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Abstract 
 

This project investigates the prevalence, causal factors and key weeds associated 

with weed seed contamination in sheep across southern Australia, in an effort to identify 

optimal IWM strategies for effective long term management of seed contamination in 

sheep production systems. An analysis of Australian abattoir, weather and weed datasets 

were undertaken during 2016, while replicated trials from 2016 to 2018 were undertaken 

at Wagga Wagga, NSW to investigate individual and IWM strategies against Hordeum 

spp. in lucerne pasture. Trials provided key data for the development of a barley grass 

submodel and a bioeconomic model for simulating the impacts of barley grass seed 

contamination and associated weed control programs on lamb profitability in lucerne 

pastures. 

Abattoir analysis results revealed significant variability in carcass contamination 

incidence with time and region, and was associated with Hordeum and Bromus spp. 

distribution. Contamination rates were highest in adult male sheep, varied between 

abattoirs, fluctuated between states in response to mean monthly temperature and 

increased with mean monthly rainfall. Incidence also decreased with elevation, varying 

between years.  

Field trial results in 2016 demonstrated propaquizafop to be 99% effective against 

barley grass. Paraquat was less so (58%), attributed to suboptimal timing of applications, 

but resulted in increased lucerne and other weed biomass. Repeated mowing applied at 

barley grass boot stage reduced seedling emergence 12 months after application. 

Integrating mowing with herbicide application significantly influenced lucerne and other 

weed biomass after 24 months, highlighting the crucial influence of control timing and 

frequency on botanical composition in infested legume pastures. Further investigations in 

2017 revealed haloxyfop-R + simazine, or paraquat, applied at the early tillering stage, to 

be over 95% effective against barley grass. Repeat defoliations conducted at post-

inflorescence emergence at all population densities, reduced barley grass survival and 

fecundity by 35% and 75% respectively under heaviest competition.    
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A dynamic and stochastic bioeconomic model was constructed using these results 

to simulate the efficacy of individual and IWM strategies against barley grass on lamb 

production at various weed density thresholds within an infested lucerne pasture over ten 

years. Simulations demonstrated the superiority of integrated management to individual 

applications against barley grass seedbanks. Livestock enterprise profitability was 

maximised at $67.98/ha/yr when IWM strategies were implemented at low barley grass 

densities, representing an economic benefit of $169.98/ha/yr from utilising IWM in 

comparison to no control (-$102/ha/yr). 

Findings demonstrate the value of proactive and accurately timed IWM strategies 

for influencing legume pasture botanical composition, reducing barley grass populations 

in heavily infested regions across Australia, and mitigating losses associated with barley 

grass seed contamination in grazing sheep across southern Australia. Further research is 

required to 1) more accurately match contamination rates with causal weed distribution 

patterns to predict future contamination prevalence, 2) better elucidate  relationships 

between weed density and carcass contamination, improving model prediction and 

capacity, 3) investigate barley grass phenology and IWM  impacts under variable climatic 

conditions, and 4) develop and validate the bioeconomic model under various field 

conditions to inform development of subsequent models simulating weed impacts on 

livestock production systems.
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Preface 
 

Seed contamination in sheep by weed seeds results in major animal welfare 

challenges and incurs significant annual costs to producers and sheep meat processors 

across southern Australia. Increasing prevalence of key causal weeds across Australia in 

recent years as a result of increasing climate variability and changing farming practices 

may be posing greater risks to the Australian flock unless effective and economic IWM 

strategies are implemented to enhance long term control on farm. 

Seed contamination of sheep carcasses and skins are considered by processors to 

be one of the leading issues facing the Australian sheep meat industry, incurring costs of 

up to $30 per head and penalties to producers in the order of 10c to $1.00/kg CWT. Of 

the seven weed species contributing to seed contamination, Hordeum spp. (barley grass) 

possesses a strong historical association with seed injury in livestock, and its recent 

notoriety as one of the top 20 weeds of grain crops, combined with reports of increasing 

prevalence across the southern Australian agricultural zone, suggest this species 

continues to be a major perpetrator of seed contamination in sheep today. Originally 

introduced to Australia during the 1840s, Hordeum spp. has become a widespread weed 

of annual pastures and cropping regions. Despite being considered a valuable feed source 

for livestock early in the growing season, the species is renowned for becoming 

problematic later in the season as its sharp seeds adhere to fleece and penetrate animal 

tissues, significantly impacting animal welfare and reducing productivity.  

Recent studies showing the increased development of herbicide resistance and 

along with environmental adaptations developing in many southern Australian Hordeum 

spp. populations suggest future range expansion for this species is likely, increasing the 

potential for greater seed contamination within flocks. Despite these risks, studies 

evaluating the factors and on farm costs associated with seed contamination in Australia 

in recent years have not been performed. Furthermore, optimal integrated weed 

management strategies for managing Hordeum spp., with the sole purpose of improving 

profitability in sheep production systems, have not been identified. This project, 
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therefore, determined the causative factors and key weed species associated with most 

recent seed contamination patterns across Australia, and utilised field experimentation 

(2016 to 2018) and modelling to assess individual and integrated weed management 

strategies for optimising lamb production in infested legume pastures over time. 

Analysis of the historical literature and abattoir, climate and weed datasets 

highlighted key regions and factors associated with heavy seed contamination in 

Australia, and confirmed Hordeum spp. to be a major species associated with recent seed 

contamination prevalence. Consequently, field and greenhouse studies were used to 

investigate the efficacy of various weed management strategies against Hordeum spp. 

within legume pastures, which are typically grazed by sheep across southern Australia. 

Data obtained from field and greenhouse trials were combined with available literature 

and industry decision support tools to facilitate the development and parameterisation of 

the simulation models.  Models were utilised to determine impacts of weed management 

strategies over the long term and to identify optimal strategies for maximising 

profitability within a lamb production system.  

This PhD research was funded and supported by Meat and Livestock Australia 

through project B.WEE.0146 and B.STU.1807. In addition, the AW Howard Memorial 

Trust awarded a three-year fellowship to Jane Kelly in 2015 to provide operating funds 

for research and a study award during 2018 to support travel costs associated with 

international conference attendance. Agricultural Research and Extension grants 

provided by Charles Sturt University were also awarded to Jane Kelly from 2016 to 2018 

and during 2020 to support regular travel and technical assistance associated with her 

research, while the Graham Centre for Agricultural Innovation also awarded travel 

awards to Jane Kelly in 2016 and 2018 to facilitate presentation of her research at both 

national and international conferences.  

The literature review on seed contamination in sheep and the abattoir data analysis 

conducted during 2015 and 2016 were successful in fulfilling B.WEE.0146 project 

milestones. In addition, the field studies investigating impacts of individual and integrated 

herbicide and mowing applications on barley grass in mixed legume pastures during 2016 
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and 2017 were completed as part of the project “Addressing Herbicide Resistance – 

Options and Non-Chemical Approaches for Mixed Farmers”. The key objective of the 

literature review and abattoir analysis conducted under project B.WEE.0146 included 1) 

defining the cause and effects associated with seed contamination prevalence across 

southern Australian regions in terms of livestock productivity and carcass quality. The 

key objective of field studies included 2) developing non-chemical management tactics 

for control of prevalent weed species in the pasture phase that contribute to reducing 

livestock productivity via carcass and skin damage. Both objectives have been addressed 

in the research reported in this thesis which was conducted primarily by Jane Kelly and 

assisted by CSU colleagues. MLA Grant B.STU.1807 specifically provided funding for 

support by CSU colleagues during the development of simulation models during 2018 

and 2019. 

Complex analysis of abattoir, climate and weed distribution datasets were 

performed at Charles Sturt University, Wagga Wagga and Albury respectively. All field 

and greenhouse trials were conducted at Charles Sturt University, Wagga Wagga, NSW, 

whilst model development occurred at Charles Sturt University, Orange, NSW, with the 

assistance of Karl Berendt at Harper Adams University, Newport, Shropshire, UK.  
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General Introduction 
 

Australia is a major supporter of livestock grazing industries, devoting sixty-

percent of arable land area to native and improved pastures (Kemp & Michalk, 1994). 

Weeds are common invaders of pastures and present a major problem to Australia’s 

livestock industries, with total costs estimated to fall within the range of $2.185m and 

$2.215m (Sinden et al., 2004). Within the grazing industry, weeds pose a serious threat 

to livestock by lowering the quantity and quality of forage, hampering grazing, poisoning 

animals, increasing livestock management costs and reducing land value (DiTomaso, 

2000). Some weeds also produce seeds with physical characteristics that adhere to animal 

coats, moving through to the skin and penetrating the flesh of animals during grazing, 

thereby reducing yield and value of livestock products. Although the sheep industry 

particularly suffers in this regard, it is not known which factors have contributed to recent 

prevalence of such weed species in Australia, in which regions incidence is greatest, nor 

which weed control efforts are optimal for mitigating the issue in the long term. 

A number of grass species are historically associated with seed injury in livestock, 

although conjecture exists regarding which species are most implicated today. Among 

these, barley grass (Hordeum spp.) has been considered by processors and producers as 

highly notorious, whilst also being recently listed as a weed of national importance in 

south-eastern Australian cropping regions (Llewellyn et al., 2016). In addition, many 

Hordeum spp. populations have recently exhibited variable seed dormancy patterns (Fleet 

& Gill, 2012) and herbicide resistance (Owen et al., 2012) in response to variable climate 

patterns, changing farming practices and over-reliance on herbicides. To combat these 

challenges, the integration of chemical and non-chemical control methods is considered 

to be increasingly important for managing this species (Owen et al., 2015), although little 

information exists regarding the efficacy of either in controlling barley grass populations 

over time. Moreover, the associated physical and economic benefits to sheep producers 

in response to weed management in pastures have not yet been quantified.
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Thesis Outline 
 

This thesis is divided into seven chapters consisting of two published manuscripts, 

one currently under review by peer-reviewed journals, and two which are currently under 

embargo due to the potential commercial applicability.  

The first chapter consists of a literature review, followed by five experimental 

chapters. Chapter 2 is presented as a review with the inclusion of some recent data, while 

chapters 3 to 6 include the following sections: Abstract or Summary, Introduction, 

Materials and Methods, Results, Discussion, Acknowledgements and References. 

Chapter 7 includes a general discussion of the main findings and recommendations for 

future research. The appendices include two published and peer-reviewed conference 

manuscripts, supplementary data utilised in Chapter 6, an abstract and poster presentation, 

and an industry report produced for Meat and Livestock Australia under project 

B.WEE.0146. A number of media articles have also been listed as outputs from the 

research project.  

Chapter 1 provides a broad review of the available literature associated with grass 

seed contamination in sheep, the biology and management of Hordeum spp., and the value 

of bioeconomic modelling in determining optimal weed management strategies within 

agricultural systems. This chapter was developed into an industry report for submission 

to Meat and Livestock Australia under project B.WEE.0146 (Appendix 6), focussing 

specifically on the issue of weed seed contamination in sheep and recent incidence in 

Australia. I developed this chapter primarily under the scholastic guidance of Prof. Leslie 

A. Weston and Assoc. Prof. Jane Quinn, who edited the document. 

Chapter 2 is a published manuscript within the peer-reviewed journal, Animal 

Production Science. This chapter forms the link between chapters 1 to 3, combining a 

summary of the historical seed contamination literature reviewed in chapter 1 and the 

initial study findings of chapter 3. This chapter also presents new findings illustrating 

recent seed contamination patterns across Australia per year between 2008 and 2015. All 
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authors contributed to the organisation, editing and review of the manuscript. In addition, 

Deanna Duffy of the Charles Sturt University Spatial Analysis Network produced the 

detailed map associated with seed contamination incidence by year. 

Chapter 3 is a published manuscript within the peer-reviewed journal, Weed 

Research. The chapter investigates in full, the influence of major factors influencing seed 

contamination rates across Australia in recent years, including region, state, monthly 

average temperature and rainfall, elevation, abattoir and animal sex and age. In addition, 

associations between seed contamination incidence and key weed species distribution 

patterns are described. All the authors contributed to the organisation, editing and review 

of the manuscript. Ms Nielsen of the Charles Sturt University Quantitative Consulting 

Unit analysed all data and Dr. P.  Weston provided significant support in its interpretation 

and presentation. In addition, Deanna Duffy produced the detailed map associated with 

seed contamination incidence by year. 

Chapter 4 is a manuscript which is currently in press with the journal, MDPI 

Agronomy. This chapter compares the efficacy of single versus integrated applications of 

herbicides and mowing against barley grass within an infested lucerne paddock in 

southern NSW. Findings from two additional studies are also presented to further 

elucidate the individual impacts of alternative herbicides and defoliation on barley grass 

populations. All authors contributed to the organisation, editing and review of the 

manuscript, with J. Kelly and Prof. L. A. Weston writing the original draft of this 

manuscript. Prof. LA Weston, Dr. Broster and Dr. Brown provided key advice regarding 

experimental design, Dr. Robinson and Dr. P. Weston provided assistance with data 

analysis and interpretation of results, and Allison Chambers assisted with data collection 

during all experiments. Dr. Brown and Graeme Heath provided assistance with field trial 

arrangements and treatment applications and Dr Xie Gang of the Charles Sturt University 

Quantitative Consulting Unit provided assistance with analysis of greenhouse data. 

Chapters 5 and 6 are paired chapters devoted to the development of a bioeconomic 

model. Chapter 5 describes the barley grass submodel, which simulates the population 

dynamics of a barley grass population within a lucerne pasture across a ten year period, 
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parameterised using data generated in chapter 4. This chapter also presents the simulated 

impacts of individual and integrated herbicide and mowing applications against a barley 

grass infested lucerne pasture over ten years. Prof. Karl Behrendt provided advice on 

model development, analysis and chapter organisation. Simon McDonald at the Spatial 

Analysis Network at Charles Sturt University provided assistance with parameterisation 

of the model. 

 Chapter 6 describes the larger barley grass seed contamination model, a dynamic 

and stochastic bioeconomic model which incorporates interlinking livestock, economic 

and barley grass submodels and climate risk to simulate the impacts of weed control 

strategies on livestock production over time. Similarly to Chapter 5, this chapter presents 

results obtained by simulating individual and integrated herbicide and mowing 

applications against barley grass on lamb production within a grazed lucerne pasture in 

southern NSW. In addition, optimal control strategies are identified for reducing seed 

contamination and maximising profitability within the enterprise over ten years.  Prof. 

Karl Behrendt provided specific advice on the development and structure of this model, 

while all authors contributed to the editing, structure and review of this chapter. Simon 

McDonald at the Spatial Analysis Network provided assistance with statistical analysis 

Chapter 7 provides a general discussion of the entire research project and 

recommendations for future studies, including summaries of all findings and future 

research directions.  

A visual conceptualisation of this thesis is provided in Figure 1. 
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Figure 1. Conceptual diagram showing the flow of chapters within the doctoral thesis of Jane Kelly. Text in italics represent questions addressed/content of each 

chapter. Bold text within grey boxes indicate the chapter number and theme. Dot point text below chapter titles represent main questions arising from each chapter, 

addressed in subsequent chapters. IWM = Integrated Weed Management, vs = versus, BG = Barley Grass. 
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Finally, in Appendix A, published conference proceedings and supplementary 

data associated with Chapter 6 are presented, and a conference abstract and associated 

poster are presented in Appendix B. Appendix C consists of the industry report produced 

for Meat and Livestock Australia under project B.WEE.0146.    

In all published or submitted manuscripts and reports, reference formatting has 

been preserved in line with the requirements for each submission.   
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Chapter 1 

Literature Review 
 

This literature review is a modified version of the industry report produced for 

Meat and Livestock Australia in 2016 under project B.WEE.0146, entitled “Defining 

cause and effects associated with prevalence of key weeds across the region in terms of 

livestock productivity and carcass quality” (Appendix C). Modifications were necessary 

to facilitate the inclusion of all relevant literature associated with the research project. 

This chapter reviews previous research associated with seed contamination in 

sheep, including seed characteristics associated with attachment and injury, physical and 

economic impacts of contamination on farm and during wool and sheep meat processing 

and key weed species historically associated with the issue. The biology and management 

of Hordeum spp. are also reviewed and the value of bioeconomic modelling methods in 

identifying optimal weed management strategies within agricultural systems are also 

discussed.  

Finally, recommendations are provided for further research, aiming to address 

knowledge gaps in relation to factors associated with recent weed seed contamination in 

Australian sheep and the impacts of IWM strategies on causal weed populations and 

livestock productivity from infested pastures. 
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 1. Introduction 

 

Sixty-percent of Australia’s arable land area is composed of  native and improved 

pastures which support many of Australia’s grazing industries (Kemp & Michalk, 1994). 

Australia also sustains a significant mixed-farming component, occupying 0.35-0.4 M 

km2 of land, equivalent to one third of the agricultural zone (Bell & Moore, 2012).  

The Australian sheep flock is widely distributed across native and introduced 

grassland regions of New South Wales (NSW), Victoria (VIC), South Australia (SA), 

Western Australia (WA), Tasmania (TAS) and Queensland (QLD) (Fig. 1). Sheep are 

particularly concentrated within the three regions defined by rainfall, namely the pastoral 

zone, the mixed farming zone (previously entitled the wheat-sheep zone) and the high 

rainfall zone (Fig. 2) (Puckridge & French, 1983, Perrett, 2015). The high rainfall zone 

supports many specialty lamb production systems, whilst mixed farming regions facilitate 

mixed livestock (sheep and beef) and mixed farming operations (sheep and cropping) 

(Harle et al., 2007). 
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Figure 1. Distribution and density of the Australian sheep population (Behrendt & Weeks, 2017) 

 

Figure 2. Location of the wheat-sheep zone (also designated the mixed farming zone, represented by heavy 

striped shaded area), the high rainfall zone (designated by cross hashed shaded area) and the pastoral zone 

in Australia (represented by the light dashed shaded area). The winter rainfall zone is depicted by the area 

underneath the line on the above map of Australia (Puckridge & French, 1983). 
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Of particular concern to the sheep industry is the physical damage to animals 

resulting from seeds of certain grass weeds adhering to fleece; penetrating eyes, genitals, 

skin, carcass and organs and resulting in an assortment of costs to producers and 

processors (Cornish & Beale, 1974, Collins et al., 2013, Smith, 2014). Some weed seeds 

also operate as wool contaminants, leading to processing difficulties, reduced yield and 

wool price discounts (Lunney, 1983). To date, significant knowledge gaps exist 

concerning the incidence, severity, regional distribution and annual variability in seed 

contamination within Australian sheep flocks, particularly over the past decade where 

significant shifts in seasonal weather patterns have occurred. 

 

2. Injurious characteristics of weed seeds  

An interesting feature of the seeds of some grass weeds are the sharp awns and 

barbs which normally aid seed dispersal, yet are frequently injurious to animals. 

Significant seed injuries have been reported in cats and dogs (Johnston & Summers, 1971, 

Vansteenkiste et al., 2014), and less common in alpaca and cattle (Hudson et al., 2006, 

Fischer & Hendrix, 2012). However, most of the available literature associated with seed 

contamination is typically correlated with grazing sheep, due to the ready attachment of 

seed awns and barbs to wool fibres during grazing. Upon reaching plant maturity, the 

spikelets of causal grasses detach from the parent plant and act as dispersal units, 

dislodging and adhering to fleece as inflorescences brush the passing animal (Haavisto, 

2011). Although attachment typically occurs via the long awns connected to each spikelet  

(Cocks et al., 1976), the pedicel of the central spikelet is often the sharpest part of the 

seed. Under the influence of animal movement, entangled seeds are conveyed through the 

fleece, to where they penetrate underlying tissue. Seed desiccation is typically the period 

most associated with high seed lodgement within sheep skin and muscle tissue (Warr, 

1980), impacting welfare and productivity during this time (Dodd, 1919, Mulham & 

Moore, 1970, Hartley & Atkinson, 1972, Hartley & Bimler, 1975, Little et al., 1992). 
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3. Impact of seed contamination of sheep at the farm level  

3.1 The live animal 

Previous research typically reports significant live weight loss and reduced growth 

rates associated with seed contamination in sheep (Mulham & Moore, 1970, Campbell et 

al., 1972, Hartley & Atkinson, 1972, 1973a, Hartley & Bimler, 1975, Hartley, 1976, 

Hamilton, 1978, Little et al., 1992). Body condition loss is also likely to be significant 

due to its influence on reproductive weight and the growth of resulting progeny (Behrendt 

et al., 2011), potentially leading to delayed sale of animals.  

Eye inflammation due to seed lodgement has been noted in various degrees within 

ocular tissue (Opthalmia) (Dodd, 1919, George, 1972), resulting in conjunctivitis, 

keratitis and blindness (Hartley & Atkinson, 1972); while other studies also report seed-

induced abrasion of lips, gums and cheeks (George, 1972, Hartley & Bimler, 1975, 

Hartley, 1976). Inflammation of the skin from seed penetration can also lead to abscess 

and ulceration (Dodd, 1919, Belschner, 1925, Loughnan, 1964, Barry, 1971), and fevers 

associated with seed wound infections and mortalities are often significant (Mulham & 

Moore, 1970, Cornish & Beale, 1974, Hartley & Bimler, 1975). Early studies also 

reported other animal welfare issues, including increased susceptibility of sheep to 

flystrike and the notable physical discomfort and pain associated with seed injury (Dodd, 

1919, Loughnan, 1964, Campbell et al., 1972). Although seed lodgement within internal 

organs is less common, early reports suggest seed penetration of heart and lung tissue 

induce peritonitis and pleurisy (Dodd, 1919, Loughnan, 1964).  

 

3.2 Fleece contamination  

Some seeds also become entangled in wool fibres, reducing processing capability 

and increasing processing costs to ensure removal (Angel et al., 1990, Nolan et al., 2014). 

Seed contamination  in wool is known as “vegetable fault” or “Vegetable Matter Base 

(VMB)”, measured as the percentage of vegetable matter (VM) found in the greasy wool 

sample (Cottle, 2010). The most recent study reporting VM contamination levels in 

Australian wool, showed that vegetable matter content increases with fibre diameter, and 
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reported a maximum mean value of 1.27% during 2007 and 2008 (Nolan et al., 2014). 

VM is categorised into seven classes within the AWEX-ID system: B-Burr (barrel 

medic), E-Seed (sub-clover, carrot seed, scotch thistle), S-Shive (barley grass, wild oats), 

N-Noogoora burr, T-Bathurst burr, M-twig or stick pieces and F-Bogan Flea (Cottle, 

2010). Once VM levels approach 2% in fleece wool, price penalties are reported as 

noteworthy, rising dramatically as these levels are surpassed (Cottle, 2010). More recent 

studies suggest that wool may require carbonising if vegetable matter levels rise above 2-

3% (Nolan et al., 2014). Carbonising incurs greater losses than other processing methods, 

acquire costs of up to 140c/kg (Nolan et al., 2014), and result in approximately 10% 

wastage due to fibre damage (D'arcy, 1990). Heaviest price discounts are applied to the 

producer for contamination by larger, harder seeds such as barley grass (a category 

entitled “seed” and “shive” VM), and greatest price discounts are typically incurred at the 

finer end of the wool market (Cornish & Beale, 1974, Gibbon & Nolan, 2011). Indeed, 

findings by Gibbon and Nolan (2011), showed that a 1% increase in VM corresponded to 

a 3% price reduction in superfine wools and a 2% price reduction in medium wools. A 

summary generated from the available literature is shown in Table 1.
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Table 1: Records of significant and quantifiable physical losses to live animals from seed contamination as summarised in the literature. 

Reference Experiment 

Year 

Sheep Breeds 

and number 

Direct impact 

on animal 

Location Weed Species 

responsible for 

recorded loss 

Quantifiable and significant Impact/Loss 

Dodd (1919) 

 
1917 Mostly Merino Mortality 

Un-named 

locations within 

NSW 

Species not 

recorded 

75% weaner mortality, mortalities up to 50% in lamb flocks and up to 10% 

mortalities in adult sheep. 

Belschner (1925) 1925 

700 affected 

sheep, breed 

unknown 

Mortality NSW Tablelands Not stated 
50% mortality in dipped seed-affected -deaths due to infection of seed wounds and 

tetanus 

Campbell et al. (1972) 

 

1968, 1969 

and 1970 
Merino, 

Reduced live 

weight wool 

growth 

Trangie, NSW 
Barley grass and 

spear grass 

Live weight losses of up to 11.5kg in 2.5 months,  up to 68% loss in wool growth 

rates 

Atkinson and Hartley 

(1972) 
1971, 1972 

Mixed Down-

type, Romney, 

Border Leicester 

(BL) 30-45 lambs 

/ha in 12 0.2ha 

plots 

Skin damage Waikato, NZ Barley grass 

Twice the number of seeds found in “Down-type” skins than Romney skins and over 

four times the number found in Border Leicester (BL) skins. 37% of lamb pelts 

contained seed punctures, resulting in downgrading of carcass, 25 seeds/skin 

corresponded with 7.8 x 105 barley grass heads/ha. 

George (1972) 1967 
Merino, Dorset, 

number unknown 

Damage to 

internal organs 

eyes, crutch/ 

vulva  

NSW Barley grass 

Up to 100% of animals with 1 or 2 eyes affected in animals grazing Fescue as 

opposed to Phalaris pasture. Up to six seeds per eye were found. 
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Hartley and Atkinson 

(1973a) 

1971, 1972, 

1973 

Mixes of 257 

Romney, 36 

Downs, 29 

Merino, 50 BL 

hogget and lamb 

age –groups of 

each type in 

different locations 

Eye damage, 

skin damage 

 

Tokanui, NZ, 

Hawkes Bay, NZ, 

Templeton NZ 

Barley grass, 

Erodium spp. 

Up to 59% Downs-type lambs, 35% of Romney-type lambs, 23% Border Leicester 

and 10% Merino lambs suffered eye damage. Number of pelt punctures from 

Erodium as high as 25. More than 500 punctures in Downs type lambs in highly 

infested paddocks at Hawkes Bay, set stocked for 3 months. Up to 30 punctures in 

merino ram hogget pelts at Tokanui compared to 20 punctures in Downs lambs and 

10 punctures in Romney lambs in Tokanui in 0.2ha  paddocks with variable barley 

grass infestations 

Hartley and Bimler 

(1975) 
1974, 1975 

BL, Southdown, 

Romney – 

numbers unclear 

Live weight 

loss, eye, 

mouth (lip) 

and nose 

damage, 

mortality 

Hawkes Bay, NZ Barley grass 

Mean weight loss of 2.5 kg in 5 weeks (after adjustment for wool weight).Weight 

losses up to 3.83kg for animals with severe eye damage. Recovery weight gain 0.93 

kg for Southdowns, 2.88kg for BL after shearing and seeds had fallen. Only 46% of 

lambs reached market condition (partly attributed to an outbreak of facial eczema). 

14% animals lost during season, most due to deaths from seed injury. 

Seed present in 72% of eyes overall, with 12 seeds found in the worst affected 

animals. 97% of Southdown animals with seeds in eyes. 44% of all damaged eyes 

recovered, including 23% likely to have been blind. Animals with lip damage gained 

0.66kg less and with nose damage gained 0.82 kg less than other animals – 10-20 

seeds per nostril were common. 

Warr and Thompson 

(1976) 

1973, 1974, 

1975 

28 Merino, 28 BL 

x Merino 

Skin damage, 

Wool 

contamination 

and live 

weight loss 

Trangie, NSW 

Barley grass, 

Crowfoot (Erodium 

spp.), Medic burr 

23% of greasy wool weight in unshorn merinos with vegetable matter contamination 

from medic burr. Average 7 seeds per 6cm2 of skin found in crossbred unshorn 

animals, 5.7 seeds in merinos within the same area. Early November: Crossbred 

animals >0.2 kg weight loss per day. Late November: Merinos > 0.2 kg loss per day, 

crossbred animals lost between 0.1 and 0.2 kg per day. 

Hartley (1976) 1971-1974 

BL, Southdown, 

Romney, Merino, 

Down- numbers 

unclear 

Live weight 

loss, eye 

damage 

Hawkes Bay and 

Waikato, NZ 
Barley grass 

Up to 8kg weight loss per lamb in summer. Other results referred to in paper by 

Hartley and Bimler (1975). 

Hamilton (1978) 1978 

NW slopes & 

Tablelands NSW 

Abattoir kill 

numbers given: 

Live weight 

loss, pelt 

damage 

North West 

Slopes NSW 
Aristida spp. Up to 11kg live weight loss in 3 months, and equivalent to 250 seeds per 100cm2 of 

skin area. Percentage of downgraded carcass from North West slopes and Tablelands 
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Guyra (9000), 

Moree (5500), 

Gunnedah 

(10000), 

Aberdeen (9000), 

Mudgee (13000) 

abattoirs in NSW: Guyra 6%, Moree 35%, Gunnedah: 35%, Aberdeen: 45%, 

Mudgee: 55% 

Little et al. (1992) 1990 

37 Merinos per 

paddock, total of 

222 sheep 

Live weight 

loss, carcass 

weight loss, 

Wool VM 

contamination 

South Australia – 

location unknown 
Barley grass 

57.7 % lambs affected by seed in eyes in unsprayed paddocks, gaining 6.2 kg/hd less 

weight and 2.4 kg less carcass weight than animals in sprayed paddocks in 6 weeks.  

Carcass value reduced by 78%. Wool vegetable matter (VM) contamination doubled 

in unsprayed paddocks. 

Holst et al. (1994) 1994 

150 Dorset x (BL 

x Merino) – 50% 

in sprayed and 

unsprayed 

paddocks 

Pelt damage, 

live weight 

loss; carcass 

weight loss 

Cowra, NSW Barley grass 

Up to 80% of unshorn skins possessed seed scars. Up to 43% of unshorn skins not 

exposed to barley grass also had seed scars. Unshorn animals on barley grass pasture 

were up to 6.7 kg lighter in live weight (in late December) and 2.7 kg lighter in 

carcass weight than unshorn lambs in non-barley grass pasture. 

Holst et al. (1996) 1996 

180 Coolalee 

(Synthetic short 

wool breed) x (BL 

x Merino) 

allocated to three 

shearing 

treatments on 

Lucerne or barley 

grass pastures 

Live weight 

loss, carcass 

weight loss, 

pelt damage 

Cowra, NSW 
Barley grass, 

Lucerne 

Lambs on barley grass gained 59g/day less weight compared to lambs on Lucerne. 

Weight loss of 9 +/-7 g/day also recorded for the lambs grazing barley grass. Unshorn 

lambs on barley grass grew 22.2% slower than shorn lambs. Carcass weights of 

lambs grazing barley grass were 3.5 kg less than those grazing Lucerne. 85% of 

unshorn lambs grazing barley grass had > 5 pelt scars, with 56% of these occurring in 

the prime region. Shearing overall reduced percentage of damage pelts to 13%, of 

which 40% were in the crucial prime region. Seeds removed from eyes of 28 lambs 

on barley grass, no seeds from those on Lucerne pasture 

Tozer et al. (2008a) 2006-2007 

100 Merino lambs 

per property x 4 

properties – 50 

sheep per 

treatment 

Carcass 

damage 

Southern 

Canterbury, NZ 
Bromus ssp. 

Average of 41% of carcass from unshorn animals placed on detail rail in abattoir for 

trimming – equivalent to 6.6 seeds per carcass. 33% shorn animals placed on detail 

rail-equivalent to 4.6 seeds per carcass. 
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Mason and Behrendt 

(2009) 
2007 

168 Dohne x 

Merino weaner 

lambs 

Live weight 

loss 

Carcass 

weight loss 

Cumnock, NSW 

Hordeum spp., 

Vulpia  spp. 

Erodium spp. 

Austrostipa spp. 

Carcass weight of unshorn lambs 0.3 kg less than conventionally shorn lambs and 0.8 

kg less than Bioclip™ lambs. Fat cover on unshorn lambs 0.9 kg less than 

conventionally shorn lambs and 1.4 kg less than Bioclip™ lambs. Losses obtained 

over 154 days. 

Collins et al. (2013) 2013 
All – numbers 

unknown 

Live weight 

loss 
Australia All known species 25 seeds in lambs reduced post-weaning live weight gain by 50%. 
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4. Factors pre-disposing sheep to seed contamination on farm 

4.1 Sheep Genotype - fleece type, face cover, eye position 

Various studies have shown that Merino sheep and sheep with downs-type wool 

(e.g. cross bred genotypes), typically are most predisposed to seed contamination; whilst 

Border Leicester animals appear to be least at risk (Atkinson & Hartley, 1972, Hartley & 

Atkinson, 1973b, Shugg & Vivian, 1973, Hartley & Bimler, 1975, Hartley, 1976). Border 

Leicester animals are characterised by a low density fleece consisting of low crimp, high 

lustre and a loose staple, all of which are considered to limit the potential for seed 

attachment (Hartley & Atkinson, 1973b). These findings somewhat contrast with those 

of other studies, which identified greater levels of grass seed penetration resulting from 

the open fleeces of Border Leicester/Merino animals as compared to purebred Merino 

animals (Warr & Thompson, 1976). Findings were attributed to a possible barrier being 

created by burr medic weed seed (Medicago spp.) contamination on the Merino fleece 

surface, preventing deeper seed penetration into dermal tissue. Cross-fibering, fibre 

density and crimp all significantly influence seed attachment potential, while fineness is 

considered least significant (Hartley & Atkinson, 1973b). 

Eye injury from seed penetration appears to be associated with sheep genotype as 

opposed to fleece type, owing to the different facial fleece distribution patterns of 

different genotypes which attract seed around the eyes (Hartley & Atkinson, 1973b). 

Consequently, Dorset animals potentially suffer less from eye injury than Merino animals 

due to retaining less facial fleece cover (George, 1972). Previous studies have also 

identified the significance of eye position, as evidenced by Border Leicester animals 

suffering far less eye injury than Southdown animals due to the greater protrusion of the 

eyes from the head in this breed (Hartley & Bimler, 1975). 

With regard to the non-wool genotypes, these sheep are potentially still at risk of 

seed contamination, although evidence is limited. Anecdotal evidence from sheep meat 

processing plants report variable levels of seed contamination in Dorper carcasses 

(Collins, 2013). This suggests a lower likelihood of seed attachment to hair, as previously
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noted in studies with cattle by less weightier seeds (Römermann et al., 2005). An 

alternative explanation may be, that shedding animals significantly contaminated by seed 

are more than likely the result of a cross with wool-producing animals. Additionally, 

shedding breeds such as the Dorper, have also been popular in rangeland regions of 

Australia (Alemseged & Hacker, 2014), areas which experience limited annual rainfall 

and house some of the grass weeds typically associated with carcass damage (Squires, 

1976, Landsberg et al., 2003, Grice, 2006). 

 

4.2 Sheep age and sex  

Although seed contamination can affect sheep of any age, previous research 

associates the issue with younger animals (Cornish & Beale, 1974, Hartley & Bimler, 

1975, Hartley, 1976), where seed contamination incidence is likely to be ten times more 

frequent than in adults (Hartley, 1976). Early literature suggests this to be associated with 

the lack of a learned response in young sheep, in avoiding long grass where seeds become 

most problematic (Dodd, 1919). Young animals also have a shorter stature, placing them 

in closer proximity to seeds, and possess a softer and thinner skin which allows for easy 

seed attachment and penetration (Dodd, 1919). Furthermore, many studies have 

associated seed contamination with the high degree of skin wrinkle typical of young 

sheep, since greater skin wrinkle ensures a larger contact surface area for seed adherence 

(Dodd, 1919, Mulham & Moore, 1970, Campbell et al., 1972, Shugg & Vivian, 1973, 

Cornish & Beale, 1974, Hartley & Bimler, 1975). Despite their susceptibility, young 

sheep are often slaughtered as lambs before 12 months of age in Australia. For this reason, 

it is conceivable that the highest rates of contamination may be observed in adult animals, 

although no studies have yet confirmed this. 

It is also possible that higher levels of contamination are associated with particular 

sex groups in sheep. Contamination rates may be high in adult females, since most are 

retained on farm for breeding and would be thus be exposed to weed seeds over time. In 

females, this has possible implications for ewe reproductive efficiency, since weight loss 

(due to seed injury) impacts lamb survival and progeny performance (Behrendt et al., 
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2011). However, the high nutritional requirements of ewes for breeding are likely to result 

in ewes being housed on better quality pastures which have been managed for weeds, thus 

being less exposed to causal species. Adult males however, are typically placed in 

separate paddocks to the breeding ewe flock outside the joining period, where less 

emphasis on weed management may incur higher rates of contamination in these animals. 

Studies which investigate the influence of sheep age and sex on seed contamination 

incidence would thus be useful in confirming the risk potential of all sheep groups to seed 

injury, thus informing the development of more comprehensive management strategies 

which limit exposure to weed populations during risky periods.  

 

4.3 Fleece Length 

There is considerable agreement in the literature regarding the decline in seed 

attachment, live weight loss, subsequent carcass contamination and skin damage which 

occurs with decreasing fleece length (Mulham & Moore, 1970, Hartley & Atkinson, 

1973b, Shugg & Vivian, 1973, Cornish & Beale, 1974, Little et al., 1992, Mason et al., 

2008, Mason & Behrendt, 2009). However, contrasting findings of one study revealed no 

significant reduction in carcass contamination as a result of reducing fleece length via 

shearing, despite significant skin contamination  present in the animals (Warr & 

Thompson, 1976). Interestingly, studies by Mason et al. (2008) and Mason and Behrendt 

(2009) demonstrated that high skin prices could still be attained for heavily contaminated 

skins carrying a longer staple, merely due to the greater preference for longer-stapled 

wools in some markets. 

 

5. Economic impacts of seed contamination in sheep 

5.1 During processing  

Carcass damage from seed contamination represent significant costs borne by 

Australian processors, including the extra time and labour required for processing seed-

infested carcasses. A boning trial conducted in South Australia (SA) during 2014 aimed 

to quantify the cost of seed contamination to processing plants. Trial results showed a 
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reduction in slaughter floor chain speed occurred from 9.5 to 8.5 carcass per minute when 

the frequency of seed-contaminated carcass approached 40%. Slaughter costs increased 

by 12% as a result, in contrast to the use of regular pre-trim staff numbers and normal 

processing speeds (Smith, 2014). Additional concerns borne by processors include the 

loss of staff morale and difficulties in filling orders, increased quality assurance 

requirements, increased risk in purchasing sheep from sale yards (Collins, 2013, Smith, 

2014), and rejection of carcasses for export (Loughnan, 1964, Shugg & Vivian, 1973, 

Hamilton, 1978, Collins, 2013, Smith, 2014). Risks also exist regarding the potential for 

the loss of abattoir export licenses and the downgrading of products to lower value 

markets (Collins, 2013, Smith, 2014). Indeed, anecdotal reports by Collins (2013) 

highlighted costs associated with loss of export licence were equivalent to AUD 

$1million, while early reports in north west NSW highlighted the potential for high 

percentages of downgraded carcasses as a result of seed contamination, ranging from 6% 

of the 9000 animals killed weekly in Guyra, NSW, to up to 55% of the 13000 animals 

killed weekly at Mudgee NSW at that time (Hamilton, 1978) (Table 1). 

Seeds also impact skin quality and result in product downgrade during processing, 

since seeds leave puncture marks in the pelt and produce scars which do not adopt dyes 

during manufacture (Loughnan, 1964, Rumball, 1970), incurring price discounts of up to 

50% (Collins et al., 2013). Processing costs for skins are also significant (Shugg & 

Vivian, 1973), as attempts are made to remove seeds at slaughter. However, not all seeds 

are possible to eradicate as skins do not undergo scouring or carbonising (Collins et al., 

2013).   

Costs associated with seed contamination at the processing level have been 

estimated to be up to AUD $3million annually (Collins, 2013), although the lack of 

standardisation in penalty allocation and procedural differences between processing 

plants make accurate determination of costs difficult. Developments have since been 

underway within the sheep meat industry to determine a standardised approach to 

managing seed contamination during processing (Collins, 2013, Smith 2014), facilitating 

greater accuracy in the determination of the financial impacts to processing businesses.  
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5.2 On-farm  

Seed damage invites significant carcass, skin and wool price discounts to 

producers (Cornish & Beale, 1974, Sloane et al., 1989, Collins, 2013). In addition, on-

farm costs are also incurred due to live weight loss and the associated decline in meat 

yield. As noted, significant live weight loss impacts fertility (Killeen, 1967), wool 

production (Kellaway, 1973)  and health (Dodd, 1919, Holmes, 1993). Further, 

significant mortalities are also possible (Dodd, 1919, Campbell et al., 1972, George, 

1972), contributing to large economic loss on farm. Secondary costs, such as changes to 

management (Collins et al., 2013), chemical control  (Sloane et al., 1989) and reduced 

pasture availability as a result of chemical control (Hartley et al., 1974) may also be 

noteworthy. Despite the recent efforts to quantify the impacts of weed seed contamination 

at the  processing level (Collins, 2013, Smith, 2014), there remains a significant 

knowledge gap in understanding the on farm cost of weed seed contamination to sheep 

producers and the optimal weed control strategies which maximise livestock returns over 

time. Understanding these costs would be beneficial in promoting a proactive approach 

to barley grass management on farm, thereby limiting the impacts of seeds to sheep late 

in the season.  

An historical overview of the economic impacts of seed contamination are 

summarised in Table 2. 
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Table 2: Quantifiable economic losses incurred in Australia and New Zealand from seed contamination as summarised in the literature. 

Reference Analysis Year 
Sheep breeds 

and number 
Location 

Weed 

Species 
Quantifiable Economic Loss 

Loughnan (1964) 

1962-63 

 

1964 

Not stated  

 

 

Not stated 

Canterbury NZ 

 

 

Canterbury NZ 

Barley grass 

 

 

Barley grass 

(and possibly 

Erodium spp.) 

Up to 21.9% of skins through Canterbury processing works were seed damaged. 

 

In one line of animals, 27% of contaminated lambs were rejected by processor and 

value of these carcasses dropped 41%.  

Financial loss of $86,000 was incurred for 3 out of 35 fellmongers in NZ in 1962-

63. 

Rumball (1970) 1958 – 1969 Not stated 

Dunedin NZ,  

Hastings, NZ, 

Various locations 

in NZ: South 

Canterbury-Otago, 

Central Otago 

85% Barley 

grass 

10% piripiri 

(Acaena 

ansserinifolia, 

A. novae-

zelandiae and 

A. viridior)  

5% Erodium 

(Storksbill) 

Contaminated lambs wool percentage increased from 11.9% to 44.8 % in six years.  

Processor in Hastings reported wastage in carcass <0.006% 

Seedy pelt line discounts between $1.50 to $5 per dozen pelts.  

11.5% total pelt wastage occurred in NZ in 1968-69, equivalent to a loss of 

$500,000. This coincided with the period of heaviest seed contaomination.  

Greatest wastage in Nelson-Marlborough and pelt wastage of 32.3% occurred in two 

works.  

Contaminated pelt number through abattoirs in Central Otago reached up to 100 %.  

High skin damage trends in eastern South Island of NZ in early 1960s. 

Shugg and Vivian 

(1973) 
1971-1972 Not stated 

NZ – various 

locations, Waitaki,  

 

Barley grass 

Mid 1950s:2% pelts graded as seed damaged 

1960-1972:incience of damaged pelts increasing with highest levels in 1967-68, 

where 50% of total pelt production in North Otago were contaminated. 60-70% of 

carcasses were rejected due to severe seed contamination. 

1971-72: financial loss of $517,000 occurred or 1.25% of total value to NZ from 

pelt damage. Approx. 70% of damage occurred from barley grass (in 1971/72 losses 

from barley grass were $362,000), 30% due to Storksbill. 

In Waitaki during the season of 1971/72,  loss of $26,650 for contaminated wool 

and loss of $37,000 due to pelt damage.  

Discounts of 15% for heavy contaminated wool or $25 loss per bale. 

Total loss to New Zealand from seed-infested wool and pelts assessed at $800,000. 

60-70% carcass rejection reported. 
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Cornish and Beale 

(1974) 
1973-74 Not stated 

NSW slopes and 

plains 

Barley grass, 

Erodium spp., 

Stipa spp., 

Aristida spp., 

Medicago 

spp. and 

Xanthium 

spp. (see 

publication 

for further  

species) 

In 1966-67 to 1969-70: 55% of all wool in Australia contained vegetable fault. 

NSW produced 62.8% of total heavier fault wools, worst affected area in NSW was 

central plains. 

Carbonising cost in 1972 was 0.35-0.40 cents/kg, wastage identified within the 

range of 4-15%. 

Discounts of between 0.11 cents and $1.11/kg clean applied to wools with vegetable 

fault - higher penalties for fleece wools requiring carbonising, medium and heavy 

seed and /or burr as opposed to light burr and/or seed.  

Estimate of $8 million increase in value of the Australian wool clip would have 

existed if a decrease in one fault level occurred (based on minimum 1970-71 price 

penalties). 

50% penalty for lightly seeded pelts occurred in Australia in 1970-71. Heavily 

seeded pelts received 100% penalty and the value of the skin was equaivalent to 

value of wool only.  

Hamilton (1978) 1978 Not stated North West NSW Aristida spp. 
Between 35 - 55% downgraded carcasses from seed contamination recorded within 

export abattoirs in North West NSW. See Table 1. 

Little et al. (1992) 1990 

37 Merinos 

per paddock, 

total of 222 

South Australia – 

location unknown 
Barley grass 

Carcass values reduced by nearly $6/head for carcass of animals grazing unsprayed 

paddocks compared to sprayed paddocks. 

Collins (2013) 2012 

All breeds– 

unknown 

numbers 

Southern Australia 

Silver grass, 

spear grass, 

barley grass, 

Erodium spp. 

10-60% of carcasses required trimming from seed contamination. Cost to processors 

estimated of between $10-20 per carcass.  

Discounts up to $30 per head for heavy contamination. Producer penalties from 

10c/kg Carcass weight (CW) to $1/kg CW.  

One processor estimated a $3million annual cost from seed contamination. 

Collins et al. 

(2013) 
2013 

All breeds-

unknown 

numbers 

Australia All 

Up to 50% penalty possible for new season sucker lamb skins (seed and vegetable 

matter contamination).  

Contaminated carcass can lead to 50% lost retail value, with 4-5 kg trimmed carcass 

weight possible from heavily contaminated carcass.  

Infested leg discounts of $10-15 per carcass possible. Up to $1.50/kg CW discount 

to producers can occur due to extra trim from seed removal. Processor costs up to to 

$30/head are possible. 
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Smith (2014) 2014 

Unknown 

breeds, 34 

carcass 

assessed 

South Australia Unknown 

Increased seed contamination within the abattoir: increased  boning room staff costs 

by 3.3%, equivalent to a 60% increase in labour costs per carcass processed. 54% of 

graded carcasses with medium to heavy seed on forequarter were downgraded to 

frozen (up to $0.30c/kg CW loss) or trimming product (up to $1.80/kg CW loss). 

Other cuts downgraded to lower value product depending on location, value of cut, 

and severity of seed damage.  Most trim occurred in the flap region of carcass, often 

possessing heaviest contamination. For Flap Bone-In, $0.91 - $0.97 was lost from 

the cut with medium to heavy seed contamination. 

 

$0.77- $1.03 in revenue was lost from the square- cut shoulder for medium 

to heavy seed damage. The loss in revenue for rack cap-on ranged from $0.35 to 

$0.99 if seed was evident. 
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6. Problematic weed species contributing to seed contamination in sheep 

Seven grass weed species have been associated with seed contamination in sheep 

within the available literature. The introduced and widely-distributed  annual grass, barley 

grass (Hordeum spp. Link.), is particularly problematic, noted in very early records by 

Dodd (1919). Also implicated at that time were the native grasses, spear grass 

(Austrostipa spp. (Lindley) S.W.L. Jacobs and Everett) and wire grass (Aristida spp. R. 

Br.), in addition to silver grass (Vulpia bromoides (L). Gray) and Andropogon spp. (Dodd, 

1919). During the 1970s, Hordeum spp., Austrostipa spp. and Aristida spp. were still 

considered  harmful (Cornish & Beale, 1974) and are yet problematic today (Collins, 

2013). In addition, three other introduced species have also been associated with carcass 

damage, including storksbill (other common names include crowfoot/wild geranium) 

(Erodium spp. (L.) L'Hér), Chilean needle grass (Nasella neesiana (Trin. & Rupr.)) and 

brome grass (Bromus spp. Roth) (Collins, 2013).  

Historically, Hordeum spp., Vulpia spp., Stipa spp., and Erodium spp. have also 

been associated with heavy wool contamination and fibre damage, typically classified 

into “Seed” or “Shive” categories of vegetable matter contamination (Cottle, 2010). Other 

introduced species originating from the genera Medicago, Xanthium and Trifolium also 

produce seeds which contaminate wool and are classified into the  “Burr” vegetable 

matter category (Cottle, 2010), but these do not penetrate dermal tissue (Cornish & Beale, 

1974).  

In recent years, Hordeum spp., Vulpia spp., Stipa spp., and Erodium spp. continue 

to be identified  by sheep meat processors as the major sheep carcass contaminants in 

Australian abattoirs today (Collins, 2013). Of these four species, evidence during the last 

decade suggests barley grass prevalence in particular is growing in southern Australia 

(Fleet & Gill, 2010). The species is currently listed in the top 20 residual weeds of crops 

in Australia, occupies over 244,000 ha and results in a total annual cropping revenue loss 

of $1.7 million  (Llewellyn et al., 2016). 
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Despite these reports, it has not yet been confirmed as to whether a true association 

exists between the distribution pattern of this species and the incidence of seed 

contamination in Australian flocks.  

 

7. Barley grass (Hordeum spp.)  

Three species of barley grass in Australia have been associated with seed 

contamination in sheep. Collectively, the species are typically referred to as the Hordeum 

murinum complex, consisting of H. murinum L, H. leporinum L and H. glaucum Steud 

(Cocks et al., 1976). 

 

7.1 Origin and distribution 

H. leporinum and H. glaucum are reported to have originated in Central and 

Western Asia (Jakob & Blattner, 2010) and are well established across this region, the 

Mediterranean, Europe and Africa (Cocks et al., 1976). Previous studies report the 

expansion of the species from the Mediterranean to other continents via the export of 

livestock and wool shipments, becoming widespread throughout Europe, Africa, Asia, 

and Australasia (Jacobsen & von Bothmer, 1995) and the United States of  America 

(Davison, 1977).  

The species typically colonises a range of environments. These include non-

cropped areas, such as roadsides, livestock facilities, vacant sites and disturbed ground 

(Davison, 1977), and they are renowned invaders of pastures and cereal crops across 

southern Australia (Cocks et al., 1976, Dellow et al., 2002, Owen et al., 2012b). Studies 

in Western Australia, showed Hordeum spp. (together with Bromus spp.) as colonising 

up to 64% of fields (Borger et al., 2012), which fell to 1-3% during the summer fallow 

period in the WA grain belt between February and April (Michael et al., 2010). Other 

studies have recorded Hordeum spp. populations in less than 1% of fields in northern 

NSW and QLD (Osten et al., 2007) and less than 10% in Tasmania (Broster et al., 2012). 

Of the species comprising the Hordeum murinum complex, H. murinum typically inhabits 

Tasmanian regions, H. glaucum inhabits drier, semi-arid regions (<425 mm annual 
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rainfall) and H. leporinum commonly inhabits regions above 425 mm annual rainfall 

(Cocks et al., 1976). H. leporinum is the most common species referred to in Australian 

literature. 

Changing weather patterns across the globe indicate changes in distribution 

patterns of many weed species are likely, leading to new invasions in previously 

uninhabited regions  (Ramesh et al., 2017). Regions of high elevation are considered to 

be at risk of new weed invasions, as migration occurs in response to increasing 

temperatures (Hughes, 2003).  In Australia, reduced moisture availability in particular 

may lead to the demise of many desirable pasture species in various regions, leaving gaps 

for proliferation by weeds which establish quickly under the low moisture conditions 

(Campbell et al., 1996). Since this is an attribute common to Hordeum spp., it is possible 

that range expansion for this species may occur into the future, causing risks to sheep in 

new regions  As yet, an understanding of the current distribution of Hordeum spp. across 

southern Australian regions remains limited, although studies suggest distribution 

patterns are indeed influenced by elevation (Kemp & Dowling, 1991), rainfall and 

temperature, via their impact on plant functional development (Cocks et al., 1976). Indeed 

since anecdotal evidence also associates rainfall and temperature with seed contamination 

incidence in sheep, studies are required to confirm the nature of these relationships. 

 

7.2 Biology  

The barley grasses (Hordeum spp.) are annual, self-pollinating (Owen et al., 

2012b) grass weeds belonging to the Poaceae family (El Rabey et al., 2014). Weedy 

Hordeum ssp. depend on abundant seed production for survival (Popay & Sanders, 1975) 

and flourish under a wide range of environmental conditions (Popay & Sanders, 1976b). 

Cytological investigations of the Hordeum murinum complex confirmed the segregation 

of the complex into two ploidy groups (El Rabey et al., 2014). H. glaucum was found to 

be diploid, with 2n=2x=14 chromosomes, while the polyploid H. murinum and H. 

leporinum sub species were both found to be tetraploid (with 2n=4x=28 chromosomes). 

H. leporinum was also identified as hexaploid (with 2n=6x=42 chromosomes).   
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7.3 Botanical characteristics 

Despite their genetic and ecological differences, all three subspecies of the 

Hordeum murinum complex appear morphologically similar, yet their differences assist 

in their identification. The species grows to a height of 15 to 60cm (Iqbal et al., 2019). 

Leaves vary in width to between 1.5 to 12.0 mm and grow to a length of up to 200 mm 

(Crampton, 1974). Three single-flowered spikelets are located at the individual nodes 

along the articulate rachis of the inflorescence, the middle spikelet being sterile and the 

lateral spikelet being bisexual at each node (Cocks et al., 1976). Seeds mature late in the 

growing season and separate from the parent plant as triads (Cocks et al., 1976). Although 

spikelet frequency varies, an average of 20 to 30 triads populate each inflorescence 

(Cocks et al., 1976, Halloran & Pennell, 1981). In addition to aiding dispersal via sheep, 

the long awns attached to each spikelet are also considered to play a role in establishment, 

securing seeds to the soil surface (Smith, 1968a). Although lemma awns of the lateral 

spikelets tend to be shorter than those of the central spikelets in H. murinum, the size and 

colour of the anthers are the central features differentiating H. leporinum and H. glaucum; 

presenting as larger and paler in colour in H. leporinum than in H. glaucum (Cocks et al., 

1976).   

 

7.4 Phenology 

Early studies indicate that barley grass seed dormancy is sustained throughout the 

higher temperatures of summer in Australia, germinating rapidly under the cooler 

temperatures of autumn (Smith, 1968a, Rumball, 1971b, Cocks & Donald, 1973b). More 

typically, weedy Hordeum spp. show a lack of long term dormancy (Popay, 1981), 

evidenced by earlier studies reporting up to 97% germination prior to April (McGowan, 

1970). This suggests that effective barley grass control should be feasible within the first 

year (Stephenson & Mitchell, 1993). However, more recent studies have reported 

evidence of variable dormancy patterns developing in a small number of southern 

Australian populations as a result of adaptation to changing farming practices, thereby 

facilitating later germinations within-crop and presenting challenges to control (Fleet & 

Gill, 2012). Some populations exhibited 100% germination by mid-April, while others 
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exhibited a mere 7% germination by August (Fleet & Gill, 2010). Fleet and Gill (2012) 

also showed that dormancy could be broken via 3 to 5 weeks of cold stratification, and 

by the addition of gibberellic acid when the spikelet lemma and palea was removed, a 

result consistent with earlier findings of Popay (1981).  

