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ABSTRACT 

 

Weed management is a major issue for Australian farmers, particularly with the move towards minimum 

or no-tillage agriculture beginning in the late 1970s driving an increased reliance on herbicides for weed 

control. Weeds pose significant problems if left untreated by reducing crop yields and contaminating grain. 

The lack of diversity in many cropping systems, combined with reliance on herbicides, has led to the 

evolution of many herbicide-resistant grass weed populations. Herbicide resistance is a major threat to the 

long-term sustainability of grain production due to the economic costs of weed control and loss of crop 

productivity. Weeds can also adapt to intensive cropping environments by altering their life-history traits, 

for example, with an increase in seed dormancy to avoid pre-sowing herbicide application.  

 

Surveys in the 1990s showed that herbicide-resistant annual ryegrass (Lolium rigidum Gaud.) was 

widespread in most cropping regions of Australia. Regular large-scale, random surveys conducted in 

Western Australia as part of this study have revealed that annual ryegrass infests most crop fields in the 

grain belt and that the incidence of resistance to the selective acetyl-CoA carboxylase (ACCase)- and 

acetolactate synthase (ALS)-inhibiting herbicides is common and has increased over time. For the first time 

in this cropping region, resistance to other herbicides such as trifluralin (selective, applied pre-emergence) 

and glyphosate (non-selective, applied post-emergence) were also recorded. Concurrent with resistance 

evolution, seed dormancy levels were found to be high in many annual ryegrass populations; dormancy 

increased with intensity of cropping and incidence of herbicide resistance.  

 

Other surveyed grass weeds, namely wild oat (Avena spp.), brome grass (Bromus spp.) and barley grass 

(Hordeum spp.), are not as widespread as annual ryegrass and tend to be associated with rainfall regions 

or agronomic factors. Despite being less abundant, resistance was reported to the ACCase- and ALS-

inhibiting herbicides commonly used to control these species. An analysis of ALS-inhibitor resistance 

mechanisms in selected populations revealed that resistance in barley grass is due to a target-site enzyme 

mutation, but a non-target-site mechanism (likely metabolic) in brome grass. It is important to document 

the distribution and herbicide resistance frequency in these minor species to establish baseline data for 

continued surveillance to help mitigate their adverse economic impacts through greater farmer awareness. 

 

Knowing the herbicide resistance status of a weed population is important for informed farm management 

and weed control decisions. Continual monitoring of the distribution, incidence and frequency of herbicide 

resistance in key weed species, and of underlying evolutionary processes affecting arable crop weed 

populations in response to herbicidal and non-herbicidal selection pressures, are important research areas 

that will aid management decisions by farmers and agronomists for successful, sustainable weed control. 
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Based on the results of this study, populations that are enriched with herbicide resistance alleles and 

possess high seed dormancy levels need to be managed using a wide variety of cultural, mechanical and 

chemical options. These include, for example, delayed crop sowing (allowing for greater weed seed 

germination and use of knockdown herbicides) or seed control techniques at harvest to achieve and 

maintain low seed banks into the future.  
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CHAPTER 1. GENERAL INTRODUCTION 

 

Agriculture has evolved over the last 12,000 years (Bocquet-Appel 2011) from early humans growing wild 

grasses and fruits for food into a highly complex business relying on science based evidence for advances. 

Examples include genetic engineering to improve plants and animals, using satellites and computer models 

to improve weather prediction and the development of highly effective agrichemicals (Campbell 1988). 

Agriculture has changed rapidly since the late 1800s, particularly with farm inputs such as seed, fertilisers  

and crop protection products being purchased from external sources rather than being alternatively 

sourced from within the farm (Sindel 2000a). Because of climatic and geographical constraints, modern 

farmers must rely on science to achieve increased output rather than simply increasing the area of land 

used for agriculture. 

 

CHARACTERISTICS OF AUSTRALIAN CROPPING SYSTEMS 
 

Australian agronomic field cropping systems are generally characterised by large-scale (>2000 ha) (ABARES 

2019a) broad-acre farms in water-limited environments, with low input, low output grain production on 

soils with low fertility (Martin and Madin 1993; Powles and Bowran 2000). Most grain production is 

dependent on natural rainfall (i.e., rain-fed agriculture) during the growing season, and in some areas 

utilising stored soil moisture. The climate and soil types generally dictate farming options (e.g., crops, 

pastures and/or livestock) for a particular region (Powles and Bowran 2000; Henzell 2007). Rain-fed farming 

systems are common in the southern regions of Australia where rainfall is often low and variable. Success 

in growing crops under these conditions depends on best practice farming such as appropriate planting 

times and adapted cultivars. For example, in Western Australia (WA) wheat is grown successfully in some 

areas receiving as little as 200 mm of rain annually. These areas are dominated by winter rainfall that 

typically falls between May and September (Figure 1) with the proportion of growing season rainfall 

decreasing to the east (Cramb et al. 1991; Squires 1991).  

 

Grain crops are crucial to feed the world. There are some instances where farmers grow a single crop 

successively over many years, for example, wheat (Triticum aestivum) and sugarcane (Saccharum 

officinarum) in Australia. Over time, these practices can create problems, including disease and weed 

control issues. Crop rotations and diversity are important for long term sustainability. As outlined in Tow 

and Schultz (1991), rotations are important for six reasons: 

1. Maintain diversity in a range of crops 

2. Break disease lifecycles 

3. Maintain soil fertility 
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4. Control weeds 

5. Help with soil erosion (cover crops, pastures) 

6. Make efficient use of resources  

 

 

Figure 1. Australia’s cereal/livestock zones (Source: Squires 1991).  

 

In southern Australia, which is dominated by a winter rainfall distribution (Mediterranean-type climate of 

hot, very dry summers and cool, wet winters), cropping is limited to winter-growing crops such as cereals 

and legumes or pasture species. Over the summer months, land is generally left as fallow or grazed by 

livestock (Powles and Bowran 2000; Henzell 2007). In the 1880s and 1890s, wheat was continuously 

cropped, and yields began to decline as soil nutrients became depleted. During the 1900s, the use of wheat-

fallow rotations together with greater fertiliser inputs and new crop varieties led to increases in crop yields. 

