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Abstract 
Globally, weeds are one of the worst problems in cropping systems, with herbicides frequently 

the main tactic used to reduce weed numbers, and maintain crop production. Many different 

herbicides exist, and new herbicides, as well as other weed control tactics, are under constant 

development. However, despite the availability of multiple tactics to control weeds, production 

losses remain high, with herbicide resistance evolution an ever-increasing challenge. 

Herbicide resistance has increased pressure for farmers to shift to a more integrated approach 

to weed management, where several different weed control tactics (WCTs) are ‘stacked’ or 

sequenced throughout the growing season. The use of multiple WCT has been shown to 

reduce weed numbers, and reduce resistance, by increasing the probability that weeds that 

survive (or avoid) one WCT are exposed to another WCT. However, the way that stacking 

alternate WCTs will help avoid resistance is not well understood, and there is a need for further 

investigation. 

Simulation modelling is one of the only ways researchers have to rapidly test the effectiveness 

of using alternate WCTs. Most simulation modelling assumes that the weeds within a field are 

a single, freely interbreeding, population. However, to model plant interactions occurring 

uniformly across a whole field is unrealistic; biological interactions and dispersal typically vary 

across time and space, and are likely responsible for weed patchiness in fields. My newly 

developed Spatially Orientated Modelling of Evolutionary Resistance (SOMER) model 

accounts for the gradual emergence of weed seeds through the season, and allowed me to 

parameterise the natural and anthropogenic spread of weed pollen and seeds within a field. 

In addition, the mixing of different resistance genes, and the spread of weed seeds by the 

combine harvester, could only be realistically simulated by utilising such a spatially defined 

model. 

The first aim of this thesis was to determine if differences in the speed of resistance evolution 

between two herbicides could be explained solely by differences in their time of application, 

and the number of sequentially emerging weed cohorts affected by each herbicide. The 

second aim was to determine if accounting for spatial structure within a weed population model 

would affect the predictions of HR evolution. The third aim was to predict the usefulness of 

harvest weed seed control (HWSC), in reducing both the growth in weed numbers, and the 

evolution of a herbicide resistant weed population. 

The first study found that, all other factors being equal, resistance evolved much faster to the 

more effective herbicide. Herbicides that affect a smaller percentage of the year’s annual weed 

cohorts (such as trifluralin) were ineffective at protecting herbicides that affect a high 
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percentage of the annual weed cohorts (such as diclofop) when used repetitively year after 

year, without additional integrated weed management strategies. To address the second aim, 

I developed a new integrated spatial model (SOMER) able to represent pollen dispersal, and 

natural and anthropogenic seed dispersal. One result was that herbicide resistance was 

predicted to evolve more rapidly in simulations ignoring spatial structure, and in addition, grain 

harvester weed seed dispersal was also identified as important. The final study found that 

HWSC is a useful tactic to increase weed kill, and reduce the occurrence of multiple 

resistance, and the number of HR genes within a weed population. Under the assumptions of 

this study, stacking effective biennial HWSC with two highly efficient annual herbicides at/after 

crop seeding provided enough control to maintain a fully susceptible weed population for many 

years.  

These studies constantly demonstrated the advantages to be gained from adding a spatial 

component to weed population models. Integrated spatial modelling allows a more realistic 

representation of rare resistance alleles, seed and pollen dispersal, and the effects of human 

mediated weed seed dispersal and destruction. This study, utilising a new integrated spatial 

model, allows us to assess the advantages to be gained from stacking effective multiple weed 

control tactics, including HWSC, and better promote the use of integrated weed management 

as an aid to reducing the evolution of herbicide resistant populations of weeds. 
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Chapter 1 - General introduction 
The majority of the world’s food supply is provided by grain production, and one of the most 

frightening problems facing the grain production industry today is the loss of effective, safe, 

and cheap herbicides to control weeds. Weeds can drastically decrease potential crop yields, 

and, unless weed plants and seeds are effectively removed each season, weed populations 

typically persist, and infest subsequent crops in greater numbers. Unfortunately effective 

herbicides to control weed populations are being lost at an alarming rate due to herbicide 

resistance (HR) evolution (Heap 2017). 

Australia was one of the first countries to implement broad scale herbicide use, and also one 

of the first countries to develop broad scale HR weed populations (Heap 2017), with the first 

reported incidence in South Australia in 1982 (Heap and Knight,1982). Further outbreaks of 

HR followed, and currently some level of HR is typically found in weed populations throughout 

the southern and western cropping regions of Australia. These two large grain growing regions 

include the cropping zones of Tasmania, Victoria, southern NSW, South Australia and most of 

Western Australia, (Beeston et al. 2005). These regions all have a similar climate, and are 

often described as the Southern and Western grain growing regions (Llewellyn et al. 2016). In 

this thesis, these regions are grouped under the term ‘S&W Australia’. This study is most 

relevant to, and is parameterised for these S&W Australian cropping zones, identified as the 

part of the Australian wheat belt with a Mediterranean type climate, where herbicide use is 

frequent and enduring. 

S&W Australia consists of a cropping area of 18.5 million ha, producing an average of 34 

million tonnes of grain from one winter/spring crop each year (Llewellyn et al. 2016). Wheat is 

annually grown on around 55% of S&W Australian cropped land, with higher percentages of 

wheat in the drier areas (average rainfall less than 300 mm/yr.), and more cropping diversity 

in the wetter regions (rainfall above 700 mm/yr.) (Llewellyn et al. 2016). Typical yields are 

between one and four Tonnes /ha, produced on rainfed low input, low output primarily family 

owned farms of between 1000 and 10,000 hectares (Borger et al. 2012, Lacoste et al. 2016, 

Llewellyn et al. 2016).
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Almost all S&W Australian farmers consider weed management as one of the most important 

issues they face when developing their future management plans (Llewellyn et al. 2002). As 

farmers become more aware of the decreasing number of effective herbicide options they 

have available to them, and wish to maximise their weed control whilst limiting costs, they 

become more amenable to adopting alternative control tactics (Llewellyn et al. 2007). Weeds 

are being held in check by fewer and fewer herbicides, as the level and diversity of HR 

continues to increase across much of S&W Australia (Osten et al. 2007, Boutsalis et al. 2012, 

Broster et al. 2013, Owen et al. 2014). However, despite HR weed populations existing across 

much of S&W Australia’s grain producing areas, weed densities remain low (Llewellyn et al. 

2009, Owen et al. 2014), and average grain productivity levels are as high as, or even higher 

than, they have ever been. 

Australian researchers and grain growers have analysed and implemented many strategies to 

help analyse, mitigate, and overcome some of the world’s most serious HR problems, and 

S&W Australian farmers have rapidly adopted a relatively high number of HR mitigation tactics 

(Llewellyn et al. 2016). This relatively high level of research and adoption has been aided by 

high rates of owner occupancy, tertiary education, and employment of consultants (Lacoste et 

al. 2016, Llewellyn et al. 2016), and by the seriousness of the HR problem (Boutsalis et al. 

2012, Broster et al. 2013, Malone et al. 2014, Owen et al. 2014). 

Weeds 

Level of control 

The care of sown crops has been important to humans for thousands of years, and weeds 

have reduced crop yields and grain quality since early times. Modern grain production is an 

immensely more sophisticated operation than in the past, and yields continue to increase 

(Richards et al. 2014), although crop losses due to weeds continue (reviewed in Oerke 2006). 

When deciding on a level of weed control, one short-term view is to maximise that year’s profit. 

Maximising one year’s profit is achieved by continuing to control weeds, whilst weed treatment 

costs are less than the resulting annual gain in crop productivity. Economically, this short-term 

management strategy makes sense, however, it does not account for the many hundreds of 

seeds produced annually by S&W Australia’s major cropping weeds (Monjardino et al. 2003, 

Reeves et al. 2011, Beckie et al. 2012). The high number of weed seeds produced means that 

it is more profitable in the long term to extend weed control far beyond the level suggested by 

a consideration of short-term profit maximisation (the short-term economic threshold). An 
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additional advantage of more intensive weed control is the removal of more surviving weeds 

that have been exposed to herbicides, thereby lessening the risk of HR evolution. 

Costs of weeds 

Weeds are the largest single cost to farmers in Australia’s S&W cropping regions (Llewellyn 

et al. 2016). The costs of weeds includes both expenditure, to combat weeds, and the loss in 

yield that results when weeds grow amongst the crop (Jones et al. 2005). Weeds compete for 

the primary resources needed by the crop, sunlight, water, and nutrients, and can harbour 

pests and diseases. In addition, weeds may also contaminate the harvested grain (Nicknam 

et al. 2002, Jones et al. 2005, Michael et al. 2010b). Annual expenditure to combat weeds 

may include selecting less profitable crops that increase weed control, as well as the costs of 

strategies implemented within the crop to limit crop seed contamination; weed germination, 

survival and vigour; and weed seed entry into the seedbank (Borger et al. 2016, Llewellyn et 

al. 2016, Walsh et al. 2016). Border enforcement, to limit weed movement between fields, and 

between farms, can also be implemented (Borger et al. 2012). 

Characteristics of problem weeds 

The most troublesome weeds generally exhibit a high degree of both genetic variability and 

phenotypic plasticity (Baker 1974). In addition, they are fast growing, and highly fecund. 

Weeds with a variable degree of seed dormancy will emerge throughout the growing season 

(Goggin et al. 2012), and are thus likely to avoid some weed control tactics. Additionally, weeds 

impacted by herbicide damage, or by late emergence, may still achieve some level of seed 

production. This gradual emergence pattern of weeds (grouped into cohorts) was an important 

consideration in this investigation, and is explained more fully in Fig. 1.1. 

Weed control tactics (WCTs)  

Diversity in WCTs 

The range of tactics to control weeds is being expanded as farmers become more aware of 

HR evolution, and add to their repertoire. Farmers can implement new weed control tactics 

from the beginning of the growing season until well into the summer. A list of common WCTs 

that can be stacked together to control weeds have been included in Table 1.1, with more 

detail on the specific WCTs examined in this thesis provided in the subsequent sections. 
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Pre- and post-emergence herbicides 

One of the earliest herbicides used in S&W Australia was the soil applied pre-emergence 

herbicide trifluralin, for the selective control of grass weeds in cereal crops (Lowe 1973). Pre-

emergence herbicides are designed to kill weeds as they germinate, and so must remain 

active, and in-situ (Congreve and Cameron 2014). The activation and effectiveness of pre-

emergence herbicides can be affected by the soil type, crop stubble, incorporation method, 

temperature and subsequent rainfall (Minkey et al. 2000, Congreve and Cameron 2014, 

Borger et al. 2015a, Khalil et al. 2017). After application, pre-emergence herbicides can move 

and damage crop plants; or they may have prolonged residual activity, and limit subsequent 

crop rotation options (Congreve and Cameron 2014). 

In S&W Australian cropping systems, post-emergence herbicides are broadcast sprayed over 

both the crop and the weeds (Gordon and Betts 2016). Broadcast application limits the 

registration and use of post-emergence herbicides, although chemical safeners can reduce 

crop damage. The effectiveness of post-emergence herbicides is maximised if they are 

applied when the weeds are small and actively growing, so that the herbicides are absorbed 

and transported rapidly within the weeds. 

By 1980 HR weed populations were being detected (Holliday and Putwain 1980). The creation 

of alternative herbicide site-of-action provided additional WCTs, and options for weed control 

were further increased by the development of herbicide tolerant crops in the 1990s (Duke and 

Powles 2008, Green 2009). Unfortunately, new herbicides are not being created as fast as 

they are being lost to resistance, which places more emphasis on stewardship of the remaining 

cheap and effective herbicides. 

Harvest weed seed control (HWSC)  

Capturing, and then destroying or removing weed seeds that are mature at harvest is the basic 

premise behind HWSC. These tactics, known jointly by the term ‘harvest weed seed control’ 

(HWSC), target weed species that produce mature seed heads of a height that enables 

collection during harvest (Walsh and Powles 2014). In the absence of HWSC, when weed 

seeds are collected by the harvester they are typically spread by the harvester within and 

between crop fields. In addition, some weed seeds can remain in the harvester with the crop 

seed, and then the crop and weed seeds are planted together in following years, and in new 

locations. 

HWSC can be applied to just the weed seed bearing chaff fraction, or to all the straw and chaff 

material. To maximise the number of weed seeds captured into the harvester it is necessary 
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to lower the cutter bar to around 15 cm in height (Walsh and Powles 2014). The chaff fraction 

and accompanying weed seeds can be either mechanically pulverised during harvest in a 

Harrington Seed Destructor (HSD), (Walsh et al. 2012) or formed into windrows deposited on 

the wheel tracks behind the harvester (the tramlines). Chaff tramlining is most effective when 

used in combination with controlled traffic (GPS guided) farming. Alternatively, all the straw 

and chaff exiting the harvester can be either concentrated into narrow windrows for later 

burning (narrow windrow burning), or collected and transferred into large piles (using a chaff 

cart), and grazed or burnt later (Walsh et al. 2013). Finally, all the straw and chaff can be baled, 

typically for removal from the field, using the Bale Direct System of HWSC (Walsh et al. 2013). 

Integrated weed management (IWM) 

Integrated weed management (IWM) involves the use of weed control tactics (WCTs) other 

than just herbicides, to help control weed populations. Some early IWM was implemented to 

reduce the use of herbicides, as using additional WCTs was seen as an environmentally 

friendly alternative to increasing herbicide use (Swanton and Stephan 1991). However, the 

emphasis is different in S&W Australia, where IWM supporters are largely unconcerned with 

levels of herbicide use, and instead promote the proactive use of additional WCTs (including 

alternative herbicides) to reduce the weed seedbank, in order to help avoid or delay HR 

evolution in later years (Powles and Matthews 1992, Llewellyn et al. 2007). More recently, 

increasing frequencies of HR are being discovered worldwide (Heap 2017), and have 

increased the promotion of IWM (Jussaume and Dentzman 2016). Currently available 

methods of IWM have been condensed into twelve ‘best management practices’ by 

Norsworthy et al. (2012). These ‘best management practices’ emphasise the regular stacking 

of additional WCTs as part of a management plan designed to both lower weed numbers, and 

reduce selection intensity. IWM aims to not only reduce current weed infestations, but to 

reduce weed seed numbers, and slow the evolution of HR weed populations (Norsworthy et 

al. 2012, Walsh et al. 2012). 

Resistance 
Descriptions 

A resistant population of weeds is defined here as one containing a large proportion of 

individual weeds that are resistant to at least one WCT including, but not limited to, the WCTs 

outlined previously. Weeds can rapidly develop resistance to any WCT, not just herbicides 

(Ashworth et al. 2014). Resistant weeds contain resistance genes which are created by 

inheritable spontaneous genetic mutation/s. These resistant genes enable them to survive a 

WCT that kills susceptible weeds (which do not contain the mutation/s). The number of years 
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until a population is largely resistant is linked to the intensity of the selection, with the continued 

use of a single WCT (often associated with herbicide-resistant crops) resulting in the fastest 

evolution of resistance (Powles et al. 1998). Although resistance problems are common (Owen 

et al. 2007), weed densities in many fields containing large percentages of resistant weeds 

have not increased (Llewellyn et al. 2009), owing to the use of additional WCTs in these fields 

(Shaw 1982). 

Initial gene frequency and fitness costs  

The spontaneous genetic mutations that create resistance genes can occur naturally at any 

time, and as they are inheritable, can persist without herbicide selection. However, major 

genes conferring resistance to WCTs are typically rare in populations never exposed to 

selection (Preston and Powles 2002). One explanation of this low initial concentration of 

resistance genes is a fitness cost. If, when that WCT is not used, a plant possessing the 

resistance gene produces less fit offspring than a comparable plant without the resistance 

gene, then that resistance gene is said to incur a fitness cost (s). The expected initial 

unselected concentration (q) of a resistance gene in the population, if that WCT has never 

been used, is q = u/hs, where u is the mutation rate, and h is the degree of recessiveness 

(Jasieniuk et al. 1996). Under selection, resistance genes will become more frequent (q+), as 

the population evolves resistance to that WCT. However, if the weed population is allowed to 

breed without that selection (for example, if alternative WCTs are used), then the concentration 

will begin to decrease (q+ → q) (Maxwell et al. 1990). However, during the period of time when 

the resistance gene frequency is high (q+), additional spontaneous mutations (that occur 

naturally every generation) are more likely to occur in individuals already containing the 

resistance gene q. There is large selection to incorporate any additional spontaneous 

mutations that reduce the fitness cost. This means that the fitness cost associated with any 

resistance mutation will be prone to decrease, as has been found, in the field, where fitness 

costs can drop so low over time, as to be undiscernible (Darmency et al. 2015). In addition, 

alternate resistance gene mutations, without a fitness cost, frequently exist (Powles and Yu 

2010), and under selection, can replace a mutated gene conferring a fitness cost. All this 

means that suspending the use of a WCT, in the hope that a resistant population will become 

more susceptible (q+ → q), is increasingly unlikely to be successful, the longer a WCT has 

been used. 

Herbicide resistance 

The most common form of resistance to WCTs in S&W Australia is HR. Henceforth in this 

thesis, I discuss resistance only in relation to weed control provided by herbicides. One of the 

earliest discoveries of an evolved HR weed population on a S&W Australian cropping farm 
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was a population resistant to diclofop, an ACCase post-emergence herbicide (Heap and 

Knight 1982). Since then, HR has continued to keep pace with new chemical advancements 

(Oerke 2006) in a red queen type race (Vigueira et al. 2013) that continues to occupy the time 

and expenses of both farmers and agronomists; world-wide losses from cropping to weeds 

remain a significant problem (Oerke 2006). Resistance has occurred more rapidly to post-

emergence than pre-emergence herbicides in S&W Australia, despite, in some cases, 

decades of annual use of pre-emergence herbicides, across extensive areas (Broster et al. 

2011, Boutsalis et al. 2012, Busi 2014, Owen et al. 2014). 

The influence of farmer actions on the rate of HR evolution has long been known (Werth et al. 

2011). On-farm weed control emphasis in S&W Australia is now expanding from concerns 

about the immediate impacts of weeds on crop yields, to also include the long-term goals of 

limiting weed seed numbers (Walsh et al. 2013), and delaying the evolution of HR weed 

populations (Neve et al. 2009, Powles and Yu 2010).  

Genetics and dominance 

The treatment of large susceptible populations of weeds with a full strength herbicide dose 

yields very few survivors (Busi et al. 2012); few plants naturally contain either single major 

gene for resistance, or sufficient numbers of polygenic genes to allow survival of a full strength 

herbicide dose. However, low levels of resistance can be quite common within a population 

(Manalil et al. 2011), which indicates a more frequent occurrence of polygenic resistance 

genes. Repeated selection with a low dose can gradually raise the survival of polygenic 

resistant plants within populations to levels 10, 20 or even 50 times above those seen with 

standard application rates (Neve and Powles 2005, Manalil et al. 2011). This rise in resistance 

occurs because plants accumulate more polygenic resistance by cross-pollination, thereby 

increasing their survival. 

Assuming selection prior to beginning the herbicide applications, the genotypes with 

resistance should exist in specific frequencies within populations, but unusual results can 

occur. Firstly, stress (for example that caused by herbicide application) has been linked to both 

epigenetic changes (Boyko and Kovalchuk 2008, Boyko and Kovalchuk 2011) and an increase 

in the random mutation rate (Gressel 2011), implying that more genetic resistance may be 

spontaneously arising than expected. Secondly, heterogeneity in resistance genes may be 

advantageous to individuals in the untreated population, thereby increasing the frequency of 

resistance genes, prior to any selection occurring (Ridley and Ellstrand 2009). 

The dominance of resistance genes affects the rapidity of resistance evolution (Neve 2008). 

Fully-dominant resistance occurs when the plants with heterozygous resistance, and with 
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homozygous resistance, have equal survival at field applied herbicide rates. Semi-dominant 

resistance is more common (Powles and Yu 2010), and occurs when heterozygous resistant 

plants have better survival than susceptible plants, but inferior survival to homozygous 

resistant plants, at field rates of herbicide. Fully-recessive resistance also occurs, when 

homozygous resistant plants are the only genotype to survive, and heterozygous resistant 

plants do not survive at field herbicide rates. 

Together these phenomena mean a full understanding of the genetics is not currently 

available, and choosing genetic parameters in individual based models becomes very difficult. 

Langemann et al. (2013) claimed that simplifying modelling by choosing identical 

competitiveness, heritability, fitness and resistance for all the resistance alleles ‘saved more 

in technical effort than it cost in genetic insight’. Incorporating 'Langemann's supposition' into 

the majority of simulations could aid in clarifying results. 

