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Abstract

Modern cropping systems throughout the world are highly dependent on herbicides for
weed control. Herbicide resistance threatens the sustainability of these cropping systems.
Growers are being encouraged to adopt integrated weed management ( I W M ) practices
that place less reliance on herbicides to delay, if not prevent, further resistance
development. This study examines the factors influencing the adoption of r W M by
Australian grain growers, and opportunities for extension to improve herbicide resistance
management.
In Australia, grain growers face one of the most challenging resistance problems, with the
major weed, annual ryegrass, being most commonly affected. In a field survey conducted
as part of this study, a majority of cropping fields in the Western Australian wheatbelt
were found to contain a resistant population. However, resistance to all herbicides
available for the in-crop control of ryegrass remains uncommon, suggesting that all
growers still have the opportunity to conserve herbicide susceptibility. A framework for
understanding the adoption of I W M practices was developed. Essentially grain growers
are seen to be managing a potentially exhaustible resource, herbicide susceptibility, and to
select the optimal level of exploitation of that resource over time.
A survey involving personal interviews with 132 Western Australian grain growers was
conducted.

Subjective probability distributions and other perceptions of herbicide

resistance and integrated weed management factors were elicited. These and other
variables were used in logit and tobit regression models to explain the use of r W M based
on the resource management framework. Perceptions of r*VM practices were influential
in explaining adoption, so too were perceptions of the herbicide resource.
On average, growers had a high level of knowledge of TvVM practices and herbicide
resistance development. However, a large dispersion among growers was found for some
factors and some c o m m o n misperceptions were identified. A n experiment evaluating the
influence of targeted information demonstrated that, within limitations broadly consistent
with a Bayesian learning model, a role exists for extension in improving grower
knowledge and increasing adoption of I W M practices.
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CHAPTER 1
Introduction
1.1 Background
With the release of 2,4-D in 1946 the agrichemical industry began the introduction of an
increasingly sophisticated range of herbicide products that has revolutionised world
agriculture. This herbicide technology has been associated with major changes in farming
practices. These changes include more frequent cropping, the ability to grow crops that
were less competitive with weeds, reduced cultivation, and reduced burning of crop
residues (Gressel, 1997). The latter two trends form part of the shift to what has been
referred to as 'conservation tillage', a major aim of which is to reduce soil erosion risks
(Hamblin, 1987). The modern farming system that has evolved is one that relies heavily
upon herbicidal weed control, with global herbicide sales estimated to n o w exceed U S $ 1 5
billion (Wood-Mackenzie, 1999).
In Australia, the late 1970's saw the commercial release of herbicide products that gave
growers the opportunity to selectively control grass weeds within broadacre crops,
including wheat, the most widely grown crop in Australian agriculture. The six-fold
increase in the real value of Australian herbicide sales in the two decades from 1975 to
1994, which far exceeds increases in fungicide and insecticide sales ( A B A R E , 1999a),
has been largely attributed to the introduction these n e w herbicides (Evans et al., 1996).
The first of these products included diclofop and chlorsulfuron which were highly
effective in controlling major grass weeds, including the ubiquitous annual ryegrass
{Lolium rigidum).

Given the importance of grass weeds in Australian cropping

(Alemseged et al., 1999), these and similar herbicides that are able to be applied post-crop
emergence to control highly competitive weeds facilitated the intensification of Australian
cropping over the past two decades. Increasing the frequency of cropping gave farmers
the opportunity to maintain overall farm income despite substantial reductions in the
value of wool production (Kingwell et al, 1999); the other major landuse on Australian
grain producing farms.
1
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The shift from the traditional rotation of a cereal crop followed by a grazed pasture
containing nitrogen-fixing leguminous pasture species saw the increased adoption of
alternative non-cereal crops. A s reported by Marsh et al. (2000), the growth and success
of the lupin industry in Western Australia is one of the more remarkable examples.
Between 1980 and 1990 the area sown to the leguminous crop lupins (Lupinus
angustifolius) increased from less than 100000 ha to 877000 ha. The n e w cropping
rotations that resulted included less opportunity for weed control by grazing sheep,
included crop species such as lupins which are less competitive with weeds, and involved
earlier sowing times with fewer annual cultivations to avoid increased risk of soil erosion.
The weed control opportunities lost in this shift in farming practice were largely
substituted with increased herbicide use. In Western Australia, the average grain grower
n o w spends over $40 on herbicides per hectare of crop ( A B A R E , 1999b).

1.1.1 Herbicide resistance and integrated weed management
The ability of pests to evolve resistance to pesticides used for their control has often been
established soon after their respective introductions throughout the world.

This is

demonstrated by early reports of insecticide (Melander, 1914) and herbicide resistance
(Ryan, 1970). Indeed, the confirmation of the first diclofop resistant annual ryegrass
population almost coincided with its commercial release (Heap and Knight, 1982). T h e
evolution of herbicide resistance n o w threatens the sustainability of existing farming
systems worldwide. The major weed in Australian cropping, ryegrass (Alemseged et al.,
2001), has demonstrated the ability to evolve resistance to most of the major herbicide
chemistries used for its control (Heap, 1997). The lack of alternative herbicides to control
multiple herbicide resistant ryegrass places it among the most challenging of the world's
herbicide resistance problems (Heap, 1997; Preston et al., 1999).

The use of a more diverse range of weed control practices is often referred to as integrate
weed management ( I W M ) (Swanton and Weise, 1991). Increased use of I W M and the
reduced reliance on herbicides has been widely promoted by weed science researchers
(Gill, 1997; Jordan and Jannink, 1997; Moss, 1997). This has been motivated sometimes
by environmental concerns related to herbicide use, although more often as a response to
concerns regarding the sustainability of modern weed management systems. The rapidly
increasing number of cases of herbicide resistance (Heap, 1997) together with lack of
herbicide products with new modes of action has been a major motivation for the

2
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development of I W M systems (Powles et al., 1997). In this thesis, practices that allow
herbicide resistance selection pressure to be reduced are referred to as ' I W M practices'.
In Australia, IWM adoption by Australian grain growers has been directly attributed to
the management of herbicide resistant ryegrass populations (Powles and Matthews, 1991).
With no selective herbicide for monocot weed control with a novel m o d e of action being
introduced to the Australian broadacre cropping market in the past two decades, the need
for alternative weed control methods has been further accentuated. T o address this threat
to cropping systems, increased adoption of I W M practices, reduced reliance on herbicides
and a reduction in herbicide resistance development are among the objectives of research
and extension agencies such as the Grains Research and Development Corporation,
Department of Agriculture, and the Cooperative Research Centre for W e e d Management
Systems. A n understanding of the herbicide resistance management problem from a
farmer perspective is necessary if programs are to be effective in meeting these
objectives.

1.1.2 Economics and adoption of integrated weed management
Research into the adoption of agricultural innovations suggests that those with an
objective of delaying or preventing further herbicide resistance development and
achieving high levels of I W M adoption face major challenges. B y most definitions I W M
represents a complex innovation and, in terms of delaying or preventing herbicide
resistance development, it can also be described as a preventative or conservation
innovation (Pannell and Zilberman, 2001; Rogers, 1995). The adoption of complex
innovations involves more than the substitution of a single existing technology and
requires the learning and management of a multi-element system (Pannell, 1999a).

A

preventative innovation m a y require short-term costs for an uncertain return (or reduced
cost) at some time in the future. Both characteristics are associated with slower rates of
adoption (Pannell, 2001; Rogers, 1995; Vanclay, 1992).
A primary requirement for high levels of adoption is profitability (Lindner, 1987). The
characteristics detailed above can act to m a k e the profitability of I W M adoption difficult
to ascertain. It is sometimes argued that it is generally only farmers with herbicide
resistance w h o adopt I W M and that more pre-emptive use of I W M practices needs to be
encouraged (Dyer, 1997; Roush and Powles, 1996). This suggests that only farmers w h o
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are forced to manage herbicide resistant weeds perceive I W M adoption to be profitable,
that is, w h e n particular herbicides become unprofitable due to resistance.
Research into the economics of resistance management began with studies of the
insecticide resistance problem in the 1960's (Hueth and Regev, 1974) where the efficacy
of a very limited range of insecticides could be completely exhausted through resistance
development with very few alternative control measures available. The economics of
herbicide resistance management, incorporating the use of a number of the alternative
practices that are available for weed control, has only received attention more recently.
With the exception of Orson (1999), the studies have largely focused on bio-economic
modelling of herbicide resistance management in Australian cropping (Gorddard et al.,
1995; Gorddard et al., 1996; Pannell et al., 2001; Schmidt and Pannell, 1996).

No

published empirical study has investigated farmer perceptions of the factors influencing
the economics of herbicide resistance management and I W M adoption.
Concerns exist among weed scientists and agronomists that the current level of IWM
adoption is economically suboptimal and that farmers m a y be ignorant of the longer term
costs of herbicide resistance development (Dyer, 1997; Roush and Powles, 1996). Given
that herbicide resistance is seen to result in mainly private costs to farmers, policies
limiting herbicide use for the prevention of herbicide resistance are generally not
considered appropriate (Miranowski and Carlson, 1986; Pannell, 1998).

Policy to

increase the adoption of I W M and reduce selection pressure for herbicide resistance is
generally restricted to projects aimed at overcoming a lack of information, or ignorance.
Herbicide companies are usually not expected to invest heavily in promoting the
conservative use of a n e w herbicide given the limited patent life of herbicides and the
need to capture m a x i m u m profits during the patent period (Roush and Powles, 1996). A s
a result, research and extension programs promoting awareness of herbicide resistance
risks and I W M adoption are largely undertaken by government and farmer-funded
research organisations. This study aims to provide insights into h o w the investment from
this sector can most effectively benefit weed management decision-making by growers
and the achievement of optimal use of the herbicide resource over time.
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1.2 The study
To establish a framework for considering the profitability of IWM adoption, principles of
resource economics are integrated with a bioeconomic model for optimal weed control.
T o inform the development of this framework, the first random field survey of ryegrass
populations in Western Australia was conducted to determine the extent of resistant
ryegrass and the level of susceptibility remaining to major post-emergent selective
herbicides.
Given the interest in the role of extension and information, the study investigates farmer
perceptions of key factors in considerable detail. In the Bayesian learning model
employed here, it is upon these perceptions that information and learning are shown to act
to influence adoption decisions. A survey, based on personal interviews with Western
Australian grain growers, is used to measure perceptions and other variables hypothesised
to be of influence in deterrnining the perceived profitability of the adoption of I W M
practices and subsequently adoption. The inclusion of farmer perceptions of innovation
(and problem) characteristics in modelling adoption decisions is consistent with the
'adopter perception' paradigm (Adesina and Zinnah, 1993; Kivlin and Fliegel, 1966;
Lindner and Gibbs, 1990; Lynne et al., 1988). This is the basis of a relatively small, but
growing, number of adoption studies aimed at identifying opportunities for increased
adoption based on farmer perceptions (Adesina and Baidu-Forson, 1995; Sail et al.,
2000). There has been no similar study of resistance management and adoption of r W M
practices.

1.3 Objectives
Major objectives of this thesis include:
• To construct an appropriate conceptual framework to be used in understanding the
I W M adoption behaviour of grain growers, including the role of herbicide resistance.
• To produce an empirical model of adoption identifying important factors in the
adoption of I W M practices.
• To identify influential perceptions held by growers that may be effectively targeted by
extension programs to improve grower decision making.
5
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• To evaluate the influence of targeted information on specific grower perceptions and
I W M practice adoption.
• To characterise the extent of the herbicide resistance problem in the Western
Australian wheatbelt as it relates to the exhaustion of the available herbicide resource
for selective control of a major weed, and to use this information in achieving the
above objectives.
• To develop measurement and analysis techniques suited to the study of multicomponent agricultural innovations such as integrated pest management.