However, soil erosion increased, and organic matter content declined, which caused yields to plateau. This 

resulted in a shift to wheat-legume pasture rotations in the 1930s to 1950s (Cottle 1991), which improved 

productivity and profitability. However by the 1970s, a decline in livestock prices and a downturn in the 

wool industry (Cottle 1991; Thill and Lemerle 2001), combined with increased wheat quotas, triggered 
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farmers to implement alternative systems for long term sustainability (Tow and Schultz 1991; Martin and 

Madin 1993; Sindel 2000a; Henzell 2007).  

 

The decline from the 1970s onwards in the value of sheep and wool helped facilitate a move towards larger 

cropping programs (Powles and Bowran 2000; Thill and Lemerle 2001). Cropping intensity was increased 

so that farmers could compensate for the lack of wool income, and was facilitated through the 

development of new crop varieties, greater stubble retention in reduced-tillage regimes to conserve 

moisture, better herbicides for weed control, and improvements to farm machinery (Martin and Madin 

1993; Henzell 2007). The intensification of cropping systems was also enabled by the development of grain 

legume crops, particularly lupins (Lupinus spp.)  in WA and field peas (Pisum sativum) in South Australia 

(Tow and Schultz 1991; Martin and Madin 1993). Canola (Brassica napus L.) also became an important crop 

in southern Australia. Crop rotations were improved by the availability of cereal varieties with better 

disease resistance characteristics, which were valuable for controlling the incidence and spread of disease 

and maintaining yields (Tow and Schultz 1991; Martin and Madin 1993; Thill and Lemerle 2001).  

 

In Western Australia, the rain-fed agricultural area is confined to approximately 14 million ha in the south 

west region of the state (Figure 2) (ABARES 2019b) and is coded into zones according to length of growing 

season from north to south (designated as zones 1-5) and rainfall regions, based on annual average rainfall, 

from west to east (designated as high (H), medium (M) or low (L)), resulting in 15 zones labelled H1 – L5 

(Department of Agriculture 2001). The majority of soils are light sandy textured, usually with gravel or clay 

in the subsoil, while there are valleys of heavier, more clay type soils (Tow and Schultz 1991). The soil 

characteristics strongly influence the types of crops that can be grown, particularly for legumes. Most areas 

also graze livestock utilising annual legume/grass-based pasture rotations, with the exception of high 

rainfall areas where permanent pasture phases and occasional cropping are more common; in the low 

rainfall zones, seed production of annual legumes is challenging, and continuous cropping is more common 

(Cottle 1991; Tow and Schultz 1991).  

 

Until the late 1970s, crop production systems relied heavily on tillage for weed control. Cultivation was 

used regularly as an essential practice to kill weeds, prepare the seed bed, aerate and loosen the soil for 

better root growth, mineralise soil nitrogen and other forms of nutrients, and control root diseases (Cornish 

and Pratley 1991; Jarvis et al. 1991; Martin and Madin 1993). Tillage operations consisted of cultivations 

(including soil disturbance associated with the sowing operation) and treatment of crop residues, for 

example, burning stubble to facilitate sowing and cultivation operations (Pratley 2000; Cornish and Pratley 

1991). From the 1950s onwards, tillage equipment evolved from mouldboard ploughs towards tined 

scarifiers for primary cultivation, followed by subsequent shallower cultivations for weed control and seed 

bed preparation before crop sowing (Pratley 2000; Jarvis et al. 1991). However, intensive tillage can 
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degrade the soil over time by breaking down the soil organic matter, leading to poor soil structure and 

erodibility (Powles and Bowran 2000); burning removes vegetative matter and increases soil erodibility, 

although it can help to reduce disease severity in the following crop and aid in weed control by destroying 

viable weed seeds (Pratley 2000; Powles and Bowran 2000; Walsh and Newman 2007).  

 

 

Figure 2. Map of south-western Western Australia showing the agronomic zones of the grain belt. Annual 

rainfall isohyets are shown. Rainfall regions are shown by H (high, 450-470 mm), M (medium, 325-450 mm) 

and L (low, <325 mm). Zones are indicated by 1 (north), 2 (north-central), 3 (central), 4 (south-central) and 

5 (south). 

 

The problems caused by cultivation inspired a move towards conservation tillage (minimum tillage or no-

tillage (no-till)) agricultural systems from the late 1970s onwards.  These systems (also known as zero tillage 

or direct drilling) place the crop seed directly into untilled soil with little or no soil disturbance through 

tillage (one pass sowing system). This transition was facilitated by the availability and widespread adoption 

of herbicides, which replaced cultivation for weed control.  Herbicides offered the advantages of mitigating 

soil degradation and enabling earlier crop seeding, thus making better use of rainfall (Pratley 2000; 

reviewed in Chauhan et al. 2006). ‘Direct drilling’ became known as a system that used herbicides to control 

weeds, with the crop then sown using only one cultivation; this system is still commonly used in agricultural 

practices (Jarvis et al. 1991; Llewellyn et al. 2012). The technique of direct drilling relies on stubbles being 

burnt, herbicides to control weeds before sowing, and crops to be established with little or no cultivation. 
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In the 1980s with further movement towards no-till, growers aimed to retain crop residues as well as 

eliminate cultivation. These changes were facilitated by the availability of non-selective knockdown 

herbicides such as glyphosate and paraquat for pre-sowing weed control, and the improved opportunities 

for weed control using selective post-emergence herbicides (Jarvis et al. 1991; Pratley 1995, 2000). Non-

selective, non-residual herbicides such as glyphosate were the catalyst for the acceptance of conservation 

tillage (Martin and Madin 1993).  A major advancement occurred with the introduction of the cereal-

selective herbicide diclofop-methyl in 1978, which provided excellent grass weed control. Increasing 

availability of highly-effective herbicides in the late 1970s and early 1980s further promoted minimum and 

no-till systems (Jarvis et al. 1991; Powles and Matthews 1992; Martin and Madin 1993; Pratley 2000).  

 

There are many agronomic advantages of no-till systems, ranging from soil conservation, increased water-

use efficiency and opportunities for early seeding (D'Emden et al. 2006). No-till cropping is facilitated by a 

strong reliance on herbicides for controlling weeds. Inevitably, these systems have resulted in less crop 

diversity, with wheat being the preferred crop. The intensive use of herbicides and the reliance on limited 

modes of action due to a reduction in crop diversity has led to an increased occurrence of herbicide 

resistance (Preston 2000). A pasture phase became less common. Not being able to control weeds during 

the traditional pasture phase also led to increased use of herbicides (de Kantzow and Sutton 1988; Cornish 

and Pratley 1991; Thill and Lemerle 2001; Pannell et al. 2004; Llewellyn et al. 2012). 