Cross-resistance 

Cross-resistance occurs when the same genetic mutation/s (resistance gene/s) that makes 

the weed resistant to one herbicide also confer resistance to a different (unused) herbicide. 

Weeds are often found to have cross-resistance to several herbicides with the same site-of-

action (Powles and Yu 2010). The more dangerous mutation/s that confer cross-resistance 

across different herbicide modes-of-action are often due to polygenic resistance, whereas 

single gene resistance is typically specific to one site-of-action. A similar situation to cross-

resistance can occur when two different WCTs can be avoided by a single biological change, 

for example, a genetic mutation conferring delayed weed germination will allow avoidance of 

both pre-season cultivation, and pre-emergence herbicides. This type of genetic mutation can 

be just as damaging to effective weed control as herbicide cross-resistance.  

Multiple resistance 

Multiple resistance occurs when individual weeds contain more than one type of genetic 

mutation for herbicide resistance. This combination of resistance genes can confer resistance 

to a single herbicide, or a single herbicide site-of-action, but can also mean that the weeds 

are capable of surviving more than one WCT, with the different genetic mutations conferring 

resistance to alternative WCTs. Because each form of resistance is initially rare in an 

unselected weed population, multiple resistance develops more slowly than simple or cross-

resistance. 

The easiest way for plants to evolve multiple resistance is if a farmer’s weed control tactics 

are so weak (lacking in diversity) that possessing only one form of genetic resistance is 
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enough for weed numbers to increase. Once a weed population contains a large percentage 

of individuals with resistance to one WCT, a second from of resistance can develop quite 

quickly. Farmers who wait until their main WCT is ineffective, before introducing a second 

WCT (for example a new herbicide, or HWSC), are creating excellent conditions for the 

development of multiple resistant weeds. 

Weed population modelling  
Background 

Population modelling is one method of examining the effects of alternative stackings of WCTs 

on weed numbers and herbicide resistance (HR) evolution. Many different population models 

have been built to examine alternative WCTs, and the methods of classifying them are equally 

diverse (Wilkerson et al. 2002). When discussing modelling some reviewers have described 

the more common model components (Doyle 1997, Renton et al. 2014), while others 

concentrated on deficiencies such as a lack of temporal or spatial spread, stochasticity, 

specificity, economics, validation or targeted audience (Cousens et al. 1987, Doyle 1997, Holst 

et al. 2007, Freckleton et al. 2008, Freckleton and Stephens 2009). However, any specific 

weed model cannot be all things to all people, with gains in one area of modelling often offset 

by losses in others (Levins 1966). The purpose of any specific model therefore needs to be 

defined, which will then help in planning its construction. Realism, accuracy and transparency 

are important considerations in the formation of a useful model (Thornby et al. 2009). 

Computer modelling simulations are a timely, dynamic, far reaching and cost effective method 

(when compared to field trials), for examining alternative weed management strategies (Neve 

et al. 2009, Renton et al. 2014). Modelling is useful to rapidly investigate individual factors 

influencing resistance evolution, whilst also allowing investigations of the stability of the 

predictions under various parameterisations (Renton 2011, Renton et al. 2014). Typically, early 

in the evolution of a resistant population, there is a ‘latent’ stage where weed numbers remain 

low even though the frequency of resistance genes in the population is being enriched. This 

stage is largely invisible in the field, thus it is difficult to track early resistance evolution through 

field observations alone. However, once the resistant weeds are at a high frequency in the 

population, herbicide failure can rapidly follow, highlighting the importance of the early latent 

stage. By allowing us to focus on and understand this stage, simulation modelling can aid in 

the early identification of farming practices more likely to delay resistance evolution and keep 

weed numbers low. 

However, model outputs can be difficult for non-modellers to understand, and to trust. The first 

part of any modelling task is to design, parameterise and test the model so that as much as 
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possible the model outputs are consistent with previous field gathered data. Problems of 

parameterising weed models arise due to uncertainty and variation in many biological 

processes (Renton 2011, Renton et al. 2014). However, in several previous comparative 

investigations the more difficult to measure parameters were not changed across different 

trials, thereby limiting knowledge about the effects of parameter uncertainty (reviewed in 

Wilkerson et al. 2002, Renton et al. 2014). 

Additional studies can be used to ensure that model outcomes are valid. Some important 

aspects of validating population models are robustness, sensitivity, precision, and realism. I 

define these terms here as meaning that robustness determines whether uncertainty in 

parametrisation is unduly affecting the model’s recommendations, sensitivity analysis 

identifies the parameter variability having the highest effect on the model’s results, precision 

studies look at the range and repeatability of the results, and realism studies determine if 

results from the model are similar to those seen in the field. In addition, specificity of the 

outcomes needs to be acknowledged. It has been argued that a loss in precision allows more 

emphasis on realism and generality (Levins 1966), leading to models that focus on qualitative 

inequalities and trends rather than quantitative precision, whilst still aiming for enough 

accuracy to allow clear choices to be made between alternative scenarios.  

Previous modelling of S&W Australian cropping weeds, using RIM, PERTH, and 
others 

RIM (ryegrass integrated management) is a model designed to be used by students, farmers 

and agronomists, typically in a workshop or research type setting, with outputs that (in part) 

assess the effects of alternate farmer strategies on ryegrass numbers over time (Pannell et 

al. 2004, Lacoste and Powles 2014). RIM is well parameterised for annual ryegrass in S&W 

Australia, although it does not include herbicide resistance. The ‘Polygenic Evolution of 

Resistance to Herbicides” (PERTH) model includes both genetic and demographic variability 

using probability distributions, leading to an increase in the number of model parameters 

(Renton et al. 2011), and utilises individual-based modelling, where the genotype of each new 

seed is created following Mendel’s laws of inheritance. Several resistance genes, inherited 

independently, can be included in simulation models, allowing different survival and 

dominance parameters to be incorporated (Diggle et al. 2003, Renton et al. 2014); including 

cohorts into weed simulation modelling allows the incorporation of alternate herbicide 

application times (Neve et al. 2003). Individual based evolutionary modelling is consistently 

improving, due to continuing increases in both programmer knowledge and computer power, 

and leading to the creation of more realistic (but complex) models. By increasing realism, 

modern models aim to increase both understanding and insight. 
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Modelling in ‘R’ 

The ‘R’ programming language (R Core Team 2014) can be used for writing and running new 

simulations in ecological modelling (Soetaert and Herman 2008). New models can incorporate 

many aspects of previous weed simulation models designed for S&W Australia, such as those 

discussed above, as well as address some of the new issues raised here. The computer 

language ‘R’ is useful because it is well known, has a multitude of optional add-on packages, 

is open source, allows more complexity to be represented, and is more efficient than 

alternatives such as spreadsheet software (e.g. Excel). 

Spatial modelling 
Background 

Modelling of the evolution of HR has often assumed that there is spatial homogeneity of both 

weed seeds and resistance genes (reviewed in Renton et al. 2014, Bagavathiannan and 

Norsworthy 2016). In spatially homogeneous simulations, the weeds within a field are typically 

represented as a single population, with random mating of cross-pollinating species equally 

possible between all individuals across the field. However, in reality weeds are often patchy in 

their distribution (González-Andújar and Saavedra 2003, Martín et al. 2015). Spatial distinction 

within a simulated field means there can be local variations in resistance gene frequency or 

weed density, and growth reduction due to localised competition within weed patches. 

Localised variations in gene frequency can lead to localised genetic drift, which in turn can 

result in local gene extinctions, or concentrations of particular genes within cross-pollinated 

plants. In particular, allowing all weeds within any simulated large agricultural field to 

interbreed freely each year appears to be an unreasonable assumption (reviewed in Renton 

et al. 2014). Predictions and recommendations generated using models that account for 

spatial heterogeneity are thus likely to be more accurate. However, the effect of spatial 

heterogeneity in weed populations on resistance evolution, and the extent to which this 

influences predictions and recommendations, has not been explored. 

Some previous spatial modelling of HR examined how landscape variability influenced the 

spread of resistance evolution, but still utilised homogeneous populations within each field or 

environment (Roux and Reboud 2007, Richter 2008, Roux et al. 2008). Other previous spatial 

modelling of HR recognised that weed populations within a field are not homogeneous, and 

examined the spread of resistance at the field scale (Maxwell 1992, Richter et al. 2002, Richter 

and Seppelt 2004, Rummland et al. 2012). However, no studies have yet clearly and explicitly 

investigated to what extent and in what ways accounting for spatial heterogeneity within a field 

will affect simulated predictions of HR evolution. 
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Representing spatial structure within weed population models allows the inclusion of pollen 

and seed dispersal, which will influence resistance evolution. Pollen and seed dispersal occurs 

by both natural effects and human activities, with weed seed dispersal by harvest machinery 

possibly one of the more important influences on the spread of weed seeds within a field 

(Maxwell 1992, Gonzalez-Andujar et al. 1999, Humston et al. 2005). Mature seeds of many of 

the worst weed species retain their seeds on the plant at harvest, and can be collected into 

the grain harvester (Walsh and Powles 2014). Weed seed collection into the harvester 

traditionally resulted in the weed seeds being systematically dispersed over a wide area 

behind the harvester during harvest (Maxwell 1992, Blanco-Moreno et al. 2004, Humston et 

al. 2005). Including spatial structure in weed population models can allow us to investigate the 

effect of such natural and human-mediated spread of pollen and seeds on resistance 

evolution.  

Sub-population shape and size 

Modelled field size populations of weeds that are divided spatially into sub-populations 

generally utilise specific sites as a ‘home’ for each sub-population. These sub-population 

‘homes’ have been given various names, including ‘cells’ (González‐Díaz et al. 2015) and 

‘patches’ (Travis and Dytham 1998). Notwithstanding this, henceforth in this thesis I utilised 

the term ‘sector’ to define the specific home-site for each sub-population.  

A decision on the shape of these sectors is one of the first decisions to be made when 

designing a spatially-explicit model. Starting with the assumption that models are easiest to 

parameterise for a single regular shape that tessellates, sector shapes are limited to either 

triangles, squares or hexagons. As sub-population interactions will occur both over the sides 

and at the corners of each sector, further examination of these three shapes is warranted. 

Firstly, each tessellated triangle touches on the sides of three, and the corners of nine other 

triangles; for each square the numbers are four on the sides and four more at the corners; and 

for hexagons there are six other hexagons touching the sides of each sector and no extra 

ones at the corners. This means that for calculating the rates of isotropic pollen and seed 

spread the hexagon would be easiest, and this shape has been utilised (Perry and Gonzalez-

Andujar 1993, González‐Díaz et al. 2015). However, squares line up neatly with standard 

crop seeding and tractor movement lines, and have also been used previously (Garrett and 

Dixon 1998, Richter et al. 2002). Blanco-Moreno et al. (2004) found a banded (probably 

anthropogenic) spread of L. rigidum seeds after harvest, and Maxwell (1992) found that 

harvester seed spread was influential in resistance evolution, meaning that sector shapes 

suitable to use with farm vehicle movement lines are justified. 
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Once sector shape is determined, a further choice must be made regarding the shape of the 

neighbourhood. Two previous neighbourhood shapes, called 'von Neumann' (four side 

touching squares) and 'Moore' (eight surrounding squares, including corners) have been 

examined for portraying isotropic sub-population seed spread (Richter et al. 2002). 

Alternatively, two rates of inter-sector spread can be used, one for side-by-side sectors, and 

a lower rate for corner to corner interactions. The typical seed spread distribution was found 

to be Gaussian (Humston et al. 2005). Additionally the type of crop affects the distance that 

weed seeds spread (Humston et al. 2005), so any dispersal calculations should be both weed 

and crop specific. 

The ideal size of the sector can be determined from the spatial realities of three biological 

interactions: the distance of negative growth interactions between weeds and crop plants, and 

the distance of pollen (Busi et al. 2008, Busi et al. 2011) and natural seed spread (Humston 

et al. 2005, Petit et al. 2013). All inter-plant reactions within the sub-population are assumed 

equally likely, with plant interactions at lower intensities between surrounding sectors. This 

system allows for more realistic modelling of important density/yield interactions (Polansky et 

al. 2008), and the stochastic nature of genetic drift, migration and mutation within each sector 

(Freckleton and Watkinson 1998). Larger sectors allow the simulation of larger populations, 

meaning that rare resistance alleles can be examined with less variability between replicates, 

although smaller sectors allow a closer examination of the gradual spread of patches of 

resistant weeds.  

Inclusions and exclusions 

No model can include every aspect of the modelled system, so decisions must be made about 

the most important aspects to include, and which can be excluded. The incorporation of 

variable seed dormancy into a weed model can have a significant influence on the model’s 

recommendation for best management practices (Sartorato et al. 2011). However, differences 

in seed dormancy levels and delayed emergence between resistant and susceptible Lolium 

rigidum populations in S&W Australia were found to be primarily restricted to the summer 

germinating weeds (Owen et al. 2011). Therefore, although variable seed dormancy and 

sequential weed germinations are important, a genetic link between germination date and HR 

may not be required when modelling winter growing season weeds in S&W Australia. 

Small fitness differences between susceptible and resistant weed plants have been found in 

some investigations (Vila-Aiub et al. 2009a, Vila-Aiub et al. 2009b), but not in others (Vila-Aiub 

et al. 2005). Problems exist in the experimental assessment of fitness. If the susceptible and 

resistant sample populations are sourced from different initial field populations then 
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differences in their fitness may be due to other genetic differences, besides the resistance 

gene/s. Alternatively, when the resistant and susceptible plants are sourced from within the 

same initial field population, then often either the resistant or the susceptible plants have been 

bred up from a small initial sample of the population (Pedersen et al. 2007, Vila-Aiub et al. 

2009a, Vila-Aiub et al. 2009b), thereby risking inbreeding depression (Pauly et al. 2012). In 

addition, fitness costs associated with specific resistance mutations can be overcome or 

countered by subsequent mutations (Darmency et al. 2015). Accordingly, fitness costs of 

resistance genes have seldom been included in recent weed population models (González‐

Díaz et al. 2015, Liu et al. 2016, Richter et al. 2016). 

Pollen spread will be influenced by both crop (Murray et al. 2002) and weed density (Busi et 

al. 2008). Research into L. rigidum by Busi et al. (2008) found that plants growing in close 

proximity were very likely to be pollinated by close neighbours, and significantly less likely to 

be pollinated by distant plants; whereas well separated plants were pollinated by distant 

plants, if non others were close. A measure of separation distance, at which seed production 

was severely limited due to limited pollen availability, was in the range of ½-1 km across open 

ground (Busi et al. 2008), meaning that, in simulations of larger field sizes, L. rigidum plants 

beyond around ½-1 km distant could be eliminated from pollen spread calculations. 

Knowledge gaps 
The discussion above highlights several important factors that are difficult to investigate in 

empirical studies, and have not yet received much focus in modelling work. These include:  

• Herbicide sequence, application time, the weed cohorts affected, and the interactions 

between these factors. Moreover, the evolutionary implications of sequential 

applications of pre- and post-emergence herbicides (applying one after the other in the 

same year) have not previously been modelled.  

• The effects of modelling spatial homogeneity of both the number of weed seeds and 

the percentage of resistance weeds has seldom been investigated (reviewed in Renton 

et al. 2014, Bagavathiannan and Norsworthy 2016). For example, weeds in a field are 

often represented as a single population, with equal competition, and random matings 

(of cross-pollinating species) equally possible between all individuals across the field. 

In reality, weeds are often patchy in their distribution. 

• Gene flow within a simulated area may be affected by the specific characteristics of 

the resistance genes. For example, HR can be conferred by genes encoding traits with 

varying levels of dominance, which may interact with spatial structure in the population. 
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• Spatial modelling allows us to account for natural and human-mediated gene flow and 

its interaction with different levels of dominance in predicting HR evolution, which is 

simply not possible with non-spatial models. None of the previous spatially-explicit 

field-scale modelling of HR (Richter et al. 2002, Richter and Seppelt 2004, Rummland 

et al. 2012) has examined how the parameterisation of the pollen and natural seed 

dispersal functions will affect predictions of HR evolution at the field scale. 

• Harvest weed seed control (HWSC) could potentially delay the evolution of resistance 

to herbicides when used proactively, in addition to its previously demonstrated role in 

managing populations that have already evolved resistance (Jacobs and Kingwell 

2016). However, this new potential role has not been investigated. The effects of 

HWSC on weed numbers and HR evolution will likely depend on the efficacy of both 

the HWSC itself, and the herbicides it is used with. 

Research objectives 
Therefore, the overall objective of this study was to address the knowledge gaps identified 

above and thus improve our understanding of the causes and consequences of herbicide 

resistance evolution. I had three aims that were more specific:  

1. To determine if differences in the speed of resistance evolution between two herbicides 

could be explained solely by differences in the number of weed cohorts affected by each 

herbicide (Chapter 2). 

2. To determine if accounting for spatial structure within a weed population model would 

affect the predictions of HR evolution (Chapters 3&4). 

3. To predict the usefulness of harvest weed seed control (HWSC), in reducing both a 

growth in weed numbers, and the evolution of a herbicide resistant weed population 

(Chapter 5). 

The first aim of this thesis was to explore how differences in the number of weed cohorts 

affected by two sequentially used herbicides would affect the speed of HR evolution. 

Thesis outline 
This thesis is presented across six chapters: (1) general introduction, (2-5) a series of content 

chapters, each based on a paper, or conference proceedings, at varying stages of preparation 

for publication, (6) general discussion. This thesis is my work, and has been completed during 

the course of my degree, and does not breach any ethical rules with regard to the conduct of 

the research. As chapters 2, 3, 4, and 5 largely exist in the form that they have been prepared 

for publication; some material is repeated within these chapters. 
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Chapter 1: General Introduction (this chapter) 

Chapter 1 provides a general introduction to this topic, and offers a broad-based insight into 

the background of HR and some of the issues in designing population models to examine 

resistance evolution. The first section examines some of the factors in agriculture that can 

influence the evolution of HR, including the relatively new area of HWSC. The second section 

reviews current population modelling, and the logic and feasibility of using spatial population 

models to investigate HR evolution. 

Chapter 2: Why was resistance to shorter-acting pre-emergence herbicides slower to 
evolve? 

Chapter 2 is composed of a base line study, which explores the use of one or two herbicides 

(at/after seeding) in traditional non-spatial simulations. The herbicides were parameterised 

with different application times and length of residual effect. The number of weeds killed by 

each herbicide was found to be an important factor in the speed of resistance evolution, with 

the more efficient herbicide the first to be lost to resistance. A research paper based on this 

chapter has been published in Pest Management Science 73(5): 844-851. 

Chapter 3 - Does adding a spatial component to simulation modelling improve 
understanding and predictions of herbicide resistance evolution? 

Chapter 3 describes a preliminary investigation into spatial modelling, looking at pollen and 

seed dispersal, and initial spatial heterogeneity. The investigations into pollen and natural 

seed dispersal accounted for both inter-and intra-species competition. A Weibull function gave 

the best fit to the utilised pollen dispersal data, allowing for inter- and extra-polation from the 

curve, and inclusive pollen dispersal calculations. This chapter cumulates in the development 

of a simulation model called SOMER (for Spatially Orientated Modelling of Evolutionary 

Resistance). Conference proceedings based on this chapter have been published by 

MODSIM, ISBN: 978-0-9872143-5-5. 

Chapter 4: How do spatial resolution and dispersal in weed population simulations 
affect predictions of the evolution of herbicide resistance? 

Following from Chapter 3, this investigation into spatial modelling examines how changing 

factors within SOMER affected the predicted development of resistance in an evolving weed 

population. I further refined and expanded the pollen and seed dispersal functions, including 

an investigation into alternate parameterisations. There were several factors to be considered: 

the degree of spatial resolution used in the model, whether resistance was semi-dominant or 

fully-dominant, distances of pollen and natural seed dispersal, and the inadvertent collection 

and grain harvester weed seed dispersal (GHWSD). These investigations determined that 
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pollen movement was the more important natural dispersal agent influencing resistance 

evolution, unless seed movement was needed to replenish empty parts of the field. In addition, 

this chapter demonstrates the robustness of the SOMER model; within distinct ranges, the 

effects of alterations in the sub-population size on resistance evolution were minimal. Larger 

fields were needed to successfully model rare resistance genes, or grain harvester weed seed 

dispersal, and could only be achieved with large subpopulation sizes. A research paper based 

on this chapter has been accepted for publication (with changes) in Ecological Modelling. 