1.4 Thesis outline
The thesis is arranged into 11 chapters beginning with two chapters describing the
theoretical and problem-specific context for this study. In Chapter 2, literature relating
to the understanding of the adoption of agricultural innovations is reviewed. Whilst the
vastness of the adoption and diffusion literature is recognised, the review is largely
focused upon the role of information and learning. Given the nature of I W M and the
herbicide resistance management problem, particular consideration is also given to
empirical studies involving more complex adoption scenarios, including studies of
integrated pest management. Chapter 3 describes a biological study of the herbicide
resistance problem in Western Australian cropping regions. This first random field
survey of the extent of herbicide resistance in the state indicated the seriousness of the
problem, but it also demonstrated that, to some degree, conservation of selective herbicide
susceptibility remains an option for all growers. The results also suggest that the presence
of c o m m o n forms of herbicide resistance is not generally associated with greater weed
numbers. This suggests that alternative practices are being used to maintain numbers at
relatively low levels.
Results described in Chapter 3 were used to inform the development of the conceptual
framework for herbicide resistance management detailed in Chapter 4. T h e framework
integrates concepts of resource economics and modelling of optimal weed management.
The role of uncertainty in understanding growers' weed management decisions is
identified and hypotheses are developed relating to the influence of grower perceptions on
the adoption of I W M practices.
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These hypotheses are tested using data from the questionnaire detailed in Chapter 5.
Also described is the survey methodology, which involved personal interviews with grain
growers from two cropping regions of Western Australia in 2000 and 2001. The data
forms the basis of the empirical results presented in subsequent chapters.
Results relating to herbicide resistance-related factors are described in Chapter 6.
Indices developed to measure the level of herbicide resistance development on a property
are described. O n average, growers are found to have an understanding of herbicide
resistance development consistent with research knowledge, although some possible
misperceptions are identified. Perceptions of the rate of herbicide efficacy depletion are
examined and related to the perceived rate of renewal. The possibility of behaviour
consistent with a common-property resource is also raised.
Chapter 7 contains a description of the level of adoption of IWM practices by growers,
including the relationship between I W M practice use and herbicide resistance status.
Perceptions of I W M practices are presented. The survey results are used to produce a
categorisation of I W M practices based on their economic value as weed management
practices.
Variables described in Chapters 6 and 7 form part of the regression analyses presented in
Chapter 8. T o accommodate perceptions of multiple practices, principal component
analysis is used to generate indices for key perceptions. Together with a range of other
socio-economic variables, perceptions of herbicide resistance and I W M factors are used
in logit and tobit models describing the adoption of multiple I W M practices and the extent
of I W M practice use. Extension and grower perceptions of herbicide resistance and I W M
attributes are shown to be important in explaining adoption. The potentially important
role for information suggested by these results is examined theoretically and empirically
in the following two chapters.
Based on the Bayesian learning approach used by several decision-theoretic models of the
adoption of agricultural innovations, in Chapter 9 a framework is developed for
considering the influence of information on grower perceptions of I W M utility.
Integrating empirical information on the use and exposure of growers to I W M and
herbicide resistance information, hypotheses are developed on h o w extension programs
m a y be targeted to have the greatest influence in improving decision-making.
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These hypotheses are tested in Chapter 10 using the described learning experiment.
Changes in grower perceptions are measured over a 12-month period and the influence of
participation in a targeted extension event are evaluated and related to the Bayesian
learning framework. The potential for a targeted extension event to influence perceptions
and adoption of I W M is demonstrated. This and findings from other chapters are
summarised in Chapter 11 where a discussion of the potential for extension to improve
growers' weed-management decision making concludes the thesis.

8

CHAPTER 2

Understanding of the adoption of agricultural
innovations: a review
2.1 Introduction
The adoption and diffusion literature is vast. Contributions have come from a range of
disciplines

including

economics, sociology, geography, extension, psychology,

anthropology and marketing. Studies of agricultural innovations are prominent in the
literature, and it is from thisfieldthat the majority of literature has been drawn for this
review. The m a n y studies of broader adoption and diffusion processes that have also
m a d e significant contributions to the understanding of agricultural adoption are also
recognised in this review.
The aim of this chapter is to extract from the extensive literature, insights that best
contribute to an understanding of the adoption of I W M practices. Beginning with broader,
theoretically focused studies of diffusion and adoption processes, emphasis is given to the
role of information and learning. In line with the nature of I W M and the herbicide
resistance management problem, particular consideration is given to more complex
adoption scenarios such as those involving multiple components and conservation
innovations. Finally, literature on I P M is discussed together with the very limited number
of studies specifically examining weed management.

2.2 Adoption and diffusion
Differing notions of adoption and diffusion have at times been apparent (Warner, 1974).
In this study, adoption refers to an individual's decision to use or not use an innovation. It
follows that the process whereby an individual reaches thisfinaldecision is the adoption
process; a variation on the 'innovation decision process' referred to by Rogers (1995) (a
recent edition of a book which began as Rogers (1962)). The cumulative spread of
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individual adoption decisions over time is referred to as diffusion (Feder and Umali, 1993;
Lindner, 1987; Rogers, 1995). Although the focus here is on adoption, the extensive
diffusion literature offers some valuable insights into key aspects of the adoption process.

2.2.1 Diffusion
The rural sociology research tradition is credited with forming the paradigm for diffusion
research (Rogers, 1995) and the strong emphasis on information flows. O n e of the most
influential studies is that of Ryan and Gross (1943) w h o investigated the diffusion of
hybrid corn varieties throughout the Iowa farming community. The study examined the
time lags between the release of the innovation, farmers first hearing of the innovation,
and adoption, with a focus on the communication channels acting on each stage of the
process. Ryan and Gross were among thefirstresearchers to suggest that an individual
passes through different stages in the process of adopting a n e w idea. However, the
pattern of diffusion that they observed is also a highly enduring aspect of their study; the
sigmoid curve of cumulative adoption.
The changing rate of adoption was largely attributed to the role of the increasing numbers
of farmers w h o had successfully adopted the innovation influencing those w h o were yet to
adopt via interpersonal communication.

According to Rogers (1995) the research

paradigm created by the Ryan and Gross study became the academic template that was to
be adopted, not only by other rural sociologists, but also by almost all other diffusion
research traditions.
Spatial aspects of innovation diffusion
The early emphasis on the role of communication and information in diffusion research
led to greater attention being given to spatial factors (Rogers, 1995; Ruttan, 1996). The
importance of locational and spatial characteristics was demonstrated by geographers
(Hagerstrand, 1967) w h o pioneered the modelling and mapping of h o w distance affects
the diffusion of innovations. The work introduced what is called the 'neighbourhood
effect', where an individual w h o is closer to a previous adopter is more likely to adopt
than someone further away.
Models of neighbourhood-effect patterns were further developed to incorporate other
supply aspects such as diffusion agencies (Brown et al., 1976). A study of the adoption of

10

Chapter 2
trace element fertiliser in South Australia by Lindner et al. (1982) reinforced the role of
spatial issues in the diffusion process. The study found both proximity to other early
adopters and the distance from the farm to the source of the innovation to be important.
Other information-related variables and their role in determining the rate of adoption are
discussed in later sections.
The role of profitability
Griliches (1957) application of econometric methods to the diffusion of hybrid c o m
pioneered the introduction of economic variables to explain the diffusion pattern.
Through fitting logistic growth functions to the diffusion curves of a number of U S states
and districts, he characterised differences between the areas in terms of the ceiling level of
adoption, a measure of the speed of adoption, and the date of commencement of the
diffusion process. H e then found that m u c h of the variation in these variables between
different locations could be explained by differences in profitability.
From the pioneering diffusion studies (Griliches, 1957; Griliches, 1960) to more recent
observations

(Feder and Umali, 1993 ; Marsh et al., 2000), it is evident that the

profitability of an innovation can explain m u c h of the variation in the speed of adoption
and the long-run ceiling adoption level.

Empirical evidence on the diffusion of high

yielding varieties during the Green Revolution, as reviewed by Ruttan (1977) produced the
supporting generalisation that the n e w high yielding varieties were adopted at
exceptionally rapid rates in those areas where they were technically and economically
superior to local varieties. Lindner (1987) noted that the ceiling level of adoption in those
areas was also very high.
Lindner (1987) states that as long as methodologically flawed studies are ignored, there is
"overwhelming evidence that the ultimate decision of potential adopters to adopt or reject
an innovation will be consistent with their o w n best-interest."

The definition of an

adopter's best-interest is m u c h broader than net financial returns and can accommodate
firm-specific factors such as risk, h u m a n capital, credit, and personal preferences. It is
recognised, however, that the profitability of the innovation is "unquestionably an
important, and perhaps even the single most important, determinant of thefinalchoice to
adopt or not (p. 148)."
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Economists later developed models of diffusion that incorporated risk, uncertainty and the
learning process (Feder, 1980; Feder and O M a r a , 1982; Jensen, 1982 ; Stoneman, 1981).
These, like most diffusion models (Geroski, 2000), are shown to be still capable of
producing the classical sigmoid diffusion curve. Most of this work is based on the central
proposition that more profitable innovations are more likely to generate more positive
messages about the desirability of adopting. Further review of literature on information
and learning is included in later sections. A s suggested by several authors (Feder and
Umali, 1993; Jensen, 1982; Lindner, 1987; Tsur et al., 1990), increased understanding of
the entire diffusion process is possible through incorporating closer examination of the
adoption decision process at the level of the individual.

2.2.2 The adoption process
The heterogeneity in adoption behaviour that leads to the sigmoid diffusion curves was
explained in several studies using a relatively static framework (Feder, 1980; Feder, 1982;
Just and Zilberman, 1983).

Focusing on Green Revolution-type high yielding crop

varieties, the adoption decision was treated, essentially, as one of optimal land allocation,
with risk being a primary consideration.

The studies generally demonstrated the

importance of relative risk aversion, together with farm size, adoption costs and the
availability of credit. Feder et al. (1985) suggest that these static models of adoption
behaviour have yielded interesting hypotheses regarding the dynamic properties of the
adoption process. However, the limitations of the approach lie in the ability to analyse the
evaluation process before the adopter chooses to use a n e w innovation.
The introduction of a learning process allows for more rigorous investigation of the
dynamics of the adoption process (Feder et al., 1985). Acknowledgement of a learning
process through which farmers adjust their perceptions (Hiebert, 1974; O'Mara, 1971), led
to the recognition of the lag time from awareness to adoption (Lindner et al., 1979;
Lindner and Fischer, 1981). This is consistent with the generally recognised concept of
stages in the adoption process (Beal et al., 1957; Rogers, 1995).
A failure to recognise the dynamic learning process in adoption studies can result in poor
explanatory power and contradictory findings (Braden and Eales, 1986; Lindner, 1987).
Unless the diffusion process is complete, and it can be assumed that all producers are close
to being fully informed, m u c h of the difference in adoptive behaviour during the adoption
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process m a y be due to different perceptions of profitability due to different levels of
knowledge (Lindner, 1987).
The potential biases associated with using cross-sectional data to evaluate a dynamic
process (Cameron, 1999) can be overcome by including measures of growers' information
status (e.g. perceptions) in the adoption model (Lindner, 1987). M o r e recently, the
econometric framework of duration analysis has been applied to cross-sectional data to
allow adoption and diffusion to be investigated together within a dynamic process (De
Souza Filho et al., 1999). In this case, the duration can be defined as the period from the
beginning of the diffusion process to the time of adoption, with cross-sectional data
collection requiring adopters to recall the year in which adoption took place.
Stages of the adoption process
Stages in the adoption process have been described using various terms (Beal et al., 1957;
Lindner et al., 1982; Rogers, 1995). Essentially, they relate to the information status of the
potential adopter. Beginning with the stage from an innovation's existence to awareness
of existence, the stages proceed through the evaluation of the innovation prior to its first
use by the potential adopter, and evaluation using on-farm trailing prior to the decision to
fully adopt (or reject) the innovation.
Whilst some have suggested that additional stages may exist between awareness and
adoption (Beal et al., 1957; Rogers, 1995), in applying the concept of stages to an
empirical economics study of adoption Lindner et al (1982) refers to a three-stage process.
T h e components of the total lag from availability to adoption were conceptualised as the
Discovery stage, the Evaluation stage and the Trial stage. This simpler categorisation
recognises the difficulties in effectively identifying more specific sub-stages of learning
within the Evaluation stage.
The role of learning and information
A s stated by Hiebert (1974), initially decision-makers do not k n o w everything that
matters.

