Walsh and Powles
2014) and will have varying levels of utility in other dryland
farming systems, depending primarily on seed retention
properties of dominant weed species (Owen 2016).

Relationships between land use, associated management
practices and weeds

Our results show land use and weed density are linked. Land
use selection was based around weed density and subsequent
weed populations driven by the herbicides and integrated weed
management options available within that land use. Despite the
link between high cropping intensity and herbicide resistance
in the NAR (Owen et al. 2007), the response has been to
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further increase cropping intensity compared with other
regions, rather than diversify crop and pasture rotations.
This was shown in our study by the poor pasture
composition in the NAR, high frequency of non-selective
herbicides applied to pasture in spring and relatively low
weed density when wheat followed pasture. Additionally,
greater use of cereals was accompanied by sulfonylurea
herbicides, which have been associated with pasture decline
(Heap 2000) and legume crop damage (Hollaway et al. 2006).
Hence, in the NAR, four crops (wheat, barley, canola, and
lupin) accounted for over 90% of land use and weeds were well
controlled by strategically rotating these crops to ensure
diversity of herbicides and IWM strategies that supressed
weed seed production. Attempts are being made to increase
crop and pasture diversity through integration of hard seeded
pasture species to persist through IWM, sowing pastures in
summer to accelerate re-establishment, and breeding pasture
and crop legumes with improved tolerance to soil active
herbicides applied in the crop phase (Heap 2000; Peck and
Howie 2012; Rodda et al. 2016).

Conclusions

The results of this study suggest that the weed management
methods being used are mostly effective, despite high levels of
herbicide resistance. Land use has changed in order to manage
herbicide resistant weeds, with pastures utilised less and crops
with efficacious weed control options utilised more. Although
this has been effective, there have been some unintended and
possibly undesirable consequences of these land use changes.
The most obvious of these has been a reduction in the
utilisation and productivity of legume pastures and a
transition from legume to oilseed crops. It is highly likely
that these land use changes are affecting other biophysical
variables that impact agricultural productivity and further
investigation of this is required.
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