Chapter 5: What is the impact of HWSC practices on weed population dynamics and 
herbicide resistance evolution? 

This investigation repeats two of the scenarios from Chapter 2, and reinvestigates them in a 

spatial simulation in SOMER. These simulations used spatial parameterisations that were 

selected from Chapter 4, based on their ease of use and robust validation. SOMER was used 

here to re-examine the effects of differences in the number of weed cohorts affected, and how 

this interacted with HWSC, to effect HR evolution. This investigation also looked at the effects 

of variable efficiencies and frequencies of HWSC on HR evolution. I determined that it was 

possible, with the continued use of three efficient, stacked, weed control tactics (WCTs) after 

crop seeding, to consistently eliminate the continually mutating genes for resistance, from 

within a defined population. 

Chapter 6: Conclusions 

Includes the key findings of each piece of research, along with recommendations for future 

research, leading on from this thesis. 
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Chapter 2 - Why was resistance to 

shorter-acting pre-emergence 

herbicides slower to evolve? 

Abstract 

Across several agricultural systems the evolution of herbicide resistance has occurred more 

rapidly to post-emergence than to pre-emergence herbicides, however, the reasons for this 

are not clear. I used a new simulation model to investigate whether interactions between 

differences in order of application and weed cohorts affected could explain this historically 

observed difference between the herbicide groups. 

A ten year delay in resistance evolution was predicted for a shorter-acting residual pre-

emergence herbicide (c.f. the more effective herbicides), when all other parameters were 

identical. However, when similar weed cohorts were affected by the pre- and post-emergence 

herbicides differences in their order of application had minimal effect on the rates of resistance 

evolution. 

This modelling suggested that the historically observed lower levels of resistance to pre-

emergence herbicides are most likely due to the smaller number of weed cohorts affected by 

many pre-emergence herbicides. The lower number of weed cohorts affected by pre-

emergence herbicides necessitated the use of additional, effective weed control measures, 

thereby reducing resistance evolution. This chapter highlights the advantages of applying 

multiple weed control tactics to each weed cohort.

Dow AgroSciences Ltd  
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Introduction 

A high reliance on herbicides in global field crop production has exerted strong selection for 

the evolution of herbicide resistant (HR) weeds. Here, in global field situations, we are 

concerned with relative rates of resistance evolution to pre- versus post-emergence 

herbicides. Pre-emergence herbicides are usually applied before crop emergence, and affect 

germinating weeds, with some length of soil residual activity. Crop selective post-emergence 

herbicides are applied after crop and weed emergence, and aim to control small, emerged, 

weed seedlings. For example, soil-applied pre-emergence herbicide (e.g. trifluralin) use 

commenced in Australia in the 1960s for selective control of weeds in cereal crops (Lowe 

1973). Post-emergence herbicides, such as the ACCase inhibiting herbicides (e.g. diclofop), 

were introduced from the late 1970s onwards. Post-emergence herbicides helped facilitate 

the adoption of reduced tillage systems, and the greater number of weed cohorts controlled 

led to a reduction in the use of pre-emergence herbicides. However, since the first report of 

an Australian weed population resistant to diclofop (Heap and Knight 1982), ACCase post-

emergence HR has increased widely across S&W Australia. In contrast, the evolution of 

resistance to pre-emergence herbicides has been slower, and some pre-emergence 

herbicides have remained largely effective, despite, in some cases, decades of frequent use 

across extensive areas (Broster et al. 2011, Boutsalis et al. 2012, Busi 2014, Owen et al. 

2014).  

Identification of factors contributing to the more rapid evolution of resistance to certain 

herbicides has important implications for the use and stewardship of both current and new 

herbicides. However, trying to analyse and differentiate causal factors through empirical 

studies is challenging (Powles and Yu 2010). Computer modelling simulations (in-silico 

studies) are a useful tool to rapidly investigate individual factors influencing resistance 

evolution, whilst also allowing investigations of the stability of the predictions under various 

parameterisations (Renton 2011, Renton et al. 2014). Factors that are difficult to investigate 

in empirical studies and have received little focus in modelling work, are herbicide sequence 

and weed cohorts affected, and the interactions between them. Moreover, the evolutionary 

implications of sequential applications of pre- and post-emergence herbicides (applying one 

after the other in the same year) have not previously been modelled. 

The first aim of this chapter was to investigate whether simulations incorporating different 

application timings and length of herbicide residual effect would mimic the field experience 

that resistance evolves at different rates to different groups of herbicides. I developed an 

individual-based evolutionary model capable of simulating differences in the number of weed 
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cohorts controlled, the order of herbicide application, and the rate of resistance evolution. This 

model was used to predict evolution of resistance to pre- vs post-emergence herbicides, when 

just one of these herbicides was applied each year. The second aim of this chapter was to 

use the model to investigate the potential benefits and implications of sequential applications 

of pre- and post-emergence herbicides, or more specifically, how order of application and 

weed cohorts affected impacted resistance evolution, when both herbicides were applied each 

year. 

Methods 

Model overview 

In this chapter I simulated the evolution of HR within an annual weed population, using a new 

individual-based stochastic model implemented in the ‘R’ programming language (R Core 

Team 2014). Features of the existing “Ryegrass Integrated Management” (RIM) (Pannell et 

al. 2004, Lacoste and Powles 2014) and the ‘Polygenic Evolution of Resistance To Herbicides” 

(PERTH) model (Renton et al. 2011), such as multiple weed cohorts and resistance genetics 

respectively, were combined and developed in new ways to create a model fit for addressing 

my specific research questions. By cohort, I mean a group of weeds that germinate at similar 

times, and are thus of similar age. Each year’s germinating weeds were divided into cohorts 

based on when they germinated in relation to management events (for example, crop seeding 

date is the division between cohorts 1 and 2) (Fig. 2.1). Resistance to each herbicide was 

assumed to be endowed by a single semi-dominant gene conferring resistance to one 

herbicide site-of-action. There were therefore three possible genotypes for each resistance 

gene: the homozygous susceptible (SS) weeds, and the heterozygous resistant (RS) and 

homozygous resistant (RR) weeds. 

Situation represented 
 
This investigation examined resistance evolution to two herbicides which were applied each 

year at/after seeding. Those two herbicides represent a pre-emergence herbicide with soil-

residual activity (such as trifluralin), and a post-emergence herbicide with contact activity, and 

no residual activity (such as diclofop). The weed was an annual outcrossing grass species, 

growing in a field in S&W Australia, with one annual crop per year. Parameterisation of the 

model (Table 2.1) was based on representations of annual ryegrass (Lolium rigidum) in a 

typical spring wheat cropping program in a Mediterranean-type climate in S&W Australia, used 

in previous investigations and models, including RIM (Pannell et al. 2004, Lacoste and Powles 

2014), PERTH (Renton et al. 2011), and other simulations (Diggle et al. 2003). For simplicity, 
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while heterozygous plants were weakened by the herbicide application, equating to an 

average stochastic kill rate of 30%. The susceptible plants suffered varying degrees of higher 

mortality (Table 2.3). The post-emergence herbicide in this simulation was capable of killing 

weeds across a wider spread of cohorts, and was the more effective herbicide, despite the 

fact that there were a low number of weeds from earlier cohorts still alive when it was applied. 

The shorter-acting pre-emergence herbicide used in parts 1a and 2 successfully contacted 

only weed cohort 2; this meant that the average kill rate (probability of death) for all susceptible 

weeds that emerged post seeding was reduced from 95% to 75% (Table 2.3) for this shorter 

acting pre-emergence herbicide. This reduction reflected the lower control levels sometimes 

reported for pre-emergence herbicides (Chauhan et al. 2006, Borger et al. 2013). The stated 

kill rates included an allowance for biological damage and the subsequent reduction in fitness 

of any surviving heterozygous and susceptible plants. For all scenarios, the simulated field 

area was 500 ha, containing an initial population of approximately 625 million weed seeds, 

with approximately 625 of these seeds resistant to each herbicide. Each scenario ran for 15-

20 years, and was replicated 100 times, from which mean annual values were calculated. This 

was repeated several times with a high level of consistency, indicating that averaging 

100 stochastic replications over an area of 500 ha was sufficient to produce repeatable results. 

Pre- verses post-emergence herbicides affected different weed cohorts (Table 2.2). All plants 

that survived to the end of the growing season were assumed to produce viable seed. 

However, the seed production of later germinating plants was reduced due to competition from 

both the standing crop and surviving weeds (Table 2.2). The density of the annual weed 

population influenced both wheat yield and weed seed production, with an additional reduction 

in seed and pollen quantity based on relative cohort fitness (Neve et al. 2003, Renton et al. 

2011). Seed production for both the crop (i = 1) and each of the five weed cohorts (i = 2:6) 

was calculated on a per square metre basis following an adaption of a commonly used 

hyperbolic model of weed competition (Firbank and Watkinson 1986): 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑖𝑖) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝(𝑖𝑖) × 𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑑𝑑(𝑖𝑖) × 𝑓𝑓𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑖𝑖) 
1+∑ (𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑑𝑑 (𝑖𝑖) × 𝑓𝑓𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑖𝑖)

6
𝑖𝑖=1 )

           (2.1) 
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The weed seedbank was adjusted at the end of each growing season, with gains from seed 

production, and winter losses due to seed decay and predation. Seed death over summer 

(summer mortality) was then subtracted from the new seedbank. A very small amount of seed 

emigration (as a proportion of the current seed bank) and immigration (constant rate, using 

the unselected population genetic ratios) was then applied, and the resultant weed seedbank 

provided the initial conditions for the next year of the simulation (Table 2.1). 

Genetics 

One and two gene hereditary transition matrices (Richter et al. 2016), were used to 

stochastically model matings between and within each cohort, with enforced self-

incompatibility. Stochastic genetic mutations were incorporated in a similar manner, using a 

probability transition matrix with the following formulation: 

 

𝑉𝑉𝑖𝑖 = �
(1 − 𝑃𝑃𝑖𝑖)2 2𝑃𝑃𝑖𝑖(1 − 𝑃𝑃𝑖𝑖) 𝑃𝑃𝑖𝑖2
𝑣𝑣𝑖𝑖(1 − 𝑃𝑃𝑖𝑖) (1 − 𝑃𝑃𝑖𝑖)(1 − 𝑣𝑣𝑖𝑖) + 𝑃𝑃𝑖𝑖𝑣𝑣𝑖𝑖 𝑃𝑃𝑖𝑖(1 − 𝑣𝑣𝑖𝑖)

𝑣𝑣𝑖𝑖2 2𝑣𝑣𝑖𝑖(1 − 𝑣𝑣𝑖𝑖) (1 − 𝑣𝑣𝑖𝑖)2
� 

where the population is expressed as a vector in the form popi = (number of SiSi, number of 

RiSi, number of RiRi), ui is the probability of the susceptible gene (Si) mutating into a resistant 

gene (Ri), and vi is the probability of the resistant gene (Ri) mutating into the susceptible gene 

(Si). The expected numbers of each genotype after mutation is given by pre-multiplying Vi by 

popi. In my model, the numbers of each genotype after mutation were generated stochastically 

using the rmultinom function in the ‘R’ programming language (R Core Team 2014). For two 

independently assorting resistance genes (R1 and R2), a two gene probability transition matrix 

was obtained using the Kronecker product of the two probability transition matrices, V1 ⊗ V2. 

The resultant 9 x 9 probability transition matrix was used to generate simultaneous mutation 

in two genes, where the population is expressed as a vector in the form (S1S1S2S2, R1S1S2S2, 

R1R1S2S2, S1S1R2S2, R1S1R2S2, R1R1R2S2, S1S1R2R2, R1S1R2R2, R1R1R2R2). This procedure 

was used in each year of the simulation, to generate stochastic mutations within each year’s 

new seeds. 

Model Calibration 

Adjustments to the unverified parameters of weed seed death, weed cohort size and relative 

cohort fitness within previously established limits (Lacoste and Powles 2014) were used to 

give a realistic weed population size at harvest when the two herbicides were used individually 

in the absence of resistance. During the preliminary simulations, summer death rates from 25 



Chapter 2. Herbicide efficacy 

 

35 
 

to 50% and the relative fitness of later weed cohorts from 0.02 to 0.75 were trialled. Variation 

in these parameter values in combination (at levels that maintained a realistic yearly weed 

population) was found to have no significant effect on the results (data not shown). 

Consequently, I selected a set of mid-range values (Table 2.1) coupled with four weed cohort 

fitness levels (within the range used in RIM) for the five weed cohorts (Table 2.2). 

Simulation studies 
Part 1: Single annual herbicide applications 

Parts 1a, 1b and 1c (Table 2.3) simulated either a pre-emergence or a post-emergence 

herbicide applied each year (but not both). In part 1 only one gene, which conferred resistance 

to the investigated herbicide, was included in the simulations. 

Parts 2 & 3: sequential applications of a pre-emergence herbicide followed by a post–

emergence herbicide 

The ‘Shorter&Post’ (part 2) and ‘Longer&Post’ (part 3) simulations included both pre- and post-

emergence herbicides applied sequentially each year. Here I examined a weed population 

that contained two unlinked semi-dominant genes for herbicide resistance. Allele R1 at gene 

one conferred resistance to the pre-emergence herbicide; (phenotype R1) and was comprised 

of the genotypes R1S1S2S2 and R1R1S2S2. Allele R2 at gene two (phenotype R2) conferred 

resistance to the post-emergence herbicide, and was composed of the genotypes S1S1R2S2 

and S1S1R2R2. Multiple resistance (phenotype R1R2) comprised four genotypes: R1S1R2S2, 

R1S1R2R2, R1R1R2S2 and R1R1R2R2.  

Summarised simulation results 

For each year, for each of the 100 replications of each scenario, the number and genotype of 

live weeds present at harvest was recorded. In these records (and within the simulations) the 

lower competitiveness of later germinating weed cohorts was accounted for by multiplying the 

number of plants in each cohort by its relative fitness level (Table 2.2). This means that 

numbers presented in the Results section represented ‘standard plant equivalents’, where a 

standard plant was from weed cohort 1, that is, a plant that emerged concurrently with the 

wheat crop. For example, plants in weed cohort 4 have a relative fitness of 0.02; therefore 50 

plants in weed cohort 4 were required to make up one ‘standard plant equivalent’. The relative 

yield of the annual crop, and the genotypic composition of the seedbank at the end of each 

season, was also recorded. The graphs in Fig. 2 to Fig. 5 were compiled in ‘R’ (R Core Team 

2014) with the polygon function (code donated by Kevin Buhr buhr@stat.wisc.edu) and the 
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packages “abind” (Plate and Heiberger 2011), “calibrate” (Graffelman 2013), and “MASS” 

(Venables and Ripley 2002). 

Results 
Part 1: single annual herbicide applications 

A shorter-acting pre-emergence herbicide, when used as the sole herbicide treatment (after 

seeding), failed to adequately limit weed numbers, as its shorter length of soil residual activity 

meant that it could not control later emerging weed cohorts (Fig. 2.2A). It is universally 

accepted that a shorter-acting pre-emergence herbicide when used alone, does not provide a 

sufficient level of weed control. In contrast, a longer acting pre-emergence herbicide used 

alone, killed sufficient susceptible weeds to maintain good weed control (low weed numbers) 

for 5 years, before failure was evident. This failure of weed control when the longer acting pre-

emergence herbicide was used alone (Fig. 2.2A), was because high levels of HR had evolved 

(Fig. 2.2B). Similarly, when the post-emergence herbicide was used alone weed control failure 

also occurred at 5 years (Fig. 2.2A), and was again because high levels of HR had evolved 

(Fig. 2.2B). 

Closer examination of the genotypes in these simulations of an obligate cross-pollinated weed 

species (Fig. 2.3) reveals that the longer acting pre-emergence herbicide used alone (Fig. 

2.3A) was unable to fully control susceptible weed numbers, whereas the post-emergence 

herbicide used alone (Fig. 2.3B) maintained low numbers of susceptible weeds, at least until 

the sixth year. The lower number of susceptible weeds in the post-emergence herbicide 

scenario (Fig. 2.3B) resulted in a lower amount of susceptible pollen, and a greater number of 

homozygous (RR) resistant weeds. The growth in susceptible weed numbers when the longer 

acting pre-emergence herbicide was used alone (Fig. 2.3A) was primarily due to a poor kill 

rate, and was greater than the seed immigration rate of 0.1 seeds/m2/yr. Therefore, the longer 

acting pre-emergence herbicide was not fully curtailing the growth in susceptible weed 

numbers, even if no seed immigration occurred. 

Part 2: sequential applications of a shorter-acting pre-emergence herbicide followed 
by a post–emergence herbicide (‘Shorter&Post’ scenario) 

It is a normal commercial practice in annual field crop production to use sequential applications 

of a pre-emergence herbicide before or at crop seeding, and a post-emergence herbicide, 

applied to the young crop. Simulations showed that the combination of a shorter-acting pre-

emergence herbicide (controlling weed cohort 2), sequentially followed by a post-emergence 

herbicide (controlling survivors of cohort 2, and later emerging weeds in cohorts 3 and 4) 
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achieved good weed control for 10 years of continuous cropping (Fig. 2.4A). However, an 

increase in the ratio of resistant weeds was evident by year 7, at which time the weed 

population at harvest was comprised almost entirely (0.95) of resistant genotypes (Fig. 2.4B). 

The population ratio demonstrates that resistance evolved to the post-emergence herbicide, 

whilst resistance evolution remained very low to the shorter-acting pre-emergence herbicide. 

The rapid speed of resistance evolution to the post-emergence herbicide occurred because 

the weeds resistant to the post-emergence herbicide faced limited control from the shorter-

acting pre-emergence herbicide, and many of them could go on to produce viable resistant 

seed, which entered the seedbank. 

Part 3: sequential applications of a longer acting pre-emergence herbicide followed by 
a post–emergence herbicide (‘Longer&Post’ scenario)  

Certain pre-emergence herbicides have a long soil residual period, controlling sequentially 

germinating weed seedlings for many weeks. Thus, these simulations included a longer acting 

residual pre-emergence herbicide (controlling weed cohorts 2 and 3), sequentially followed by 

a post-emergence herbicide (controlling cohorts 2 to 4), which achieved good weed control for 

11 years (Fig. 2.5A). This ‘Longer&Post’ scenario gave better weed control, primarily because 

the high level of weed control meant that weed numbers were less than 0.1 weeds/m2 for the 

first 10 years. However, once again, although there was good weed control, the average 

population was evolving to contain more resistant genotypes, and by year 8 the weed 

survivors were almost entirely (0.95) resistant (Fig. 2.5B), and by year 11 the population was 

predominantly (0.9) composed of multiple resistant genotypes. Thus, sequential applications 

of two herbicides offering broad reaching weed control (cohorts 2 and 3 and cohorts 2 to 4 

respectively), provided lengthy weed control, but eventually led to the simultaneous evolution 

of multiple resistance to both herbicides. Thus, multiple resistance (to both the pre-and the 

post-emergence herbicides) was the dominant form of resistance evolution in simulations of 

the ‘Longer&Post’ scenario. 
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Figure 2.2. Differing rates of weed population growth at harvest, as a response to three different herbicides, 
applied individually, at/after seeding (scenario 1). Results were calculated from 100 replications of 500 ha, and 
expressed as full size equivalent weeds. Fig 2.2A:- The average number of weeds at harvest/m2. Fig 2.2B:- the 
average resistance weeds ratio; or the proportion of the weeds present at harvest, that are resistant. 
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Figure 2.3. Differing genotypes in the weeds present at harvest, as a response to single herbicide applications for 6 years. Fig. 2.3A:- The longer acting pre-emergence herbicide 
treatment (scenario 1b), resulting in seven weeds/m2 in the sixth year, only 2.3% with the RR (homozygous resistant) genotype. Fig. 2.3B:- The post-emergence herbicide 
treatment (scenario 1c), resulting in three weeds/m2 in the sixth year, 16.2% with the RR (homozygous resistant) genotype. 
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Figure 2.4. The average weed population (at harvest) that developed in response to annual sequential applications 
of a shorter-acting pre-emergence herbicide followed by a post-emergence herbicide (the ‘Shorter&Post’ 
scenario). The symbols used in Fig. 2.2 are repeated here, illustrating resistance to the same herbicides (with the 
same average kill rates) used in scenario 1. Fig. 2.4A:- The weeds present at harvest. Fig. 2.4B:- The weed 
population classified utilising their resistant genes; by year 7, the average population was over 95% resistant to 
the post-emergence herbicide, and other forms of HR did not evolve. Small numbers of pre-emergence HR plants 
were retained within the populations; however, numbers of multiple resistant plants did not significantly increase 
until well after year 15.  
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Figure 2.5. The average weed population (at harvest) that developed in response to annual sequential applications 
of a longer acting pre-emergence herbicide then a post-emergence herbicide (the ‘Longer&Post’ scenario). The 
graphical symbols used in Fig. 2.2 are repeated here, illustrating resistance to the same herbicides (with the same 
average kill rates) used in scenario 1. Fig. 2.5A:- The density of weeds present at harvest. Fig. 2.5B:- The 
proportions of the weed population resistant to the longer acting pre-emergent herbicide, to the post-emergent 
herbicide, or to both, in year 8 most weeds were multiple resistant, and the remainder were only resistant to the 
post-emergence herbicide. By year 12 the average population was 95% multiple resistant. 
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Discussion 
The aims of this chapter were to examine to what extent differences in order of application 

and weed cohorts affected could explain some of the historically observed differences in the 

speed of resistance evolution to a pre- versus a post-emergence herbicide. 