 Early research demonstrated germinations typically occur rapidly within 2-3 days 

of sowing (Halloran & Pennell, 1981) or in response to a rainfall event with as little as 

13mm, emerging faster than competing species (Cocks & Donald, 1973b). Indeed, some 

studies consider the complex interactions between temperature and moisture (Smith, 

1968a, Rumball, 1971a) and the interactions between day and night temperatures during 

the autumn break to be important in influencing barley grass germination (Smith, 1968a). 

Optimal germinations generally occur between 18 to 24 °C, being absent above 35-36 °C 

(Cocks & Donald, 1973b, Popay, 1981).  

Other studies also noted barley grass germinations occurring during the later 

months, mostly from just below, or at times, above, the soil surface (Smith, 1968a, Cocks 

& Donald, 1973b, Popay & Sanders, 1975). Germination may also occur in the absence 

of light or under osmotic stress (Cocks & Donald, 1973b, Davison, 1977).  

Flowering generally coincides with spring, though ecotypic variation in flowering 

time has been identified between subspecies, ranging between 120 to 169 days from 

sowing (Cocks et al., 1976). Population location has also been found to influence number 

of inflorescences per plant and the number of seeds per inflorescence (Davison, 1977). 

 

8. Barley grass management 

The traditional control methods used against barley grass populations have 

typically encompassed competition, chemical control and mechanical control tactics, 

such as grazing and mowing. The development of variable dormancy patterns, in 

combination with growing herbicide resistance in some populations have presented 

significant challenges facing growers in controlling this species via traditional means 

(Shergill et al., 2015). Integrated weed management (IWM) has been suggested to be the 
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most suitable approach in managing barley grass populations into the future (Owen et al., 

2012b), although limited studies have reported on the efficacy of these programs. 

8.1 Competition 

Competition is a widely accepted method of weed control in Australian crops 

(Bajwa et al., 2017) and pastures (Kemp & King, 2001). Previous studies report the 

significance of competition in influencing survival and seed production of barley grass in 

infested pastures, suggested to be responsible for localisation of populations within waste 

areas (Popay & Sanders, 1982). Barley grass species are highly competitive against other 

species, due to their fast establishment (Smith, 1968a), vigorous growth and prolific seed 

production (Smith, 1968c), rapidly colonising canopy gaps early in the season (Tozer et 

al., 2008b).   

 Most competition studies involving barley grass demonstrate the superior 

competitive ability of the species against annual ryegrass. Barley grass is an effective 

competitor against annual ryegrass in the early stages of growth (Smith, 1968b); 

germinating rapidly over a wide range of temperatures, before the soil surface dries out 

or when moisture is limited (Cocks & Donald, 1973a). Furthermore, environments 

consisting of high osmotic pressure and saline conditions typically favour barley grass 

proliferation over annual ryegrass, since barley grass is able to germinate easily from the 

soil surface where these conditions commonly prevail (Kloot, 1987). Despite some 

studies reporting the dominance of barley grass over other grass species under high 

nutrient conditions (Groves et al., 2003), other studies also attribute the competitive 

advantages of barley grass to prolific seed production (Halloran & Pennell, 1981) and 

high stature (Tozer et al., 2008b). These are characteristics which facilitate extensive use 

of resources at early growth stages, increased light interception (Tozer et al., 2008b) and 

rapid shading of other species (Cocks & Donald, 1973b). Although most studies highlight 

the superior competitive ability of barley grass, a small number of contrasting findings 

have been documented. Reduced barley grass survival and inflorescence production has 

been observed after seedling stage due high density pasture competition (Popay & 

Sanders, 1982), a feature likely maximised by the utilisation of perennial species (Popay 

& Sanders, 1976a). Early findings also report the detrimental impact of frosts on barley 
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grass growth unless nitrogen availability is optimal, a characteristic most noteworthy in 

taller plants due to the decline in herbage nitrogen content during growth (Smith, 1968b). 

8.2 Chemical control 

Herbicides have arguably been the most common control tactic used against 

barley grass in southern Australia and several have been registered for use against this 

species in legume pastures. Among these, the microtubule assembly inhibitors (which 

inhibit cell division) were originally used for grass weed control (propyzamide, 

pronamide and carbetamide) during the 1970s with early experimental findings reporting 

91%, 96% and 100% control respectively (Atkinson, 1970, Hartley & Atkinson, 1972, 

Hartley et al., 1974). 

The  non-selective, broad-spectrum and fast acting bipyridilium herbicides (e.g. 

paraquat and diquat) have also been used effectively against barley grass since the 1960s 

(Squires, 1963) and 1970s (Palmer & Williams, 1970). These are often administered as a 

burn down application, destroying existing foliage prior to planting (Owen et al., 2012a) 

or to reduce seed set in pastures (Powles & Bowran, 2000), where complete success relies 

on adequate coverage and correct dosage rates (Venn, 1984). Although the popularity of 

these herbicides as a spray top application to reduce seed set in maturing plants continues, 

considerable resistance to these herbicides has developed in Australian populations since 

the 1980s (Powles, 1986, Tucker & Powles, 1991, Preston et al., 1992, Purba et al., 1996, 

Owen et al., 2012a). More recently, southern Australian growers have relied on ACCase 

inhibitors (Acetyl coenzyme A carboxylase, inhibitors of cell membrane production) and 

ALS inhibitors (Acetolactate Synthase, inhibitors of branch chain amino acids) for 

efficacious barley grass control in crops (Shergill et al., 2016), mostly due to their ease 

of use, broad spectrum action, low application rates and high efficacy (Owen et al., 

2012a). Despite these advantages, increasing reports of herbicide resistance to ACCase 

inhibitors in cereal crops have led to growers planting ClearfieldTM Crops and using 

imidazolinone herbicides (an ALS inhibitor) for controlling resistant barley grass 

populations (Shergill et al., 2016). However, this tactic has also been threatened due to 

ALS inhibitor resistance also now appearing in southern Australian barley grass 

populations (Owen et al., 2012a). As a result, herbicide options for barley grass have 
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become limited. Consequently, the combination of chemical and non-chemical methods 

within integrated weed management programs (IWM) will be necessary to reduce 

reliance on herbicides (Beckie & Tardif, 2012) and limit the spread of resistant 

populations into the future.  

 

8.3 Mechanical control – defoliation 

Defoliation of individual plants results in significant consequences for plant 

development  and tissue allocation (McNaughton et al., 1983), often exerting a positive 

influence on plant growth due to compensatory mechanisms within individual plants 

(Ferraro & Oesterheld, 2002). The degree of compensatory growth achieved however, is 

typically associated with nutrient levels (Georgiadis et al., 1989), allocation of carbon 

(Briske et al., 1996), light (McNaughton, 1992) and recovery conditions (Oesterheld & 

McNaughton, 1988). In contrast, the negative consequences of defoliation on plant 

growth and development are also well-established and can be exploited for grass weed 

control. These include losses in photosynthetic tissue, carbon and nutrients (Ferraro & 

Oesterheld, 2002), diminished root growth, root biomass (Thornton & Herrero, 2001) and 

reduced seed production (El-Shatnawi et al., 1999), features which depend on the time 

and intensity of defoliation (El-Shatnawi et al., 1999, Anderson & Frank, 2003). 

Defoliation frequency is also considered equally important in regulating plant responses 

to defoliation. High defoliation frequency and short recovery time impacts grass growth 

negatively, reducing carbohydrate reserves and limiting regrowth potential  after repeated 

defoliations (White, 1973). These effects may also be exacerbated  under sub-optimal 

nitrogen availability (Ferraro & Oesterheld, 2002).  

Defoliation has been used as a mechanical form of weed control in barley grass 

management for many years and is typically practiced via grazing or mowing. Both 

methods impact plants similarly but not identically (White, 1973). A major difference 

includes the defoliation height resulting from both methods, where more uniform heights 

result from mown populations compared to those which have been grazed (White, 1973), 

a feature useful for generating uniform herbicide applications. Grazing has been 
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considered more detrimental to plant vigour than mowing when herbage removal occurs 

to the same degree, since herbage from one plant is removed and not another (White, 

1973). However, grazing can also be less detrimental by leaving un-grazed tillers on a 

plant, allowing carbohydrate reserves to transfer from un-grazed to grazed tillers (White, 

1973), sustaining heavy seed production from the un-grazed tillers in annual populations.  

8.3.1 Grazing 

Despite the number of studies investigating the impact of grazing on barley grass 

populations, findings tend to be somewhat inconsistent. Studies by Campbell et al. (1972) 

demonstrated barley grass densities could be reduced as a result of grazing at high 

stocking rates (e.g. 4.9 sheep/ha) in spring,  a result consistent with findings by George 

(1972), Hartley et al. (1978)  and Rumball (1971b) and later studies by Carter (1987). 

More specifically, Hartley et al. (1978) observed that hard grazing in spring prevented 

flowering and could be lightened during the summer to impede seedling establishment. 

Some authors noted that high stocking pressure in spring also puts great pressure on other 

desirable species and puts them at risk of significant damage (McIvor & Smith, 1973b), 

although some conjecture exists on this point (Hartley & Bimler, 1975). Contrastingly, 

Smith (1968c) suggested that although herbage production and plant height can be 

reduced by heavy grazing later in the growing season, this was not the case concerning 

seed head density and seed production, since more fertile growing points and more tillers 

are likely produced.  

Other studies report the effects of low intensity grazing and timing on barley grass 

populations. Findings by Myers and Squires (1970) suggested that low intensity grazing 

increases seed head production due to selective grazing of competing and more desirable 

pasture species (Myers & Squires, 1970), whilst deferring grazing for 20 days after 

significant moisture availability in autumn could be a more reliable indicator for control. 

This may have been due to the deferred grazing coinciding with an optimal growth stage 

for increased grazing preference by sheep and interspecies competition by subterranean 

clover. Although more palatable for stock, grazing earlier in the spring when plants are 

younger, can increase tillering and seed head production in barley grass species (Smith, 

1968c, Bowcher, 2002). Contrasting findings of McIvor & Smith (1973a) however, 
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reported no impact on barley grass seed production when grazing occurred in early spring, 

and produced only a slight reduction when close grazing continued later into the season 

(McIvor & Smith, 1973a). Despite inconsistent results, findings highlight the crucial 

nature of timing when using grazing as a weed control tactic for managing barley grass 

populations. 

8.3.2 Mowing 

Mowing has been used as an effective weed management tool for many years, 

used to enhance crop stand persistence and competition, thereby minimising weed 

growth, seed production and survival (Donald et al., 2006). Recent studies by Llewellyn 

(2016) indicated that 52% of growers use hay freezing for weed control in Australia, 

however no data exists regarding the proportion and attitudes of producers using mowing 

as a stand-alone form of weed control, since land area data associated with pasture and 

lucerne production is not regularly accounted for in Australian agricultural statistics. 

Mowing changes the biotic (i.e. surrounding vegetation, soil microbial population) and 

abiotic environment (i.e. soil surface temperature, light interception) of weeds and 

influences competitive relationships between neighbouring plants (Donald et al., 2006). 

Increasing mowing frequency can also assist in managing later germinating plants and 

controlling weeds which are too large to manage with cultivation or herbicides 

(Muenscher, 1980). Repeated mowing is also valuable for some weeds which emerge in 

separate cohorts over time or when environmental conditions favour regrowth (Donald et 

al., 2006). 

Mowing is typically associated with fodder production across the southern 

Australian mixed farming zone, and there is much evidence suggesting these practices to 

be an effective vector of weed dispersal (Thomas et al., 1984, Erklenz et al., 1990, Conn 

et al., 2010). Evidence also exists regarding the ability of weed seed contained within 

fodder to cause injury to livestock (Hansen, 1924, Puschner, 2005), highlighting the 

crucial nature of controlling weeds in fodder production systems to prevent weed spread 

and additional stock injury. However, questions remain regarding the optimal timing and 

frequency of mowing in relation to various weed populations invading fodder paddocks, 

and whether the timing of defoliations in line with the growth stage of earlier maturing 
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weed populations simultaneously compromise the survival of desirable fodder species, 

restricting the utility of this weed control practice in fodder production systems. 

Although limited studies exist regarding the impacts of mowing on barley grass 

control, reduced plant survival and seed production appear to be consistently reported. 

Akin to grazing, timing defoliations to correct plant growth stage has been fundamental 

to success. Field studies by Smith (1968c) noted significant reductions in seed production 

when barley grass was cut close to the ground later in the season during early October, 

after inflorescences had turned colour. Further reductions in seed production were 

possible when mowing was repeated 10 days later, simulating the cutting of pasture for 

hay. In the second year, the proportion of barley grass had been reduced by 17% due to 

mowing and surpassed all grazing treatments. However, the provision of extra moisture 

was able to nullify this effect, resulting in increased seed production when applied during 

the spring. The results of this study concur with later findings of McIvor and Smith 

(1973a), where mowing in October (i.e. a hay cut) also resulted in the greatest reduction 

in seed production (14%) compared to earlier mowing and grazing treatments. Similarly, 

greenhouse studies by El-Shatnawi et al. (1999) have also highlighted the crucial nature 

of timing in the response of Hordeum spp. to defoliation by clipping. In this study, 

greatest seed yield reductions were achieved when clipping was timed to coincide with 

reproductive growth, a finding consistent with those of many other studies investigating 

the effects of defoliation on plant growth (AL-Rawi et al., 1995, Bowcher, 2002, Hempy-

Mayer & Pyke, 2008). 

 

8.4 IWM for barley grass: Combining herbicides with mowing 

Although defoliation by mowing is not normally considered effective as a sole 

means of weed control (Donald et al., 2006), it is possible that significant reductions in 

seed production may be achieved when used in combination with herbicides within an 

integrated weed management program. Indeed, recent  field studies investigating the 

combination of defoliation by grazing with herbicide applications have proven successful 

in reducing barley grass plant survival (Piltz et al., 2019), while other studies investigating 
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the sequential timing of herbicides and mowing have proven successful in managing 

perennial weed species such as Artemisia vulgaris (Bradley & Hagood, 2002) and 

Solanum viarum (Mislevy et al., 1999). Given the frequent success of mowing over 

grazing in reducing seed yield, it is possible that using mowing in conjunction with 

herbicides in pastures may prove to be effective for reducing barley grass populations and 

increase competition by desirable species, particularly in sites where containment of 

animals for grazing is impractical.  No studies have compared the impacts of combining 

mowing with herbicide on barley grass populations in infested pastures in comparison to 

their efficacy as individual tactics. Furthermore, the ensuing physical and financial 

impacts of these weed control programs on sheep enterprises grazing these pastures 

currently remains unknown. 

 

8.5 Population density and weed management 

Since barley grass populations typically inhabit a wide variety of locations and 

vary broadly in scale, population density becomes a key consideration in the 

determination of optimal IWM control programs. Previous studies investigating cultural 

control methods in corn achieved the greatest control efficacy when control was applied 

to low density weed populations (Zasada et al., 1997), whilst bioeconomic modelling 

investigating IWM programs in rice crops described weed density as important in the 

selection of profitable control strategies (Beltran et al., 2012). Herbicide studies have 

reported poorer herbicide coverage in denser weed populations, since plants located 

centrally are often prone to intercepting significantly less herbicide than those located in 

low density edges due to their higher fitness, leading to a greater number of survivors 

(Dieleman et al., 1999). In these populations, the high spray volumes required to achieve 

effective weed control (Winkle et al., 1981), can result in higher costs which may 

outweigh the economic benefits of higher efficacy. Investigating the relationship between 

weed population density and the impact of various control programs against barley grass 

would thus facilitate the determination of weed density thresholds for optimum control, 

facilitating the ability to match optimal management strategies to particular barley grass 

populations. 
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9. Bioeconomic modelling: determining optimal weed management strategies within 

in agricultural systems 

Making decisions about the selection of optimal IWM control strategies to 

maximise returns from production systems present a number of challenges. Thorough 

assessment of control strategies typically requires broad-scale field experimentation over 

a number of years and locations; where outcomes become difficult to predict over the 

long term (Pannell et al., 2004). Strategies can also include a number of indirect and direct 

costs and include a vast number of control combinations that may or may not be familiar 

to the landholder (Pannell et al., 2004). For these reasons, modelling is likely to be 

particularly valuable for assessing weed control impacts on agricultural production 

systems over time and identifying optimal management programs. 

Bio-economic modelling is a widely recognised framework for supporting the 

investigation of integrated weed management (Kragt, 2012), and can also be used to 

identify future research priorities (Finlayson et al., 2012). Bioeconomic models are 

typically comprised of economic (e.g. price) and biological (e.g. plant/animal growth) 

components (Knowler, 2002), and are useful in predicting the impacts of environmental 

resource changes on agricultural production (Braat & van Lierop, 1987). Agricultural 

bioeconomic models typically represent  farm systems, operate on a paddock or whole 

farm basis, and utilise accounting, regression or linear/dynamic programming techniques 

to simulate annual or seasonal changes in production events (Kragt, 2012). Biophysical 

components typically operate  on the basis of mechanistic growth functions where 

environmental conditions are external, possessing limited ability to represent externalities 

or benefits to multiple ecosystems (Kragt, 2012). Most models operate on the premise of 

maximising net present value of agricultural profits (Kragt, 2012). 

A number of bioeconomic models for weed management exist in the available 

literature and are based on pasture production systems (Auld et al., 1979), crops (King et 

al., 1986, Swinton & King, 1994, Kwon et al., 1995, Beltran et al., 2012) or both (Pannell 

et al., 2004, Cacho et al., 2008, Lacoste & Powles, 2014,  Monjardino & Llewellyn, 2018). 

Other models also investigate management impacts on livestock production across a wide 

variety of contexts (Koots & Gibson, 1998, Magcale-Macandog et al., 1998, Charmley et 
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al., 2008, Finlayson et al., 2012, Mosnier et al., 2017), many of which have been 

comprehensively reviewed by Bryant & Snow (2008). Despite the existence of these 

models in agriculture, there remains to date, no existing models which investigate the 

significant interactions between weed populations, weed control programs and their 

associated impacts on livestock production from grazed pastures. Such a weed model 

would need to have the facility to enable connectivity to a livestock model, via functional 

forms predicting liveweight loss in sheep from weed data. Such a model would be 

beneficial in facilitating an assessment of the financial impacts of weed seeds on sheep 

production on farm. Furthermore, such a model would facilitate a comparative assessment 

of the efficacy and profitability of various barley grass control strategies and identify 

optimal density thresholds which aid control. This information may be particularly useful 

in identifying the most effective control methods for regions housing dense infestations 

which pose greatest risks to sheep.  

 

10. Recommendations for future research 

Seed contamination continues to present significant challenges to the Australian 

sheep industry, causing major production loss and impacts to animal welfare. Combatting 

the issue into the future will first require an understanding of the distribution and severity 

of the problem currently sustained across Australia, the factors influencing its recent 

regional prevalence and identification of the key weed species currently most associated 

with the problem. To date, knowledge gaps exist regarding the regional distribution of 

seed contamination across southern Australian flocks, constraining the ability to focus 

weed control efforts to areas of greatest concern. Further, unstandardised reporting of 

seed contamination existing between abattoirs (Collins, 2013) also raises questions as to 

whether this factor influences the degree of contamination observed within-plant. If so, 

such findings would strongly support the need for standard management of seed 

contamination within abattoirs to facilitate more accurate monitoring of the issue over 

time.  

 Despite reports associating seven plant species with the issue in Australia (Collins 

et al., 2013), the body of literature suggests barley grass to be most frequently associated 
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with livestock injury. The increasing threat of this weed to Australian crops and pastures 

in recent years also suggests this species poses greatest danger to sheep in future, 

highlighting the urgency in developing effective IWM programs (Fleet & Gill, 2010).  

The influence of a changing global climate on weed population distribution patterns 

(Ramesh et al., 2017), suggests temperature, rainfall and elevation may likely influence 

seed contamination incidence across Australia. These effects are yet to be substantiated, 

but their reality may assist in identifying particular weather patterns which contribute to 

high seed contamination risks. Interactions between temperature and rainfall may also be 

influential, since they have previously been noted to impact barley grass germinations 

(Smith, 1968a) and population distribution (Davison, 1977). In addition, elevation also 

influences population distribution (Davison, 1977), likely imposing an effect on weed 

populations due its association with temperature (Kemp & Michalk 1994). Moreover, 

seasonal variability experienced during the last twenty years has also influenced the size 

and structure of the national flock (Rowe, 2010), as evidenced by more adult sheep being 

retained on farm for breeding and large numbers of older animals being sent for slaughter. 

It is possible that animals remaining on farm may have thus come into greater contact 

with problematic grass species throughout this period, since low economic returns from 

livestock due to the demands of drought have resulted in less on farm investment and 

effort dedicated to optimising pasture productivity (Bell et al., 2014), facilitating optimal 

conditions for annual weed competition. 

The influence of sheep age and sex on contamination rates across the Australian 

sheep flock have not yet been determined, yet could present significant implications for 

future flock management. 

Long term control of annual grass weeds relies on minimising seed production 

and entry of seeds into the soil seedbank (Bowcher, 2002), both of which can be achieved 

by utilising chemical and non-chemical approaches. Since herbicide resistance is 

increasing across many grass weed populations (including barley grass) (Shergill et al., 

2015, Shergill et al., 2017), integrated weed management principles are being heralded 

as the way forward in weed management (Norsworthy et al., 2012), combining chemical, 
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physical or biological approaches (Sindel, 2000). Research examining the integration of 

weed control methods currently remains limited for barley grass and their long term 

efficacy and cost comparisons also remain unknown, due to the expense and time required 

to run extended investigations. Current bioeconomic modelling methods may be useful 

for investigating projected population growth of barley grass over time and the long term 

impacts of various control methods (Pannell et al., 2004), and enable the determination 

of optimal control weed control programs which maximise profitability of the sheep 

production system. Incorporating experimental findings into these models will thus be 

necessary in creating accuracy to aid decision-making and in the determination of costs 

associated with weed invasion and control over time. It is clear from the examination of 

the literature that no models yet exist which simulate the physical and economic impacts 

of weeds and their control methods on livestock production grazing weed-infested 

pastures. The value of such models may also lie in their capacity to determine the cost 

associated with a lack of control and thereby encourage a more proactive approach to 

grass weed management amongst sheep producers, who often leave populations 

unmanaged due to their perceived value as early season fodder.  

This research project thus aims to investigate the state and regional incidence of 

seed contamination in slaughtered sheep over a recent eight year period and investigates 

the influence of particular factors on incidence and associations with key weed species, 

focussing on barley grass. Integrated weed management strategies are contrasted with the 

use of isolated tactics in field and greenhouse studies for managing botanical 

composition, barley grass survival and seed production within a legume pasture. Findings 

are subsequently incorporated within a bioeconomic modelling framework to compare 

the impacts of these control practices on barley grass seedbanks over an extended time 

scale and to determine optimal strategies for maximising sheep enterprise profitability. 

This project pioneers the use of bioeconomic modelling methods to simulate the 

biophysical and economic impacts of a weed population on livestock production. This 

research is significant, since it assists in improving profitability and animal welfare within 

the Australian sheep meat value chain and contributes to improved management of a 
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significant weed species threatening the future productivity of southern Australian 

farming systems.  
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11. Research Objectives 

The research presented in this thesis has five major objectives: 

1. To investigate the Australian regional and state prevalence of seed contamination 

in sheep across time, and to identify associations with distribution patterns of key 

weeds.  

2. To investigate the significance of the following factors on the recent incidence of 

seed contamination in sheep across southern Australia: 

a) Average monthly temperature and rainfall 

b) Elevation   

c) Abattoir differences 

d) Sheep sex and age  

3. To compare the efficacy of integrated and individual applications of herbicides 

and defoliation by mowing as strategies for controlling barley grass populations 

in legume pastures, which are typically grazed by sheep in southern Australia. 

4. To determine the long term efficacy of integrated versus individual applications 

of herbicides and mowing as strategies for reducing the barley grass seedbank in 

a legume pasture via the development of a population model. 

5. To determine optimal weed control programs consisting of herbicide and mowing 

applications, for maximising returns from seed contaminated sheep grazing barley 

grass infested legume pastures, via the development of a bioeconomic model.  
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12. Hypotheses: 

The following six hypotheses are proposed: 

1. The incidence of seed contamination in Australia is regionally specific, has 

expanded over time across all southern Australian agro-ecological zones and is 

associated with key invasive grass weed distribution patterns (focussing on barley 

grass). 

2. The incidence of seed contamination in Australia increases with mean monthly 

rainfall and temperature, and declines with elevation. 

3. The incidence of seed contamination varies between abattoirs, and is most 

prevalent in adult male sheep. 

4. Integrated control programs consisting of herbicide application and mowing 

reduce barley grass survival and encourages competition by other species within 

legume pastures.  

5. Integrated weed management (IWM) programs utilising herbicide application and 

mowing in pastures are more effective than individual treatments for reducing 

barley grass seedbanks over time and maximise profitability of lamb production 

systems grazing legume pastures, particularly at low weed densities. 

6. The economic impact of barley grass contamination in pasture can be determined 

by use of an evidence-based bioeconomic model. 
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Chapter 2 
 

Seed Contamination in Sheep: New Investigations into an old problem 

 

Chapter 2 is a manuscript providing the link between the historic literature 

associated with seed contamination in sheep (Chapter 1) and the contamination patterns 

across years which have occurred across Australia in recent years (Chapter 3). In this 

chapter, the causal factors likely to be contributing to the issue are briefly introduced, 

while new data, demonstrating the variability in seed contamination patterns over time, 

is reported. This analysis links the influence of recent climate variability and flock 

management on key weed populations and contamination incidence over time. Finally, a 

number of areas requiring further research are described that will be developed further in 

this thesis. This work was presented as an invited oral presentation at the Animal 

Production Society Livestock forum on the 4th July 2018 at Charles Sturt University, 

Wagga Wagga, NSW. The results of this chapter were published in the 2018 special 

edition of the peer-reviewed journal, Animal Production Science: 

Kelly, JE, Quinn, JC, Loukopoulos, P, Broster, JC, Behrendt, K, Weston, LA (2018) 

Seed contamination in sheep: new investigations into an old problem. Animal Production 

Science 58, 1538-1544. 

 



                                                                                                      Animal Production Science 

            
 

86 

 

 

Abstract Seed contamination significantly affects production capacity and animal 

welfare in Australian sheep flocks and causes considerable financial loss to producers and 

processors across sheep meat value chains. Seven grass-weed species contribute to seed 

contamination in Australia, with barley grass (Hordeum spp.) identified as a key 

perpetrator. Herbicide resistance and variable dormancy emerging in southern Australian 

barley grass populations are thought to enhance its capacity for successful pasture 

invasion, further exacerbating the potential for seed contamination in sheep. The present 

article reviews the current literature regarding the impact and incidence of seed 

contamination on sheep meat production, with particular reference to key grass-weed 

species prevalence across Australia. Data are presented on a recent incidence of carcass 

contamination across years, where incidence varied between 11% and 80% from 2009 to 

2013, contracting to between 2% and 60% during 2014 and 2015. Key areas requiring 

future research are defined. Understanding the biology of key grass weeds, historical 

influences and economic consequences associated with seed contamination in sheep may 

assist in defining future risks to sheep production and improve weed management. 

Furthermore, examining more recent data describing the current status of seed 

contamination across Australia and the associations with causal weed species may  

aid the development of critical weed-management strategies in highly infested regions, 

subsequently limiting the extent of future seed contamination. 

 

Additional keywords: carcass, grasses, meat processing, sheep meat, sheep pelts.
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1. Introduction  

Seed contamination in sheep refers to the penetration of body tissues by the seeds 

of certain grass weeds during grazing, which is an increasing problem within the 

Australian sheep industry. Affected sheep suffer considerable physical injury, including 

penetration of external tissues, carcass and internal organs. Consequently, an array of 

costs and losses are borne by producers and sheepmeat processors (Cornish and Beale 

1974; Collins et al.2013; Smith 2014). Affected sheep exhibit reduced growth rates, 

considerable weight loss and mortality (Dodd 1919; Atkinson and Hartley 1972; Hartley 

and Bimler 1975) and contamination of wool results in price discounts due to extra wool-

processing costs (Lunney 1983; Nolan et al. 2014). 

 Of the seven annual grass-weed species known to contribute to seed 

contamination (Collins et al. 2013), barley grass (Hordeum spp. Link.) and brome grass 

(Bromus spp. Roth.) are frequently associated with carcass damage (Atkinson and Hartley 

1972; Tozer et al. 2008). Furthermore, recent evidence suggests that invasion capability 

has increased in barley grass and brome grass populations, occurring as a result of 

growing herbicide resistance and variable dormancy patterns in many Australian 

populations (Gill and Blacklow 1985; Fleet and Gill 2012; Boutsalis et al. 2014; Owen et 

al. 2015; Shergill et al. 2015b, 2017). These factors present challenges for effective 

management of both species, and lack of control may result in increased incidence of 

carcass damage. The present review examines historical and recent literature regarding 

factors influencing seed contamination and impacts on sheep meat production, so as to 

assist in identifying future research needs and mitigation strategies to reduce invasive 

grass infestation and carcass contamination. 

 

2. Seed contamination in sheep  

Seed contamination of sheep commonly occurs as a consequence of management 

or seasonal influences (George 1972; Collins et al. 2013; Kelly 2016; Kelly et al. 2016). 

When seeds dislodge from the plant inflorescence due to disturbance by grazing, seed
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awns adhere to the fleece and animal movement aids seed transport to the skin, resulting 

in body tissue penetration (Fig. 1). Grass-seed dispersal often corresponds with the 

highest rates of seed contamination (Warr 1980), which causes significant injury (Dodd 

1919; Mulham and Moore 1970; Hartley and Atkinson 1972; Hartley and Bimler 

1975).The issue presents many welfare and production challenges that are not often 

realised until slaughter when carcass damage becomes visible. 

 

Fig. 1. Significant penetration of the skin by barley grass seeds across the 

body of a young Merino sheep located in central western New South Wales 

(photo courtesy of K. Behrendt). 
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3. Problematic weed species contributing to seed contamination  

The introduced and widely distributed weed, barley grass (Hordeum spp. Link.), 

has been historically problematic in contributing to seed contamination (Dodd 1919). 

Also implicated were the native grasses, such as spear grass (Austrostipa spp. (Lindley) 

S.W.L. Jacobs and Everett), wire grass (Aristida spp. R.Br.) and silver grass (Vulpia 

bromoides (L). Gray; Dodd 1919). Despite almost 100 years of research, all of these 

species continue   to cause carcass damage (Collins 2013). While storksbill (Erodium spp. 

(L.) L’Hér), Chilean needle grass (Nasella neesiana (Trin. & Rupr.)) and brome grass 

infestations (Bromus spp. Roth) also result in seed contamination, the following species 

are considered by sheep meat processors as the major carcass contaminants in Australia 

(Collins 2013): Hordeum spp., Vulpia spp., Stipa spp. and Erodium spp. Brome grass and 

barley grass are currently listed within the top 20 residual weeds of southern Australian 

grain-growing regions (Llewellyn et al. 2016). Interestingly, certain populations of these 

grasses are spreading due to herbicide resistance (Owen et al. 2015; Shergill et al. 2015a, 

2016b, 2017) and variable seed-dormancy patterns (Fleet and Gill 2012; Kleemann and 

Gill 2013) as a result of repeated herbicide exposure, changing farming practices (Fleet 

and Gill 2012; Recasens et al. 2016) and potential adaptation to variable climatic 

conditions (Smith 1968; Gill and Blacklow1985). Brome grass and barley grass now 

inhabit over 1.4 million ha and 244000 ha respectively (Llewellyn et al. 2016). Three 

barley grass subspecies are commonly found in Australia. They are collectively referred 

to as the Hordeum murinum complex (Cocks et al. 1976), comprising H. leporinum Link. 

H. glaucum Steud. and H. murinum L. (Cocks et al. 1976). A less common, fourth 

subspecies, H. hystrix Roth. is also noted within Australian National Herbarium 

collections (D. Albrecht, pers. comm.). 

 

3.1 Distribution of problematic weed species  

Hordeum spp. (and Vulpia spp.) are among the five most prevalent pasture weeds 

across the New South Wales perennial pasture zone (Dellow et al. 2002). Together with 

Bromus spp., they are common to southern New South Wales cropping regions (Lemerle 

et al. 1996; Broster et al. 2012b). Bromus rigidus frequently invades cropping fields, 

while B. diandrus, another injurious Bromus species, often occupies roadsides and 
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disturbed areas (Kleemann and Gill 2006). Hordeum glaucum invades drier, semiarid 

regions (<425 mm annual rainfall), H. leporinum commonly occupies regions above 425 

mm annual rainfall and H. murinum most frequently inhabits Tasmania (Cocks et al. 

1976). In Western Australia, both Hordeum spp. and Bromus spp. have colonised up to 

64% of cropping fields (Borger et al. 2012), with 1–3% invading summer fallows 

(Michael et al. 2010). However, in northern New South Wales and Queensland, Hordeum 

spp. are scarce, occurring in less than 1% of arable fields (Osten et al. 2007). Together, 

both species are noted at a frequency of less than 10% in Tasmania (Broster et al. 2012a). 

 

4. Production loss, morbidity and animal-welfare concerns associated with seed 

contamination  

Previous reports have highlighted reduced growth rates and liveweight losses of 

up to 11.5 kg per head within 3 months in contaminated sheep (Mulham and Moore 1970; 

Campbell et al. 1972; Hartley and Atkinson 1972, 1973a; Hartley and Bimler 1975; 

Hartley 1976; Hamilton 1978;). Significant weight loss leads to reduced reproductive 

capacity in adults and restricts progeny growth (Behrendt et al. 2011). Seeds penetrate 

eyes causing inflammation (Dodd 1919; George 1972), blindness (Hartley and Atkinson 

1972), facial injuries (George 1972; Hartley and Bimler 1975; Hartley 1976), skin 

abscesses and ulcerations (Dodd 1919; Belschner 1925; Loughnan 1964; Barry 1971). 

Seeds penetrating internal organs may also cause peritonitis, pleurisy (Dodd 1919; 

Loughnan 1964) and tetanus (Belschner 1925), while lameness occurs from seed 

penetration of the feet. Generalised inflammation and fever commonly occur from seed 

wound infections and mortality rates are often significant (Mulham and Moore 1970; 

Cornish and Beale 1974; Hartley and Bimler 1975). Seed contamination also affects 

animal welfare, where sheep may experience increased flystrike susceptibility and 

significant physical discomfort associated with seed injury (Dodd 1919; Loughnan 1964; 

Campbell et al. 1972).
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5. Animal factors leading to seed contamination  

Numerous physiological factors appear to influence the level of seed 

contamination in sheep. Young animals and sheep with heavily wrinkled skin are pre-

disposed to heavy contamination compared with older sheep or those carrying less skin 

wrinkle (Dodd 1919; Mulham and Moore 1970; Campbell et al. 1972; Shugg and Vivian 

1973; Cornish and Beale 1974; Hartley and Bimler 1975). Studies have also highlighted 

the predisposition of Merino wool to seed attachment compared with Romney and Border 

Leicester wool types (Atkinson and Hartley 1972; Hartley and Atkinson 1973b; Shugg 

and Vivian 1973; Hartley and Bimler 1975; Hartley 1976), although seed attachment was 

not necessarily associated with fibre diameter (Hartley and Atkinson 1973b). Skins with 

longer wool commonly attract higher seed burdens than do skins with shorter wool 

(Mulham and Moore 1970; Hartley and Atkinson 1973b; Shugg and Vivian 1973; Cornish 

and Beale 1974; Mason et al. 2008; Mason and Behrendt 2009). Despite this, skins with 

longer wool generally attract higher prices due to the value placed on these skins in some 

markets (Mason et al. 2008). 

 

6. Economic impacts of seed contamination in sheep  

The economic impacts of seed contamination on farm have not been fully 

evaluated in Australia. Previous literature describes significant carcass, skin and wool 

price discounts incurred by producers as a result of seed contamination (Cornish and 

Beale 1974; Collins 2013). Discounts between AU$0.10 and AU$1/kg carcass weight are 

commonly applied within abattoirs (Collins 2013). In addition, costs associated with live 

weight loss and subsequent impacts on meat yield, fertility and wool production (Killeen 

1967; Kellaway 1973), morbidity (Dodd 1919; Holmes 1993) and mortality (Dodd 1919; 

Campbell et al. 1972; George 1972) are also significant. Secondary costs include those 

associated with altered management to accommodate contaminated animals (Collins et 

al. 2013), herbicide application for weed control and reduced pasture availability for live 

weight gain after herbicide application (Hartley et al. 1974). 



                   Animal Production Science        

 

 

             
92 

 

7. Impact of seed contamination on the sheep meat processing sector  

Seed contamination is a key factor affecting abattoir profitability (Collins 2013), 

where incidence tends to be variable across years and is subject to seasonal influences on 

seed production (Cornish and Beale 1974; Collins 2013). Seed contamination leads to 

carcass rejection by export markets, downgrading of meat products and the potential for 

loss of export licenses (Loughnan 1964; Shugg and Vivian 1973; Cornish and Beale 1974; 

Smith 2014). Sheep meat markets require total seed removal from contaminated 

carcasses, reducing carcass weight by up to 4–5 kg and reducing meat yield as a 

consequence of excessive trimming (Loughnan 1964; Shugg and Vivian 1973). 

Additional trimming reduces throughput from slower chain speeds and increases labour 

costs by 60% (Collins 2013; Collins et al. 2013; Smith 2014). Although one sheep meat 

processor reported an annual cost of AU$3 million to their business due to seed 

contamination (Collins 2013), many processors have estimated the cost to be AU$20–30 

per carcass (Collins 2013). Seed contamination also affects pelt quality (Loughnan 1964; 

Mulham and Moore 1970; Rumball 1970; Atkinson and Hartley 1972) and value 

(Atkinson and Hartley 1972), which reduces market options (Collins et al. 2013). 

 

8. Current trends in carcass seed contamination in Australia  

8.1 Regional prevalence of seed contamination and associations with distribution of key 

grass weeds  

Recent studies performed by the authors have utilised a national database (curated 

by Animal Health Australia) to explore the current factors affecting incidence and 

distribution of seed contamination in sheep carcasses across Australia. Analysis results 

showed a variable incidence across states and regions, with contamination being noted 

most frequently across mainland states in contrast to Tasmania (Kelly 2016; Kelly et al. 

2016). Contamination was associated with barley and brome grass distribution across the 

mixed farming and pastoral zones, which is a logical result given the presence of large 

adjoining sheep and cropping enterprises and the prevalence of both weed species across 

southern cropping regions (Llewellyn et al. 2016). Significant contamination of sheep in 

the high-rainfall zone was also noted, suggesting the distribution of other key grass weeds 
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producing penetrating seeds within this biogeographic zone. Also identified were 

significant effects of sheep sex and age on the incidence of contamination (Kelly 2016; 

Kelly et al. 2016). Higher frequencies of contamination were noted in both sexes over 2 

years of age and entire males sold for slaughter (cast for age rams), in contrast to younger  

sheep of either sex, likely being due to the repeated exposure to seed in older animals as 

a result of the length of time on farm in contaminated paddocks. Incidence of seed 

contamination was also significantly influenced by both climatic factors and altitude, 

likely being reflective of the variable ecological requirements of weeds associated with 

contamination and the seasonal variation in seed production and contamination (Kelly 

2016). 

 

8.2 Impact of year on the regional incidence of seed contamination  

The results of the present study also showed significant differences in contamination 

across years throughout the regions of Queensland, New South Wales, Victoria and South 

Australia between 2009 and 2015 (P < 0.001, Fig. 2).  

Carcass contamination frequency across all states ranged between 11% and 80% 

between 2009 and 2013 and contracted during 2014 and 2015, to between 2% and 60%. 

The array of regions exhibiting contamination also generally increased from 2013 to 

2015, likely being a reflection of season and flock management (George 1972; Collins 

2013). In 2009, the combination of significant rainfall events and warmer conditions 

signifying the end of the millennium drought (Bureau of Meteorology 2009, 2011, 2012) 

is likely to have created conditions favourable for annual weed competition and 

proliferation (Kelly et al. 2016), leading to increased physical contact with sheep grazing 

in these regions. Wetter seasonal conditions also led to increased sheep and lamb numbers 

(Caboche and Thompson 2013) and reduced sheep-slaughter numbers, leading to high 

retention of sheep on farm during 2010 and 2011 (Thomas and Matthews 2016), where 

exposure to ample seed produced by thriving weed populations was likely. This may 

explain the higher contamination frequency in certain regions during 2012, where 

slaughter of animals (likely contaminated with seed from the previous years) had 
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increased due to dry conditions prevailing in the latter half of the year (Bureau of 

Meteorology 2012; Caboche and Thompson 2013; Thomas and Matthews 2016). The 

broader pattern of contamination observed between 2013 and 2014 possibly reflects the 

slaughter of previously contaminated sheep sourced from numerous regions with high 

weed-infestation rates. During 2015, the reduced contamination across numerous states 

and regions may reflect higher lamb slaughter occurring earlier, due to seasonally dry  

conditions (Ashton et al. 2016), thereby reducing lamb exposure to seed. Given previous 

findings noting high frequencies of contamination in older sheep, reduced adult sheep 

slaughter during 2015 may also have contributed to the lower contamination incidence 

during that year as a consequence of adults being retained on farm for flock re-building 

(Berry 2015; Thomas and Matthews 2016). 
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Fig. 2. Distribution and total density of sheep carcasses showing seed contamination during years 2009–2 015. Darker discoloration indicates higher density of contamination. 
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9. Implications and future research directions  

Climate variability, conservation tillage and reliance on herbicides for weed 

management are factors likely to favour the spread of annual grass weeds across southern 

Australia, thus enabling selection for highly competitive biotypes. The increasing 

prevalence of seed dormancy and herbicide resistance occurring concurrently within 

grass-weed populations will present additional challenges due to the lack of efficacious 

herbicide options (Shergill et al. 2015a). As sheep numbers increase across cereal 

cropping and pasture zones of Australia, these regions face increased rates of future 

carcass damage, potentially presenting risks for maintaining market access for quality 

sheep meat products. With the Australian sheep industry experiencing a re-building 

phase, older animals may be retained for longer periods. Creating safe paddocks for 

housing older animals will be important, as these animals potentially contribute to the 

spread of weed populations and high levels of carcass damage observed in Australian 

abattoirs. The procedural differences in data reporting among abattoirs highlights the 

importance of standardising data collection protocols during processing for more 

comprehensive monitoring of carcass damage. Reducing the problem of seed 

contamination over the longer term will be achieved by effective and proactive control of 

causative weeds on farm and encouraging the establishment and productivity of 

competitive pasture species. It is increasingly important to ensure that research and 

outreach efforts address early season weed management before seed set, with particular 

emphasis in heavily infested regions. Given the increasing spread of barley grass across 

southern Australia and its dominant role in sheep carcass damage, cost effective cultural 

and chemical management strategies should target Hordeum spp.. Currently, species 

distribution across Australia is unknown and complicated by misidentification (Cocks et 

al. 1976). Therefore, accurate subspecies identification across all biogeographic regions 

would be valuable to develop species-specific control strategies for Hordeum spp.. Given 

the frequency of barley grass infestations within legume pastures used for sheep meat 

production, future research regarding the development of integrated control strategies and 

the identification of chemically diverse herbicides for barley grass control is needed 

within typical legume pastures. This is exacerbated by the increased prevalence of 

herbicide resistance in many populations (Owen et al. 2012; Shergill 2016; Shergill et al. 
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2016a, 2017). To determine economically viable control strategies for weed management 

and reduce seed contamination rates, there is a need to develop an improved 

understanding of the changing nature of barley grass phenology in response to variable 

population dynamics. Studies relating barley grass density to morphology, phenology and 

fecundity will be critical, in addition to the use of dynamic bioeconomic modelling to 

examine control efficiency and mitigation of seed contamination over the longer term. 
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Chapter 3 

 Causative factors influencing epizoochorous dispersal of weed seeds 

by sheep and associated carcass contamination in southern Australia  

 

This chapter presents findings from investigation of the key factors and weed 

species likely to be highly associated with recent seed contamination prevalence across 

Australia, in an effort to determine prevalence, reasons contributing to incidence and 

identify regions which may require targeted weed control for subsequent mitigation of 

the issue. This chapter also highlights the role of sheep as major dispersal agents of weed 

seed into new regions, and highlights the reporting of seed injury in livestock as a 

potential tool aiding weed surveillance efforts across Australia. The findings from these 

analyses were published in the peer-reviewed journal, Weed Research: 

Kelly, JE, Quinn, JC, Nielsen, S, Broster, JC, Weston, P, Weston, LA (2020) Causative 

factors influencing epizoochorous dispersal of weed seeds by sheep and associated 

carcass contamination in southern Australia. Weed Research 2020, 00, 1 -11 
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Summary 

 

Hordeum spp. (barley grass) and Bromus spp. (brome grass) are annual weed species 

which achieve long-distance seed dispersal via attachment to sheep, but also lead to sheep 

carcass damage due to the penetration of seeds into animal tissues. Range expansion of 

invasive weed populations predicted as a consequence of climate change may be 

associated with an increase in seed contamination incidence globally. An examination of 

Australian abattoir data (2006-2012), along with recent weed distribution patterns, 

suggest carcass contamination was associated with rainfall and abundance of key annual 

grass weeds, primarily Bromus spp. and Hordeum spp., although other factors may play 

a contributing role. Significant differences in seed contamination in slaughtered sheep 

were noted between states and regions, with widespread contamination occurring 

throughout all agro-ecological zones. Abattoir, sheep age and sex significantly influenced 

incidence, with contamination highest in adult males. Incidence increased with mean 

monthly rainfall, but declined with mean elevation, and significant interactions were 

https://onlinelibrary.wiley.com/journal/13653180
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noted between mean monthly temperature and state, and between mean elevation and 

year. Results suggest the need for vigilant recording of seed injuries in sheep in order to 

enhance weed surveillance efforts and the effective integrated weed management of 

contributing annual grass weeds.  

 Keywords: damage, livestock, Hordeum, Bromus, annual grass weeds. 

 

1.  Introduction 

The global impacts of a changing climate on natural ecosystems are well 

documented, with forecasts predicting the long distance migration of C3 and C4 weeds 

into new geographic regions (Ramesh et al., 2017). Many C3 weeds are annual grasses 

which accomplish long distance seed dispersal via the adherence of seed appendages 

(awns, hooks or barbs) to animal coats,  a mechanism termed “epizoochory” (Couvreur 

et al., 2004). Sheep fleeces exhibit optimal seed attachment potential for grass seeds, 

because of the dense, rough, upright and undulating fibres that comprise the fleece 

(Couvreur et al., 2004). Sheep thereby act as significant dispersal agents for annual grass 

populations, transferring viable seeds across distances of up to 400 km (Manzano & Malo, 

2006).  

Epizoochorous transfer of grass seeds is often problematic for the carrier animal. 

Upon attachment to the coat via the seed awns, seeds can move through the coat to the 

skin under the influence of animal movement, later penetrating underlying tissues via the 

sharp seed rachis. Despite reports of seed injury existing in European alpaca and cattle 

(Hudson et al., 2006; Fischer & Hendrix, 2012) and dogs in South America and Europe 

(Del Angel-Caraza et al., 2011; Tetas Pont et al., 2016), the impacts of seed penetration 

have been most extensively documented in New Zealand and Australian sheep, and 

include tissue wounds, weight loss, reduced growth rates and carcass damage (Hartley, 

1976, Kelly, et al., 2018). Sheep carcass damage from weed seeds is of critical importance 

in Australia due to Australia’s current position as the leading exporter of sheep meat 

around the world (Behrendt & Weekes, 2019).  
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Of the seven annual grass species associated with carcass damage, Hordeum spp. 

(barley grass) and Bromus spp. (brome grass) have obtained greatest notoriety, due to 

their sharp seed rachis and long, fibrous awns (Kelly et.al., 2018). Furthermore, herbicide 

resistance (Owen et al., 2015; Shergill et al.,2015), variable dormancy patterns (Fleet & 

Gill, 2012; Kleemann & Gill, 2013) and adaptation to farming practices in both species 

(Fleet & Gill, 2012; Recasens et al., 2016) have resulted in the spread of Hordeum spp. 

and Bromus spp. populations across southern Australia (Kelly et al., 2018). Although 

native to Central and Western Asia, Hordeum spp. (including H. leporinum Link. and H. 

glaucum Steud.) are widespread throughout the Mediterranean, Europe, Africa, New 

Zealand, South America, and the United States of America (USA) (Cocks et al., 1976). 

Two injurious brome species, B. rigidus Roth. and B. diandrus Roth, are also native to 

Europe and Mediterranean regions, and are distributed globally (Kon & Blacklow, 1998). 

In Australia, species of both genera frequently invade cropping land (Llewellyn et al., 

2016) and pastures (Cocks et al., 1976; Gill & Blacklow, 1985) across Australia’s 

agricultural zone, a region located south of latitude 29° S in the east (encompassing South 

Australia (SA), New South Wales (NSW), Victoria (VIC), Tasmania (TAS) and the 

Australian Capital Territory (ACT)), and south of 27°30' S in Western Australia (WA) 

(Puckridge & French, 1983). Australia’s agricultural region is separated further into three 

agro-ecological zones on the basis of annual rainfall (the high rainfall zone (450-900 

mm), mixed farming zone (250 – 500mm) and pastoral zone (<250mm)) (Puckridge & 

French, 1983). Rainfall and temperature strongly influence Hordeum and Bromus 

subspecies distribution across all zones via their impact on phenological development 

(Cocks et al., 1976; Gill & Blacklow, 1985; Kemp & Dowling, 1991) and are reported as 

less ubiquitous at high elevations (Kemp & Dowling, 1991). Weather patterns also 

typically influence annual vegetation by inducing growth under heavy precipitation and 

warm temperature conditions (Pitt & Heady, 1978) and are suggested to be associated 

with seed contamination incidence (Kelly et al., 2018), although these relationships 

currently remain unexplored.  

Changes in global weather patterns suggest the likely future spread and 

proliferation of causal annual grass populations into new regions, latitudes and altitudes 
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(Ramesh et al., 2017), thereby exposing livestock in these regions to potential seed injury. 

At present, knowledge gaps exist regarding regional seed contamination prevalence and 

possible association with distribution patterns of causal weeds. Furthermore, it is 

unknown whether epizoochorous dispersal of annual grass populations into new regions 

is influenced by animal parameters, such as age and sex. Young male sheep might be 

expected to exhibit higher carcass contamination incidence and thereby disperse greater 

quantities of seed than adults, due to their penetrable skins (Hartley, 1976) and their 

frequent slaughter for meat production, since most are not retained for breeding.  

In order to address these knowledge gaps, we investigated relationships between 

sheep carcass contamination and causal weed prevalence in Australia, where 

contamination of sheep carcasses by weed seeds is a serious economic concern, reducing 

annual abattoir revenue by approximately $3M (Collins, 2013).   

An analysis of Australian abattoir and weed data plus weather records was thus 

undertaken using linear mixed models and spatial characterisation to address the 

following hypotheses, specifically that a) the incidence of seed contamination is variable 

between southern Australian states and is regionally specific throughout all agro-

ecological zones  b) distribution patterns of Hordeum spp. and Bromus spp. correspond 

with patterns of regional seed contamination  incidence, c) seed contamination is 

impacted by sheep age and sex, and d) seed contamination levels increase with mean 

monthly temperature and mean monthly rainfall, but decline at higher mean elevations. 

 

2. Materials and Methods 

2.1 Abattoir data  

All available abattoir datasets detailing the numbers of sheep carcasses with grass 

seed lesions per mob inspected across all Australian agro-ecological zones from 2006 to 

2015 were provided by Animal Health Australia (AHA). Datasets were obtained in 

association with animal health surveillance occurring within participating abattoirs. 

“Mob” was determined to be the observational unit used in the study, and was defined as 

the group of sheep slaughtered together from any one property on any given day.  
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In accordance with surveillance and individual abattoir protocols, carcasses in 

each mob were inspected for the presence of seed by qualified meat inspectors and 

company-based personnel during processing. Carcasses within each mob regarded as 

possessing significant seed contamination were detained for additional processing to 

remove all seeds and were recorded in the dataset by abattoir staff, as were the total 

number of carcasses inspected per mob. The percentage of carcass contamination per mob 

(PIN) was thus determined by dividing the number of contaminated carcasses by the 

number of carcasses inspected and multiplying this value by 100. The local government 

area (LGA) of the property from which inspected mobs were directly consigned before 

slaughter was recorded, in addition to species, date, sale details, age and sex details of 

sheep in the mob. Since no property information was recorded for mobs, all mobs within 

each region were grouped and separated by age and sex categories for analysis. In order 

to account for all sources of variability within the data, data records were matched to 

abattoir and a de-identifier code was used for each abattoir to maintain abattoir 

anonymity. Records for which the LGA was not recorded were excluded from analysis. 

Many records throughout the dataset were ambiguous, containing missing values or zeros. 

It was confirmed by Animal Health Australia, that it had not been possible to verify 

whether these records constituted zero animals inspected, missing data or true zero 

contamination due to differences in data collection processes between abattoirs prior to 

and including 2015 (R. Barwell, pers. comm, 18th Oct 2019). Therefore, to maintain 

complete data integrity, all records with obvious data collection errors, missing values 

and zeros were removed from the analysis so as to assess authentic seed contamination 

levels in mobs of sheep identified as being infested with seeds. Data analyses thus 

proceeded on this premise. Furthermore, due to significant gaps in the datasets existing 

before 2008, only data obtained between 2008 and 2015 were used for this analysis and 

largely reflect growth conditions encountered in Australia following the end of the 

millennium drought period impacting southern Australia from late 1996 to 2009. 
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2.2 Averaged weather records  

Mean elevation, monthly rainfall and monthly maximum and minimum 

temperature data for each month of each year during the period of 2008 to 2015 were 

obtained from the Bureau of Meteorology in ASCII format for each state and region 

within the abattoir data set. ASCII values were converted to rasters for use within ArcGIS 

(version 10.3.1) for Desktop software (ESRI, 2015). Zonal statistics were calculated for 

each of the 12 months in each year between 2008 and 2015 (mean monthly rainfall, 

minimum and maximum temperature) and mean elevation per region. Mean monthly 

temperature was calculated as the mean of the maximum and minimum temperatures for 

each month between the years of 2008 and 2015. Centroids for each region were 

computed and the average weather and elevation values were calculated for each centroid. 

Monthly weather data for each of the 12 months in each year was matched to the 

corresponding month in which abattoir data was recorded for analysis. 

  Abattoir datasets corresponding to NSW, VIC, SA and TAS regions were 

combined with the available survey data regarding Hordeum spp. and Bromus spp. 

population density and distribution across these states from 2007 to 2015 (Fig. 2) in 

ArcGIS Desktop software (version 10.3.1)  for spatial characterisation (ESRI, 2015). 

Natural breaks (Jenks) classification was used (Jenks, 1977) to create classes of 

contamination levels within each map.  Methods as described by Llewellyn et al. (2009) 

were used in the compilation of weed survey data. 