 

One unforeseen consequence of this lack of diversity was the evolution of herbicide-resistant weed 

populations, increased weed seed dormancy (Murphy and Lemerle 2006), and changing weed species 

distribution/composition in fields, for example, continuous cropping and reduced tillage systems have 

favoured the abundance of annual grass weeds (Gill et al. 1987; Pratley 1995; Thill and Lemerle 2001). 

Today, weeds are one of the biggest constraints to crop production faced by Australian grain producers.  

 

WEEDS 
 

A weed is defined as a plant that is not wanted or is out of place. Weeds are common in many 

environments, including agricultural/horticultural, mining, garden/amenity and in natural ecosystems. 

Weeds are often disturbance opportunists, that is, they respond positively and rapidly to land habitat 

disturbance (Scott 2000; Sindel 2000b). This characteristic includes most annual agricultural crop weeds, 

as cultivation for cropping creates soil disturbance.  In the agricultural sector, weeds contribute annually 

to lost crop production due to yield reduction via competition for resources such as water, light and 

nutrients; weeds can also reduce crop quality (de Kantzow and Sutton 1988; Jones et al. 2000). Weed seeds 

can also be harvested with the crop, reducing grain value and contaminating crop seed (de Kantzow and 

Sutton 1988; Jones 2000; Michael et al. 2010b). Some weeds are useful as pasture species, but are 
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damaging to crop production (de Kantzow and Sutton 1988; Dowling et al.2000).  Within the large crop-

growing regions of Australia, certain weeds tend to be located in particular climatic regions or associated 

with certain soil types and cropping systems (Lemerle et al. 1996). Generally weeds are managed according 

to local area conditions by applying management techniques suited to the local landscape, for example, 

cropped fields might be managed with intensive herbicide and fertiliser use, while neighbouring fields are 

established to permanent pasture, often leading to heterogeneous species distributions (Cousens and 

Mortimer 1995; Scott 2000).  Both broadleaf and grass weeds represent significant management problems 

in Australian cropping regions. The most common grass weeds of southern cropping areas are described 

below. 

 

Annual ryegrass (Lolium rigidum Gaud.) is native to Europe, temperate Asia, North Africa and the North 

Atlantic islands (Kloot 1983). Annual ryegrass was widely planted over a large area of southern Australia as 

a pasture species from the 1880s onwards because of its ease of establishment, early season production 

and palatability to livestock (Gill 1996). Ryegrass is a very valuable pasture species; however, with the 

downturn in the wool industry in the 1970s (Cottle 1991) and improved crop production technology, there 

was a shift towards intensive cropping systems. Huge areas where annual ryegrass occurred at high 

densities became much more intensively cropped, and the valuable pasture species instantly became a 

widespread cropping weed (Reeves and Smith 1975; Reeves 1976; Gill 1996). Annual ryegrass is also 

widespread in ruderal (non-cropped disturbed) areas such as roadsides. Several ecological factors have 

contributed to the success of annual ryegrass as a common weed of agricultural systems.  Annual ryegrass 

has high genetic diversity, allowing it to adapt to a wide range of growing conditions, from low to high 

rainfall zones, and it grows on many different soil types (Powles and Matthews 1992).  Ryegrass is obligate 

cross-pollinated, able to easily exchange genetic traits allowing populations to adapt quickly to local 

conditions. Other factors contributing to its success are its high fecundity, high seed survival rates over 

summer ensuring a replenished seed bank, high plasticity, and seed dormancy, allowing it to remain viable 

in the soil for longer time period, thus avoiding false rainfall events and pre-sowing weed control practices 

(Gill 1996). Generally, 50-80% of the ryegrass soil seed bank germinates with good early season rainfall, 

usually coinciding with crop sowing (late April-May) (McGowan 1970). Only a small proportion of seeds are 

still viable at the end of the growing season (Gramshaw and Stern 1977). Generally annual ryegrass is 

successful as a weed despite a shorter seed bank life and can be controlled using an integrated approach 

including crop rotations, a diverse range of herbicides and employing weed seed management practices at 

harvest.   

 

Other grass weed species common in southern Australian cropping regions include wild oat (Avena spp.), 

brome grass (Bromus spp.) and barley grass (Hordeum spp.). These grass weed species were not planted 

across vast areas like annual ryegrass but were unintentionally introduced. Due to their different biology 
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(e.g., self-pollinating) and lower population abundance, their impact on farming systems has been less 

adverse than annual ryegrass, although they can be significant weeds in many situations.   

 

Wild oat is present in most wheat-growing regions throughout the world and is native to the Mediterranean 

region, North Africa, Eurasia, Europe (FloraBase 2019).  They were introduced to Australia in the late 1800s, 

and rank as one of the major weeds infesting Australian crop fields (Jones et al. 2000) and are a common 

weed of southern Australian winter cropping systems. In northern New South Wales (NSW) and southern 

Queensland cropping regions, wild oat is considered the most prevalent winter weed (Lemerle et al. 1996; 

Martin et al. 1998; Walker et al. 2005; Osten et al. 2007). There are two species that tend to infest crop 

fields, Avena fatua L. and A. sterilis ssp. ludoviciana Durieu., while A. barbata Pott. ex Link is more common 

on roadsides and non-cropped areas (Medd 1996). The dominant species of wild oat vary among states and 

regions of Australia, with A. fatua more common in WA crop fields (Paterson 1976), while both A. fatua 

and A. sterilis are dominant in the eastern states (McNamara 1966; Whalley and Burfitt 1972). Wild oat is 

competitive in crops and can significantly reduce crop yields. They are known to contaminate grain (Medd 

1996; Shirtliffe et al. 2000) and can host diseases that also affect cereal crops (Brown and Meagher 1970). 