Single annual herbicide applications 

Simulations of pre-emergence herbicide, used alone, showed that weed control was 

insufficient (Fig. 2.2A, and Fig. 2.3A). This is in accordance with decades of commercial 

experience. In particular, the use of a shorter-acting pre-emergence herbicide alone resulted 

in increasing weed numbers, necessitating the use of a post-emergence herbicide and/or an 

alternative weed control strategy such as harvest weed seed control (Walsh et al. 2013); or 

rotation with alternative crops or pasture phases, as simulated by Gorddard et al. (1995). Thus, 

shorter-acting pre-emergence herbicide failure was due to insufficient weed control, rather 

than resistance evolution. 

In contrast, continuous use of a longer acting pre-emergence herbicide, or a post-emergence 

herbicide, used alone, provided relatively good weed control, until resistance evolution 

occurred. Failure of the longer acting pre-emergence herbicide, or the post-emergence 

herbicide, when used alone, was due to resistance evolution, rather than insufficient weed 

control. 

A shorter-acting pre-emergence herbicide followed by a post–emergence herbicide 
(‘Shorter&Post’ scenarios) 

The annual sequential use of a pre-emergence herbicide followed by a post-emergence 

herbicide is a normal commercial practice in many cropping systems. This ‘Shorter&Post’ 

combination led to high weed kill rates and thus good weed control for 9 years, until resistance 

evolved to the post-emergence herbicide. A lengthy period of good weed control was obtained 

primarily because using the shorter-acting pre-emergence herbicide lowered the number of 

weeds being treated with the post emergence herbicide, thereby slowing (but not halting) 

resistance evolution to the post emergence herbicide. Weed numbers increased rapidly 3-4 

years after the evolution of resistance to the post-emergence herbicide, without a 

corresponding increase in pre-emergence HR (although pre-emergence HR alleles were 

never eliminated from these 500 ha weed populations). These results show that lower 

numbers of weed cohorts affected, necessitating follow up weed control treatment, could 

explain differences in evolutionary resistance rates to pre- verses post-emergence herbicides. 

Neve et al. (2003) identified similar protection for early season herbicide applications that 

affected less weed cohorts. In this research, the shorter-acting pre-emergence herbicide 
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affected only a small number of weed cohorts; the post-emergence herbicide affected more 

cohorts, and was primarily responsible for restricting seed set. 

A longer acting pre-emergence herbicide followed by a post–emergence herbicide 
(‘Longer&Post’ scenario) 

In commercial practice, there can often be the sequential applications of a longer acting pre-

emergence herbicide followed by a post emergence herbicide. In simulations of the 

‘Longer&Post’ scenario, weed numbers remained low for at least 11 years (Fig. 2.5A). 

However, resistance evolution was occurring, such that resistant weeds comprised 95% of the 

population by year 8, although it took another 4 years before weed control failure was evident. 

It is important to note that gene flow among initially heterozygous individuals produced 

homozygous, and ultimately multiple resistant individuals (Fig. 2.5). The continued use of the 

same herbicides, both attacking a large number of cohorts, increased the propensity for 

multiple resistance, a similar situation to what is frequently found in field surveys of resistance 

in cross-pollinated L. rigidum and Raphanus raphanistrum (Broster et al. 2013, Owen et al. 

2014). Notwithstanding low weed numbers in the early years, and the use of two unrelated 

herbicides each year, multiple HR still evolved in this ‘Longer&Post’ scenario. 

The reason that multiple resistance developed here, in the ‘Longer&Post’ scenario, can be 

explained by referring back to the behaviour of these two herbicides when they were used 

alone (Fig. 2.3). The first evidence of resistance evolution, in this ‘Longer&Post’ scenario, was 

to the post-emergence herbicide only (Fig. 2.5B). Post-emergence resistance initially evolved 

because, once weeds are resistant to the post-emergence herbicide in this scenario, the 

longer acting pre-emergence was effectively acting alone to control weed numbers. A referral 

back to Fig. 2.3A shows that the longer acting pre-emergence herbicide was incapable of 

adequately controlling weed numbers when acting alone, so it was also incapable of 

controlling weeds resistant to the post-emergence herbicide in this ‘Longer&Post’ scenario 

(Fig. 2.5). This lack of adequate control by the pre-emergence herbicide meant that resistance 

to the post-emergence herbicide could develop in this ‘Longer&Post’ scenario, albeit slowly. 

In contrast, the post-emergence herbicide controlled weeds in cohorts 2, 3 and 4, which was 

a sufficient level of control to limit susceptible weed numbers when it was used alone (Fig. 

2.3B). Because the post-emergence herbicide was so effective, it was also capable of 

adequately controlling weeds resistant to the pre-emergence herbicide, when both herbicides 

were used in tandem, in this ‘Longer&Post’ scenario (Fig. 2.5). Even though the pre-

emergence resistance gene was maintained in the population, pre-emergence resistance did 

not evolve here until it could ‘piggy-back’ on the already developing post-emergence 

resistance. This means that the pre-emergence resistance alleles could only increase in 



Chapter 2. Herbicide efficacy 

 

44 
 

number when they were in plants also containing post-emergence resistant alleles. Due to the 

combined efficacy of the pre- and post- herbicides, the survival probability of plants with 

multiple resistance was far superior, and this rapidly became the most frequent form of 

resistance in the ‘Longer&Post’ scenario. 

The ‘Shorter&Post’ and ‘Longer&Post’ scenarios 

Single gene resistance to pre-emergence herbicides (such as trifluralin), which affect even 

slightly fewer weed cohorts, was predicted to evolve more slowly, and to primarily occur as 

multiple resistance, in both these multiple herbicide scenarios (Fig. 2.4&2.5), which mirrors 

previous field survey results (Owen et al. 2007). Single gene resistance to pre-emergence 

herbicides is still relatively rare in the field (Broster et al. 2013, Owen et al. 2014); although 

recurrent selection using a single herbicide at lower rates can lead to the rapid evolution of 

polygenic resistance (Neve and Powles 2005, Manalil et al. 2011, Busi et al. 2012, Busi et al. 

2013). 

Limitations and future directions 

I acknowledge limitations in the extent to which these results can be generalised. The simulation 

model used in this chapter was parameterised specifically to study the evolution of resistance 

to a pre-emergence herbicide such as trifluralin and a post-emergence herbicide such as 

diclofop in the cross-pollinated annual crop weed L. rigidum. I investigated differences in the 

number of cohorts affected, and assumed that resistance to both herbicides was conferred by 

equally rare, single semi-dominant genes with no fitness cost. In reality, the level of similarity 

between resistance genes may differ, particularly between different site-of-action herbicides. 

There are many possible reasons why, in some cases, one herbicide has lasted longer than 

another, despite similar levels of use. Annual use of both herbicides was assumed, as was no 

seasonal variability in cropping system or environment. Annual ryegrass is outcrossing, and 

care would have to be taken in extrapolating the results of this chapter to self-pollinated annual 

weed species. In addition, these results depended on the sequential emergence pattern of the 

weed species, (Cheam 1986, Baskin and Baskin 1987) and the greater number of these 

emerging weed cohorts that are typically affected by post-emergence herbicide use. Future 

work addressing the limitations described above would improve the extent to which my results 

could be generalised to different species, herbicides and genetics. Furthermore, developing a 

spatially-explicit model that can represent spatial structure in density and genetics by dividing 

the annual weed population into smaller spatially-related sub-populations would potentially give 

more accurate predictions and further insights. This type of model is needed to better 

understand how the usage patterns and weed cohorts affected by different herbicides may 

interact with spatial factors, such as spatial heterogeneity and localised pollen and seed spread, 
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to influence the evolution of multiple herbicide resistance. There is scope for future work to test 

whether these spatial factors significantly affect the results I found here, and thus to determine 

whether more realistic spatially-explicit modelling is necessary. 

Conclusions 
These results confirmed that the slower evolution of resistance to pre-emergence herbicides 

in S&W Australia could be explained by their lower seasonal kill rate. Pre-emergence 

herbicides typically have a lower seasonal kill rate, influenced by their early season application 

timing, and the gradual emergence pattern of many weeds. In contrast, post-emergence 

herbicides kill more weed cohorts each season. Because of their high kill rate, post-emergence 

herbicides are good at protecting other herbicides applied in the same year, and keeping 

susceptible weed numbers very low. A strategy placing too much emphasis on one herbicide 

(here, the post-emergence herbicide), which successfully affects a significantly higher 

percentage of the annual weed cohorts, resulted in a tremendous selection for resistance. In 

contrast any additional method (that is, in addition to the post-emergence herbicide), that 

successfully contacted 95% of the same or similar weed cohorts, would both decrease overall 

weed numbers each year, and also reduce the total numbers of weeds resistant to the post-

emergence herbicide. Herbicides that affect a smaller percentage of the year’s annual weed 

cohorts (such as trifluralin) were ineffective at protecting herbicides that affect a high 

percentage of the annual weed cohorts (such as diclofop) when used repetitively year after 

year, without additional integrated weed management strategies. 
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The spatial model has already provided new insights. For example, earlier non-spatial models 

predict that the number of resistant weeds in a field typically increases by a constant factor 

each year, at least until densities become high. However, preliminary results from this spatial 

model indicate that resistance builds up more slowly when spatial factors are accounted for, 

due the need for the resistance genes to spread across the field. 

Introduction 

Many methods exist to delay the build-up of herbicide resistance (HR) (Norsworthy et al. 

2012), and new discoveries are extending farmers’ options; although despite researchers’ best 

efforts farmers are often slow to adopt new strategies; and many farmers are not using best 

practice (Walsh et al. 2013). Difficulties in choosing strategies to implement on their farm are 

compounded by a lack of situation specific knowledge of the relative benefits of different 

strategies; the combinations that would best work will vary between different farming 

situations. Compounding this, long term multi-faceted field trials are slow, site specific and 

expensive. 

Many farmers are waiting for new herbicides to be developed, and in addition farmers have 

concerns that costly efforts to control HR build-up within their farms may be thwarted by 

movement onto the farm of resistant seed and/or pollen from neighbouring farms, despite 

some evidence to the contrary (Malone et al. 2014). Patches of HR weeds on individual farms 

can develop very quickly, and the specific source of resistant weeds is seldom known. 

Method 

Model structure 

These simulations examine the evolution of HR in an annual weed growing in a typical winter 

cropping program. The crop is assumed to be winter wheat, grown in the Mediterranean-type 

climate common in S&W Australia, where resistance is examined using the new SOMER 

model. This spatial modelling is compared to a simpler homogeneous model using identical 

population parameters (Table 3.1). This modelling of single gene resistance incorporate 

features from the existing “Polygenic Evolution of Resistance to Herbicides” (PERTH) model 

(Renton 2009, Renton 2011). The additions of pollen and seed spread functions enable us to 

create a model fit for addressing my specific research question. The modelling is implemented 

in the ‘R’ language (R Core Team 2014). 







Chapter 3. Spatial Modelling 

 

53 
 

Spatial components 

Simulation area, and pollen and seed spread 

In the SOMER simulation model, pollen and seed spread rates decline with distance from the 

source. A larger environment, outside the spatially modelled one hectare area, but still part of 

the wheat field, was included into the SOMER pollen spread function used here by extending 

the area available to source pollen beyond the defined one hectare area. The aim was to 

ensure that every sector (including those near the edge of the one hectare study area) had 

access to similar pollen levels. This larger area was incorporated into the spatial modelling of 

pollen flow based on distance from the home sector, with the assumption that weeds in the 

un-modelled areas were homozygous susceptible and occurred in similar numbers across the 

wider area. 

The model was calibrated to give realistic weed numbers in the absence of resistance. In 

addition, calculations of competition, seed production and seed genotype were conducted 

stochastically for each year of the simulations, at the sub-population level, for each genotype. 

These calculations were carried out identically to those used in the non-spatial model in 

Chapter 2. 

Spatial pollen spread 

The decline in pollination probability due to distance from the source was based on an 

investigation conducted into spatial data contained in Knowles and Ghosh (1968). An analysis 

was conducted on the seed percentages and the location of each of the local green and 

contaminating yellow plants in the two neighbouring plots (1440 plants in a 45 by 16 yd. area). 

A Weibull function gave the best fit to the data, and yielded Eq. 3.1 with the following 

parameters: Asymptote (A=0), drop (D=-1), natural logarithm (l=1.9304), shape factor 

(p=0.2294), and scale parameter (0.9136). These parameters were then used in Eq. 3.2 to 

yield the pollination probabilities for each plant. 

𝑎𝑎𝑣𝑣𝑎𝑎𝑃𝑃𝑎𝑎𝑔𝑔𝑎𝑎 𝑝𝑝𝑎𝑎𝑃𝑃𝑃𝑃𝑎𝑎𝑃𝑃𝑃𝑃 𝑦𝑦𝑎𝑎𝑦𝑦𝑦𝑦𝑃𝑃𝑦𝑦 𝑠𝑠𝑎𝑎𝑎𝑎𝑃𝑃𝑠𝑠 = ∑ A−D 𝑝𝑝−𝑒𝑒
𝑙𝑙 𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑖𝑖

𝑝𝑝
 720

𝑖𝑖=1

∑ A−D 𝑝𝑝−𝑒𝑒
𝑙𝑙 𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑖𝑖

𝑝𝑝
 1439

𝑖𝑖=1  
   (3.1) 

 

𝑝𝑝𝑃𝑃𝑦𝑦𝑦𝑦𝑎𝑎𝑃𝑃 𝑝𝑝𝑃𝑃𝑃𝑃𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑎𝑎𝑃𝑃 𝑝𝑝𝑦𝑦𝑎𝑎𝑃𝑃𝑃𝑃 =                   𝑝𝑝−𝑒𝑒
𝑙𝑙 (𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒0.9136 )𝑖𝑖

𝑝𝑝

∑ 𝑝𝑝−𝑒𝑒
𝑙𝑙 (𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒0.9136 )𝑖𝑖

𝑝𝑝
 𝑑𝑑

𝑖𝑖=1  
    (3.2) 
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Results 
Incorporating a spatial constraint into resistance modelling slowed the build-up of herbicide 

resistance. In the non-spatial model numbers of resistant weeds increased from 10 per hectare 

to 100 per hectare in just one year (Fig. 3.4). In comparison the SOMER spatial model with 

10% annual seed dispersal took three years to increase average weed numbers from 10 per 

hectare to 100 per hectare. A drop in seed dispersal rates from 10% to 4% resulted in a further 

delay in resistance evolution, when it took four years for average weed numbers to increase 

from 10 per hectare to 100 per hectare (Fig. 3.4). Realistic depictions of resistance spread 

across a field were also generated (Fig. 3.5). 

Discussion 
All three scenarios started with the same level of herbicide resistance, in the same sized field. 

Numbers of weeds increased much more rapidly in the non-spatial model. Growth of 

resistance in the non-spatial model was log-linear, with the result that one extra year of 

herbicide control was gained by a one tenth reduction in the initial frequency of resistant 

genes, a result which seems unrealistic for some herbicides (Powles and Yu 2010). In contrast 

when using the SOMER spatial model the increase in numbers of resistant weeds was much 

more gradual, due the earlier spatial constraints on density, which reduced the more rapid 

increase in weed numbers seen in the non-spatial simulations. In the spatial model the growth 

in weed numbers was confined by both the rate of spread of resistance genes across the field, 

and the physical constraints of localised density increases. 

Further work in chapter five examines the incorporation of the use of harvest weed seed 

control, although adding the seed spreading actions of a harvester required the modelling of 

a larger area, utilising larger sub-population sizes. In addition as one of the three years of data 

from Knowles and Ghosh (1968) contained wind mediated pollen spread it was possible to 

calculate Eq. 3.1 both with, and without wind and this research showed that the size of the 

effect of a consistent moderate wind on directional pollination was small (data not shown). 
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Chapter 4 - How do spatial resolution 
and dispersal in weed population 
models affect predictions of herbicide 
resistance evolution? 

 

Abstract 

Weed population simulations can be useful to predict the effects of alternative management 

practices on herbicide resistance (HR) evolution. Almost all previous simulations have ignored 

the possibility of within-field spatial structure in a weed population, instead making the implicit 

assumption of perfect dispersal and spatial homogeneity in population density and genetics. The 

effects of this simplifying assumption have not been examined, despite the fact that dispersal 

limitations and spatial structure within the population are likely to occur and to affect the evolution 

of resistance. 

In this chapter, I researched further with my newly developed spatially-explicit model called 

SOMER, and examined how changing the following factors affected the predicted evolution of 

resistance: the degree of spatial resolution used in the model; whether resistance was semi-

dominant or fully-dominant; distances of pollen and natural seed dispersal; and inadvertent 

collection and grain harvester weed seed dispersal (GHWSD).  

Simulations showed that spatial resolution is important when modelling HR evolution, with the 

size of sub-population divisions, the pollen dispersal parameter, the level of dominance, and 

GHWSD, all being important factors in predicting the rate and type of HR evolution. These 

results show that accounting for spatial structure and dispersal does affect predictions of HR 

evolution, with the non-spatial model generally predicting faster resistance evolution compared 

to the more realistic equivalent spatial model. Most importantly, GHWSD increased the speed 

of HR evolution. My new spatial model also allowed an investigation of the dynamics of density 

and genetic structure within patches of HR weeds, where simulations showed that resistance 

genes were spread several multiples wider than the visible patch, and that high frequencies of 
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homozygous genotypes occurred in centrally located weeds. I conclude that an ‘integrated 

spatial modelling’ approach that accounts for spatial structure should be considered when 

modelling HR evolution. 

Introduction 

Herbicide resistance (HR) in agricultural weeds has evolved in many countries as a 

consequence of the widespread and persistent use of herbicides (Heap 2017). Adoption of 

no-till farming systems increased grower reliance on herbicides, resulting in an increase in 

HR. One common farmer response to HR weeds is to use alternative herbicides to regain 

weed control. However, increasing demands for alternative herbicides have not been matched 

by a satisfactory rate of new herbicide discovery and registration. In addition, once HR is 

established within weed populations, it may be difficult to remove. The paucity of usable 

herbicides to control weeds has led to a higher priority for responsible stewardship of 

herbicides, which is now being globally advocated (Norsworthy et al. 2012). 

While several farming practices are commonly acknowledged as slowing the speed of 

resistance evolution (Norsworthy et al. 2012), new populations of HR weeds are still appearing 

(Heap 2017). More work is needed to identify and quantify the role of specific practices in 

delaying the evolution of HR populations. Typically, early in the evolution of a resistant 

population there is a ‘latent’ stage where weed numbers are low, whilst the frequency of 

resistance genes in the population is being enriched. This stage is largely invisible in the field, 

thus it is difficult to track early resistance evolution through field observations alone. However, 

once the resistant weeds are at high frequency in the population herbicide failure can rapidly 

follow, illustrating the importance of that early latent stage. By allowing us to focus on and 

understand this stage, simulation modelling can aid in the early identification of farming 

practices more likely to delay resistance evolution and keep weed numbers low. 

Previous modelling of the evolution of HR had largely assumed, at least implicitly, that there 

is spatial homogeneity of both weed seeds and resistance genes (reviewed in Renton et al. 

2014, Bagavathiannan and Norsworthy 2016). For example, weeds in a field are often 

represented as a single population, with equal competition, and random mating (of cross-

pollinating species) equally possible between all individuals across the field. In reality, weeds 

are often patchy in their distribution. Spatial distinction within a crop field means there can be 

local variations in resistance gene frequency or weed density, and growth reduction due to 

localised competition within weed patches. Localised variations in gene frequency can lead to 

localised genetic drift, which in turn can result in local gene extinctions, or concentrations of 
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particular genes within cross-pollinated plants. In particular, allowing all weeds within any 

simulated large agricultural field to freely interbreed each year appears to be an unreasonable 

assumption (reviewed in Renton et al. 2014). Predictions and recommendations generated 

using models that account for spatial heterogeneity are thus likely to be more accurate. 