This is overcome through the stages of adoption that follow discovery where

information is acquired and processed. Recognising that the adoption process involved
decision making under uncertainty where learning can occur, allowed for greater insights
into the determinants of the length of the adoption stages.
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A Bayesian approach
In an effort to improve the specification of the learning process, O M a r a (1971) introduced
a Bayesian approach to modelling of the adoption decision process. This formalised the
process where farmers revise their prior beliefs about an innovation by collecting and
assimilating further information.

Later, Lindner et al (1979) developed a Bayesian

learning model to better explain the observed time lag between w h e n a decision maker
first learns of the existence of an innovation to w h e n a decision is m a d e to adopt it. This
and other theoretical studies (e.g. Jensen, 1982; Stoneman, 1981) used a Bayesian
approach to verify that the time to adoption will be shorter if the innovation is actually
more profitable and if the farmer's initial degree of optimism about the profitability is
higher. The ability of a Bayesian-based model to generate the commonly observed
sigmoid diffusion curves has also been demonstrated (Fischer et al., 1996; Jensen, 1982;
Shampine, 1998; Stoneman, 1981).
A number of studies make the assumption that adoption will take place once the
innovation is perceived to be more profitable than the original technology (Feder et al.,
1985; Lindner et al., 1979; Stoneman, 1981). S o m e allow for the learning that m a y take
place during a trial or experimentation stage before thefinaladoption decision is m a d e
(Abadi Ghadim and Pannell, 1999; Tonks, 1983). All studies in this group place learning
and the reduction of uncertainty centrally in the adoption process, with investment in
trialing a demonstration of the value attributed to information. Lindner, in unpublished
works cited by Feder et al. (1985), found that in some cases n e w innovations m a y be
trialed before they are perceived to be profitable because of the value attributed to the onsite information. D o n g and Saha (1998) argue that for adoption to take place it is not
necessarily enough that a n e w technology is expected to be more profitable as, in the
absence of trialing, the value of further reducing uncertainty by waiting for more
information m a y be higher. C o m m o n to each argument is the importance of reducing
uncertainty, the value of information, and the application of Bayesian learning in the
adoption process.
Although the assumption that farmers use Bayesian learning rules to update perceptions
has been described as plausible (Feder et al., 1985), its validity has not been rigorously
tested. A study by Lindner and Gibbs (1990) attempted to empirically test the validity of a
Bayesian learning model in the adoption process of an agricultural innovation. Like an
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earlier evaluation of changes in farmers' perceptions following an extension event (Knight
et al., 1987), the study showed that posterior beliefs were not entirely consistent with
Bayesian updating. It is suggested that Bayesian adoption models are best treated as a
mathematical analogue for the adoption process rather than a literal description of h o w
farmers revise subjective beliefs about prospective innovations.
Learning by doing
According to Warner (1974) it is generally assumed that an innovation is not used with
maximal efficiency instantaneously, with experimentation and learning necessary before
peak efficiency is attained. A s discussed above, where an innovation is divisible, that is,
where the degree of use of the innovation is also a consideration rather than just a simple
adopt/don't adopt decision, there is the opportunity for learning by using the innovation
before final adoption levels are decided upon. The trial phase involving learning-by-doing
represents a form of active information accumulation that can contribute more than just
uncertainty reduction.
Practicing with a new innovation can improve the performance of the innovation (Feder et
al., 1985; Tsur et al., 1990). This is recognised in the adoption model of Jovanovic and
Nyarko (1996) where the more an innovation is used, the more productivity increases
through increases in expertise or h u m a n capital. Trialing or learning-by-doing can
therefore be seen to act in two ways. O n e is the reduction in uncertainty, through a
Bayesian learning process for example (Cameron, 1999). The other is to increase the
actual profitability of the innovation by improving skills (Abadi Ghadim and Pannell,
1999; Tsur etal., 1990).

The importance of learning-by-doing and skill development is emphasised by Jovanovic
and Nyarko (1996). They assume that the more someone uses a technology the more
skilled and productive they get, such that any change to a considerably different new
technology results in a temporary drop in expertise. For this reason, someone w h o is
highly skilled at a technology m a y be slower to adopt a n e w technology than someone w h o
is less skilled with the old technology, as adoption could result in a greater productivity
drop.
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Determinants of the time to adoption
Using the conceptual adoption frameworks discussed in previous sections, the majority of
studies have focused on determinants of the time to adoption, or in an aggregate sense, the
rate of diffusion. That the duration of each of the stages of adoption can be substantial
was among the early findings by sociologists such as Ryan and Gross (1943). A s an
indication of the total time to adoption in more recent times, Marsh et al. (2000) found that
from the time of release of a relatively advantageous crop type in 1979, it generally was
not until 1987 that the number of farmers growing the crop peaked. In this section factors
found to be associated with the length of each adoption stage are discussed.
Time to awareness of an innovation
Models of diffusion have often assumed that all farmers become aware of an innovation at
the same time (Feder and O M a r a , 1982; Jensen, 1982). This reflects the c o m m o n
disregard for the discovery stage that exists between an innovation becoming available and
potential innovators knowing of its existence. The c o m m o n assumption in economics that
the best technology is known was targeted for criticism by Stigler (1961) w h e n addressing
investment in the search for information to overcome ignorance. Early sociological
studies such as Ryan and Gross (1943) showed that cumulative innovation discovery
followed a similar pattern to classical cumulative adoption (i.e. the sigmoid curve) and that
several years could elapse between the time of first availability and the time w h e n most
farmers knew of its existence.
The more recent study by Lindner et al. (1982) using data on the adoption of trace element
technology from the 1940s, showed a mean time to innovation discovery of over three
years amongst a population of early adopters. They found that the proximity to the source
of the innovation reduced the time taken for the innovation to be discovered. A higher
level of education was shown to reduce the effect of distance. Larger farm size reduced
the time to innovation discovery. Thesefindingswere consistent with the proposed model
where the information search for innovation discovery was an active component. For
example, larger farm size improves the potential return to investment on information
search, hence managers of larger farms are more likely to invest more in the search for
new innovations.

16

Chapter 2
Given the significant developments in communication technology and education since the
1940s, more recent studies are likely to be more relevant to today's environment. Gibbs et
al. (1987) surveyed South Australian farmers in 1983 to establish their time to discovery
for a number of innovations. Twenty innovations were studied, including n e w crop
varieties, herbicides and drenches. For most of these innovations, the time between the
first farmer discovering the innovation and 50 per cent of farmers in the sample
discovering the innovation was more than a year. It is worth noting, however, that for
several innovations more than 50 per cent of farmers had discovered the innovation before
it was commercially released. Aspects which had no significant effect on the time to
discovery included: the amount of publicity an innovation received; whether they were
developed commercially or by government agencies; whether the innovation was aimed at
increasing productivity or solving a problem; or the nature or physical type of innovation
(e.g. crop variety, agri-chemical).
The consistently substantial length of time between the date of the first farmer discovering
a particular innovation and the median discovery date clearly showed that differences in
the time to discovery need to be recognised when considering the overall time to adoption.
The Gibbs et al. (1987) study showed that farmers w h o discovered one innovation early
did not necessarily discover all innovations early, with the discovery process appearing to
be somewhat random. O f the 35 farm or farmer characteristics measured, none were
consistently related to the time to innovation discovery, although where a relationship did
exist, it showed that larger farm enterprises tended to have earlier discovery times.
Rogers (1995) summarises research on the time to knowing about the existence of an
innovation into seven generalisations about early knowers in relation to later knowers:
(1) They have more formal education;
(2) They have higher socioeconomic status;
(3) They have more exposure to mass media channels of communication;
(4) They have more exposure to interpersonal channels;
(5) They have more change agent contact;
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(6) They have more social participation;
(7) They are more cosmopolitan (p. 166).

These are quite similar to the generalised characteristics of innovators also put forward by
Rogers. Similarly, Lindner et al. (1982) found that the set of significant coefficients for
the time from availability to discovery were similar to those explaining the time from
availability tofirstuse. This resulted in the suggestion that, in their study, the explanation
of the lag to adoption was mostly an explanation of the lag to discovery.
Time from awareness to first use
Whether in earlier static adoption models (e.g. Feder, 1980), or in the n o w generally
established dynamic learning approach, several determinants of the time to adoption have
received m u c h of the attention. Amongst the most prominent are risk and risk aversion.
When considering adoption as a decision involving uncertainty, intuitively it would be
expected that increasing aversion to risk would extend the time to adoption.

Most

theoretical models support this (Feder and Umali, 1993), although some suggest that, in
some cases,riskaversion can shorten the time to adoption. This has been attributed to the
risk of not trying and learning a n e w innovation being greater than trying a n e w innovation
with uncertain benefit in the short-term (Tsur et al., 1990). W h e n risk management over
the whole farm is considered, partial adoption of a n e w innovation m a y be more desirable
for a more risk averse decision-maker as the diversification could reduce the overall
variability of farm profits (Lindner and Fischer, 1981).
Risk and attitudes to risk have been shown to interact with another prominent variable in
adoption studies; farm size (Just and Zilberman, 1983). The theoretical literature indicates
that farm size can have varying effects on adoption behaviour. In the literature, farm size
has been used as a proxy for a range of other factors such as capacity to bear risk, h u m a n
capital, expected returns from adoption, credit access and wealth (Feder et al., 1985;
Geroski, 2000). Consequently, as these factors vary in importance, it should not be
unexpected that the influence of farm size on adoption behaviour has also varied.
However, when the dynamic nature of the adoption process has been recognised, larger
farm size (or size of the enterprise that will benefit from the innovation) has generally been
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found to reduce ihe time taken for an innovation to be tried or adopted (Feder et al., 1985;
Feder and Umali, 1993; Geroski, 2000; Lindner, 1987). The proposition that larger
enterprise size increases the potential returns from investment in information search and
hence reduces the time to adoption is supported by several studies (Feder and Slade, 1984;
Lindner et al., 1982). However, as for several informational variables, the importance of
farm size has been shown to decrease later in the diffusion process (Dong and Saha, 1998;
Feder and Umali, 1993; Lindner et al., 1982).
As would be expected, farmers with better access to information (e.g. extension agents)
are likely to reach the level of knowledge that results in adoption earlier (Dong and Saha,
1998; Feder and Slade, 1984; Fischer et al., 1996; Hiebert, 1974; Marsh et al., 2000).
Those w h o have higher human capital (e.g. education) are able to make better use of this
information (Goodwin and Schroeder, 1994; R a h m and Huffmam, 1984). Greater human
capital can also provide greater incentive to search for more information (Feder and Slade,
1984). Lower levels of education have therefore been shown to result in slower adoption
as it impedes the learning process (Feder et al., 1985; Goodwin and Schroeder, 1994;
R a h m and Huffmam, 1984).