Wild oat seeds are known for having a staggered germination. They can emerge through the growing 

season making control difficult, and are able to persist in the soil seed bank enabling them to germinate 

over several years (Jones and Medd 1997). Seed dormancy in A. fatua and A. sterilis enables them to 

emerge throughout the growing season, particularly after the crop is planted, and therefore evade 

cultivation and early herbicide treatments; in contrast, A. barbata seems to have very little seed dormancy 

(Whalley and Burfitt 1972), which may explain why it does not persist in cultivated fields.  As wild oat is 

highly self-pollinating, pollen flow is limited. Additionally, natural seed dispersal is limited as most of its 

seeds fall within a small radius of the parent plant, often shedding at maturity (Jones and Medd 1997). 

However, seeds can be moved by machinery and livestock (Pleasant and Schlather 1994;  Blanco‐Moreno 

et al. 2004; Barroso et al. 2006; Hogan and Phillips 2011). Therefore, human activity is the main factor 

facilitating wild oat dispersal. Wild oat can be successfully managed using a diverse range of cultural (on 

farm hygiene, cultivation, delayed seeding, crop competition, crop rotation, stubble burning and seed 

collection at harvest) and chemical methods (diverse herbicide usage) (Nugent 1999). 

 

Brome grass is a self-pollinating grass weed native to Europe and the Mediterranean region (Gill and 

Carstairs 1988; Kon and Blacklow 1988; Kleenman and Gill 2006) and is found in crop fields across southern 

Australia in regions dominated by winter rainfall and dry summers (Kon and Blacklow 1988, 1995). Two 

main species, Bromus rigidus Roth and B. diandrus Roth, are widely established across southern Australia, 

particularly on light-textured soils (Gill et al. 1987) and often growing in association with each other, 

although B. diandrus appears to be more widely distributed. Brome grass can be useful as an early forage 

in some areas but is generally undesirable as mature seed can become imbedded in the skin of sheep 
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causing irritation and can contaminate their wool (eFloraSA 2019). Brome grass has the ability to produce 

high seed numbers, is competitive in wheat crops (Gill et al. 1987; Poole and Gill 1987) and has staggered 

germination, enabling it to persist throughout the season (Kleemann and Gill 2006). There are limited 

herbicide options for post-emergence control of brome grass in wheat crops (Gill and Blacklow 1985; 

Cheam 1986, 2005; Kon and Blacklow 1988), although robust cultural, biological and chemical strategies 

implemented in a well-structured management plan that target all phases from crop establishment to soil 

seed bank depletion are effective (Cheam 2005). 

 

Barley grass was introduced to Australia in the early 1840s, and is native to Europe, western Asia and north 

Africa (Cocks et al. 1976). Like brome grass, it is a self-pollinating grass weed that is widely distributed 

across southern Australia in drier parts of the cropping regions. Common barley grass species infesting crop 

fields in southern Australia are usually Hordeum glaucum Steud. and H. leporinum Link. Before the use of 

improved pastures, barley grass was regarded as a useful early feed for livestock, although it is now 

considered undesirable as its seed can enter skin and eyes of sheep as well as contaminate their wool 

(Campbell et al. 1972; Dowling et al. 2000). Recently, growers have been finding it more difficult to control 

this weed, which may be attributed to earlier crop sowing resulting in reduced pre-sowing weed control, 

and management practices that select for greater seed dormancy; many seeds germinate after early season 

weed control tactics have been conducted (Fleet and Gill 2012). Herbicides are the main method of control 

for barley grass in-crop. 

 

All of the grass weed species described above can contaminate grain for market or future seed sources 

(Michael et al. 2010b). The continual reliance on herbicides for their control, particularly in no-tillage 

agricultural systems, has led to the evolution of many herbicide-resistant populations throughout the world 

(Preston 2000; Heap 2019). 

 

HERBICIDES AND RESISTANCE 
 

Pesticides have played a significant role in the advancement of agricultural technology over the last 80 

years, and crop production has greatly increased through their use (Burgess et al. 1988). However, the 

continued use of pesticides has led to resistance evolution. Herbicide resistance is defined as the ability of 

a plant species or population to survive a dose of herbicide that once controlled it (Heap and LeBaron 2001). 

Evolution of herbicide-resistant weed populations is mostly driven by the intensive selection pressure 

exerted by herbicides (Powles and Matthews 1992; Preston 2000; Thill and Lemerle 2001). It is most likely 

to occur when there is recurrent application of herbicides of the same mode of action, increasing the 

selection pressure for the evolution of resistance. The targeted annual weed species are often widely 
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distributed at high densities, are genetically variable, prolific seed producers, and occur in non-diverse 

cropping systems having a few dominant weed species (reviewed in Beckie 2006). 

 

Herbicides affect their target weeds, either by destroying cells and tissues, preventing cells from dividing 

so that plants cannot grow, or disrupting vital enzymes within the plant. Herbicides are now categorised 

based on their mode of action. They are generally classified as either ‘contact’ (phytotoxicity restricted to 

herbicide-exposed plant tissue) or ’systemic’ or ‘translocated’ (movement within the plant vascular system 

after tissue absorption) (Burgess et al. 1988; Piper 1993). 

 

Some herbicides (e.g., paraquat and glyphosate) are known as knockdown or burndown herbicides (Powles 

and Bowran 2000), because they act on a broad spectrum of grass and broadleaf weeds and affect all 

sensitive plants (non-selective), while other herbicides are selective and can be used in tolerant crops to 

control sensitive weed species (de Kantzow and Sutton 1988; Piper 1993). Most herbicides act by inhibiting 

a specific enzyme within the plant, for example, the plastidic enzymes acetolactate synthase (ALS), or 

acetyl-coenzyme A carboxylase (ACCase). In most cases, a particular herbicide mode of action comprises 

members of several different chemical classes which act slightly differently on the same enzyme target 

(Powles and Yu 2010). Selective herbicides (such as diclofop-methyl and chlorsulfuron) are commonly used 

to control a wide range of grass or broadleaf weed species in a variety of field crops including wheat, barley, 

lupins and canola, although the crop type is dependent on the herbicide selectivity (Mann 1991; Pittaway 

1991). Some broad-spectrum selective herbicides are active on many different weed species; for example, 

ALS-inhibiting herbicides are often used to target annual ryegrass, but are also active on wild oat, brome 

grass and barley grass as well as some broadleaf weeds.  