 

2.3 Analysis 

To explore the relationship between the percentages of carcass contamination 

(PIN) and the predictor variables state, region, sex, age, mean monthly rainfall, state, 

region, mean elevation and mean monthly temperature, separate linear mixed models 

were generated using the ASReml-R package in R (Butler et al., 2007; R Core Team, 

2016). The predictor variable was fitted as a fixed factor and abattoir was fitted as a 

random variable in models 1 to 7 (Table 1). 
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Table 1. Linear mixed models used in the statistical analysis of abattoir and averaged weather data (state, 

region, sex, age, abattoir, mean monthly rainfall, mean monthly temperature and mean elevation). Terms 

fitted in the models as random are italicised; all other terms are fitted as fixed terms. Colons indicate the 

interaction between terms. LGA (Local Government Area) signifies region. 

Model Description 

1 Percentage Infestation = mean + State + Abattoir 

2 Percentage Infestation =  mean + LGA + Abattoir 

3 Percentage Infestation =  mean + Sex + Abattoir 

4 Percentage Infestation =  mean + Age + Abattoir 

5 Percentage infestation = mean + mean Rainfall + State + State × LGA + mean Rainfall 

× State + Abattoir 

6 Percentage infestation = mean + Elevation + State + State × LGA + Abattoir 

7 Percentage infestation =  mean + mean Temperature + State + State × LGA + mean 

Temperature × State + Abattoir  

8 

         

PIN = mean + State + State ×LGA + mean Temperature + mean Rainfall + Elevation + 

Year + Abattoir + spline (Year) + factor (Year) + spline (Year)×mean rainfall + 

spline (Year)×elevation + spline (Year)×mean temp 

 

 Information from these analyses was then combined into a single model in an 

attempt to fully explore the important factors contributing to the percentage of seed 

contamination. A linear mixed model using restricted maximum likelihood was used to 

analyse the data using the ASReml-R package (Butler et al., 2007; R Core Team, 2016). 

Predictor variables fitted in the model as fixed factors included state, region, mean 

monthly temperature, mean monthly rainfall and mean elevation (Table 1). The 

curvilinear relationship between Year and the response was modelled using a cubic 

smoothing spline, with a linear (fixed) Year term, a random spline Year term and a lack-

of-fit random Year term. Random terms fitted in the model also included abattoir and 

interactions of the Year terms with mean monthly rainfall, mean elevation and mean 

monthly temperature, respectively, as shown by model 8 (Table 1). State was also 
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included within models 5 through to 8 due to the likely variability in data collection 

processes occurring between states. 

 The validity of conclusions from statistical analysis was dependent on the validity 

of the assumptions associated with the analysis; in this case the linear mixed model 

assumptions were that: 1) the residuals are normally distributed, 2) they have a constant 

variance and 3) they are independent. It was assumed that the factor level variances are 

equal for the predictor variables. It was necessary to log transform all response data and 

use a weighted least squares analysis to correct for heterogeneity of variance. A 

significance level of 5% was used for testing all hypotheses.  

 

3. Results 

The average seed contamination rate in all mobs which were infested with weed 

seeds across southern Australian states and territories, was found to be 23.3% (n = 9365 

contaminated mobs in total). Significant differences in the incidence of weed seed carcass 

contamination were noted between states (P<0.001), and also between regions within 

states for NSW, VIC, SA and Western Australia (WA) only (Table 2). Greatest regional 

contamination was observed in WA (68.5%), while southern SA, central western NSW 

and central QLD also displayed high prevalence of regional contamination (27.5% to 

40%) (Fig. 1). Cropping regions within the south-eastern states of NSW, VIC, SA and 

TAS demonstrated high prevalence of Hordeum spp. and Bromus spp. infestation 

(ranging from 7.2% to 37.3 % and 3% to 56 %, respectively) (J Broster & P Boutsalis, 

unpubl. obs) and abundance of Hordeum spp and Bromus spp. were observed to be 

loosely associated with carcass contamination (Fig. 2). Significant differences due to age 

and sex were noted (Figs. 3 and 4). 
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Table 2.   Analysis of variance of seed contamination in sheep carcasses showing significant effects of 

fixed terms including state, region, sex, age, mean monthly rainfall, mean elevation, and mean monthly 

temperature × state. 

Factor Degrees of freedom F ratio P value Model A 

State 5 51.6 P < 0.001 1 

SourceB    2 

NSW 38 2.59 P < 0.001  

VIC 41 7.74 P < 0.001  

SA 50 8.84 P < 0.001  

WA 25 2.48 P < 0.05  

Sex 4 30.4 P < 0.001 3 

Age 3 7.74 P < 0.001 4 

Mean monthly rainfall 1 5.66 P < 0.001 5 

Mean elevation 1 43.7 P < 0.001 6 

Mean monthly 

temperature × state 

1 3.18 P < 0.001 7 

A Model indicates the linear model used in the determination of results (refer to Tables 1-3). 

B Source signifies the region of the property from which sheep were consigned from before slaughter 

(Local Government Area). NSW = New South Wales, VIC = Victoria, SA = South Australia, WA = 

Western Australia. 
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Figure 1. Distribution and percentage of infested sheep carcasses within seed-contaminated mobs across 

Australia between 2008 and 2014. Image and spatial characterisation of the data were provided by the 

Spatial Data Analysis Network of Charles Sturt University (SPAN; 

https://www.csu.edu.au/research/span/home). 

 

 

https://www.csu.edu.au/research/span/home
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Figure 2. Regional distribution and percentage of infested sheep carcasses within seed-contaminated mobs 

in NSW, VIC, TAS and SA, combined with the distribution of barley grass and brome grass populations 

across south-eastern Australia between 2007 and 2015. (J Broster & P Boutsalis unpubl. obs; GRDC Project 

UCS00020 and MLA Project WEE.0146). Image and spatial characterisation of abattoir data were provided 

by the Spatial Data Analysis Network of Charles Sturt University (SPAN; 

https://www.csu.edu.au/research/span/home). 

 

 

 

 

https://www.csu.edu.au/research/span/home
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Figure 3. Predicted mean percentage of sheep carcasses contaminated with weed seed in each age group. 

Values with the same letter are not significantly different (P < 0.05).  Differences between means were 

calculated based on weighted values and not those shown in the figure. 95% confidence intervals shown. 

 

Figure 4. Predicted mean percentage of sheep carcasses contaminated with weed seed in each sex group. 

Values with the same letter are not significantly different (P < 0.05). Differences between means were 

calculated based on weighted values and not those shown in the figure. 95% confidence intervals shown. 
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Incidence of weed seed contamination of carcasses was impacted by mean 

monthly rainfall, mean elevation, the interaction of mean monthly temperature with state 

and by abattoir (Table 2 and 3).  

Table 3. Log-likelihood ratio test with P values showing significant effects due to random terms. 

Term Deviance P value ModelA 

Abattoir 2337.23 P < 0.001 4 

spline(year) × elevation 18.86 P < 0.001 4 

A Model indicates the linear model used in the determination of results. 

 

3.1 State 

Predicted mean seed contamination levels were two-fold higher in SA (18.1% 

±1.154) than those in TAS (9.2% ±1.2) (Fig. 5). No significant differences were observed 

in the frequency of contamination between any other pairs of states. 

 

Figure 5. Predicted mean percentage of sheep carcasses contaminated with weed seeds in each state across 

Australia (P< 0.001). Bars with the same letter are not significantly different (P<0.001). Differences 

between means were calculated based on transformed values and not those shown in the figure. 95% 

confidence intervals shown. 
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3.2 Region 

  Predicted seed contamination by region showed the majority of contamination 

was widely dispersed across the mixed farming and/or pastoral zones of Australia, and 

also extended into the high rainfall zone.  Peak seed contamination levels occurred in 

specific and discrete regions of WA (65.5% in Kalgoorlie/Boulder, 54.5% in Westonia 

and 50% in Irwin), while highest contamination in individual regions of southern SA (26 

– 40% in regions near Mount Gambier, Bordertown and Murray Bridge), central western 

NSW (Coonabarabran) and central QLD (Barcaldine and Maranoa regions) ranged 

between 26 and 40% (Fig. 1). 

 

3.3 Significant effects and interactions due to mean monthly temperature, mean monthly 

rainfall and mean elevation on the incidence of seed contamination across Australia 

Significant seed contamination of carcasses was noted in NSW, VIC and TAS at 

mean monthly temperatures between 2.5 °C and 30 °C and between 8 and 35 °C in QLD, 

SA and WA (Fig. 6).  Trends in carcass contamination in NSW, VIC and QLD remained 

fairly static and at similar levels, regardless of mean monthly temperature. In contrast to 

VIC, contamination in NSW occurred across a broader range of mean monthly 

temperatures up to 30° C and was observed above 30° C in QLD. Carcass contamination 

increased with mean monthly temperature in TAS and SA, in sharp contrast to the 

declining trend with temperature observed in WA. Seed contamination levels in TAS 

occurred at lower mean monthly temperatures than in SA and WA, and was not recorded 

at temperatures above 18° C in TAS.   
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Figure 6. Predicted incidence of carcass contamination versus mean monthly temperature by state. Grey 

shaded regions denote 95% confidence intervals. 

 

Seed contamination incidence increased linearly by 0.11% with each millimetre 

of mean monthly rainfall, (Fig. 7A), while a 2.5% decline was observed as mean elevation 

increased from near sea level to 1050m (Fig. 7B). Mean elevation also modified incidence 

of seed contamination versus  year, indicating high variability in the incidence of seed 

contamination across time and the significance of mean elevation in determining the level 

of seed contamination experienced within any given year (Table 3, Fig. 8).  Peak 

incidence of predicted contamination across all years and mean elevations was 35% 

during 2009 and 26.6% during 2011 and occurred at a mean elevation of 20m, but 

declined by 58% and 28.5% in both years, respectively, at a mean elevation of 1020 m.  



                                                                                                                      Weed Research 

 

 

             
122 

 

 

Figure 7A. Predicted incidence of carcass contamination versus mean monthly rainfall. B. Predicted 

incidence of carcass contamination versus mean elevation. Grey shaded regions denote 95% confidence 

intervals. 
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Figure 8. Predicted incidence of carcass contamination versus year and for six mean elevations. Grey 

shaded regions denote 95% confidence intervals and numbers above graphs denote mean elevation in m. 

 

3.4 Significant effects due to age and sex 

 In marked contrast to our expectation, sheep older than two years and sheep of 

‘unknown’ age displayed the highest levels of carcass contamination. Contamination was 

lowest in sheep carcasses under two years of age and in groups of mixed age (Fig. 3).  

Entire males displayed at least 33% higher contamination than all other sex groups, while 

contamination was at least 10% lower in castrated males than all other sex groups (Fig. 

4).  
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4. Discussion 

Although the abattoir datasets analysed in this study were not entirely 

representative of the true level of weed seed contamination in Australian sheep during 

2008 to 2015, results yet highlight the continued significance of weed seed carcass 

contamination across southern Australia. In NSW, VIC, SA and TAS, the distribution 

patterns of carcass contamination loosely corresponded with those of Hordeum spp. and 

Bromus spp. populations in line with our hypothesis, highlighting the continued 

significance of these prominent weeds as major carcass contaminants. The widespread 

carcass contamination occurring throughout Australia’s pastoral and mixed farming 

zones was thus unsurprising, given that Hordeum spp. and Bromus spp. have recently 

been noted as key emerging weeds across these regions (Llewellyn et al., 2016) and 

would thus be likely to come into frequent contact with grazing sheep inhabiting these 

zones. The incidence of seed contamination across the high rainfall zone possibly reflects 

significant weed seed dispersal occurring from neighbouring regions via epizoochorous 

dispersal by sheep during animal transport. Unfortunately, the abattoir datasets we 

evaluated did not provide specific or detailed evidence for identification of weed species 

present in each carcass. Infestation rates of other weed species contributing to carcass 

contamination may therefore be responsible for the variation in regional results observed 

in this study. For example, high seed contamination rates were noted in the 

Kalgoorlie/Boulder region of WA. Austrostipa scabra (Lindl.) S.W.L. Jacobs and J. 

Everett (spear grass), a species associated with carcass contamination, is also prevalent 

in this region (Krebs et al., 2004), and this species, rather than Hordeum spp. and Bromus 

spp., may be responsible for the increased levels of contamination in this region of WA.  

 The significantly lower incidence of seed contamination observed in TAS may be 

reflective of increased competition by perennial grasses in this region, a state generally 

characterised by cooler temperatures and high rainfall, creating conditions favourable for 

the growth of competitive perennial pasture species (Kemp & Dowling, 1991). Such 

conditions are also likely to expedite the growth and subsequent sale of lambs prior to the 

time of inflorescence emergence in causal weed species.  Furthermore, cereal cropping 

practices, which create conditions favourable for annual grass invasion (Fleet & Gill, 
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2012; Recasens et al., 2016), tend to be less commonly used in TAS than in other states 

(Llewellyn et al., 2016). The interaction between temperature and state was an 

unexpected finding, possibly explained in part by the variation in abattoir data collection 

processes between states, since differences in temperature across Australia do not 

typically correspond with state boundaries. Most Australian abattoir enterprises currently 

operate independently, leading to a degree of subjectivity and variability in data recording 

in each abattoir between states (Collins, 2013), particularly if larger independent 

processors own numerous local abattoirs in a particular state or region. Alternatively, 

differences in carcass contamination rate may reflect ecotypic variation in the growth of 

the different weed species associated with carcass contamination due to the influence of 

latitude on temperature between states, an effect previously considered to be influential 

in shaping distribution patterns of Hordeum spp. across Australia (Cocks et al., 1976). 

The declining pattern of contamination with temperature in WA was also unexpected, but 

may reflect reduced rainfall availability at warmer temperatures in this state restricting 

plant growth and seed production (Ludwig et al., 2009).  

The correlation between mean monthly rainfall and carcass contamination was 

consistent with our hypothesis and likely reflects the response of causal grass weeds to 

heavy rainfall events, particularly under warmer or more temperate conditions. Under 

temperature conditions appropriate for plant growth, heavy precipitation allows annual 

grasses to exploit excess water, inducing further growth (Pitt & Heady, 1978), particularly 

after conditions of previous moisture stress, such as those encountered during the 

millennium drought (between late 1996-2009 in south-eastern Australia).  Published 

findings also support this conclusion, describing the dominance of Hordeum spp. in 

irrigated areas of northern VIC during periods of autumn moisture stress (Smith, 1968). 

Significant seed contamination may then ensue in sheep grazing areas dominated by 

prolific weed growth. 

 Increased competition by perennial grasses against annual weed infestations at 

higher elevations may explain the lower incidence of contamination observed at higher 

mean elevations in this study. Indeed, previous literature has reported shifts in the 

botanical composition of NSW pastures from annual to perennial species prevalence with 
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increasing elevation (Kemp & Dowling, 1991).  Despite the decline in seed contamination 

observed at higher elevations, incidence was still above zero, suggesting the ability of 

certain annual weed species to tolerate higher mean elevations, leading to low, but 

significant carcass contamination in these regions. Previous research reports Vulpia spp. 

(L.) G.C.Gmelin. (Kemp & Dowling, 1991) and Hordeum spp.  (Cocks et al., 1976) at 

higher elevation regions of NSW, SA and VIC regions typically dominated by perennial 

pasture species (Kemp & Dowling, 1991). Furthermore, increasing minimum 

temperatures predicted under a changing climate, are likely instigating an expansion of 

many grasses into higher altitude regions where minimum temperatures were previously 

too low for survival (Bromberg et al., 2011).  Further investigative surveys would be 

required to confirm current Hordeum spp. and Vulpia spp. prevalence and their likely 

association with carcass contamination in higher elevation regions of Australia.  

  High contamination levels in 2009 and 2011 at all mean elevations in the study 

may be explained by temperature and rainfall interactions during these years, where 

southern Australia experienced warmer than average temperatures and significant rainfall 

events in both years (Bureau of Meteorology, 2009, 2011). Limited rainfall during early 

2009 continued to prolong the extensive drought of the previous years until June, where 

near or above average rainfall fell in subsequent months across much of the southern 

mainland and at record-breaking levels across TAS (Bureau of Meteorology, 2009). 

Given the decimation of pastures and crops prior to 2008 as a result of protracted drought 

conditions, the combination of later heavy rains, warmer than average temperatures 

during the growing season and a lack of competition by desirable species may have 

created extremely favourable conditions for annual weed proliferation (Pitt & Heady, 

1978) and subsequent carcass contamination. 

Highest incidence of contamination observed in older animals was most likely due 

to the repeated exposure of older sheep to weed-infested sites producing ample weed seed. 

This finding was unanticipated, given the predisposition of young sheep to seed injury, 

where contamination rates may be up to ten times the levels seen in adults (Hartley, 1976). 

These findings suggest that the cumulative exposure to causal weed species is likely to 

outweigh the greater susceptibility of younger animals to weed seed contamination. 
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 In view of these findings, it is necessary to consider the overarching factors 

contributing to the proliferation of key weeds responsible for the significant carcass 

contamination issue in southern Australia. Undoubtedly, increased cropping, widespread 

adoption of conservation tillage and increased reliance on herbicides has occurred in 

recent decades across all Australian states, particularly in WA and SA mixed farming 

zones (Llewellyn et al.,, 2016), likely favouring Hordeum spp. (Fleet & Gill, 2012) and 

Bromus spp. (specifically B. diandrus) proliferation (Recasens et al., 2016). Herbicide 

resistance is fast developing in many populations (Owen et al., 2015; Shergill et al., 

2015,), while increased seed dormancy in both species facilitates escape from pre-sowing 

control, supporting germination within-crop (Kleemann & Gill, 2013; Shergill et al., 

2015). Furthermore, in the south-eastern states of Australia, increased rainfall variability, 

warmer temperatures and higher soil moisture evaporation are common (Murphy & 

Timbal, 2008) and have likely been influential. South-western regions of Australia have 

also experienced a significant decline in growing season rainfall since the 1970s (Ludwig 

et al., 2009). Protracted drought periods and climate variability may have been interacting 

with competition processes in the selection of more competitive Hordeum spp. and 

Bromus spp. biotypes, permitting invasion and proliferation within new habitats ((Smith, 

1968; Gill & Blacklow, 1985; Fleet & Gill, 2012). Consequently, when desirable pasture 

species are outcompeted by weeds as a result of extended drought conditions, particularly 

when combined with overgrazing, contact of sheep with causal weed species increases as 

a result of the higher ratio of weeds to desirable plants in the sward.  

The increased focus on lamb production in recent years across Australia in 

response to market demand (Behrendt and Weeks, 2019) has likely led to a greater focus 

on improving sheep management to increase flock size rather than control of pre-existing 

weed problems. Therefore, labour and financial resources directed towards weed 

management and pasture improvement on sheep properties may have diminished, 

providing opportunities for the ingress of new weed populations and increased contact 

between seed and sheep.  The subsequent movement of adult breeding sheep for 

specialised lamb production may have facilitated long-distance seed dispersal and 
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exposed adult sheep to previously infested sites, since many sheep movements occur 

repeatedly between the same regions. 

Globally, predicted changes in weather patterns converging toward the current 

warmer temperatures, prolonged drought conditions and increased rainfall variability 

across Australia may promote the spread and proliferation of annual grass weed 

populations and attendant seed injury in livestock on other continents.  The problem is 

likely to predominate in higher altitude regions as agriculture expands within these areas 

(Pauchard et al., 2009) and as increasing minimum temperatures provide more optimal 

growing conditions at higher altitudes for annual grasses to expand their invasive range 

(Bromberg et al., 2011). The movement of sheep flocks into these regions to access 

pasture, may facilitate the introduction of seed by epizoochorous dispersal, leading to 

establishment of populations which compete better for moisture against native species 

under variable climate conditions (Smith, 1968).  Monitoring high altitude regions 

globally for key annual weed invasions will be necessary if widespread seed injury is to 

be managed. The assessment and recording of seed contamination incidence in livestock 

in other parts of the world may serve as an information-gathering tool used in weed 

surveillance, highlighting regions where current and potential distributions of annual 

grass species threaten animal production, biodiversity and natural vegetation.  

Due to the growing global incidence of herbicide resistance, integrated weed 

management approaches are required to reduce the weed seedbank of key species 

associated with carcass contamination, including Hordeum spp. and Bromus spp. 

Investigations into effective integrated weed management may result in less reliance on 

herbicide applications and could thus be effective in regions where herbicide-resistant 

populations are prevalent or in high altitude regions where terrain may limit regular 

machinery access. The identification of optimal control strategies for the management of 

weeds such as Hordeum spp. and Bromus spp., will also aid in the assessment of the cost 

of seed contamination to sheep producers, thereby encouraging a proactive approach to 

grass weed control. 
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Addendum to Chapter 3 

Data Records 

As described in the results of Chapter 3, to maintain complete data integrity, many records 

in the abattoir dataset were removed for analysis due to their ambiguous nature, since 

they contained missing data and zeros. As confirmed by data custodians, Animal Health 

Australia, it was not possible to verify whether these records included zero animals 

inspected, missing data or true zeros for contamination since variable data collection 

processes exist between the numerous abattoirs include in the dataset. Many LGA regions 

were also ambiguous and were thus removed from the analysis.   

Additional data information has been included within this addendum to increase clarity 

regarding the data analysis described in Chapter 3 of this thesis, since it could not be 

included within the published paper.  Information is provided in relation to the number of 

records that were included in the dataset for analysis and those which were removed due 

to data ambiguity, including a comparison with the total number of sheep slaughtered 

across the same states and years included within the dataset (Table 4a). The composition 

of records removed have also been included (Table 4b), in addition to the number of 

records and sheep analysed for each state, age and sex category (Table 4c – 4d). Data 

from 22 abattoirs were included in the analysis. 

The abattoir dataset analysed in this study is the only dataset describing grass seed 

contamination levels within Australian sheep. Since the records comprising true 

contamination levels only comprise 1% of the total sheep slaughtered across the same 

period in Australia (Table 4a), it cannot be considered a true representation of the 

incidence of grass seed contamination experienced throughout the Australian sheep flock 

(as highlighted in Chapter 3). As discussed, this emphasises the need for standardised 

data collection processes within abattoirs to remove record ambiguity. Furthermore, the 

assembly of more extensive data records to obtain a more representative sample of the 

Australian sheep population will be necessary in future to ascertain the true incidence of 

contamination in Australian sheep. 
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Table 4a. The total number of sheep slaughtered in Australia between 2008 and 2015 and 

the proportion which were included and excluded within the Animal Health Australia 

Grass Seed Dataset, analysed in Chapter 3. 

 

Dataset Characteristics 

Dataset category Total 

records 

Equivalent sheep 

number 

Percentage of total slaughtered 

sheep  

(2008 – 2015) 

*Total slaughtered sheep 

in Australia  

from 2008 – 2015 

NA 229, 876, 300 

 

100% 

Total in dataset 113,353 22,934,529 10% 

Total removed 103,988 20,376,948 9% 

Total included within 

analysis 

9,365 2,557,581 1% 

 

Table 4b. Total number of records and equivalent sheep numbers removed from the 

abattoir dataset prior to analysis due to record ambiguity. 

Record category Total 

records 

Equivalent sheep number 

 

Records with unknown 

**LGA 

3023 1,140,406 

Records with zeros 96,576 18,354,952 

 

Records with missing data 4,389 881,589 

 

Table 4c. The total number of records and equivalent sheep number within the abattoir 

dataset, total sheep slaughter and percentage of total slaughter by state. 

State Total 

records 

Total sheep 

within 

contaminated 

mobs 

Total slaughtered sheep by state* Percentage of total 

slaughtered sheep 

per state  

 (2008 – 2015) 

NSW 
2210 691,058 53,745,300 1.3 % 
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VIC 2890 1,286,391 95,638,900 1.4 % 

WA 92 35,914 29,664,800 0.1% 

TAS 143 68,097 5,976,300 1.1% 

QLD 338 153,235 6,474,900 2.4% 

SA 3692 764,806 38,376,100 2% 

 

Table 4d. The total number of records and equivalent sheep numbers by age and sex 

Age 

Category 

Total 

records  

Equivalent sheep number 

Mixed age 154 48,988 

Unknown age 11 3,395 

 

>2 years old 5156 1,616,871 

<2 years old 4046 888,627 

 

Sex category Total 

records  

Equivalent sheep number 

Castrated 

males 

1048 36,798 

 

Entire males 254 23,696 

 

Females 2496 738,155 

 

Mixed 4804 1,225,888 

 

Unknown 765 180,548 

 

*Adapted from: 

Australian Bureau of Statistics (2020) Table 5. Livestock slaughtered – sheep: all series [Timeseries spread sheet] 

Livestock and Meat, Australia. Retrieved October 22, 2020. 

https://www.abs.gov.au/statistics/industry/agriculture/livestock-and-meat-australia/jun-2020 

 Australian Bureau of Statistics (2020) Table 6. Livestock slaughtered – lambs: all series [Timeseries spread sheet] 

Livestock and Meat, Australia. Retrieved October 22, 2020. 

https://www.abs.gov.au/statistics/industry/agriculture/livestock-and-meat-australia/jun-2020 

** LGA = Local Government Area 

https://www.abs.gov.au/statistics/industry/agriculture/livestock-and-meat-australia/jun-2020
https://www.abs.gov.au/statistics/industry/agriculture/livestock-and-meat-australia/jun-2020
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Chapter 4 

 

The impact of herbicide application and defoliation on barley grass 

(Hordeum murinum subsp. glaucum) management in mixed pasture 

legumes 

 

Building on the previous study, the purpose of the experiments described in this 

chapter was to investigate the efficacy of integrated weed management (IWM) strategies 

against barley grass populations invading legume pastures. Legume pastures are typically 

utilised for lamb production in the mixed farming and high rainfall zones of southern 

Australia and therefore presented the most appropriate pasture base for this work.  An 

integrated weed management (IWM) approach was devised to assess effective control 

methods to arrest the high seed contamination rates prevailing within these regions 

(investigated in Chapter 3), reduce reliance on herbicides and improve legume 

competition, thereby increasing pasture production for sheep production systems.  

This manuscript is currently in press with the journal, MDPI Agronomy: 

Kelly, JE, Chambers, AJ, Weston, PA, Brown, WB, Robinson, WA, Broster, JC, Weston, 

LA (2020) The impact of herbicide application and defoliation on barley grass (Hordeum 

murinum subsp. glaucum) management in mixed pasture legumes. MDPI Agronomy. In 

press. 
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Abstract   Barley grass (Hordeum murinum subsp. glaucum) is an annual weed 

associated with grain revenue loss and sheep carcass damage in southern Australia. 

Increasing herbicide resistance has led to recent investigation into effective integrated 

weed management strategies for barley grass in southern Australia. Field studies in 

Wagga Wagga NSW during 2016 and 2017 examined the effect of post-emergent 

herbicide applications and strategic defoliation by mowing on barley grass survival and 

seed production in a mixed legume pasture. Statistically significant differences between 

herbicide-only treatments in both years showed propaquizafop to be more than 98% 

effective in reducing barley grass survival and seed production. Paraquat was not 

effective in controlling barley grass (58% efficacy), but led to a 36% and 63.5% decrease 

in clover and other weed biomass respectively after 12 months and increased lucerne 

biomass by over three fold after 24 months.  A single repeated mowing treatment 

resulted in a 46% decline in barley grass seedling emergence after 12 months and when 

integrated with herbicide applications, reduced other weed biomass after 24 months by 

95%. Resistance to ACCase-inhibiting herbicides observed in local barley grass 

populations led to additional and more focused investigation comparing the efficacy of 

https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/
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other pre- and post-emergent herbicides for barley grass management in legume 

pastures. Haloxyfop-R + simazine or paraquat, applied at early tillering stage, were most 

efficacious in reducing barley grass survival and fecundity. Impact of defoliation timing 

and frequency on barley grass seedlings was also evaluated at various population 

densities, highlighting the efficacy of repeated post-inflorescence defoliations in 

reducing plant survival and seed production. Results highlight the importance of optimal 

environmental conditions and application timing in achieving efficacious control of 

barley grass and improving pasture growth and biomass accumulation.  

 Keywords: defoliation, barley grass, mowing, herbicide, seed, integrated weed 

management. 

 

1. Introduction 

Historically, lucerne (Medicago sativa) has been the most widely grown perennial 

pasture legume in southern Australia [1], supplying a livestock feed source [2,3], 

facilitating the high growth rates and carcass weights desired by prime lamb markets [4], 

and often the only quality forage available in dry seasons.  

Reduced fertiliser use [5-7], the prevalence of soil acidity [8], continuous grazing 

and drought conditions over time have led to a decline in legume productivity across 

southern Australia [1,9]. A cascading effect on pasture and soil fertility has thus ensued, 

creating canopy gaps within pasture stands [10] that are exploited by annual grass weed 

species [11] which are often introduced from other sites via attachment of seeds to the 

fleece of grazing sheep. The propagules and seeds produced by some grasses are also 

problematic to livestock producers, due their lodgement within animal tissue causing 

significant carcass damage and further welfare, production and economic impacts at the 

farm and processing level [12]. Given the recent upward trend in Australian sheep meat 

prices [13], carcass damage due to grass seed penetration continues to pose significant 

challenges to the profitability of the Australian sheep industry.  
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Volunteer barley grass (Hordeum murinum L. subsp. glaucum and Hordeum 

murinum L. subsp. leporinum) typically invades southern Australian cropland, pastures 

and disturbed sites, especially on high phosphorus [14,15] and nitrogen [16] soils and 

competes successfully against common pasture legumes, such as lucerne [17],  reducing 

the productive life of these pastures and of subsequent grain crops. Currently, barley grass 

is an important weed in Australian cropping regions, invading over 244 000 ha and 

incurring an annual AUD$1.7 million loss in grain crop revenue [18]. Its increased 

prevalence across southern Australia has been attributed to climate variability [19,20], 

herbicide resistance [21,22] and variable seed dormancy patterns which facilitate escape 

of individual plants following herbicide treatment, allowing establishment in crop [23]. 

The recent appearance of biotypes exhibiting  sporadic and/or later emergence has 

resulted in greater reliance on post-emergent herbicide applications for management [24]. 

In legume crops and pastures, selective pre-emergent herbicides such as 

propyzamide (inhibitor of microtubule formation) [25], photosystem II inhibitors [26], 

and post-emergent ACCase inhibitors (“fops” and “dims”), are commonly effective 

against grass weeds [1,27], as are the non-selective bypiridyl photosystem I inhibitors 

(paraquat and diquat) and the ALS-inhibiting imidazolinones [24,27,28]. Recently, the 

development of bypiridyl photosystem I and ACCase inhibitor resistance in South 

Australian barley grass populations has led to increased use of imidazolinones for barley 

grass management [21,24,29]. However, imidazolinone resistance is also emerging in 

some southern Australian Hordeum murinum L.subsp. leporinum populations [22,30,31] 

highlighting the need for additional integrated approaches to weed management to further 

reduce Hordeum spp. infestations in pastures and seed contamination in sheep.  

Defoliation by grazing or mowing, is a weed control strategy historically used to 

control barley grass. The impacts of grazing on its survival are conflicting in literature 

with control seemingly dependent on stocking rates [32], time of year [33] and the 
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provision of adequate fencing. In pasture legumes, mowing for hay production as an 

alternative to grazing has been shown to be highly effective [34], particularly when 

defoliation coincides with the onset of the reproductive phase of the target species, 

thereby reducing seed rain and altering botanical composition [35]. Defoliating plants at 

boot stage [36] resulted in decreased barley grass fecundity [37] and seed size [34] and 

subsequently reduced viability post-flowering [38]. The growth and survival of plants 

under defoliation is also dependent on the frequency and intensity of defoliation, plant 

size and stress due to intra and inter species competition. This suggests that the impacts 

of defoliation may be exacerbated at high density given reduced resource allocation for 

reproduction [39] and limited carbohydrate reserves for regrowth [40,41]. Although 

previous modelling suggested that weed density influenced efficacy of control in other 

annual grasses [42], the impact of these interactions in barley grass is unknown. 

The integration of defoliation by grazing with additional herbicide application, 

termed “spray-grazing”, is a common method used for the control of broadleaf weeds in 

Australia [43], but has not yet been investigated for barley grass. Furthermore, the 

efficacy of integrating defoliation by mowing with herbicide application for effective 

barley grass management is currently unknown.  

The objective of this research project was therefore 1) to investigate the 

interaction between herbicide application and defoliation by mowing performed at 

specific barley grass phenological stages, on barley grass survival and reproduction and 

2) to determine the impact of these treatments on dryland legume pasture production in 

southern NSW. A two-year field trial was undertaken during 2016 and 2017 in established 

lucerne pasture where the natural regeneration of barley grass (Hordeum murinum L. 

subsp. glaucum) occurred; in addition, further investigative field studies compared the 

efficacy of a range of pre- and post-emergent herbicides for barley grass control within 

the same pasture. Greenhouse experimentation was also performed to assess the effects 
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of defoliation frequency and timing on survival and seed production of barley grass 

(Hordeum murinum L. subsp. glaucum) when placed and under various levels of 

intraspecific competition. 

 

2. Materials and Methods  

All experimentation was performed on the Wagga Wagga campus of Charles Sturt 

University (35.0578° S, 147.3544° E, elevation 215m). Field studies were undertaken on 

a red silty loam kandosol (soil organic matter of 3.15%, pH of 5.9) sown to lucerne 

(Medicago sativa L.) and four other clover species (Trifolium fragiferum L., Trifolium 

repens L., Trifolium subterraneum L. and Trifolium vesiculosum Savi.) for the past five 

years. From 2012 to 2016, single superphosphate at the rate of 125 kg/ ha was broadcast 

annually. In March 2016, 90 kg/ha of single superphosphate was broadcast, with 85 kg/ha 

applied in March the following year, in line with normal farm management. Available 

annual precipitation and mean monthly maximum and minimum temperatures for Wagga 

Wagga during the two years of the study are provided in Table 1.  

Table 1. Total precipitation, maximum and minimum monthly temperatures and the number of frost 

events experienced at Wagga Wagga during the 2016 and 2017 growing seasons (May to November) [44] 

Climate variable 2016 2017 

1Precipitation  (mm) 607 225 

1Mean maximum temperature ( C ) 18 19 

1Mean minimum temperature ( C ) 7 5 

2Frost events (no. of days) 8 40 

1Estimated mean values calculated from historical records obtained from the Bureau of Meteorology, 

Wagga Wagga, 1948-2003. 2Frost events determined as the number of days where soil surface temperature 

fell below 0 C [44]. 
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2.1 Experimental design and treatments 

Three separate experiments were performed over a two year period to investigate 

barley grass performance and management using novel control strategies. Field studies 

were undertaken on a level one hectare site with a uniformly dense infestation of barley 

grass, which was fenced to exclude stock. The first experiment (“Defoliation/herbicide 

experiment”) was conducted in 2016 and 2017, with the aim of examining the efficacy of 

single herbicide application and defoliation by mowing in comparison to combined 

application on barley grass stands and fecundity under typical field conditions. The 

second experiment was performed in 2017 (“Herbicide experiment”), to evaluate the 

efficacy of alternative selected post-emergent herbicides on barley grass survival and 

fecundity within a legume pasture. An additional greenhouse experiment 

(“Defoliation/density experiment”) was performed under controlled conditions in 2018 to 

further elucidate the direct impact of defoliation frequency and timing on barley grass 

survival and seed production. 

 

2.1.1 Defoliation/herbicide experiment 

The defoliation/herbicide experiment was performed as a randomized strip plot, 

with five replicates and 6 x 4 m plots. Treatments imposed in 2016 were repeated in 2017, 

without removing the previous year’s biomass. There were nine treatments, consisting of 

an untreated control, two herbicide treatments, two mowing treatments and all 

combinations of both herbicides and mowing (T1 to T9, Table 2). The order of herbicide 

and mowing applications within each treatment was determined by plant growth stage. 

The herbicide 1 treatment was propaquizafop (100 g L-1 Shogun®, Adama Agricultural 

Solutions, St Leonards, Australia), applied at a rate of 250 mL/ha in autumn of both years 

(T2, T5 and T8, Table 2) during early tillering, in line with label directions. A non-ionic 

surfactant, alcohol alkoxylate (1000 g L-1 Chemwet 1000®, Nufarm Australia Limited, 
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Laverton, North Victoria, Australia), was added at the rate of 250 mL/ha during 2016 

(0.25% v/v) to ensure better leaf coverage under the dry conditions present at the time of 

application and at 200 mL/ha under adequate environmental conditions operating at 

spraying in 2017 (0.2% v/v). The herbicide 2 treatment was paraquat (250 g L-1, Sinmosa 

250®, Sinon Australia, Golden Square, Victoria, Australia) applied to plots at a rate of 1.6 

L/ha during August (T3), September (T6) and October (T9) in 2016 and June (T3), 

August (T6) and September (T9) during 2017 (Table 2), in line with label directions (to 

growing plants). Paraquat applications were timed as per label directions for legume 

pastures, but were delayed during 2016 due to frequent rainfall events. Herbicide 

treatments were applied using an all-terrain vehicle fitted with a 6 m spray boom at 600 

mm height. Two alleyways were placed between replications and induction Teejet 11002 

nozzles delivered a volume of 100 L ha-1 using a ground speed of approximately 9 km/hr. 

The two defoliation regimes consisted of a single mowing to 7.5 cm average plant height 

(T4, T5 and T6, Table 2), achieved with a rotary mower, once 50% of barley grass plants 

in plots reached full boot stage (Zadok’s growth stage 49) [36]. The second defoliation 

regime consisted of a repeated mowing once 50% barley grass regrowth had also reached 

growth stage 49 (T7, T8 and T9, Table 2). Since barley grass matured rapidly to boot 

stage during both years, lucerne plants were noted to be at late vegetative stage during all 

defoliations, prior to bud formation. Mowing was performed in designated plots where 

barley grass establishment was observed in more than 10% of the plot. Windrows created 

by mown herbage were not removed.  
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Table 2. Experimental scheme for barley grass defoliation and herbicide treatments including 

respective treatment rates. 

Treatment 

Barley grass 

treatment 

descriptions and 

application rates 

Date of herbicide 

application 
Date of mowing application 

2016 2017 2016 2017 

T1 

No mow/No 

herbicide 

(control) 

- - - - 

T2 

No 

mow/Herbicide 

1(100 g L-1  

propaquizafop, 

250 ml/ha) 

13th June 

 
16th May - - 

T3 

No 

mow/Herbicide 

2 (250 g L-1  

paraquat, 1.6 

L/ha) 

26th August 13th June - - 

T4 
One mow/No 

herbicide 
- - 

10th August 

 
11th August 

T5 

One 

mow/Herbicide 

1 (100 g L-1  

propaquizafop, 

250 ml/ha) 

13th June 

 
16th May 1 *** *** 

T6 

One 

mow/Herbicide 

2 (250 g L-1  

paraquat, 1.6 

L/ha) 

8th 

September 
30th August 10th August 11th August 

T7 

Repeat 

Mow/No 

herbicide 

- - 
10th August,  

7th September 

11th August,   

10th  September 
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T8 

Repeat 

mow/Herbicide 

1 (100 g L-1  

propaquizafop, 

250 ml/ha) 

13th June 

 
16th May *** *** 

T9 

Repeat 

mow/Herbicide 

2 (250 g L-1  

paraquat, 1.6 

L/ha) 

10th October 
20th 

September 

10th August,   

7th September 

11th August,   

10th  September 

1 *** No mowing occurred in these plots during the experiment if prior removal of the barley grass 

population by propaquizafop occurred or if barley grass occupied less than 10% of plot biomass. Herbicide 

treatments applied after mowing were conducted in accordance with label directions, and performed 

when barley grass was actively growing and possessed sufficient leaf area after regrowth to facilitate 

uptake. T = Treatment 

 

2.1.2 Herbicide experiment 

The “Herbicide experiment” consisted of 6 m x 2 m plots in close proximity to 

the defoliation/herbicide experiment, where significant and uniform barley grass 

infestation previously occurred. Six herbicide treatments and an untreated control were 

arranged in a randomised complete block design with four replicates, as shown in Table 

3. All herbicides were applied post-emergent to plots on the 2nd June 2017, when barley 

grass in 50% of plots was estimated to have reached the three leaf stage (growth stage 

20), using an all-terrain vehicle fitted with a spray boom. Wind speed at the time of 

application was less than 1 km/h and the temperature was 13°C. 
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Table 3. Herbicide treatments and additives applied during the 2017 herbicide trial 

1APVMA =Australian Pesticides and Veterinary Medicines Authority, 2 HRAC =Herbicide Resistance Action Committee, 3WSSA = Weed Science Society of America

  Herbicide Group    

Treatments Mode of Action   1APVMA 2HRAC 3WSSA 
Rate           g 

ai ha-1 

Timing of 

application 

Additive rate  

(rate/100L H2O) 

Control _ _ _ _ _ _ _ 

imazamox ALS and AHAS inhibitor B B 2 50 POST Hasten® 500 ml  

propyzamide Inhibitor of microtubule assembly D K1 3 750 POST _ 

propaquizafop ACCase inhibitor (‘fop’) A A 1 25 POST Chemwet 1000 ® 200 ml 

fluazifop-P + 

butroxydim 

ACCase inhibitor (‘fop’ + ‘dim’) A 

 

A 1 320 POST Supercharge ® 1 L 

paraquat Inhibitor of photosynthesis at 

photosystem I 

L D 22 400 POST _ 

haloxyfop-R  

+  

simazine 

ACCase inhibitor (‘fop’) 

+ 

PS II inhibitor. 

A + C A + C1 1 + 5 52 

+  

550 

POST 

 

POST 

Chemwet 1000 ® 200 ml 
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2.1.3 Defoliation/density experiment 

The defoliation/density experiment was conducted from May to December 2018 

in a greenhouse at Charles Sturt University, Wagga Wagga, NSW. The experiment 

consisted of two factors (comprising five plant densities and three separate defoliation 

regimes) and was arranged in a randomised complete block design with four replicates. 

Barley grass seed was previously collected at plant maturity in 2017 from the same field 

experimental site. Following harvest, seed was stored at room temperature until mid-

March 2018, and subjected to cold stratification at 4 o C for five weeks [66] to encourage 

optimal germination. Seeds were later sown to a 1cm depth in trays (width 28 x breadth 

33cm x depth 6cm) filled with a 1:1 mixture of peat moss and river wash sand on the 16th 

and 17th April 2018. Trays were initially watered daily until seedlings had emerged to a 

height of 5cm at which time they were fertilized with a water soluble fertiliser.  

On the 21st and 22nd April 2018, seedlings were transplanted from germination 

trays into plastic containers (measuring 39cm x 28cm x 14cm) filled with a similar peat 

moss and river wash sand mixture, and were maintained as above for the duration of the 

experiment. Maximum and minimum temperatures reached were 37.6 and -3.6 o C 

respectively, with variable relative humidity. Plant densities consisted of 1, 6, 36, 64 and 

117 plants, (adjusted to provide 1, 54, 288, 576 and 1053 seedlings m-2) to reflect the 

range of densities found adjacent to the original field experimental site.  To ensure 

consistent and uniform seedling placement per replicate, planting was performed using a 

1cm x 1cm wire grid laid upon the soil surface. Seedlings were later removed from 

germination trays with tweezers and transplanted into their respective treatments at the 

associated grid positions for each density treatment. The treatments were sown in a 

similar manner twice more per replicate in separate containers in order to facilitate three 

individual destructive harvests to further investigate the impact of defoliation on seed 

production. The three separate defoliation regimes consisted of cutting plants to 5 cm 
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height with garden shears: at 1) seedling stage (2-3 leaf) (entitled “SDL”), 2) at post-

inflorescence emergence (entitled “head cut 1” or “HC1”), or 3) a second defoliation 

performed on the regrowth of plants which had previously been defoliated in line with 

the HC1 regime, conducted at post-inflorescence emergence (entitled “head cut 2” or 

“HC2”) (Table 4). A defoliation height of 5cm was chosen to mimic the height achieved 

by field machinery during field experimentation, a height reported to reduce barley grass 

seed production [37]. Replicates were re-randomised fortnightly to avoid greenhouse 

variation. Plants were subject to fluctuating light and temperature conditions in the 

greenhouse simulating natural conditions due to open air circulation. Fertiliser and 

watering to field capacity occurred weekly from sowing until experiment termination on 

the 8th November 2018. No plant loss was noted due to the transplanting process. 

 

Table 4. The defoliation regimes of three individual defoliations of barley grass plants planted at five 

different seedling densities and at two stages of growth under greenhouse conditions at Wagga Wagga, 

NSW. 

Defoliation 

treatment  

Barley grass stage of growth at time of 

defoliation 
Date 

SDL 2-3 leaf seedling stage 22nd May 2018 

HC1 

“Head cut 1” 

Post-inflorescence emergence – once all 

inflorescences had emerged 
28th September 2018 

HC2 

“Head cut 2” 

Post-inflorescence emergence on previously 

defoliated plants - once all inflorescences had 

emerged 

3rd October 2018  
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2.2 Measurements 

2.2.1 Defoliation/herbicide experiment 

Evaluations were performed in the defoliation/herbicide experiment following 

each treatment application. Repeated rainfall events slightly delayed field paraquat 

application in 2016. The experiment concluded in November 2016 and October 2017, 

when lodgement of barley grass plants occurred.  

Biomass. Two quadrats (25 cm × 25 cm) were randomly selected away from plot 

boundaries for biomass collection in each plot and all foliage was cut at ground level with 

hand shears. Samples were collected monthly following application of herbicide/mowing 

treatments until barley grass seed fall. Plant material within each quadrat was pooled per 

plot and separated manually into barley grass, lucerne, clover and other weed species 

(OWS) such as Vulpia spp., capeweed (Arctotheca calendula (L.) Levyns) and annual 

ryegrass (Lolium rigidum Gaud.). Samples were dried in a plant dehydrator at 70 °C for 

24 hours and weighed when dry. All data is presented as g m-2. 

Barley grass plant density. Due to the extremely high densities of barley grass 

seedlings in field plots, barley grass plants were collected from smaller 10 cm × 10 cm 

quadrats taken from within three separate, diagonally positioned 0.25 m-2 quadrats, to 

estimate species composition. Data is presented as plant density m-2. Plant density counts 

were taken during November 2016 and August 2017. 

Inflorescence number.    Barley grass inflorescence numbers were recorded from 

the final biomass sampling at plant maturity in 2016 (21st November) and 2017 (25th 

September). Inflorescences counted from the two biomass quadrat samples/treatment plot 

were combined and values expressed as the number of inflorescences m-2. 

Fecundity. At plant maturity in 2016 and 2017, 20 inflorescences were collected 

at random from each plot and seeds within each inflorescence were counted individually, 
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from which the mean number of seeds per inflorescence was determined. Total seed 

number m-2 was subsequently determined by multiplying the number of inflorescences m-

2 by the average seed number per inflorescence. 

Seedling emergence counts. Ten soil cores (5 cm × 5.5 cm) were collected per plot 

using a standard metal soil corer in mid-December each year. Soil cores were stored at 

ambient temperature for three months to allow any dormancy to break down. In March of 

the following year, cores were broken, mixed separately and uniformly spread in 29 x 34 

cm trays containing moistened potting mix within a greenhouse, to record the number of 

subsequently germinating barley grass seedlings. Barley grass seedlings emerging more 

than 2 cm above the soil surface were counted and removed weekly until no new plants 

appeared for three consecutive weeks (early July 2017 and late June 2018). Seedling 

counts were assumed to represent the number of germinable seeds, m-2 that would emerge 

in the following year. 

 

2.2.2 Herbicide experiment 

Plant density. Plant density was assessed after plants reached flowering stage to 

facilitate identification. Barley grass was counted in five quadrats (10 cm x 10 cm) placed 

diagonally across plots, averaged and converted to mean number of plants m-2 in each 

plot. 

Inflorescence number. Inflorescence number was assessed in two quadrats (25 cm 

x 25 cm) randomly collected across each plot once all inflorescences had emerged and 

averaged across the plot. Values were converted to the number of inflorescences m-2. 

Fecundity. Due to environmental conditions resulting in acceleration of the 2017 

growing season, the collection of inflorescences for fecundity measurements risked seed 

detachment from inflorescences as barley grass seeds are not retained in the seed head. 
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This would have made counting seeds per inflorescence impossible, as per methods in the 

defoliation/herbicide experiment. Fecundity (total seed production) was thus estimated 

by methods similar to those described by Shergill, Fleet, Preston and Gill [24]. Twenty-

five plants were randomly collected from each plot and total inflorescence length and 

seed number was measured per plant. In plots with less than 25 plants, all plants were 

collected. A linear model based on total inflorescence length and seed number was used 

to fit the data as follows, as shown in Figure 1(a): 

 Y~Y0 + bX,  (1) 

where Y was the number of seeds produced from total inflorescence length, b was the 

slope of the regression line (i.e. an average of 3.4 seeds per mm of inflorescence) and Y0 

was the intercept (set at zero). Although other models were also noted to suitably fit the 

data (R2 > 0.96), a linear model was deemed to most realistically represent this 

relationship since increasing length of inflorescences did not result in decreasing numbers 

of seeds at any point. Fecundity m-2 was then estimated based on barley grass plant 

density (as obtained in the field) and seed number per plant (as generated from the linear 

relationship described between total inflorescence length and seed production per plant) 

[22]. A linear model was fitted to this data, where the dependent variable was fecundity 

m-2 (estimated from plant density x), b was the slope of the regression line (an average of 

80.8 seeds per plant) and the intercept was set at zero, as shown in Figure 1(b):  
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Figure 1(a). Relationship between total inflorescence length and total seed production per barley grass 

plant, and (b). Relationship between plant density and fecundity during 2017 within a legume pasture 

at Charles Sturt University campus, Wagga Wagga, NSW. Data is presented as functional two-

parameter linear models fitted to total inflorescence length and total seeds produced per plant (Figure 

1(a), n= 25) and plant density and fecundity per metre (Figure 1(b), n= 28).  

 

2.2.3 Defoliation/density experiment 

Plant density counts were collected at seedling stage and at inflorescence 

emergence, and inflorescence counts and seed data were collected at seed maturity. Due 
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to the limited growth of barley grass seedlings in the two heaviest populations, 

measurements were taken from a sample of 36 equally-spaced and centrally located plants 

within these treatments in order to facilitate accurate measurements, in a sample 

equivalent to that of the third highest density treatment.  

Plant density. Surviving mature plants were counted at flowering stage in the 

non-defoliated treatments and also after each defoliation in order to investigate plant 

density, determined as the number of plants surviving from sowing to maturity. 

Inflorescence number per plant. Inflorescence numbers per plant were counted 

and averaged across each treatment once all inflorescences had emerged. 

Fecundity. Three plants were randomly collected from each density treatment and 

total inflorescence length and seed number was measured per plant and averaged per 

treatment. A linear fecundity model based on total average inflorescence length and 

fecundity was again found to closely fit the data as follows (R2 = 0.9924, RMSE = 14.98, 

F (1, 18) = 2347, p < 0.001, Figure 2.): 

Y~Y0 + bX, (2) 

where Y was the number of seeds produced from the total length of inflorescences (x), b 

was the slope of the regression line, and Y0 was the intercept set at zero. 

 Total inflorescence length was measured in mm per plant in each treatment. 

Fecundity per plant in each treatment was thus generated from the linear relationship 

described between measured total inflorescence length and seed number per plant. Total 

fecundity was then determined by multiplying fecundity per plant by final mature plant 

density within each treatment. 
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Figure 2. Relationship between total inflorescence length and fecundity per barley grass plant grown under 

greenhouse conditions at Wagga Wagga, NSW. Data is presented as a functional two-parameter linear 

model fitted to total inflorescence length and fecundity per plant (Figure 2, n= 20). 

2.3 Statistical analyses 

All data collected during the defoliation/herbicide experiment were subjected to 

factorial ANOVA for a strip plot experimental design. Assumptions of normality and 

homoscedasticity were verified using visual analysis of residuals and when assumptions 

were not met, data were square-root or log- transformed to normalise residuals. 

Significant effects (P < 0.05) were tested by comparing the least squares means of the 

transformed data using Scheffe’s multiple comparison tests, appropriate for unplanned a 

posteri comparisons [45]. 

When a significant interaction was noted, the Scheffe’s test was applied and 

means were transformed, and were back-transformed for presentation with standard 

errors. As preliminary analysis of barley grass biomass in 2017 revealed significant 

differences in botanical composition occurring between treatments, separate analyses 

were conducted for data collected after 12 and 24 months.  
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Single factor ANOVA was used to compare the means among the seven 

herbicides applied during the herbicide experiment. Assumptions of normality and 

homoscedasticity were verified after using square-root transformations. As this 

experiment included planned (a priori) comparisons between the treatments and the 

control, pairwise differences were adjusted using Tukey’s Honest Significant Different 

(HSD) test (type I error α = 0.05 as the threshold value for testing statistical significance), 

and estimated means and standard errors that on the original measurement scales are 

presented for reporting the analysis outcomes. All ANOVAs for the first two experiments 

were done using IBM SPSS software, version 20 [46] and regression analyses using MS 

Excel ®.  

Data collected during the defoliation/density study, were analysed using three 

regression models. The effect of predictor variables (barley grass seed density and 

defoliation timing) on Total Fecundity data was determined using a linear model, while 

generalized linear models (glm function in R package MASS) within R software [47] 

were identified as most appropriate for the analysis of both predictor variables on mature 

plant density and the inflorescences per plant data, since the response variables in both 

cases were not normally distributed.  Final models for each variable were chosen based 

on the Akaike Information Criterion (AIC) for model selection, where the model with the 

lowest AIC score was considered as the optimal model among all candidate models 

examined. Resulting models are listed in Table 5, including error structures and link 

functions. All differences between means in each dataset were adjusted using Tukey’s 

Honest Significant Differences (HSD) test in R software [47], using the Tukeys HSD 

function for Total Fecundity data and the emmeans() function in R package, ‘emmeans’,  

for mature plant density and inflorescences per plant data. A level of statistical 

significance of p < 0.05 was assumed for all analyses. Model estimated means and 95% 

confidence intervals are presented for all datasets.  
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Table 5. The resulting optimal models, their error structures and link functions used in the statistical analysis 

of seed density and defoliation on mature barley grass plant density and seed production under greenhouse 

conditions at Wagga Wagga, NSW. 

Model Selected Model description 
 Model type 

(Error structure) 

Link 

function  

1 Total fecundity ~ seed density + defoliation + seed density * 

defoliation 

OLM (normal) Identity 

2 Mature plant density ~ seed density + defoliation GLM (poisson) Log 

3 Inflorescences per plant ~ seed density + defoliation + seed 

density * defoliation 

GLM (gamma) Inverse 

  

3. Results 

3.1 Defoliation/herbicide experiment 

Significant differences between herbicide treatments were observed in mean 

barley grass, clover and OWS biomass, barley grass inflorescence number, density, 

fecundity and seedling emergence counts after 12 and 24 months. Significant differences 

in barley grass seedling emergence counts (F = 8.2, df = 2, 8; p < 0.001) due to mowing 

alone were noted after 12 months (Figure 3). After 24 months, there was a significant 

interaction between herbicide and mowing, resulting in significant differences in lucerne 

biomass (F = 14.7; df = 4, 16; p < 0.001) and other weed biomass (F = 4.0, df = 4, 16; p= 

0.02) only (Figures 4 and 5 respectively). 