Lindner (1987) suggests that factors such as managerial

education, farm size, access to extension services, and spatial issues such as distance to
nearest adopter can all be seen in the context of incentives for, or cost of information
acquisition, with reduced information acquisition resulting in a longer time to adoption.
In the early phases of diffusion it has been observed that farm size, education, access to
extension services and spatial issues are major determinants of the speed of adoption
(Feder and Umali, 1993; Lindner, 1987). However, the impact of these factors has been
shown to reduce in the later stages when a larger percentage of all potential adopters have
adopted (e.g. D o n g and Saha, 1998; Marsh et al., 2000). A s the diffusion process
progresses, quality information on an innovation becomes more prevalent and cheaper to
access. For example, there is a greater likelihood that highly relevant information will be
provided with little or no cost, via contact with neighbours.
Innovation characteristics
The length of the delay to adoption is expected to be shorter if the firm is initially more
optimistic about an innovation's profitability (Jensen, 1982; Lindner et al., 1979;
Shampine, 1998). There m a y be cases where this initial optimism is a function of the
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potential innovator's general attitude towards technological change. M o r e objectively, the
greater the actual profitability of an innovation, the more likely it is that positive
information will be generated regarding its profitability. Studies analysing diffusion
processes have demonstrated that where innovations were more profitable, adoption was
more rapid (Griliches, 1957; Griliches, 1960; Lindner et al., 1982; Mansfield, 1968; Marsh
et al., 2000). In sociological terms, Rogers (1995) offers further support w h e n stating that
diffusion scholars have found 'relative advantage' to be one of the best predictors of an
innovation's rate of adoption.
Relative Advantage, described as "the degree to which an innovation is perceived as being
better than the idea it supersedes", is one of five innovation attributes listed by Rogers
(1995) as determinants of the rate of adoption. These attributes and the 'barriers to
adoption' which are often listed by sociologists (Dearing and Meyer, 1994; Vanclay,
1992), are often able to be reasonably translated into economic explanations (Pannell,
1999a; Ruttan, 1996). Referring to Rogers' four other innovation attributes, the following
connections can be made:
Trialability and observability. The role of trialability has previously been discussed (e.g.
Abadi Ghadim and Pannell, 1999; Pannell, 1999b; Tonks, 1983 ). Farmers have been
shown to have a preference for innovations that can be trialed or implemented
incrementally (Ohlmer et al., 1998). The divisibility of an innovation facilitates the use of
an innovation on a small scale, or a component of an innovation, for learning purposes
(Leathers and Smale, 1992). Indivisible or 'lumpy' innovations (Feder and Umali, 1993),
being more difficult or costly to trial, can be expected to have a slower rate of adoption
(Lindner, 1987). Higher implementation or switching costs can slow the rate of adoption
(Feder et al., 1985; Geroski, 2000; Mansfield, 1968).
Related to the information-based framework of adoption is the observability of the
innovation and its value. A n innovation that generates more observable (or measurable)
information regarding its profitability is likely to be adopted earlier (Geroski, 2000;
Pannell, 2001; Shampine, 1998). A s discussed in more detail in a later section, the
difficulties in observing the longer-term profitability of conservation or preventative
innovations is one explanation for their generally slow rate of adoption (Pannell, 2001;
Rogers, 1995).
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Compatibility and complexity. Rogers includes the consistency of a n e w innovation with
the existing values, past experiences, and needs of potential adopters in his description of
compatibility.

While some aspects m a y be associated with profitability and risk,

compatibility (and congruence) would also appear to have some relation to economic
references to information and covariance. W h e n the profitability of a n e w innovation has
a high correlation with technology that has been extensively used and/or understood,
uncertainty about the n e w innovation m a y be reduced more rapidly (Abadi Ghadim and
Pannell, 1999; Lindner and Gibbs, 1990).

Assuming no change in diversity and

consequent risk reduction (Just and Zilberman, 1983), this is likely to result in more rapid
adoption. Essentially, n e w innovations that are not compatible with past experience m a y
require greater investment in information and learning before adoption will take place.
This is more likely to apply to relatively complex innovations (Geroski, 2000). They m a y
also be more difficult to effectively trial (Pannell, 1999a).
The adoption of more complex innovations and more complex adoption scenarios are
discussed in greater detail in later sections.
Some general issues on time to adoption
Having considered factors such as existing knowledge levels, relative risk aversion, the
cost of information acquisition, and the quality of information available, it becomes clear
that for an individual decision-maker, delaying adoption can be seen as rational behaviour.
An insight into another complexity contributing to observed delays in adoption was raised
by Rosenberg (1976). In a review of innovation adoption he, and others more recently
(Anderson, 1993; Geroski, 2000), have highlighted the importance of future development
and adaptation of existing technology.

Furthermore, Rosenberg emphasises that

expectations of future n e w technological development need to be considered. Because of
its relevance to this study he is quoted from at some length:
"Moreover, one must consider expectations relating not only to possible improvements in
the technology being considered, but also the possibility of improvements in both
substitute and complementary technologies. Further improvements in an existing product
m a y be held up because of the expectation that a superior n e w product will soon be
developed.

A t the same time, expectations of continued improvement in the old
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technology, which the n e w technology is designed to displace, will exercise a similar
effect." (p.531)
Rosenberg links the above considerations to expected profitability. He argues that greater
attention to the future technology expectations of individual adopters could provide the
opportunity for greater understanding of the time to adoption. This m a y be of particular
relevance to adoption scenarios involving preventative or conservation innovations that
c o m e at a high initial cost and m a y only become profitable in the longer-term. If the
adoption of the innovation involves some degree of irreversibility (e.g. tree planting) the
importance of future technology expectations could be expected to have increased
importance.

2.3 More complex adoption scenarios
A review of the adoption and diffusion research literature reveals a heavy emphasis on
successful, profitable, and relatively simple innovations being more likely to undergo rapid
adoption. In agriculture, the remarkably large number of empirical studies on the adoption
of Green Revolution-type crop varieties is evidence of this.

Indeed, some of the

recognised weaknesses of diffusion research that continue today, such as the focus on
innovations with high relative advantage, are linked to the influence of such studies as
Ryan and Gross (1943) on hybrid c o m adoption in the 1930s (Rogers, 1995). Geroski
(2000) points out that the sample selection bias towards successful innovations and away
from failed technology that generates no S-curve makes it unclear as to whether typical
n e w innovations generate such a diffusion curve.
That economists, in particular, had limited studies to a few reasonably narrow and welldefined situations was noted by Warner (1974). H e also stressed the subsequent need for
expansion beyond this limited range and for greater joint use of economic and sociological
variables. M o r e recent calls have also been m a d e

for innovation packages,

complementarity, non-dichotomous adoption, and innovation adaptation to be better
addressed (Feder et al., 1985; Feder and Umali, 1993). Ruttan (1996) notes that, relatively
recently, economists have become interested in additional dimensions of adoption such as
intensity of use and complementarity a m o n g closely related innovations.

22

Broader

Chapter 2
adoption complexities such as these are considered in this section, with emphasis on those
that relate to the adoption of conservation and integrated innovations.

2.3.1 Interrelated agricultural innovations
A s previously mentioned, adequate representation of adoption is not always possible even
w h e n a simple, single, adopt/non-adopt scenario is considered. Several studies have
examined not only differences in the intensity of use and extent of adoption (Feder and
Slade, 1984), but also adoption behaviour w h e n farmers are faced with an innovation that
involves several related components (Byerlee and de Polanco, 1986; Khanna et al., 1999;
Leathers and Smale, 1992; Smale and Heisey, 1993; Szmedra et al., 1990). Examples of
such innovation packages include n e w crop varieties with n e w fertiliser, and no-till
seeding technology with herbicides.

2.3.2 Sequential adoption
Even w h e n production can be maximised by adopting an innovation package as one,
farmers m a y adopt improved technologies in a step-wise manner (Byerlee and de Polanco,
1986; Leathers and Smale, 1992). The Byerlee and de Polanco (1986) study showed that a
population of Mexican farmers rationally followed a step-wise adoption pattern towards a
crop variety, herbicide and fertiliser package that reflected the characteristics of the
innovation components and the interactions between them. The adoption sequence was
strongly correlated with the estimated economic returns, with components offering the
highest return on capital being adoptedfirst.It is implied that researchers should seek this
step-wise approach to adoption such that each adoption step is profitable and appropriate
to farmers' capital constraints rather than directly extend the entire package.
Leathers and Smale (1992) in a progression similar to that found in the general adoption
literature, developed a model which explains this behaviour not by economic constraints
but by a learning process. B y incorporating a Bayesian learning approach they found that
sequential adoption can be explained by farmers adopting a part of the package so that
more can be learnt about the potential value of the entire package. Their study also
suggests that as uncertainty is high a m o n g early adopters, they are more likely to first
adopt part of a package, whilst later adopters m a y adopt the whole package at once
because their confidence has been raised by information provided by their earlier adopting
neighbours. A suggestion is m a d e that sequential adoption could be the least-cost way to
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provide information to farmers. This offers further support to the argument that some
innovation packages m a y be best extended as a sequence of components.
It should be noted that step-wise adoption of innovation packages has not always been
observed and in some cases there has been a preference for the entire package (Leathers
and Smale, 1992; Rogers, 1995). Feder and Umali (1993) suggest that as empirical
evidence has produced mixed results, further research is required.
Multiple equation models for measuring the adoption of related components have also
been developed. Smale and Heisey (1993) argue that rather than use single equation
models to predict a dichotomous adoption choice of the individual components, a system
of simultaneous input choice equations, incorporating intensity of adoption, can be more
appropriate. B y recognising the continuous nature of the dependent variables, in this case
seed and fertiliser, the intensity of use of each individual component of the package is
considered. Dorfman (1996) also extends beyond a dichotomous choice framework by
using a multivariate model that allows for each combination of technologies to be
recognised rather than treating the decision as isolated dichotomous choices. Essentially,
the combination that offers the highest expected utility will be chosen, with covariance
between technologies able to be identified.

2.3.3 Complementarity
W h e n more than one innovation is introduced simultaneously, such as in the above
examples, it is important to consider the nature of the relationship between the
innovations. For example, does the adoption of one innovation m a k e the adoption of a
second innovation more attractive, or does it reduce the rewards to be gained from
adopting this second innovation? Varying complementarity between innovations can
result in varying relationships between adoption decisions.
Several studies examine the inter-relationship between a range of innovations (Hooks et
al., 1983; Hubbell et al., 1997).

Empirical studies that incorporate the role of

complementarity in the adoption of multiple technologies (Dorfman, 1996 ; Szmedra et
al., 1990) have been limited to a small number of technological combinations. The limited
research in this area has been attributed to the econometric complexities of dealing with
various levels of interrelationships (Feder et al., 1985). M o r e recently, attempts have been
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m a d e to apply latent demand models to allow for a larger number of technological
components to be considered (Lichtenberg and Strand, 2000).

B y recognising

complementarity (and substitution) amongst multiple technologies, implications for policy
to encourage adoption can be identified.
As indicated by the often observed pattern of sequential adoption, high complementarity
between two innovations does not necessarily m e a n they will be adopted simultaneously.
Theoretical work by Feder (1982) demonstrated that yield complementarity does not
necessarily indicate genuine complementarity.

The study involved two interrelated

innovations, one neutral to scale and the other involving a fixed cost. Although the two
innovations seemed to complement each other, by considering risk aversion and credit
constraint, the adoption of one innovation did not necessarily encourage the adoption of
the other. Jovanovic and Stolyarov (2000) found similarly for two highly complementary
inputs that each involvedfixedcosts.