 

Herbicide resistance mechanisms can be grouped into two main areas:  

1. Target site (involving the herbicide target enzyme) 

2. Non-target site (any resistance mechanisms not involving the herbicide target site enzyme)  

 

Target-site resistance occurs as a result of the modification of the herbicide binding target that prevents 

the herbicide from effectively binding at that site. Modification of a herbicide target-site enzyme can take 

the form of a point mutation in the gene sequence, or gene amplification resulting in an excess of target 

enzyme (Devine and Shimabukuro 1994; Preston 2000; Preston and Mallory-Smith 2001; Délye 2005; 

Gaines et al. 2010; Powles and Yu 2010). Non-target site resistance occurs due to any mechanisms other 

than a target-site modification. These mechanisms include reduced rates of herbicide translocation, 

enhanced metabolism of the herbicide, and sequestration in the vacuole (Hall et al. 1994). These non-target 

site resistance mechanisms reduce the amount of herbicide that can reach the herbicide target site (Heap 

and LeBaron 2001). 
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A single mechanism can potentially confer resistance to several different herbicides, which is known as 

cross-resistance (Hall et al. 1994; Heap and LeBaron 2001). Target-site cross-resistance occurs when the 

modification at a target-site enzyme prevents binding of several herbicides acting at that site (Hall et al. 

1994; Tardif et al. 1996; Preston 2000). An example of target-site cross-resistance is an ALS mutation that 

endows resistance to several different ALS-inhibiting herbicides of different chemistry, or ACCase mutation 

that endows resistance to several different ACCase-inhibiting herbicides. An example of non-target site 

cross-resistance is metabolism-based resistance, where cytochrome P450 enzymes can detoxify herbicides 

of completely different modes of action (Preston 2000; Heap and LeBaron 2001; Preston and Mallory-Smith 

2001). An individual plant or population can exhibit multiple resistance, defined as two or more 

mechanisms endowing resistance to the same or different herbicide modes of action. For example, a single 

plant could contain a target-site mutation and also be able to metabolise the herbicide(s) more rapidly 

(non-target site mechanism) (Powles and Matthews 1992; Tardif and Powles 1994).  

 

Originally, isolated cases of herbicide resistance were reported soon after the introduction of herbicides 

for weed control. For example, in 1957 the first cases of 2,4-D resistance were reported in wild carrot 

(Daucus carota) and climbing dayflower (Commelina diffusa Burn. F.) (Heap 2019). However, the herbicide 

resistance era began when triazine resistance was first reported in Senecio vulgaris in 1970 (Ryan 1970), 

followed soon after with triazine resistance being reported in many species (Heap and LeBaron 2001; Heap 

2019). The first reported case of resistance in Australia was annual ryegrass resistant to the grass-selective 

herbicide diclofop-methyl (Heap and Knight 1982). The appearance of resistance in ryegrass occurred only 

a few years after the initial usage of these grass-selective herbicides (Powles and Matthews 1992), with 

hundreds of multiple-resistant ryegrass populations later reported from cropping areas in southern 

Australia (Heap and Knight 1982; Heap and Knight 1986; Heap and Knight 1990; Powles and Howat 1990; 

Christopher et al. 1991). In the 1980s and 1990s, the occurrence of herbicide-resistant weed populations 

accelerated, with Australia recording 38 resistant weed biotypes in 25 different weed species. Some species 

exhibited resistance to more than one herbicide group (mode of action) (Heap 2002). Globally between 

1980 and 2002, there were around nine new cases of herbicide resistance detected each year, with ALS- 

and ACCase-inhibiting herbicides having the greatest increase. According to the International Survey of 

Herbicide Resistant Weeds (Heap 2019), there are currently 499 unique cases (species x mode of action) of 

herbicide-resistant weeds globally, including 255 species (148 dicots and 107 monocots) with resistance to 

one or more herbicides. Weeds have evolved resistance to 23 of the 26 known herbicide modes of action 

and to 167 different herbicides. Herbicide-resistant weeds have been reported in 92 crops in 70 countries. 

These biotypes are usually identified in one of two ways: through sample testing because of herbicide 

failure in the field, or large-scale surveys of agricultural regions to determine the nature, distribution and 

abundance of herbicide-resistant weeds (Beckie et al. 2000; Burgos et al. 2013). 
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QUANTIFYING AND MONITORING HERBICIDE RESISTANCE 
 

Just as it is important to monitor trends in crop yields, production and fertiliser use, it is also important to 

monitor weed species in agricultural systems – their geographical location and their distribution in crops. 

Surveys reveal the trends and changes in weed composition, density and distribution, and allow weed 

population change to be observed. The scientific value from weed surveys provides spatial data for 

modelling and predicting future change on a large scale. Importantly, surveys provide trends and data for 

advisors, researchers and farmers for informed decision making. Several surveys, mainly in eastern 

Australia, have documented species abundance and distribution for both winter and summer weeds 

(Felton et al. 1994; Lemerle et al. 1996; Martin et al. 1998; Jones et al. 2000; Osten et al. 2007; Michael et 

al. 2010a; Borger et al. 2012). Increasingly, diagnosing herbicide-resistant weeds is essential for weed 

management (Beckie et al. 2000). For herbicide-resistant weed populations, it is also important to establish 

the magnitude of resistance.  Some studies have quantified the geographical extent and severity of 

herbicide resistance across large regions for major weed species in Australia and around the world (Pratley 

et al. 1993; Henskens et al. 1996; Bourgeois and Morrison 1997; Broster et al. 1998; Beckie et al. 1999; 

Legere et al. 2000; Beckie et al. 2002; Owen et al. 2007; Walsh et al. 2007; Escorial et al. 2011; Boutsalis et 

al. 2012; Broster et al. 2013). In Canada, random surveys revealed the extent of herbicide-resistant weed 

populations and also indicated that many farmers were unaware or had previously only suspected 

herbicide resistance problems (Beckie 2007), making it difficult to effectively manage these weeds.   

 

Interviews, questionnaires and direct-field sampling are common methods for assessing weed distribution 

and abundance (Medd and Pandey 1990). Field surveying can also be used for assessing herbicide 

resistance frequency, by collecting samples for subsequent testing (Martin and McMillan 1984; Lemerle et 

al. 1996). Early attempts were made to describe the extent of herbicide resistance in the southern and 

northern grain-growing regions of eastern Australia by conducting random and targeted surveys in the 

main cropping shires during harvest (Moerkerk and Flynn 1990; Pratley et al. 1993; O'Donnell et al. 2002). 