 

3.1.1 Herbicide-only effects    

 In comparison to the untreated control, propaquizafop significantly reduced mean 

barley grass biomass, inflorescence number, fecundity and density by over 99% after 12 

months and increased OWS biomass by 128%, while reducing the number of viable 

barley grass seeds by 95% (Table 6). In contrast to the control, the application of paraquat 
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resulted in a 37% decline in OWS biomass, a 35% decline in clover biomass and a 162% 

increase in the number of viable barley grass seeds, despite there being no statistically 

significant differences in barley grass biomass, inflorescence number, fecundity or plant 

density. 

After 24 months, propaquizafop significantly reduced mean barley grass biomass, 

inflorescence number, fecundity and density by over 98%, tripled clover biomass and 

reduced the number of viable barley grass seeds by 97%. Although applications of 

paraquat reduced barley grass fecundity by 58%, no significant differences in any other 

parameters were observed with paraquat applications in comparison to the control (p > 

0.05).  



 

                                                                                                                        MDPI Agronomy 

 

                    
 

159 

 

Table 6.  Mean responses to herbicide alone on barley grass, clover and OWS biomass, barley grass density, inflorescence number and seed production within a standing 

legume crop invaded by barley grass 12 and 24 months after application (p < 0.05). 

 Treatment 

 

2016 

 

 

2017 

BG 

biomass 

g m-1 

Clover 

biomass 

g m-1 

OWS 

biomass 

g m-1 

BG 

Inflorescence 

number m-2 

BG 

density 

m-2 

BG 

fecundity 

m-2 

  BG 

seedling 

emergence                    

m-2 

 BG 

biomass 

g m-1 

Clover 

biomass 

g m-1 

BG 

Inflorescence  

number m-2 

BG 

density 

m-2 

BG 

fecundity 

m-2 

  BG seedling 

emergence                    

m-2 

No herbicide 396. a 1 173.8 a 2 277.6 b 1296.5 a 1396.7a 33602.6 a 1635.2 b  158.04 x 2 15.63 x 552.5 y 680.0 x 6212.60 x 1929.2 x 

Propaquizafop 1.0 b 311.8 a 632.8 a 5.3 b 6.7 b 0.0 b 89.6 c  3.63 y 53.26 y 1.07 x 5.0   y 59.4   z 50.4 y  

Paraquat 326.1 a 112.6 b 101.5 c 1264.0 a 1596.7 a 31474.2 a 2662.8 a  123.49 x 14.84 x 348.3 y 444.4 x 3580.6 y 1251.6 x 

Pooled standard 

error 
33.2 33.7 32.5 183.2 109.9 4851.8 153.4  14.7 6.4 32.4 71.5 309.1 215.6 

1 Back-transformed means and pooled standard errors are shown. 2 Sets of symbols indicate separate analyses. Means within each column with the same letter are not 

significantly different (p < 0.05) after the Scheffe correction for type I error. OWS = other weed species. BG = Barley grass.   All data other than BG fecundity data were 

transformed prior to analyses and significant differences are shown for transformed data. 
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3.1.2 Mowing-only effects    

Seedling emergence counts    A second mowing at growth stage 40 [34] resulted 

in a 54% reduction in mean emerging barley grass seedlings in contrast to the control 

(adjusted p < 0.05) after 12 months (Figure 3). In comparison, no significant differences 

were observed under a single mowing regime. 

 

Figure 3. Mean (+/- pooled SE) number of emerging barley grass seedlings m-2 in response to the 

mowing of a barley grass infested legume crop after 12 months (2016). Bars with the same letter are not 

significantly different (p < 0.05) after the Scheffe correction for type I error.  

  

3.1.3 Herbicide × mowing interaction 

Lucerne biomass. Lucerne biomass was significantly influenced by the interaction 

between herbicide and mowing after 24 months (Figure 4). Paraquat applied alone 

(treatment H2M0) resulted in the most significant increase in lucerne biomass in 

comparison to all other treatments (adjusted p < 0.05). A declining trend in lucerne 

biomass was observed with increasing mowing frequency, regardless of herbicide level.   

Other weed species biomass. The interaction between herbicide and mowing also 

significantly influenced OWS biomass after 24 months, as shown in Figure 5. At each 

mowing frequency, treatments that included propaquizafop (H1) generally resulted in 
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higher  OWS biomass than those consisting of no herbicide, and also resulted in 

significantly higher OWS biomass than those that included paraquat (H2) (adjusted p < 

0.05). 

 

Figure 4. Mean (+/- pooled SE) lucerne biomass (g m-2) present as a result of the interaction between 

herbicide and mowing after 24 months (2017) in a barley grass-infested mixed pasture stand. Bars with 

the same letter are not significantly different (p < 0.05) after the Scheffe correction for type I error. * H0, 

H1, H2: No herbicide, Herbicide 1 (Propaquizafop), Herbicide 2 (Paraquat) respectively. M0, M1, M2: 

No mow, one mow, repeat mow respectively. 
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Figure 5. Mean (+/- pooled SE) OWS biomass (g m-2) present as a result of the interaction between 

herbicide and mowing after 24 months in a barley grass-infested mixed pasture stand. Bars with the 

same letter are not significantly different (p < 0.05) after the Scheffe correction for type I error. * H0, H1, 

H2: No herbicide, Herbicide 1 (Propaquizafop), Herbicide 2 (Paraquat) respectively. M0, M1, M2: No 

mow, one mow, repeat mow respectively. 

 

3.2 Herbicide experiment 

Significant differences due to herbicide treatment were observed in barley grass 

plant density (F = 9.4, df = 6, p < 0.001), inflorescence number (F = 11.714, df = 6, p < 

0.001), and fecundity (F = 24.6, df = 6, p < 0.001) (Table 7).
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Table 7.  Mean responses to herbicide treatments on barley grass plant density, inflorescence number and fecundity during August 2017 within a barley grass-infested mixed 

pasture at Charles Sturt University in Wagga Wagga, NSW. 

 

Herbicide treatment  

 

BG plant density 

m-2 

  (SE = 141.9) 2 

 

BG Inflorescence 

number m-2 

(SE = 58.9) 

 

BG Fecundity m-2 

(SE =10228.6) 

untreated control 842 ab 1 427 m 81650 v 

imazamox 950 a 324 mn 75828 v 

propyzamide 333 abc 79 no 12652 xy 

propaquizafop 492 ab 253 mn 48635 vw 

fluazifop-P + butroxydim 192 bc 135 no 20959 wx 

paraquat 67 c 11 o 225 z 

haloxyfop-R + simazine 50 c 14 o 2303 yz 

1 Means within the same column followed by the same letters are not significantly different according to Tukey’s Honest Significant Differences (HSD) test at α = 0.05. Data were 

square-root-transformed prior to ANOVA. Back-transformed means and pooled standard errors (SE) 2 are presented. All data were collected 10 weeks post-treatment application.  

BG = barley grass.
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In comparison to the untreated control, the haloxyfop-R + simazine and paraquat 

treatments resulted in a 95% and 93% decline, respectively, in plant density and a 97% 

and 98% decline in inflorescence number, respectively, 10 weeks after treatment 

application (Table 7). Differences observed due to herbicide treatment were also reflected 

in the respective 97% and 99% reduction in barley grass fecundity. Imazamox and 

propaquizafop were not effective in significantly reducing the number of barley grass 

inflorescences or fecundity in comparison to the untreated control. The application of 

fluazifop-P + butroxydim and propyzamide also produced a significant 68% and 82% 

reduction in inflorescence number, respectively, and a 74% and 85% respective decline 

in fecundity.  

 

3.3 Defoliation/ density experiment 

Highly significant differences due to individual effects of density and defoliation 

timing respectively were found for mean mature barley grass density (χ2 = 2921.5, df = 4, 

p < 0.001) and χ2 = 89.03, df = 3, p < 0.001) when grown in the greenhouse. The 

interaction between density and defoliation produced significant differences in the 

number of inflorescences per plant (F = 3.8, df = 12, 60, p < 0.001) and total fecundity (F 

= 10.4, df = 12, 60, p < 0.001). 

Survival of plants to maturity was consistent across all density treatments at 

83.85% (Figure 6a).  

Defoliation at seedling stage (SDL) or at initial inflorescence emergence (HC1) 

were not effective in significantly reducing plant density, but density was reduced by 35% 

when plants were subject to a repeat defoliation of regrowth (HC2) after inflorescences 

re-emerged (Figure 6b). 
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6a.  

 

6b.  
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6c.  

 

6d.  

Figure 6a. Mean number of barley grass plants surviving to flowering when sown at five population 

densities in the greenhouse, b. Mean number of mature barley grass plants in response defoliation timing 

and frequency, c. Mean number of barley grass inflorescences per plant, and  d. Mean total fecundity, as a 

result of the interaction between density and defoliation timing, all conducted under greenhouse conditions 

in Wagga Wagga, NSW. Model estimated means and 95% confidence intervals shown in all figures. Bars 

with the same letter are not significantly different according to Tukey’s Honest Significant Differences 

(HSD) test at α = 0.05. No cut = no defoliation, SDL = defoliation at seedling stage, HC1 = defoliation at 

inflorescence emergence, HC2= defoliation of regrowth at inflorescence emergence. 
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Reduced inflorescence number per plant was observed in those plants subject to a 

repeat defoliation (HC2), and this was observed at all densities over a single plant grown 

alone (Figure 6c). At intermediate densities (36 and 64 plants), differences were 

significant (59% and 58% respectively). At the lowest density only, defoliation at 

seedling stage (SDL) also produced a significant reduction in inflorescence density 

(57%).  

At plant densities of 6 plants and above, total fecundity was found to decline after 

plants were subject to a single (HC1) and also repeated defoliation at inflorescence 

emergence, although impact due to repeated defoliations (HC2) was greater (Figure 6d). 

The greatest reduction in total fecundity was observed when plants were subject to a 

repeated defoliation (HC2) at the two highest densities (64 and 117 plants) (75% and 74% 

respectively). 

 

4. Discussion 

The use of conservation tillage practices, continuing climate variability and the 

exclusive use of certain herbicides for annual grass control are all likely to facilitate 

current barley grass invasion across southern Australia, enabling the recent proliferation 

of highly competitive biotypes [12]. Despite the utilization of barley grass for livestock 

fodder during its vegetative phase, efficacious control is crucial to reduce potential for 

seed contamination in sheep and improve pasture productivity later in the season. 

However, the co-occurrence of seed dormancy and herbicide resistance in numerous 

barley grass populations is likely to complicate management due to limited herbicide 

options available [31], while prevalence in steep or rocky sites can make herbicide 

application impractical. Combining chemical with cultural control methods including 

defoliation may thus be valuable for reducing annual grass weed populations and 

consequently facilitating growth and competitive attributes of desirable pasture species. 
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4.1 Defoliation/herbicide experiment  

Herbicide efficacy was negatively impacted by seasonal conditions (i.e. drought 

or frequent rain) and timing of application (i.e. late application to larger plants) resulted 

in poor control. A single application of propaquizafop timed optimally at early tillering 

(Zadok’s growth stage 21) [36] was most successful in reducing barley grass survival and 

fecundity during 2016 and 2017, similar to the findings of others regarding ACCase-

inhibiting herbicides used against barley grass in mixed pastures [48,49]. 

Despite high propaquizafop efficacy in 2016, a small number of barley grass 

plants survived in 2017 when low rainfall and temperatures likely facilitated rapid 

maturation of barley grass and reduced propaquizafop activity due to limited 

translocation, an effect commonly observed in plants treated with ACCase inhibitors 

during cold and dry conditions [50-56]. Low subsequent barley grass seedling emergence 

counts the following year may have also reflected the limited seedbank from barley grass 

survivors as opposed to low seed viability per se. [48,49]. The subsequent invasion of 

Vulpia spp. and other weeds and the consequent increase in clover biomass following 

barley grass removal are consistent with findings of previous studies investigating annual 

weed management in pasture legumes [25]. Such shifts in botanical composition were 

also likely supported by previous annual superphosphate applications [14] and the limited 

competition afforded by the sparse legume population. Successful pasture production 

encompasses practices which assist the maintenance of an established, competitive 

legume pasture following herbicide application to limit future annual grass invasion and 

prevent their occupation in niches created by barley grass control earlier in the season 

[25,57]. 

The timing of herbicide application was also critical in determining the success of 

paraquat against barley grass in both years. Efficacy was reduced in 2016 due to frequent 

rainfall events resulting in delayed applications, leading to more mature plants with 

reduced susceptibility. As a common contact herbicide, paraquat should typically be 

applied when plants are no taller than 12 to 20 cm, facilitating adequate canopy 

penetration [58]. Previous studies examining the effect of paraquat timing in annual weed 
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control [59] showed ill-timed applications resulted in reduced legume biomass and 

exploitation of canopy gaps by later-germinating annual grasses such as Vulpia spp., a 

result observed during 2016 in this experiment. Application of paraquat, an effective 

desiccant [60], may have expedited seed maturity resulting in seed rain drying on the soil 

surface in gaps created by prior eradication of Vulpia spp. An extended period of time 

ensued between the point of seed maturity and subsequent germination the following 

year, a characteristic noted by others to be associated with higher seed germinability in 

Hordeum populations[23]. In contrast, plant residues from 2016 that remained on the soil 

surface may have reduced contact between paraquat and barley grass, contributing to poor 

efficacy observed in 2017. However, well-timed applications at earlier phenological 

stages in 2017 led to greater pasture clover content and lower annual weed fecundity, 

results consistent with previous studies [59,61]. It is also important to note that the lack 

of available soil moisture due to limited rainfall during flowering may have also 

contributed to lower weed fecundity in 2017 [62]. 

Mowing alone and the interaction between mowing and herbicide did not 

significantly impact barley grass survival or fecundity under field conditions. These 

results were unexpected, given previous success of mowing at boot-stage (Zadok’s 

growth stage 40) [36] in reducing barley grass fecundity [37]. This could have been due 

to sub-optimal timing of defoliation, which was implemented when 50% of plots had 

reached boot stage (growth stage 40) and remaining plants were likely still tillering 

(growth stage 20-29), a stage of growth less conducive to reducing fecundity under 

defoliations [37]. This conclusion supports findings of the third study, where the timing 

of defoliation (at post-inflorescence emergence) was found to be more effective in 

reducing plant survival and seed production, particularly when subsequently repeated at 

the same stage. Under field conditions, repeated defoliation by mowing also proved 

valuable in significantly reducing the number of emerging barley grass seedlings during 

the following year, likely due to limited rainfall, thereby impacting seed maturation [63]. 

The interaction between herbicide and mowing influenced both lucerne and OWS 

biomass after 24 months, a result likely associated with interspecies competition. Thus, 
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eradication of barley grass by early propaquizafop applications evidently enabled 

exploitation of resources by both lucerne and OWS. The marked increase in lucerne 

biomass during 2017 as a result of the single paraquat application treatment (H2M0) may 

also reflect this mechanism, highlighting the value of optimal timing of herbicide 

applications in creating opportunities for later competition by desirable species. In 

treatments combining paraquat with mowing, mowing significantly reduced lucerne and 

OWS biomass, while reduced soil moisture availability resulted in limited re-growth. 

Furthermore, since barley grass is a rapidly maturing weed [19], the timing of defoliations 

likely coincided with earlier vegetative growth in lucerne, which may have resulted in 

damage to the crown in some lucerne plants [64]. The defoliation regime may also have 

hindered the regeneration capacity of lucerne plants in twice mown plots due to reduced 

root reserves and direct impact upon crown buds [65]. This treatment combination limited 

competition with the mature (and more tolerant) barley grass population, which may have 

re-tillered after defoliation [66] and subsequently outcompeted the other species as a 

result of being poorly impacted by paraquat. Low OWS biomass in paraquat-treated plots 

likely points to the efficacy of paraquat for controlling later-emerging Vulpia spp., applied 

at an optimal growth stage for effective control. 

 

4.2 Herbicide experiment 

Differences in herbicide efficacy were observed during 2017 as low temperatures 

and drought prevailed throughout the growing season. Paraquat and haloxyfop-R + 

simazine proved most efficacious in reducing barley grass density and seed production, 

consistent with results from previous studies in annual pastures [27]. Paraquat is most 

effective when applied in full sunlight as it disrupts photosynthesis by rapid cell lysis, 

photo-bleaching [67] and necrosis, resulting in plant death. Low moisture and air 

temperatures have been proven problematic for translocation of systemic herbicides, but 

evidently did not hamper paraquat efficacy, as contact herbicides are typically less 

impacted by such atmospheric conditions [68]. The optimal timing and relatively high 
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rate of paraquat applied also likely contributed to increased efficacy and may largely 

explain the superior performance of paraquat between both experiments. 

The haloxyfop-R + simazine treatment also resulted in efficacious barley grass 

control and may be associated with reported synergistic activity. Post-emergent systemic 

herbicides such as haloxyfop-R are typically adversely impacted by low moisture and air 

temperature conditions. In contrast, simazine exhibits limited foliar activity, but residual 

soil activity can result in uptake and transport following application [68]. Similarly, 

propyzamide (inhibitor of microtubule formation) also exhibits activity on established 

grass weeds [69] via root uptake, requiring higher levels of soil moisture as a result of 

low solubility [68]. Efficacy of propyzamide and haloxyfop-R + simazine treatments may 

be attributed to the considerable residual activity of propyzamide and simazine on later-

emerging barley grass seedlings [24,68], with uptake facilitated by successive rainfall 

events. Residual control of later emerging seedlings may also help to explain the lower 

seed production observed in these treatments in contrast to both propaquizafop and 

fluazifop-P + butroxydim treatments, where later emerging seedlings set considerable 

seed. Despite the cold and dry environmental conditions experienced by barley grass 

plants in both field experiments during 2017, the reduced efficacy of propaquizafop may 

be largely the result of the later timing of applications to more mature plants and their 

greater tolerance of herbicide applications. 

The imazamox treatment resulted in limited control at best, which was unexpected 

because of its propensity for effective foliar penetration and translocation under optimal 

conditions [58] and its residual activity resulting in control of later emerging weeds [69]. 

Therefore, ALS resistance in this population of barley grass is suspected, given the 

frequency of resistance to imidazolinone herbicides observed in southern Australia 

[22,30,31,70]. Further evaluation is required to confirm this possibility. 
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4.3 Defoliation/density experiment 

The results of the greenhouse defoliation study revealed plant survival and seed 

production were both significantly impacted by repeated defoliation, especially when 

defoliation was applied during reproductive development, after inflorescence emergence. 

This was not surprising, since plants are typically more sensitive to defoliation upon 

entering the reproductive phase [37]. The success of repeated defoliation may have been 

enhanced by the limited recovery period for regrowth between the first and successive 

defoliations. Short recovery intervals between defoliation frequently impacts the ability 

of plants to replenish adequate water soluble carbohydrate reserves required for regrowth 

and seed development [71]. This effect was intensified as density increased, as plants 

were already competing heavily for light and resources.   

Similar findings observed in defoliation studies performed with other annual 

plants (Abutilon Theophrasti), showed defoliation at higher population density reduced 

seed production by 50%, potentially as a result of increased light competition [72]. 

Despite the lower inflorescence numbers observed per plant in the high density 

populations, a phenomenon typically associated with competitive stress [72], our findings 

highlight the capacity of barley grass populations to ensure continuing survival via high 

community level seed production. Although the repeated defoliation did not completely 

eliminate seed output, there may be value in using well-timed, and more frequent 

defoliation to limit barley grass seed production, since significant costs and herbicide 

resistance risks are associated with heavy reliance on herbicides. Further investigation 

over an extended time frame would better substantiate the value of defoliation and/or 

grazing as an effective control method for barley grass management, thereby reducing 

weed seedbanks over time. 

 

5.  Conclusions 

Despite emerging resistance issues, post-emergent herbicides continue to be 

particularly useful for managing annual grass weeds in less competitive mixed legume 
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pastures in southern Australia, due to their efficacy and ease of use, if rainfall is sufficient 

to facilitate translocation.  

Regions characterised by significant levels of seed contamination in grazing sheep 

would likely benefit from the application of post-emergent herbicides such as the ACCase 

inhibitors, PSI inhibitors and PSII inhibitors for control of susceptible populations of 

Hordeum spp., particularly in legume pastures. In arid regions or during dry seasons, 

contact herbicides and/or systemic combinations applied to young plants may be of 

greater value, a scenario of increasing consequence to southern Australia. The selection 

of herbicides with improved residual activity will be increasingly important for control 

of grass weeds expressing variable seed dormancy patterns. Following barley grass 

removal, the appropriate management of other weed species, such as Vulpia spp., is also 

important, particularly as their remaining seedbank may present similar risks to grazing 

sheep. Careful consideration of timing of herbicide application in relation to plant growth 

stage and the prevailing environmental conditions will be imperative to achieving 

effective barley grass control, given the capacity for prolific seed production.  

Defoliation by mowing may be effective at a later stage of the season, after 

inflorescence emergence, to control seed set from individuals escaping herbicide 

application, thereby reducing barley grass numbers in the seedbank the following year, 

or for reducing infestations of barley grass on fence lines, along roadsides and in areas of 

livestock congregation to the degree where eradication by herbicides is possible. Tactical 

grazing may also be a possible alternative to mowing in less accessible areas if high 

stocking rates ensure close grazing to remove seed heads. However, the random nature of 

grazing and reluctance of animals to eat barley grass once inflorescences have emerged 

may limit utility of this practice later in the season.  

 Defoliation by mowing at late maturity and prior to seed dessication may also be 

valuable in limiting barley grass germination during dry years, since limited moisture 

may hamper seed development and maturity prior to defoliation.  However, in degraded 

legume pastures, defoliation by mowing may also limit regrowth of pasture legumes and 

result in crown damage if defoliation is timed too early during vegetative growth of 
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lucerne plants. Therefore, it is important to consider the timing of defoliation in relation 

to lucerne growth stage. 

  If legume pastures remain competitive, particularly in late winter and early 

spring, barley grass growth and seed set will be limited. Therefore, pasture regeneration 

by over-seeding of drought tolerant legume and grass species, improving soil nutrient 

availability and manipulating grazing frequency and intensity will be important 

considerations for influencing botanical composition as a means of maintaining a 

competitive pasture stand.  

This study highlights the value of herbicide application and repeated defoliations 

in legume pastures for reducing barley grass fecundity and seedbank deposition over time, 

resulting in improved control. However, under southern Australian conditions and an 

increasingly dry climate, integrated approaches for barley grass management will likely 

become increasingly important. The combination of herbicide application and 

defoliations thus show significant promise as an IWM strategy against barley grass, 

provided applications are timed accurately. Currently, modelling is underway to examine 

the long term effect of defoliation and herbicides on barley grass survival and fecundity, 

in order to better predict the utility of a systems-based approach for management under 

variable Australian conditions. 
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Chapter 5 – Commercial in Confidence 

 

Modelling barley grass (Hordeum glaucum) population dynamics 

under various weed management strategies in a southern Australian 

lucerne pasture 

 

The impacts of integrating herbicide applications with mowing on a barley grass-

infested lucerne pasture compared to their use in isolation under southern Australian 

conditions was investigated in Chapter 5. These results and those from additional 

investigations illustrated the importance of plant density, application timing and 

frequency on the efficacy of control strategies against barley grass populations. However, 

the efficacy of these strategies over time in managing barley grass populations, under a 

range of seasonal conditions, has not yet been established.  

Modelling methodology was utilised to investigate the efficacy of the weed 

management strategies investigated in Chapter 4, against a barley grass population 

invading a lucerne pasture over a ten year period under variable seasonal conditions. 

Pasture and climate datasets generated by industry decision support tools for the Wagga 

Wagga region, and biological data generated by previous studies in this thesis (Chapter 

4), were used in the development of this model.  

Review of the commercial application of this model is currently being undertaken. 

As such, this chapter has not been submitted for publication and is presented as 

Commercial in Confidence. 
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Chapter 5.    

 

Modelling barley grass (Hordeum glaucum) population dynamics 

under various weed management strategies in a southern Australian 

lucerne pasture. 

 

1. Summary 

Barley grass (Hordeum spp. L.) is an annual invasive grass weed of southern 

Australian crops and pastures, frequently associated with weight loss and carcass damage 

in grazing sheep. Integrated weed management (IWM) is typically required for effective 

barley grass control, since herbicide resistance and variable dormancy traits are now 

exhibiting in many southern Australian populations. A knowledge gap exists as to 

whether IWM is more effective than individual control options in reducing barley grass 

populations over the long term, especially since conducting field trials over successive 

years can be costly. Furthermore, optimal weed density thresholds for efficacious barley 

grass control currently remain unknown. To address these constraints, a model was 

developed to simulate the population dynamics of barley grass in a degraded lucerne 

pasture in Wagga Wagga, NSW, Australia. The model evaluates the impact of annual 

herbicide and mowing applications on the weed seedbank over a ten year planning 

horizon. The model was parameterised using data obtained from recent field trials and 

green house experiments conducted in Wagga Wagga, NSW, and published industry 

decision support tools. The timing of weed control activities was triggered in the model 

through specified weed density thresholds. Model results suggested that IWM programs 

are more effective than individual control options in reducing the barley grass seedbank 

consistently over ten years, particularly when barley grass density is low. The future 

incorporation of this model into a field-based bioeconomic model for sheep grazing 

systems will be necessary to capture the biophysical and economic impacts of barley grass 

seed contamination on lamb production, and to identify optimal weed control strategies 

for maximising economic returns. 
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2. Introduction 

Barley grass (Hordeum spp. L.) is an annual grass weed of pastures across 

southern Australia and is currently listed as one of the top 20 residual weeds of Australian 

cereal crops (Llewellyn et al., 2016). Barley grass flourishes in soils of high nutrient 

availability, and quickly becomes the dominant species where competition is limited 

(Rossiter, 1964, Groves et al., 2003). Consequently, barley grass typically invades 

degraded lucerne (Medicago sativa L.) pastures grazed by sheep, where the penetrable 

nature of the sharp seeds within body tissues causes significant weight loss and carcass 

damage (Kelly et al., 2018).  

Effective barley grass control in Australia consists primarily of repeated herbicide 

application, although the efficacy of this strategy is currently threatened by the 

development of resistance to four groups of herbicides including the ACCase inhibitors, 

the ALS inhibitors, the Photosystem I electron diverters and the ESPS synthase inhibitors 

(Heap, 2019). Furthermore, the recent development of variable dormancy patterns within 

populations as a result of environmental adaptations, has enabled barley grass to escape 

early herbicide treatment and frequently proliferate within crops (Fleet & Gill, 2012). 

These mechanisms highlight the urgency for efficacious weed management programs 

which successfully integrate chemical with cultural control practices. 

Historically, grazing and mowing are both common cultural methods which have 

been investigated for barley grass management (Smith, 1968b, Myers & Squires, 1970, 

Campbell et al., 1972, Hartley et al., 1978, El-Shatnawi et al., 1999, Bowcher, 2002), and 

differ with regard to their impacts on pasture (Jantunen, 2003). Grazing impacts are 

considered more complex than those caused by mowing (Johan et al., 1989) due to 

variation in the defoliation intensity and frequency, and are often associated with grass 

dominance and logistical challenges (Jantunen, 2003). In contrast, mowing has been 

associated with legume dominance (Myers & Squires, 1970), and frequently reduces 

annual grass seed production when accurately timed to coincide with reproductive 

development (El-Shatnawi et al., 1999, Bowcher, 2002, Anderson & Frank, 2003, Donald 

et al., 2006, Brownsey et al., 2017). Moreover, repeated mowing has previously been 

observed to limit seed production (Donald et al., 2006) (Chapter 4),  since barley grass 

frequently experiences difficulty recovering from a single defoliation after the 
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commencement of reproductive growth  (El-Shatnawi et al., 1999). Such effects are also 

typically exacerbated in high density populations (Chapter 4), likely the result of pre-

existing competitive stress exerted by neighbouring plants (Weiner, 2004). 

Furthermore, a paucity of information exists regarding the efficacy of integrated 

weed management programs against the barley grass seedbank over time. A recent two 

year field study in Wagga Wagga, NSW, compared the impacts of singular herbicide 

applications and mowing with combinations of each on barley grass survival (Chapter 4), 

with treatment success dependent on the timing of applications to plant growth stage and 

seasonal weather patterns. Other studies investigating combinations of herbicides with 

repeated mowing for control of other annual weeds have also proven successful (Donald 

et al., 2001). Although validating the long term effects of integrated weed management 

strategies in field trials facilitates the reproducibility of results under various seasonal 

conditions, the costly and demanding nature of such experiments can render many such 

investigations impractical. Mathematical modelling can overcome some of these 

limitations, facilitating the examination of weed population dynamics, management 

options and novel weed management strategies over time without the costly consequences 

of establishment of management errors (Pannell et al., 2004), which can be associated 

with equipment mis-calibration or extreme weather events. Weed phenology operates as 

the foundation for many of these models, which are authenticated using data collated from 

in-field research trials (Firbank & Watkinson, 1986, González-Andújar & Fernández-

Quintanilla, 1991). Generating a better understanding of key parameters influencing each 

stage of the weed life cycle, can highlight areas where individual and integrated control 

strategies may be most effective for managing weed populations (Watkinson et al., 2000).  

The development of a weed population model is also the first step in constructing 

systems-based models which simulate the impacts of weed populations on other areas of 

agricultural production. The RIM (Ryegrass Integrated Management) bioeconomic 

model, is an example of such a model, simulating the impact of annual ryegrass 

populations in western Australian cereal crops (Pannell et al., 2004; Lacoste & Powles, 

2014). Recent development of this model has also resulted in Barley Grass RIM, for 

simulating the population dynamics of barley grass populations in south-east Australia 

(Monjardino & Llewellyn, 2018b). Although Barley Grass RIM investigates barley grass 
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control impacts on crop and pasture production, the model does not possess the capacity 

to simulate injurious impacts of barley grass seeds on sheep production, particularly under 

the variable climate conditions of south-east Australia. In addition, the “Weed Seed 

Wizard” model similarly simulates the population dynamics of barley grass and other 

weeds and the various impacts of control strategies at the paddock level within crop and 

pasture phases (Renton, Peltzer & Diggle, 2006). However, this model does not calculate 

specific weed parameters found to be associated with impacts on sheep production 

(Campbell et. al, 1972).  

This chapter is the first of two in this thesis which examines the relationship 

between weed seedbank dynamics, pasture growth, plant-animal interactions and 

financial input and return by the development of a bioeconomic model. Specifically, this 

chapter describes the first component of the combined model, entitled ‘the barley grass 

submodel’, that simulates the dynamics of a barley grass population within a typical 

degraded lucerne paddock in southern NSW.  

Specific outputs generated by the barley grass submodel become inputs to the 

fully-developed bioeconomic model for simulating the biological and economic impacts 

of seed contamination in sheep (Chapter 6). Barley grass growth data obtained from 

greenhouse studies at Wagga Wagga (Chapter 4) was used to simulate the important 

influence of plant density on growth and seed production (Watkinson, 1980), and to 

authenticate missing parameters within model equations. Herbicide and mowing control 

methods and their integration were also evaluated within the model, at efficacy levels 

determined by field experiments (Chapter 4). Lucerne competition and climate effects 

were further simulated by modelling the infested pasture using the industry-based 

decision support tool, GRASSGRO, since specific pasture parameters produced by this 

program are required later by livestock model equations in Chapter 6 and are not available 

from other models.  

While developing the model, the following research questions were addressed:  

1) How does a barley grass seedbank behave in the absence of control practices 

over ten years within an infested southern Australian lucerne pasture?; 
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 2) Is the combination of herbicide applications and mowing more effective in 

reducing the barley grass seedbank than either tactic applied individually over a ten year 

period; and,  

3) Does barley grass population density influence the degree of control exerted on 

the population by the implementation of weed control strategies over time? Areas 

requiring future study are also discussed and investigated in the final chapter of this work, 

where economically optimal weed management strategies are identified for managing the 

impacts of barley grass seed on livestock production in southern NSW. 

 

3. Model Description  

Existing population models for various weed species have traditionally been 

founded on species with similar life cycles (González-Andújar & Fernández-Quintanilla, 

2004). Consequently, the equations for the barley grass model presented in this chapter 

were adapted from the existing models of two other annual grasses, Lolium rigidum 

(González-Andújar & Fernández-Quintanilla, 2004) and Avena sterilis (González-

Andújar & Fernández-Quintanilla, 1991). The conceptual model for barley grass growth 

is described as a simple annual life cycle model from seedling emergence through to seed 

entry into the seedbank (Fig. 1). Pasture and control efficacy parameters were obtained 

from experimental observations generated on an experimental pasture site located at 

Charles Sturt University, Wagga Wagga, NSW (35.0578° S, 147.3544° E, elevation 

215m) as reported in Chapter 4. 
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Fig. 1. Life cycle concept model for the barley grass population (Hordeum spp.), as adapted from González-

Andújar and Fernández-Quintanilla (1991) and González-Andújar and Fernández-Quintanilla (2004). 

Letters across the base of the image represent months of the year. Barley grass emergence begins in April, 

since autumn is considered the regular germination period for annual grasses in Australia. 

 

The barley grass model was constructed in Microsoft Excel 2013 (version 

15.0.5153.1000). This model has a ten year planning horizon, a time frame considered 

adequate for visualising annual weed seedbank trends (González-Andújar & Fernández-

Quintanilla, 1991, Gonzalez-Andujar & Fernandez-Quintanilla, 1993, González-Andújar 

& Fernández-Quintanilla, 2004). Additional pasture data was imported into the model 

from simulations of a Wagga Wagga lucerne/barley grass pasture using the widely-

accepted decision support tool, GRASSGRO (version 3.3.9) (Moore et al., 1997).  

 

3.1 Barley grass population dynamics 

The barley grass seedbank is generally reduced over time by germination and the 

decomposition of any dormant seeds over summer, and accrues with seed entry into the 

seedbank each year (𝑅𝑡 ) (González-Andújar & Fernández-Quintanilla, 2004). Seedbank 

size in the following year, 𝑆𝐵𝑡+1, could thus be described by: 
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                                 𝑆𝐵𝑡+1  =  𝑆𝐵𝑡  (1 − 𝐷𝑆𝑀𝑡 ) (1 − 𝑒) + 𝑅𝑡                                   (1) 

where 𝑆𝐵𝑡  is the barley grass seedbank in year 𝑡, 𝑒 is the proportion of seedlings emerging 

from the seedbank, 𝑅𝑡  is seed entry into the seedbank (number of seeds m -2)  and  𝐷𝑆𝑀 

is the dormant seed mortality over summer in year 𝑡  (González-Andújar & Fernández-

Quintanilla, 2004), a phenomena commonly caused by microbial action (Perry & 

Ellerton, 1983). 

The density of barley grass seedlings (Z seedlings m-2) emerging at time t from 

the seedbank is described by the following relationship: 

                                      𝑍𝑡  =  𝑒𝑆𝐵𝑡                              (2) 

where the seedling emergence parameter (e) represents emergence of seedlings from the 

top 5cm of soil at time 𝑡 (González-Andújar & Fernández-Quintanilla, 2004). This 

equation was considered suitable for the barley grass model, since barley grass seeds 

typically germinate from similar depths (Popay & Sanders, 1975).  

Seedling survivorship to maturity, (𝑀 mature plants m-2 at time 𝑡), is described 

by the following equation: 

                                                        𝑀𝑡  =  𝑠 𝑍𝑡                                               (3) 

where 𝑠 is a fixed rate for seedling survivorship (González-Andújar & Fernández-

Quintanilla, 2004). In annual plants, density dependence becomes most important in 

regulating population size through its influence on reproductive output as plant density 

increases (Sheppard, 2000). 

Studies by González-Andújar and Fernández-Quintanilla (2004) report a density-

dependent relationship between mature plant density and fecundity (number of seeds per 

mature plant) for L. rigidum which could be expected in other annual weeds, such as 

barley grass. Consequently, the same hyperbolic model was implemented within the 

barley grass model to simulate the relationship between fecundity (𝐹, number of viable 

seeds per plant) and plant density (𝑀, number of mature plants per unit area) for barley 

grass at time t: 
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             𝐹 =  
𝑓

(1+ 𝑎 𝑀𝑡 )
                                                           (4) 

where 𝑓 is the maximum number of seeds produced by an isolated plant and 𝑎 remains a 

constant, representing the area required to produce 𝑓 seeds (González-Andújar & 

Fernández-Quintanilla, 2004).  

A climate scalar value may also be included as a stochastic multiplier within this 

equation (Cacho et al., 1999) in order to adjust seed production based on the effect of 

seasonal conditions within a given year type. Equation 4 can thus be re-written as follows: 

  𝐹 =  
𝑓

(1+ 𝑎 𝑀𝑡 )
𝐶𝑆                                                               (5) 

where CS is the climate scalar (encompassing values from 0 to 1), which adjusts seed 

production based on year type. Year type represents the percentage change in seed 

production which can occur as a result of variable weather patterns in any given year. 

Year types between 1990 and 2017 inclusive have been used in this model and are 

randomly selected for each year of the ten year horizon covered during each simulation. 

Many post-emergent herbicide labels for annual grass weeds recommend 

application at early tiller stage for optimal control. Certain herbicides, such as paraquat, 

can be applied somewhat later in the season to reduce seed set and thereby reduce seed 

production (Powles, 1986). Similarly, competition from other species also act as a 

mechanism to reduce fecundity (Popay & Sanders, 1982). If 𝑐1 represents the percentage 

reduction in seedling survival by early herbicide applications (expressed as a proportion), 

and 𝑐2 and 𝑐3 represent the percentage reduction in fecundity (also expressed as a 

proportion) as a result of a later herbicide application and competition from another plant 

species respectively (González-Andújar & Fernández-Quintanilla, 2004), Equations 2 

and 3 can be re-written as Equations 6 and 7 to include all effects: 

                                               𝑍𝑡  =  𝑒 𝑆𝐵𝑡  (1 −  𝑐1)                                         (6) 

 

                                                   𝐹𝑡  =  
𝑓 (1− 𝑐2)(1− 𝑐3)

(1+ 𝑎 𝑀𝑡 )
                                                              (7) 
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Total seed production per metre (S seeds m -2) was determined by multiplying seed 

production per plant, F, by mature plant density, M, at time t: 

          𝑆𝑡   =  𝐹𝑡  𝑀𝑡                                                       (8) 

Previous studies have reported defoliation by mowing as an effective method for 

reducing barley grass total fecundity when timed with the most susceptible stage of 

growth (Bowcher, 2002). The proportional reduction in total fecundity as a result of 

mowing is given by value 𝑐4. Equation 8 could thus be rewritten as:  

                                                   𝑆𝑡  =  𝐹𝑡  𝑀𝑡  (1 − 𝑐4 )                                                (9) 

Seed entry into the seedbank in year 𝑡 (𝑅𝑡  , number of seeds m -2) was described 

as the total seed produced (𝑆𝑡 ) multiplied by the proportional loss (𝐿) due to n abiotic 

factors (González-Andújar & Fernández-Quintanilla, 2004), such as dispersal by water 

or wind,  and is given by: 

                      𝑅𝑡  =  𝑆𝑡  (1 − 𝐿𝑡 )𝑛                                                                (10) 

Seed losses could also include those lost by ant removal or decay of seeds on the 

soil surface (Minkey, 2006). In the current model, 𝐿𝑡  represented the percentage of seeds 

lost by decay, since barley grass seed removal by ants is not considered likely due to seed 

size (Smith, 1968a). 

 

3.2. GRASSGRO simulations: competition and climate effects 

In order to generate impacts on barley grass survival and seed production due to 

competition and climate in each simulated year, data for the lucerne/barley grass pasture 

was generated in GRASSGRO (Moore et al., 1997) using “lucerne” and “annual grass-

early” species settings, historic climate data (1990-2017) and default soil settings for 

Wagga Wagga. Since GRASSGRO is a broadly accepted mechanistic model which 

effectively simulates plant growth in mixed pastures in south-east Australia  (Clark et al., 

2000), it was considered the most suitable method for  modelling species competition 

within the barley grass model. This does assume that model parameters for optimal 

pasture growth support optimal barley grass growth, an assumption that is generally 
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supported by the work in this thesis. Plant phenology settings reflected the typical plant 

growth stage common in January, the commencement of all simulations. Plant growth 

settings for each species were estimated, based on visual observations at the Wagga 

Wagga site, past literature (Crawford et al., 1997, Robertson, 2012) and expert opinion 

(A. Moore, personal communication, 1st March, 2019), since measurements were not 

available for a number of parameters. The fertility scalar was set to 0.7 to reflect the 

annual single superphosphate applications and high nutrient availability within the 

paddock. GRASSGRO simulations were conducted between 1990 and 2017 to obtain 

pasture data in response to the climate patterns for each of these years, generating a bank 

of data representing pasture production under each year “type”. Parameters used in the 

construction of the GRASSGRO pasture simulations are listed in Table 1.
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Table 1. Parameters used in the GRASSGRO Lucerne / barley grass pasture simulation for 1st January at Wagga Wagga, NSW, using climate data from 1990 to 2017. 

 Pasture: Lucerne-barley grass  

Population Lucerne - winter active Source Annual Grass - Early Source 

Phenology Reproductive   Senescent  

Live DM (kg/ha) 100 Wagga site observation 100 Wagga site observation 

Standing dead DM (kg/ha, leaf and 

stem) 

500 

Wagga site observation 

3500 

Wagga site observation 

Litter DM (kg/ha) 500 Wagga site observation 500 Wagga site observation 

Below ground DM (kg/ha, roots) 600 *** 2000 (Crawford et al., 1997) 

Max. rooting depth (mm) 700 ** (Robertson, 2012) 450 *** 

Seed DM (kg/ha) n/a * n/a * 1000 *** 

* n/a = not applicable in perennial species  ** Adjusted from published values to reflect likely paddock conditions during 2016 and 2017, *** Adjusted from default settings and 

confirmed as suitable by expert opinion (A. Moore, personal communication, 1st March, 2019) for the modelled site, which included the degraded nature of the lucerne stand and 

heavy infestation of barley grass. 
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For each year, daily total available biomass data (kg DM/Ha) for barley grass and 

lucerne species was extracted from GRASSGRO.The proportion of lucerne on a dry 

matter basis was then calculated daily and averaged across the year to provide the 

competition input value for 𝑐3 in Equation 6 of the barley grass model, and which varied 

with year.  

As climate variability influences seed production in barley grass plants (Johnston 

et al., 2009), the climate scalar (CS) was introduced  as a stochastic element into the barley 

grass model (Moore et al., 1997, Smith et al., 2017), enabling adjustment of seed 

production based on year type. Climate index values between 1990 and 2017, inclusive, 

were derived by dividing the total barley grass seed production in each of these years by 

the long term average seed production value obtained from yearly GRASSGRO 

simulations (A. Moore, pers. comm, 1st March, 2019). Final plant fecundity in each year 

across the ten year planning horizon was thus determined by multiplying plant fecundity 

by the 𝐶𝑆 index associated with the randomly drawn year (Equation 5).  

All other parameters used in the model are listed in Table 2 and were obtained 

from greenhouse experimental findings (Chapter 4) and the recently updated RIM model 

for barley grass (Monjardino & Llewellyn, 2018a). 
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Table 2. Parameter values utilised within the barley grass simulation model. 

Parameter Symbol Value Data Source 

Emergence E 0.992 J.Kelly unpubl data* 

Seedling survivorship S 0.956 J.Kelly unpubl data 

Maximum fecundity of one plant F 2255 J.Kelly unpubl data 

Seed loss Lt 0.3 (Monjardino & Llewellyn, 2018a) 

Dormant seed mortality DSM 0.5 (Monjardino & Llewellyn, 2018a) 

Control by early herbicide (Propaquizafop) c1 0.99 Chapter 4 

Lucerne competition c2 Variable with year GRASSGRO pasture simulations 

Control by late (herbicide Paraquat) c3 0.58 Chapter 4 

Control by mowing c4 Equation 5 Chapter 4 

*Refers to parameter derived from barley grass growth data obtained under greenhouse conditions (Chapter 4), as later described within this study. 
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3.3 Control strategy descriptions 

Seven separate weed control strategies were simulated in the barley grass model, 

plus a “No control” option, all of which could be used in practice within a grazed lucerne 

paddock in Australia. Control strategies consisted of an annual early herbicide, a late 

herbicide and a repeated mow. The remaining control programs consisted of 

combinations of these. The various control strategies are shown in Table 3.  

 

Table 3. Control strategies used in modelling the impact of control practices on the barley grass seedbank 

within a lucerne pasture at Wagga Wagga, NSW. 

Control strategy Description 

No control No control 

Early  Early herbicide only 

Late  Late herbicide only 

*Mow   Mowing only 

Early_late Early herbicide + late herbicide 

Early_mow Early herbicide + mowing 

Mow_late Mowing + late herbicide 

Early_late_mow Early herbicide + late  herbicide + mowing 

*mow always refers to a repeated mow timed to coincide with post-inflorescence emergence of barley 

grass plants since this tactic was found to be most effective against barley grass invading a lucerne 

pasture (see Chapter 4). 

The ‘no control’ strategy provided a comparative base line seedbank and barley 

grass population indicative of no suppression of plant growth or seedbank dynamics. 

‘Early herbicide’ represents an annual systemic herbicide (e.g. ACC-ase inhibitor, 

propaquizafop) applied at 2-3 leaf stage during autumn at 99% efficacy, reflecting recent 

significant field results obtained during 2016 and 2017 (see results in Chapter 4). The late 
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herbicide strategy represents an annual contact herbicide applied in winter (e.g. 

photosystem I electron diverter, paraquat) at 58% efficacy, a value also signifying 

paraquat efficacy against barley grass obtained from recent field results during 2017 

(Chapter 4). This treatment simulates an annual spray top application and represents a 

reactive approach to barley grass control, i.e. a herbicide applied later in the season to 

more mature plants (late vegetative to boot stage) to reduce seed set. The ‘Mow’ strategy 

simulates the reduction in fecundity (removal of inflorescences) as a result of two 

mowings (i.e. a repeated mow), each of which are timed to coincide with all plants 

reaching post-inflorescence stage, for the initial defoliation and for the repeated 

defoliation on regrown plants.  

Separate pasture data was generated in GRASSGRO for each strategy within each 

year, in order to model the impact of control on botanical composition and competition 

between lucerne and barley grass. No grazing was simulated in the model, since each 

control strategy in this scenario would typically occur before grazing by spring weaned 

lambs in this region. The impact of the herbicides were modelled in GRASSGRO by 

reducing the barley grass green dry matter (DM) percentage and seed dry matter 

parameters in GRASSGRO in each year by the percentage efficacy of each herbicide. 

This was implemented to simulate early systemic herbicide effects on seedling survival 

and later contact herbicide effects on seed set. The amount of green DM reduced by the 

early herbicide was added to the dead DM present at the time of application. Early 

herbicide parameters were initiated on the 1st day of May in GRASSGRO to simulate 

control of seedlings. If less than 100 kg green barley grass DM was present at this time, 

the simulated application was delayed to the first of each month thereafter until green DM 

reached 100kg or above, or by 1st August, whichever came first. This ensured that the 

early herbicide application was “applied” to young growing plants as applications may 

also occur later in some years due to the interaction of temperature and moisture.  

The hay-cut function was utilised in GRASSGRO to simulate the effect of a repeat 

mowing on the proportion of lucerne in the simulated pasture. The hay cut function in 

GRASSGRO was structured to include two defoliations, one on 1st August and the second 

on 1st September. These months were observed to coincide with inflorescence-emergence 
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at the simulated site in Wagga Wagga during the recent field experimentation of 2016 

and 2017 (Chapter 4). 

 

4. Model Calibration 

4.1 Plant data –density/defoliation experiment 

Mature plant density and fecundity data obtained from recent greenhouse studies 

at Wagga Wagga were used in the determination of parameters and relationships required 

in the development of the barley grass simulation model. A description of the 

methodology and measurements obtained during this study are described in Chapter 4.    

Some additional data was also collected from greenhouse plants exclusively to 

facilitate the determination of particular parameters within model equations. Since plants 

were transplanted after all had emerged  to facilitate the required number of seedlings for 

density treatments during the study, an estimate of the emergence parameter was obtained 

for the model by counting surviving seedlings one week after transplanting. Although it 

is acknowledged that this is not likely a true measure of emergence in the field, the values 

obtained were consistent with other studies investigating barley grass germination under 

controlled conditions (Shergill et al., 2015) and could, for this reason, be used to 

parameterise the model.  

Mean seed number per inflorescence data was required by certain equations 

linking the barley grass model to the later bioeconomic model, and was determined by 

dividing mean fecundity per plant by the mean number of inflorescences per plant.  

 

4.2 Parameterisation 

Relationships between variables are presented in Fig. 3a to e. A linear model was 

found to closely fit the relationship between mean seed density (x) and seedling density 

(SD) (Fig. 3a, SD = 0.9954x-0.2443, R2 = 0.9997, RMSE = 0.714, F (1, 18) = 63630, p < 

0.001). The emergence value (e) was thus estimated from the model coefficient to be 

99.5%. 
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A linear model was also found to closely fit the mean seedling density (x) and 

mature plant density data (MP) (Fig. 3b, MP = 0.9555x + 0.4725, R2 = 0.997, RMSE = 

2.26, F (1, 18) = 5814.8, p < 0.001), producing a model coefficient value for seedling 

survivorship to maturity (s) of 95.55%. This relationship was not found to be density 

dependent, a result consistent with findings of González-Andújar and Fernández-

Quintanilla (2004). 

 

 

 

3a. 
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Fig. 3. Relationships between: a. mean seed density (x) and the density of barley grass seedlings (y) at the 

3 leaf stage (seedling emergence), b. mean seedling density (x)  and the density of mature barley grass 

3d. 

3e.  
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plants (y) at flowering (seedling survivorship), c. mature plant density (M)  and seeds per plant (fecundity, 

F) at flowering (individual plant fecundity), d. mature plant density (M) and the number of seeds per 

inflorescence (S) at flowering (seeds per inflorescence), e. mature plant number (M) and the % reduction 

in total fecundity (PRF) after a repeat defoliation at post inflorescence emergence (% reduction in total 

fecundity), all determined under greenhouse conditions during 2018 at Charles Sturt University, Wagga 

Wagga, NSW (see also results in Chapter 4, n = 20 in each case). 

 

4.2.1 Individual plant fecundity 

A hyperbolic model fitted by non-linear regression to mature plant density (M) 

and individual plant fecundity (F) data was found to closely fit the data (Fig. 3c, F = 2255 

/ (1+ 0.33 M), RMSE = 159.97, df = 18). The parameter values obtained were f = 2255 

and a = 0.33. 

4.2.2. Seeds per inflorescence and inflorescence density m-2 

Two other relationships involving mature plant density were deduced using 

additional greenhouse plant data. These relationships were developed for linking the 

barley grass model to the larger prospective bioeconomic model.  The first relationship 

was described by an exponential model, fitted by non-linear regression to mature plant 

density (M) and seed number per inflorescence data ( Fig. 3d, S = 41.04 M 0.068, RMSE = 

2.57, df = 18). The parameter values obtained were a = 41.04 and b = 0.068. The second 

relationship was derived by dividing total seed production (i.e. total fecundity) (𝑇𝐹) by 

the number of seeds per inflorescence (𝑆𝐼) to obtain inflorescence density m-2 (𝐼): 

        𝐼 =  𝑇𝐹/𝑆𝐼                                                     (11) 

4.2.3 Percentage reduction in total fecundity: the effect of mowing 

The percentage difference in total fecundity between undefoliated and repeated 

defoliated plants was calculated from greenhouse plant data. The largest reductions in 

total fecundity were observed between undefoliated plants and plants defoliated twice 

(repeat defoliation) as opposed to defoliations at seedling stage or after a single 

defoliation (Chapter 4).  

To determine the relationship occurring between the decline in total fecundity due 

to defoliation and mature plant density, the percentage reduction in total fecundity (PRF) 
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occurring after a repeated defoliation was calculated for each plant density using the 

following equation: 

                 𝑃𝑅𝐹 =
    𝑇𝑜𝑡𝑎𝑙 𝑓𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 (𝑟𝑒𝑝𝑒𝑎𝑡 𝑑𝑒𝑓𝑜𝑙𝑖𝑎𝑡𝑒𝑑 𝑝𝑙𝑎𝑛𝑡𝑠) 

𝑇𝑜𝑡𝑎𝑙 𝑓𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 (𝑢𝑛𝑑𝑒𝑓𝑜𝑙𝑖𝑎𝑡𝑒𝑑 𝑝𝑙𝑎𝑛𝑡𝑠)
 X 100                        (12) 

A natural logarithmic function was subsequently fitted to this data (Fig. 3e) using 

nonlinear regression (PRFt = 8.602 Loge Mt +35.208, RMSE = 22.06, df = 18), where the 

dependent variable 𝑃𝑅𝐹𝑡 is the percentage reduction in total barley grass fecundity after 

the repeated defoliation at time 𝑡,  and 𝑀𝑡  is final mature barley grass density at time 𝑡.  

This function was subsequently incorporated into the barley grass population model to 

simulate the percentage reduction in seed production likely as a result of the repeated 

mowing, a variable which fluctuated with mature plant density (Chapter 4).  

No fecundity data obtained from defoliating plants at any other plant growth 

stages (i.e. SDL or HC1) were used to determine impacts of mowing in the barley grass 

model, since differences in total fecundity between undefoliated plants and the defoliated 

plants at SDL and HC1 stages were not consistently significant (see also Chapter 4). Since 

error terms associated with model functions were mostly low, no testing of model error 

prediction in the final model was undertaken. 

5. Model Sensitivity  

A  sensitivity analysis, incorporating methods by  González-Andújar and 

Fernández-Quintanilla (1993; 2004), was conducted in order to assess model sensitivity 

(Pannell, 1997). A sensitivity index was generated by the following relationship: 

                                                   𝑆𝐼 =
    (𝐷𝑚𝑎𝑥   – 𝐷𝑚𝑖𝑛 ) 

𝐷𝑚𝑎𝑥 
                                                      (13) 

where Dmax and Dmin are the model seedbank output values at the end of the final year of 

the ten year simulation when each parameter is set to 40% above (maximum) and below 

(minimum) the model parameter values (Table 5). The higher the sensitivity index, the 

more sensitive the model is to parameter variation. The starting seedbank was set at 100 

seeds m-2 for all simulations. Since variability occurs between model iterations due to 

climate variability between years, 1000 iterations for each parameter variation were 

conducted and a mean final seedbank value at the end of the ten year simulation period 
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was determined. The results of this analysis showed that the barley grass model was most 

sensitive to changes in emergence, fecundity, seed loss,  dormant seed mortality and 

propaquizafop (early herbicide) efficacy, and relatively insensitive to the value assigned 

to seedling survivorship, paraquat (late herbicide) and mowing efficacy (Table 5). 

Previous studies and plant observations taken during greenhouse and field studies confirm 

that the range of values selected for sensitivity analysis for each parameter were within a 

realistic set of values obtained across a wide range of conditions (Smith, 1968a, Borchert 

& Jain, 1978, Popay, 1981, Perry & Ellerton, 1983, Chambers, Code & Scammel, 1991, 

Southwood, 1971). 

 

Table 5. The sensitivity of the final seedbank population of barley grass to variation in values of 

demographic parameters after a ten year simulation.  