However, the effects of spatial heterogeneity in weed populations on resistance evolution have 

not been explored.  

There are examples of spatially-explicit models of HR evolution, but these studies have 

generally not investigated whether the specific spatial location of individual plants makes a 

difference to modelled predictions. Previous spatial modelling of HR often focussed on how 

variation in the landscape can influence the spread of resistance evolution, but still 

represented populations within a field (or environment) as homogeneous (Roux and Reboud 

2007, Richter 2008, Roux et al. 2008). Some spatial modelling of HR has recognised that 

weed populations within a field are not homogeneous, and examined the spread of specific 

genes (Richter et al. 2002, Richter and Seppelt 2004, Rummland et al. 2012). However, no 

study has clearly investigated to what extent and in what ways spatial heterogeneity will affect 

simulated predictions of HR evolution. 

Spatial structure within weed populations will influence resistance evolution due to the 

movement of genetic material within the simulated area. Pollen and seed are dispersed within 

the field both by natural effects and by human activities, with weed seed dispersal by harvest 

machinery possibly one of the most important factors in moving HR weeds throughout a crop 

field (Barroso et al. 2006). Many of the weed species that are problematic in crops retain their 

seeds at maturity at a height that ensures collection by the grain harvester (Walsh and Powles 

2014). This ‘harvested’ weed seed is typically fanned out behind the grain harvester and thus 

dispersed across the field (Blanco-Moreno et al. 2004). 

Gene flow within a simulated area will also be affected by the specific characteristics of the 

resistance genes. HR can be conferred by genes encoding traits with varying levels of 

dominance, which will interact with spatial structure in the population. Spatial modelling allows 

us to account for natural and human-mediated gene flow and its interaction with different levels 

of dominance in predicting HR evolution, which is simply not possible with non-spatial models. 

In addition, none of the previous spatially-explicit field-scale modelling of HR (Richter et al. 

2002, Richter and Seppelt 2004, Rummland et al. 2012) has examined how the 

parameterisation of the pollen and natural seed dispersal functions will affect predictions of 

HR evolution at the field scale.  





Chapter 4. The new SOMER model 

 

65 
 

The first aim here is to; (1) develop a spatially-explicit weed model of HR evolution, and then 

use this model to test whether a spatially-explicit model gives different predictions to a non-

spatially-explicit model; (2) test how the predictions of a spatially-explicit model were affected 

by semi-dominant verses fully-dominant resistance; (3) investigate alternative 

parameterisations of dispersal functions mimicking the natural spread of pollen and seeds; (4) 

investigate the effects of inadvertent grain harvester weed seed dispersal (GHWSD) on weed 

numbers and HR evolution. 

Model structure 

Model overview 

To address the aims of this thesis, a new spatially-explicit individual-based stochastic model, 

for Spatially Orientated Modelling of Evolutionary Resistance (SOMER), has been developed 

to simulate the evolution of resistance in weeds infesting a crop field. Essentially, aspects 

related to spatial structure and the dispersal of pollen and seeds within a field have been added 

to my earlier non-spatial model (chapter 2). In the new SOMER model, the simulated crop field 

area is evenly subdivided into square sectors, similar to a checkerboard, each with an 

associated sub-population of weeds. The term ‘integrated spatial modelling’ has been chosen 

to describe this type of model, where every plant and weed seed within the field area is 

accounted for, along with their individual age, location and resistance genetics. Squares have 

been chosen as the best sector shape as they align with activities such as crop seeding and 

harvest. The weed are assumed to germinate and emerge throughout the growing season, 

modelled as discrete sequential weed cohorts (Fig. 4.1), in the same way as in my previous 

non-spatial model. The earliest emerging weeds (prior to crop seeding) are classified as cohort 

1, with subsequent subdivisions between weed cohorts based on sequential annual activities 

such as herbicide application dates. The new model tracks the number of weeds of each 

genotype, in each cohort, in each sector of the simulated area, in each year, as well as the 

seeds of each genotype within the soil seedbank, within each sector. The weeds within each 

sector were considered to be separate sub-populations; for example if the field area was 

divided into 400 sectors, there would be 400 sub-populations (assuming no localised 

extinctions). 

Competition between weed cohorts and crop plants is modelled in the same way as in my non-

spatial model in Chapter 2, using a hyperbolic competition function (Firbank and Watkinson 

1986) to predict the number of weeds/m2 and their subsequent seed production, except that 

competition is modelled separately within each sub-population (i.e. within each sector). Weed 
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numbers are capped at a maximum density of 100 plants/m2 via a non-selective cull, and 

model calibration was used to give realistic results (Somerville et. al 2017). Interactions 

between sub-populations by dispersed pollen and seed occur after determination of the 

amount of weed seed produced by each sub-population. To maintain consistent language it is 

written that ‘seed dispersal’ is the spread of weed seeds between sectors, whereas pollen 

travels within and between sub-populations, which are growing within sectors. Sector size is 

invariant within each simulation, whereas the size of each sub-population is dynamic, and 

influenced by annual processes such as herbicide application, competition, seed dispersal, 

and the evolution of resistance. The model is implemented in the ‘R’ language (R Core Team 

2014). 

 Genetics 

While the SOMER model can simulate the inheritance of up to six resistance genes using 

independent assortment, here I modelled resistance conferred by a single gene. This weed is 

assumed obligate cross-pollinated and diploid, with individuals possessing three possible 

genotypes: homozygous susceptible (SS), heterozygous resistant (RS) or homozygous 

resistant (RR). The genotype of each new seed is determined stochastically from a hereditary 

transition matrix (Richter et al. 2016). Mating is random, with restrictions imposed by cohort-

based fitness and a sector-based pollen dispersal function. The cohort-based fitness 

weightings are based on the premise that plants emerging earlier will be bigger and likely to 

contribute more pollen and seed to the new seedbank. The ‘weed numbers/m2 used in the 

results section incorporates this cohort-based fitness to translate results for all cohorts into a 

single ‘standard plant equivalent’ in the same way as in Chapter 2, to allow better comparative 

analysis. The sector-based pollen dispersal weightings are detailed below. Within each sub-

population and weed cohort, the weeds are also classified into groups by their genotype. The 

initial frequency of heterozygous resistant seeds is a model parameter, as is the mutation rate 

(the probability of the formation or loss of new mutations via meiotic change). New random 

genetic mutations are simulated within each season’s new seeds, using the new probability 

transition matrices (Somerville et. al 2017). 

Dispersal of pollen and seed 

1. Pollen dispersal function 
To achieve the aim of having a fully integrated spatial model, it is necessary to include every 

plant within the designated area as a potential pollen source. A Weibull function has 

previously been fitted to data from Knowles and Ghosh (1968) in Chapter 3, to calculate the 

probability that an ovule is fertilized by pollen from any plant in the simulated area. 
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𝑝𝑝𝑃𝑃𝑦𝑦𝑦𝑦𝑃𝑃𝑃𝑃𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑃𝑃𝑃𝑃𝑝𝑝𝑎𝑎𝑝𝑝𝑃𝑃𝑦𝑦𝑃𝑃𝑃𝑃𝑦𝑦𝑖𝑖 =      𝑝𝑝−𝑑𝑑 (
𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑖𝑖
0.9136 )0.2498   

∑  𝑝𝑝−𝑑𝑑  (
𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑗𝑗
0.9136 )0.2498    𝑑𝑑

𝑗𝑗=1  
                       (4.1) 

The current parameterisation of this function included further minor refinement incorporated 

to remove edge effects and self-pollination from their 1968 data. The Weibull function was 

chosen over the exponential and Cauchy functions as it gave a better fit by non-linear least 

squares regression (Fig. 4.AA, page 93). 

In this Weibull function, 𝑎𝑎 is the slope parameter, 𝑃𝑃 is the total number of flowering plants in 

the simulated area, and ‘distancei’ is defined as the distance between the centre of the sector 

containing the mother plant and the centre of the sector containing the ith pollen donor plant 

(measured using Pythagoras’s Theorem). When the mother plant and the pollen donor plant 

are growing within the same sector distance = ½ √sector area. The denominator in this function 

ensures that the probabilities across all potential pollinating plants sum to one. The slope 

parameter 𝑎𝑎 defines the rate that probability decays or declines with distance, and can be 

varied to represent different pollen dispersal characteristics. These refinements yielded a 

slope parameter 𝑎𝑎 = 6.424. This value is hereafter called the high slope parameter. However, 

this parameterisation does not fully account for the influence of intervening crop and weed 

plants that can limit pollen dispersal (Murray et al. 2002), meaning that shorter distances for 

pollen dispersal are more likely. Therefore, an alternative parameterisation of the pollen 

dispersal function was calculated using halved distances; best-fit estimations yielded the same 

shape factor (0.2498) and scale parameter (0.9136) with a different slope parameter 𝑎𝑎 =

7.637. This value is hereafter called the medium slope parameter. A smaller slope parameter 

has also been generated, using an evenly spaced log transformation, such that the low slope 

parameter 𝑎𝑎 = 9.079. Further details of the calculation of this low slope parameter, and the 

effect on pollen dispersal of these alternate slope parameters, is provided in Appendix A 

(Fig. 4.AB). 

As an alternative to ‘full pollen sharing’ across the entire simulated area, ‘limited pollen sharing’ 

can be implemented for individual sector interactions with pollination probabilities that fall 

below 10-8. With ‘limited pollen sharing’, pollination probabilities less than 10-8 are rounded to 

zero, which expedites the running of the simulations. In preliminary simulations, this limit on 

the pollen dispersal distance did not noticeably affect the results (data not shown). 

2. Natural seed dispersal function 

Natural seed dispersal is defined here as the probability of seed moving away from its maternal 

sector to adjacent sectors. In reality, this would be influenced by biological and environmental 

factors such as seed production height, plant density, weather, insects, and farming activities 

(inadvertent weed seed collection and dispersal by a grain harvester is represented with a 
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separate function) (Bergelson et al. 1993, Chambers and MacMahon 1994, González-Andújar 

and Saavedra 2003, Cousens et al. 2008). Seed that disperses naturally outside its maternal 

sector is assumed to spread primarily into the four directly adjacent sectors, with a small 

amount moved further laterally, into the four diagonally adjacent sectors. This natural seed 

dispersal represents all seed movement occurring between weed seed shed in spring until 

weed germination. It is assumed that dormant seed in the soil does not move any further after 

its first autumn because there is minimal soil movement with conservation tillage machinery 

(Cardina et al. 1996, Aguiar and Sala 1997). Probability of seed dispersal over the edge of the 

maternal sector (into the four directly adjacent sectors) and into the corner sectors is 

dependent on two parameters, the proportion of seed loss per square metre (sm) and the 

sector area (b). Therefore, the probability of weed seed moving out into each directly adjacent 

sector (s), or into each corner adjacent sector (c), is governed by the following functions  

s = sm (51b0.5 – 2) /200b      and     c = sm /200b                                                  (4.2) 

The corner sector dispersal (c) is assumed to be 2% of the total seed-dispersal from a 1 m2 

sector. The relatively small size of c is due to limitations on diagonal seed movement imposed 

by crop plants and stubble. The probability of seed dispersal is assumed the same for all seed 

produced inside each sector (independent of genotype or maternal cohort). These functions 

for calculating the natural seed distribution at different sector sizes (Eq. 4.2) ensure that the 

same amount of seed will be spread sideways per metre of sector boundary, and the same 

amount will be spread into the diagonal corners, thereby maintaining consistency, independent 

of sector size. The mathematical demonstration of this consistency is provided in Appendix B. 

3. Grain harvester weed seed dispersal (GHWSD)  

Weed seeds that are still attached to the parent plant at harvest are inadvertently collected 

into the grain harvester, then evenly dispersed across the width (12 m) of the harvester, and 

longitudinally dispersed for up to 60 metres, along the harvester path. The harvester tracks a 

back-and-forth pattern across the field area and is assumed to closely follow GPS guidance 

(Tullberg et al. 2007), so that during sequential annual harvests the harvester always follows 

exactly the same path, which is detailed in the ‘Edge effects’ section below. The longitudinal 

distance of GHWSD used in this chapter and in chapter 5 is five metres backward and 55 

metres forward, along the direction of harvester movement. Collected weed seed is dispersed 

over this 60 metre distance using 10 different probabilities of the seeds being dropped, from 

back to front along the 60 metres, with the values of 0.02, 0.22, 0.26, 0.23, 0.1, 0.07, 0.05, 

0.03, 0.01 and 0.01. These numbers are based on measurements of annual ryegrass seed 

dispersal during harvest of a wheat crop in Spain (Blanco-Moreno et al. 2004), with the 
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distances increased here due to the comparatively faster harvester ground speeds common 

in S&W Australia. Further explanations and dispersal probability graphs illustrating the extent 

of seed movement during harvest are included in Appendix C. Some weed seeds within the 

field are not collected by the grain harvester because the weed seeds are below the cutter bar, 

or have already been shed, prior to harvest. Later in the year both uncollected seed, and 

previously harvester-dispersed seed is dispersed via the natural seed dispersal functions 

defined above. The probability of a seed produced in a given season being collected into the 

front of the harvester is 1 – seeddrop, where seeddrop is a model parameter representing the 

proportion of seed that drops pre-harvest, or is not collected for any other reason (Walsh and 

Powles 2014). If the annual maximum harvester seed dispersal distance is 55 linear metres, 

then in 5 years resistance could spread 275 linear metres via harvester seed dispersal alone. 

Simulations involving GHWSD are therefore confined to field areas of at least 10 hectares. 

Additionally, the harvester width of 12 metres limits simulations including GHWSD to sector 

sizes of 144 m2 or less. 

Edge effects  

Designing spatial models requires decisions to be made concerning seed and pollen dispersal 

from plants growing close to the edge of the simulated field area. I generally used ‘wrapping’, 

where the left and top edges of the simulated area are assumed to wrap around and meet the 

right and bottom edges, respectively. This is equivalent to assuming the simulated area is one 

of a number of identical areas adjoining on all sides and diagonals.  

A different, ‘not wrapped’ approach was used in simulations investigating the radial spread of 

resistance from a single centrally placed resistant seed, where I assume that the simulated 

area is surrounded by a larger field area containing no resistant weeds. This larger area was 

incorporated into pollen flow calculations with the assumption that plants in the surrounding 

un-simulated areas had similar density and susceptibility levels to the plants in the edge 

sectors of the simulated area. A maximum density of seven ‘standard plant equivalent’ weeds 

/m2 was imposed on each edge sector (when used in these calculations) to stop random 

outbreaks of resistance in the plants on the edges of the simulated area having an undue 

influence on the results. A maximum density of seven weeds/m2 was chosen to encompass 

results from preliminary simulations run without resistance genes (results not shown). 

Computer speed, field area and sector sizes 

Within SOMER, computing speed is governed by the number of genes, cohorts, and sectors, 

rather than the number of individual plants, because weeds are grouped by their genotype 

and cohort within each sub-population. The two functions, for ‘full pollen sharing’ and the 

‘formation of new genetic mutations’, are the most taxing for computing speed. To increase 
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speed, the ‘full pollen sharing’ can be replaced with ‘limited pollen sharing’ and the ‘formation 

of new genetic mutations’ can be turned off, without having a large influence on the results 

(data not shown). The only exception being that the formation of new genetic mutations was 

important in simulations that ran for a long time, and if the weed control strategies were 

effective enough to eliminate resistance genes from the field (results not shown). 

Faster computer simulations of large field areas can be implemented by using fewer (larger) 

sub-populations. Some advantages of larger field areas are that they allow rarer resistance 

alleles, gene interactions, and lower new resistance gene mutation frequencies to be 

simulated more consistently. However, finer spatial distinctions are lost when using larger 

sectors. An upper limit of around 10,000 sub-populations currently exists on the available 

computer (the processor is an Intel® core™ i7-4770CPU@3.40GHz, with 28 GB of RAM and 

a 64 bit O.S.), whilst running SOMER (when run with two genes), with the functions for ‘limited 

pollen sharing’ and the ‘formation of new genetic mutations’ both turned on. This is the function 

configuration used in the following simulations.  

Simulation studies-exploring the SOMER model 
This chapter was divided into four parts, with each part designed to sequentially address one 

of the four aims of this investigation; additionally, each part included a number of contrasting 

scenarios (Table 4.1). Ten replicate simulations of each scenario were run, to account for 

stochastic variability. A difference between scenarios equal to or greater than one year of 

effective herbicide use was designated as a criterion for ‘effective difference’. 

Parameterisation 

The standard scenario of herbicide applications used in this chapter is described in Fig. 4.1, 

with the parameters listed in Table 4.2. For simulated areas above one hectare, which initially 

contained more than one heterozygous resistant seed, I used ‘wrapping’ to account for ‘edge 

effects’, and the ‘not-wrapped’ approach was used for the one hectare field area, as it initially 

contained only one centrally placed heterozygous resistant seed. 

The scenarios were parameterised to realistically simulate the evolution of single gene 

resistance to a post-emergence herbicide in obligate cross-pollinated annual ryegrass 

(Lolium rigidum) within a wheat crop growing in S&W Australia’s Mediterranean-type climate. 

Populations of annual ryegrass now found in many S&W Australian cropping fields typically 

exhibit high levels of resistance to at least one post-emergence herbicide (Llewellyn et al. 

2009, Boutsalis et al. 2012, Owen et al. 2014). Parameter values (Table 4.2) were within the 

range explored in my previous non-spatial model in Chapter 2, which were in turn based on 
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Investigations-alterations in spatial parameters 

Part 1: spatial and non-spatial models and alternate spatial resolution 

The first part of this chapter addresses aim 1, to discover whether a spatially-explicit model of 

HR evolution gives different predictions to a nonspatially-explicit model. Part 1 examined the 

effects of alternate spatial resolution on the growth of the evolving resistant population, and 

how this affected the average weed density and the levels of homozygous resistance 

(Table 4.3). A 10.5 hectare area, with different spatial resolutions and an initial resistance gene 

frequency of 1 × 10-5, was used for these simulations. 

Part 2: semi-dominant verses fully-dominant resistance 

Part 2 addressed aim 2 by investigating the influence of semi-dominant verses fully-dominant 

resistance on the number and spread of resistant weeds. Fully-dominant resistance was 

implemented by raising survival of the heterozygous plants from 70% to 97%, whilst the 

homozygous susceptible (3%) and resistant plants (97%) survival was unchanged. Part 2 

started with a single heterozygous resistant seed in the centre of a one hectare area in the 

first year, and utilised finer spatial resolutions of 1 m2 and 9 m2 sectors. 

Part 3: alternative parameterisations of pollen and natural seed dispersal  

Part 3 addressed aim 3, to determine how alternative parameterisations of pollen and natural 

seed dispersal affected predictions of the evolution of herbicide resistance. Part 3 examined 

how three alternative parameterisations of pollen dispersal (a) and natural seed dispersal 

away from the maternal sector (sm) affected the growth and spread of a HR weed population 

(Table 4.4). The effects of these alternate parametrisations were considered for two studies. 

The first study utilised a larger sector size and field area; the previous results from part 1 

indicated that sectors of 144 m2 were stable in SOMER, and generated low levels of variability 

between replicates, enabling a larger field area, of 42 ha to be simulated. This larger field area 

permitted a more realistic, lower, initial resistance gene frequency of 1 × 10-6. The second 

study examined resistance spread from a single centrally positioned resistant weed at a finer 

spatial resolution, utilising 1 m2 sector divisions within a one hectare area. 

Part 4: grain harvester weed seed dispersal (GHWSD) 

The 4th part addressed aim 4; the effects of grain harvester weed seed dispersal (GHWSD) 

on the evolution of herbicide resistance. Three simulations were repeated from part 1, (in a 

10.5 hectare area, with spatial resolution of 9 m2, 36 m2 and 144 m2, using identical number 

and placement of seeds at the start of the second growing season, and the probability of 

heterozygous resistance in the initial population of 10-5), with the addition of seed dispersal by 
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simulations with an identical number and placement of seeds at the start of the second growing 

season. These alternate spatial simulations were confined to comparisons between different 

scenarios conducted on the same field area. Their reduced variability generated a clearer view 

of the comparisons relating to my aims, whilst simulations with full variability generated a better 

understanding of the biological importance and consistency of these comparisons. 