2.4 The adoption of conservation and preventative innovations
The study of the determinants of conservation technology adoption has been the subject of
increasing focus (Feder and Umali, 1993; Cary and Wilkinson, 1997; Sinden and King,
1990), and can be seen as evidence of the broadening scope of adoption and diffusion
studies. This field of study, assumed here to also include studies of 'sustainable'
agricultural practices, presents extra challenges given that the advantages of adoption can
be m u c h more difficult to perceive (Pannell, 1999a). This m a y be due to factors such as
the longer time horizons involved (Gray et al., 1996) and that the innovations m a y be
merely preventing a possible future decline in profitability rather than increasing present
profitability (Pannell, 2001). For such reasons, preventative innovations can have a
particularly slow rate of adoption (Rogers, 1995).

In the sociological literature, at least, the appropriate theoretical approach to conservation
and prevention innovations has been the subject of some debate. The apparent failure of
the traditional information-based diffusion model to successfully explain the adoption of
conservation practices (usually related to soil erosion) was attributed to their noncommercial nature or lack of profitability (Pampel and van Es, 1977). Based on the
traditional diffusion model, others proposed that deficiencies in information and
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understanding were the primary reason for low levels of adoption (Nowak, 1987). Saltiel
et al (1994) overcame problems associated with assumptions of innovation profitability by
incorporating farmer perceptions into the adoption model. They, like others (Anim, 1999;
Cary and Wilkinson, 1997), found perceived profitability to be the most important factor
affecting adoption of sustainable agricultural practices.

2.4.1 Attitudes
D e m a n d for improved understanding of the adoption of conservation practices has also led
to a broadening of some economic modelling. While the role of learning and perceptions
of innovation profitability is well established in economic modelling, the environmental
aspect of conservation practice adoption led to the introduction of attitudinal variables by
some researchers. In a study of soil conservation practice adoption, Ervin and Ervin
(1982) proposed that farmer attitudes towards general environmental issues would
influence their farm conservation actions. Unlike Ervin and Ervin, Lynne et al. (1988)
found that attitude to conservation was significantly associated with soil management
effort. They argue that conservation behaviour models can be improved through a merger
of social psychology and economic approaches.
More recent work (Lynne et al, 1995; Lynne, 1995; Willock, 1999) incorporating social
psychology theory (Ajzen, 1991; Ajzen and Fishbein, 1980) has further demonstrated the
influence of attitudes on environmentally oriented behaviour. Studies of land conservation
behaviour by Australian farmers (Cary and Wilkinson, 1997; Sinden and King, 1990) also
recognised environmental attitude. They suggest that environmental orientation m a y
influence recognition of a problem, but not actual adoption. Perceptions relating to
profitability and economic variables were found to be the most important determinants of
adoption.

2.4.2 Perceptions of problems and innovations
Within an 'adopter perception' paradigm (Kivlin, 1968; Kivlin and Fliegel, 1966), a
growing body of empirical economic literature has developed demonstrating the role of
farmers' perceptions (Abadi Ghadim, 2000; Anim, 1999; Cary and Wilkinson, 1997; Popp
et al, 1999; van der Meulen et al, 1996; Wossink et al., 1997). The greater attention given
to farmers' perceptions has led to a number of studies focusing on farmers' perceptions of
multiple technology-specific characteristics (Adesina and Baidu-Forson, 1995; Adesina
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and Zinnah, 1993; Sail et al., 2000; Wossink et al, 1999). In essence, this m a y be seen as
a disaggregation of the bundle of the attributes that contribute to overall perceived
innovation profitability or utility. The approach has particular advantages w h e n the
innovation has complexities that m a k e a simple elicitation of perceived profitability
difficult (Adesina and Zinnah, 1993; Wossink et al., 1999), and w h e n the aim is to identify
specific characteristics that need to be targeted by extension or technological development
to increase adoption (Wossink et al., 1997).
Perceptions not only of the innovations themselves, but also of the problem they are meant
to address, have been found to be important (Cary and Wilkinson, 1997; D e Souza Filho et
al., 1999; Ohlmer et al., 1998; Westra and Olson, 1997). In some studies this has been
conceptualised and modelled as a multi-step process, with a different set of variables
influencing recognition and perception of the problem (Gould et al., 1989; Traore et al.,
1998). Sinden and King (1990) developed a model based on that of Ervin and Ervin
(1982) that included pre-adoption stages of perception of a problem (i.e. erosion) and
recognition that the problem is worth fixing.

They found that different variables

influenced each stage, with economic factors the most important in determining actual
adoption.
Cary and Wilkinson (1997) argued that as the two pre-adoption stages are likely to be
interrelated rather than discrete and sequential they are best considered together. In
recognising the difficulties in distinguishing between the adoption stages, perceptions of
both the problem and innovation were included in a single adoption model. Cary and
Wilkinson recognised the possibility that perceptions of profitability m a y be modified by
experience and, in addressing this causality issue, measured perceptions several years prior
to measuring their adoption. Other adoption studies (McNamara et al., 1991; Musser et
al., 1986) have found support for the theory that perceptions reflect learning rather than
cognitive dissonance (Festinger, 1957), a theory in which perceptions m a y be adjusted to
rationalise current behaviour.
In a review of the adoption of conservation practices (Feder and Umali, 1993), evidence
was found that older farmers are less likely to be users of the practices because of shorter
planning horizons. This was also the finding of Featherstone and Goodwin (1993). A g e
m a y also act as a proxy for farming experience, with older farmers therefore having greater
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human capital. It is not surprising then, that age has often been shown to have no clear
relationship with the adoption of conservation practices (Anim, 1999; Baidu-Forson,
1999; Traore et al., 1998; Westra and Olson, 1997). Education has sometimes been found
to have a positive association with conservation practice adoption (Ervin and Ervin, 1982;
Traore et al., 1998), along with farm size (Gould et al., 1989; Sinden and King, 1990;
Westra and Olson, 1997). A s would also be expected for complex innovations with high
informational demands, extension has often been shown to positively influence adoption
(Adesina et al., 2000; Baidu-Forson, 1999; Sinden and King, 1990).

2.5 The adoption of integrated pest management
The term Integrated Pest Management (IPM) generally refers to a system that uses a
combination of different controls, such as cultural, chemical and biological methods, to
manage pest populations (Czapar et al., 1995; Thomas et al., 1988; Wearing, 1988; Zalom,
1993). Clearly, this represents a complex, multi-component, innovation. B y definition,
the term is inclusive of all pests such as insects and weeds, although its use in the literature
has largely been in reference to insect management. In line with this, I P M and Integrated
W e e d Management ( I W M ) adoption will be considered separately, with relevance to the
adoption of I W M in mind.
A number of different interests have motivated studies of IPM adoption. These include
environmental and human health concerns associated with pesticides (de Buck et al., 2001;
Fernandez-Cornejo and Ferraioli, 1999; Harper et al., 1990; M a u m b e and Swinton, 2000),
and the quantification of I P M and pesticide use according to government targets (Czapar
et al, 1995; Fernandez-Cornejo and Kackmeister, 1996; Hubbell et al., 1997). Although
pesticide resistance has long been recognised as an incentive for the adoption of
alternative pest management practices (Carlson, 1977; Carlson and Rodriquez, 1984;
Powles and Matthews, 1991; Wearing, 1988) it has not been a primary motivation for
empirical studies of farmers' adoption behaviour.
Despite a wide range of definitions of IPM adoption, across a large number of production
systems, there has been general consensus on the rate of diffusion. It has been slow (Ehler
and Bottrell, 2000; Fernandez-Cornejo et al., 1994; Fernandez-Cornejo and Kackmeister,
1996; Jeger, 2000; Musser et al., 1986; Thomas et al., 1990; Wearing, 1988; Zalom,
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1993). A s an example, in the United States, the unification of a number of practices into a
group representing I P M occurred in the 1960s or even earlier (Fernandez-Cornejo and
Kackmeister, 1996; Wearing, 1988). In 1989 the National Academy of Sciences estimated
that only 20 per cent of corn and 14 per cent of soybean in the U S A were under some form
of IPM. Others argue that, at present, less than 10 per cent of U S crop land is treated with
'true' I P M (Ehler and Bottrell, 2000). Modelling of I P M diffusion predicts that U S
vegetable growers will not reach 75 per cent I P M adoption until between 2008 and 2036
(Fernandez-Cornejo and Kackmeister, 1996).

2.5.1 Evaluating the adoption of IPM practices
Although I P M is sometimes referred to in a philosophical sense (McDonald et al., 1997),
it is generally recognised that farmers adopt specific techniques or small bundles of I P M
practices (de Buck et al., 2001; McDonald and Glynn, 1994; Sorensen, 1993; Wearing,
1988). With the exception of largely uninformative surveys in which growers are simply
asked 'do you use IPM?' (e.g. H o m e et al., 1999), most adoption studies have focused on
a range of specific pest control practices that can be considered components of an I P M
system. These include scouting for pest levels, using economic thresholds for pesticide
applications, biological controls (such as encouraging natural pest enemies) and cultural
controls (such as mulching). The various pests and the crops they affect also have many
different characteristics. It is of little surprise then that generalisations about h o w and why
growers adopt I P M are difficult to make (Sorensen, 1993).
Measures of adoption
A number of approaches have been used to measure I P M adoption. S o m e have reduced
the numerous permutations of practices and intensities of use to the simplest measurement
of all; a binary variable equal to one if at least one I P M practice is adopted and zero if
none have been adopted (Fernandez-Cornejo et al., 1994). Others have selected just one
or two practices for analysis, without attempting a measure of multi-component I P M
adoption (Harper et al., 1990; M c N a m a r a et al., 1991). Dorfman (1996) used a binary
classification of 1 P M adoption but also recognised the multi-component aspect of IPM.
A n y farmers that used three or more practices out of a list of 10 recognised practices were
classified as an I P M adopter.
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A non-binary multi-component approach was used by Thomas et al. (1990) where three
practices were selected and an I P M adoption scale was created. O n this scale, zero was
allocated if none had been adopted, one if a single practice had been adopted, two if two of
the three practices had been adopted and three for all practices. S o m e economic studies
have recognised an intermediate stage between no-adoption and 'full adoption' (Napit et
al., 1988; Szmedra et al., 1990). Others (Hubbell et al, 1997; McDonald and Glynn,
1994) have used factor analysis to facilitate the treatment of I P M as a series of stages or
factors including pesticide-based I P M to bio-intensive I P M adoption. A recent study of
I P M adoption in cotton production ( M a u m b e and Swinton, 2000) used a poisson
regression model to allow for count data of the number of practices used.
When the primary motivation has been to measure adoption in terms of the contribution to
environmental objectives, weightings have been applied to practices to produce index
measures for an I P M continuum (Benbrook, 1996; Fernandez-Cornejo and Jans, 1998).
The relationship between these indices and determinants of adoption were not analysed.
However, Napier and Tucker (2001) used similarly derived index measures as dependent
variables, with limited success, in a study of the factors influencing farmer adoption of soil
and water protection.
Each of these methods has disadvantages. Categorising a farmer as an IPM adopter even
if only one practice has been adopted (e.g. Fernandez-Cornejo et al., 1994) not only
neglects considerable amounts of information about the scale of adoption, but it does not
actually measure I P M adoption. B y definition, I P M involves several practices, usually
selectively adopted from a range of available practices. In the insect pest management
literature, some measures allow adopters of only scouting and/or economic thresholds to
be classified as I P M adopters. These measures have received greater questioning (Ehler
and Bottrell, 2000; McDonald and Glynn, 1994). Scouting and economic thresholds are
effectively pesticide efficiency practices and often result in greater pesticide use (Ehler and
Bottrell, 2000; Fernandez-Cornejo and Kackmeister, 1996; Harper et al., 1990; Napit et
al., 1988).
The method in which the use of a few practices from a larger list of acceptable IPM
components is classified as adoption (e.g. Dorfman, 1996) at least recognises the multicomponent nature of I P M but does not necessarily measure the actual level of adoption.
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Measures in which I P M adoption is determined directly from the number of practices used
( M a u m b e and Swinton, 2000) m a y not account for the substitutability or negative
complementarity of some I P M practices. For example, a non-linear relationship between
the number of practices used (or cumulative area treated) and attainment of I P M objectives
m a y m e a n that the use of all possible practices contributes almost the same towards I P M
objectives as a lesser number. Applying subjective weightings to each practice (Napit et
al., 1988) that account for 'IPM value' is likely to be problematic in generating a
dependent variable in an adoption study as the adopter's decision is likely to be based on a
different 'weighting' system.
The use of factor analysis to produce indices for a number of IPM 'factors' (McDonald
and Glynn, 1994) does at least recognise possible correlation between the adoption of I P M
practices. A problem with using the indices as dependent variables in adoption studies is
that unless two interviews are conducted, specific questions about growers' perceptions of
the key factors (i.e. scouting/monitoring, biological and cultural controls) cannot be asked
because the factors are not k n o w n at the time of the interview. In addition, identifying
factors with satisfactory explanatory power relies on correlation between the original
variables.