 

Parameters 

Values  

Sensitivity 

Index 

Maximum (+40%) 

Minimum                

(-40%) 

Model value 

Emergence 1 0.597 0.995 -0.63 

Seedling survivorship 1 0.5736 0.956 0.028 

Fecundity of single 

plant  

3157 1353 2255 0.5 

Seed loss 0.42 0.18 0.3 -0.41   

Dormant seed 

mortality 

0.7 0.3 0.5 -1.4 

Control Strategy 

Efficacy 

    

Propaquizafop 0.999 0.59 0.99 

  

-8.5 
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(Early herbicide) 

Paraquat 

(Late herbicide) 

0.81 0.35 0.58 0.016 

Mowing 0.999 0.5 0.84 0.008 

 

6.  Model simulations 

To examine the effect of each of the control methods on the barley grass seedbank 

over time, a Monte Carlo simulation procedure was used. Different threshold values for 

seedling and mature plant density (per m-2) were set to trigger the implementation of each 

control strategy based on typical timings of the control strategy in relation to plant growth 

stage. The selected threshold value was assumed at seedling stage. The associated mature 

plant threshold value was calculated using Equation 2, and was considered to be the 

proportion of seedlings surviving to maturity.  

Early and late herbicide “applications” were triggered when barley grass seedling 

and mature plant densities exceeded the density threshold values set for seedlings and 

mature plants, respectively, during each simulation. The mowing treatment was also 

triggered in response to mature plant density exceeding a threshold value, because each 

mature plant would be expected to produce at least one inflorescence as they reached their 

reproductive stage, the time when mowing is likely to be most effective for reducing seed 

production (Brownsey et al., 2017). In the simulations involving combined strategies, the 

model timed the implementation of control tactics sequentially as they would occur in 

practice, triggered whenever the threshold values required for each strategy were reached. 

If threshold values were not exceeded during a simulated year, regardless of the set 

threshold value, the particular tactic was not implemented.  

A factorial design was used with five weed seedling thresholds (WT = 5, 50, 250, 

500, 1000 seedlings m-2) and eight control strategies, including “no control” (Table 3).  

The model was run for 1000 iterations per simulation and the starting value for the 

seedbank was set at 100 seeds m-2 for each iteration. Two way ANOVA was conducted 



                   Chapter 5 

 

             
207 

 

using R software (RCoreTeam, 2016) to determine the significance of individual factors 

(weed threshold and strategy) in producing mean seedbank differences.  

 

7. Results 

Significant differences in the mean seedbank overall were noted due to the 

interaction between strategy and weed threshold (df = 28, F = 156.9, p < 0.001). 

Combined strategies were generally found to be most effective in reducing the barley 

grass seedbank over ten years (Fig. 6, 7a - 7e). The largest reductions in the weed 

seedbank compared to the control occurred when all control tactics were applied at the 

lowest density thresholds (< 50 seedlings m-2), while seedbank size converged towards 

that of the uncontrolled seedbank at higher density thresholds (> 250 seedlings m-2, Fig. 

6). 

 

7.1 Absence of control practices 

The uncontrolled seed bank followed a sigmoidal growth curve at all weed 

seedling thresholds and a population equilibrium was reached at 950 seeds m-2 (Fig. 5a to 

e and 7a to e), representing the potential maximum density of barley grass invading a 

lucerne pasture under Wagga Wagga climatic conditions. Control tactics were found to 

be most effective at low seedling densities, but declined significantly in efficacy as 

seedling density increased. 
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Fig. 5. Mean barley grass seedbank trends (+ 95% confidence intervals m-2) modelled within a simulated 

barley grass-infested lucerne pasture at Wagga Wagga, NSW over ten years using no control:          and 

three singular control strategies: early herb:   ▲     late herb:             and mow:           at five weed 

seedling thresholds; a) 5, b) 50, c) 250, d) 500 and e) 1000 weed seedlings m-2). 
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Fig. 6. Mean barley grass seedbank trends (seeds m-2 + 95% confidence intervals) averaged over ten years under seven control strategies and no control applied at weed seedling 

thresholds of 5, 50, 250, 500 and 1000 seedlings m-2 within a simulated barley grass-infested lucerne pasture at Wagga Wagga, NSW
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7.2 Individual tactics  

7.2.1 Herbicides 

The early and late herbicide treatments (efficacy of 99% and 58% respectively) 

reached a lower asymptote than the uncontrolled population by the second year at all 

weed thresholds (Fig. 5a to e). In comparison to the uncontrolled population, the single 

early herbicide applications produced the smallest overall mean seedbank of all individual 

tactics at a threshold of 5 seedlings m-2 (288 seeds m-2), representing a 70% reduction in 

the barley grass seedbank (Fig. 6). In contrast, this tactic was the least effective individual 

tactic at all other density thresholds (Fig 5a to e), reducing the mean seedbank between 

16 - 50% (between 435 and 746 seeds m-2, Fig. 6).  

Compared to the uncontrolled population, the late herbicide application resulted 

in significant seedbank decline over the ten years at all thresholds (Fig. 5a to e), and 

together with the repeat mowing treatment, was more effective than the early herbicide at 

densities greater than 5 seedlings m-2 in reducing the mean seedbank by up to 56% (Fig. 

6).  

  

7.2.2 Repeat mowing 

A similar sigmoidal increase in the seedbank population also occurred at all 

threshold levels in response to the annual repeated mowing strategy (Fig 5a to e). At 5 

seedlings m-2 (Fig. 5a), repeat mowing resulted in the smallest seedbank decline (62%) 

of all individual tactics, producing a seedbank population of 346 seeds m-2. In all other 

populations, this tactic performed similarly to the late herbicide application, reducing the 

weed seedbank by 57% (Fig.6). 

    

7.3 Combined programs 

The four combined programs generally resulted in greater seedbank decline than 

the individual tactics, particularly at the lower weed thresholds of 5 and 50 seedlings m-

2 (Figs. 7a and b). The greatest impact on the seedbank overall was achieved at a 

threshold of 5 seedlings m-2 by the early_late and early_late_mow programs, resulting 

in a 86% and 89% overall reduction in the seedbank, respectively (Fig. 6).  
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The early_late_mow program was more effective than all other strategies in 

reducing the seedbank across the ten year period (Fig. 7a to e). Of all other combined 

strategies, the early_late strategy generally resulted in a lower overall seedbank at 

thresholds of 5 and 50 seedlings m-2 only (Fig. 6, 7a and 7b), while the late_mow strategy 

performed most effectively at higher thresholds and produced the most dramatic initial 

reduction in the seedbank between the first and second year in populations of 250 

seedlings m-2 and above (Fig. 7c - 7e).  

The early_mow strategy generally performed least effectively of all combinations 

over time at all thresholds below 1000 seedlings m-2, but surpassed performance of the 

early_late program within the largest population (Fig. 6, 7e). 
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Fig. 7a to e. Mean barley grass seedbank trends (+ 95% confidence intervals m-2) modelled within a 

simulated barley grass-infested lucerne pasture at Wagga Wagga, NSW using no control:         and four 

combined control strategies: early_late:  ==   , late _ mow:       ,   early _ mow:        , and early_ late _ 

mow:          at five weed seedling thresholds (5, 50, 250, 500 and 1000 weed seedlings   m -2 respectively).  

 

8. Discussion 

The use of modelling to simulate weed population dynamics is a commonly 

accepted method for predicting the impacts of control measures on weed populations over 

time and in identifying important knowledge gaps for future research (Fernandez-

Quintanilla, 1988, González-Andújar & Fernández-Quintanilla, 2004).  

The prolific barley grass seed production in the absence of control measures over 

ten years in this study (i.e. “no control”), highlights the competitive nature of barley grass 

in lucerne pastures. Although published survey data from 1997 and 2008 identified barley 

grass incidence to be as high as 61% incidence in Western Australian pastures (Borger et 

al., 2012), there is no available literature describing the densities and frequencies of barley 

grass populations typically encountered across Australian farms. However, the model 

simulations are found to  agree with those of published experimental findings, where an 

unmanaged barley grass seedbank of 987 seeds m-2 was measured within a lucerne field 

in southern Australia, where limited seed persistence in the soil and high germination was 

observed in the first year  (Powles et al., 1992). The asymptotic increase in the barley 

grass seedbank observed in this study is also consistent with seedbank patterns of other 

annual grass weeds (i.e. Avena sterilis and Lolium rigidum), simulated across the same 

length of time (González-Andújar & Fernández-Quintanilla, 1991, 2004). Sustained 

seedbanks of this degree result in dense stands of mature barley grass plants each year 

(Powles et al., 1992), leading to prolific seed production and significant contamination 

risks to grazing sheep (Atkinson & Hartley, 1972, Hartley & Bimler, 1975). This 

demonstrates the importance of controlling barley grass populations in grazed pastures 

before high seedbank levels are attained.  

In this study, the superiority of combined programs in regulating the weed 

population was similar to findings reported by field studies for other annual grasses such 

as Echinochloa crus-galli (Donald et al., 2001) and simulated IWM strategies in modelled 

Lolium rigidum, Papaver rhoeas and Echinochloa crus-galli populations, where at least 
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90% weed control was attained (González-Andújar & Fernández-Quintanilla, 2004, Torra 

et al., 2008, Beltran et al., 2012). Although 100% efficacy was not attained by the 

individual components of combined programs, significant control over the population 

was likely facilitated by the ability to target plants at two different stages of the plant life 

cycle within any given year (i.e. at seedling stage and at plant maturity), reducing plant 

density (by propaquizafop applied at seedling stage) and seed production (mowing 

applications  to remove inflorescences and paraquat applications for seed set inhibition in 

mature plants).  

Although the application of individual herbicides (assumed at standard 

application rates) still reduced the seedbank significantly over the period compared to the 

uncontrolled population, a residual population of at least 1% survived and contributed 

seed into the subsequent year, since herbicide efficacy is never assumed to be 100%. 

These results are consistent with the findings of recent field trials investigating individual 

applications of propaquizafop and paraquat against barley grass in lucerne pastures at 

Wagga Wagga, NSW, during 2016 and 2017, as reported in this thesis (Chapter 4). In 

addition, earlier field studies by Chambers, Code & Scammell (1995) have also reported 

an efficacy of 98% for propaquizafop against volunteer cereals (also of the grass family, 

Poaceae), while Southwood (1971) report an efficacy of 70% for paraquat against barley 

grass. Both herbicides had been applied at similar rates to those reported in Chapter 4. 

Suboptimal chemical control of weed populations, such as those encountered by the late 

herbicide treatment in this study (i.e. 58%), can be financially and agronomically 

inadequate, due to the continued investment in herbicides required to control the large 

residual population and the risk of ensuing herbicide resistance (Diggle et al., 2003, 

González-Andújar & Fernández-Quintanilla, 2004). Furthermore, residual populations 

nonetheless present risks to sheep, due to the considerable contact made with remaining 

inflorescences during grazing. 

 In agreement with field study results shown in Chapter 4, population control was 

never fully attained by the individual repeat mowing strategy and resulted in the survival 

of a significant residual population each year, particularly within higher density 

populations. However, this tactic may be beneficial for limiting the spread of dense barley 

grass populations over time via reduced seed production, although timing applications to 
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coincide with post inflorescence emergence will be crucial to success. Indeed, other 

studies also report the impact of defoliation on seed production in barley grass when 

applied after commencement of reproductive development (El-Shatnawi et al., 1999), an 

effect also observed in other species of the Poaceae family, including Avena ssp., Lolium 

perenne, and Triticum aestivum when defoliated at similar growth stages (Morris & 

Gardner, 1958, Hebblethwaite & Clemence, 1983, Winter & Thompson, 1987). Lower 

numbers of viable seeds are available for dispersal and entry into the seedbank at this 

stage, due to incomplete seed development (Hempy-Mayer & Pyke, 2008).  

Findings obtained from greenhouse studies reported in this thesis (Chapter 4) also 

highlight the value of the repeated frequency of defoliation in reducing barley grass seed 

production, as opposed to a single defoliation. Studies comparing defoliation frequencies 

on seed production with Bromus tectorum populations, showed multiple defoliations prior 

to seed maturity reduced seed production by up to 99% (Hempy-Mayer & Pyke, 2008). 

In contrast,  defoliations of annual grasses prior to reproductive development may result 

in sustained or increased seed production in grasses (Hebblethwaite & Clemence, 1983, 

El-Shatnawi et al., 1999, Brownsey et al., 2017), also noted during the field study in 

Chapter 4, highlighting the critical importance of timing when performing repeat 

defoliations at post-inflorescence emergence to ensure the efficacy of this tactic in long-

term barley grass management.  

Similar conclusions can be drawn from the results of the combined weed 

management strategies consisting of herbicide and mowing treatments. These strategies 

were the most effective tactics for controlling the barley grass population over ten years 

in this study. Indeed, field studies performed concurrently to those described in Chapter 

4 at Wagga Wagga, NSW, also found defoliation by grazing plus herbicide to be most 

effective in reducing barley grass in comparison to singular treatments in a clover pasture 

(Piltz et al., 2019). However, the simulation results of this study were inconsistent with 

the low efficacy of defoliation and herbicide treatments applied under similar field 

conditions in Chapter 4. This may be the result of differences in the timing of treatments 

between these two studies, where individual field mowing applications applied while 

some of the population was still at the vegetative stage encouraged increased tillering and 

copious seed production.  
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Despite their efficacy, questions still remain regarding the financial advantages of 

combined strategies in maximising returns within lamb production systems and the 

potential for emerging herbicide resistance within the weed population as a result of 

repeated herbicide use. Herbicides applied prior to a repeated mowing at post-

inflorescence emergence may be valuable in arresting herbicide resistance development 

since plants surviving the herbicide application are not able to contribute seed to the 

seedbank due to inflorescences being removed by the mowing. This may create an effect 

similar to that of the “double knock” practice typically associated with cropping systems.  

Considering the prevailing high lamb prices across southern Australia in recent years 

(Behrendt & Weeks, 2019), the benefits of control may outweigh the cost of grass 

herbicides  and the labour and machinery costs associated with mowing, although this is 

yet to be determined.  If so, the early_late_mow program shows promise in yielding high 

economic benefits to a lamb production enterprise grazing lucerne pastures, since this 

strategy maintained the smallest weed population consistently over time at all initial 

thresholds and would thus be expected to most significantly reduce frequency of contact 

between seeds and grazing sheep. However, since resistance to ACCase inhibitors and 

Photosystem 1 electron diverters now exist in many southern barley grass populations 

(Heap, 2019),  the rotation of herbicide groups, where possible, within these IWM 

programs will be essential in limiting the development of herbicide resistance within 

barley grass populations. 

The results from this study highlight the important influence of initial weed 

seedling density on managed barley grass populations, due to the direct relationship 

between initial density and the size of the residual population which remains in the 

absence of 100% control. The effective control of populations at low densities over time 

was directly linked to the low numbers of surviving plants and hence low community-

level seed production to the seedbank, despite the high fecundity per individual under the 

influence of density dependence (Medeiros et al., 2017). This likely explains the greater 

efficacy of the early herbicide application to the other individual tactics applied to 

populations of 5 seedlings m-2. In higher density populations however, the larger residual 

population contributes greater community-level seed production. Although control is not 

attained under these circumstances, individual late herbicide and mowing applications are 
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able to effect greater control in comparison to the early herbicide due to their impact on 

seed production and the number of seeds entering the seedbank. Findings thus 

demonstrate the value of weed control practices which preserve low barley grass 

seedbanks. Such practices facilitate greater control over time and attract economic and 

agronomic benefits, including the use of less herbicide and the greater potential for 

competition by neighbouring desirable species (Kemp & King, 2001). Furthermore, such 

practices largely decrease the evolution of resistance by reducing the frequency of 

resistance alleles in weed populations (Christoffers, 1999).  

Areas requiring future research were also identified from this study. The 

construction of more complex models which simulate the effects of barley grass seed 

contamination in lambs would be most useful in confirming our suppositions regarding 

optimal weed thresholds for control and the economic benefits of combined control 

programs in lamb production systems. Such findings may assist in providing justification 

for proactive barley grass control, a practice often avoided on many farms due to the 

exploitation of this species as early season fodder in many regions of Australia.  

Sensitivity analysis results also suggest the vulnerability of barley grass 

populations to changes in emergence, fecundity, seed loss, dormant seed mortality and 

efficacy of early herbicide control. Fecundity and seed loss results from this study are 

consistent with the findings of González-Andújar and Fernández-Quintanilla (2004) for 

the similarly constructed annual ryegrass model. Contrasting results concerning 

emergence and dormant seed mortality may be explained by the incorporation of climatic 

variability in the model, which likely varied the response of these parameters to those of 

other studies from year to year.   Unsurprisingly, seedling density (as influenced by 

emergence), and subsequently fecundity, were also two of the major population drivers 

that were influenced by each tactic within combined programs in this study and thus led 

to greatest population control over time. 

In relation to the three individual control strategies, model sensitivity to variation in early 

herbicide (propaquizafop) efficacy is an expected result, since the early herbicide is the 

only strategy which directly influences the number of plants able to produce seed in the 

same year. Therefore variation in this parameter would be expected to influence the model 

far more than the influence of the other two strategies on fecundity, since fecundity is 
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innately dependent on the number of plants setting seed. This result highlights the 

importance of obtaining high control efficacy early in the season when controlling annual 

weed populations, where control of initial seedling numbers directly impacts on the size 

of the population and the potential seed production in any given year.  

Notwithstanding, these areas should be studied in detail under field conditions at 

various locations in order to validate the model under different conditions, to identify 

signs which may lead to enhanced control of this species and to identify barley grass 

responses to the changing climatic conditions forecast for southern Australia in the 

foreseeable future.  

 

9. Conclusions 

The barley grass model reported in this chapter offers some practical guidance 

regarding the potential of various strategic approaches used for effective control of this 

weed. Control tactics which target emergence, fecundity, seed loss and seed dormancy 

within the barley grass life cycle in any given year (i.e. via species competition, 

controlling soil surface cover, prevention of seed production or inflorescence removal) 

are likely to be most effective in controlling barley grass populations. In low density 

populations, some of these goals will be attained by management early in the weed life 

cycle. This stage of the cycle is where the implementation of herbicides will be 

particularly valuable in reducing emergence, thereby limiting barley grass competition 

and seed production later in the season. In contrast, removing the inflorescences of more 

mature plants by repeat mowing in high density populations will reduce usage of costly 

herbicides and constrain the size of the population, although applications must be timed 

when all plants reach reproductive development to effectively impact seed production. 

Combined strategies applied to low weed densities are likely to be most effective 

for reducing seed contamination risks to sheep grazing lucerne pastures and may present 

the greatest economic benefit while lamb prices remain high, although care must be taken 

in rotating among herbicide families or groups if herbicide resistance is to be managed. 

At initial seedling densities of 250 seedlings m-2 and above, despite the consistent efficacy 

of combined programs, there is likely to be less economic efficiency in controlling dense 

populations over time with these programs due to high community-level seed production 
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still generated by the residual population, leading to significant seed contamination in 

grazing sheep. Initial efforts to reduce dense populations in the first year may thus differ 

from control measures used to limit these in subsequent years. Assessment of control 

costs and the value of livestock products under fluctuating market prices will be necessary 

in determining optimal control measures for these populations in grazed systems. 
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Chapter 6 – Commercial in Confidence 

A bioeconomic model for the management of seed contamination in 

weaner sheep grazing southern Australian lucerne pastures infested 

with barley grass.  

 

Chapter 6 describes the development of the Barley Grass Seed Contamination 

(BGSC) bioeconomic model. The purpose of the model is to provide an effective, 

evidenced-based decision tool to facilitate a better understanding of the economic 

outcomes of the application of various weed control strategies on a prime lamb production 

system. The model simulates the economic impacts and costs associated with barley grass 

seed contamination on lamb enterprise profitability for animals grazing infested lucerne 

pastures under southern Australian conditions. The model incorporates the barley grass 

population submodel presented in Chapter 5, and simulates the impacts of the integrated 

and individual control strategies investigated within chapters 4 and 5 on lamb enterprise 

profitability. The cost associated with unmanaged barley grass populations within a lamb 

enterprise is determined, while optimal weed management programs and weed density 

thresholds are identified for reducing the impacts of barley grass seed contamination to 

sheep. 

 Wagga Wagga pasture and climate data generated from industry decision support 

tools, together with data from field and greenhouse studies obtained during this PhD 

project (Chapter 4) and published historical findings were used in the development of this 

model. 

 

. 
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Chapter 6.    

 

A bioeconomic model for the management of seed contamination in 

weaner sheep grazing southern Australian lucerne pastures infested 

with barley grass. 

 

1. Summary  

Barley grass (Hordeum spp. L.) is a pervasive annual grass weed of southern 

Australian crops and pastures, and frequently thrives under the high nutrient conditions 

of poorly competitive lucerne pastures. Barley grass seed is a common sheep carcass 

contaminant and causes significant weight loss in the live animal grazing such pastures, 

due to seed penetration of body, feet and facial tissues. Previous modelling of barley grass 

control strategies within a lucerne pasture highlighted the effectiveness of integrated 

weed management (IWM) strategies for reducing barley grass in the seed bank over a ten 

year period (Chapter 5).  However, the continuing physical and financial impact of these 

integrated control strategies on a lamb production enterprise grazing infested pastures 

currently remains unknown. A bioeconomic model was thus developed to simulate the 

impact of barley grass seed contamination on the profitability and productivity of weaned 

lambs grazing a typical barley grass-infested lucerne pasture in southern Australia. This 

model simulates the biophysical and economic impacts of singular and IWM strategies 

applied to the barley grass population at various weed density thresholds on lamb 

production over ten years and identifies optimal weed control strategies that maximise 

net present value. Annual climate variability is included stochastically within the model 

using data from 1990-2017 to simulate environmental impacts on barley grass population 

dynamics, subsequent animal growth and the efficacy of weed control strategies. The 

absence of barley grass control resulted in a predicted annual loss of $102/ha within the 

lamb production system. Economic returns remained highest under IWM at barley grass 

densities of 5 and 50 seedlings m-2 or below. In particular, maximum profitability of 

$67.98/ha/yr was attained by the combination of a late annual herbicide application plus 

a repeated mowing triggered at a weed density of 5 seedlings m-2. Returns narrowed to 

$28.88/ha/yr however, when control was triggered at a population of 50 seedlings/m2, and 
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were similar to those obtained by combining repeat mowing with either early herbicide 

or both early and late application together at the lowest weed density of 5 seedlings/m2 

($29.26/ha/yr).  These results highlight the significant cost associated with unmanaged 

barley grass populations in lamb production systems and demonstrate the value of 

proactive IWM strategies in maximising returns and improving liveweight gain of lambs 

grazing barley grass-infested lucerne pastures. 

 

2. Introduction 

Barley grass (Hordeum spp. L.) is a pervasive annual grass weed of Mediterranean 

origin, widely distributed across southern Australia’s agricultural zone (Cocks et al., 

1976, Llewellyn et al., 2016). Dense infestations of barley grass are often observed 

inhabiting degraded lucerne stands, due to reduced competition by lucerne plants and high 

nutrient conditions associated with legume production (Groves et al., 2003).  Despite the 

valuable forage afforded by juvenile plants in grazed pastures, barley grass seed is 

considered a significant carcass contaminant of sheep that graze pastures later in the 

growing season (Kelly et al., 2020). Seed lodgement within skin and muscle tissue causes 

significant devaluation of skins and carcasses (Mason & Behrendt, 2009) and poses 

serious health and welfare concerns to live animals (George, 1972). Sheep become 

susceptible to injury during the period of seed ripening and desiccation, when seeds 

readily dislodge from the parent plant (Hartley & Bimler, 1975, Hartley, 1976). 

Penetration of body tissues by seeds typically hampers grazing capacity, limiting feed 

intake and subsequent weight gain (George, 1972, Hartley & Bimler, 1975).  

Historically, herbicides have played a dominant role in controlling barley grass 

populations invading southern Australian farms and have also been used to reduce barley 

grass seed contamination in sheep (Hartley & Atkinson, 1972, 1973, Hartley et al., 1974). 

Non-chemical tactics, such as plant defoliation via grazing or mowing, have also been 

investigated and are often found to be effective in reducing barley grass seed production 

(Smith, 1968, Hartley et al., 1978, El-Shatnawi et al., 1999).  The combination of 

herbicides and defoliation by mowing have shown promise against barley grass as an 

integrated weed management (IWM) strategy (Chapter 4), although success relies heavily 
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on the timing of each tactic (Singh et al., 2006). Economic considerations typically 

influence the decision of farmers to engage in innovative agricultural approaches such as 

IWM (Pannell & Schilizzi, 2006). Yet, since most farmers remain risk-averse (Olson & 

Eidman, 1992), it is important to be able to demonstrate the financial gains and risk 

efficiency associated with the implementation of optimal IWM strategies over time. 

However, the innate difficulty in assessing the profitability and costs of different IWM 

programs often makes it challenging to identify optimal decisions (Doole & Pannell, 

2008). These challenges arise because the decision scenario typically occurs over time 

and often involves multiple related management strategies, making it difficult to identify 

control efficacy (Beltran et al., 2012).  Such issues may be addressed via the use of 

bioeconomic modelling, where biological and economic components are combined 

within the model framework (Kragt, 2012). RIM (Ryegrass Integrated Management) is a 

well-known bioeconomic model used to identify optimal control strategies against annual 

ryegrass (Lolium rigidum) populations in Australian crop and pasture systems (Pannell et 

al., 2004; Lacoste & Powles, 2014). Recently, RIM has been adapted to address barley 

grass management, but does not simulate the relationship between weeds and live weight 

gain in grazing sheep. However, well-accepted decision support tools, such as 

GRASSGRO, simulate daily livestock production from pasture growth and dynamics 

(Freer et al., 1997, Moore et al., 1997), while other models have been developed to 

determine the financial impact of weed seeds in general on carcass value at the processing 

level (Smith, 2014). Despite the existence of these models, no models are currently 

available at the farm level to simulate the biological and economic consequences of weed 

seed contamination and the impacts of various weed control strategies on livestock 

production from infested pastures at the farm level.  Such knowledge would facilitate 

decision making for livestock producers when considering a proactive approach to barley 

grass management, and assist in identifying areas for further research. 
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The following two research questions will be addressed: 

 1) What is the potential impact of seed contamination to a lamb enterprise grazing 

a barley-grass-infested lucerne pasture? and  

2) What is the relative livestock productivity and profitability resulting from the 

application of isolated and integrated weed management strategies to a barley grass 

infested lucerne pasture at various weed densities under southern Australian conditions? 

The recent models undertaken in Chapter 5 resulted in the development ofa barley 

grass population model, simulating barley grass population dynamics over a ten year 

period. Seedbank patterns varied widely with control strategy and weed density, 

suggesting these factors might also be important in influencing the degree of seed 

contamination in sheep. Combining the barley grass model and an animal model within a 

bioeconomic framework would allow interrogation of the interactions between these 

factors, as well as the influence of climatic, management and environmental impacts on 

the degree of seed contamination and associated livestock production over time (Freer et 

al., 1997). This chapter describes the development of a bioeconomic model, entitled the 

‘Barley Grass Seed Contamination (BGSC) model’, and its application to a typical lamb 

production system in southern NSW, Australia. The model simulates the physical and 

economic impacts of barley grass seed contamination in lambs grazing an infested lucerne 

pasture. Interactions between barley grass, animal and economic submodels are described 

and optimal weed control strategies are identified for the maximisation of livestock 

economic outcomes.  

 

3. Model Description 

3.1 Overview  

The BGSC model is comprised of three submodels (Fig. 1): 1) the barley grass 

submodel, implemented over a 10-year planning horizon; 2) a lamb enterprise submodel 

which calculates livestock production for each year, and 3) an economic submodel that 

calculates annual and aggregated economic returns. Daily pasture data is extracted from 

the simulation of a barley grass-infested lucerne paddock within the decision support tool, 

GRASSGRO (Moore et al., 1997). The data is used to simulate the impact of species 
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competition and climate variability on daily pasture growth, weed seed production and 

botanical composition in different years (Chapter 5). Pasture data is also used by the 

livestock submodel to simulate daily weight gain from available biomass and feed quality. 

Modelled inflorescence density within the barley grass submodel also influences the 

simulated daily weight gain of grazing sheep within the livestock submodel, and the 

resulting quality and value of livestock outputs (meat and skin). The inclusion of weed 

control impacts and costs with the barley grass submodel, associated GRASSGRO 

pasture simulations and livestock product quality and prices enables the economic 

assessment of the impact of seed contamination on lamb production within the economic 

submodel, represented by net present value (NPV) over the 10-year planning horizon.  
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Fig. 1. A conceptual diagram of the BGSC model, showing relationships between the barley grass, livestock and economic submodels and their components.
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3.2 Model assumptions 

The primary assumptions underlying the BGSC model are: 

1.  The model includes stochastic climate variation via a Monte Carlo simulation 

approach, which randomly draws GRASSGRO-generated seed production, 

lucerne and barley grass biomass data for each year type from the period 1990-

2017 at Wagga Wagga NSW, assuming a uniform distribution of years (see 

Chapter 5 for a detailed description of GRASSGRO simulations). However, with 

regard to price risk, the model is deterministic in that it does not represent annual 

variation in price, costs or herbicide efficacy. 

2. Weeds other than barley grass are considered as controlled and do not impact 

pasture competition or livestock performance. 

3. Combined effects are multiplicative as opposed to additive, since control 

treatments occur at various stages of the weed life cycle (Pannell et al., 2004). 

4. The mowing treatment is considered to be a repeated mow, each of which occurs 

after inflorescence emergence and prior to seed maturity (Singh et al., 2006). All 

mown material is considered to be removed. 

5. When weed density reaches the selected threshold value  at each plant stage within 

each year across the planning horizon, the implementation of the various control 

tactics are initiated in the model, reflecting application timing in practice (see 

description in Chapter 5).  

6. In the uncontrolled scenario, control tactics are therefore not triggered and so 

results for this scenario are the same across all weed thresholds.   

7. Sheep are considered to be second cross weaned lambs and graze the pasture from 

weaning (1st September) to sale (31st December). All equations used to model 

livestock performance (Freer et al., 1997) operate on this premise. Wool and 

reproductive performance parameters are not included within the model due to 

sheep age and the enterprise focus on sheep meat production. 
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8. The effect of seed contamination on sheep is modelled only as live weight loss 

through intake suppression, since seed injury hampers movement and grazing 

ability and therefore influences feed intake and weight gain (Hartley & Bimler, 

1975, Hartley, 1976). Impacts on livestock production due to inflammation, 

infection, other secondary effects or seed position within the animal are not 

explicitly included. 

 

3.3. The barley grass submodel 

The barley grass submodel (Chapter 5), consists of a number of equations for 

predicting weed population size in the next year as a function of population size in 

the present year. This approach has been used previously to model the population 

dynamics of other annual grasses such as Avena fatua, Vulpia bromoides and Lolium 

rigidum (Watkinson et al., 2000, González-Andújar & Fernández-Quintanilla, 2004).  

Density dependency effects were accounted for during model construction and model 

parameters were developed using existing literature, expert opinion and data from 

recent field and greenhouse experiments (Chapters 4 and 5).  

 

3.4 Pasture data  

Daily pasture data is required on a daily time step to facilitate the inclusion of 

climate variability within each simulated year on botanical composition and seed 

production (Chapter 5) and is also required by livestock model equations. Daily green 

dry matter digestibility, total available herbage mass, pasture growth rates, species 

composition, barley grass senescence dates and biomass loss rates are incorporated as 

inputs within the livestock submodel equations in line with the randomised year. To 

facilitate the ability to vary stocking rates, total daily available herbage mass was 

calculated within the livestock submodel at a daily time step, and thus only required 

the initial biomass value as the starting value on day 1. The calculation of herbage 

mass on subsequent days (𝐵𝑡 ) is as follows: 

𝐵𝑡+1 =  𝐵𝑡  + 𝑃𝐺𝑡+1  − 𝐵𝐿𝑡+1 – (𝐻𝐼𝑡+1  x  𝑆𝑅𝑡+1 )                               (1) 
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where 𝑡 + 1  is the current day and 𝑡 is the day prior. 𝑃𝐺𝑡+1  is pasture growth rate (kg 

DM/ha), 𝐵𝐿𝑡+1   is biomass loss rate, 𝐻𝐼𝑡+1   is herbage intake and 𝑆𝑅𝑡+1  is stocking 

rate on the current day.  

Pasture data required by livestock submodel equations, as extracted from yearly 

GRASSGRO outputs, are defined in Table 1. 

 

Table 1. GRASSGRO pasture data variables per year required by livestock submodels in the 

simulation of an un-grazed barley grass infested lucerne paddock in Wagga Wagga, NSW. 

GRASSGRO pasture data variables Description 

Digestibility (green) (%) 
Digestibility of sheep dietary intake per 

day *  

Total available herbage: **lucerne-winter active + 

Annual grass-early (kg DM/Ha) 

Starting herbage mass value on first day of 

simulation 

Total growth rate: lucerne-winter active +  Annual 

grass – early (kg DM/Ha/day) 
Daily pasture growth rate 

Total live loss rate (lucerne-winter active and 

Annual grass-early) (%/day) 

Quantity of biomass lost per day through 

decay 

Total Loss-biomass (lucerne-winter active and 

Annual grass–early)  (kg DM/Ha) 
Loss rates converted to biomass values 

Percentage of lucerne-winter active (as a proportion 

of total herbage mass (% ) 

Proportion of lucerne in the pasture: when 

averaged across each year, this value 

became the percentage of lucerne 

competition within the barley grass 

submodel. Also used as the proportion of 

legume required by livestock submodel 

equations for each year. 

Time of senescence Indicates initiation of seed desiccation 

(thereby signaling the start date of live 

weight loss in the livestock model). 

*Green dry matter digestibility was available as the most complete dataset for the simulation period and 

was thus determined to be a suitable measure of diet digestibility. Where data was unavailable on any 
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given day within GRASSGRO, the previous day’s value was used as the most recent average. 

**Lucerne-winter active and Annual grass – early are species terminology utilised in GRASSGRO, 

with Annual grass – early representing barley grass in the simulations. Note: Chapter 5 lists the 

parameters used in GRASSGRO simulations. 

 

3.5 Livestock submodels  

Livestock submodels are comprised of equations and parameters used in 

simulating the growth of second-cross weaner sheep within the GRASSGRO animal 

model and are described by Freer et al. (1997). Separate livestock models were 

reproduced for each year of the ten-year planning horizon. This facilitated the effect of 

climate and pasture variability between different year types, which were randomised 

within each year of the ten-year simulation. The livestock submodel operates on a daily 

time step to simulate livestock growth occurring between weaning (1st September) to sale 

(31st December). Initial and final live weights, and levels of skin and carcass 

contamination obtained from the livestock submodel, were exported to the economic 

submodel to determine carcass and skin values. All starting livestock model parameters 

which varied from the default values of the GRASSGRO animal model were utilised from 

available literature and are described in Table 2. 

 

Table 2. Animal parameter values utilised within livestock submodels incorporated within the Barley Grass 

Seed Contamination Model for the simulation of second cross lambs grazing a barley grass-infested lucerne 

paddock in Wagga Wagga, NSW from weaning on 1st September to sale on 31st December. 

Parameter Source 

Standard Reference weight (cross bred ewe: 76kg) (NSW DPI, 2018) 

Average birth weight (second cross lambs): 5kg (Hocking Edwards et al., 2019) 

Average weaning weight/starting weight (second 

cross lambs): 27kg 

(Hocking Edwards et al., 2019) 
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3.6   Intake suppression: linking barley grass seed production to livestock growth 

The relationship between annual barley grass inflorescence density and live 

weight loss in sheep during the simulated grazing period is the crucial component linking 

the barley grass and livestock submodels within the BGSC model framework. In 

searching the available literature, findings from a 1969 field study conducted in Trangie 

NSW (referred to herein as “the Trangie study”, Campbell et al., (1972)) were the only 

data available within the literature with which to generate this relationship. GRASSGRO 

was used to replicate the experiment, so that the impact of barley grass inflorescence 

density on livestock weight gain, and specifically impact on intake suppression (Is), could 

be determined. Appendix A3 contains the detailed description of the derivation of intake 

suppression in relation to barley grass inflorescence density using the Trangie study 

results modelled in GRASSGRO. 

 

3.7 The Intake Suppression Factor equation 

In order to model impacts of barley grass contamination on production in terms 

of the direct impact of contamination on feed intake, a function describing feed intake 

suppression correlated to contamination needed to be developed. The relationship 

between daily intake suppression (IS), as generated by the Trangie study model 

simulations, and the associated inflorescence densities used to derive them were modelled 

using non-linear regression and parameterised using Matlab Software (release R2019a) 

(Mathworks, 2019). A non-rectangular hyperbola (Johnson, 2008) was found to best fit 

the data (R2 = 0.999, RMSE = 0.004519) and was fixed through zero, since zero 

inflorescences would be expected to correspond to zero intake suppression in practice. 

The function generates an index value (entitled the Intake Suppression Factor, 𝐼𝑆𝐹) in 

relation to barley grass inflorescence density, as generated by the barley grass submodel 

for the year type selected. The Intake Suppression Factor function is given by: 

𝐼SF =
1

2𝑏
( 𝑎𝑥 + 1 − ((𝑎𝑥 + 1)2 − 4𝑎𝑏𝑥)

1/2
)                                 (2) 

 

where x is barley grass inflorescence density/400cm3 and a and b are constants, where a 

= 0.0522 and b = 0.9773 (Fig. 2). 
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Fig. 2. The relationship between barley grass inflorescence density (x axis) and the percentage intake 

suppression in sheep (y axis, expressed as an index value, entitled Intake Suppression Factor) due to barley 

grass seed contamination. Data is presented as a functional non-rectangular hyperbola fitted to inflorescence 

density per 400cm3 and daily intake suppression due to barley grass seed contamination. 

 

Since final herbage intake within the livestock model is given by: 

                                           𝐼ℎ𝑒𝑟𝑏 = 𝐼𝑚𝑎𝑥  . 𝐼r                                                                                                     (3)  

where 𝐼ℎ𝑒𝑟𝑏   is actual intake of herbage, 𝐼𝑚𝑎𝑥  is maximum daily intake and 𝐼r  is relative 

intake of herbage (Freer et al., 1997), the intake suppression factor is used as an input 

within the livestock submodel to modify equation 3, thereby reducing herbage intake and 

influencing weight gain as follows:  

                                      𝐼ℎ𝑒𝑟𝑏 = 𝐼𝑚𝑎𝑥  . 𝐼r  (1 − 𝐼SF )                                                                                     (4)  

The modification from equation 3 to 4 is triggered to coincide with the start date 

of barley grass seed desiccation within the model, since this event typically coincides 

with intake suppression and weight loss in sheep grazing barley grass infested pastures 

(Hartley & Bimler, 1975, Hartley, 1976). 
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3.8 The economic submodel 

The economic submodel facilitates the calculation of livestock value and all costs 

associated with barley grass control, as influenced by annual barley grass inflorescence 

density and resulting seed contamination occurring in the sheep. Discounted cash flow 

was summed to calculate NPV over the ten-year planning horizon. The most desirable 

strategy corresponds to that with the highest NPV. Represented as an annuity (NPVa), the 

annual equivalent, NPV is given by the formula: 

    𝑁𝑃𝑉𝑎 = 𝑁𝑃𝑉 [
𝑖(1+𝑖)𝑛

(1+𝑖)𝑛−1
]                                          (5) 

where NPV is net present value, i is the discount rate used in determining the discounted 

cash flow and n is the number of years constituting the planning horizon (Nuthall, 

2016). 

3.8.1 Discounted cash flow and NPV 

Net cash flow in each year was determined by subtracting total control costs, 

livestock costs and initial livestock purchase value from total livestock income for the set 

stocking rate. The discounted cash flow was derived using a 5% discount rate, a rate 

considered typical for Australian livestock producers. The discounted cash flow was 

summed over ten years to provide the NPV of annual cash flows over the ten year 

planning horizon, as follows: 

                                                     𝑁𝑃𝑉 = ∑
 𝜋𝑡 (𝐶𝑡,𝐹𝑡,𝐿𝑡,𝑆𝑅𝑡)

(1 + 𝑖)𝑛
𝑇
𝑡=0                                    (6) 

where T was the simulation period (10 years), t is the current year; 𝜋𝑡is the measure of 

net cash flows in year t as a function of control costs (𝐶𝑡); feeding costs (𝐹𝑡), livestock 

costs (𝐿𝑡) and stocking rate in DSE/ha (𝑆𝑅𝑡), and n is the number of  years in the 

simulation period.  

3.8.2 Net cash flow – livestock income 

To determine skin and carcass values in relation to seed contamination (livestock 

income), the relationship between barley grass inflorescence density in the pasture, seed 

density within the fleece and final skin mark density resulting from seeds penetrating 
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through to the skin, was first required, thereby facilitating the subsequent determination 

of skin and carcass price discounts (Smith, 2014). Data encompassing barley grass 

inflorescence density in the pasture, seed density within the fleece and pelt mark density 

within the skin at slaughter was provided by Atkinson and Hartley (1972), and was 

identified as the only available data for generating these relationships within the available 

literature. A linear relationship between inflorescence density in the pasture and seed 

density within the sheep fleece was first generated, closely fitting the data as follows (R2 

= 0.991, RMSE = 0.650, F1,2 = 226.9, Fig 3a): 

                                                             𝑦 = 2.3308x +  1.7586                                        (7) 

where y was seed density with the fleece and x was inflorescence density/ha. Secondly, 

the relationship between seed density in the fleece and pelt marks within the skin was 

required to determine the degree of seed damage within animal tissue. Hartley and 

Atkinson (1972) reported a declining trend in seed mark density in the skin as seed density 

in the fleece reached a maximum, a result of seeds potentially being lost from the fleece 

prior to skin processing, while other studies describe the potential barrier that may be 

generated by increasing levels of vegetable matter in the fleece, thereby preventing further 

seeds reaching the skin (Warr & Thompson, 1976). Despite the lack of clarity around this 

relationship, the integrity of these field observations within the model was preserved by 

fitting a quadratic function to the data (R2 = 0.998, RMSE = 0.088, F1, 2 = 310, Fig 3b), 

as given by:  

                                           y = −0.0363x2 + 1.0508x −  1.5452                               (8) 

where y was the number of barley grass pelt marks per skin and x was the number of 

barley grass seeds per fleece. Within the model, these relationships provided the closest 

quantifiable estimation of the level of seed contamination expected in sheep grazing the 

pasture across the planning horizon in relation to barley grass inflorescence density values 

generated by the barley grass submodel each year. 
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3a.  

3b.  

Fig. 3a. The relationships between barley grass inflorescence density per hectare and the number of barley 

grass seeds per sheep fleece. Results are presented as a functional two-parameter linear model fitted to the 

number of barley grass inflorescences per hectare and the number of seeds per fleece.  b. the number of pelt 

marks per sheep skin as a function of the number of barley grass seeds per sheep fleece. Data is presented 

as a functional 3-parameter quadratic model fitted to the number of seeds per fleece and the number of pelt 

marks per skin (adapted from Atkinson & Hartley, 1972). 
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3.8.2.1 Carcass value  

Hot standard carcass weight (hereafter referred to as carcass weight, CWT in 

kilograms) was determined as follows: 

         𝐶𝑊𝑇 = 𝐿𝑊𝑇𝐹𝐼𝑁𝐴𝐿 ∙  𝐷𝑃                                     (9) 

where 𝐿𝑊𝑇𝐹𝐼𝑁𝐴𝐿  is the final live weight (kg) output generated from livestock submodels, 

and 𝐷𝑃 is an average lamb dressing percentage of 45%. Long term average monthly 

nominal lamb prices (c/kg) for three carcass weight classes (light lamb 12 – 18 kg, trade 

lamb 18 – 22 kg and heavy lamb > 22 kg) between the years of 2000 and 2017 were 

converted to real prices (c/kg CWT) using consumer price index data (ABARES, 2017) 

and 2018 as the base year. 

The real average monthly carcass price (c/kg CWT) for each weight class in 

December (RPDEC) was subsequently used within the model to reflect prices at the 

simulated sale time, and was averaged over the last five years of the modelled period 

(2013 to 2017) to remove major market fluctuation effects.  Final carcass value each year 

was thus determined as follows: 

                                                 𝐶𝑉𝑓𝑖𝑛𝑎𝑙 = 𝐶𝑊𝑇 ∙ 𝑅𝑃𝐷𝐸𝐶                                                            (10) 

where 𝐶𝑉𝑓𝑖𝑛𝑎𝑙 is final carcass value ($/carcass),   CWT is final carcass weight (kg) and 

𝑅𝑃𝐷𝐸𝐶  is real average monthly carcass price (c/kg CWT). 

To determine the level of price discount incurred due to seed contamination in the 

carcass, seed mark density in the skin, as determined from Equation 8, was used to 

generate values associated with low, medium or heavy levels of contamination. Since 

there was no data available which could facilitate the correlation between seed density in 

the fleece with seed density within carcass tissue, Equation 8 was considered to be the 

closest representation. Category boundaries were determined from those described by 

industry models developed for the assessment of grass seed contamination impacts on 

lamb production during processing (Smith, 2014). Contamination categories consisted of: 

Seed marks = 0 (zero), < to 12 seeds (low), 12 - 20 seeds (medium) and > 20 seeds 

(heavy). Price discount values allocated to each category were extracted from an industry 

abattoir model (Smith, 2014) and surveys (Collins, 2013), and were established at $0.10, 
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$0.50 and $1.00 per kilogram of carcass weight for low, medium and heavy 

contamination, respectively. The discount value, based on the seed contamination level 

present, was subsequently subtracted from the carcass price (c/kg CWT) during each year 

of the model to produce the discounted final carcass price (c/kg CWT). When no seed 

marks were generated from Equation 8, the discount was set to zero. 

3.8.2.2 Skin value 

The presence of grass seeds in sheep skins (described as vegetable matter or VM) 

results in significant price discounts, due to the presence of seed puncture marks which 

hamper dye penetration during skin processing (Collins et al., 2013). Monthly nominal 

skin price data for VM-free and for Heavy VM 2-3 inch skins between 1990 and 2017 

were used to determine average skin prices for three carcass weight classes (namely, <  

20 kg CWT, 20.1 – 24 kg CWT and > 24 kg CWT) (MLA, 2016). Linear interpolation 

was used for missing monthly skin price values. Nominal values were transformed to real 

price values (c/skin) using consumer price index data (ABARES, 2017), and were 

averaged over the five year period between 2013 to 2017 inclusive. The percentage 

change between VM free and Heavy VM skin prices across all years was found to vary 

minimally between all carcass weight classes, averaging 33%. This was consistent with 

expert industry opinion, where 40 seed marks within a skin is typically considered “heavy 

VM” and frequently attracts a price discount of approximately 30% (G. Webster, personal 

communication, 23rd March, 2019). Linear functions describing the relationship 

concerning percentage price discounts (values between zero and 33%), and seed mark 

densities per skin (values between 1 and 40) were determined for each carcass weight 

category. A single function thus describes the percentage skin price discount,  𝐷𝑆, in 

relation to seed mark density in the skin for all carcasses as follows:    

                                                     𝐷𝑆 =  𝑎𝑥                                                             (11) 

where  𝐷𝑆 is skin price discount (%), x is seed density per sheep skin and a is a constant 

which varies based on carcass weight class, namely a= 0.0063 (< 24 kg) and a= 0.0067 

(> 24 kg).  𝐷𝑆  was constrained to values between 0 and 1 in the model (i.e. 0 to 100% 

discount) to ensure no negative values were derived. 
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This relationship thus facilitated the calculation of the percentage skin price 

discount, based on carcass weight and the number of seed marks in the skin, an output 

generated by Equation 8. The percentage price discount value was converted to a cents 

per kilogram value in the model by multiplying the percentage discount value by the VM 

free price as follows:  

                                                     𝑆𝑃𝐷 =  𝑆𝑃𝑉𝑀𝐹  (1 −  𝐷𝑆)                                                   (12)  

where  𝑆𝑃𝐷  is the discounted skin price (c/skin) due to seed density in the skin, 𝑆𝑃𝑉𝑀𝐹  is 

average VM free skin price (c/skin) and  𝐷 𝑆 is the percentage discount due to seed density 

(Equation 11).  

 

3.9 Costs 

Herbicide application costs were determined using local 2019 retail prices on a 

per hectare basis. Herbicide application and mowing costs included average labour and 

machinery costs per hour, based on those represented in industry gross margin budgets 

for dryland lucerne pasture establishment and grazing by prime lambs (NSW DPI, 2012).  

Chemical, labour and machinery costs were summed in each year of the model to produce 

the final control cost per year. 

Livestock cartage, selling costs, commission value on sheep sales and levy values 

were obtained from industry gross margin budgets for a terminal lamb enterprise, 

producing total livestock selling costs per year (NSW DPI, 2018). Since livestock are 

“purchased” as weaners to begin grazing the pasture at the start of the simulation, a 

purchase cost was generated by using the five year average nominal saleyard indicator 

price (cents per kilogram of hot standard carcass weight) for re-stocker lambs in NSW 

over the past five years (MLA, 2016). Nominal prices were converted to real prices using 

consumer price index data  (ABARES, 2019), with 2018 set as the base year. Purchase 

price was multiplied by the dressed hot standard carcass weight of the weaned lambs 

(using a 45% dressing percentage) to obtain the final livestock purchase price per head. 
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4. Model constraints 

4.1 Live weight loss per day  

Pasture simulations occasionally produced extremely low pasture herbage mass 

values in some years, simulating unrealistic live weight losses within livestock models 

which would be typically intolerable by most producers. Since weight loss in animals is 

governed by intake, the maximum realistic weight loss possible in sheep could be 

expected to occur when animals are not eating (equivalent to zero herbage mass). The 

calculated maximum weight loss in the model was thus constrained to 270 grams/ day, 

which was derived using the widely accepted decision support tool, GRAZFEED (Freer 

et al., 1997) for 27 kg weaner sheep grazing no pasture. It was also noted that in other 

instances, sheep live weight could also potentially fall to unrealistically low levels before 

the end of the grazing period based on lower herbage mass combined with the effects of 

heavy seed contamination in the livestock submodels, leading to live weights which were 

unrealistically low and reflected the death of the animals in real terms. To constrain the 

model to simulate realistic outcomes, the minimum final live weight possible was set to 

20 kg, since industry welfare recommendations suggest this to be the critical live weight 

for weaner sheep survival (Blackwood, 2006). If animals reached this minimum live 

weight within livestock submodel simulations, daily weight gains were triggered to 

change to zero until the end of the simulated grazing period, simulating the effect of early 

“selling” animals at the point at which they reached the critical live weight. The final live 

weight value reached at that point was thus used as the final live weight input for that 

year within the economic submodel.  

 

4.2 Supplementary feeding rule 

A feeding rule in the model was also established to simulate the feeding of a ration 

of barley grain whenever herbage mass declined below 500 kg DM/ha, simulating the 

feeding of animals due to limited feed availability and the need to prevent overgrazing of 

the pasture. The ration of barley required to produce a weight gain of 150 g per day in 

weaned crossbred sheep of this age with no pasture intake was assumed, and determined 

in GRAZFEED to be 780 g barley per day. The cost of feeding was also included within 
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the economic submodel at a price of $179.8 per tonne, reflecting the average on-farm 

price of barley grain over the past five years (ABARES, 2019).  

 

5. Model validation 

Model validation involves assessing model structure, inputs, outputs and 

suitability to the purpose for which it is designed (McCarl & Apland, 1986). The 

parameters within the barley grass submodel were obtained from field and greenhouse 

studies at Wagga Wagga and expert opinion. Parameters used in livestock models are 

validated parameters used in the GRASSGRO animal model (Freer et al., 1997), while 

parameters used within intake factor equations were generated from relationships 

developed from available data within the literature and outputs generated from the 

simulation of previous studies within well-established models to generate missing data 

(Moore et al., 1997).  Using available literature and expert opinion to develop functional 

form relationships is often necessary in model construction, since availability of 

validation data for complex bioeconomic models is often rare due to the complexity and 

magnitude of information required and the lack and limitations of experimental studies 

(Beltran et al., 2012). Bioeconomic models examining integrated weed management 

outcomes, such as RIM, have been extensively validated against field data (Pannell et al., 

2004). Programs such as GRASSGRO, are widely accepted, are used in many studies and 

found to be reliable for predicting livestock performance (Freer et al., 1997, Moore et al., 

1997). The outputs of the BGSC model have not yet been fully validated, because there 

are limitations arising from the lack of information available required to describe the 

connection between lambs grazing a barley grass infestation in relation to physical injury, 

particularly over a protracted period. These limitations are common to other bioeconomic 

models (McCarl & Apland, 1986, Beltran et al., 2012) and thus often require extensive 

review by experts (Beltran et al., 2012). However, live weight and carcass outputs from 

this study do appear consistent with lamb performance observed from fields contaminated 

with barley grass levels similar to those considered in this study (Campbell et al., 1972, 

Warr & Thompson, 1976, Little et al., 1992) Consequently, outputs of the model could 

be considered to provide a meaningful and appropriate description of the likely impacts 

of barley grass seed on lamb production from a lucerne pasture in southern NSW.  
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6.  Model sensitivity 

A sensitivity analysis was performed in order to determine the demographic and 

economic parameters having the largest influence on NPV. Methods used to determine 

the sensitivity index are described in Chapter 5. Physical and economic parameters of the 

model tested in the sensitivity analysis are shown in Table 3. The effects of changing 

parameter values within the model were relatively small, indicating low model sensitivity 

to parameter variability. The two parameters most sensitive to variation included the 

number of seeds per skin and the number of seed marks per skin.  

 

Table 3. The sensitivity of NPV to variation in values of physical and economic parameters related to seed 

contamination of sheep within the bioeconomic model after a ten year simulation (mean of 1000 iterations). 

 

Parameters 

Values 

 

 

Sensitivity 

Index 

 
Maximum           

(+40%) 

Minimum            

(-40%) 
Model value 

Physical  parameters 
    

Intake factor:  

constant a 
0.073178 0.031362 0.05227 

 

0.03 

 

Intake factor: 

constant b 
1.36822 0.58638 0.9773 

 

0.02 

 

Seeds/skin: 

          constant a 

 

3.26312 

 

1.39848 

 

2.3308 

 

0.35 

          constant b 2.46204 1.05516 1.7586 0.07 

Seed marks/skin: 

          constant a 
0.05082 0.02178 0.0363 0.07 

          constant b 1.47112 0.63048 1.0508 0.26 

         constant c 2.16328 0.92712 1.5452 -0.06 
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Economic parameters 
    

Maximum carcase price seed 

discount (c/kg CWT) 
140 60 100 

 

0.08 

 

Maximum skin price seed 

discount (%) 
0.45 0.192 0.32 

 

0.04 

 

*CWT = carcass weight. c/kg = cents /kilogram. **Bolded, underlined index figures highlight parameters 

most sensitive to variation. 

 

7. Model Case study: Crossbred weaner lambs grazing barley grass infested lucerne 

in southern NSW. 