Results 
Part 1: spatial and non-spatial models and alternate spatial resolution 

When the SOMER model was used without spatial divisions, and with an initial single semi-

dominant resistance gene frequency of 1 x 10-5, resistance to a post-emergence herbicide 

evolved rapidly, around year six (Fig. 4.2A). However, when spatial divisions were included 

(creating spatial heterogeneity using somewhat independent sub-populations of the weed, each 

within its own square sector), resistance evolved more slowly, around year 7 (Fig. 4.2A). Varied 

spatial resolution, which created sectors from 9 m2 up to 324 m2, all gave surprisingly similar 

results, and slowed resistance evolution, in comparison to the non-spatial simulations (Fig. 

4.2A). In addition, these smaller sector sizes increased the level of homozygous resistance to 

higher than that simulated without spatial divisions (Fig. 4.2B). This is logical, due to cross-

pollination occurring more frequently between closely neighbouring plants. Within SOMER, 

closely neighbouring weeds either are within the same sub-population, or are within adjacent 

sub-populations, in bordering sectors. As expected, when sectors were larger, the spatial model 

simulated identically to the non-spatial model (Fig. 4.2C&D). At sector sizes greater than 

6561 m2 there were no differences between simulations conducted using the spatial and non-

spatial models. The sector size of 1296 m2 gave intermediate results, with large variability 

between replications (Fig. 4.2C&D). Almost all the sub-populations within larger sectors 

(>6561 m2) contained more than one resistant seed at the start of the simulations (Table 4.5) 

meaning that they did not suffer the early check in resistant weed growth (caused by genetic 

drift and local extinctions) that occurred in simulations utilising smaller sectors (Fig. 4.3).  

One cause of the slower growth in weed numbers that occurred when sub-populations were 

smaller (Fig. 4.2A&C) can be found by examining events during the first and second years of 

the simulations. In simulations with smaller-sized sectors, most of the resistant seeds at the 

start of the first year were isolated into dispersed, separate, sub-populations. Therefore, 

resistance was more easily eliminated from some of the sub-populations via genetic drift. 

Genetic drift had most effect during the first year, reducing the number of smaller sub-

populations that retained resistance into the second year. However, other events that countered 

the genetic drift were also occurring. It was easier for sub-populations within smaller sectors to 
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Part 2: semi-dominant verses fully-dominant resistance 

Herbicide resistance, when conferred by a single gene, is usually semi-dominant (Darmency 

1994); consequently, semi-dominant resistance has been chosen as the default in this chapter. 

When semi-dominant single gene resistance evolution of a single patch of resistant weeds was 

modelled with a fine spatial resolution (1 m2 and 9 m2), a large growth in weed numbers only 

occurred in the small central part of a much larger area of the field that contained resistant 

seeds. This resistance produced a localised obvious change in weed density at the start of the 

5th season (Fig. 4.4), but it is postulated that the patch would be difficult to identify in the field, 

any earlier than this (data not shown). This central area corresponds to the part of the field 

containing many homozygous resistant weeds (Supp. Fig. S4.2, page 100). When semi-

dominance is assumed in the SOMER model, 97% of the homozygous individuals, but only 

70% of the heterozygous plants, survive herbicide application, and thus the former will grow 

larger and produce more seed. In contrast, where simulations assume full dominance of the 

resistant gene, 97% of both the homozygous and heterozygous individuals survive herbicide 

application. Consequently, when fully-dominant resistance evolution of a single patch of 

resistant weeds was modelled, this led to the growth of a dense weedy patch that extended 

further across the field than for semi-dominant resistance (Fig. 4.4, upper tier: compare Fig. 

4.4A verses Fig. 4.4B and Fig. 4.4C verses Fig. 4.4D). The patch extended across areas of 

the field containing both homozygous and heterozygous resistant individuals (Supp. Fig. S4.2). 

Overall, assuming a fully-dominant resistance gene within the simulations, resulted in 

increases in the number of weeds, and decreases in the percentage of homozygous individuals 

(Supp. Fig. S4.3). 

By the fifth year, resistant seeds could be found at the furthest edges of the one hectare area 

(Fig. 4.4, lower tier). There were empty sectors (areas of field without any weeds) within the 

1 m2 simulations (Fig. 4.4, lower tier, Fig. 4.4A&B), which occurred because post-emergence 

herbicide use resulted in the local extinction of several of the smaller sub-populations growing 

within the 1 m2 sectors. In contrast, none of the sub-populations within larger 9 m2 sectors 

were extinct (Fig. 4.4C&D). Despite these empty sectors in the 1 m2 simulations, the resistant 

seeds (Fig. 4.4, lower tier) extended at least five times as far out into the field than the size of 

the dense patch of weeds (Fig. 4.4, upper tier) would suggest. This was true for both the 

dominant and semi-dominant resistance genes, and for the 1 m2 and 9 m2 sectors. 

The finest spatial resolution of 1 m2 (only possible within these smaller one hectare simulations), 

allowed a close examination of how resistant patches spread outwards, from one initial 

heterozygous resistant seed. As well as more extinct sub-populations, the simulations utilising 

1 m2 sectors were also more prone to losing all their resistance genes, via genetic drift. 
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During the first year, in 46%-67% of the replicates, the one hectare fields lost their resistant 

genes via genetic drift, with lower rates of genetic drift in the simulations with fully-dominant 

genes and also in the simulations using larger 9 m2 sectors. Because of the large variability 

between replicates, simulations with identical seed distribution at the beginning of the second 

year were used in Fig. 4.4 and in Supp. Fig. S4.3. 

Part 3: alternative parameterisations of pollen and natural seed dispersal  

Dispersal of pollen and weed seed within a spatially modelled crop field is one of the defining 

characteristics of a spatial model, and a sensitivity analysis of the chosen dispersal functions 

gave some insight into the importance of this previously unexplored aspect of HR modelling. 

Changes to the pollen dispersal distance had a comparatively large effect on the simulated 

growth in weed numbers. When the average distance of pollen dispersal was increased, 

average weed density increased more rapidly (Fig. 4.5A). In contrast, similar changes in the 

natural seed dispersal rates made very little difference to the average weed density (Fig. 4.5B).  

The level of variation between replicates changed at different pollen and seed dispersal 

parameters, with some parameterisations making the simulations imprecise. In the 144 m2 

sectors, the variability between replicates was greatest at the high pollen dispersal rate (Fig. 

4.5A). In contrast, the variability between replicates in the 1 m2 sector divisions was greatest 

at the medium pollen dispersal rate (Supp. Fig. S4.4A). 

The localised sub-population extinctions that occurred within the 1 m2 sectors described in 

Part 2 meant that alterations to the pollen and seed dispersal parameters were more important 

when using 1 m2 sectors (Supp. Fig. S4.3, S4.4 & S4.5). Increasing the pollen dispersal 

distance had a large effect on the growth in weed numbers and on the spread of resistance 

genes between the 1 m2 sectors (Supp. Fig. S4.5A,B&C). Changes in the natural seed 

dispersal parameter had less effect on both weed numbers and heterozygosity, but had a 

large effect on the number of empty 1 m2 sectors (Supp. Fig. S4.5C,D&E). Movement of seed 

across the field was needed to repopulate empty sectors. 

In Part 2 (using 1 m2 and 9 m2 sectors), areas of the field experiencing a rapid growth in weed 

numbers also developed a high level of homozygosity, particularly for semi-dominant 

resistance genes. This relationship still existed in Part 3 (utilising 144 m2 sectors), but was 

less evident, and was further lessened in simulations with a ‘high’ pollen dispersal rate (Supp. 

Fig. S4.6). The pollen spread function is designed to disperse the same amount of pollen the 

same distance, despite alternate simulations utilising different sector sizes, but because the 

centres of larger sectors are further apart, there is a higher probability that resistant pollen is 

retained within large sectors (Table 4.4). 
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Figure 4.5. Changes in average weed density (all genotypes) resulting from simulations with different pollen dispersal parameters (Fig. 4.5A) and different natural seed dispersal 
parameters (Fig. 4.5B), simulated using 144 m2 sectors across a 42 hectare area. Plots show the means of 10 replicates, and include vertical bars showing +/− one standard 
deviation. 
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Figure 4.6. Effects of seed dispersal by the grain harvester and sector size (36 m2 or 144 m2) on the average weed density (Fig. 4.6A) and the percentage of homozygous 
resistance plants (Fig. 4.6B), simulated over a 42 hectare area. The probability of heterozygous resistance in the initial seed population is 10−6. Plots show the means of 10 
replicates, and include vertical bars showing +/− one standard deviation. Interestingly, here the 36 m2 sectors developed a (not significant) more rapid growth in weed numbers 
than the 144 m2 sectors, probably due to their slightly wider harvester dispersal (Fig. 4.7). 
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Part 4: grain harvester weed seed dispersal (GHWSD) 

Mature weed seeds that are retained on the mother plant are routinely ‘harvested’ alongside 

the crop. Typically, this harvested weed seed is uniformly spread from the rear of the grain 

harvester as it traverses the crop field. Harvesters are designed to spread crop residues, 

protecting the soil from erosion and water depletion, and facilitating no-till seeding. In these 

simulations, (GHWSD) was found to increase the growth in weed numbers, so that HR 

evolution occurred one year earlier compared to the same spatial simulation without GHWSD 

(Fig. 4.6A). In addition, GHWSD increased the percentage of heterozygous individuals 

(Fig. 4.6B). Each year, GHWSD spread the resistant weeds further across the field (Fig. 4.7), 

and the weed infestation showed a clear stripe pattern due to linear dispersal by the grain 

harvester. Weed densities within the harvester ‘tails’, deposited behind the GPS guided 

harvester, were lower than the density within the un-spread patches, (Fig. 4.7), and this 

decrease in density lowered intra-specific competition. Seed dispersal by the harvester also 

influenced the distribution of all seeds, with just one year of GHWSD creating a noticeably 

more evenly distributed weed seedbank (Supp. Fig. S4.7). 

When the simulations included GHWSD, selection of an appropriate sector size was less 

important. Changes in sector size had much less effect on weed numbers, homozygosity and 

the visual model outputs, when GHWSD was included in the simulations (Fig. 4.6&4.7). This 

is because, within SOMER, the same average GHWSD distances were maintained in different 

simulations, notwithstanding alterations in sector size (Appendix C, Fig. 4.C). 

Discussion 
The first aim in this chapter was to test whether a spatially-explicit model of herbicide 

resistance (HR) evolution gave different predictions to a non-spatially-explicit model. Using 

the newly developed SOMER model, I found that HR evolution was predicted to occur more 

slowly when a spatial structure (allowing spatial heterogeneity) was included in a HR model, 

compared to a non-spatial model (Fig. 4.2A&C). In a non-spatial model, resistant plant 

populations within a simulated field can increase rapidly, since the plants only become density-

constrained when the whole population is very large. Until then, the surviving resistant 

individuals are assumed to grow normally, unchecked by intra-specific competition, and to 

freely share their resistant pollen and seeds across the whole population. Conversely, in a 

spatial model, resistance genes initially establish in only a small proportion of possible 

locations and then have to spread physically across the field, at a speed that is limited by seed 

and pollen dispersal rates. The resistant individuals surviving in the field are thus located within 

resistant patches, and are therefore in intense competition with close neighbours, which limits 
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their growth. In all of those aspects where the spatial model differs from the non-spatial model, 

the spatial model would appear to be more realistic. 

In addition to the slower growth in weed numbers, integrated spatial modelling predicted a 

higher percentage of homozygous individuals than a non-spatial model (Fig. 4.2B&D). In these 

simulations, homozygosity required matings between two resistant individuals because the 

weed is an obligate cross-pollinating species. Therefore, when pollen dispersal is limited, a 

homozygous resistant seed is only likely to be created when two individual resistant plants 

grow close to each other. In the spatial model, and especially with smaller sectors (less than 

324 m2), plants have a propensity to breed with close neighbours who are more likely to be 

resistant, and to drop seed close to themselves, thus creating more resistant individuals in 

close proximity, in future generations. Therefore, from the third year onwards, homozygosity 

increased in the spatial simulations, with higher levels of homozygosity occurring in 

simulations with sectors less than 324 m2. 

The fact that the spatial model predicted a slower growth in weed numbers, and a higher 

proportion of homozygosity than was predicted in non-spatial modelling, has important 

implications. In previous studies, simulation results and comparisons between strategies have 

often been expressed in terms of the ‘year of failure’. For example, a seedbank with 20% of 

its individuals showing resistance (heterozygous or homozygous) has been taken to mean a 

failure of the weed management program (Neve et al. 2003). Alternatively, failure has been 

defined as the first year that weed numbers exceed a certain threshold (Renton et al. 2011). 

However, the results from this research imply that simulations expressing year-of-failure give 

different results when the simulations are altered to include spatial resolution. Moreover, these 

differences between simulations may become more- or less-favourable, depending on the 

assessment criteria, when investigations include spatial structure. These conclusions indicate 

that the correlation between an increasing level of resistance and a sharp increase in weed 

numbers are more complex and subtle than is generally recognised, particularly when both 

vary highly across space as well as time. 

These was a specific range of sector measurements, of between 9 m2 and 324 m2, which 

generated very similar results, and are assumed specific to these parameterisations. The 

specific parameterisations important here would be the density of the initial population, the 

initial concentration of resistance alleles, and the probability of death from herbicide 

application/s. In contrast, 1 m2 sectors behaved differently here, probably because they 

contained sub-populations with localised extinctions. In contrast 1 m2 sector divisions 

generated empty sectors due to localised weed seed extinctions, where smaller populations 

are more likely to go extinct due to the effects of demographic stochasticity. Localised 
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extinctions did not occur with sector sizes of 9 m2 and larger. In addition, the loss of the 

resistance genes from sub-populations due to genetic drift occurred more frequently when 

smaller sectors were used, due to the higher proportion of the smaller sub-populations that 

initially contained only one resistant individual (Table 4.5), although smaller sectors spread 

resistance to neighbouring sectors more easily. Within the range considered in this research, 

the 1 m2 sectors reacted differently, and this is probably a more realistic representation of the 

real situation. The predictions of the 1 m2 model (slower evolution of herbicide resistance, 

higher levels of homozygosity, local extinctions of genes and populations, and resulting spatial 

structure) are likely to occur in reality as well. 

The fine resolution of 1 m2 had the added advantage of allowing better analysis and 

understanding of patch dynamics (Fig. 4.4, Fig. 4.7, Supp. Fig. S4.5). Patch composition 

information generated in these spatial simulations has important implications for patch 

management and field sampling of weeds. Weeds growing within a cropped field frequently 

develop into patches (González-Andújar and Saavedra 2003, Martín et al. 2015), and when 

weed distribution is patchy, focussing weed control measures more intensely on patches can 

reduce herbicide use (Gerhards and Oebel 2006). However, the visual outputs generated here 

(Fig. 4.4) imply that targeted patch management may need to be applied far beyond the 

physical patch boundaries when the patch is due to a localised growth in HR. In addition, if 

field samples are only gathered from within dense patches of weeds, there is a high probability 

that resistant individuals will be homozygous (particularly with semi-dominant phenotypes, 

Supp. Fig. S4.2). Sampling preferentially from the centre of patches may therefore lead to the 

erroneous conclusion that the genetic mutation found within the patch is primarily exhibited in 

the homozygous state (and is therefore a recessive gene), even though the individuals in the 

less-dense areas further from the centre are likely to be mostly heterozygous. Genetic 

investigations of HR (e.g. screening of backcrossed progeny) are needed to clarify the 

dominance characteristics when resistant seeds are gathered centrally from within patches. 

Many previous simulations of HR evolution have assumed fully-dominant resistance (reviewed 

in Renton et al. 2014), although semi-dominant resistance has also been simulated (Neve et 

al. 2003, Neve 2008). In this chapter, an assumption of fully-dominant resistance increased 

the rate of resistance evolution compared to the semi-dominant simulations, which matches 

the model results of Neve (2008), for glyphosate resistance. Fully-dominant resistance also 

lowered the ratio of homozygosity, and altered the sensitivity of the simulations to changes in 

sector size (Supp. Fig. S4.3). When resistance was semi-dominant the heterozygous 

individuals were less likely to survive and reproduce, resulting in an increased number of 

homozygous seeds and increased genetic drift, particularly in the smaller sectors. The 
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evolution of both forms of resistance was slowed in spatial simulations because the spread of 

resistance throughout the population was constrained, and within-sector crowding depressed 

growth. However, when resistance was semi-dominant, physical constraints on pollen 

dispersal increased the level of homozygosity, which increased weed numbers, and so 

simulations of semi-dominant resistance were less affected, overall, by the choice of sector 

size within these simulations. This implies that any differences between simulations with fully-

dominant versus semi-dominant genes identified in non-spatial models will not be the same 

as those generated in a spatial simulation model such as SOMER.  

In these simulations, increasing the average distance of pollen dispersal resulted in resistance 

evolution occurring earlier. It also increased the size of resistant patches and the percentage 

of heterozygous individuals. However, similar changes in the natural seed dispersal parameter 

had little effect on either the rate of resistance evolution or the level of homozygosity. Natural 

seed dispersal was relatively unimportant when accompanied by realistic distances for pollen 

dispersal except when empty sectors existed. This is because pollen dispersal spreads the 

resistance genes much further than the natural movement of individual seeds, but only seed 

movement can reintroduce plants into sectors where local extinctions have occurred. This 

reflects the real situation where cross-pollinating crop weeds generally retain seeds close to 

the maternal plant, and disperse pollen further. Pollen is sourced from greater distances in the 

absence of competition, both in reality (Busi et al. 2008, Busi et al. 2011) and in the SOMER 

model, meaning that a smaller initial weed seedbank size, and more (small) empty sectors will 

interact with choices of pollen and seed dispersal parameters when parameterising a spatial 

model. The dispersal of pollen at the landscape scale has previously been identified as 

important in the spread of resistance genes into uncontaminated fields (Délye et al. 2010, Busi 

et al. 2011). Therefore, correctly determining the functional form and parameter values of the 

pollen dispersal function is an important factor in the spatial simulation of resistance evolution 

in a cross-pollinating species. 

GHWSD was identified as an important factor in the field-wide spread and growth in numbers 

of resistant individuals, and was found to shorten the effective life of the herbicide by one year 

(Fig. 4.7). When implemented, GHWSD was the main factor affecting the spread of resistance 

across the field; similar findings were reported from early spatial modelling work by Maxwell 

(1992). In addition, harvesters disperse individual seeds more evenly (Supp. Fig. S4.7), 

(Walsh et al. 2013, Martín et al. 2015), thereby reducing the variability between replicates and 

between alternate parameterisations of sector size, genetic dominance, and pollen and seed 

dispersal (Fig. 4.4&4.7). In contrast to pollen, which can spread resistance genes to 

susceptible populations but contains only half of the genetic complement of a plant; seeds 
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contain a full set of genetic material, and seed movement therefore spreads both resistance 

genes and resistant individuals. The effect of GHWSD on HR evolution would be impossible 

to simulate accurately without the use of an integrated spatial model such as SOMER. 

General recommendation for herbicide resistance modelling 

Running a variety of simulations in the new SOMER model using an ‘integrated spatial 

modelling approach’ (accounting for every plant and weed seed within the entire field area, 

along with their individual age, location and resistance genetics) identified five general 

recommendations to consider when modelling the evolution of herbicide resistance. (1) HR 

modellers should seriously consider using more realistic integrated spatial models, such as 

the one described in this paper, rather than traditional non-spatial models, which assume 

spatial homozygosity and uniform pollen spread. (2) Field and sector size is important, and 

using larger field and sector sizes has both advantages and disadvantages over smaller field 

and sector sizes. (3) The modeller should ensure, when using a spatial weed model, that the 

choice of sector size has minimal interactions with the biological characteristics of the 

simulated species; the trialling of alternate sector sizes is encouraged. (4) The sector size 

used should ensure that a significant percentage of the sub-populations initially contain no HR 

seeds. (5) Pollen and harvester seed dispersal are important, and while accurate 

parameterisation may be difficult, their possible impact should always be considered. Pollen 

and seed spread parameters will also be influenced by weed species characteristics, such as 

flowering height, extent of pre-harvest seed drop and shattering, amount of self-pollination, 

and crop choice (Humston et al. 2005). 