If the adoption of various I P M practices does not involve considerable

correlation, the factors generated have little relevance (Manly, 1986).

2.5.2 Factors influencing the adoption of IPM practices empirical results
The lack of a consistent measure of I P M adoption makes broad interpretation of the I P M
adoption literature difficult. In addition, the lack of long-term time series data (FernandezCornejo and Kackmeister, 1996) and the generally slow rate of I P M adoption has
restricted the use of the more informative (Lindner, 1987) diffusion analysis techniques.
The broad range of practices and production systems has also limited the depth of
understanding of I P M adoption processes. However, despite the limitations of the
literature, some general observations can be made.
Factors influencing profitability
Although I P M adoption studies are commonly motivated by the 'social costs' of pesticide
use, there is strong evidence to suggest that profitability is a key determinant of adoption.
A n attempt at producing a model of B P M diffusion, although largely without the
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availability of time series data, showed significant differences in the levels of I P M
adoption across U S states and between crops (Fernandez-Cornejo and Kackmeister, 1996).
Consistent with general diffusionfindings,m a n y of the differences are accounted for by
profitability-related variables such as different production conditions, crop-type, and
revenues per unit area.
Despite the cross-sectional nature of most studies and the subsequent theoretical need to
allow for differences in knowledge about the innovation at the time of the study (Lindner,
1987), perceptions of profitability have not generally been included in I P M adoption
models. This offers one explanation for the relatively low explanatory power of several
I P M adoption studies (Dorfman, 1996; Fernandez-Cornejo et al., 1994; Harper et al.,
1990). These studies do, however, indicate that farm characteristics that m a y determine
the profitability of I P M adoption (e.g. farms growing high-yielding varieties, irrigated
farms, larger farms, high revenues per acre) are significant in the decision to adopt.
Studies that have attempted to include some measure of perception of profitability (e.g.
McDonald and Glynn, 1994; Musser et al., 1986; Thomas et al., 1990) have generally
found it to be of significance in explaining adoption. In a review of mostly survey results
from several countries Wearing (1988) found that farmer perception of the long-term
benefits of I P M was of only minor significance, whilst short-term cost advantage has
consistently been found to be a major influence on I P M adoption.
Related to profitability and the complexity of IPM is the availability of labour and
managerial time. Higher availability of labour has been found to be related to higher I P M
adoption (Dorfman, 1996; Fernandez-Cornejo et al., 1994). McDonald and Glynn (1994)
found that, unlike scouting/monitoring and biological control practices, cultural I P M
practices, such as planting a cover crop, was positively related to the availability of
permanent and temporary labour.

This further highlights the need for individual

consideration of different practices because of their differing characteristics.
Perception of the problem
Unlike m u c h of the literature on the adoption of soil conservation practices, perceptions of
problems as an influential factor in adoption have not been prominent in the I P M adoption
literature. This is despite pest control crises being the second most often quoted stimulus
for I P M use in the I P M literature, after 'economic advantage' (Wearing, 1988). Pesticide
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resistance was recognised as the most prominent of these 'crises'. Where serious
resistance problems have developed, collective regional action to manage resistance in
highly mobile insect pests has received considerable economic analysis (Ahouissoussi,
1995; Carlson, 1980; Carlson and Rodriquez, 1984; Miranowski and Carlson, 1986;
Regev, 1984) and has, in some cases, resulted in high levels of voluntary adoption in
specific regions (Forrester, 1990). However, empirical studies of the individual I P M
adoption decision have generally not focused on production systems where pesticide
resistance is of major importance. A s a result, perception of a resistance problem has only
very rarely been considered as an explanatory variable (Waller et al., 1998) in I P M
adoption.
Occasionally, beliefs concerning environmental and health issues have been considered in
I P M adoption models (Maumbe and Swinton, 2000; McDonald and Glynn, 1994;
M c N a m a r a et al., 1991; Musser et al, 1986; Thomas et al., 1990). Although these issues
have been an important stimulus for the development of the I P M concept, there is little or
no evidence to suggest that I P M adoption is significantly influenced by perceptions of
such problems (Wearing, 1988). Clearly, the problem motivating most I P M adoption
studies is not necessarily the problem motivating the adoption decision.
Informational variables
Informational variables such as information extension and human capital have received
considerable attention in the I P M literature. There are several likely reasons for this. The
relative complexity of I P M as a concept is likely to have high information demands and, in
the case of scouting and thresholds for example, is largely based on information
processing (Pingali and Carlson, 1985). I P M is generally in the earlier stages of the
diffusion process (Fernandez-Cornejo and Kackmeister, 1996; Wearing, 1988) which
means that such 'informational' factors are likely to be of relatively high importance
(Feder and Umali, 1993; Rogers, 1995). Finally, the 'common good' aspect to reduced
pesticide use has encouraged considerable extension effort (Napit et al., 1988; Wearing,
1988), and provision of information is a feature of most extension.
Participation in extension activities and contact with extension personnel has been shown
to have a generally positive relationship with I P M adoption (Fernandez-Cornejo and
Kackmeister, 1996; Harper et al., 1990; M a u m b e and Swinton, 2000; M c N a m a r a et al.,
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1991; Napit et al., 1988; Thomas et al., 1990). Although less conclusive, the education
level of the grower, as a proxy for human capital, has been found to have a generally
positive influence on adoption (Dorfman, 1996; Fernandez-Cornejo and Kackmeister,
1996; M c N a m a r a et al., 1991; Napit et al., 1988; Thomas et al., 1990).
Risk
Farmers' beliefs concerning the riskiness of adopting I P M practices relative to
conventional pesticide practices is commonly regarded as one of the most important
factors affecting the perceived economic value of I P M adoption (Wearing, 1988; Zalom,
1993). However, the range of practices and production systems in studies considering the
riskiness of I P M makes generalisations difficult (Musser et al., 1986; Napit et al., 1988;
Wossink et al., 1997; Zalom, 1993). S o m e have argued that farmers' perception of
productionrisksis not a major barrier to the adoption of integrated practices (de Buck et
al, 2001). Szmedra et al. (1990) state that their conclusions "support the general view
emerging in the literature that the riskiness characteristic is not the overriding element in
the I P M adoption decision".

2.6 The adoption of integrated weed management
There are very few published studies of factors influencing the adoption of weed control
methods. Generally, the literature is limited to studies of farmers' perceptions of weed
management in crop production (Czapar et al., 1997; Wossink et al., 1997) and rangelands
(Sell et al., 1999; Sell et al., 2000).
Like previous studies that have included farmer perception of innovation characteristics
(e.g. Adesina and Baidu-Forson, 1995; Adesina and Zinnah, 1993), a Dutch study of weed
control techniques in sugarbeet (Wossink et al., 1997) showed that farmers' subjective
preferences for innovation characteristics can be important influences on the adoption
process. The study examined several different weed control strategies based on different
combinations of herbicidal and mechanical treatment. Perceived labour requirements,
knowledge requirements, and risk characteristics were found to be important in
determining the preference for specific practices.
Although some authors have related adoption theory concepts to the problem (Chamala
and Keith, 1987; Pannell and Zilberman, 2001), no study has developed an empirical
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model of the factors determining the adoption of integrated weed management practices.
Despite high levels of herbicide resistance in Australia (Alemseged et al., 2001; Llewellyn
and Powles, 2001; Walsh et al., 2001) and some other parts of the world (Heap, 1997) no
study has investigated the role of herbicide resistance in deteirnining weed management
practice adoption. In reviewing key factors influencing farmers' adoption behaviour,
Pannell and Zilberman (2001) note that the herbicide resistance management problem has
a number of characteristics that m a k e rapid adoption unlikely. These involve complexity,
cost of preventative strategies, uncertainty, and the difficulties involved in observing
resistance before it is advanced. They conclude that sensible responses to the challenges
of herbicide resistance from farmers, scientists, extension agents, consultants, and policy
makers will require a good appreciation of social and economic issues.

2.7 Summary
Although the literature on the adoption of integrated and possibly complex sets of
agricultural practices is limited, the general adoption literature provides valuable and
relevant insights. Clearly, to successfully explain adoption, profitability needs to be
adequately accounted for. Given that the adoption process is one of dynamic learning,
perceptions that relate to profitability are likely to significantly explain adoption. Factors
that facilitate learning are likely to result in more rapid adoption of profitable innovations,
and more rapid decisions to reject unprofitable innovations. W h e n the profitability of an
innovation is not easily observed, such as early in the adoption process w h e n there is little
local information and w h e n profitability m a y only be realised over the long term, adoption
is likely to be slower. Li these cases, factors that facilitate the gathering of information
and learning m a y have a greater positive influence on the rate of adoption.
Given the above, the rate of adoption of integrated weed management practices can be
expected to be slow, unless they offer observable short-term profitability. A significant
role for informational variables such as extension and education can also be expected.
However, no empirical study of the factors determining I W M adoption has been
conducted and the related literature on I P M adoption remains largely under-developed.
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CHAPTER 3
Quantifying and characterising extensive
herbicide resistance in the wheatbelt of Western
Australia