A Monte Carlo simulation procedure was utilised to investigate the effects of weed 

density thresholds and control strategy on lamb production, profitability and risk within 

a lucerne pasture in southern NSW, Australia. Daily pasture data required by the livestock 

model was generated through GRASSGRO simulations of a barley grass-infested lucerne 

pasture between 1990 and 2017. The pasture parameters utilised in GRASSGRO 

simulations and detailed descriptions of all eight control strategies and trigger points for 

each control method within the BGSC model are provided in Chapter 5. In brief, 

individual control strategies consisted of: an uncontrolled population, and annual 

applications of an early herbicide (propaquizafop), a late herbicide (paraquat) or repeated 

mowing of the pasture at inflorescence emergence. An adjuvant was required for the 

application of propaquizafop. The remaining control programs consisted of combinations 

of each individual tactic, which were triggered in response to plant growth stages when 

weed density reached threshold values. Tactics within each combined control strategy 

were applied sequentially through the year. 

 

The eight control strategies consisted of:  

 an uncontrolled population (“No control”) 

 early herbicide application (“Early”, E) 
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 late herbicide application (“Late”, L)  

 repeated mowing at inflorescence emergence (“Mow”, M) 

 early + late herbicides (“Early_late”, EL) 

 early herbicide + repeated mow (“Early_Mow”, EM) 

 late herbicide + repeated mow (“Late_Mow”, LM) 

 early + late herbicides + repeated mow (“Early_Late_Mow”, ELM) 

Each simulation was run over the ten year planning horizon, since this represents 

a suitable period of time for showing long term trends in annual weed populations 

(González-Andújar & Fernández-Quintanilla, 2004) and reflects the average age of a 

degraded, barley grass-infested lucerne stand located in Wagga Wagga, NSW (Chapter 

4), which was used as the basis for the simulation.  Case study assumptions are listed as 

follows: 

1. The weed seedbank starting value was set to 100 seeds m-2.  

2. The eight control strategies were tested against five weed threshold settings (5, 

50, 250, 500 and 1000 barley grass seedlings m-2), representing an 8 x 4 factorial 

experiment. This corresponds to 32 treatment combinations at 1000 iterations per 

treatment, signifying 1000 randomised annual combinations of climate data 

obtained for Wagga Wagga, NSW, between the years of 1990 to 2017. 

3. The stocking rate was kept constant at 10 weaner lambs per hectare.  

All livestock and control costs used in the case study are listed in Table 4 and are based 

on NSW figures for alignment with the simulated location. 

 

Table 4. Costs associated with control strategies, livestock purchase and sales within case study 

simulations. 

Control costs    

Chemical Trade name $/Ha per application Reference 

Propaquizafop Shogun®  $11.52 Local average retail price * 

Paraquat Gramoxone®  $6.86 
Local average retail price  
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Adjuvant (alcohol 

alkoxylate) Chemwet 1000®  $0.48 

Local average retail price 

 

Activity Value Units   

Machinery 

maintenance 2.00 $/ha (NSW DPI, 2012) 

Labour 20.00 $/hr ( NSW DPI, 2012) 

Time per hectare 

(spraying) 0.1 hr/ha ( NSW DPI, 2012) 

Time per hectare 

(mowing) 0.1 hr/ha ( NSW DPI, 2012) 

Livestock costs       

Sheep Cartage/hd 2.00 $/hd ( NSW DPI, 2018) 

Sheep Selling costs 2.00 $/hd ( NSW DPI, 2018) 

Levies 2.90 $/hd ( NSW DPI, 2018) 

Feed: Barley grain 0.1798 c/kg (ABARES, 2019) 

Lamb purchase 

price 62.69 $/hd (MLA, 2016) 

Commission on 

sheep sales 4.95%   (DPI, 2018) 

*Local retail price as of May 2019 

 

8. Statistical analysis 

All statistical analyses were performed using R software (version 3.5.1) 

(RCoreTeam, 2016). Means and standard errors resulting from 1000 iterations of each 

experiment were calculated for NPV/ha, annual income/ha, annual control cost/ha, skin 

price/head, carcass price/kg CWT, and live weight gain/ha. Since NPV represents 

profitability of each control strategy, the optimal strategies for maximising profitability 

were identified using a regression tree, fitting control strategy and weed threshold as 

factors and NPV as the dependent variable. Since regression trees facilitate a clear 

representation of complex and potentially non-linear interactions occurring between 

variables (Shalizi, 2006) and assist in identification of specific outcomes  (Moisen, 2008), 

this method was considered a suitable method for investigating the complex interactions 
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generated by this model. Regression trees partition the explanatory variables at each 

“node” into a number of  “leaves” which contain the most homogeneous group of 

outcomes and are split to minimise the sum of squared error between the observations 

and mean  (Moisen, 2008). Construction of regression trees is influenced by the choice 

of the explanatory variables, and how and where the data partitioning occurs for the 

determination of optimal tree size (Moisen, 2008). Pruning of the tree to an optimal size 

is important to avoid overfitting and thus poor prediction capability, while overly small 

trees often mask important relationships (Moisen, 2008).  In the current study, the tree 

was first fitted completely by using a very small complexity parameter (0.00001), a cross 

validation value of 10 and the default minimum split value of 20, a value more appropriate 

for large datasets such as the one produced by the BGSC model. This tree was 

subsequently pruned using a complexity parameter of  0.00087478, since this was the 

value identified as producing the smallest tree within 1 standard error of the minimum 

cross validated error, as is consistent with the 1–SE rule used to identify optimal 

regression tree size (Breiman et al., 1984) (Fig. 4). 
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Fig. 4. Complexity parameter (cp) fitted against cross validated error for the final pruned regression tree, 

displaying diminishing returns in reducing error as the tree grows. The arrow highlights the optimal cp 

value of 0.00087478, which produces the smallest tree within 1 standard error of the minmial cross 

validated error ( The 1-SE rule, Breiman et al., 1984). 

 

 Optimal management programs with regard to price risk were illustrated using the 

concept of a risk-efficient frontier (Cacho et al., 1999, Hardaker et al., 2015). The risk 

efficient frontier is generated by plotting the NPV means and standard deviations of 

Monte Carlo simulation results, demonstrating the compromise between profit and risk 

(Behrendt et al., 2006). Each point represents a single combination between control 

strategy and weed density threshold. The frontier, shown figuratively by a dashed line, 

defines combinations of risk (simply represented by the standard deviation of NPV) and 

profit (mean NPV) generated under various control strategy and weed density scenarios 

where management is most efficient (Behrendt et al., 2006). Since standard deviation of 

NPV represents an estimation of the variability in profits resulting from a particular 

management combination, it is considered by other authors to be an adequate measure of 

risk, despite its simplicity (Hardaker et al., 2015). Risk-efficient management strategies 

are thus considered to be those situated along the frontier, corresponding to maximum 

economic returns at the lowest level of risk. In contrast, stochastically inefficient 

management strategies are represented by all points lying below the frontier (Behrendt et 

al., 2013). Producers chose the most superior combinations of profit and risk by selecting 

a point on the frontier which represents their personal inclination in relation to risk 

(Behrendt et al., 2006). Risk-averse producers would thus employ management 

combinations represented by the initial points on the frontier, while risk-indifferent 

producers would employ management strategies located further along the frontier 

(Behrendt et al., 2006).  

 

9. Results 

Control strategies resulted in marked differences in enterprise profitability and 

productivity at all weed density thresholds, and greatest differences between strategies 
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were generally observed at densities equal to and below 50 seedlings m-2. NPV values 

presented as an annuity (NPVa), are indicated in parentheses ($/ha/yr) unless indicated 

otherwise. 

 

9.1 Economic returns  

The cost of unmanaged seed contamination to a lamb enterprise grazing a barley 

grass infested lucerne pasture in southern Australia (the average of $793 and $788 NPV 

values for the uncontrolled scenarios, Fig. 5) was $791/ha over the ten year simulation 

period ($102/ha/yr). 
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Fig. 5. Regression tree of expected present value (mean NPV of 1000 iterations in $/ha), as estimated by the stochastic simulations of combined barley grass seedling density 

thresholds and control strategies within a grazed barley grass-infested lucerne pasture over ten years at Wagga Wagga, NSW. Values of 5, 50, 250, 500 and 1000 represent 

barley grass seedlings m-2 thresholds. Early = early herbicide, late = late herbicide, mow = repeated mow at post inflorescence stage, “_” in the control title denotes combined 

applications of individual control tactics. Percentages represent the proportion of the total number of data points contributing to each node.  
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Profitability was maximised at $525/ha ($67.98/ha/yr) as a result of annually 

combining a late herbicide with repeat mowing (“Late_Mow”) at the lowest weed density 

threshold of 5 seedlings/m2 (Fig. 5. and 6a). This program was also identified as the only 

risk-efficient strategy for managing barley grass-infested lucerne pastures grazed by cross 

bred lambs, as demonstrated by the upper left position of this strategy, which is located 

on the risk-efficient frontier. The next most profitable strategies consisted of the 

Early_Late_Mow and Early_Mow programs which resulted in returns of $226/ha 

($29.26/ha/yr) when applied at 5 seedlings m-2 and the  Late__Mow program at $223/ha 

($28.88/ha/yr) when applied at a density of 50 seedlings m-2 (Fig. 5). Although not always 

necessarily risk efficient, all three were significantly more beneficial than all remaining 

options for managing barley grass within a lamb production system, since they all 

produced positive economic returns. These results highlight the superiority of combined 

strategies over individual tactics in maximising profitability in lamb enterprises grazing 

barley grass infested lucerne, particularly in low density weed populations. In particular, 

combined strategies including mowing consistently resulted in greater profitability than 

those without, regardless of the weed density threshold. However, greatest gains were 

achieved when density thresholds were lowest, as evidenced by both the early herbicide 

(“early”) and the repeat mowing strategy (“Mow”), still returning $109/ha over ten years 

($14.11/ha/yr).  At higher density thresholds of 50 seedlings m-2 and above, the repeat 

mowing strategy (“Mow”) was not profitable but resulted in the smallest financial losses 

of all individual strategies over ten years. This loss was reduced by combining mowing 

with a late herbicide (“Late_Mow”), regardless of weed density (Fig. 5). Although 

mowing was found to be the most effective individual tactic for limiting losses over ten 

years at the two lowest weed thresholds, this tactic still presented with a high degree of 

risk (Fig. 7). 

The use of an isolated early herbicide was analogous to the mowing application 

at a weed density of 5 seedlings m-2 (Fig 5 and 6a), but resulted in a loss of at least $147/ha 

($19.03/ha/yr) at all other weed density thresholds. The late herbicide was not profitable 

at any time, regardless of the weed density threshold. It was also the least profitable 

individual tactic at the lowest densities, where the smallest loss was incurred at -$436/ha 
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(-$56.46/ha/yr, Fig 5).  Furthermore, both individual herbicide tactics were associated 

with a high level of risk across all weed thresholds (Fig. 7).  

      6a.  

    6b.  
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6c.  

Fig. 6a) Mean present value (NPV), b) income and c) control cost results per hectare of 1000 iterations (+ 

95% confidence interval) as obtained from stochastic simulations of eight control strategies applied to a 

grazed barley grass-infested lucerne pasture across randomly selected years (between 1990 and 2017, 

inclusive) at five barley grass density thresholds (seedlings m-2) in Wagga Wagga, NSW. Early = early 

herbicide, late = late herbicide, mow = repeated mow at post-inflorescence stage of    growth, ha = hectare.
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Fig. 7. Risk efficiency of different combinations of barley grass seedling density thresholds (5, 50, 250, 500 and 1000 seedlings /m2) and eight control strategies within a barley 

grass infested-lucerne pasture grazed by lambs at Wagga Wagga, NSW. E = early herbicide, L = late herbicide, M = repeated mow at post inflorescence stage of growth. 

Conceptual risk-efficient frontier shown (---).
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Consistent with other economic results, the late_mow strategy was also found to 

generate the highest income of all control strategies (Fig. 6b), resulting in an additional 

$114/ha/yr on average in comparison to the uncontrolled scenario. Income variation 

between strategies was most discernible at low weed densities and returned the greatest 

income whenever mowing was included in the control program. Income produced from 

all strategies declined steadily with increasing weed density until reaching a density of 

1000 seedlings/m2, where differences between strategies were less marked and closer to 

that produced from an uncontrolled scenario (Fig.6b). 

Despite their high efficacy, all combined strategies resulted in the highest control 

expenditure when applied at weed thresholds of 5 and 50 seedlings m-2 (Fig. 6c). Mowing 

consistently resulted in the lowest control costs regardless of weed density, while 

strategies consisting of an early herbicide were associated with maximum costs. Control 

expenditure declined with increasing weed density, regardless of the strategy. Although 

control costs associated with the late_mow strategy were found to be the highest of all 

combined programs at a population density of 5 seedlings m-2, this trend reversed as weed 

density increased from 50 seedlings m -2 onwards (Fig. 6c). 

 

9.2 Price and liveweight gain 

Price and weight gain patterns followed those obtained from the economic 

analyses. Consistent with previous findings, highest carcass and skin prices on average 

were attained as a result of the late_mow and early_late_mow strategies and all prices 

declined with increasing weed density (Fig. 8a and b). Differences in carcass and skin 

prices between each strategy were also less marked as weed threshold increased, 

particularly with regard to carcass price. 

Compared to other individual tactics at the same threshold level, the individual 

late herbicide and mow tactics generally resulted in the lowest carcass and skin prices at 

weed densities of 250 seedlings m-2 and below, but resulted in the highest carcass prices 

at weed densities of 500 seedlings m-2 and above (Fig. 8a and b). In contrast, the early 

herbicide resulted in highest carcass prices of all individual programs at weed densities 

of 50 seedlings m -2 and below, but was surpassed by both of the other individual 

strategies at weed densities of 250 seedlings m-2  and above (Fig. 8a and b). 
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8a.  

  8b.  

Fig. 8a. Mean carcass price (cents per kg CWT) and b. skin price (cents/skin), of 1000 iterations (+ 95% 

confidence intervals) as obtained from stochastic simulations of eight control strategies applied across all 

randomly selected years (between 1990 and 2017 inclusive) to a grazed barley grass-infested lucerne 

paddock at various barley grass seedling thresholds in Wagga Wagga, NSW. 
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Live weight gain/ha over the 4 month grazing period in each year varied with 

control strategy (Fig. 9) and on average, more than doubled as a result of the late_mow 

strategy (54.2kg) in comparison to the uncontrolled scenario (24.7 kg). Following the 

late_mow, the singular mowing tactic resulted in the next highest weight gains at all weed 

thresholds, while the late herbicide application resulted in the least. All strategies 

comprised of an early herbicide produced similar, but intermediate, live weight gains in 

comparison to the uncontrolled population.  

 

Fig. 9.  Mean live weight gain results (total kg per ha gain between 1st September and 1st December each 

year) of 1000 iterations (+ 95% confidence intervals) as obtained from stochastic simulations of eight 

control strategies applied across randomly selected years (between 1990 and 2017 inclusive) to a grazed 

barley grass-infested lucerne pasture at various barley grass seedling thresholds in Wagga Wagga, NSW. 

 

10. Discussion 

Bioeconomic modelling has long been promoted as a suitable scaffold for 

supporting the integrated management of agricultural systems, typically assimilating 

biophysical and economic components into a single framework to maximise resource 

production (Kragt, 2012). Although the BGSC model is narrow in its scope, the results of 

this study highlight the efficacy of such a framework for investigating the physical and 
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financial impacts of weed populations on livestock over time, and provide an effective 

means for identifying optimal weed control programs which maximise productivity. 

Despite this study being the first attempt in quantifying the overall cost of grass 

seed contamination to Australian lamb producers, the significant financial loss incurred 

by leaving the barley grass population unmanaged was unsurprising, since grass seed 

contamination is renowned for impacting sheep productivity (Kelly et al., 2018). This loss 

represents the total cost of barley grass within a lamb production system, since it 

embodies the lost revenue from the lamb production system (i.e. liveweight and carcass 

weight loss) due to the presence of the unmanaged barley grass population (Saville, 2002). 

It is also considered equivalent to the maximum possible regret incurred due to non-

control of weeds (Auld & Tisdell, 1987). Notwithstanding the direct impact on lamb 

production, the unmanaged scenario also highlights the indirect risk of seed 

contamination to maiden ewe fertility, since condition lost in young ewes from heavy 

seed contamination during the spring must be regained over the following summer in 

order to reach critical weights for joining (Hatcher, 2008). This is a task often found to 

be challenging in southern Australia due to the lack of available moisture and subsequent 

pasture growth experienced across the summer months. These losses may be offset by 

utilising the pasture for grazing earlier in the season prior to inflorescence emergence. 

However, this may be counterproductive since grazing barley grass during the vegetative 

and more palatable growth stages are likely to encourage re-tillering (Smith, 1968), 

increase inflorescence density later in the season and thereby exacerbate the problem. 

Differences between returns obtained in response to optimal weed control 

strategies and those typically practiced on farm also represent the significant cost 

associated with non-adoption of IWM, principles which are considered to be most 

effective for future barley grass management (Shergill et al., 2015). Consistent with 

results attained in Chapter 5, the economic and production results of this study highlight 

the considerable advantages associated with programs comprised of multiple weed 

control measures for managing grass seed contamination in lamb production systems, 

while also emphasising the important influence of costs in determining overall 

profitability. The inconsistencies observed between simulation results and those attained 

in recent field studies (Chapter 4), demonstrate the importance of timing of applications 

for achieving optimal control efficacy. The timing of mowing defoliations during the field 
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study was found to be sub-optimal for impacting seed production in comparison to the 

timing simulated in the model (i.e. post-inflorescence emergence), thereby producing 

differences in program efficacy. 

 Simulation results also emphasise the importance of weed density in the selection 

of suitable barley grass management practices for improving enterprise productivity. 

Such findings are consistent with those of other bioeconomic models simulating crop-

weed infestations, which demonstrated high weed control efficacy and the long term 

profitability within the system when combined chemical and non-chemical strategies 

were applied in relation to weed density (Beltran et al., 2012). Such programs are apt to 

be consistently more profitable as weed density declines, since fewer applications of each 

tactic are required as the propensity for weed challenges deteriorates, reducing control 

costs and diminishing economic and biological penalties in response to better weed 

control (King et al., 1986). This point is demonstrated in the economic performance and 

risk efficiency exhibited by the late_mow strategy, and the successive profitability of 

early_mow and early_late_mow strategies at the lowest weed density, since the number 

of viable seeds remaining post-application will be relatively low in small populations and 

are thus considered to result in minimal contact with sheep and contribute less seed to the 

future seedbank (Gunsolus & Buhler, 1999).  

Despite the superior performance of the early_late_mow strategy against the 

barley grass seedbank in Chapter 5, the greater profitability of the late_mow strategy in 

this study was not surprising, since the addition of the early herbicide (and associated 

adjuvant), adds a considerable cost, somewhat offsetting the gain attained by the three 

way combination. Furthermore, successive late herbicide and mowing applications 

targets plant fecundity, a parameter identified by other authors (González-Andújar & 

Fernández-Quintanilla, 1991, 2004) and the results of Chapter 5, as being highly sensitive 

to variability and influential for population control when tactics effect this stage of the 

weed life cycle. Indeed, reduced seed set resulting from an optimally-timed late herbicide 

application, and reduced inflorescence density due to removal by repeated mowing at post 

inflorescence emergence, directly reduces seed contact with sheep in any given year 

(Michalk et al., 1976). This, combined with the lower costs associated with mowing, 

likely explains the greater profitability of this strategy in this study. The results of the 

sensitivity analysis also strengthen these conclusions, since variation in the parameters 
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describing the relationships between inflorescence density, seeds per fleece and seed 

marks per skin resulted in large differences in economic returns. Barley grass control by 

a late_mow program in low density weed populations would also be expected to be fairly 

consistent from year to year (Chapter 5) and thereby exhibit low risk (Fig. 7), since the 

remaining seed produced by surviving plants would be consistently low and mowing costs 

exhibit little variability between years. However, these interactions may be less likely in 

practice due to the increased prevalence of herbicide resistance and subsequent plant 

survival associated with repeated chemical use in many southern Australian barley grass 

populations. Furthermore, although not simulated in the current study, variable herbicide 

rates and additional herbicide costs associated with managing herbicide resistant 

populations in future will also likely influence profitability, particularly when livestock 

value is low (Orson, 1999). These considerations will be crucial when assessing the 

potential financial gains associated with integrated weed control programs in sheep 

production systems. 

Study results demonstrated that the two singular herbicides applied alone or 

sequentially were found generally undesirable for maximising economic returns and 

productivity from the lamb production system, particularly at high weed densities. 

Despite the level of control generated by the individual herbicide applications over the 

seedbank in Chapter 5, control was not sufficient in the current study for achieving 

positive financial returns from the lamb enterprise in populations above 5 seedlings m-2, 

since residual plants still induced a degree of contamination in the animals. These tactics 

also incur significant costs over time in controlling the surviving population, a result akin 

to those of other studies involving continued and extensive herbicide applications to 

control weed populations (Orson, 1999). Furthermore, inadequate control (as simulated 

by the late herbicide application in this study), also leads to rapid population growth and 

high community-level seed production of the surviving population, which can make 

subsequent contact with sheep. These impacts are consistent with the results of the 

paraquat applications described in Chapter 4, where poor efficacy led to plant recovery 

and significant seed production. In contrast, the high efficacy of the early herbicide 

observed in Chapter 4, nonetheless resulted in a small residual population in the following 

year, despite being considered effective.  However, contact between the remaining plants 

and grazing sheep still incurs a degree of contamination and associated impacts on sheep 
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production. Moreover, when combined with the added herbicide costs, potential lamb 

production profits become more limited, a result observed in the lowest density 

population in the current study.  In high density populations however, these impacts 

become more distinct, since residual populations are larger. This was apparent as early 

herbicide control became less profitable with increasing weed density. Indeed, previous 

studies suggest serious repercussions for productivity are to be expected under less than 

optimal weed control conditions in high versus low density weed populations (Gunsolus 

& Buhler, 1999).  

Limited returns resulting from the early herbicide strategy may also be reflective 

of intraspecific competition operating between remaining plants post-application. 

Removal of neighbours during early vegetative growth facilitate exploitation of available 

resources for enhanced growth and production of inflorescences per plant, which come 

into contact with sheep later in the season. Indeed, greenhouse investigations in Chapter 

4 demonstrated the capacity of barley grass plants to increase inflorescence production 

per plant as intraspecific competition declined.  Moreover, other studies investigating the 

ability of barley grass to colonise canopy gaps created by disturbances early in the 

growing season, also revealed increased survival, biomass and tiller production in barley 

grass plants (Tozer et al., 2008). This effect may be further exacerbated in degraded 

pastures, where less interspecific competition for light and resources due to poor legume 

establishment also facilitates greater resource allocation to reproductive development in 

competing weeds (Weiner, 1988). In contrast, the greater production losses in high 

density populations remained unsurprising since there would be significant contact 

occurring between sheep and the greater number of inflorescences produced by the larger 

residual population. 

Further results suggest that the use of repeated mowing may be similarly useful 

to the early herbicide in limiting economic losses associated with seed contamination in 

sheep grazing low density populations, despite the limited impact on the seedbank 

observed in Chapter 5. This is because only small numbers of surviving plants are able to 

contribute seed to the seedbank (Fig. 5) and mowing costs remain considerably low. In 

high density populations, although the mowing treatment performed similarly to the late 

herbicide against the seedbank in Chapter 5, the magnitude of returns for both tactics in 

this study were again likely differentiated on the basis of lower application costs 
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associated with mowing. Despite this, sheep production losses incurred after mowing at 

higher densities are again still significant due to inflorescences produced by the large 

remaining residual population. The level of financial risk associated with mowing 

notwithstanding (Fig. 7), this tactic may present a useful mechanical control alternative 

for limiting seed production in grazed lucerne pastures or in standard fodder production 

systems when environmental conditions limit herbicide efficacy, when plants are too 

large for effective herbicide control (Singh et al., 2006) or when herbicide resistance 

largely constrains chemical control (Shergill et al., 2015). However, the spatial variation 

in weed maturity is likely to present challenges for implementing timeliness of 

defoliations in relation to post-inflorescence stage. Therefore,like all control options, 

subsequent action will likely be importantto ensure effective and sustained weed 

management (Vitelli & Pitt, 2006).   

Despite the gains observed in low density barley grass populations under the 

mowing regime, the inflorescences produced from surviving plants post-defoliation 

nonetheless also incurred significant skin price penalties due to the sustained capacity of 

the remaining seeds to leave puncture marks within the skin (Fig. 8a and b). The similar, 

but less marked, pattern for carcass price may have been the result of seeds dropping out 

of the fleece before reaching underlying tissues, a phenomena observed by previous 

authors in investigating seed mark density within sheep skins from barley grass (Atkinson 

& Hartley, 1972). It is also conceivable that a maximum seed load exists within the skin 

of sheep grazing high density barley grass populations (Atkinson & Hartley,1972; Warr 

and Thompson, 1976), preventing further seed penetration and resulting in capped skin 

and carcass discounts above a certain contamination level within animal tissues. These 

factors may have contributed to the decline in carcass and skin price differences and the 

declining trend in seed mark density in the skin associated with increasing weed density 

observed in practice (Atkinson & Hartley, 1972). Future field experiments, including 

further investigations into the seed attachment potential of fleece and associated 

penetration of skin tissue of various sheep genotypes, would be warranted in order draw 

more robust conclusions, since seed count within the skin appears to largely depend on 

breed and fleece type (Atkinson & Hartley, 1972). 

While not simulated in the current study, using mowing within a single year may 

be valuable as a first step in reducing heavy weed populations to more manageable levels, 
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followed by combinations of mowing and herbicides in subsequent years to encourage 

desirable species competition, as noted in Chapter 4. Mowing tactics may thus be of value 

to risk-indifferent producers, to those managing herbicide resistance, or to those who have 

not proactively controlled the population earlier, since these growers may limit economic 

losses to some extent by managing larger invasions of the pasture in this way (Fig. 5).  As 

noted in Chapters 4 and 5, the effective use of mowing to reduce barley grass seed 

production and limit seed contamination in sheep will require accurately-timed and 

repeated applications to coincide with complete emergence of inflorescences and prior to 

seed maturity, when disturbance by mowing machinery may facilitate rapid dispersal of 

seed to new locations (Singh et al., 2006). 

As evidenced by the early_late_mow strategy modelled in Chapter 5, it is clear 

that annual weed populations targeted by combined programs at different plant growth 

stages throughout the growing season, most effectively reduces overall plant survival and 

seed production. It would be reasonable to suggest that reducing weed density should also 

influence financial returns from lambs grazing barley grass-infested pastures, since fewer 

plant survivors overall lead to lower inflorescence numbers (Michalk et al., 1976), less 

seed contact with sheep (Campbell et al., 1972) and lower subsequent seed mark density 

within the skin (Atkinson & Hartley, 1972). However, results from this study show that 

the cost of the early herbicide reduced the economic value of the early_late_mow strategy 

to a lamb enterprise. This finding highlights the importance of assessing the financial 

viability of weed control strategies within the context of the wider agricultural system 

when selecting optimal control programs to manage weeds influencing livestock 

production. 

The simulations presented in this study also demonstrate the potential of 

bioeconomic models to generate detailed data, thereby facilitating the understanding of a 

managed system (Behrendt et al., 2013). However, there are several limitations of this 

model that could be strengthened to further expand the information utilised in decision 

making. Gains from adopting integrated weed management strategies may be maximised 

through the extensive validation and development of accurate models for predicting weed 

densities and the associated reduction in yield (King et al., 1986). With regard to the 

current model, this suggests that the generation of data via field studies is required in 

various locations for examining variability in barley grass population dynamics under 
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various climatic conditions, thereby facilitating more accurate analysis of impacts to 

sheep production (King et al., 1986). In particular, the major link between barley grass 

inflorescence density and live weight loss requires significant field investigation in order 

to provide more accurate data for strengthening this key relationship within the model. 

This will involve the accurate measurement of livestock performance in sheep of various 

ages and genotypes exposed to various levels of barley grass infestation in a planned 

experimental design across a number of farms to ensure reliability. In addition, the 

development of methods for accurately assessing various levels of contamination within 

the skin and carcass will assist in more accurate determination of price discounts and 

subsequent carcass and skin value. Finally, the results of this study should not be viewed 

in absolute terms but, rather, as hypotheses for further testing (King et al., 1986). Indeed, 

two hypotheses have emerged from this research. The first is that climate factors, such as 

temperature and moisture, will influence the degree of seed contamination observed in 

individual sheep, since both factors have been shown to influence efficacy of herbicides 

used against barley grass populations (Chapter 4) and also influence the rate of seed 

contamination observed in seed-infested mobs slaughtered within Australian abattoirs 

(Kelly et al., 2018, 2020). This can be tested by including, as specific treatments in an 

experimental design, control strategies under various temperature and moisture 

conditions (i.e. at different locations) and their impact on inflorescence density, seed 

density in the skin and live weight loss in sheep grazing infested pastures. Although such 

a project would incur significant logistical and ethical considerations, it would allow an 

experiential and predictive assessment of the outcomes presented in this study  (King et 

al., 1986).  

The second hypothesis is that herbicide resistance influences profitability of weed 

control programs used in the management of barley grass and seed contamination in 

sheep. Generation of data resulting from weed control strategies within resistant and 

susceptible barley grass populations could be used in combination with model 

modifications, to simulate a more accurate prediction of livestock profitability when 

herbicide resistant weed populations are present. Future development of this model also 

needs to facilitate the ability to vary herbicide and efficacy rates and prices within 

simulations to test different scenarios. The construction of interacting pasture and weed 

submodels within the larger framework will be necessary to remove the requirement for 
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pasture databanks generated from external decision support tools and would facilitate the 

assembly of additional weed submodels for other species associated with harmful impacts 

on livestock. Significant field experimentation would again be required in such 

circumstances to determine functional form relationships for each weed species and their 

specific impacts on livestock, whilst generating the data required for model validation 

and parameterisation. 

 

11. Conclusions  

This study demonstrates the value of bioeconomic modelling methods for 

evaluating numerous weed management combinations in livestock grazing systems under 

stochastic conditions, thereby influencing control efficiency (Behrendt et al., 2006) and 

maximising profitability.  Integrated weed management strategies are effective and 

profitable methods for reducing seed contamination risks to sheep grazing barley grass 

infested lucerne pastures. Such practices result in productivity and financial gains when 

control is applied in low density barley grass populations, reinforcing the benefits of 

proactive management for controlling this species into the future. Although the nutritive 

value of barley grass early in the season often provides justification by many for the 

absence of control in infested pastures, the significant cost associated with seed-

contaminated lambs under the absence of weed control suggests that any nutritional 

benefits to sheep from barley grass are likely to be significantly outweighed by the 

impacts of seed injury later to production in the season. Barley grass should thus be 

considered a weed targeted for control in pastures. 

As the rate of herbicide resistance is likely to increase in many southern Australian 

barley grass populations (Owen et al., 2015), the strategic application of mowing may 

grow in value for limiting seed production when repeatedly applied to heavily-infested 

pastures. Such practices will be particularly valuable in diminishing larger populations to 

a size where combinations of herbicides and mowing can further improve profitability by 

facilitating competition by desirable species (Chapter 4). This may be particularly useful 

during the drier growing seasons predicted to increase across southern Australia, since 

time for regrowth and subsequent seed production after repeated defoliations will be 

hampered by reduced availability of moisture. However, as noted in Chapter 4, the 
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mowing of degraded lucerne pastures under drier conditions may also lead to reduced 

lucerne regrowth. Therefore, increasing lucerne competition in these pastures through late 

winter and early spring (as discussed in Chapter 4), will be essential to restrict barley 

grass inflorescence production and reduce contact between sheep and seeds, thereby 

limiting live weight loss. In the selection of optimum strategies for managing barley grass 

infested lucerne pastures, key consideration must be given to weed population density, 

the timing of applications, herbicide rates and prices and livestock value, since these 

factors are likely to exert greatest influence on the economic returns possible when 

managing seed contamination in lamb production systems. 
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Chapter 7 

General Discussion 
 

7.1 General Discussion 

The research reported in this thesis encompasses an analysis of industry datasets, 

field and greenhouse studies and the development of two simulation models, with the 

objective of 1) determining seed contamination prevalence, 2) the influence of weather 

patterns, animal factors and associations with key weed distribution patterns on seed 

contamination rates in Australian sheep over time (Chapters 2 and 3); and 3) determining 

optimal weed control strategies effective for reducing barley grass populations (Chapters 

4 and 5) and maximising sheep enterprise profitability (Chapter 6) over time in grazed 

legume pastures. 

 The industry data analysis performed in this project demonstrated that seed 

contamination continues to be a major issue facing the Australian sheep industry today. 

Prevalence was found to be widespread across southern Australia, and was influenced by 

temperature and rainfall patterns, elevation, animal sex and age, and was also associated 

with barley grass and brome grass distribution patterns. The fluctuating impacts of annual 

climate and market pressures on weed populations and flock management, and the 

associated variability in contamination rates over time (reported in Chapter 2), will likely 

present future challenges in forecasting seed contamination incidence and risk within any 

given year or region. In addition, the influence of weather patterns on the ecotypic 

variability likely to be occurring in Hordeum spp. populations (discussed in Chapter 3), 

may also contribute to these challenges. Therefore, further studies investigating 

phenological differences between barley grass populations sourced from different 

agroecological zones would be particularly useful in investigating and comparing the 

timing of plant developmental stages between regions, thereby facilitating greater 

preparedness on farm. 
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Despite the limitations in predicting future contamination risks within specific regions, 

the high incidence of contamination occurring across many regions within the mixed 

farming and high rainfall zones of Australia (reported in Chapter 3), suggest that targeted 

and repeated control efforts will nonetheless be required across these regions to mitigate 

the spread of causal weeds and associated impacts in sheep flocks. Indeed, adaptations 

developing in barley and brome grass populations in response to changing environmental 

conditions and farming practices (Fleet & Gill, 2012, Owen et al., 2015, Shergill et al., 

2015) currently demonstrate the importance of generating IWM strategies which reduce 

reliance on herbicides, limit crop disturbance and reduce seed production.  

Targeting causal weed populations associated with seed contamination in 

particular regions will only be possible after weed surveillance efforts continue to monitor 

the spread of populations. Population spread via epizoochorous transfer of seed by sheep 

can occur over long distances (Manzano & Malo, 2006) and is a well understood dispersal 

mechanism of grasses (Fischer, Poschlod & Beinlich, 1996). As reported in Chapters 2 

and 3, contamination rates varying between neighbouring agro-ecological zones over 

time were considered to be the result of this dispersal mechanism, since large numbers of 

sheep in Australia regularly travel between agro-ecological zones via stock transport 

routes (East & Foreman, 2011). Movement of barley grass seeds to a new region is likely 

to lead to rapid germination and establishment of a population in the subsequent autumn 

under favourable environmental conditions (Popay, 1981), and can result in sheep injury 

at plant maturity, also at low weed densities (Atkinson & Hartley, 1972, Hartley, 1976).  

Such findings highlight clear implications for weed surveillance in pastures and livestock, 

and the inspection of sheep after transport for seed contamination may be useful for 

discovering emerging weed populations within particular regions where significant 

numbers of contaminated sheep have originated. In combination with regular abattoir 

inspections, such practices may facilitate the development of a more comprehensive 

dataset for monitoring regional weed populations and contamination patterns over time, 

thereby highlighting novel areas requiring targeted IWM, and potentially generating 

systems approaches for reduction of pasture and livestock exposure. However, the utility 

of abattoir surveillance data is dependent on accurate dataset collection with standardised 

recording procedures during processing, since procedural inconsistency between abattoirs 

can be problematic (as reported in Chapter 3).   
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Despite seed contamination being traditionally associated with younger animals  

(Hartley, 1976),  the higher frequency observed in adult males (as reported in Chapter 3) 

has also been previously reported (Hartley & Atkinson, 1973). Seed contamination of 

adult sheep pose implications for flock fertility, where weight loss before joining 

(Mulham & Moore, 1970, Campbell et al., 1972, Hartley & Bimler, 1975, Rhind et al., 

1989), and infection (Loughnan, 1964, Barry, 1971), are correlated with ram and ewe 

fertility (Dutt, 1964, Rathore, 1968, Rhind et al., 1989, Thwaites, 1995). These impacts 

are likely to present challenges for flock rebuilding in many regions after recent periods 

of prolonged drought. Studies investigating the impacts of changes to traditional flock 

management on seed contamination rates between sheep age groups would provide 

further clarity regarding mitigation of the impacts of seeds in adults, since these animals 

are frequently overlooked in relation to seed management. Early paddock preparation for 

older animals during the high risk summer period will be necessary to reduce short term 

impacts and prevent significant weight loss leading up to an autumn joining, along with 

well-timed shearings to reduce animal susceptibility (Holst et al., 1996). In addition, the 

selection of animals with reduced facial wool will continue to be important in reducing 

the predisposition of flocks to seed attachment.  

 The importance of establishing well-adapted and drought resistant legumes for 

maintaining productive pastures in Australia is well understood (Revell, Ewing & Nutt, 

2013), particularly within the mixed farming and pastoral zones (Puckridge & French, 

1983). In these regions, annual grass weed populations rapidly proliferate in response to 

variable rainfall patterns and warmer temperatures, particularly under reduced 

competition from desirable species (Puckridge & French, 1983, Stephenson & Mitchell, 

1993). Field studies investigating the efficacy of integrated control methods against 

barley grass in legume pastures (reported in Chapter 4) demonstrated the value of 

integrating herbicide applications with mowing for manipulating pasture botanical 

composition and encouraging legume competition. These studies also emphasised the 

impact of application timing and the importance of prevailing temperature and moisture 

conditions at the time of application for attaining adequate control of barley grass in these 

pastures. These suggestions are not novel but both may still be generally overlooked in 

practice, despite their major influence on herbicide efficacy (Klingaman et al., 1992, 

Gower et al., 2002, Auskalnis & Kadzys, 2006, Parker et al., 2006).  Specifically, study 
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findings identified post-inflorescence emergence to be a more optimal plant growth stage 

for defoliation than boot stage for successful barley grass suppression, particularly under 

repeat applications. Indeed, studies have demonstrated the sensitivity of barley grass 

plants to defoliation after the onset of reproductive development (Bowcher, 2009, El-

Shatnawi et al., 2009), while others have reported significant reductions in plant survival 

and seed production after frequent defoliations (Hempy-Mayer & Pyke, 2008), typically 

occurring due to the limited regrowth and seed development between successive 

defoliations as a result of low water soluble carbohydrate reserves (Ferraro & Oesterheld, 

2002). In practice, the challenge in implementing defoliation practices successfully within 

a pasture lies in balancing defoliation timing to the optimal growth stage of the majority 

of the target population. 

  However, consideration must also be given to neighbouring desirable species, 

which may be more or less sensitive to defoliation than the target species. In field studies 

reported in Chapter 4, defoliations timed to coincide with boot stage of the earlier 

maturing barley grass population, were found to coincide with early vegetative growth in 

lucerne, a stage less tolerant of defoliation. However, successfully timing defoliations to 

the later post-inflorescence emergence stage of barley grass growth, is likely to be more 

conducive for lucerne plant recovery in practice, provided moisture conditions are 

adequate. Further research investigating the efficacy of repeat defoliations at post-

inflorescence stage of barley grass under field conditions in mixed legume pastures, 

would clearly be useful for drawing stronger conclusions regarding the utility of this 

practice as a barley grass control strategy, both within grazed lucerne pastures and fodder 

production systems. 

Significant reductions in seed production are possible when plants are grown in 

high density populations, due to the pressure of resource competition (Lee & Bazzaz, 

1980). Further, additional stress placed on heavily competing plants by defoliation, has 

been found to exacerbate this effect as a result of more limited carbohydrate reserves 

(White, 1973) and reduced resource allocation to reproduction (Weiner, 2004). In the 

current study, results from repeat defoliations of barley grass plants in high density 

populations (reported in Chapter 4) are in agreement with these findings and thus 

highlight the potential use of defoliation as a management strategy under field conditions, 

particularly since barley grass populations possess the capacity to reach high densities (up 
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to 1025 seedlings/m2) in unmanaged pastures (Powles et al., 1992; Southwood, 1971). 

Extensive use of herbicides is costly and facilitates the development of herbicide 

resistance (Owen et al., 2015), while the use of defoliation as a sole measure of control 

against dense populations tends to be impractical in large areas and ineffective for 

achieving a high degree of control (Smith, 1968). However, defoliation of annual weeds 

during reproductive growth specifically targets weed fecundity, a parameter known to 

strongly influence population size (Chapter 5, González-Andújar & Fernández-

Quintanilla, 1991, 2004). When defoliation is repeated and timed accurately, this strategy 

may prove valuable, especially when used in concert with effective herbicides for limiting 

the growth of large populations to a level effectively controlled by subsequent herbicide 

applications. Alternatively, this practice may also reduce significant community level 

seed production, facilitating the creation of gaps for increased light interception and later 

competition by neighbouring species (Tozer et al., 2009). Such a strategy may be useful 

in paddocks where the terrain renders repeated herbicide applications difficult, when 

herbicide resistance has been confirmed in the population or during dry seasons with 

limited potential for regrowth and seed development.  

The predicted spread of herbicide resistance in many barley grass populations 

(Owen et al., 2015), combined with the increased climatic variability forecast for southern 

Australia is likely to make the development of integrated approaches for controlling weed 

populations progressively more important for reducing weed impacts to livestock 

productivity. The development of the two simulation models in this thesis clearly 

demonstrated the value of IWM strategies over individual applications in reducing the 

barley grass population (Chapter 5), thereby improving profitability from a lamb 

enterprise grazing an infested lucerne pasture over time (Chapter 6). This work is the first 

to demonstrate the significant economic losses and risks to sheep productivity associated 

with unmanaged barley grass populations in southern Australia and the potential gains 

associated with proactive management to reduce seed production. Despite both models 

being the first of their kind, particularly in relation to livestock production, key simulation 

results were comparable with those of other studies reporting the superiority of IWM 

methods against individual tactics in reducing annual weed seedbanks (González-Andújar 

& Fernández-Quintanilla, 1991, 2004) and improving productivity within agricultural 

systems (Chikowo et al., 2009, Beltran et al., 2012).  
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More limited repercussions for agricultural productivity are typically incurred 

when weed control is implemented at lower population densities (Gunsolus & Buhler, 

1999). This conclusion was demonstrated by the findings of Chapters 5 and 6 in this 

thesis, where greatest seedbank control and lamb enterprise profitability was generated 

by IWM programs applied at low weed densities. However, the community level seed 

production generated by the surviving residual population remains a key consideration 

influencing population survival and economic returns throughout a ten year period, 

regardless of weed density and the size of the residual population (Chapters 4 and 5). As 

demonstrated by the results of Chapter 6, control programs targeting weeds at more than 

one stage of the life cycle in any given year will be of greatest importance for reducing 

the risks to sheep imposed by residual surviving weeds. This is because plants surviving 

initial applications may not escape subsequent applications targeting inflorescence and 

seed formation, thereby reducing contact between sheep and seeds. A thorough 

assessment of the variable costs associated with barley grass IWM strategies is also 

critical to optimise management strategies in sheep production systems. Although 

repeated mowing may not always be cost effective, the incorporation of mowing shows 

considerable promise as a successful and relatively inexpensive option for limiting losses 

to livestock production over ten years (Chapter 6).  

Results of chapters 4, 5 and 6 together demonstrate the importance of prompt 

implementation of accurately-timed IWM strategies to low density barley grass 

populations to maximise sheep productivity in barley grass infested legume pastures. 

Strategies which aim to target weed fecundity, reduce contact between mature barley 

grass and sheep and reduce reliance on costly herbicides will be of greatest value in 

regions across southern Australia currently experiencing high seed contamination rates.   

 

7.2 Research limitations and recommendations for future studies 

The research reported in this thesis was subject to a number of limitations. Those 

most notable include the limited carcass data available for describing the incidence of 

seed contamination in Australian sheep (chapters 2 and 3) and the ambiguity associated 

with unstandardized data collection protocols within abattoirs. Such characteristics of this 

dataset reduced the capacity to ascertain the incidence of seed contamination across all 
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Australian flocks and identify additional regions and years where seed contamination and 

the requirement for grass weed control would be typically high. 

Other key limitations included the impacts of variable seasonal conditions on field 

trial results (chapter 4), which typically resulted in variable results and limited their 

application to larger populations and regions. Although this was addressed to a certain 

degree by repeating the experiment and using a higher number of replicates, such 

variability somewhat constrains the current utility of both models, since the levels of 

control efficacy were obtained under atypical conditions (chapters 5 and 6). Further 

limitations exist in the ability of both models to simulate additional regions, IWM 

practices and location-specific economic information in their current form. These features 

clearly signify the requirement for further advancement of the model, however initial 

development during this research project has included these parameters on a per unit basis 

within a central control panel, facilitating the ability to modify them in line with property 

size and stocking rate if required in future simulations. 

The research reported in this thesis has thus defined a number of key areas which 

would benefit from further study. First and foremost, field and glasshouse studies 

investigating differences in the population dynamics, morphology and phenology of 

barley grass populations sourced from different climatic zones would be valuable in 

elucidating ecotypic differences between populations and determining risk periods for 

contamination between regions. Subsequent studies investigating the impact of future 

temperature and moisture scenarios predicted for southern Australia on barley grass 

populations will also strengthen our understanding of their responses under a changing 

climate (Hughes, 2003) to attain better weed control and preparedness against seed 

contamination into the future. 

Further areas of research could also include the development of standardised data 

collection protocols within abattoirs to facilitate greater accuracy in determining the 

future prevalence of seed contamination across Australia. This may be more easily 

achieved if a cost effective and easily implemented electronic system of data capture 

could be generated for use within-plant, thereby reducing the time, labour and 

inconsistency associated with the collection of seed contamination data. Incentive to use 

implement such technology within abattoirs may lie in the ability of this system to feed 
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forward more directly to producers within regions where lambs are sourced, to facilitate 

immediate and real time improvement in weed management on farm. This would then be 

observed in the reduced incidence of seed contamination at slaughter. The development 

of rapid genetic testing to identify particular seed species lodged in skin and carcass tissue 

may also be useful for the generation of accurate carcass contamination data for 

processors, generating producer feedback and strengthened weed surveillance records to 

facilitate efficacious control. However, testing would need to be cost effective and easily 

attainable in order to limit disruption to chain speeds within processing facilities and 

provide information in a timely fashion in order to facilitate accurate timing of weed 

control efforts on farm. 

Research findings reported in this thesis have also generated questions regarding 

the impacts of grass seed contamination on ram and ewe fertility. It is possible that seed 

contamination of ewes and rams during spring and summer has resulted in reduced 

conception rates the following autumn, an effect which may be related to barley grass 

density, since previous studies have highlighted similar correlations between 

inflorescence density and live weight loss in sheep (Atkinson & Hartley, 1972). Field 

studies evaluating the impact of barley grass density on live weight gain, conception rates 

in ewes and semen quality in rams would be valuable in confirming this hypothesis, 

thereby further informing flock management during preparation for joining.  

Results reported in Chapter 4 of this thesis, and outputs from the bioeconomic 

modelling analysis (Chapter 6) suggest a wealth of opportunities are available for 

evaluating the efficacy of alternate IWM strategies against barley grass populations. 

Further evaluation of the integration of herbicides with mowing at post-inflorescence 

emergence under field conditions, and across multiple locations, is required to determine 

the utility of this strategy across a broader range of environments and provide data for 

further validation of the models developed in this study. Integration of various control 

methods targeting multiple barley grass life cycle stages, including burning, pasture row 

spacing, species selection, seeding rate and grazing could also be evaluated and modelled 

for improved on-farm decision making to reduce contamination risks to sheep. 

Furthermore, since cropping practices are already selecting for increased seed dormancy 

in some southern Australian barley grass populations (Fleet & Gill, 2012), it is possible 

that selection pressure applied via the use of mowing as a control strategy may also lead 
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to the evolution of adaptation mechanisms in populations as a means to escape control. 

Research investigating differences in the biology and phenology of barley grass 

populations subject to various cultural control methods may assist in identifying which 

strategies would be most suitable in specific locations where cultural control has been 

poor. Furthermore, studies investigating the trade- offs between reduced yield loss in the 

cropping phase as a result of weed control and the subsequent damage in sheep incurred 

by surviving plants during the pasture phase will highlight important considerations for 

weed control over time within in the mixed farming zone, where high rates of seed 

contamination occur (Chapter 3). 

Further development of this BGSC model will necessitate the collection of 

additional data to facilitate a more accurate determination of relationships between certain 

parameters within the model, including barley grass inflorescence density, seed density 

within animal tissue, skin and carcass price and live weight loss. More specifically, the 

generation of an accurate representation of the impact of seed lodgement and position on 

intake suppression in sheep is required, since lodgement of seeds within the face, body 

and feet suppress feed intake to various degrees (Hartley & Bimler, 1975, Atkinson & 

Hartley 1972). Field experimentation to validate the BGSC model across locations and 

years will also improve the accuracy of specific outcomes generated by the model in 

relation to climate variability. Field and glasshouse studies investigating the impact of 

temperature and rainfall on barley grass seed production will also be useful in improving 

the accuracy of the climate scalar in the model.   

The inclusion of pasture submodels within the existing bioeconomic framework 

datasets would facilitate the ability to examine impacts of control on other pasture types, 

test various herbicide rates and prices and other methods of barley grass control and their 

interaction with feed availability. Such a pasture submodel would also facilitate 

simulation of the competition of other weed and pasture species on barley grass seed 

production on a daily time step, thereby improving accuracy. As the BGSC model 

generated in this project is novel, it provides a platform for the development of other weed 

models to simulate impact of weeds on livestock production systems. The collation of 

weed, pasture, livestock and economic data under various environmental conditions is 

required for the parameterisation of these models and would enable users to simulate the 



             Chapter 7 

                   
286 

 

economic impact of numerous weed species on livestock production at the farm level 

across a broad range of climate and management scenarios.  
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The herbicide and defoliation trial site within a barley grass-infested 

legume pasture at Wagga Wagga in 2016. 
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Appendix A: Conference Proceedings, supplementary data and other 

publications 

 

In Appendix A, two manuscripts are presented which were published in the peer-reviewed 

conference proceedings of the Australasian Weeds Society in 2016 and 2018. These 

publications were presented as oral presentations at both conferences. Supplementary 

data utilised in Chapter 6 is also described. 

 

Appendix A1 manuscript presents initial data associated with the abattoir, climate and 

weed data analysis, described in full in Chapter 3. 

Kelly JE, Quinn JC, Loukopoulos P, Nielsen SG, Weston P, Broster JC, Weston LA 

(2016) Current perspectives on the impact of weed seed contamination in sheep. 

In: Proceedings of the 20th Australasian weeds conference. (Eds Randall R, Lloyd 

S, Borger C) (11-15 September, Perth, Australia). 11–15. Perth, Australia: Weeds 

Society of Western Australia.  

 

Appendix A2 manuscript presents the first year of field trial results from the herbicide x 

mowing experiment described in full in Chapter 4. 

Kelly, J., Brown, W., Broster, J., Weston, P., Robinson, W., Quinn, J., & Weston, L. 

(2018). The effect of integrating defoliation with herbicides on barley grass 

survival in a legume pasture. In: Proceedings of the 21st Australian Weed 

Conference: Weed Biosecurity - Protecting our Future. (Eds Johnson S, Weston 

L, Wu H, & Auld B)(9-12 September, Sydney, Australia). 295-299. Sydney, 

Australia: Weed Society of NSW. 

 

Appendix A3 presents the derivation of intake suppression in relation to barley grass 

inflorescence density, a function utilised within the Barley Grass Seed 

Contamination Model (Chapter 6). An example of GRASSGRO data used in the 

model is also provided.  
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Appendix A1 
 

 

20th Australasian Weeds Conference 

Current perspectives on the impact of weed seed contamination in 

sheep 
Jane E. Kelly1,2, Jane C. Quinn1,2, Panayiotis Loukopoulos1,2, Sharon G. Nielsen3, Paul Weston1,2, John C. Broster 1,2,  

 

1 Charles Sturt University, Locked Bag 588, Wagga Wagga, New South Wales 2678, Australia 

2 Graham Centre for Agricultural Innovation, Charles Sturt University, Locked Bag 588, Wagga Wagga, 

New South Wales 2678, Australia 
 (janekelly@csu.edu.au) 

Summary  

Grass seed contamination of sheep carcasses and skins results in significant losses across 

the Australian lamb and mutton value chains. Seven grass species found across Victoria 

(VIC) and New South Wales (NSW) are known to significantly impact carcass quality, 

with barley grass and brome grass as key perpetrators. To evaluate current trends 

associated with carcass weed seed contamination, extensive abattoir datasets (2009–

2014) provided by Animal Health Australia (AHA) were analysed by state and 

biogeographic region. Significant differences in regional infestation were noted, with 

reduced contamination observed in Tasmania (TAS) and VIC in contrast to other states. 

No significant differences were observed in contamination between NSW and 

Queensland (QLD). Highest contamination occurred throughout the mixed cropping and 

pastoral zones, with notable events also in the high rainfall zone. Sex and age of animal 

were identified to have impacted seed contamination. These findings have implications 

for integrated weed management (IWM) strategies for weed species of importance to the 

livestock production chain.  

Keywords Sheep, seed contamination, barley grass, brome grass, carcass, invasive weed. 
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1. Introduction  

Physical damage from grass seed contamination in sheep results in reductions in 

wool and carcass quality in Australian flocks, through lodgement of seed within fleece, 

skin, carcass, and organs of grazing sheep. Direct and indirect costs are incurred by both 

producers and processors due to contamination (Collins 2013). Barley grass (Hordeum 

spp. Link.) and brome grass (Bromus spp. Roth.) are two species recently listed in the top 

20 summer fallow weeds of crops in Australia (Llewellyn et al. 2016) and are also 

associated with carcass damage in Australia. The prevalence of both species is increasing 

across southern Australia, with some populations displaying herbicide resistance and 

variable seed dormancy (Gill and Blacklow 1985, Fleet and Gill 2012, Owen et al. 2015). 

Little information on the regional severity of seed contamination is currently available, 

limiting capacity to regionally tailor research efforts to match changing weed dynamics. 

To address this issue, statistical analyses were performed on abattoir datasets for seed-

contaminated sheep located across Australian states provided by Animal Health Australia 

as part of the National Sheep Health Monitoring Project. Weed survey data was also 

spatially joined to identify associations between the distribution of barley grass and brome 

grass seed in sheep and existing weed infestations. 

 

2. Materials and Methods 

2.1 Datasets  

All available abattoir datasets detailed the numbers of animals with significant 

grass seed lesions across all Australian agro-ecological zones during the period of 2009–

2014. Barley grass and brome grass population density and distribution data from 2007 

to 2015 were obtained using the methods described by Llewellyn et al. (2009) and were 

combined with abattoir datasets for New South Wales (NSW), Victoria (VIC), South 

Australia (SA) and Tasmania (TAS) using ArcGIS Desktop (ESRI, 2015) for spatial 

representation. Natural breaks (Jenks) classification was used to create classes of 

infestation levels within each map. 
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2.2 Analysis  

To explore the relationship between the percentage of carcass infestation (PIN) 

and the predictor variables (state, region and age) linear mixed models were used. The 

predictor variable was fitted as a fixed factor and the abattoir was fitted as a random 

variable in the model. The validity of conclusions from statistical analysis is dependent 

on the validity of the assumptions associated with the analysis; in this case the linear 

mixed model assumptions are: 1) that the residuals are normally distributed, 2) they have 

a constant variance and 3) they are independent. It is assumed that the factor level 

variances are equal for the predictor variable. It was necessary to use a natural logarithm 

to transform the response data and a weighted least squares analysis to correct for 

heterogeneity of variance. A significance level of 5% was used for reporting results. 