As expected, targeted sampling of problem sites based on herbicide-use analysis and/or cropping history 

reviews revealed more cases of herbicide resistance and a greater proportion of resistant plants in each 

population than random surveys (O'Donnell et al. 2002).  

 

A survey involving two components (field survey and mail out questionnaire) attempted to quantify the 

impact and costs of weeds at a national level by asking growers for estimates on the density and distribution 

of weeds affecting crop production in Australian annual winter cropping systems (Jones et al. 2000; 

Alemseged et al. 2001). This survey involved mail-out questionnaires where farmers ranked land 

management issues affecting farm enterprises as well as ranking the most problematic weeds (Alemseged 

et al. 2001).  Although this survey considered herbicide resistance issues perceived by the farmer, it did not 
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objectively document or evaluate the levels of herbicide resistance present in Australia. Part of this study, 

involving a follow-up field survey of weed assessment to validate the mail survey, supported the findings 

on farmer’s weed perceptions although samples were not tested for herbicide resistance levels (Jones et 

al. 2000). Measuring and quantifying herbicide resistance enables producers to understand and plan for 

weed control on their farms. One method of quantifying herbicide resistance is to conduct random field 

surveys to collect weed seed samples for herbicide resistance testing whilst concurrently recording weed 

distribution and frequency in each field where the samples were taken. Random surveying also provides 

baseline data for tracking herbicide resistance evolution over time with continued surveillance. Llewellyn 

and Powles (2001) conducted the first random survey in WA to evaluate herbicide resistance in annual 

ryegrass; however, this study did not cover the entire WA grain belt.  

 

RESEARCH OBJECTIVES 
 

Although early studies by Gill (1995) documented herbicide resistance in difficult-to-control annual 

ryegrass populations from WA, little attention was initially paid to the geographic and agronomic realities 

of herbicide resistance. Therefore, a major part of this thesis was to document, quantify and monitor 

herbicide resistance across a large area over time for key weed species.  

 

In 2003, the first random survey of the entire WA grain belt was conducted to establish the presence of 

herbicide-resistant annual ryegrass populations (Owen et al. 2007). This survey followed an earlier small-

scale survey by Llewellyn and Powles (2001). Since this early survey, we have regularly and systematically 

surveyed the entire WA grain belt to determine the herbicide resistance status of the key grass weed 

species. The aim of this research is to understand the geographic distribution of herbicide resistance in WA.   

Therefore, the research question was: what is the herbicide resistance frequency in the major grass weeds 

in Western Australia and is this changing over time? To address this, we have surveyed the entire 

agricultural grain belt in Western Australia across set time periods.  We also performed additional studies 

on the collected plant material to further consider the agronomic implications of each different weed 

species, with the following specific aims: 

1. Determine the seed dormancy level of the annual ryegrass populations collected in the early 2003 

survey; 

2. Investigate possible reasons for an association between dormancy and herbicide resistance in 

annual ryegrass; 

3. Quantify the change in resistance frequency over time in annual ryegrass populations from the 

WA grain belt; 

4. Determine frequency of, and change in, resistance in the major grass weed wild oat; 
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5. Determine resistance frequency and characterise mechanisms of resistance for the emerging 

weeds brome grass and barley grass. 

 

THESIS OUTLINE 
 

This thesis is presented as a series of nine scientific papers. All of them have been published in peer-

reviewed journals and are included as PDF documents in this manuscript. For each chapter, there is a mini-

review presented before the PDF journal article(s). There are six main chapters, outlined below. Note that 

each scientific paper presented in these chapters includes the following sections: Abstract, Introduction, 

Materials and Methods, Results, Discussion and References; there is some unavoidable repetition in the 

PDFs due the work being presented as a series of independent papers. 

 

Chapter 1 is the general introduction, describing agricultural systems in Australia and includes background 

information on farming systems, crop-infesting weed species, herbicide resistance evolution, and methods 

of evaluating herbicide resistance on a large scale. 

 

Chapter 2 examines the dormancy release rates of annual ryegrass populations collected in a previous 

survey and explores the issue of seed dormancy in annual ryegrass and whether climatic conditions could 

be used to predict the dormancy level over large areas for this weed species. Although climate on its own 

was not able to predict dormancy levels in a seed population for a precise area, a correlation was found 

between seed dormancy and herbicide resistance levels. Therefore, a second paper in this series examines 

this relationship more closely; more-dormant annual ryegrass seed populations are more likely to contain 

higher levels of resistance to selective in-crop herbicides. Based on the hypothesis of intensive cropping 

selecting for greater herbicide resistance, a third paper then explores whether cropping systems are 

selecting for greater seed dormancy in annual ryegrass by comparing seeds from fields with little or no 

cropping history to nearby fields with extensive cropping histories. 

 

Chapter 3 expands upon the surveillance from the first major random survey of annual ryegrass in WA 

(Owen et al. 2007). The paper in this chapter describes the methods and results for a random survey of the 

WA grain belt at harvest in 2010, which, for the first time, involves two-way interaction with farmers and 

quantifies the extent and change over time of herbicide resistance in annual ryegrass. 

 

Chapter 4 examines another important grass weed, wild oat, infesting WA crop fields to determine the 

distribution and herbicide resistance levels and to monitor wild oat resistance evolution over time. These 

surveys are described in two papers. 
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Chapter 5 examines the minor grass weed species, brome grass and barley grass. Seeds from these species 

were collected as part of the first wild oat survey, as they were found in large numbers (highlighting 

potential control issues), and were used to identify the mechanisms of resistance to ALS-inhibiting 

herbicides, as described in two papers. A third paper documents subsequent benchmark random surveys 

that were conducted to establish the frequency and distribution of herbicide resistance in these minor 

weed species. 

 

Chapter 6 then concludes and synthesises this work and considers future research needs.  
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CHAPTER 2. ANNUAL RYEGRASS SEED DORMANCY  

 

TOWARDS LARGE SCALE PREDICTION OF LOLIUM RIGIDUM EMERGENCE 

 

Weeds in the genus Lolium are widespread annuals of southern Australian cropping systems (Kloot 1983). 

The three most abundant species in this genus in Australia, L. rigidum, L. multiforum and L. perenne, are 

wind-pollinated out-crossers, with natural or bred hybrids occurring between all species (Kloot 1983). 

Throughout this thesis, the common name “annual ryegrass” generally refers to L. rigidum.  