Accurately simulating the evolution of HR is made more difficult by the immense number of 

weed seeds found within a typical crop field. Computer simulations including the individual 

placement, genotype, and interactions of each weed and seed within a field is (currently) an 

impossible task. However, if the population is divided into sub-populations, then it is possible 

to simulate interactions within each sub-population in a stochastic simulation. These 

interactions account for each individual (seed and weed) genotype, local-scale inter-and intra-

specific competition, and seed and pollen dispersal. Larger sub-populations allowed the 

successful simulation of individual plants and seeds across larger field areas. Therefore the 

best choice of simulation field area was dependent on the type of investigation being 

undertaken. For example, investigations into patch dynamics yield more detail when 

conducted over a smaller field area, and with smaller sector sizes and finer spatial resolution. 

In contrast, simulations including rare resistance alleles showed reduced variability when 

conducted over larger field areas, because larger field areas have larger weed seed 

populations, and thus rare resistant genes would occur in higher numbers. Larger numbers of 
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initially resistant individuals reduced the variability between replicates, as it allowed patch 

interactions and genetic combinations to occur more regularly, thus reducing small population 

stochastic effects, including genetic drift. This may be useful if the aim of the study is to clearly 

identify average differences, but less so, if the aims also include understanding variability at 

smaller scales. Moreover, simulating larger field sizes (up to the point where sectors became 

too large to mimic harvester seed dispersal) facilitated the inclusion of the dispersal of weed 

seeds by a grain harvester. 

Typically, spatially-explicit models of field-scale weed populations use 1 m2 sectors (Renton 

et al. 2014, González-Díaz et al. 2015). However, within SOMER, different sector sizes can 

be specified. Using different-sized sub-populations (sectors from 9 m2 up to 324 m2) had 

minimal effect on the results with current parameterisations, although care (initial background 

runs with alternate parameterisations) was needed to ensure parametrisation of the model 

was the best possible to maximise the robustness of the results. Alternative spatial divisions 

have been utilised in weed science, based on several ecosystem variables. For example, 

Garrett and Dixon (1998) based their spatial boundaries on crop positions and interaction 

zones, whereas Roux and Reboud (2007) considered different sizes of treated and untreated 

field-sized zones. In contrast, SOMER (in its current form) considers the abiotic environment 

to be homogeneous, and divides the field into evenly spaced square sectors. This enables 

the spatially-explicit simulation of the entire field area; in a process I called ‘integrated spatial 

modelling’. However, certain parameter combinations of sector size and dispersal of pollen 

and seed generated data with higher levels of between-replicate variability, probably 

influenced by the probabilities of pollen and seed loss per sector (Table 4.4). In such cases, 

sufficiently large numbers of replicates are required to account for this variability. Additional 

considerations when choosing sector size are interactions with resistance gene dominance 

and the initial density of weed seeds (in part 3). 

It is important for spatial simulations to begin with a high percentage of sub-populations 

containing no herbicide-resistant seeds. To garner the full benefits of integrated spatial 

modelling, sub-populations without initial resistant seeds were necessary to capture the 

spread of resistance, by allowing patches of resistant weeds to develop through space and 

time. Satisfactory results were achieved with at least ⅔ of sub-populations empty of resistance 

(non-resistant) in the first year, and ¾ of sub-populations non-resistant in the second year, due 

to local genetic drift (Table 4.5). Changes in the sector size that caused the proportion of non-

resistant sub-populations to stay below this threshold had only a minor influence on resistance 

evolution predictions (Fig. 4.2A). The initial number of non-resistant sub-populations is 

influenced by sector size, weed seed density, and the initial frequency of HR seeds. With larger 
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sector sizes, a lower initial resistance gene frequency was needed to achieve this aim. An 

exception to this requirement for many initial non-resistant sub-populations could be made if 

resistance genes are initially at a higher frequency and evenly spread throughout the field, 

which is probably only relevant to model the management of existing resistance. 

Limitations 

It is important to acknowledge that HR can be caused by more than one gene, and polygenic 

resistance can provide plants with protection from more than one herbicide group. Further 

work is needed to understand how dispersal and spatial structure of weed populations and 

genes influence the evolution of polygenic resistance. Furthermore, weather (variation in 

rainfall, frosts, and wind) would affect movement of pollen and seeds within and between fields. 

Computational limitations when running SOMER (with spontaneous mutations) on a standard 

desktop computer imposes a maximum of approximately 10,000 sub-populations. This 

limitation meant that a smaller simulated field area of one hectare was needed to allow 1 m2 

sectors to be implemented. The field size was limited here by the maximum number of sub-

populations, although this was countered somewhat by the introduction of larger sector sizes, 

which, across a wide range, did not greatly affect the results. Computers that are more 

powerful would allow larger areas to be simulated at a fine resolution, and this may yield some 

benefits in prediction of resistance evolution. The variability in the initial seed distribution 

(SOMER currently begins with a random distribution) is also a factor affecting patch 

development, which could be investigated further.  

Conclusions 

Integrated spatial modelling of the spread of a herbicide-resistant annual weed predicted a 

slower growth in weed numbers, and a higher proportion of homozygosity, than was 

predicted in non-spatial modelling. Fully-dominant resistant populations exhibited more 

heterozygosity and evolved more rapidly than did the semi-dominant resistant populations; 

these differences due to dominance were also compounded at finer spatial resolutions. The 

parameterisation of natural seed dispersal was relatively unimportant, when compared to the 

pollen dispersal parameters; larger pollen dispersal distances increased resistance levels, 

patch size, and heterozygosity. Dispersal of 88% of seed by the harvester (as compared with 

no harvester seed dispersal) resulted in one less year of effective herbicide use. 

The new SOMER model effectively and visually simulated the development of patches of 

herbicide-resistant weeds and the harvester induced spread of resistance across an annually 

cropped field. The new integrated spatial model has several advantages over previous 

models used to investigate the evolution of HR within a population of weeds: it allows 
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consideration to be given to localised variation in numbers (including localised extinctions), 

pollen and seed dispersal distances, and the effects of inadvertent grain harvester weed 

seed dispersal. These parameters were all identified as important in resistance evolution, in 

regard to both weed numbers and the evolution of a herbicide-resistant weed population.  

Acknowledgements 
Thank you to Drs Danica Goggin and Qin Yu, and the entire staff and co-PhD students at the 

Australian Herbicide Resistance Initiative (AHRI). I would also like to thank my fellow modellers 

in Dr Renton’s study group, all at the University of Western Australia. AHRI is supported by 

the Grains Research and Development Corporation (GRDC). 

 

Appendices 
Appendix A: Natural pollen dispersal functions  

The probability that a flower is pollinated by any other plant in the simulated area is given by  
 

𝑝𝑝𝑃𝑃𝑦𝑦𝑦𝑦𝑃𝑃𝑃𝑃𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑃𝑃𝑃𝑃𝑝𝑝𝑎𝑎𝑝𝑝𝑃𝑃𝑦𝑦𝑃𝑃𝑃𝑃𝑦𝑦𝑖𝑖 =    
𝑎𝑎−𝑚𝑚 (𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖0.9136 )0.2498  

∑  𝑎𝑎−𝑚𝑚 (
𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑗𝑗
0.9136 )0.2498   𝑝𝑝

𝑗𝑗=1  
 

In this Weibull function 𝑎𝑎 is the slope parameter, 𝑃𝑃 is the number of flowering plants in the 

simulated area, and ‘distancei’ is the distance between the sector containing the pollen 

receptive plant and the sector containing the ith pollen source plant. From data analysis the 

high 𝑎𝑎 = 6.424 , generating further pollen dispersal, and the medium 𝑎𝑎 = 7.637 , generated 

less pollen dispersal. When these two numbers are log transformed, they become ln(high 𝑎𝑎) =

1.86, and ln(medium 𝑎𝑎) = 2.033. The difference between these two numbers is 2.033 − 1.86 =

0.173 then, utilising this difference to go one step closer; 2.033 + 0.173 = 2.206. 

Finally, 𝑎𝑎𝑒𝑒𝑝𝑝(2.206) = 9.079. This generated very short pollen dispersal distances, with low 𝑎𝑎 =

9.079. An example of the effect of these three slope parameters is shown in Fig. 4.AA. 
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Figure 4.A. Pollen dispersal curves. Fig. 4.AA:- Fitting alternate curves using least squares to the original pollen 
dispersal data, which contained intraspecific competition (Knowles and Ghosh 1968). For the (chosen) Weibull 
function, e=0.0067, for an exponential curve the lowest e=0.0091, and for a Cauchy curve the lowest e=0.011. 
Fig. 4.AB:- An example of how the three pollen slope parameters altered the probability of pollination at distance. 
In this example, there are 40 pollen source plants, progressively distant from the pollen receptive plant, with four 
positioned at each distance, 1 metre through 10 metres. The alternate parametrisations of the pollen slope 
parameter are low a=9.079, medium a=7.637 and high a=6.424. 

Appendix B: Natural seed dispersal functions 

The natural seed dispersal functions govern the spread of seed from one sector into the eight 

closest sectors. Natural seed dispersal within a field occurs longitudinally, either within the 

inter-row space, or crosswise through the crop row, into the next inter-row space. Many of the 

weeds present at harvest are growing within the crop row, and would easily shed their seeds 

crosswise into the next inter-row space. In these simulations, the sector edges are not 

designed to line up exactly with crop rows. Therefore the rate that seed is dispersed naturally 

into the four side adjacent sectors (two longitudinally, and two crosswise) is assumed to be 

equal. Natural seed dispersal into the four corner adjacent sectors is assumed a later 

movement, from its secondary position in the four side adjacent sectors. 

A proportion of the seed produced annually is shared out into each adjacent sector (s) and 

each corner adjacent sector (c) by the following functions: 
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Figure S4.3. Average weed density (left) and homozygous resistant weed proportions (right) resulting from 
simulations with different sector sizes (1 m2 or 9 m2) and dominant genes (fully-dominant, or semi-dominant). 
All simulations had identical seed distribution at the beginning of the second year. Plots show the means of 10 
replicates, and include vertical bars showing +/− 1 standard deviation. 

 

Figure S4.4. Average weed density resulting from simulations with different pollen dispersal parameters (left) 
and different natural seed dispersal parameters (right). Simulated using 1 m2 sectors across a 1.2 hectare area. 
Plots show the means of 10 replicates, and include vertical bars showing +/− 1 standard deviation.
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Introduction  

Most cropping fields in Australia contain weeds with some level of herbicide resistance. 

Additionally, each infestation is primarily composed of only one or two species of weed 

(Llewellyn et al. 2016). Just as farmers investigate new crop species and varieties to better 

utilise the available growing season, local weed species similarly adapt to better exploit available 

resources and maximise their reproduction (Reeves et al. 1981, Barrett 1983) reviewed in Neve 

et al. (2009). Moreover, if weeds do not adapt to new field environments then they are eventually 

replaced by better adapted species (Crossman et al. 2011). Subsequently, commonly occurring 

weed species often have patterns of growth and development similar to the field crops they 

infest, exhibiting similar dates of emergence, development and maturation (Barrett 1983). 

Weed seeds that are mature (and still retained in the seed head) when the crop is harvested are 

often collected, along with the crop, into the grain harvester. Most weed seeds collected in this 

way are expelled from the harvester, along with the unwanted crop chaff and straw. This results 

in the even dispersal of weeds behind the harvester, and decreases patchiness and intra-

species weed competition (Izquierdo et al. 2009). Wider weed seed dispersal also increases the 

mixing of genetic material, thereby promoting the evolution of weeds with greater genetic 

diversity. In addition, collection of weed seed with the crop at harvest typically leads to some 

weed seed contamination within the crop seeds (Michael et al. 2010). Seeding contaminated 

crop seeds aids weed dispersal both within the field and across landscapes, reviewed in 

Norsworthy et al. (2012). However, these biological attributes of resistance prone weed species 

that have aided their collection at harvest, and helped make them such genetically diverse, 

successful and widespread weeds, have also increased their susceptibility to harvest weed seed 

control (HWSC). 

HWSC includes a range of weed control tactics (WCTs) designed to capture and destroy weed 

seeds during the crop harvest process (Walsh et al. 2013). HWSC reduces the number of 

seeds entering the weed seedbank and can help, over time, to drive weed populations to very 

low levels, even though not all weed seeds are collected during harvest and some seeds may 

survive the HWSC treatment (Fig. 5.1) (Walsh et al. 2013). HWSC systems target the chaff 

fraction of harvest residues, which usually contains most of the weed seed. Some systems act 

solely on this fraction (e.g. seed destructors, chaff cart, chaff tramlining, and chaff lining) while 

others act on both the chaff and straw residues (e.g. narrow windrow burning and the bale 

direct system) (Walsh et al. 2012, Llewellyn et al. 2016). HWSC is becoming more popular in 

S&W Australia, and its use looks set to increase still further (Llewellyn et al. 2016). HWSC 

gives farmers another weed control option, and joins a growing collection of WCTs that can 
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be stacked together in the fight against weeds. HWSC is typically used in the same year as 

herbicides that are applied earlier in the season. One of the more positive aspects of stacking 

HWSC with herbicides is that all of the weeds surviving the earlier applied herbicides are 

exposed to the HWSC. Therefore, HWSC could be used to proactively target surviving 

herbicide resistant (HR) weeds in the years before HR becomes problematic, which could 

potentially stop or slow the evolution of resistance to these herbicides. Unlike its previously 

demonstrated role in managing weed populations when effective herbicide use is already 

limited by resistance (Jacobs and Kingwell 2016), the potential usefulness of HWSC to reduce 

future HR evolution has not been investigated.  

Any effective herbicide that kills a large number of weeds can theoretically be used alone, to 

control weeds. However, repeated use of a single effective herbicide to control weeds, without 

diversity, can result in rapid resistance evolution (Neve 2008, Powles et al. 1998, Somerville 

et al. 2017). In addition, scenarios with more than one herbicide can still develop resistance, 

including multiple resistance, when other weed control measures are inadequate (Somerville 

et al. 2017). By targeting all weeds present at the end of the year, HWSC can provide 

protection from HR for earlier applied herbicides; however, the level of protection will depend 

on the efficacy of both the herbicide/s and the HWSC. 

We predict that HWSC could potentially delay the evolution of resistance to herbicides when 

used proactively, in addition to its previously demonstrated role in managing populations that 

have already evolved resistance (Jacobs and Kingwell 2016). However, this new potential role 

has not been investigated. The effects of HWSC on weed numbers and HR evolution will likely 

depend on the efficacy of the HWSC itself, and also the herbicides it is used with. Furthermore, 

farmers are likely to prefer to use HWSC less frequently, which could affect its ability to delay 

HR. Weed population modelling is a powerful tool for investigating HR evolution (Neve et al. 

2009, Renton et al. 2014) because it allows the rapid investigation of the effects of different 

management strategies on initially rare resistance alleles in large populations over many years. 

The use of integrated spatial modelling will be useful to facilitate a detailed examination of the 

beginnings of HR evolution, in the years before it becomes noticeable in the field. In addition, 

the combining of initially rare, multiple forms of resistance within individual plants, will be more 

realistically portrayed with spatial simulations. 
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Therefore, the aims of this chapter were to investigate using the SOMER model: 1) the effects 

of HWSC on weed densities and HR evolution when used in conjunction with a less effective 

herbicide system; 2) the effects of HWSC on weed densities and HR evolution when used in 

conjunction with a very effective herbicide system; and 3) the implications of reducing the 

frequency of HWSC from once every year to once every two or three years, when used in 

conjunction with these same herbicide systems. 

Method 
Model structure- incorporation of HWSC 

SOMER is an integrated spatial model that represents the evolution of HR in a weed 

population in a crop field over several years (Somerville et al. 2017). It is currently 

parameterised to represent annual ryegrass (Lolium rigidum) weeds in continuous wheat 

cropping systems. Integrated spatial modelling represents the location and genotype of every 

weed plant and seed within a field, localised pollen and natural weed seed dispersal, seed 

dispersal by harvesting equipment, as well as localised inter- and intra-species competition. 

In this chapter, the SOMER model described in chapter 4 was modified to include HWSC. In 

this new version, overall HWSC efficacy depends on two model parameters: the proportion of 

newly produced weed seed collected by the combine harvester and the proportion of this 

collected weed seed that is destroyed or removed from the field (Fig. 5.1). 

Simulation studies-stacking weed control tactics 

Using the new version of the integrated spatial SOMER model, three studies were conducted 

to investigate the effects of HWSC on weed seed numbers, and the evolution of herbicide 

resistance. All simulations represented an area of 81 hectares divided into 5625 

subpopulations, each within a 144 m2 sector; with the edges of the 81 ha area ‘wrapped’, as 

described in chapter 4. I assumed two independent semi-dominant genes (Busi et al. 2014), 

one conferring resistance to a pre-emergence herbicide and the other conferring resistance to 

a post-emergence herbicide. Both genes had an initial resistance allele frequency of 10-6. I 

also assume there is highly effective pre-seeding weed control to which resistance did not 

evolve. It is assumed weed emergence is ongoing throughout the growing season, which was 

modelled using five discrete sequential cohorts of emerging weeds (Fig. 5.2). The model 

parameters are outlined in Table 5.1 and the weed cohorts are each described in Table 5.2. 

Annual weed control in S&W Australian cropping systems typically includes the use of several 

sequentially applied (stacked) herbicides, that are applied before, during, and then after the 

crop is seeded (Llewellyn et al. 2016). In this thesis, it was assumed that an average 40% of 
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Mature weed seeds growing within a cropped field can suffer five possible fates during harvest 

(Fig. 5.1). In these simulations I have grouped these into three possible outcomes for the weed 

seeds; seeds that were not collected by the harvester and were therefore retained primarily in 

their maternal sector (Fig. 5.1c); seeds removed/destroyed by the HWSC (Fig. 5.1d&g), and 

seeds dispersed behind the harvester (Fig. 5.1f&h). The use of GPS guided harvesting is 

assumed so that the harvester follows the same path, and the collected seeds that survive 

HWSC are dispersed behind the harvester (Blanco-Moreno et al. 2004) in the same direction, 

each year, as was explained in chapter 4. I also assume that some weed seeds are sown with 

the crop seeds (because of contamination) at a consistent average rate of 0.1/m2/yr (Michael 

et al. 2010); in these simulations the contaminating seeds are assumed to be sourced 

externally, from an unselected population 

Investigations- alterations in efficacy and frequency 

Part 1: different HWSC efficacy and the less effective (‘Shorter&Post’) herbicides 

Part 1 investigated how the level of HWSC efficacy affected weed seed numbers and HR 

evolution over time, when used with a less effective herbicide combination (‘Shorter&Post’ 

herbicides in Table. 5.2). The alternate levels of HWSC efficacy that were investigated are 

detailed in Tables 5.3 & 5.4. 

Part 2: different HWSC efficacy and the more effective (‘Longer&Post’) herbicides 

Part 2 investigated how the level of HWSC efficacy affected weed seed numbers and HR 

evolution over time, assuming that the HWSC was used with a more effective herbicide 

combination (‘Longer&Post’ herbicides in Table 5.2). The alternate levels of HWSC efficacy 

investigated here are outlined in Tables 5.3 & 5.4, and are identical to those examined in 

Part 1. 

Part 3: lowered HWSC frequency 

Part 3 investigated how a lower frequency of HWSC (using HWSC less frequently than once 

per year) affected weed seed numbers and HR evolution over 25 years. These studies were 

conducted using an average HWSC efficiency of 85.5%, which has been used in previous 

modelling (Jacobs and Kingwell 2016). This percentage is made up of 90% seed collection, 

and 95% seed destruction, which equates to 10% seed uncollected, 85.5% destroyed, and 

4.5% dispersed behind the grain harvester. In the years that HWSC is not used, an average 

90% of seed is dispersed behind the grain harvester. 
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Delaying, or even halting an increase in weed numbers is important (achieved here with 

‘Shorter&Post’ herbicides and 72% effective HWSC), however, current best farming practice 

also aims to limit the number of HR genes remaining within a field. These simulations showed 

that a reduction in resistance genes was more difficult to achieve than a delay in increasing 

weed numbers, and required a higher level of weed control. The annual HWSC needed to be 

at least 85% effective when combined with the ‘Shorter&Post’ herbicides to halt any increase 

in the percentage of resistant weeds (Fig. 5.5). 

Any reduction in the efficacy of the HWSC resulted in many scattered outbreaks of HR across 

the simulated 81 ha field area. Multiple HR evolution, where weeds contain resistance to both 

herbicides, was also more likely (although still rare) when more of the surviving seeds were 

dispersed across the field by the harvester (Fig. 5.5, lower tier, LHS). 

Part 2: different HWSC efficacy and the more effective (‘Longer&Post’) herbicides 

The more effective ‘Longer&Post’ herbicides (which, when used without HWSC in chapter 1, 

eventually succumbed to multiple resistance) benefited from the addition of annual HWSC. 