 

3. Results  

Seed contamination in Australian sheep, averaged over states and territories, was 

23.3% of lambs, ewes and male animals. Significant differences in the incidence of weed 

seed carcass contamination was noted between states (P <0.001), and also within states 

for NSW, VIC, South Australia (SA) and Western Australia (WA) only.  The predicted 

means for individual states show that contamination levels in WA (19.0% ± 1.3) were not 

significantly different to NSW (14.9% ± 1.2), Queensland (QLD) (14.1% ± 1.2), VIC 

(11.2% ± 1.2) or SA (18.1% ± 1.2), but were significantly higher than levels in TAS 

(9.2% ± 1.2). No significant difference was observed in seed contamination between 

sheep surveyed from TAS and VIC or between QLD and NSW. Predicted means for seed 

contamination by region showed the majority of contamination to be distributed across 

regions designated as mixed farming and/or pastoral zones. Greatest contamination was 

observed in WA regions, while southern SA, central western NSW and central QLD 

regions also showed high incidence of contamination (Figure 1).  
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Figure 1.  Distribution and the total density of sheep carcasses showing weed seed contamination 

between 2008 and 2014. 

 

Regions in south-eastern Australia showed high incidence of barley grass and 

brome grass infestation, and were positively correlated with regions displaying high 

carcass contamination (Figure 2).  
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Figure 2.  Regional distribution within NSW, VIC, TAS and SA of total density of carcass 

contamination combined with distribution of barley grass and brome grass populations across south eastern 

Australia between 2007 and 2015. 

 

Significant effects of sex and age of animal were also noted. Carcass 

contamination levels were highest in animals greater than two years of age and also in 

animals of ‘unknown’ age. Levels were lowest for animals under two years of age and 

for groups of mixed age (Table 1).  
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Table 1. Mean percentage of animals contaminated with weed seed by age group 

Age Group Mean percentage carcass contamination by weed 

seed (%) ± SE 

Mixed Age 11.3 ± 1.202  a 

< 2 years 12.4 ±  1.655  a 

Unknown 13.6 ± 1.169  ab 

>2 years 15.2 ± 1.168  b 

Values with the same letter within each group are not significantly different (P<0.05). 

 

Contamination levels were higher for all entire males and lower for castrated 

males than all other sex groups (Table 2). Contamination levels in females were not 

different to those of mixed or unknown sex groups (Table 2) but were significantly higher 

than in castrated males and lower than in entire males. 

 

Table 2.   Mean percentage of animals contaminated with weed seed by sex group 

Sex  Group Mean percentage carcass contamination by weed 

seed (%) ± SE 

Castrated Male 12.5 ± 1.161  a 

Mixed Sex 13.9 ± 1.159  b 

Female 14.3 ± 1.160  bc 

Unknown 16.4 ± 1.165  c 

Entire Male 24.0 ± 1.170  d 

Values with the same letter within each group are not significantly different (P<0.05) 

 

4. Discussion 

Key regional differences noted in WA, SA, VIC and NSW revealed that the 

highest incidence of contamination occurred within discrete regions within each agro-

ecological zone. Widespread seed contamination occurred throughout Australia’s 

pastoral zone and mixed farming zone where grain cropping and sheep production are 

typically concentrated (Puckridge and French, 1983). Barley grass and brome grass are 

annual weeds associated with carcass damage and are also common in pastures and grain 
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crops in southern mixed farming regions (Broster et al. 2012). The distribution patterns 

of weed infestation and carcass contamination observed in this study are also in agreement 

with the findings of Llewellyn et al. (2016), who identified barley grass and brome grass 

as two of the most problematic weeds of grain crops in southern and western Australia. 

Given the strong integration of grain cropping with sheep production in the mixed farming 

zone, the potential for carcass contamination by contact with barley grass and brome grass 

is high. Consequently, it is not surprising that the distribution of weed infestation was 

spatially associated with regions displaying higher weed seed contamination, highlighting 

the significance of barley grass and brome grass in causing carcass damage in Australia. 

The lack of differences in seed contamination between NSW and QLD and between TAS 

and VIC may be associated with early seed contamination of QLD and TAS re-stocker 

animals before they are transported (East and Foreman 2011) and identified as NSW and 

VIC sheep upon slaughter. Additional experimentation to determine specifically when 

and where highest rates of contamination occur in young stock is required to draw 

meaningful conclusions about seed source populations. High contamination levels 

associated with sex and age were likely due to the length of exposure of sheep to infested 

sites producing ample weed seed. Males and females over two years of age and entire 

males sold for slaughter (normally cast for age rams), typically experience longer periods 

of seed exposure. Animals under two years of age commonly comprise castrated males 

and females sold for slaughter into the lamb market before considerable seed exposure. 

Variable contamination in all other groups was likely associated with variable age of 

sheep comprising each group and the associated variation in the length of exposure to 

mature weeds producing seed. Increased weed seed contamination in sheep by barley 

grass and brome grass is potentially associated with changes in rainfall patterns and 

farming practices in recent years. Increased variation in rainfall, as evidenced by drier 

autumns and prolonged periods of drought, coupled with warmer temperatures and higher 

soil moisture evaporation rates are experienced across southern Australia (Murphy and 

Timbal 2008) and may limit growth of desirable pasture species. Weed populations 

displaying variable dormancy patterns, drought tolerance and rapid germination, are 

likely to be highly competitive in such conditions. Barley grass and brome grass also 

potentially utilise such mechanisms to enhance survival under the climatic stresses of 

southern Australia (Rumball 1971, Gill and Blacklow 1985). In addition, the adoption of 
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reduced tillage, strong reliance on herbicides and earlier sowing of grain crops have also 

likely selected for barley grass and brome grass biotypes now displaying herbicide 

resistance and variable seed dormancy (Gill and Blacklow 1985, Fleet and Gill 2012, 

Owen et al. 2015). High incidence of carcass contamination in the pastoral and high 

rainfall regions is also possibly due to seed dispersal from mixed farming regions via 

attachment of seed to fleece during animal movement and transport. Anatomically, barley 

grass and brome grass seed possess long awns, enabling them to easily adhere to fleece 

and later penetrate dermal tissues. Specialty lamb producers and traders in the high 

rainfall zone and properties within the pastoral zone also often introduce large numbers 

of sheep from adjacent mixed farming regions (East and Foreman 2011) that are possibly 

already contaminated with seed upon arrival. Both weed species display significant 

phenotypic plasticity across Australia, and readily germinate and establish across all 

regions. Higher infestation rates in the high rainfall zones may be assisted by overgrazing, 

reduced soil fertility and the use of less competitive pasture legumes or legume mixtures. 

Focused chemical and rotational strategies to manage these weeds could be employed in 

areas of high weed infestation to result in reduced infestation to carcasses over time. 

Future research into the development of focused IWM strategies will be essential for 

regional control of these weeds and their biotypes, permitting a more targeted approach 

in reducing seed contamination in Australia. 
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Summary  

Barley grass (Hordeum spp.) is an annual weed of southern Australian mixed farming 

regions causing significant crop revenue loss and carcass damage in grazing sheep. 

Increased reliance on herbicides for management of barley grass has led to the 

development of herbicide resistance across southern Australia. Integrated weed 

management tactics have recently been used to manage barley grass populations, and have 

proven effective in reducing reliance on herbicides for management. Field studies 

performed in 2016 and 2017 examined the use of post-emergent herbicides and strategic 

defoliation through mowing on a barley grass infestation in a mixed legume pasture in 

Wagga Wagga, NSW. This paper presents data from the first year of the study. Significant 

differences between herbicide-only treatments revealed propaquizafop to be 99% 

effective in reducing barley grass survival and seed production in contrast to paraquat, 

which was generally ineffective. A significant interaction between mowing and date also 

influenced barley grass biomass, and complex interactions between herbicide, mowing 

and date influenced barley grass height. Barley grass control, as a result of propaquizafop 
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application, was accompanied by an increase in the biomass of clover and other weeds 

including Vulpia spp., also a known carcass contaminant.  

Keywords Hordeum, Vulpia, mowing, carcass contamination, integrated weed 

management.  

 

1. Introduction  

Historically, both pre- and post-emergent herbicides have been used extensively 

for management of barley grass (Hordeum spp.), a problematic weed of Australian crops 

and pastures, which is also associated with significant carcass damage in sheep across the 

Australian mixed farming zone (Kelly et al. 2018). Herbicide resistance has recently been 

noted in several barley grass populations in Western Australia and South Australia (Owen 

et al. 2012, Shergill et al. 2015), suggesting that IWM strategies for management are 

likely to be particularly useful in regions where herbicide resistance is more prevalent. 

Past reports have suggested that defoliation by mowing was an effective alternative tactic 

to herbicides in controlling annual pasture weeds, with success relying on the timing of 

mowing and the species targeted (Bowcher 2002). When mowing is timed to coincide 

with the reproductive phase of the target annual weed, a reduction in seed rain and 

significant shifts in botanical composition have been shown to occur (Bowcher 2002). 

Reductions in barley grass fecundity were also noted when plants were defoliated to a 5 

cm height (El-Shatnawi et al. 1999) at the boot stage of growth (Zadok et al. 1974). 

Furthermore, mowing barley grass plants as the inflorescences turned colour resulted in 

smaller seeds (Smith 1968b), likely reducing seed viability. The combined efficacy of the 

integration of herbicide usage and mowing in controlling barley grass populations has not 

yet been investigated. This study thus investigated the effect of integrating defoliation by 

mowing with the application of two commonly used graminicides, propaquizafop (Group 

A) and paraquat (Group L), to reduce barley grass survival within a heavily-infested 

standing legume crop in southern New South Wales (NSW). The integration of both 

tactics were compared to their use in isolation after 12 months. 
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2. Materials and Methods 

The experiment was conducted in Wagga Wagga NSW at Charles Sturt 

University’s Ashmont field research site (35.0578°S, 147.3544°E, elevation 215 m). Soil 

was a red silty loam sodosol. The paddock was previously sown in 2012 to lucerne and a 

mixture of other legumes. A yearly application of superphosphate was applied from 2012 

to 2016. Plots measured 6 × 4 m with 2 m spacing between plots. Treatments consisted 

of an untreated control, two herbicide treatments, two mowing treatments, and various 

combinations of herbicide and mowing Propaquizafop at 100 g a.i. L−1 (as Shogun®), 

was applied at a rate of 250 mL ha−1 in autumn during tillering. Alcohol alkoxylate at 

1000 g a.i. L−1 (as Cropwett 1000®) was added at a rate of 250 mL ha−1 as a wetting 

agent. Paraquat at 250 g a.i. L−1 (as Sinmosa 250®) was applied at a rate of 1.6 L ha−1 

during rapid growth of barley grass in late winter. The single mowing treatment slashed 

the plots to an average height of 7.5 cm when 50% of the barley grass plants across each 

plot reached boot stage of growth (Zadoks 49) (Zadoks et al. 1974). The second mowing 

treatment was a repeated defoliation, when 50% of the barley grass regrowth across the 

plot reached boot stage of growth. If no barley grass regrowth was observed, the second 

mowing was not performed. Mown material was not removed. Each of the treatments was 

randomised in a strip plot design for ease of management and replicated five times. Data 

collection was performed after all treatments were imposed by comparison with the 

untreated control, and all values were assessed on a square metre basis. Due to heavy 

rainfall events in winter and spring in 2016, treatments were applied when weather 

conditions allowed for optimal application. Biomass of main species (barley grass, 

Medicago sativa L. (lucerne), mixed clover species, Vulpia spp. and other weed species) 

was collected by cutting to ground level, drying and separating herbage fractions within 

two random quadrats per plot (25 × 25 cm). The number of barley grass inflorescences 

m−2 was also obtained from biomass samples at plant maturity. Seed number per 

inflorescence was calculated by averaging the number of seeds contained within 20 

random inflorescences per plot at plant maturity, where possible. Fecundity was 

determined by multiplying inflorescence number m−2 in each plot by the mean seed 

number per inflorescence. Seed mass was calculated as the mass in grams of 100 

randomly collected mature seeds taken from each plot at plant maturity. Plant density was 

determined by counting the number of barley grass plants within a 10 × 10 cm area 
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representative of the species composition within each of two random 25 × 25 cm quadrats 

per plot. Barley grass plant height was assessed fortnightly, and measured from ground 

level to the tip of the inflorescence, at three equally spaced and random points along a 

diagonal transect and averaged across each plot. The experiment was concluded at the 

time of seed fall in November 2016.  

 

2.1 Statistical analysis 

  Data were subjected to a factorial ANOVA for a strip plot experimental design 

using IBM SPSS software, version 20 (SPSS 2011). Assumptions of normality and 

homoscedasticity were investigated using residual plots and when violated, the data were 

transformed using square root or log transformations as necessary to meet the 

assumptions. A comparison of means was performed using the least significant difference 

(LSD) test (P<0.05). Pooled standard errors are presented. 

 

3. Results  

3.1 Herbicide effects  

Herbicide treatment resulted in significant differences in barley grass (F = 40.272, 

df = 2, P < 0.001), clover (F = 9.177, df = 2, P < 0.001) and weed biomass (F = 64.493, 

df = 2, P < 0.001), as well as barley grass inflorescence number (F = 16.155, df = 2, P < 

0.05), plant density (F = 62.155, df = 2, P < 0.001) and fecundity (F = 15.04, df = 2, P < 

0.05). No significant treatment effects or interactions were observed for lucerne biomass 

or barley grass seed weight (P > 0.05). Propaquizafop in particular significantly reduced 

barley grass biomass, inflorescence number, fecundity and plant density by at least 99% 

compared to both the untreated control and the paraquat treatment (Figure 1). No 

significant differences were observed between the control and paraquat application for 

barley grass establishment and fecundity. Conversely, after barley grass was completely 

controlled by the application of propaquizafop, the biomass of clover was increased by 

79.4% and other weeds by 128%. In contrast, the application of paraquat significantly 

reduced the biomass of clover and other weeds by 65% and 36.5%, respectively, in 

relation to the control (Figure 1). The eradication of barley grass plants by propaquizafop 
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resulted in a lack of production of barley grass seed and no seed rain in plots in late 2016. 

No significant differences in barley grass fecundity were observed between the control 

(33602.5 ± 4856.2 seeds m−2) and paraquat-treated plots (31474.2 ± 4856.2 seeds m−2). 

 

Figure 1. Mean barley grass, other weed and clover biomass (g m−2) following herbicide application during 

2016. Separate analyses were conducted across treatments within each species group. Bars with the same 

letter are not significantly different (P < 0.05). Numbers within bars signify treatment means. 

 

3.2 Mowing x date effects  

Barley grass biomass was significantly reduced (F = 4.843, df = 2, P <  0.05) in 

the one-mow treatment during October (160.8 ± 38.3 g m−2) and also in the repeat-mow 

treatment during November (120.3 ± 38.3 g m−2) when compared to the zero-mow 

treatment in November (349.2 ± 38.3 g m−2 (Figure 2). 
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Figure 2. Mean barley grass biomass (g m−2) as influenced by mowing during the months of October and 

November 2016. Bars with different letters are significantly different (P < 0.05). Numbers within and above 

bars signify treatment means. 

 

4. Discussion  

A single application of propaquizafop was most effective in reducing the biomass, 

density and reproductive capacity of barley grass compared to all other treatments one 

year following application (Figure 1). This was not unexpected, given the reported 

efficacy of other Group A herbicides in managing barley grass populations (Stephenson 

and Mitchell 1993). Further, the increase in clover and other accompanying weeds such 

as Vulpia spp. and capeweed was consistent with previous findings, where the ingress of 

capeweed was observed to accompany an increase in clover following applications of 

propyzamide (Thorn and Perry 1987). It is likely that the rapid and virtual eradication of 

barley grass in the current study provided spatial gaps in existing vegetation, allowing the 

introgression of legume and weed species. Weed species proliferation was likely aided 

by the availability of soil nitrogen and phosphorus resulting from the long-standing 

presence of legumes and the regular history of annual superphosphate applications, 

conditions known to create an environment well suited for encouraging proliferation of 

these other weeds (Rossiter 1964). Furthermore, subsequent to barley grass removal, the 

conditions present in the paddock may have also stimulated a competition response in the 

legume component of the crop. Less efficacious control of barley grass by paraquat 

(Figure 1) was consistent with results of Stephenson and Mitchell (1993), who reported 
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similar results in clover pastures after 12 months. Paraquat is a common Group L 

herbicide used in the control of grass weeds in crops (Owen et al. 2012). As a contact 

herbicide, it requires sufficient leaf area for high efficacy (Fuerst and Vaughn, 1990). It 

is likely that the timing of late spring paraquat applications may have resulted in reduced 

herbicide efficacy due to shading from more mature plants, thereby preventing adequate 

contact of herbicide with barley grass foliage. The late paraquat application also reduced 

clover biomass in comparison to the control and propaquizafop treatments, a result also 

consistent with previous studies (Barrett et al. 1973). Despite the lack of efficacy of 

mowing in reducing barley grass biomass during October, mowing was effective in 

November, and repeat mowing treatments resulted in significantly lower barley grass 

biomass than the control. As mowing results were inconsistent over time, it is possible 

that mowing at an even later barley grass maturity stage would have been be more 

effective, particularly when rainfall events were limited (Butterfield and Malmström 

2009). Additional experimentation performed under more typical rainfall conditions will 

be useful in evaluating the use of mowing in conjunction with herbicide application for 

reduction in barley grass fecundity. 

 

5. Conclusions and future research  

Propaquizafop treatment was more effective in controlling barley grass 12 months 

following application than various combinations of herbicide and mowing. Despite the 

virtual eradication of barley grass by propaquizafop, the pasture was infested by later 

emerging weeds such as Vulpia spp. (Collins et al. 2013). Data obtained from additional 

years of experimentation will be useful in determining the success of propaquizafop and 

other herbicides in sustaining pasture composition and may offer further insight into the 

value of integrating a timely mowing with herbicide application for barley grass control 

over the longer term. 

 

6. Acknowledgements 

The authors acknowledge the funding support of Meat and Livestock Australia, 

the AW Howard Memorial Trust, the Grains Research and Development Corporation and 



                                              Appendix A2: Twenty-First Australasian Weeds Conference                              

 

                   
309 

 

the Graham Centre for Agricultural Innovation (Charles Sturt University and Department 

of Primary Industries). Authors also gratefully acknowledge the assistance of Allison 

Chambers and Graeme Heath in the collection of data and application of treatments. 

 

7. References 

Barrett, D., Arnold, G. and Campbell, N. (1973). Effects of time and rate of 

paraquat application on yield and botanical composition of annual pastures containing 

subterranean clover in a Mediterranean climate. Australian Journal of Experimental 

Agriculture 13, 556-62. 

 Bowcher, A.J. (2002). Competition between temperate perennial pasture species 

and annual weeds: the effect of pasture management on population dynamics and resource 

use. (PhD), Charles Sturt University, Australia.  

Butterfield, H. and Malmström, C. (2009). The effects of phenology on indirect 

measures of aboveground biomass in annual grasses. International Journal of Remote 

Sensing 30, 3133-146.  

Collins, A., Fitzsummons, P., Behrendt, K., Camac, M., McCormick, L., Latta, 

R., John, C., Sheehan, M., Prance, T., Humphries, A., Hooke, T., McEachern, S., Jolly, 

S., Dickson, H., Shands, C., James, R. and Evans, N. (2013). Winning against seeds: 

Management tools for your sheep enterprise (1st ed.). Australia: Meat and Livestock 

Australia Ltd.  

El-Shatnawi, M.J., Ghosheh, H.Z., Shannag, H.K and Ereifej, K.I. (1999). 

Defoliation time and intensity of wall barley in the Mediterranean rangeland. Journal of 

Range Management 52, 258-62.  

Fuerst, E.P. and Vaughn, K.C. (1990). Mechanisms of paraquat resistance. Weed 

Technology 4, 150-6.  

Kelly, J.E., Quinn, J.C., Loukopoulos, P., Broster, J.C., Behrendt, K. and Weston, 

L.A. (2018) Seed contamination in sheep: new investigations into an old problem. Animal 

Production Science. https:// doi.org/10.1071/AN17771  



                                              Appendix A2: Twenty-First Australasian Weeds Conference                              

 

                   
310 

 

Owen, M., Goggin, D. and Powles, S. (2012). Identification of resistance to either 

paraquat or ALS-inhibiting herbicides in two Western Australian Hordeum leporinum 

biotypes. Pest Management Science 68, 757-63.  

Rossiter, R. (1964). The effect of phosphate supply on the growth and botanical 

composition of annual type pasture. Crop and Pasture Science 15, 61-76.  

Shergill, L.S., Malone, J., Boutsalis, P., Preston, C., and Gill, G. (2015). Target-

site point mutations conferring resistance to ACCase-Inhibiting herbicides in smooth 

barley (Hordeum glaucum) and hare barley (Hordeum leporinum). Weed Science 63, 408-

15.  

Smith, D. (1968a). The growth of barley grass (Hordeum leporinum) in annual 

pasture. 2. Growth comparisons with Wimmera ryegrass (Lolium rigidum). Australian 

Journal of Experimental Agriculture 8, 484-90. 

Smith, D. (1968b). The growth of barley grass (Hordeum leporinum) in annual 

pasture. 4. The effect of some management practices on barley grass content. Australian 

Journal of Experimental Agriculture 8, 706-11.  

Stephenson, D. and Mitchell, G. (1993). Barley grass control with herbicides in 

subterranean clover pasture. 1. Effect on pasture in the year of spraying. Animal 

Production Science 33, 737-41. 

 SPSS (2011) IBM Corp. Released 2011. IBM SPSS Statistics for Windows, 

Version 20.0. Armonk, NY: IBM Corp.  

Thorn, C. and Perry, M. (1987). Effect of chemical removal of grasses from 

pasture leys on pasture and sheep production. Animal Production Science 27, 349-57.  

Zadoks, J., Chang, T. and Konzak, C. (1974). A decimal code for the growth 

stages of cereals. Weed Research 14, 415-21. 

 

 



                                                                         Appendix A3                              

 

                   
311 

 

Appendix A3 

Intake Suppression – Chapter 6 

 

3.6.1 Modelling experimental conditions of the Trangie study – sheep daily growth 

(barley grass absence). 

The experimental conditions of the Trangie study were modelled in GRASSGRO 

to generate barley grass infested pasture data. Trangie study conditions are described by 

Campbell et al. (1972).  

The simulated Trangie pasture species settings in GRASSGRO consisted of 

Annual grass-early (chosen for the closest representation to barley grass) and Austrostipa, 

reflecting the pasture composition described by the study methods. The default soil 

settings for Trangie were used and initial species parameters for both species were 

determined by using the average for each parameter, obtained by simulating Trangie 

pasture growth for the study period in GRASSGRO over 20 years. Both species were set 

to the “reproductive” stage of development at the beginning of the simulations, reflecting 

the average likely growth stage of both species during August in Trangie, NSW. Lambs 

were simulated to enter the paddock on 28th August and sold after 12th December as per 

the study methods. The GRASSGRO simulations of the Trangie study were initially run 

from 1965 to 1970 (to allow the model to stabilise) and Dubbo weather data was found 

to facilitate reliability and accuracy in climate datasets across the simulated time period, 

since Dubbo was the closest township to Trangie with complete weather datasets 

available for the simulated period. 

Total available biomass, digestibility, daily pasture growth and senescence data 

were extracted from the Trangie GRASSGRO simulations and were inserted as inputs 

into the GRASSGRO livestock submodel equations (Freer et al., 1997), which had been 

reproduced within Microsoft excel. These equations modelled the corresponding daily 

sheep live weight gain which was likely to occur during the Trangie study, and was 

entitled “the Trangie Livestock model”. The Trangie livestock model was run for each of 

the three stocking rates in the study, using the initial starting weights provided. Final 

weights obtained from these simulations facilitated the determination of the regular 
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amount of weight gain which would have been expected under the study conditions. This 

final live weight value was entitled the “TARGET” weight.  

 

3.6.2 Modelling experimental conditions of the Trangie study – sheep daily growth 

(barley grass presence). 

Campbell et al. (1972)  described a linear relationship between sheep weight loss 

in kilograms and the number of barley grass inflorescences per 400cm3 in the pasture 

between August and December of the Trangie study during 1969, a similar period of the 

year to the period being simulated within the BGSC model. Although other linear 

relationships between species inflorescence density and weight loss were described for 

other years within the study, the equation observed to best fit the data and hence most 

closely describe this relationship (R2 = 0.88, P< 0.001), was given by: 

                                                        𝑌 =  0.3 𝑥 +  1.88                                       (1a) 

where Y was kilograms of sheep weight loss in total and x was the number of barley grass 

inflorescences counted per 400cm3 during 1969 (Campbell et al., 1972). This equation 

was used to determine the total amount of weight loss expected as a result of the presence 

of each corresponding inflorescence density under each stocking rate within the Trangie 

study. Y values were subsequently subtracted from TARGET values at each stocking rate, 

producing final weights which would have been most likely as a result of barley grass 

inflorescence density (entitled “FINAL”) during the Trangie study.  

 

3.6.3 Intake suppression due to barley grass presence during the Trangie study.  

The determination of daily herbage intake suppression was thus required to 

produce the corresponding FINAL weight from TARGET weights that would have been 

expected within the Trangie livestock model at each stocking rate and corresponding 

inflorescence density. This would be achieved within the Trangie livestock model by 

modifying final herbage intake per day by the intake suppression occurring as a result of 

the presence of barley grass inflorescences. Final herbage intake within the Trangie 
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livestock submodels under normal pasture conditions is given by the following equation 

within the GRASSGRO animal model: 

                                         𝐼𝐻𝐸𝑅𝐵 = 𝐼𝑀𝐴𝑋  . 𝐼𝑟                                                                                                 (1b)  

where 𝐼𝐻𝐸𝑅𝐵   is actual intake of herbage, 𝐼𝑀𝐴𝑋  is maximum daily intake and 𝐼𝑟  is relative 

intake of herbage (Freer et al., 1997). However, when barley grass inflorescences are 

present, final herbage intake per day is multiplied by the daily intake suppression 

percentage (thereby reducing daily live weight) (George, 1972, Hartley & Bimler, 1975). 

This results in a modification to equation 1b as follows: 

                                         𝐼𝐻𝐸𝑅𝐵 = (𝐼𝑀𝐴𝑋  . 𝐼𝑟 ) 𝐼𝑆                                                                                   (1c)  

where 𝐼𝑆  is the total daily percentage intake suppression per day. 𝐼𝑆  values were 

determined using the Solver function in Microsoft Excel. Solver is an added function 

within Microsoft Excel, which can be used to maximise, minimise or fix an objective 

value, dependent on constraints as set by the user (Hardaker et al., 2015). More 

specifically, Solver was used to determine the predicted value required to reduce daily 

intake in order to produce the FINAL live weight from the TARGET live weight at each 

stocking rate and associated inflorescence density. Predicted values were constrained to 

a scale between 0 and 1.  

Each inflorescence density and corresponding 𝐼𝑆  value was subsequently used to 

generate the function describing the relationship between intake suppression in relation 

to barley grass inflorescence density within the BGSC model, entitled the intake factor 

equation. This relationship provided the missing link between barley grass and livestock 

submodels, and was used to determine daily livestock intake suppression in relation to 

barley grass inflorescence density within each simulated year.  
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3.6.4 Example of GRASSGRO data used in the BGSC model.  
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Appendix B – Abstract and Poster 

 

Appendix B includes an abstract and corresponding poster comprising work that was 

generated during this PhD project and was presented at an international conference.  

 

Appendix B1 

 The European Weed Research Society Symposium (EWRS) 

Date and Venue:  18th – 21st June, 2018, Ljubljana, Slovenia. 

Location, climate and weed distribution influence carcass damage by 

weed seed in Australia sheep meat products 

 

1,3Kelly, J.E., 1,3Quinn, J.C., 4Nielsen, S.G., 2,3Weston, P., 2,3Broster, J.C., 1,3Loukopoulos, P. and 2,3Weston, 

L.A. 

1School of Animal and Veterinary Sciences, Charles Sturt University, Wagga Wagga, NSW, Australia 
2School of Agriculture and Wine Sciences, Charles Sturt University, Wagga Wagga, NSW, Australia 

3Graham Centre for Agricultural Innovation, Charles Sturt University, Wagga Wagga, NSW, Australia 
4QCU, Research Office, Charles Sturt University, Wagga Wagga, NSW, Australia 

(janekelly@csu.edu.au) 

 

Abstract Weed seed contamination of sheep carcasses and pelts is of critical importance 

in New Zealand and Australia, the two primary exporters of sheep meat to the European 

Union. Seed contamination frequently increases production costs, hinders livestock welfare 

and threatens quality of meat products. Hordeum spp. (barley grass) and Bromus spp. 

(brome grass) are annual Australian weeds that are native to the Mediterranean and 

specifically associated with seed contamination in sheep. In recent years, the distribution 

of both species has increased across southern Australia, potentially due to herbicide 

resistant populations and adaptation to diverse climatic conditions.  Recent anecdotal 

evidence indicates increased weed carcase damage within Australian abattoirs, a trend 

potentially associated with weed distribution patterns. An understanding of the current 
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prevalence of seed contamination across Australian states and the factors associated with 

incidence is imperative for effective mitigation and subsequent maintenance of quality 

standards in sheep meat exports. Analysis of Australian abattoir datasets combined with 

examination of regional climatic  records were undertaken using linear mixed models to 

evaluate the factors influencing carcase damage across southern Australia. Distribution of 

carcase contamination and also that of Hordeum spp. and Bromus spp. across Australia 

were studied utilising spatial methodology. Results indicated seed contamination was 

significantly associated with state, region, animal age, sex and abattoir. Clear relationships 

also existed between distribution patterns of carcase contamination and prevalence of 

Hordeum spp. and Bromus spp. Mean monthly rainfall and elevation were also noted as 

significant climate factors contributing to contamination. In addition, complex interactions 

were noted between mean monthly temperature and state and between elevation and date. 

Results highlight the need for further research regarding integrated management of key 

annual grass weeds contributing to seed contamination across Australia. 

Keywords: infestation, carcase, sheep, weed seed, injury, region, season, annual grass 
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Appendix B2. 

Sheep Carcass damage by weed seeds 
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Appendix C – Industry Report 

 

 

Appendix C is comprised of early work conducted during this PhD under project B.WEE. 

0146, entitled “Addressing Herbicide Resistance – Options and Non-Chemical 

Approaches for Mixed Farmers”. This report was submitted to Meat and Livestock 

Australia during 2016 and includes a summary of the literature associated with seed 

contamination in sheep and results of initial analyses associated with chapter 3 of this 

PhD thesis. 
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Appendix C 

 Defining cause and effects associated with prevalence of key weeds 

across the region in terms of livestock productivity and carcass quality 

 

Jane E. Kelly 

PhD candidate and lecturer, School of Agriculture and Wine Sciences, Graham Centre for 

Agricultural Innovation, Charles Sturt University, Wagga Wagga NSW 2678  

Research collaborators involved in final report preparation include Karl Behrendt, John C. 

Broster, Sharon G. Nielsen, Jane C. Quinn, Paul A. Weston and Leslie A. Weston 

  

Executive Summary 

Weed seed infestation of sheep is a significant problem in Australia, leading to 

animal welfare concerns and reduced productivity and profitability for producers and 

processors. Barley grass and brome grass are annual weeds associated with seed 

infestation and are highly problematic in Australian grain crops. To date, limited analyses 

examining the status of weed seed infestation in Australian sheep have been conducted. 

Accordingly, this report was developed for MLA project B.WEE.0146 using abattoir 

surveillance data (Animal Health Australia), weed survey data (Dr John Broster of 

Charles Sturt University and Dr Peter Boutsalis of University of Adelaide) and regional 

climate data (Australian Bureau of Meteorology).  Statistical analyses were conducted on 

combined datasets, revealing the following significant results: 

1. Seed infestation is varies over region, and is predominantly distributed across the 

mixed farming and pastoral zones of Australia, with peak seed infestation levels 

occurring in discrete regions within the high rainfall zone. Distribution patterns of 

seed infestation are similar to current distribution patterns of barley grass and brome 

grass populations. 

2. Highest infestation levels occurred in sheep over two years of age or in entire males 

sold for slaughter, likely associated with greater length of exposure of these animals 

to infested sites producing ample weed seed. 
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3. Seed infestation levels increased in association with increasing mean monthly rainfall 

and with decreasing elevation, occurring predominantly between mean monthly 

temperatures ranging from 2.5°C and 30°C in NSW, VIC and TAS and from 8 and 

35°C in QLD, SA and WA. 

4. High variability in the incidence of seed infestation occurred across years. Elevation 

significantly influenced the level of seed infestation experienced within any given 

year.   

5. Seed infestation levels were strongly influenced by differences in data collection 

processes between states and also between abattoirs.  

Both variation in rainfall and recently experienced warmer seasonal temperatures have 

likely contributed to weed seed infestation of sheep in Australia by increasing the 

prevalence of key weedy species such as barley grass and brome grass and also limiting 

growth of desirable pasture species. Specifically, barley grass and brome grass exhibit 

variable dormancy, drought tolerance and rapid germination to augment survival under 

stressful environmental conditions, and proliferate across a diverse range of 

environments. The adoption of reduced tillage, strong reliance on herbicides and earlier 

sowing of grain crops have also selected for weed biotypes now displaying herbicide 

resistance and variable seed dormancy. The specific information gained from this study 

should prove useful for developing integrated weed management (IWM) strategies in 

Australian pastures and crops in association with MLA project B.WEE.0146 objectives, 

permitting a more targeted approach in reducing weed seed production and subsequent 

contamination in Australia.  
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1. Introduction 

Grass seed infestation in sheep flocks is a major concern for the sheep grazing 

industry in Australia, leading to welfare concerns in live animals and reduced economic 

returns and production efficiency for both producers and processors (Belschner, 1925; 

Collins, 2013; Dodd, 1919; Hartley, 1976; C. Smith, 2014). Sixty-percent of Australia’s 

arable land area is composed of  native and improved pastures and supports many of 

Australia’s grazing industries (Kemp & Michalk, 1994). Australia also sustains a 

significant mixed-farming component, occupying 0.35-0.4 M km2 of land, equivalent to 

one third of the agricultural zone (Bell & Moore, 2012).  

The Australian sheep flock is widely distributed across the native and introduced 

grassland regions of New South Wales (NSW), Victoria (VIC), South Australia (SA), 

Western Australia (WA), Tasmania (TAS) and Queensland (QLD) (Fig. 1). Sheep are 

particularly concentrated in Australia within the three regions defined by rainfall, namely 

the pastoral zone, the wheat-sheep/ zone (now also referred to as the mixed farming zone) 

and the high rainfall zone (Fig. 2) (Perrett, 2015; Puckridge & French, 1983). The high 

rainfall zone supports many specialty lamb production systems, whilst mixed farming 

regions facilitate mixed livestock (sheep and beef) and mixed farming operations (sheep 

and cropping) (Harle, Howden, Hunt, & Dunlop, 2007).  

               

Figure 1. Distribution and density of the Australian sheep population (K. Behrendt & Weeks, 2017) 
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Figure 2. Location of the wheat-sheep zone (also designated the mixed farming zone), the high rainfall 

zone and the pastoral zone in Australia. The winter rainfall zone is depicted by the area underneath the line 

on the above map of Australia (Puckridge & French, 1983). 

 

2. Weed seed infestation in sheep  

Of particular concern to the sheep industry is the physical damage that occurs 

when the seeds of certain grass weeds penetrate the fleece, eyes, genitals, skin, carcass 

and organs of grazing sheep, resulting in an assortment of costs to producers and 

processors (Collins et al., 2013; Cornish & Beale, 1974; C. Smith, 2014). Some weed 

seeds are also wool contaminants, leading to processing difficulties, reduced yield and 

wool price discounts (Lunney, 1983).  

 

2.1 Problematic weed species contributing to seed infestation 

Seven grass weed species are associated with physical damage to sheep. The 

introduced and widely distributed  annual, barley grass (Hordeum spp. Link.), is 

particularly problematic in this regard, noted in very early records by Dodd (1919). Also 

implicated at that time were the native grasses, spear grass (Austrostipa spp (Lindley) 

S.W.L. Jacobs and Everett) and wire grass (Aristida spp. R. Br.), in addition to silver 

grass (Vulpia bromoides (L). Gray) and Andropogon spp. (Dodd, 1919). During the 
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1970s, Hordeum spp., Austrostipa spp. and Aristida spp. were still considered  harmful 

(Cornish & Beale, 1974) and are problematic today (Collins, 2013). In addition, three 

other introduced species have recently been associated with carcass damage, including 

storksbill (other common names include crowfoot/wild geranium) (Erodium spp. (L.) 

L'Hér), Chilean needle grass (Nasella neesiana (Trin. & Rupr.)) and brome grass (Bromus 

spp. Roth) (Collins, 2013). Hordeum spp., Vulpia spp., Stipa spp., and Erodium spp. have 

most recently been identified  by processors as the major carcass contaminants (Collins, 

2013) and seeds from these species are also found to contaminate wool, which is classed 

as “Seed” or “Shive” categories of vegetable matter contamination (Cottle, 2010). Other 

introduced species originating from the genera Medicago, Xanthium and Trifolium are 

also wool contaminants, normally classed as “Burr” categories of vegetable matter 

contamination (Cottle, 2010), however, these do not penetrate dermal tissue (Cornish & 

Beale, 1974).  

Three species of barley grass in Australia are associated with seed infestation in 

sheep. Collectively, the species are referred to as the Hordeum murinum complex (Cocks, 

Boyce, & Kloot, 1976), consisting of H. murinum L, H. leporinum L and H. glaucum 

Steud (Cocks et al., 1976). 

 

2.2 Distribution of problematic weed species   

Hordeum spp. and Vulpia spp. have been previously identified among the five 

most prevalent pasture weeds across the NSW perennial pasture zone  (Dellow, Wilson, 

King, & Auld, 2002). These species, together with Bromus spp., commonly inhabit 

southern cropping regions of NSW (Broster, Koetz, & Wu, 2012b; Lemerle, Tang, 

Murray, Morris, & Tang, 1996).   Hordeum spp. has been found in less than 1% of fields 

in northern NSW and QLD (Osten et al., 2007) and less than 10% in Tasmania (Broster, 

Koetz, & Wu, 2012a). Of the species comprising the Hordeum murinum complex, H. 

murinum commonly inhabits Tasmanian regions, whilst H. glaucum invades drier, semi-

arid regions (<425 mm annual rainfall). Alternatively, H. leporinum commonly inhabits 

regions above 425 mm annual rainfall (Cocks et al., 1976) and is the most common 

species referred to in Australian literature. 
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Bromus rigidus is known to be a frequent invader of cropping fields in SA, whilst 

12% of fields have also been identified as containing B. diandrus, the other injurious 

Bromus species normally occupying roadsides and undisturbed sites (Kleemann & Gill, 

2006). In Western Australia, both Hordeum spp. and Bromus spp. have colonised up to 

64% of fields (Borger et al., 2012), falling to 1-3% during the summer fallow period in 

the WA grain belt between February and April (Michael, Borger, MacLeod, & Payne, 

2010). More recently, brome grass and barley grass have been listed in the top 20 residual 

weeds of all crops in Australia. Brome grass has now invaded over 1.4 million ha, leading 

to a total cropping revenue loss of $22.5 million, whilst barley grass has also occupied 

over 244,000 ha, resulting in a loss of total cropping revenue of $1.7 million  (Llewellyn 

et al., 2016).  

 

2.3 Dispersal and genetic variation in weed populations 

Extra-range dispersal describes the movement of species propagules from the 

current environment to a new habitat, a key principle in the development of biogeographic 

patterns  (Wilson, Dormontt, Prentis, Lowe, & Richardson, 2009). One form of extra-

range dispersal, termed mass dispersal, is the consistent movement of many weed 

propagules from several origins to various and widespread destinations, often via human-

mediated means (Wilson et al., 2009). Human-mediated dispersal has had a major impact 

upon biodiversity across the world, increasing with the advent of trade and exploration. 

Such mechanisms have facilitated the novel introduction of many species over great 

distances (Wilson et al., 2009), introducing significant genetic variation from various 

origins over short geological time periods (Wilson et al., 2009). It is possible that these 

mechanisms may have operated in populations of both barley grass and brome grass, 

neither of which is native species to Australia. Indeed, early records suggest different 

subspecies of barley grass were  introduced to Australia from five main international 

locations via livestock transport and shipping trade routes, originating from England, the 

western Mediterranean, parts of Africa and north-west India and Pakistan (Cocks et al., 

1976). The opening of the Suez Canal may also have facilitated entry of H. glaucum to 

Australia,  a species native to the eastern Mediterranean, region (Cocks et al., 1976).  
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Seed dispersal is crucial for agricultural weeds such as barley grass and brome 

grass, both of which rely on seed production for progeny survival (Winkler & Fischer, 

2002). Within the agricultural environment, plants proliferate from pre-existing 

populations from the current seed-bank or via dispersal to the surrounding vegetation 

(Benvenuti, 2007). Seed dispersal strategies provide a way in which new environments 

can be established and exploited for the growth and survival of species (Benvenuti, 2007). 

Water, wind and animals are common agents for the continual spread of seed propagules, 

which act to move seeds away from parent plants and when disseminated to similar sites, 

increase the likelihood of survival in these locations (Schiffman, 1997). Spread of weed 

populations into new locations can also occur after they have been introduced via human-

mediated means (Wilson et al., 2009). This is normally governed by the factors that 

influence propagule number, mode of dispersal, birth and death rates, occurring when 

excellent adaptations for dispersal exist (Sakai et al., 2001). Roads, railways and 

waterways can also promote weed invasion, generally occurring much faster than via 

natural means (Wilson et al., 2009). Agriculture and grazing also creates disturbed sites 

for establishment of colonising species with repeated exposure selecting for 

characteristics that result in their persistent and deleterious nature (Sakai et al., 2001). 

Indeed, previous research has provided evidence of these mechanisms occurring in barley 

grass and brome grass populations (Fleet & Gill, 2012; Gill & Blacklow, 1985; M. J. 

Owen, Martinez, & Powles, 2015). Once introduced, successful plants must then establish 

a viable, self-sustaining population (Sakai et al., 2001), traits required for both 

colonisation and establishment may or may not be identical (Sakai et al., 2001). 

 

2.4 Features of successful weedy invaders 

Successful weed colonisers appear to have a number of common features, 

comprehensively described by Baker (1974). Phenotypic plasticity is a particular 

characteristic common to successful invaders, enabling plants to adapt to a wide range of 

environmental conditions (Baker, 1974). Both barley grass and brome grass show a 

degree of phenotypic plasticity, as evidenced by their variable distribution patterns. Both 

species also display considerable competitive ability, an equally important trait for weed 

establishment. Barley grass has been shown to be highly competitive against Wimmera 
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ryegrass due to its awned seeds and considerable dispersive ability, in addition to its 

potential for dormancy under warmer temperatures (D. Smith, 1968a). Barley grass also 

germinates quickly on hard setting soil surfaces where other species display difficulty, 

responding easily to nigh nutrient levels (D. Smith, 1968b) and limited water (D. Smith, 

1968c). Similarly, Bromus diandrus has also been shown to be highly competitive, 

particularly against wheat (Gill & Blacklow, 1984).  

Invasive populations may evolve during their initial establishment and during 

population spread in response to the environmental pressures imposed upon them (Sakai 

et al., 2001). However, if the number of initial colonising plants is small, genetic drift 

associated with colonisation may lead to reduced genetic variation within the recent 

population (Sakai et al., 2001), constraining population growth through inbreeding 

depression and reduced persistence (Ellstrand & Elam, 1993). A lag phase can occur 

during the period between colonisation and population spread (Mack, 1985), where 

evolutionary adjustment accompanies colonisation and genetic limitations are overcome 

(Sakai et al., 2001). Evolutionary adjustment may include environmental adaptation, life 

history trait development or reduced genetic load responsible for inbreeding depression 

(Sakai et al., 2001). During the lag phase,  new genotypes may appear via outcrossing 

with migrating individuals (Mack et al., 2000). Migration ensures continuing propagule 

pressure, in addition to providing a source of genetic variation to the colonising 

population required for adaptation (Sakai et al., 2001). Different colonising populations 

within a species may thus display wide-ranging levels of genetic variation and subsequent 

invasive capabilities. If plants possess adaptive traits for continual dispersion, spread of 

the population will continue (Sakai et al., 2001). The spread of invasive weed genotypes 

may also be aided by gene flow. However, if useful alleles are overwhelmed in this 

process, the development of invasiveness may be limited (Sakai et al., 2001).  

It is possible that both barley grass and brome grass populations display wide 

genetic variation and subsequent invasive capacities due to the mass dispersal of seed 

over large distances via adhesion to sheep. Previous research has concluded that the 

degree of phenotypic plasticity displayed in a species is also suggestive of wide species 

genetic variation (Baker, 1974), further supporting the likelihood of such diversity 

existing between regional populations of barley grass and brome grass. Future research is 
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needed to substantiate the extent of this diversity and examine the specific responses of 

regional genotypes to various stressors in order to develop management strategies specific 

to the requirements of different populations. 

 

2.5 Distribution via seed attachment to animals - Epizoochory 

Seed propagules of barley grass and brome grass have morphological 

characteristics which allow easy dispersal via attachment to domestic livestock. Hooks or 

barbs on the seed surface are effective in securing adhesion to fleece (Benvenuti, 2007) 

and both barley grass and brome grass seed possess long, bristly awns attached to their 

lemmas and glumes which  serve this purpose. The adhesion of seeds to an animal’s fur 

or coat is a seed dispersal mechanism known as epizoochory (Sorensen, 1986), expediting 

seed movement over long distances (Sorensen, 1986). Epizoochory is a dispersal 

mechanism used by many species found in disturbed lands created by agricultural 

pursuits, particularly those with adhesive characteristics (Sorensen, 1986). Xanthium spp. 

L. possesses hooks across the surface of the fruit (Benvenuti, 2007), leading to its 

association with the presence of sheep in pastures (Hocking & Liddle, 1986). Dactylis 

glomerata L. and Bromus erectus Hudson. also achieve lasting adhesion to sheep fleece, 

enabling seed to travel considerable distances (Benvenuti, 2007). Indeed, disturbed sites 

such as sheep camps, fallow paddocks and overgrazed sites  are common habitats of 

barley grass and other species such as Vulpia spp., which easily adhere to sheep and cause 

carcass damage (K. Tozer, 2004). 

Studies investigating the effect of seed mass and morphology on seed attachment 

potential to sheep and cattle coats, suggested that hooked or elongated seed morphologies 

afforded greater attachment potential than seed mass in sheep fleeces (Römermann, 

Tackenberg, & Poschlod, 2005). Conversely, seed mass was identified as the governing 

factor leading to the highest attachment potential in cattle hair, with no attachment 

occurring in seeds above 10mg. This may explain why weeds with large barbed seeds, 

such as barley grass, are more commonly found in sheep fleece. Previous research by 

Halloran and Pennell (1981) showed that large variation occurs in the fresh weight of 

barley grass seed (1mg to 15 mg ). This could potentially lead to at least a third more 

seeds attaching to sheep fleece than cattle hair. These findings have implications for 
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barley grass seed dispersal and the potential for establishment of new weed populations 

occurring across large distances via sheep movements, most of which are known to occur 

in Australia between states (East & Foreman, 2011).  

Plant height is also significant for successful epizoochorous dispersal, as the 

highest levels of dispersion occur when plant height corresponds to the height of the 

animal with which the plant most often physically interacts (Benvenuti, 2007). This is 

consistent with research involving barley grass, where plant height was seen to be 

influential in seed attachment to animals (Dodd, 1919).  

 

2.6 Injurious characteristics of weed seeds  

The sharp points, awns and barbs of weed seeds are injurious to the live animal. 

Previous reports of seed injury have also occurred in cats (Vansteenkiste, Lee, & Lamb, 

2014) and dogs (Johnston & Summers, 1971; Vansteenkiste et al., 2014). Movement of 

animals encourages seed adhering to the fleece and coat to transfer through the fibre, 

penetrating the skin and underlying tissue (Dodd, 1919).  

The single-flowered spikelets of barley grass occur in triads (Cocks et al., 1976). 

Upon plant maturity, spikelets act as dispersal units, dislodging and adhering to sheep as 

inflorescences brush the passing animal (Haavisto, 2011). Although attachment occurs 

via the long awns connected to each spikelet  (Cocks et al., 1976), the pedicel of the 

central spikelet is often the sharpest part of this seed.  

The time of seed fall appears to coincide with highest levels of seed infestation  

(Warr & New South Wales  Department of Agriculture, 1980) with a greater degree of 

eye damage and weight loss experienced during this time (Dodd, 1919; Hartley & 

Atkinson, 1972; Hartley & Bimler, 1975; Little, Carter, & Ewers, 1992; Mulham & 

Moore, 1970). 
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3. Impact of seed infestation of sheep at the farm level  

3.1 The live animal 

Previous research has investigated the effects of seed penetration in grazing sheep, 

reporting live weight loss and reduced growth rates occurring in infested sheep 

(Campbell, Robards, & Saville, 1972; Hamilton, 1978; Hartley, 1976; Hartley & 

Atkinson, 1972, 1973a; Hartley & Bimler, 1975; Little et al., 1992; Mulham & Moore, 

1970). Body condition loss is significant due to its influence on both reproductive weight 

and the growth of resulting progeny (R. Behrendt et al., 2011), potentially leading to 

delayed sale of animals. Seed lodgement in the eyes cause eye inflammation (Opthalmia) 

(Dodd, 1919; George, 1972), conjunctivitis, keratitis and blindness (Hartley & Atkinson, 

1972). Seed injury also causes abrasion of lips, gums and cheeks (George, 1972; Hartley, 

1976; Hartley & Bimler, 1975), whilst inflammation of the skin from seed causes abscess 

and ulceration (Barry, 1971; Belschner, 1925; Dodd, 1919; Loughnan, 1964). Lameness 

occurs as a result of seed penetration of the feet. Fever resulting from seed wound 

infections can also occur and mortalities are often significant (Cornish & Beale, 1974; 

Hartley & Bimler, 1975; Mulham & Moore, 1970). Animals may also experience 

increased susceptibility to flystrike and the physical discomfort and pain associated with 

seed injury is particularly noteworthy (Campbell et al., 1972; Dodd, 1919; Loughnan, 

1964). On occasion, seeds have been associated with penetration of internal organs, 

causing health issues such as peritonitis and pleurisy (Dodd, 1919; Loughnan, 1964).  

 

3.2 Fleece contamination  

Some seeds can become entangled in wool fibres, reducing processing options 

and increasing processing costs to ensure their removal (Angel, Beare, & Zwart, 1990; 

Nolan, Farrell, Ryan, Gibbon, & Ahmadi-Esfahani, 2014). Seed infestation  in wool is 

known as “vegetable fault” or “Vegetable Matter Base (VMB)”, measured as a percentage 

of vegetable matter (VM) found in the greasy wool sample (Cottle, 2010). VM is 

categorised into seven classes within the AWEX-ID system: B-Burr (barrel medic), E-

Seed (sub-clover, carrot seed, scotch thistle), S-Shive (barley grass, wild oats), N-

Noogoora burr, T-Bathurst burr, M-twig or stick pieces and F-Bogan Flea (Cottle, 2010). 

Once VM levels approach 2% in fleece wool, price penalties occur, rising dramatically 
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as these levels are surpassed (Cottle, 2010). Australian wool may require carbonizing if 

vegetable matter levels rise above 2-3% (Nolan et al., 2014). This is an expensive process, 

resulting in carbonising costs up to 140c/kg and approximately 10% wastage due to fibre 

damage (D'arcy, 1990). Carbonising incurs greater losses than other processing methods 

(Nolan et al., 2014). Heavier discounts are applied to the producer for infestation by 

larger, harder seeds such as barley grass (categories termed “seed” and “shive” VM as 

compared to “burr” VM), particularly in the finer end of the wool market (Cornish & 

Beale, 1974; Gibbon & Nolan, 2011). Recent analysis has shown that a 1% increase in 

VM corresponded to a 3% price reduction in superfine wools and a 2% price reduction in 

medium wools (Gibbon & Nolan, 2011). 

 

3.3 Economic impacts 

Seed damage can invite significant carcass, skin and wool price discounts to 

producers (Collins, 2013; Cornish & Beale, 1974; Sloane, Cook, King, & 

AustralianWoolCorporation, 1989). Other on farm costs are also incurred due to live 

weight loss and the associated drop in meat yield. As noted, significant live weight loss 

has subsequent effects on fertility (Killeen, 1967), wool production (Kellaway, 1973)  and 

health (Dodd, 1919; Holmes, 1993). In addition, mortalities from seed infestation may 

also be significant (Campbell et al., 1972; Dodd, 1919; George, 1972), translating to large 

financial losses on farm. Secondary costs, such as changes in management (Collins et al., 

2013), chemical control costs (Sloane et al., 1989) and reduced pasture availability due 

to chemical control methods (Hartley, Atkinson, Bimbler, & Douch, 1974) may also be 

significant. Although recent efforts have attempted to quantify the impacts of weed seed 

infestation at the  processing level (Collins, 2013; C. Smith, 2014), to date there remains 

a knowledge gap in the understanding the true cost of weed seed infestation to the 

producer on farm. 

A summary of the significant and quantifiable physical losses due to seed 

infestation are summarised from the available literature in Table 1. 
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Table 1: Records of significant and quantifiable physical losses to live animals from seed infestation as summarised in the literature. 

Reference Experiment  

Year  

Sheep Breeds and 

number  

Direct impact 

on animal 

Location  Weed Species 

responsible for 

recorded loss  

Quantifiable and significant Impact/Loss 

Dodd (1919) 

 

1917 Mostly Merino Mortality Un-named 

locations 

within NSW 

Species not 

recorded 

75% weaner mortality, mortalities up to 50% in lamb flocks and 

up to 10% mortalities in adult sheep. 

Belschner (1925) 1925 700 affected sheep, 

breed unknown 

Mortality NSW 

Tablelands 

Not stated 50% mortality in dipped seed-affected -deaths due to infection 

of seed wounds and tetanus 

Campbell et al. (1972) 

 

1968, 1969 

and 1970 

Merino,  Reduced live 

weight wool 

growth  

Trangie, NSW Barley grass 

and spear grass 

Live weight losses of up to 11.5kg in 2.5 months,  up to 68% 

loss in wool growth rates 

Atkinson and Hartley (1972) 1971, 1972 Mixed Down-type, 

Romney, Border 

Leicester (BL) 30-45 

lambs /ha in 12 0.2ha 

plots 

Skin damage Waikato, NZ Barley grass Twice the number of seeds found in “Down-type” skins than 

Romney skins and over four times the number found in Border 

Leicester (BL) skins. 37% of lamb pelts contained seed 

punctures, resulting in downgrading of carcass, 25 seeds/skin 

corresponded with 7.8 x 105 barley grass heads/ha. 
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George (1972) 1967 Merino, Dorset, 

number unknown 

Damage to 

internal organs 

eyes, crutch/ 

vulva regions 

NSW Barley grass Up to 100% of animals with 1 or 2 eyes affected in animals 

grazing Fescue as opposed to Phalaris pasture. Up to six seeds 

per eye were found. 