3.1 Introduction
To begin to understand the factors that may be influencing weed management decisions by
Western Australian grain growers, an understanding of the herbicide resistance problem is
required. This chapter begins with a review of existing knowledge of herbicide resistance
as it relates to Western Australian cropping systems and then describes the first random
survey of the extent of herbicide resistance in the state. The main objectives of the survey
are:
(1) To determine the proportion of cropping land affected by common forms of herbicide
resistance.
(2) To determine the proportion of cropping land on which conservation of susceptibility
to major herbicides is still a relevant option.
(3) To identify the level of variation in resistance development between areas.
(4) To investigate the density at which weeds are maintained and any association with
resistance status.
The results of this survey contribute to the conceptual framework of herbicide resistance
management described in the next chapter and the design of the farmer survey.
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3.2 Western Australian cropping systems and herbicide
resistance
Western Australia is Australia's largest grain producing state, with recent production in
the wheatbelt region of approximately 11 million tonnes of grain from seven million ha of
crop sown (ABS, 1999). The cropping system is based around the cereal crops wheat
(Triticum aestivum) (4.5 million ha) and barley (Hordeum vulgare) (0.8 million ha), with
lupins (Lupinus angustifolius) (1.2 million ha) and Canola (Brassic napus) (0.5 million ha)
the most extensively grown non-cereal crops.
The Western Australian wheatbelt is widely perceived to have one of the world's most
challenging herbicide resistance problems. This is attributed to widespread multiple
herbicide resistance in annual ryegrass (Powles and Matthews, 1991), the most important
weed species of Australian cropping (Alemseged et al., 2001). Herbicide resistance has
become increasingly c o m m o n in other local weed species, particularly wild radish
(Raphanus raphanistrum) and wild oats (Avena spp.) (Heap, 1997; Walsh et al., 2001).
However, the extent of ryegrass (Alemseged et al., 1999) and its demonstrated ability to
develop resistance to almost all of the limited number of herbicides available for its
control (Burnet et al., 1994; Powles et al, 1998) creates a most serious resistance problem.
Ryegrass demonstrates an ability to rapidly develop resistance to the Group A acetyl coA
carboxylase (ACCase) (Heap and Knight, 1990; Tardif et al., 1993) and Group B
acetolactate synthase (ALS) inhibiting herbicides (Gill, 1995; Powles et al., 1997), the first
of which were introduced to the Australian cropping market in the early 1980s. These
herbicide groups include most of the herbicides registered for crop-selective control of
ryegrass in Western Australian cropping systems. Diclofop-methyl, the first A C C a s e
inhibiting herbicide available in Western Australia, was rapidly adopted by growers,
primarily for selective control of ryegrass in wheat. Other A C C a s e inhibiting herbicides
became popular for control of grass weeds in dicot crops. Chlorsulfuron, the first of the
A L S inhibiting herbicides available, was also rapidly adopted by growers in the 1980s,
largely due to its ability to selectively control ryegrass and a broad spectrum of dicot
weeds in wheat.
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A study of herbicide resistant Western Australian ryegrass populations by Gill (1995)
found that the development of resistance to the aryloxyphenoxypropanoate (APP) A C C a s e
inhibiting herbicides, such as diclofop-methyl, and the sulfonyl-urea A L S inhibiting
herbicides, such as chlorsulfuron, were most c o m m o n . Although multiple resistance and
cross-resistance in ryegrass has been well-documented (Hall et al., 1994), it is widely
experienced that m a n y A P P resistant populations remain susceptible to some of the
cyclohexanedione ( C H D ) A C C a s e inhibiting herbicides. A s a result, it is commonly
observed that resistance to A P P herbicides is gained before later selection for resistance to
C H D herbicides.
Despite a relatively long history of resistance development in Western Australia, and
recognition of an increasing weed problem (Alemseged et al., 2001), the extent of the
herbicide resistance problem has not previously been quantified. S o m e surveys have
measured the extent of resistance in other weeds or in other parts of the world (e.g. Beckie
et al., 1999; Bourgeois et al., 1997 ; Nietschke, 1997; Pratley et al., 1993; Walsh et al.,
2001). However, the proportion of cropping land affected by resistant ryegrass in Western
Australia has never been determined.
A random survey of cropping paddocks also allows for data to be collected on the weed
density and resistance status. In studies examining economic aspects of herbicide resistant
ryegrass management (e.g. Gorddard et al., 1995; Orson, 1999) the costs attributed to
resistance can be placed in two general categories. O n e is the cost of replacing the
herbicide to which resistance has developed with alternative weed control methods or
herbicides (Beckie et al., 1999), and the other is the cost of yield reductions that m a y result
from higher weed levels. B y examining the relationship between herbicide resistance
status and weed density, it is possible to gain some insight into the relative importance of
the latter.

3.3 A survey of Western Australian cropping paddocks
A random survey was conducted involving 264 paddocks, being used at that time for crop
production, across eight agronomic areas of the central Western Australian wheatbelt
(Figure 3.1). Ryegrass plants infesting crops generally flower in September and produce
mature seeds by October. Seed maturation is usually completed prior to grain harvest in
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November-December. Mature ryegrass seed from plants infesting the cropped paddocks
was collected prior to harvest in 1998 (October-November).

Figure 3.1 M a p of south western Western Australia showing agronomic areas from
which ryegrass populations were collected for herbicide resistance testing.
Latitudes and average annual rainfall isohyets are shown. M a p produced by
Agriculture Western Australia.

Defined by three latitude and rainfall zones, as used for Agriculture Western Australia's
crop variety testing areas, the large survey area includes a range of historical cropping
intensities and selective herbicide use. Within each of the eight agronomic areas, thirtythree paddocks were randomly selected by travelling a pre-deterrruned distance (5 k m )
along minor and major roads and then surveying the nearest in-crop paddock. A handheld global positioning system unit was used to record latitude and longitude for each site.
The vast majority of surveyed paddocks were wheat (168), with the remainder comprising
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lupin (27), barley (Hordeum vulgare) (26), oat (Avena sativa) (23), canola (Brassica
napus) (17), chickpea (Cicer arietinwn) (2) and field pea (Pisum sativum) (1).
An area of approximately 5000 m2 was surveyed in each paddock by two people each
following an inverted V-shaped path, beginning no less than 20 m from the edge of the
paddock. Mature ryegrass spikes were collected from plants along the sampling transect.
If more than 10 seed producing ryegrass plants were found within the sampling area the
seed sample was retained. If less than 10 seed producing plants were found no sample was
retained as it was considered that too few seedlings for testing m a y result and/or the seed
sample m a y not satisfactorily represent the plant population in the sample area. Ryegrass
density was visually assessed based on the following categories: None (no plants visible in
survey area), Very L o w (<10 plants found in the sampling area), L o w (<1 plant/m ),
M e d i u m (1-10 plants/m2), High (>10 plants/m2) and Very High (>10 plants/m2, ryegrass
dominating crop). The presence of wild oats (Avena spp.) and wild radish (Raphanus
raphanistrum) in each sampling area was also noted.

3.3.1 Resistance testing
Seed samples representing 191 ryegrass populations were collected and stored under
normal summer temperatures before being germinated and grown for herbicide resistance
testing from May-August 1999 at the University of Western Australia campus. This is the
normal growing period for this species in southern Australia. Plants were grown outdoors
in 30 c m x 40 c m x 10 c m trays of regularly watered potting mix containing approximately
25 plants from each of three populations. A small number of populations did not achieve
satisfactory gennination and/or establishment, resulting in less than 191 populations being
tested.
Group A ACCase inhibiting herbicides
W h e n the majority of ryegrass plants were at the three leaf stage (all had reached the two
leaf stage) diclofop-methyl was applied (with wetter) at 375 g/ha in two passes using a
hand-held sprayer delivering 118 L/ha at 200 kPa. Mortality was recorded 14 days after
treatment. Populations were classified as 'resistant' if greater than 20 per cent of ryegrass
plants survived the herbicide treatment. Populations in which up to 20 per cent of plants
survived were classified as 'developing resistance'. Where all plants were killed by the
herbicide treatment, the population was classified as 'susceptible'.

All surviving
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individuals in the diclofop-methyl-resistant populations were subsequently treated with the
C H D herbicide, clethodim (48 g/ha with spray oil). This herbicide was chosen to
determine the extent to which the populations were resistant to both A P P (diclofopmethyl) and C H D (clethodim) herbicides. It is widely experienced that diclofop-methylresistant populations can initially be controlled with clethodim.
Group B ALS inhibiting herbicides
Initial testing for resistance to A L S inhibitors was conducted on 183 populations using
chlorsulfuron (30 g/ha with wetter) applied to plants at the 1-2 leaf stage using the same
procedure as described for the diclofop-methyl testing. Three weeks after treatment,
visual assessments were conducted and populations classified as resistant, developing
resistance or susceptible as described above. Visual assessment was used due to the nature
of the response of ryegrass to cUorsulfuron treatment in the absence of crop competition
where distinct mortality does not always occur. Populations classified as resistant were
trimmed to a height of 2 c m and allowed to regrow under glasshouse conditions before
being treated with sulfometuron (30 g/ha with wetter). It has been reported that ryegrass
resistance to sulfometuron indicates an A L S target-site based resistance mechanism
(Burnet etal., 1994).

3.3.2 Statistical analysis
D u e to the non-interval variables, analyses involving density were largely restricted to chisquare and rank order measures of association. T o allow expected values to be of a
sufficient size, ryegrass density classifications of <1 plant per m , 1-10 plants per m

and

>10 plants per m 2 were used in contingency table tests. However, an A N O V A was also
performed to test for significant differences in ryegrass density between agronomic areas
using the six ryegrass density scores (log-transformed). For the populations tested for
diclofop-methyl and chlorsulfuron resistance, a 3 x 3 chi-square contingency table test was
used to determine associations between ryegrass density and resistance to each herbicide.
T o test for any relationship between ryegrass density and resistance status to both diclofopmethyl and chlorsulfuron, populations were given a score of two for each diclofop-methyl
and chlorsulfuron resistant classification and one for each developing resistance
classification. Therefore, populations susceptible to both herbicides received a score of
zero, and, as an example, populations resistant to both herbicides received a score of four.
This score was used in a 4 x 3 chi-square contingency table test to determine any
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association between combined resistance status and density. Proportional reduction in
error measures of association for ordinal variables, G a m m a and Kendall's tau-b, are
included to show the strength and direction of association (-1 to 1) for tests with chisquare P < 0.2. A s a method to incorporate any effect of location and crop type on density,
least-squares regressions were also conducted using a log-transformation of the ryegrass
density score as the dependent variable. Instead of agronomic area, latitude and rainfall
zone (<325 m m = 1, 325-450 m m = 2 and >450 m m = 3) were used. A d u m m y variable
was used for crop type (wheat = 1, crop other than wheat = 0). Resistance status was
scored as above.

3.4 Results and discussion
3.4.1 Extent of resistance to ACCase inhibiting herbicides
O f the 185 randomly collected ryegrass populations tested for resistance to diclofopmethyl, approximately 46 per cent exhibited some level of resistance (i.e. were classified
as resistant or developing resistance) (Table 3.1). A s expected, there was variation in the
percentage of resistant individuals within each ryegrass population.
Table 3.1 Proportion of plants from randomly selected Western Australian
ryegrass populations resistant to the A P P A C C a s e inhibiting herbicide diclofopmethyl.
Resistance Classification* Resistant plants Number of Populations % of Populations
(% survivors)
Resistant

81+

13

7

61-80

6

3

41-60

10

5

2M0

14

8

Subtotal

43

23

Developing Resistance

1-20

43

23

Susceptible

0

99

54

Total

185

"Resistant (>20% survivors), Developing Resistance (up to 2 0 % survivors) and Susceptible (zero survivors).
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Ten percent of all populations contained greater than 60 per cent diclofop-methyl-resistant
individuals (Table 3.1). The relatively high number of populations with a low to moderate
proportion of resistant plants (e.g. 1 - 40 per cent) suggests that m a n y growers m a y stop
selecting for further diclofop-methyl resistance before the percentage of resistant plants
reaches very high levels. This is understandable given that anything less than 9 0 per cent
mortality by herbicide application can be regarded as commercial herbicide failure.
Overall, across the area surveyed, 23 per cent of all paddocks tested contained a ryegrass
population classified as resistant (>20 per cent survival) to diclofop-methyl.
The ryegrass populations were collected from agronomic areas with different intensities of
cropping history and therefore different historical levels of herbicide selection.