 

Annual ryegrass is a highly genetically-variable grass weed species (See Chapter 1). The genetic variation of 

the genus Lolium as a whole has been studied extensively, with a combination of climatic, ecological and 

geographical factors contributing to genetic differences found within a population (Balfourier and Charmet, 

1991). In the southern cropping regions of Australia, annual ryegrass is a winter annual weed. This region 

is characterised by long, hot, dry summers and mild, wet winters. Annual ryegrass seeds germinate with 

the first rains in April/May and disperse their seed in late spring, with seed gradually losing dormancy over 

the summer months (Gramshaw 1976). Seed dormancy is an important trait for persistence of this species, 

and high variation in dormancy has been observed among and between populations (Gill 1996; Steadman 

et al. 2003b, 2004b; Goggin et al. 2012). 

 

Seed dormancy is the state in which viable seeds do not germinate even when all favourable conditions 

normally suited for germination are met.  Seed dormancy is an important mechanism for the survival of 

many species (Baskin and Baskin 1998), often allowing a proportion of the seed population to remain in 

the soil after the non-dormant proportion has germinated in response to the first rains and then been 

removed by cultivation and/or control practices (McGowan 1970). One of the primary roles of seed 

dormancy in annual ryegrass is to ensure protection from germination under less ideal conditions (e.g. 

summer rainfall events) and to ensure seed bank persistence over many years (Gallagher et al. 2004).  The 

emergence of annual ryegrass occurs throughout the growing season, with seed dormancy being the main 

cause of the wide range of germination times (Steadman et al. 2003b). Seeds germinating after crop sowing 

then need to be controlled in-crop, often requiring the use of selective herbicides.  

 

The dormancy status of a seed is often determined by the environment under which the seeds develop 

(Steadman et al. 2004a). Conditions such as light, temperature, rainfall, shading and nutrient supply have 

been found to influence the proportion of mature seeds exhibiting dormancy (Fenner 1991; Baskin and 

Baskin 1998). Seed dormancy has been shown to have a consistent association with temperature. For 

example, seeds that develop during warm temperatures are less dormant than those developing under 
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cool conditions (Baskin and Baskin 1998). This trend has been shown in wild oat (Avena spp.) populations 

collected from the grain belt of Western Australia (WA), with seeds collected in the north (warmer 

temperatures) producing seeds that were less dormant than those in the south (Paterson et al. 1976). 

 

Steadman et al. (2004b) studied temperature and rainfall conditions affecting the dormancy release 

characteristics of 12 annual ryegrass populations collected over different years from across the WA 

cropping region. The temperature during seed development played a major role in determining dormancy 

characteristics, with higher average September temperatures (period of seed development) correlating 

with higher germination rates (i.e., lower dormancy) when measured after 5 months of seed after-ripening. 

There was also some evidence of a link between lower rainfall during seed development and reduced 

dormancy levels, although these results were not consistent (Steadman et al., 2004b). Areas that received 

a high proportion of summer rainfall had annual ryegrass populations with higher seed germination rates, 

suggesting local adaptation to the more germination-favourable summer conditions. Using these 12 

populations from the WA grain belt, Steadman et al. (2004b) showed that the environmental conditions 

experienced by the parent plant during seed maturation can significantly alter the dormancy characteristics 

of the seed produced. 

 

Given that 12 annual ryegrass populations collected from different regions of the WA grain belt over 

different years exhibited large variations in dormancy characteristics, including initial dormancy levels and 

the rate of dormancy release (Steadman et al. 2003a, 2003b), it would be useful to determine if climatic 

parameters, such as September temperatures and rainfall, could predict dormancy levels and thus weed 

emergence using a large sample size – i.e., hundreds of populations over a large geographical area.  This 

could potentially enable farmers to calculate when annual ryegrass seeds were likely to germinate, and 

then manage their fields accordingly. For example, if high dormancy was predicted, farmers could delay 

seeding to allow maximum germination and weed control before sowing the crop, thus avoiding excessive 

use of in-crop herbicides and the inevitable selection and evolution of herbicide resistance. Therefore, the 

large number (406) of annual ryegrass populations collected during an earlier random herbicide resistance 

survey (Owen et al. 2007) were tested to determine their dormancy status; climatic data from each 

collection site were used to assess correlations between dormancy level and the climatic parameters 

experienced by the parent plants during seed development. 

 

We have published the results of this work in the following papers, which are included in this thesis starting 

on page 28: 
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Owen MJ, Steadman KJ, Renton M, Michael PJ and Powles SB (2011) Towards large scale prediction of 

Lolium rigidum emergence I: Can climate be used to predict dormancy parameters? Weed Research 

51, 123-132. 

 

Owen MJ, Steadman KJ, Renton M, Michael PJ and Powles SB (2011) Towards large scale prediction of 

Lolium rigidum emergence II: Correlation between dormancy and herbicide resistance levels 

suggests an impact of cropping systems. Weed Research 51, 133-141. 

 

INTENSIVE CROPPING SYSTEMS SELECT FOR GREATER SEED DORMANCY IN LOLIUM 

RIGIDUM (ANNUAL RYEGRASS) 

 

Changes to farming practices, for example reduced-tillage systems (as discussed in Chapter 1), often favour 

a shift in the spectrum of weed species by altering the agroecosystem in which they grow. Reduced-tillage 

systems often result in the increased occurrence of grass weeds (reviewed in Froud-Williams et al. 1983; 

Torresem and Skuterud 2002; Murphy and Lemerle 2006) and also rely heavily on herbicides as the primary 

source of weed control, thus increasing the selection pressure for the evolution of herbicide-resistant weed 

populations. Seed dormancy can allow species to survive under changing environmental conditions, such 

as those encountered in a cropping system. The late release of seed dormancy in populations of crop weeds 

can be seen as an adaptation to prevent seeds from germinating too early in the season (under false breaks) 

(Chapman et al. 1999) or to avoid early crop weed management activities. 

 

Agronomic practices such as crop type, rotations, sowing time and cultivation have been shown to influence 

weed seed dormancy, and certain regimes can select for more dormant, late emerging weed populations 

(reviewed in Murphy and Lemerle 2006). Farming systems that are intensively cropped and have high levels 

of herbicide usage have also been associated with weed populations that have adapted by germinating 

later in the growing season, thus avoiding herbicides. For example,  this has been seen in wild oat (Jana and 

Thai 1987; Naylor and Jana 1976), while barley grass (Hordeum spp.) populations collected from crop fields 

had greater seed dormancy than those collected from non-cropped fields (Fleet and Gill 2012).  