 

Hartley and Atkinson 

(1973a) 

1971, 1972, 

1973 

Mixes of 257 

Romney, 36 Downs, 

29 Merino, 50 BL 

hogget and lamb age 

–groups of each type 

in different locations 

Eye damage, 

skin damage 

 

Tokanui, NZ, 

Hawkes Bay, 

NZ, 

Templeton NZ 

Barley grass, 

Erodium spp. 

Up to 59% Downs-type lambs, 35% of Romney-type lambs, 

23% Border Leicester and 10% Merino lambs suffered eye 

damage. Number of pelt punctures from Erodium as high as 25. 

More than 500 punctures in Downs type lambs in highly 

infested paddocks at Hawkes Bay, set stocked for 3 months. Up 

to 30 punctures in merino ram hogget pelts at Tokanui compared 

to 20 punctures in Downs lambs and 10 punctures in Romney 

lambs in Tokanui in 0.2ha  paddocks with variable barley grass 

infestations 

Hartley and Bimler (1975) 1974, 1975 BL, Southdown, 

Romney – numbers 

unclear 

Live weight 

loss, eye, 

mouth (lip) 

and nose 

damage, 

mortality  

Hawkes Bay, 

NZ 

Barley grass Mean weight loss of 2.5 kg in 5 weeks (after adjustment for 

wool weight).Weight losses up to 3.83kg for animals with 

severe eye damage. Recovery weight gain 0.93 kg for 

Southdowns, 2.88kg for BL after shearing and seeds had fallen. 

Only 46% of lambs reached market condition (partly attributed 

to an outbreak of facial eczema). 14% animals lost during 

season, most due to deaths from seed injury. 
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Seed present in 72% of eyes overall, with 12 seeds found in the 

worst affected animals. 97% of Southdown animals with seeds 

in eyes. 44% of all damaged eyes recovered, including 23% 

likely to have been blind. Animals with lip damage gained 

0.66kg less and with nose damage gained 0.82 kg less than other 

animals – 10-20 seeds per nostril were common. 

Warr and Thompson (1976) 1973, 1974, 

1975 

28 Merino, 28 BL x 

Merino 

Skin damage, 

Wool 

infestation and 

live weight 

loss 

Trangie, NSW Barley grass, 

crowfoot 

(Erodium), 

medic burr 

23% of greasy wool weight in unshorn merinos with vegetable 

matter contamination from medic burr. Average 7 seeds per 

6cm2 of skin found in crossbred unshorn animals, 5.7 seeds in 

merinos within the same area. Early November: Crossbred 

animals >0.2 kg weight loss per day. Late November: Merinos > 

0.2 kg loss per day, crossbred animals lost between 0.1 and 0.2 

kg per day. 

Hartley (1976) 1971-1974 BL, Southdown, 

Romney, Merino, 

Down- numbers 

unclear 

Live weight 

loss, eye 

damage 

Hawkes Bay 

and Waikato, 

NZ 

Barley grass Up to 8kg weight loss per lamb in summer. Other results 

referred to in paper by Hartley and Bimler (1975). 

Hamilton (1978) 1978 NW slopes & 

Tablelands NSW 

Abattoir kill numbers 

given: Guyra (9000), 

Moree (5500), 

Live weight 

loss, pelt 

damage 

North West 

Slopes NSW 

Aristida spp. Up to 11kg live weight loss in 3 months, and equivalent to 250 

seeds per 100cm2 of skin area. Percentage of downgraded 

carcass from North West slopes and Tablelands abattoirs in 
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Gunnedah (10000), 

Aberdeen (9000), 

Mudgee (13000) 

NSW: Guyra 6%, Moree 35%, Gunnedah: 35%, Aberdeen: 

45%, Mudgee: 55% 

Little et al. (1992) 1990 37 Merinos per 

paddock, total of 222 

sheep 

Live weight 

loss, carcass 

weight loss, 

Wool VM 

infestation  

South 

Australia – 

location 

unknown 

Barley grass 57.7 % lambs affected by seed in eyes in unsprayed paddocks, 

gaining 6.2 kg/hd less weight and 2.4 kg less carcass weight 

than animals in sprayed paddocks in 6 weeks.  Carcass value 

reduced by 78%. Wool vegetable matter (VM) contamination 

doubled in unsprayed paddocks.  

Holst, Hall, and Hegarty 

(1994) 

1994 150 Dorset x (BL x 

Merino) – 50% in 

sprayed and 

unsprayed paddocks 

Pelt damage, 

live weight 

loss; carcass 

weight loss 

Cowra, NSW Barley grass Up to 80% of unshorn skins possessed seed scars. Up to 43% of 

unshorn skins not exposed to barley grass also had seed scars. 

Unshorn animals on barley grass pasture were up to 6.7 kg 

lighter in live weight (in late December) and 2.7 kg lighter in 

carcass weight than unshorn lambs in non-barley grass pasture. 

Holst, Hall, and Stanley 

(1996) 

1996 180 Coolalee 

(Synthetic short wool 

breed) x (BL x 

Merino) allocated to 

three shearing 

treatments on 

Lucerne or barley 

grass pastures 

Live weight 

loss, carcass 

weight loss, 

pelt damage 

Cowra, NSW Barley grass, 

Lucerne 

Lambs on barley grass gained 59g/day less weight compared to 

lambs on Lucerne. Weight loss of 9 +/-7 g/day also recorded for 

the lambs grazing barley grass. Unshorn lambs on barley grass 

grew 22.2% slower than shorn lambs. Carcass weights of lambs 

grazing barley grass were 3.5 kg less than those grazing 

Lucerne. 85% of unshorn lambs grazing barley grass had > 5 

pelt scars, with 56% of these occurring in the prime region. 

Shearing overall reduced percentage of damage pelts to 13%, of 

which 40% were in the crucial prime region. Seeds removed 
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from eyes of 28 lambs on barley grass, no seeds from those on 

Lucerne pasture 

 

 

 

K Tozer, Marshall, and 

Edwards (2008) 

2006-2007 100 Merino lambs 

per property x 4 

properties – 50 sheep 

per treatment 

Carcass 

damage 

Southern 

Canterbury, 

NZ 

Bromus ssp. Average of 41% of carcass from unshorn animals placed on 

detail rail in abattoir for trimming – equivalent to 6.6 seeds per 

carcass. 33% shorn animals placed on detail rail-equivalent to 

4.6 seeds per carcass. 

Mason and Behrendt (2009) 2007 168 Dohne x Merino 

weaner lambs 

Live weight 

loss 

Carcass 

weight loss 

Cumnock, 

NSW 

Hordeum spp., 

Vulpia  spp. 

Erodium spp. 

Austrostipa spp. 

Carcass weight of unshorn lambs 0.3 kg less than conventionally 

shorn lambs and 0.8 kg less than Bioclip™ lambs. Fat cover on 

unshorn lambs 0.9 kg less than conventionally shorn lambs and 

1.4 kg less than Bioclip™ lambs. Losses obtained over 154 

days. 

Collins et al. (2013) 2013 All – numbers 

unknown 

Live weight 

loss 

Australia All known 

species 

25 seeds in lambs reduced post-weaning live weight gain by 

50%.  
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3.4 Factors pre-disposing animals to seed infestation on farm 

3.4.1 Sheep Genotype - fleece type, face cover, eye position 

Merino and animals with downs-type wool (e.g. cross bred animals), display the 

greatest predisposition to seed infestation, whilst Border Leicester animals appear to be 

least at risk (Atkinson & Hartley, 1972; Hartley, 1976; Hartley & Atkinson, 1973b; 

Hartley & Bimler, 1975; Shugg & Vivian, 1973). Border Leicester animals are 

characterised by a less dense fleece with low crimp, high lustre and a loose staple, all of 

which contribute to reducing seed attachment potential (Hartley & Atkinson, 1973b). 

These findings somewhat contrast with other research showing greater levels of grass 

seed penetration in the  open fleeces of Border Leicester/Merino animals as compared to 

purebred Merino animals (Warr & Thompson, 1976). These results were attributed to a 

possible barrier being created by burr medic seed infestation of the Merino fleece surface, 

preventing deeper seed penetration into dermal tissue. Cross-fibering, fibre density and 

crimp have all been shown to influence seed attachment potential, with fleece fineness 

suggested as less significant (Hartley & Atkinson, 1973b). 

Eye injury from seed penetration appears to be associated with sheep genotype as 

opposed to fleece type, owing to the different facial fleece distribution patterns of 

different genotypes which attract seed around the eyes (Hartley & Atkinson, 1973b). As 

a result, Dorset horn animals potentially suffer less from eye injury than Merino animals 

due to retaining less facial fleece cover (George, 1972). Eye position is also influential. 

Studies have concluded Border Leicester animals suffer far less eye injury than 

Southdown animals due to the greater protrusion of the eyes from the head in this breed 

(Hartley & Bimler, 1975). 

To date, no published research exists on the impact of seed injury on shedding 

breeds of sheep. However, anecdotal evidence from sheep meat processing plants report 

variable levels of seed infestation occurring in Dorper carcasses (Collins, 2013). This 

suggests a lower likelihood of seed attachment to hair, as previously noted in studies with 

cattle by less weightier seeds (Römermann et al., 2005). An alternative explanation may 

be that shedding animals significantly infested by seed, are more than likely the result of 

a cross with wool-producing animals. Additionally, shedding breeds such as the Dorper, 

have also been popular in rangeland regions of Australia (Alemseged & Hacker, 2014). 
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These tend to be low rainfall regions, commonly shared by many of the weed species that 

contribute to carcass damage. Given that seed infestation is not common in cattle which 

also possess hair coats and frequently graze similar pastures, the crossbreed-effect and 

location explanations are more likely. Research investigating the differences in seed 

infestation levels within shedding breeds and their crosses is required to determine 

patterns and mechanisms of carcass damage in these genotypes. 

 

3.4.2 Sheep age and degree of wrinkle 

Although seed infestation can affect sheep of any age, previous research 

associates the issue more with younger animals (Cornish & Beale, 1974; Hartley, 1976; 

Hartley & Bimler, 1975), where seed infestation is ten times more likely to occur than in 

adults (Hartley, 1976). Studies suggest this is due to the lack of learned response in young 

sheep in avoiding long grass where seeds are problematic (Dodd, 1919). Young animals 

also have a shorter stature, placing them in close proximity to seeds and with a softer and 

thinner skin, it allows for easy seed attachment and penetration (Dodd, 1919). 

Furthermore, young sheep also retain more skin wrinkle, which is thought to provide a 

larger surface area for seed adherence (Campbell et al., 1972; Cornish & Beale, 1974; 

Dodd, 1919; Hartley & Bimler, 1975; Mulham & Moore, 1970; Shugg & Vivian, 1973). 

This is another attribute which places heavily wrinkled adult Merino animals at greater 

risk of seed infestation. 

  

3.4.3 Fleece Length 

Most studies agree that seed attachment, live weight loss, subsequent carcass 

infestation and skin damage declines as fleece length decreases (Cornish & Beale, 1974; 

Hartley & Atkinson, 1973b; Little et al., 1992; Mason & Behrendt, 2009; Mason, 

Behrendt, Toohey, & White, 2008; Mulham & Moore, 1970; Shugg & Vivian, 1973). In 

contrast, one study showed no significant reduction in carcass infestation  from reducing 

wool length via shearing, despite significant skin infestation  occurring in the same 

animals (Warr & Thompson, 1976). Studies by Mason et al. (2008) and Mason and 

Behrendt (2009) also demonstrated the attraction of high skin prices for heavily 
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contaminated skins carrying a longer staple, merely due to the greater preference for 

longer-stapled wools in some markets. 

 

4. Impact of seed infestation at the processing level  

Carcass damage from seed infestation is a significant issue in Australia and 

extensive costs are borne by the processor, including the extra time and labour required 

for processing seed-infested carcass. A boning trial conducted in South Australia (SA) 

during 2014 aimed to quantify the cost of seed infestation to processing plants. Trial 

results showed a reduction in slaughter floor chain speed occurred from 9.5 to 8.5 carcass 

per minute when the frequency of seed-contaminated carcass approached 40% to 9.2 - 9.3 

carcass per minute. Slaughter costs increased by 12% as a result, when compared to using 

regular numbers of pre-trim staff numbers and normal processing speed (C. Smith, 2014). 

Additional issues for processors include loss of staff morale and difficulties in filling 

orders, increased quality assurance requirements, increased risk in purchasing sheep from 

sale yards (Collins, 2013; C. Smith, 2014), and rejection of carcass for export (Collins, 

2013; Hamilton, 1978; Loughnan, 1964; Shugg & Vivian, 1973; C. Smith, 2014). Risks 

also exist regarding the potential for the loss of export license within the abattoir and the 

downgrading of product to lower value markets (Collins, 2013; C. Smith, 2014). Previous 

research in north west NSW showed that the percentage of downgraded carcass from seed 

infestation ranged from 6% of the 9000 animals killed weekly in Guyra to up to 55% of 

the 13000 animals killed weekly at Mudgee at that time (Hamilton, 1978). Further details 

of this study within that region are shown in Table 1. 

Seeds have significant effects on skin quality at the processing level, with seed 

penetration of skins leaving puncture marks in the pelt, producing scars which do not 

adopt dyes during manufacture, and results in downgraded products (Loughnan, 1964; 

Rumball, 1970). These faults incur price discounts of up to 50% (Collins et al., 2013). 

Processing costs for skins are also significant (Shugg & Vivian, 1973) as attempts are 

made to remove seeds at slaughter. Not all seeds are possible to eradicate as skins do not 

undergo scouring or carbonizing (Collins et al., 2013).   
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Currently, due to significant variability between processing plants and the lack of 

standardisation in data collection methods, it is difficult to quantify the cost of seed 

infestation at the processing level, although recent attempts have been undertaken 

(Collins, 2013; C. Smith, 2014). Industry organisations are currently working alongside 

Australian processors in the development of a standardised approach for data collection 

within processing plants. This will allow for the accurate and current determination of the 

financial impact of seed infestation to processing businesses. To date, previous literature 

originating in both New Zealand and Australia have provided a more historical view of 

the economic impacts of seed infestation in both regions, as summarised in Table 2.
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Table 2: Significant and quantifiable economic losses in Australia and New Zealand from seed infestation as summarised in the literature 

Reference Analysis Year Sheep 

breeds and 

number 

Location Weed Species Quantifiable Economic Loss 

Loughnan (1964) 1962-63 

 

1964 

Not stated  

 

 

Not stated 

Canterbury 

 

 

Canterbury NZ 

Barley grass 

 

 

Barley grass (and 

possibly Erodium) 

Up to 21.9% of skins through Canterbury processing works were seed damaged. 

 

In one line of animals, 27% of contaminated lambs were rejected by processor and value 

of these carcasses dropped 41%. Financial loss of $86,000 was incurred for 3 out of 35 

fellmongers in NZ in 1962-63. 

Rumball (1970) 1958 - 1969 Not stated Dunedin NZ,  

Hastings, NZ, 

Various locations 

in NZ, South 

Canterbury-

Otago, Central 

Otago 

85% Barley grass 

10% piripiri 

(Acaena 

ansserinifolia, A. 

novae-zelandiae 

and A. viridior)  

5% Erodium 

(Storksbill) 

Contaminated lambs wool percentage increased from 11.9% to 44.8 % in six years. 

Processor in Hastings reported wastage in carcass <0.006% 

Seedy pelt line discounts between $1.50 to $5 per dozen pelts. 11.5% total pelt wastage 

occurred in NZ in 1968-69, equivalent to a loss of $500,000. This coincided with the 

period of heaviest seed contaomination.  

Greatest wastage in Nelson-Marlborough and pelt wastage of 32.3% occurred in two 

works. Contaminated pelt number through abattoirs in Central Otago reached up to 100 

%. High skin damage trends in eastern South Island of NZ in early 1960s. 

Shugg and Vivian 

(1973) 

1971-1972 Not stated NZ – various 

locations, 

Waitaki,  

 

Barley grass Mid 1950s:2% pelts graded as seed damaged 

1960-1972:incience of damaged pelts increasing with highest levels in 1967-68, where 

50% of total pelt production in North Otago were contaminated. 60-70% of carcasses 

were rejected due to severe seed infestation. 
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Reference Analysis Year Sheep 

breeds and 

number 

Location Weed Species Quantifiable Economic Loss 

1971-72: financial loss of $517,000 occurred or 1.25% of total value to NZ from pelt 

damage. Approx. 70% of damage occurred from barley grass (in 1971/72 losses from 

barley grass were $362,000), 30% due to Storksbill. 

In Waitaki during the season of 1971/72,  loss of $26,650 for contaminated wool and 

loss of $37,000 due to pelt damage.  

Discounts of 15% for heavy contaminated wool or $25 loss per bale. 

Total loss to New Zealand from seed-infested wool and pelts assessed at $800,000. 60-

70% carcass rejection reported. 

 

Cornish and Beale 

(1974) 

1973-74 Not stated NSW slopes and 

plains 

Barley grass, 

Erodium spp., 

Stipa spp., 

Aristida spp., 

Medicago spp. 

and Xanthium 

spp. (see 

publication for 

further  species) 

In 1966-67 to 1969-70: 55% of all wool in Australia contained vegetable fault. NSW 

produced 62.8% of total heavier fault wools, worst affected area in NSW was central 

plains. 

Carbonising cost in 1972 was 0.35-0.40 cents/kg, wastage identified within the range of 

4-15%. 

Discounts of between 0.11 cents and $1.11/kg clean applied to wools with vegetable 

fault - higher penalties for fleece wools requiring carbonising, medium and heavy seed 

and /or burr as opposed to light burr and/or seed.  

Estimate of $8 million increase in value of the Australian wool clip would have existed if 

a decrease in one fault level occurred (based on minimum 1970-71 price penalties). 
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Reference Analysis Year Sheep 

breeds and 

number 

Location Weed Species Quantifiable Economic Loss 

50% penalty for lightly seeded pelts occurred in Australia in 1970-71. Heavily seeded 

pelts received 100% penalty and the value of the skin was equaivalent to value of wool 

only.  

Hamilton (1978) 1978 Not stated North West NSW Aristida Between 35 - 55% downgraded carcasses from seed infestation recorded within export 

abattoirs in North West NSW. See Table 1. 

Little et al. (1992) 1990 37 Merinos 

per paddock, 

total of 222 

South Australia – 

location unknown 

Barley grass Carcass values reduced by nearly $6/head for carcass of animals grazing unsprayed 

paddocks compared to sprayed paddocks. 

Collins (2013) 2012 All breeds– 

unknown 

numbers 

Southern 

Australia 

Silver grass, spear 

grass, barley 

grass, Erodium 

spp. 

10-60% of carcasses required trimming from seed infestation. Cost to processors 

estimated of between $10-20 per carcass. Discounts up to $30 per head for heavy 

infestation. Producer penalties from 10c/kg Carcass weight (CW) to $1/kg CW. One 

processor estimated a $3million annual cost from seed infestation. 

Collins et al. (2013) 2013 All breeds-

unknown 

numbers 

Australia All Up to 50% penalty possible for new season sucker lamb skins (seed and vegetable matter 

infestation). Contaminated carcass can lead to 50% lost retail value, with 4-5 kg trimmed 

carcass weight possible from heavily contaminated carcass. Infested leg discounts of 

$10-15 per carcass possible. Up to $1.50/kg CW discount to producers can occur due to 

extra trim from seed removal. Processor costs up to to $30/head are possible. 

C. Smith (2014) 2014 Unknown 

breeds, 34 

South Australia Unknown Increased seed infestation within the abattoir: increased  boning room staff costs by 

3.3%, equivalent to a 60% increase in labour costs per carcass processed. 54% of graded 
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Reference Analysis Year Sheep 

breeds and 

number 

Location Weed Species Quantifiable Economic Loss 

carcass 

assessed 

carcasses with medium to heavy seed on forequarter were downgraded to frozen (up to 

$0.30c/kg CW loss) or trimming product (up to $1.80/kg CW loss). Other cuts 

downgraded to lower value product depending on location, value of cut, and severity of 

seed damage.  Most trim occurred in the flap region of carcass, often possessing heaviest 

infestation. For Flap Bone-In, $0.91 - $0.97 was lost from the cut with medium to heavy 

seed infestation. 

$0.77- $1.03 in revenue was lost from the square- cut shoulder for medium 

to heavy seed damage. The  

loss in revenue for  

rack cap-on ranged from $0.35 to $0.99 if seed was evident. 
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5. Current levels of seed infestation in sheep across Australia 

Barley grass and brome grass are two species commonly associated with seed 

infestation in sheep. Their increased importance and recent spread within cropping 

regions of southern and western Australia (Llewellyn et al., 2016) have implications for 

seed infestation to continue into the future. Currently, there is a paucity of information 

available describing the status of seed infestation in Australian sheep, most of which has 

not yet been subject to statistical examination. Additionally, no comparisons between 

seed infestation patterns, weed distribution or climate factors have yet been drawn.  

 In order to tailor research efforts and to measure future management of the issue, 

it is necessary to determine the existing incidence of seed infestation in sheep across 

Australia. Consequently, additional insight into the causal factors behind the issue may 

be revealed, further informing future research efforts.  

The specific aims of this study were to: 

1. Quantify the level of regional seed infestation in sheep across Australia to 

determine the extent of the current problem. 

2. Identify correlations between the distribution patterns of barley grass and brome 

grass populations and the regional incidence of seed infestation in south eastern 

Australia. 

3. Determine the effects of sex, age, temperature, rainfall and elevation on seed 

infestation levels in Australia. 

4. Ascertain the implications of this work for the future and identify areas that 

require further research. 

 

6. Methodology 

6.1   Data  

6.1.1 Abattoir Data  

All available abattoir datasets detailing the numbers of animals with grass seed 

lesions across all Australian agro-ecological zones from 2006 to 2015 were provided by 

Animal Health Australia. Datasets are obtained in association with animal health 
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surveillance occurring within participating abattoirs under the National Sheep Health 

Monitoring Project (NSHMP). 

In accordance with the NSHMP and individual abattoir protocols, carcasses were 

inspected for the presence of seed by AHA approved meat inspectors during normal 

processing. Animals assessed as experiencing light seed infestation were not included in 

the dataset. Animals regarded as possessing significant seed infestation were recorded in 

the dataset and were detained for additional processing, where all seeds were removed 

from the carcass. The property identification code (PIC) or local government area (LGA) 

of the property from which animals were directly consigned before slaughter was also 

recorded, in addition to species, date, sale details, age and sex information for each mob 

inspected. In order to account for all sources of variability within the data, data records 

were matched to abattoir and a de-identifier code was used for each abattoir to maintain 

abattoir anonymity. Animal location was recorded as “unknown” if animals could not be 

identified to a particular location and this data was excluded from analysis. All records 

that included obvious data collection errors or where zero seeds were counted were also 

removed from the analysis so as to assess significant seed levels in sheep. Due to 

significant gaps in the dataset existing before 2008, only data obtained between 2008 and 

2014 were used within the final analysis. 

 

6.1.2 Climate Data  

Elevation, average monthly rainfall, and average monthly maximum and 

minimum temperature data for the period of 2008 to 2014 were obtained from the Bureau 

of Meteorology in ASCII format for each state and region within the abattoir data set. 

ASCII values were converted to rasters for use in ArcGIS for Desktop (ESRI, 2015). 

Zonal statistics were performed to calculate average climate (rainfall, minimum and 

maximum temperature) and elevation value per region. Average monthly temperature 

was calculated as the mean of the maximum and minimum temperatures for each month. 

Centroids for each region were created and climate and elevation values were extracted 

for each centroid.  
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6.1.3 Weed survey data and distribution maps 

Survey data regarding  barley grass and brome grass population density and 

distribution from 2007 to 2015 were spatially joined with abattoir datasets for NSW, VIC, 

SA and TAS in ArcGIS Desktop for spatial representation (ESRI, 2015). Natural breaks 

(Jenks) classification was used (Jenks, 1977) to create classes of infestation levels within 

each map.  Methods as described by Llewellyn, D'Emden, Owen, and Powles (2009) were 

used in the collection of weed survey data. 

 

7. Analyses 

To explore the relationship between the percentage of carcass infestation (PIN) 

and the predictor variables (state, region and age) linear mixed models were used. The 

predictor variable was fitted as a fixed factor and the abattoir was fitted as a random 

variable in the following models, 1 to 4: 

Model Description 

1 Percentage Infection ~ mean + State + Abattoir 

2 Percentage Infection ~  mean + LGA + Abattoir 

3 Percentage Infection ~  mean + Sex + Abattoir 

4 Percentage Infection ~  mean + Age + Abattoir 

Note: Terms fitted in the models as random are italicised; all other terms are fitted as fixed terms. Colons 

indicate the interaction between terms. 

 

To explore the relationship between the percentage of carcass infestation (PIN) 

and the predictor variables (Mean Rainfall, State, Region, Elevation and mean 

Temperature) linear mixed models were also used. The predictor variable was fitted as a 

fixed factor and the abattoir was again fitted as a random variable in the following models, 

5 to 7: 
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Model Description 

5 Percentage Infection ~ mean + mean Rainfall + State + State :LGA + mean Rainfall :State + 

Abattoir 

6 Percentage Infection ~ mean + Elevation + State + State :LGA + Abattoir 

7 Percentage Infection ~  mean + mean Temperature + State + State :LGA + mean 

Temperature :State + Abattoir  

Note: Terms fitted in the models as random are italicised; all other terms are fitted as fixed terms. Colons 

indicate the interaction between terms. 

Information from these analyses were then combined into a single model in an 

attempt to fully explore the important factors contributing to the percentage of seed 

infestation. A linear mixed model using restricted maximum likelihood were used to 

analyse the data using ASReml –R (Butler, Cullis, Gilmour, & Gogel, 2007). Predictor 

variables fitted in the model as fixed factors included state, region, mean temperature, 

mean rainfall, elevation and date. Random terms fitted in the model included abattoir, 

spline (date), factor (date), spl (date): meanrainfall, spl (date): elevation and spl (date): 

meantemp as shown in model 8: 

 

Model Description 

 

8 

 

ln(pin) ~ mean + State + State :LGA + mean Temperature + mean Rainfall + Elevation + 

Date + 

Abattoir + spline (Date) + factor (Date) + spl (Date):meanrainfall + spl (Date):elevation 

+ 

spl (Date):meantemp 

Note: Terms fitted in the models as random are italicised; all other terms are fitted as fixed terms. Colons 

indicate the interaction between terms. 

 

The validity of conclusions from statistical analysis was dependent on the validity 

of the assumptions associated with the analysis; in this case the linear mixed model 

assumptions were: 1) that the residuals are normally distributed, 2) they have a constant 

variance and 3) they are independent. It was assumed that the factor level variances are 
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equal for the predictor variable. It was necessary to use a natural logarithm to transform 

all response data and a weighted least squares analysis to correct for heterogeneity of 

variance. A significance level of 5% was used for reporting statistical significance of all 

results, unless otherwise indicated. 

 

8. Results  

Seed infestation in Australian lambs, ewes and male animals averaged over states 

and territories was 23.3%. Significant differences in the incidence of weed seed carcass 

infestation was noted between states (P<0.001), and also for region within states for 

NSW, VIC, SA and Western Australia (WA) only (Table 3).  

Significant differences in the incidence of weed seed carcass infestation were 

noted due to main effects of mean monthly rainfall and elevation. Significant differences 

in the incidence of carcass infestation also occurred due to the interaction of mean 

monthly temperature with state and also due to  abattoir, whilst a curvilinear relationship 

existed between the incidence of seed infestation and date as modified by elevation 

(Tables 3 and 4). 
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Table 3.   ANOVA of seed infestation in sheep with P-values showing significant effects due to fixed terms 

including state, region, Sex, age, mean monthly rainfall, elevation, mean monthly temperature x state. 

Factor Degrees of 

freedom 

F ratio P value Model A 

State 5 51.6 P < 0.001 1 

SourceB    2 

NSW 38 2.59 P < 0.001  

VIC 41 7.74 P < 0.001  

SA 50 8.84 P < 0.001  

WA 25 2.48 P < 0.05  

Sex 4 30.4 P < 0.001 3 

Age 3 7.74 P < 0.001 4 

Mean monthly rainfall 1 5.66 P < 0.001 5 

Mean elevation 1 43.7 P < 0.001 6 

Mean monthly temperature × state 1 3.18 P < 0.001 7 

A Region signifies the region of the property from which animals were consigned from before slaughter 

(local government area or property identification code). 

B Model indicates the linear model used in the determination of results  
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Table 4. Log-likelihood ratio test with P-values showing significant effects due to random terms  

 

Term Deviance P value ModelA 

Abattoir 2337.23 P < 0.001 8 

spline(year) × elevation 18.86 P < 0.001 8 

A Model indicates the linear model used in the determination of results 

 

Predicted means for each of the significant variables are presented below. 

 

8.1 State  

The predicted means for individual states show that seed infestation levels in WA 

(19.0% ±1.3) were not significantly different to NSW (14.9% ±1.2), Queensland (QLD) 

(14.1% ±1.2), VIC (11.2% ± 1.2) or SA (18.1% ±1.2), but were significantly higher than 

levels in TAS (9.2% ±1.2) (Fig. 3). No significant difference (P<0.05) was observed in 

seed infestation in sheep surveyed from TAS and VIC or between QLD and NSW. 

              

Figure 3. Mean incidence of weed seed infestation of sheep carcasses by state across Australia (P< 0.001). 

Bars with the same letter are not significantly different (P<0.001).  Numbers within bars signify the 

numbers of observations for each state. 
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8.2 Region  

Predicted means for seed infestation by region showed most seed infestation to be 

dispersed across regions designated as the mixed farming and pastoral zones of Australia. 

Peak seed infestation levels occurred in discrete regions of WA, whilst southern SA, 

central western NSW and central QLD also displayed high prevalence of infestation (Fig. 

4).  

 

Figure 4. Distribution and percentage of sheep carcasses showing weed seed infestation between 2008 and 

2014. 

 

8.3 Distribution patterns of barley grass and brome grass and associations with 

regional seed infestation in NSW, SA, VIC and TAS  

Regions in NSW, VIC, SA and TAS exhibited high incidence of barley grass and 

brome grass infestations and were associated with regions displaying high carcass 

infestation (Fig. 5). 
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Figure 5.  Regional distribution of the percentage of carcass infestation within NSW, VIC, TAS and SA 

combined with distribution of barley grass and brome grass populations across south eastern Australia 

between 2007 and 2015 

 

8.4 Significant effects and interactions due to temperature, rainfall and elevation on the 

incidence of seed infestation across Australia 

8.4.1 Mean monthly temperature by state 

Predicted means show the incidence of seed infestation to be dispersed across a 

range of mean monthly temperatures in each state, occurring between 2.5°C and 30°C in 

NSW, VIC and TAS and between 8 and 35°C in QLD, SA and WA (Fig. 6). 

Trends in seed infestation in NSW, VIC and QLD were mostly constant as 

temperature increased, with levels in NSW and VIC occurring at a lower range of 

temperatures than in QLD. Trends in seed infestation for TAS and SA increased with 

mean monthly temperature, although seed infestation levels in TAS occurred at a lower 

temperature range than in any other state. Trends in seed infestation in WA showed a 

declining trend in the incidence of seed infestation with increasing temperature.  
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Figure 6. The variation in the incidence of seed infestation due to the interaction of mean monthly 

temperature and state. Grey shaded regions denote standard errors 

 

8.4.2 Mean monthly rainfall 

Predicted means for seed infestation revealed a linear increasing trend in the 

incidence of seed infestation with increasing mean monthly rainfall (Fig. 7). Seed 

infestation was seen to increase from 14% (+ 1.1) at a mean monthly rainfall level of 0 

mm to 16.6% (+1.2) at a mean monthly rainfall level of 225mm.  
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Figure 7. Increasing incidence of seed infestation with increasing average monthly rainfall. Grey shaded 

regions denote standard errors 

 

8.4.3 Elevation 

Predicted means for seed infestation by elevation revealed a linear decline in the 

incidence of seed infestation with increasing elevation (Fig. 8).  

 

Figure 8. The decline in the incidence of seed infestation with increasing elevation. Grey shaded regions 

denote standard errors 

 

8.4.4 Elevation by Date 

The curvilinear relationship existing between seed infestation and date as 

modified by elevation indicated high variability in the incidence of seed infestation across 

time, highlighting elevation as significant in determining the level of seed infestation 

experienced within any given year.   

Predicted means showed a higher overall incidence of seed infestation occurring 

at lower elevations across all years, whilst the incidence of seed infestation occurring in 

any given year was also higher at lower elevations (Fig.9). 
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Figure 9. The variation in the incidence of seed infestation due to the interaction of date and elevation. 

Grey shaded regions denote standard errors and numbers above graphs denote elevation in metres. 

 

8.5 Age and sex 

Animals older than two years and animals of ‘unknown’ age displayed the highest 

levels of seed infestation. Levels were lowest for animals under two years of age and for 

groups of mixed age (Table 5).  Entire males displayed higher levels of infestation than 

all other sex groups, whilst the levels of infestation were lower in castrated males than all 

other sex groups (Table 5). Seed infestation  levels in females were not significantly 

different to those of mixed or unknown sex groups (Table 6) but were significantly higher 

than in castrated males and lower than in entire males. 
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Table 5. Mean percentage of animals contaminated with weed seed by age group 

Age Group Mean percentage carcass infestation  by weed seed (%) ± SE 

Mixed Age 11.3 ± 1.202  a 

< 2 years 12.4 ±  1.655  a 

Unknown 13.6 ± 1.169  ab 

>2 years 15.2 ± 1.168  b 

Values with the same letter within each group are not significantly different (P<0.05). 

 

Table 6.   Mean percentage of animals contaminated with weed seed by sex group 

Sex  Group Mean percentage carcass infestation  by weed seed (%) ± SE 

Castrated Male 12.5 ± 1.161  a 

Mixed Sex 13.9 ± 1.159  b 

Female 14.3 ± 1.160  bc 

Unknown 16.4 ± 1.165  c 

Entire Male 24.0 ± 1.170  d 

Values with the same letter within each group are not significantly different (P<0.05)
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9. Discussion 

9.1 Regional distribution of seed infestation and associations with weed populations 

Results for WA, SA, VIC and NSW revealed seed infestation to be highly 

regionally specific, with highest incidence of seed infestation occurring within discrete 

regions (Fig. 4) within each agro-ecological zone (Fig. 2). Widespread seed infestation 

was shown to occur throughout Australia’s pastoral zone and mixed farming zone where 

grain cropping and sheep production enterprises are characteristic of the region (K. 

Behrendt & Weeks, 2017; Puckridge & French, 1983). The distribution patterns of weed 

populations and carcass infestation noted in this study are also consistent with the results 

of Llewellyn et al. (2016), who recently identified barley grass and brome grass as two 

of the most problematic weeds of grain crops in southern and Western Australia. The 

strong integration of grain cropping with sheep production occurring within the mixed 

farming zone increases the potential for carcass infestation as a result of high contact 

between sheep and weed populations. Consequently, it is not surprising that the spatial 

distribution of weed populations was associated with regions displaying higher carcass 

infestation, implicating barley grass and brome grass as prominent weeds causing carcass 

damage in Australia.  

High seed infestation levels occurring in isolated regions within the higher rainfall 

and pastoral zones may be influenced by weed seed dispersal between the mixed farming 

region and adjacent regions via attachment of seed to fleece during transport of animals 

(termed “epizoochory”). Specialty lamb producers and traders in the high rainfall zone 

and properties within the pastoral zone receive large numbers of sheep from neighbouring 

mixed farming regions (East and Foreman, 2011), many of which may be infested with 

seed upon their introduction. The phenotypically plastic nature of these weeds may then 

enable introduced seeds to germinate and establish easily across all regions 

It is also likely that individual weed species infestations contributing to carcass 

damage are responsible for the variation in regional results observed in this study. Indeed, 

a very high level of seed infestation was noted in the Kalgoorlie/Boulder region of WA. 

It is plausible that this may have been attributed to the presence of Austrostipa scabra 

(Speargrass), a species known to be heavily populating this region encompassing part of 

the Nullarbor Plain (Krebs, Van Wyngaarden, & Rouda, 2004). Limited detail in the 
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dataset prevented the accurate identification of all species infesting carcasses surveyed in 

specific regions. Further research is required to develop a cost-effective method for 

identifying the species of weed seeds lodged within carcasses in order to more precisely 

match seed infestation levels to regions across Australia. 

 

9.2 Differences between state levels of seed infestation  

The lack of differences in seed infestation between NSW and QLD and between 

TAS and VIC may be associated with early seed infestation of QLD and TAS re-stocker 

animals before transport (East and Foreman, 2011) being subsequently identified as 

originating from NSW and VIC upon slaughter. Movement of re-stocker sheep from TAS 

to VIC and from QLD to NSW occurs on an annual basis due to seasonality, availability 

of processing plants and lamb price influences (East & Foreman, 2011). Similarly, 

interstate sheep movements also occur between WA and the eastern states and also 

between SA and NSW, WA and VIC (East & Foreman, 2011). It is possible that these 

movements account for the similarities in seed infestation levels between these states. As 

animals were identified as belonging to the region of the property they were directly 

consigned from before slaughter, caution must be exercised with regard to the 

interpretation of regional seed infestation levels. It is highly possible that the penetration 

of animals by weed seed may have occurred at any time in the animal’s life, prior to being 

transported to the property from which they were consigned before slaughter. Additional 

experimentation is thus required to determine specifically when and where the highest 

rates of infestation occur in stock in order to draw stronger conclusions about weed seed 

sources and the potential for new weed invasions. 

 

9.3 Effects of sex and age of animals 

High infestation levels associated with sex and age are likely due to the length of 

exposure of sheep to invaded sites producing ample weed seed. This is an unexpected 

result, given that previous research findings highlight the association of young animals 

with seed infestation (Cornish & Beale, 1974; Hartley, 1976; Hartley & Bimler, 1975). 

Indeed, seed infestation  has been reported to occur at rates ten times higher in young 
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animals than in adults (Hartley, 1976). However, males and females older than two years 

and entire males sold for slaughter (normally cast for age rams), typically experience 

longer periods of exposure to weed seed due to their age. Seeds have also been noted to 

remain in animals for up to two years (Lodge & Hamilton, 1981), and seeds may amass 

each year after initial seed injury until slaughter. Animals under two years of age 

commonly comprise of castrated males and females sold for slaughter into the lamb 

market before considerable seed exposure can occur. Variable infestation levels in all 

other groups were likely associated with variable age of sheep comprising each group and 

the associated variation in the length of exposure to mature weeds producing seed. 

 

9.4 Effects of climate and elevation 

The incidence of seed infestation occurring across a wide range of mean monthly 

rainfall levels, temperatures and elevations is likely reflective of the wide variety of 

environments inhabited by the different weed species associated with seed infestation and 

their contact with the sheep that inhabit the same regions.  

 

9.4.1 Temperature by state effects 

Variability in the level of seed infestation due to temperature as modified by state 

may be associated with variability in data collection processes occurring within abattoirs 

between states, since differences in temperature across Australia do not normally 

correspond with state boundaries. Levels of seed infestation associated with temperatures 

below 10°C in NSW, TAS and VIC may be associated with annual weed species 

contributing to seed infestation in higher altitudes within these three states, areas which 

are known to be cooler on average. Indeed, aboveground growth of plants, including 

annual grasses, has been shown to be limited when mean daily temperatures fall below 

10°C (Duncan & Woodmansee, 1975). More specifically, this may explain the lower 

levels of infestation seen to occur in TAS below 10°C.  Levels of seed infestation 

occurring at cooler temperatures in NSW, VIC and TAS may also be influenced by the 

level of seed infestation in many introduced animals transported to these cooler regions 

from other biogeographic zones, as previously noted.  
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The prevalence of seed infestation occurring between monthly temperatures of 

8°C and 35°C across all mainland states may be reflective of the temperature range 

common to spring and summer growing seasons in Australia, a factor which, when 

combined with stored moisture in the soil profile, leads to a rapid increase in aboveground 

biomass as plants reach maturity. This period coincides with the time of seed fall for many 

annual species contributing to seed infestation, thus corresponding with the period of 

greatest seed attachment potential for grazing sheep. In addition, the general adaptation 

of many invasive weeds to a broad range of local climates may further facilitate invasion 

success. 

 

9.4.2 Mean monthly rainfall effects 

The increase in seed infestation occurring with increased mean monthly rainfall 

may be reflective of the increased growth response of annual weed species and their 

subsequent reproductive success in response to heavy monthly rain events in infested 

regions of significance. However, such conclusions may be limited due to the poor 

correlations reported between monthly precipitation and yield of annual grasses (Duncan 

& Woodmansee, 1975) and the complex interactions between many factors leading to 

successful reproduction. Barley grass germination, in particular, is known to be associated 

with the interaction of temperature and moisture conditions during summer and with 

temperatures at the break in the season (D. Smith, 1968a). In addition, under temperature 

conditions appropriate for plant growth, heavy precipitation allows annual grasses to take 

advantage of excess water, inducing further growth (Pitt & Heady, 1978). It is thus 

possible that annual weed species contributing to seed infestation have dominated other 

species in response to heavy monthly rainfall events, particularly under conditions of 

previous moisture stress.  Previous research has described the dominance of barley grass 

in irrigated areas in northern VIC during periods of moisture stress in autumn (D. Smith, 

1968c). Further analysis regarding interactions with temperature and the timing of rainfall 

by season will be necessary to draw additional meaningful conclusions from this finding. 
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9.4.3 Elevation effects 

The declining level of seed infestation associated with increasing elevation is 

likely reflective of reduced prevalence of annual weed infestations at higher altitudes due 

to reduced adaptation. This finding is consistent with previous research, where annual 

grasses exhibited a preference for lower elevations and also lower annual rainfall (Kemp 

& Dowling, 1991). This was evidenced by the proportional change of annuals to 

perennials at higher altitudes (>950 m), where annual rainfall was also higher. At these 

altitudes, the replacement of annuals by perennials was attributed to the higher moisture 

requirement of perennials. Furthermore, other results from the present study also support 

these findings, where carcass damage was noted to be predominantly associated with the 

mixed farming and pastoral zones of Australia, regions also typically situated at low 

elevation where annual rainfall levels are lower. Past research has identified brome grass 

(Kon & Blacklow, 1998), barley grass (specifically Hordeum glaucum), wiregrass and 

corkscrew grass (albeit in varying proportions) as major wool contaminants across these 

regions (Warr, Gilmour, & Wilson, 1979). As wool contamination may be a precursor to 

seed injury of carcasses, these species have likely continued to cause carcass damage in 

these lower elevation regions. 

Although results revealed a decline in the level of seed infestation at higher 

elevations, the incidence of seed infestation occurring at high altitudes did not decline to 

zero, suggesting the habitation of certain annual weeds in regions of higher altitude, 

posing a risk to sheep residing there. A significant proportion of the high rainfall zone of 

Australia consists of high altitude regions. Parts of the high rainfall zone, as noted from 

regional results in the present study, were also shown to exhibit high levels of seed 

infestation. Vulpia spp. and Hordeum leporinum are both inhabitants of high rainfall 

regions, which are more dominated by perennial pasture species as rainfall and altitude 

increase (Kemp & Dowling, 1991). Hordeum leporinum has been typically identified to 

regions specifically above 425 mm annual rainfall in southern areas (Kloot, 1981) and 

has been listed as a major wool contaminant in the Tablelands and Southern Slopes of 

NSW (Warr et al., 1979), regions which consist of higher altitude areas and are 

characterised by higher rainfall. In addition, Vulpia spp. has been found at elevations 

above 1000 m and in regions between 200 mm and 1200 mm of annual rainfall (Wallace, 
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1997).  Conversely, other research by Kemp and Dowling (1991) revealed somewhat 

different results regarding altitude, where no significant relationship occurred between 

altitude and Vulpia ssp. (or the bromes), except for lower proportions present at altitudes 

below 550 m. However, this was attributed to producers in these areas being more 

involved in cropping and general weed control rather than the environment being 

unsuitable for annual grass growth, as evidenced by the presence of herbicide spray strips 

in some pastures (Kemp & Dowling, 1991). It is possible that H. leporinum and Vulpia 

spp. are two of the main weeds associated with carcase damage in higher altitude regions. 

 

9.4.4 Elevation by date effects 

The curvilinear relationship between seed infestation and date as modified by 

elevation further supports the notion of seed infestation being highly seasonal and highly 

variable across time, as a result of the interaction of conditions on plant growth. These 

results again highlight elevation as significant in determining the level of seed infestation 

experienced within a given year, likely due to the effect it imposes on temperature and 

rainfall and the variable interaction of these factors on plant growth in any given year.  

Peak infestations occurring in 2009 and 2011 at all elevations are likely the result 

of interactions occurring between temperature and rainfall during these years, where 

southern Australia experienced higher than average temperatures and very significant 

rainfall events during both years (Bureau of Meteorology, 2009, 2011). The year 2009 

marked Australia’s warmest year on record. Low average rainfall experienced across the 

year continued to prolong the extensive drought of the previous years, until  June  to 

September, where near or above average rainfall was received across much of the 

southern mainland, with record breaking rains falling across TAS. Given the decimation 

of pastures and crops during the years prior to 2009 due to prolong drought, the 

combination of later heavy rains, warmer than average temperatures during the growing 

season and a lack of competition by desirable species may have created extremely 

favourable conditions for the proliferation of annual weeds and subsequent high levels of 

seed infestation in sheep.  As noted, further analysis investigating the seasonal effects of 

rainfall and interactions with temperature on levels of seed infestation will substantiate 

these conclusions. 
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9.5 Abattoir effects 

Significant differences in seed infestation due to abattoir are likely reflective of 

the procedural variability occurring between individual abattoirs, an issue  known to be 

characteristic of the Australian sheep meat processing industry (Collins, 2013). Certainly, 

variability in data collection methods are likely to be a major limiting factor in 

understanding the true extent and detail of seed infestation occurring in sheep carcasses 

within processing plants across Australia.  

 

9.6 Factors contributing to seed infestation in Australia today 

9.6.1 Changes in climate 

In view of these findings, it is necessary to consider the overarching factors which 

are likely to have contributed to the proliferation of weeds responsible for seed infestation 

in Australian sheep. Recent changes in rainfall patterns, temperatures and farming 

practices in recent years are likely to have been highly influential. In southern regions, 

increased rainfall variability is demonstrated by drier autumns, later arrival of autumn 

rain and protracted drought periods,  whilst warmer temperatures and higher soil moisture 

evaporation rates are also experienced across the same region (Murphy & Timbal, 2008). 

These conditions can restrict the growth of favourable pasture species, permitting 

invasion and competition by weed populations displaying variable dormancy patterns, 

drought tolerance and rapid germination. Specifically, barley grass and brome grass 

display a high degree of phenotypic plasticity and likely utilise such mechanisms to 

augment survival under the climatic stresses of southern Australia (Rumball, 1971; Gill 

and Blacklow, 1985). Barley grass has displayed dominance over other species in 

response to the arrival of late rain when conditions are cooler (D. Smith, 1968c), 

germinating rapidly on hard-setting soils (D. Smith, 1968a) before soil surfaces dry 

(Cocks & Donald, 1973). Additionally, brome grass is limited by low temperatures, 

germinating typically before and after winter (Del Monte & Dorado, 2011) which 

facilitates an additional attempt at establishment. The rise in temperatures now occurring 

across Australia and the cooler nights in autumn associated with lower rainfall in the south 

west regions of south eastern Australia (Murphy & Timbal, 2008) have thus likely been 

favouring the growth of barley grass and brome grass populations. It is also likely that 
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protracted drought periods have selected for more competitive weed biotypes, permitting 

invasion into new habitats. Indeed, earlier research provides evidence for barley grass and 

brome grass developing variable dormancy as an adaptation to moisture stress (Gill & 

Blacklow, 1985; D. Smith, 1968a), leading to increased selection within weed 

populations (Gill & Blacklow, 1985). 

 

9.6.2 Changes in farming practices within the mixed farming and pastoral zones 

Shifting cropping practices in the Australian mixed farming zone and parts of the 

pastoral zone are likely to contribute to the selection of specific annual weed biotypes in 

these regions. Over the last 20 years, increased cropping in mixed farming regions 

(Lesslie, Mewett, & Walcott, 2011) and widespread adoption of conservation tillage have 

occurred across all states, particularly in WA and SA (D’Emden & Llewellyn, 2006). The 

mechanisms afforded by these systems, including the accommodation of soil surface 

germination, have been shown to favour barley grass populations (Fleet & Gill, 2012; 

Medd, Cornish, & Pratley, 1987), whilst brome grass (specifically Bromus diandrus) is 

also able to proliferate under conditions created by these systems (Recasens, García, 

Cantero-Martínez, Torra, & Royo-Esnal, 2016). This is particularly significant for 

survival of  Bromus diandrus as germination is normally light-inhibited in this species 

(Del Monte & Dorado, 2011). It is also likely that pressure from farming practices has 

led to the development of other survival mechanisms in barley grass and brome grass 

populations (Fleet & Gill, 2010). Studies have shown increased seed dormancy occurring 

in both species in response to cropping management, allowing escape from pre-sowing 

control and enabling germination within-crop (Kleemann & Gill, 2013; Shergill, Fleet, 

Preston, & Gill, 2015). For brome grass, the protracted patterns of germination 

characteristic of this species have been shown to aid this process (García, Royo-Esnal, 

Torra, Cantero-Martinez, & Recasens, 2014; Gill & Blacklow, 1985). In South Australia, 

early sowing practices (Fleet & Gill, 2012) combined with the problematic physical and 

chemical nature of many soils in this region (Carter, Wolfe, & Francis, 1982), may have 

also exacerbated the competitive advantage of these weeds.  

Widespread adoption of conservation tillage has also encouraged greater use of 

herbicides for weed control in the mixed farming region as weed seeds are no longer 
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controlled via mechanical means. This has resulted in the significant development of 

herbicide resistance in many weed populations (Boutsalis, Gill, & Preston, 2012; Broster 

et al., 2012a, 2012b; Broster & Pratley, 2006; Broster, Pratley, Slater, & Medd, 1998; M. 

Owen, Martinez, & Powles, 2014; M. J. Owen, Goggin, & Powles, 2012; Walker, Bell, 

Robinson, & Widderick, 2011). Herbicide resistance is also now being exhibited in barley 

grass (Shergill, Malone, Boutsalis, Preston, & Gill, 2015) and brome grass populations in  

cropping regions of Australia (Broster et al., 2012b; M. J. Owen et al., 2015). 

Additionally, the co-existence of dormancy and herbicide resistance characteristics have 

also been identified in populations of both species within cropping regions as a result of 

selection pressure applied by farming practices (Fleet & Gill, 2012; M. Owen, Michael, 

Renton, Steadman, & Powles, 2011). It is yet to be determined however, whether 

dormancy and resistance in barley grass is genetically associated  (Shergill, Fleet, et al., 

2015).   

 

9.6.3 Changes in farming practices within the high rainfall zone 

The proliferation of annual weed populations in the high rainfall zone must also 

be considered separately, considering that weed invasion occurs via different mechanisms 

in comparison to the mixed farming and pastoral zones. In high rainfall zone pastures, 

legume degeneration over the years has led to reduced pasture productivity (Carter et al., 

1982), enabling annual weeds to obtain a competitive advantage. Herbicides such as 

paraquat, glyphosate or paraquat/diquat combinations have been extensively utilised in 

the removal of annual grasses during the pasture phase of rotations. This in turn 

diminishes the seedbank, reducing legume density and productivity (Loi, Howieson, Nutt, 

& Carr, 2005). Legume decline has also ensued as a result of reduced control of legume 

pests, reduced application of superphosphate, increased cropping intensity and grazing 

pressure, reduced under-sowing of cereal medics and increased use of nitrogenous 

fertiliser (Carter et al., 1982). Farmer apathy and the misunderstanding of the value of 

medics is also influential (Carter et al., 1982). Additionally, poor grazing management 

can lead to the ingress of annual weeds. Continuous grazing  and increased compaction 

from high stocking rates in pastures lead to soil structure decline (Kemp & Dowling, 

2000), whilst over-grazing coupled with protracted drought conditions result in erosion 
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and pasture degradation (Kemp & Dowling, 2000), increasing the proportion of bare 

ground in the pasture. Bare ground or “gaps” (Kemp, King, Michalk, & Alemseged, 

1999), combined with lower phosphorus levels in permanent pasture soils due to reduced 

superphosphate application, can lead to the ingress of annual grass weeds which possess 

a lower phosphorus requirement than clovers (Weaver & Wong, 2011). Annual weeds 

can subsequently dominate favourable legumes, particularly if nitrogen levels are 

elevated (Donald, 1963; D. Smith, 1968c). Under these conditions, periods of moisture 

stress will further exacerbate the dominance of these annual grass weeds over 

subterranean clover (D. Smith, 1968c). Barley grass, brome grass and Vulpia spp. have 

all indeed been identified as typical annual weeds of degenerated legume pastures (Leigh, 

Halsall, & Holgate, 1995).  

 

10. Implications and research for the future  

Climate variability, the continued popularity of conservation tillage and reliance 

on herbicides are likely to continue to favour a predominance of annual weeds across 

southern Australia, thus enabling selection for highly competitive biotypes. The increased 

prevalence of dormancy and herbicide resistance occurring concurrently within biotype 

populations will continue to make control in crops extremely difficult due to the lack of 

herbicide options available (Shergill, Fleet, et al., 2015). As sheep are predominantly 

located in cereal cropping regions, likely ramifications include the expansion of carcass 

damage into the future, potentially reducing market access of sheep meat products. It will 

thus become increasingly important to ensure research, development and extension 

efforts are targeted to address weed control at germination, with particular emphasis 

placed on regions experiencing high incidence of seed infestation. With the sheep industry 

still experiencing a re-building phase, it is likely older animals are being retained longer 

on farm. Managers of sheep enterprises will thus need to concentrate on the management 

of older animals for risk of seed infestation as it is highly likely that these animals are 

contributing to the spread of weed populations and the high levels of carcass damage seen 

in abattoirs.  

Future research needs include the development of consistent data collection 

procedures within abattoirs and methods for identifying seed species within carcasses. 
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Although this will be challenging for industry in practical terms, due to the time 

constraints of processing plants and the difficulty that exists in being able to identify seeds 

lodged in carcasses, such developments would enable a more consistent and detailed 

approach in obtaining seed infestation data and provide greater insight into which weed 

species are causing the greatest damage in carcasses. 

As the issue of seed infestation begins at the farm level, future research must 

largely target the development of a suite of integrated management strategies to remove 

the reliance on herbicides that currently exists within the mixed farming zone. It will also 

be important to examine regional biotype differences occurring in weed populations as 

they develop in response to their changing environments and the stresses placed upon 

them. This will have implications for the development of management strategies that are 

specifically targeted to the characteristics of these populations. 

Additionally, it will be important to financially quantify the effects of seed 

infestation and the efficacy of management strategies on farm. An understanding of the 

cost of seed infestation to sheep production enterprises may invoke a greater and more 

proactive approach in the control of these weeds at the farm level, successively reducing 

the direct cost and impact of this issue across both the lamb and mutton value chains. 
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