HWSC with only 45% efficiency was effective in keeping weed numbers low for at least 25 

years in 49 of 50 replicates (Fig. 5.6). In all replicates, the build-up of single gene resistance 

was slowed when HWSC was added, which, in turn, also lowered the likelihood of multiple HR 

occurring (Fig. 5.7).  

There was a 5-8 year delay between multiple HR first occurring, and the occurrence of a 

meaningful growth in weed numbers. This delay was primarily due to the very low seed bank 

that had resulted from the use of two more effective (‘Longer&Post’) herbicides, and annual 

HWSC (Fig. 5.7). However, due to the stochastic nature of these simulations, one replicate 

with 45% HWSC efficacy with the ‘Longer&Post’ herbicides did evolve multiple HR (Fig. 5.6) 

In addition, without HWSC, when the harvester dispersed the seeds across the field, multiple 

HR was more likely (lower tier of graphs, Fig. 5.7). Multiple HR also occurred in a 

supplementary run with high kill rates (Fig. 5.8), that was simulated with the more effective 

‘Longer&Post’ herbicides, and used a HWSC collection of 92%, with 8% of seed dispersed. 

Multiple HR was more likely in the early years, when the seedbank was larger, but was 

possible in any replicate, in any year, due to the stochastic nature of these simulations. 
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Figure 5.4. The effect of changes in HWSC efficiency on the average number of weeds/m2, when the herbicides used were less effective (‘Shorter&Post’). Fig. 5.4A:- When 
undestroyed seeds were not dispersed at harvest. Fig. 5.4B:- When undestroyed seeds were dispersed behind the grain harvester. The five different simulations (only the worst 
three are graphed here) were created by altering the probabilities that seeds were destroyed by HWSC (or removed from the field). More information on each simulation is 
included in Table 5.3, column 4 (Fig. 5.4A) and Table 5.4, column 4 (Fig. 5.4B). Each line represents one of 25 replicates, run for 25 years.  
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Figure 5.6. The effect of changes in HWSC efficiency on the average weed density, when the HWSC was used with more effective stacked herbicides (‘Longer&Post’). 
Fig. 5.6A:- When undestroyed seeds were not dispersed at harvest. Fig. 5.6B:- When undestroyed seeds were dispersed behind the grain harvester. The five different simulations 
(only the worst three are graphed here) were created by altering the probabilities that seeds were destroyed by HWSC (or removed from the field). More information on each 
simulation is included in Table 5.3, column 4 (Fig. 5.6A) and Table 5.4, column 4 (Fig. 5.6B). Each line represents one of 25 replicates run for 25 years. 
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Part 3: lowered HWSC frequency 

The weaker ‘Shorter&Post’ herbicides kept weed numbers low for at least 25 years when 

supported by the use of annual HWSC with an average efficiency of 85.5%, although this did 

not typically remove all resistance to the high efficacy post-emergence herbicide from the 81 

ha field area (Fig. 5.9A). When HWSC with 85.5% efficacy was used less frequently than once 

every year with the weaker ‘Shorter&Post’ herbicides, both multiple HR and high weed 

numbers occurred more frequently, and increased more rapidly (Fig. 5.9B-D).  

In contrast, when used with the ‘Longer&Post’ herbicides, annual or biennial use of HWSC 

(efficiency at 85.5%) was sufficient to gradually eliminate all HR genes, and keep weed 

numbers below 2/m2 for at least 25 years (Fig. 5.10A&B). Weed numbers only increased in 

the ‘Longer&Post’ treatments when multiple resistance arose, which occurred rarely with 

HWSC used every third year (Fig. 5.10C), and more often without any HWSC (Fig. 5.10D). 

Because of the two very effective stacked herbicides (‘Longer&Post’), the multiple resistance 

within the 81 ha area generally began once, from a single rare individual. This rareness (less 

than one multiple resistant plant/year within each 81 ha area) meant there was a great deal of 

variability in when multiple HR established, in replicates that combined ‘Longer&Post’ 

herbicides with infrequent HWSC (Fig. 5.10B-D). 

Although multiple resistance existed for over 10 years in several of the ‘Shorter&Post’ 

replicates with infrequent HWSC (Fig. 5.7B&C), this did not result in a significant growth in the 

numbers of multiple resistant weeds within 25 years. High densities of multiple resistant weeds 

only occurred, within 25 years, in the simulations without any HWSC (Fig. 5.11A). Contrasting 

this, the ‘Shorter&Post’ herbicide scenarios initially succumbed to large numbers of weeds 

with resistance to the higher efficacy post-emergence herbicide (Fig. 5.11B), and only 

developed multiple resistance once post-emergence resistance was already widespread. 

New mutations had a small chance of occurring in all these simulations, with an average 

annual occurrence of (𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃𝑎𝑎𝑦𝑦 𝑠𝑠𝑎𝑎𝑎𝑎𝑃𝑃 𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)  × 10−8. New mutations occurred most often 

in scenarios where a large number of seeds were produced, because the number of new 

mutations is dependent on the number of seeds. When the majority of the weeds within a 

simulation carried single gene resistance to just one of the herbicides, then it was more likely 

that a seed of that genotype would develop resistance to another herbicide through mutation, 

creating multiple resistant seeds. This meant that multiple resistance eventually occurred in 

many of the simulations that initially carried just resistance to the post-emergence herbicide 

(or occasionally just resistance to either of the pre-emergence herbicides) (Fig. 5.10D). 
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Figure 5.11. Changes in the density of the different genotypes; resulting from the four worst scenarios in parts 2 and 3. These two figures plot the gradual accumulation of 
resistant weeds/m2 that resulted in heavily infested fields by year 25, shown in Fig. 5.9B,C&D & 5.10D. When no HWSC was used, this resulted in multiple resistance 
(Fig. 5.11A), and the less efficient ‘Shorter&Post’ herbicides resulted in resistance to the post-emergence herbicide in Fig. 5.11B. Weed numbers increased to an average greater 
than 1/m2 in four of the eight scenarios included in Fig. 5.9 and Fig. 5.10, due to a lower frequency of HWSC, every 2nd yr (biennial), every 3rd yr (triennial), or no HWSC. 
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Discussion 
The availability of multiple strategies to control weeds, and global concerns about the overuse 

of herbicides, lead to an early push for the use of more Integrated Weed Management (IWM) 

systems (Swanton 1991). In S&W Australia IWM is generally described as the annual use 

(stacking) of several different weed control tactics (WCT), including full strength herbicides, 

and was initially used to both lower weed numbers, and to limit the number of new seeds 

entering the seedbank (Walsh and Powles 2007, Llewellyn et al. 2016). The rationale is that 

a smaller number of seeds would decrease the next year’s weed infestation, and is also less 

likely to contain a rare new mutation that confers HR (Norsworthy et al. 2012). Current thinking 

is moving toward addressing the issue of herbicide stewardship; can IWM (incorporating the 

annual stacking of several effective WCT) be used to confer permanent protection from HR 

evolution? 

Regular, effective harvest weed seed control (HWSC) was found here to be capable of 

delaying or even eliminating the build-up in weed numbers that is a result of herbicide 

resistance (HR) evolution. These simulations suggest that, when farmers have good weed 

control, but are concerned about their underlying resistance levels, HWSC can provide the 

extra pressure needed to eliminate rare resistance genes from weed populations, including 

newly arising mutations. When HWSC frequency was reduced, so that the seeds were only 

targeted every second year (biennial use), the simulations utilising two highly effective 

herbicides (‘Longer&Post’) still maintained low resistance levels. The ability for biennial HWSC 

to maintain low resistance levels had five specific requirements: (1) effective pre-seeding 

knockdowns were utilised; (2) both stacked herbicides were consistently each killing 95% of 

all post-seeding weeds; (3) HWSC was introduced whilst the frequency of resistance was still 

low; (4) HWSC consistently removed or killed at least 85% of all seeds; and (5) HR did not re-

enter the field via imported pollen or seed. In addition, these results imply that if identifying 

and successfully removing rare early patches of multiple resistant weeds was possible, and 

these five requirements were strictly followed, then HWSC frequency could be safely reduced 

still further, to once every third year (triennial use). 

The advantages to be gained by using the ‘Longer&Post’ scenario, compared to the 

‘Shorter&Post’ scenario are more obvious here, in a spatial simulation. Multiple resistance is 

most common in the ‘Longer&Post’ scenario, as either herbicide is providing good control 

alone (Somerville et. al 2017).  The spatial separation ensured that the evolution of multiple 

HR was rare, even with ineffective or infrequent use of HWSC, particularly if any surviving 

seeds are not dispersed within the field, by the grain harvester (compared to the more rapid 

development of multiple resistance seen with non-spatial modelling, in chapter 2). The 
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dispersal of viable seeds across the field reduced the effective life of the herbicides by one 

year (repeating the results from chapter 4), due to a reduction in intra-species competition, 

and also increased the rates of multiple HR evolution (Fig. 5.5&5.7). The very effective weed 

control provided by two herbicides that each killed more than 95% of weeds was only thwarted 

by very rare outbreaks of multiple resistance. These rare outbreaks may be suitable for 

intensive patch management, although effective patch management of outcrossing species 

with established field-wide densities can be difficult, as was discussed in chapter 4. 

Previous research into predictions of the effects of HWSC (Jacobs and Kingwell 2016) have 

concentrated on the effects of HWSC on maintaining low weed numbers. In this chapter, 

research has been extended, to look at reducing the evolution of herbicide resistance. Here I 

emphasise the usefulness of HWSC in minimising both weed seed numbers and the mixing 

of genetic material. HWSC is therefore a useful strategy to not only keep weed numbers low, 

but also delay single and multiple HR evolution, and possibly eliminate both existing and new 

HR mutations from within a field. 

Future research 

Stacking HWSC with multiple herbicides is very effective at protecting herbicides from 

resistance evolution, as it is applied to all the survivors of earlier applied herbicides. However, 

if HWSC is the most effective weed control used each season, then weeds have strong 

selection to develop resistance to HWSC. Examples of heritable weed physiological changes 

that could decrease HWSC efficacy include lodging, shorter or prostrate growth habits, seed 

shatter and earlier flowering (Ashworth et al. 2016). Evolution of resistance to HWSC is an 

area that should be researched both empirically and theoretically in the near future. 

This chapter did not examine the effect of HR weed seed contamination within crop seed 

(which could rapidly spread resistance across the field), if resistant weeds were allowed to set 

seed and contaminate the crop seed. In fact, these simulations incorporated 0.01 unselected 

seeds/m2/year as contamination within the crop seed. When weed numbers are very low (as 

they were in later years of some of these simulations), this level and susceptibility of 

contaminating weed seeds will become more important in diluting resistance evolution and 

affecting resistance percentage calculations. Contamination of crop seed with HR weed seeds 

is an interesting area to investigate in further integrated spatial modelling. Individual patch 

treatment and high levels of crop seed cleaning are useful tools, and are identified here as 

possible management tools to limit multiple HR evolution, particularly if resistance to some 

herbicides is already present in a field where crop seed is being collected.  
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Chapter 6 – Key findings and 

conclusions 

Herbicide resistance (HR) evolution can be likened to a hidden cancer, growing and spreading 

across Australia, and unknowingly intensifying until it begins decimating our few remaining 

effective herbicides. Many farmers are concerned about the loss of effective weed control, and 

want to know more about how they can protect their best, cheapest, most effective weed 

control tactics (WCTs) from resistance evolution. Stacking different WCTs is commonly 

practiced in S&W Australia, and is seen as a positive safeguard against increases in weed 

numbers that can occur due to sudden outbreaks from previously undiagnosed resistance. 

Knowledge about why some herbicides last longer is lacking, as is information on the best 

methods of stacking alternate WCTs to protect our few remaining effective herbicides. 

The general introduction in Chapter 1 reviewed the broad range of WCTs that are available to 

farmers, including how they are incorporated into, and are influenced by, the annual activities 

on a S&W Australian cropping farm. The specific WCTs examined in this thesis were then 

individually discussed, followed by a brief introduction into resistance evolution in general, and 

HR evolution in particular. Population modelling of HR evolution was described, with particular 

emphasis on spatial stochastic models, and how they can be used to learn more about HR 

evolution. The main enquiry avenues evolving from this analysis were: 

1. To determine if differences in the speed of resistance evolution between two herbicides 

could be explained solely by differences in the number of weed cohorts affected by each 

herbicide (Chapter 2). 

2. To build a spatial (individual based) weed population model that predicted the evolution 

of HR (SOMER), and validate the results obtained from its utilisation (Chapters 3&4). 

3. To determine the usefulness of harvest weed seed control (HWSC) in reducing both a 

growth in weed numbers, and the evolution of HR weed populations (Chapter 5). 

There were addressed in the four research chapters of this thesis. The following general 

discussion lists the key findings for each of the four research chapters of the thesis. 
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Key findings: 

Chapter 2: Why was resistance to shorter-acting pre-emergence herbicides slower to 

evolve? 

1. Differences in the speed of resistance evolution to two different herbicides (with 

identical parameterisations) could be generated by simply changing the number of 

weed cohorts affected by each herbicide. (Cohorts are explained in Fig. 1.1 in 

Chapter 1). 

2. When a shorter-acting residual pre-emergence herbicide and a post-emergence 

herbicide were applied sequentially each year (i.e. the ‘Shorter&Post’ simulations), 

there was a ten year delay in HR evolution to the pre-emergence herbicide, compared 

to the faster speed of HR evolution to the post-emergence herbicide. This occurred 

because the post-emergence herbicide affected more weed cohorts, and protected the 

pre-emergence herbicide from resistance. 

3. When a longer acting residual pre-emergence herbicide and a post-emergence 

herbicide were applied sequentially each year (i.e. the ‘Longer&Post’ simulations) the 

use of these two high efficacy herbicides each year meant that the main resistance 

that developed was multiple resistance (to both herbicides). Resistance to only one of 

the ‘Longer&Post’ herbicides was not sufficient to allow weed numbers to increase. 

4. When two herbicides were applied sequentially (to cohort 2 and 3 in Fig. 1), the 

herbicide applied first killed around 95% of the affected weeds, with only 5% remaining 

to be contacted by the second applied herbicide. However, this made very little 

difference to the speed of resistance evolution to these two herbicides in the 

‘Longer&Post’ simulations. This is because the pre-emergence killed 95% of all weeds, 

including many weeds resistant to the later applied post-emergence herbicide. Then 

the post-emergence herbicide killed a large percentage of those remaining 5% of 

weeds, including many weeds resistant to the earlier applied pre-emergence herbicide. 

For that reason, the order that the herbicides were applied had very little effect on their 

speed of resistance evolution, despite the fact that only 5% were still alive, when the 

post-emergence herbicide was applied. 
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Chapter 3: Does adding a spatial component to simulation modelling improve 

understanding and predictions of herbicide resistance evolution? 

1. Incorporating a spatial component into a herbicide resistance population model lead to 

a prediction of slower herbicide resistance evolution. 

2. Pollen dispersal from weeds growing within a cropping field was assumed to be 

affected by intra-specific competition. These interactions (from previous research, by 

Knowles and Ghosh (1968)) could be accurately captured using a Weibull function 

(error = 0.0067). 

3. Initial spatial heterogeneity, with increased biological realism, can be added to the 

spatial weed population model SOMER by implementing a run-in period, but this 

increased the variability between replications. 

Chapter 4: How do spatial resolution and dispersal in weed population simulations 

affect predictions of the evolution of herbicide resistance? 

1. Within a spatial model, the use of sub-population divisions, the magnitude of the pollen 

dispersal parameter, genetic interactions, and grain harvester weed seed dispersal 

(GHWSD) were all found to be important factors in the prediction of rate of change in 

a HR weed population. 

2. Differences in spatial resolution (the size of the sub-populations), within a certain 

range, had little effect on HR predictions. However very large sub-populations, each 

initially containing multiple HR seeds, lost their spatial distinctiveness, which did affect 

predictions. In addition, the stochastic dynamic nature of the simulations had more 

effect on the smallest sub-populations, within 1 m2 sectors. 

3. Fully-dominant resistance spread across a field more rapidly, and generated more 

weeds, than semi-dominant resistance. Fully-dominant resistance also favoured the 

survival of a greater percentage of heterozygous weeds. Finally, fully-dominant 

resistance was more sensitive to the size of the subpopulations used in these spatial 

simulations. 

4. Herbicide resistant weed patches was also investigated, and it was found that the 

central area of patches was composed of mostly homozygous individuals, and 

resistant plants at the outside edge of the patch were commonly spread at least five 

times as wide as the area of the visibly dense patch of weeds. 
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Chapter 5: What is the impact of HWSC practices on weed population dynamics and 

herbicide resistance evolution? 

1. Multiple resistance is much rarer, and develops more slowly, with the integrated spatial 

modelling possible in SOMER. 

2. Harvest weed seed control (HWSC) is a useful tactic to reduce weed population 

numbers, and to reduce both the number and the mixing of HR genes within a weed 

population. 

3. Stacking HWSC with two sequentially applied herbicides (with separate pre-seeding 

weed control), when those herbicides were both highly efficient (i.e. the ‘Longer&Post’ 

simulations, described in Chapter 2) may provide enough selection to maintain a fully 

herbicide-susceptible weed population for at least 25 years. 

Implications and recommendations for management 

There are several implications for management that are of relevance to farmers, agronomists, 

and scientists using simulations to predict future outcomes:  

1. This thesis determined that the rate of resistance evolution for any specific herbicide 

can be strongly influenced by farming management practices. In every simulation in 

this thesis, herbicide resistance developed slower when more weed control tactics 

were stacked together. Farmers battling herbicide resistance evolution need to 

instigate a more integrated approach to weed management (Norsworthy et al. 2012). 

2. Different predictions of herbicide resistance evolution were obtained from spatial 

models (compared to non-spatial simulations), with these predictions influenced by the 

composition of the model. The greater biological realism of these spatial simulations 

suggests that these are more accurate predictions, and thus spatial modelling should 

be considered when using weed models to generate prescriptive recommendations on 

strategies to delay herbicide resistance evolution. 

3. Alternate parametrisations of spatial resolution need to be examined when using 

models to investigate evolution involving movement of pollen and seeds. The choice 

of spatial resolution in weed population models will influence the results in comparative 

studies, particularly when comparisons are being made between fully-dominant and 

semi-dominant resistance. 

4. This thesis determined that patch management (i.e. practical management of dense 

patches of HR weeds) is a difficult undertaking when the weed species is typically 

tolerated at low levels, and breeds with obligate outcrossing. It is recommended that 
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fields containing several patches of resistant weeds meeting these criteria are treated 

with broad scale management. Specific patch management will be more effective 

when limited to rare patches (which are more likely to be multiple resistant), where a 

broad surrounding area is repeatedly treated, and the treatment begins when the 

patches are small. 

5. Incorporating HWSC into a system that includes the annual use of several effective 

herbicides is useful in lowering weed numbers and delaying the evolution of herbicide 

resistance. 

Future research 

This thesis has highlighted some key areas for future research. 

1. Initial spatial heterogeneity of biological populations generates an increase in the 

biological realism (González-Andújar and Saavedra 2003), and can be added to the 

spatial weed population model SOMER by implementing a run-in period. However, I 

found that this increased the variability between replications, and so for this thesis I 

did not use a run-in period, to facilitate comparisons. However, this initial spatial 

heterogeneity is likely to affect resistance evolution because resistance alleles will be 

spatially aggregated (clumped), due to localised genetic relatedness. This clumping 

may serve to mediate the differences between 1m2 sectors and larger sub-populations 

caused by genetic drift, and future research should investigate the impacts of this 

initial spatial heterogeneity on resistance evolution simulations. 

2.  Patches of HR weeds do occur naturally (Beckie et al. 2005, Blanco-Moreno et al. 

2006) and some pertinent management issues were raised here, in chapter 4. 

However, patch management strategies are becoming more popular (reviewed in 

Shaner and Beckie 2014), and should be directly investigated using a spatial model 

such as SOMER. This should include separate consideration of both single and 

multiple HR weedy patches. 

3. Polygenic resistance can occur rapidly (Manalil et al. 2011), and is a likely avenue of 

morphological and phenological changes that could increase avoidance of harvest 

weed seed control (Ashworth et al. 2014). Further investigations into this are 

warranted. 

4. Contamination of saved crop seed by weed seed retained at harvest is a further area 

of worthy research, when seed banks become very small, as occurred in these 

simulations, the level of resistance and contamination in re-sown weed seeds will 
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become more important. However, the effects of this are, as yet, unexplored in any 

quantitative way. 
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