 

Interestingly, the herbicide resistance status of the annual ryegrass populations collected in an earlier 

survey (Owen et al. 2007) was shown to correlate strongly with seed dormancy level, as discussed 

previously. To specifically investigate the possible association between seed dormancy and herbicide 

resistance, we collected paired samples from fields with similar climatic parameters but subjected to 

different cropping intensity. This work was published in the following paper, which is included in this thesis, 

starting on page 47: 
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Owen MJ, Goggin DE and Powles SB (2015) Intensive cropping systems select for greater seed dormancy in 

Lolium rigidum (annual ryegrass). Pest Management Science 71, 966–971. 

 

To continue the herbicide surveillance from this early survey collection and to monitor the trends in 

herbicide resistance status in annual ryegrass, a follow up survey was conducted in 2010 and is discussed 

in the following chapter (3). 
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CHAPTER 3. ANNUAL RYEGRASS HERBICIDE RESISTANCE  

 

MULTIPLE HERBICIDE-RESISTANT LOLIUM RIGIDUM (ANNUAL RYEGRASS) NOW DOMINATES 

ACROSS THE WESTERN AUSTRALIAN GRAIN BELT 

  

Annual ryegrass was widely planted over southern Australia as a pasture species, and with intensified 

cropping is now a common weed of this area (Chapter 1 and 2). Australian farming systems rely heavily on 

herbicides for weed control throughout the season, with both selective and non-selective herbicides used 

regularly.  Since the 1970s, farming systems have continually changed with the introduction of new 

herbicides and tillage practices. The reduced-tillage systems adopted from the 1970s onwards rely heavily 

on non-selective herbicides applied pre-planting as well as in-crop selective herbicides, to replace the role 

of tillage for weed control (see also Chapter 1) (Gill 1995; Chauhan et al. 2006; D'Emden et al. 2006). This 

heavy reliance on herbicides has meant annual ryegrass populations are exposed to increasing selection 

pressure for resistance.  

 

Annual ryegrass has evolved resistance to both selective and non-selective herbicides across at least nine 

different herbicide mode-of-action groups (Heap and Knight 1986; Burnet et al. 1994; Preston and Powles 

2002). Both target-site and non-target site resistance mechanisms (see Chapter 1) have been identified in 

many ryegrass populations, with multiple mechanisms within populations and even individual plants 

(Christopher et al. 1994; Hall et al. 1994; Tardif and Powles 1994; Preston and Powles 1998, 2002). This 

phenomenon makes annual ryegrass a complex and extremely difficult weed to control. In some cases, for 

in-crop selective herbicides, as few as three to four applications have resulted in highly resistant weed 

populations (Gill 1995; Powles et al. 1997).  

 

Several studies conducted in eastern Australia have attempted to determine the extent of herbicide 

resistance in annual ryegrass (Knight 1990; Moerkerk and Flynn 1990; Pratley et al. 1993; Henskens et al. 

1996).  A study by Gill (1995) tested several annual ryegrass populations from the Western Australian grain 

belt that were submitted by farmers for herbicide resistance screening. The herbicide-usage history of the 

fields where the ryegrass seeds were collected was obtained when data were available.  Although this was 

not a random survey, it highlighted both the severity of annual ryegrass resistance to multiple in-crop 

selective herbicides, and the high level of farmer reliance on these herbicides for weed control in intensive-

cropping systems.  
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In 1998, Llewellyn and Powles (2001) conducted the first random survey in Western Australia to document 

resistance in annual ryegrass to in-crop selective herbicides in eight agronomic zones of the WA grain belt 

(approximately 50% of the WA grain belt). That study confirmed widespread resistance to diclofop (acetyl 

CoA carboxylase inhibitor) and chlorsulfuron (acetolactate synthase inhibitor), with 46% of randomly-

collected populations resistant to diclofop and 64% to chlorsulfuron. Furthermore, 37% of these 

populations were multiple-resistant. As expected, the resistance frequency in the cropping zones tended 

to reflect the cropping intensity. A later state-wide random survey conducted in 2003 by the author (Owen 

et al. 2007) expanded upon the first 1998 survey, and provided benchmark data for other herbicide 

chemistries. This survey covered all 15 agronomic zones in the WA grain belt region, to establish annual 

ryegrass resistance levels to the most commonly used herbicides and compare the results to those of the 

1998 study. Incidence of resistance in annual ryegrass to the selective herbicides increased to 68% for 

diclofop and 88% for the sulfonylurea herbicide, sulfometuron, over the 5-year intervening period. 

 

In 2010, in work described in this thesis, the entire WA grain belt was again randomly surveyed to monitor 

herbicide resistance frequency and resistance evolution. This survey targeted all key weed species (other 

grass weeds wild oat, brome grass and barley grass are discussed in Chapters 4 and 5), to either monitor 

resistance frequency or to establish benchmark data for future surveillance. A major difference with this 

survey compared with the earlier surveys (Llewellyn and Powles 2001; Owen et al. 2007) was engaging with 

farmers to gain access to farm maps and to provide personalised survey results directly back to the farmer. 

Previous surveys were more ad hoc and did not allow for access to farmer information or previous cropping 

history. This new approach would allow for the two-way exchange of information and the ability to obtain 

crop history and field management data to facilitate a greater understanding of the potential for herbicide 

resistance evolution. This procedure also provided the ability to return to the same sites to monitor 

herbicide-use frequency and weed species shifts in a field (paddock) over time, as well as track herbicide 

resistance evolution over time and space. To maintain the random nature of previous surveys, the first crop 

paddock seen on each property was used as the surveyed field. We have published the results of this survey 

in the following paper, which is included in this thesis starting on page 57: 

 

Owen MJ, Martinez NJ and Powles SB (2014) Multiple herbicide resistant Lolium rigidum (annual ryegrass) 

now dominates across the Western Australian grain belt. Weed Research 54, 314-324. 

 

Wild oat is another important grass weed infesting crop fields in Australia. Wild oat was collected during 

this survey (2010) to assess the distribution and herbicide resistance frequency and is discussed in detail in 

the following chapter (4). 
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