As

expected, given the varying history of herbicide use in the different agronomic areas, the
proportion of resistant populations varied greatly between areas (Table 3.2). In an
agronomic area k n o w n for a recent history of continuous cropping and selective herbicide
use (Area 2), 96 per cent of the tested populations were resistant or developing resistance.
In this area, only one population was susceptible. This contrasts with areas where there
has been less cropping, and consequently less selective herbicide use. In Area 6, for
example, all but one population was found to be susceptible. In this area, with higher
rainfall and longer growing seasons, livestock grazing has continued to be more
extensively practiced than cropping, although recent trends are towards more cropping.
Based on Australian Bureau of Agricultural Economics surveys (ABARE, 1999b) much of
Area 6 has approximately 30 per cent of arable land cropped in any one season, with
approximately 15 per cent of the crop area being dicot crops. In Area 2, both the
proportion of land cropped and the proportion of dicot crops are approximately double
these levels. Dicot crops such as lupins are often recognised as having a greater
requirement for the post-emergent selective grass control that A C C a s e inhibiting
herbicides provide. In this survey, Areas 2 and 6 represent extremes in recent cropping
intensity and, consequently, selective herbicide use. It is therefore expected that these two
areas also represent the extremes of herbicide resistance development.
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Table 3.2 Ryegrass populations from eight Western Australian agronomic areas
classified according to resistance to the A C C a s e inhibiting herbicide diclofopmethyl (Dicl.) and the A L S inhibiting herbicide chlorsulfuron (Chlor.).
Resistance Classification8 Number of
Area

Resistant

Developing

Susceptible

populations
tested

Did.

Chlor.

Dicl.

Chlor.

Dicl.

Chlor.

Did.

Chlor.

% of populations tested .in area

1

12

9

12

27

76

64

25

22

2

73

62

23

27

4

12

26

26

3

40

67

40

11

20

22

20

18

4

24

18

38

45

38

36

21

22

5

15

50

15

30

70

20

20

20

6

0

0

4

21

96

79

23

24

7

13

58

26

17

61

25

23

24

8

7

44

30

26

63

30

27

27

AU

23

38

23

26

54

36

185

183

Resistant ( > 2 0 % survivors), Developing Resistance (up to 2 0 % survivors) and Susceptible (zero survivors).
Chlorsulfuron classification based on visual assessment.

Treatment with clethodim resulted in 100 per cent mortality for all but one of the diclofopmethyl resistant populations. This result indicates that resistance to diclofop-methyl is
unlikely to result in cross-resistance to clethodim. Susceptibility to at least this one
A C C a s e inhibiting herbicide generally remains even in areas with high diclofop-methyl
resistance. The low level of clethodim resistance also indicates a relatively low use of this
particular herbicide to date. Clethodim resistance is likely to become more c o m m o n in
future years as use increases. However, large increases in the extent of clethodim
resistance are unlikely to be a result of selection with diclofop-methyl. This cannot be said
for other A C C a s e herbicides, including some C H D s , to which diclofop-methyl resistance
appears more likely to confer cross-resistance.

3.4.2 Extent of resistance to ALS inhibiting herbicides
O f the 183 randomly collected populations tested with chlorsulfuron, 64 per cent were
resistant or developing resistance (Table 3.2). A s for A C C a s e inhibiting herbicides, Area
2 had the fewest susceptible populations and Area 6 had the most. Overall, cMorsulfuron

45

Chapter 3
resistance was more c o m m o n than diclofop-methyl resistance, with the greatest
differences between chlorsulfuron and diclofop-methyl resistance levels found in the
south-eastern areas (Areas 5, 7 and 8). In these areas, a range of agronomic and economic
factors has resulted in a greater use of A L S inhibiting herbicides relative to A C C a s e
inhibiting herbicides for ryegrass control.

For chlorsulfuron, in four of the eight

agronomic areas, the proportion of resistant populations was 50 per cent or greater.
Overall, 38 per cent of paddocks tested contained a chlorsulfuron-resistant population.
These results indicate extensive resistance to chlorsulfuron and explain chlorsulfuron's
greatly diiriinished value as a ryegrass herbicide in most areas.
Of the 68 chlorsulfuron-resistant populations that were tested with sulfometuron, 93 per
cent (63 populations) were classified as resistant to sulfometuron (> 20 per cent of plants
surviving) (data not shown).

This result suggests that target-site ( A L S ) resistance

mechanisms were responsible for the vast majority of populations classified as
chlorsulfuron resistant. The result also supports the classification of the populations as
chlorsulfuron resistant.

3.4.3 Extent of multiple resistance
A total of 177 populations were tested for resistance to both diclofop-methyl and
chlorsulfuron as representative A C C a s e and A L S inhibiting herbicides. O f these, 7 2 per
cent (128 populations) had some level of resistance to one or both of the herbicides. A
significant association between diclofop-methyl and chlorsulfuron resistance was found
(Table 3.3). A s indicated by the measures of association commonly used for ordinal data,
g a m m a and Tau-b, the association is, as expected, positive. Only eight per cent of
diclofop-methyl resistant populations were susceptible to crdorsulfuron while 4 0 per cent
of cWorsulfuron-resistant populations were susceptible to diclofop-methyl. This suggests
that paddocks with chlorsulfuron resistance are more likely to have diclofop-methyl
remaining as an effective ryegrass herbicide than vice versa. Without information on
herbicide use histories and resistance mechanisms, further inferences are difficult.
However, the results are consistent with an earlier non-random survey of ryegrass
populations in Western Australia (Gill, 1995). Gill reported that s o m e populations which
had received mainly A C C a s e inhibiting herbicides exhibited cross-resistance to A L S
inhibiting herbicides, although no populations which had received mainly A L S inhibiting
herbicides exhibited cross-resistance to A C C a s e inhibiting herbicides. Given the high
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frequency of A L S target-site resistance found in this survey, it is clear that ryegrass with
multiple herbicide resistance mechanisms is c o m m o n in the Western Australian wheatbelt.
Table 3.3 Multiple herbicide resistance to both the ACCase inhibiting herbicide
diclofop-methyl and the A L S inhibiting herbicide chlorsulfuron in randomly
collected ryegrass populations3.
Diclofop-methyl Classificationb
Resistant
Chlorsulfuron Classification1'

Developing

Susceptible

Total

1 Al

N u m b e r of popul atioiis

Resistant

23

17

27

67

Developing

13

13

21

47

Susceptible

3

11

49

63

Total

39

41

97

177

a

Chi-square statistic = 24.8, 4 df, P<0.001, G a m m a = 0.46, Kendall's Tau-b = 0.31

b

Resistant ( > 2 0 % survivors), Developing Resistance (1-20% survivors) and Susceptible (zero survivors).

CMorsulfuron classification based on visual assessment.

3.4.4 Extent and density of ryegrass infestations
Ryegrass was found in 230 of the 264 sampling areas surveyed (87 per cent). The
presence of wild oats (Avena spp.) and wild radish (Raphanus raphanistrum), generally at
low to very low densities, was noted in 57 per cent and 30 per cent of sampling areas
respectively. The overall median ryegrass density was L o w , with no significant difference
between agronomic areas ( A N O V A , log-transformation, P = 0.2, 263 d.f; Chi-square test,
P = 0.23, 14 d.f.). Only 16 per cent of paddocks contained ryegrass at a 'high' or 'very
high' density. These results suggest that while the presence of ryegrass was consistent
throughout all of the surveyed areas, it was, in general, at relatively low densities at the
time of surveying. It is emphasised that the survey was conducted late in the growing
season after the period in which most ryegrass control practices are conducted by growers.
Resistance status and density
Resistance status was found to be independent of ryegrass density for both diclofopmethyl (Chi-square test, P = 0.45, 4 d.f.), cMorsulfuron (Chi-square test, P = 0.33, 4 d.f.)
and the combined resistance score (Chi-square test, P = 0.058, 8 d.f., G a m m a = -0.07,
Kendall's tau-b = -0.05). T o allow for any interaction with the crop type from which the
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population was sampled, the analyses were also conducted using only populations sampled
from wheat crops. Again, no significant association w a s found between density and
resistance status to diclofop-methyl (Chi-square test, P = 0.39, 4 d.f.), chlorsulfuron (Chisquare test, P = 0.12, 4 di., G a m m a = -0.01, Kendall's tau-b = -0.01) or the combined
resistance score (Table 3.4).
Table 3.4. Populations'1 classified according to ryegrass density a n d a combined
resistance score based on diclofop-methyl a n d chlorsulfuron resistance status

Ryegrass Density
Resistance Scoreb

<l/m 2

1-10/m2

>10/m 2

Total

0

8

12

3

23

1

8

6

5

19

2

22

10

8

40

3

6

11

6

23

4

8

2

4

14

Total

52

41

26

119

Populations sampled from what crops
b

Score based on the s u m of diclofop-methyl and chlorsulfuron resistance status where 2 is awarded for each

Resistant classification ( > 2 0 % survivors), 1 for each Developing Resistance classification (1-20% survivors)
and 0 for each Susceptible classification i.e. populations with a score of 4 are Resistant to both herbicides
(chlorsulfuron resistance status visually assessed).
Chi-square statistic = 11.4, 8 d.f.5 P = 0.18, G a m m a = 0.02, Kendall's Tau-b = 0.01

Using least-squares linear regression, cWorsulfuron resistance (P = 0.48), diclofop-methyl
resistance (P = 0.66) and the combined resistance score (P = 0.85) again showed no
significant association with density. A s suggested by the homogeneity of ryegrass density
across agronomic areas, there was no significant association between latitude or rainfall
and density in any model, with no model explaining more than one per cent of variation
(adjusted R 2 ) .

Although the potential for valid statistical interpretation is limited due to the use of ord
visual assessment data, these analyses show that diclofop-methyl and cWorsulfuron
resistance status was not significantly related to the density of ryegrass found at the time of
sampling. This suggests that ryegrass can be maintained at low densities despite resistance
to diclofop-methyl and cWorsulfuron. The current availability of cost-effective alternative
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ryegrass control options (such as some post-emergent selective C H D herbicides, preseeding and pre-crop emergence herbicide treatments) m a y partly explain this result.
However, without knowledge of each paddock's management, further interpretation is
difficult.

3.5 Summary
Ryegrass resistance to Group A and Group B herbicides has reached high levels across
m u c h of the central Western Australian wheatbelt. A large proportion of populations
exhibit multiple resistance to the Group A A C C a s e and Group B A L S inhibiting
herbicides. However, there are some areas remaining where these herbicides are still
effective across most of the cropping land.
Ryegrass populations were found to be at generally low densities at the time of seed
production. The results produced no evidence that farmers maintain higher ryegrass
densities w h e n the populations have c o m m o n forms of resistance, indicating that the crop
yield loss attributable to ryegrass density is not significantly higher w h e n these c o m m o n
forms of resistance are present. This suggests that the main cost of the resistance is higher
control costs rather than higher weed numbers.
The study also reveals that although a large proportion of cropping land contains ryegrass
resistant to diclofop-methyl or chlorsulfuron, the C H D herbicide clethodim remains
effective as a selective ryegrass control option in dicot crops across all areas. A s selection
for A P P resistance appears to rarely result in resistance to all C H D s , growers have had the
opportunity to exploit some Group A herbicides and yet still retain the effectiveness of
clethodim. Thus, while the opportunity for growers to act to conserve the effectiveness of
diclofop-methyl and chlorsulfuron generally remains in only a few areas, the opportunity
to conserve the effectiveness of at least one ryegrass selective herbicide (clethodim) is
available to the vast majority of growers across all areas.
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IWM and the decision to conserve the herbicide
resource: A framework
4.1 Introduction
In Chapter 3, the extent of herbicide resistance in the major cropping weed ryegrass was
established for the Western Australian wheatbelt.

The results show that resistance

development is extensive and suggest that a framework that considers herbicide
susceptibility to be a potentially exhaustible resource m a y be appropriate. The results also
show that multiple-resistance to all post-emergent selective herbicides is rare. From a
management perspective, Western Australian grain growers are widely exposed to the
problem of herbicide resistance, but in general their range of herbicide options is not yet
exhausted, hi this chapter, literature on the adoption of agricultural innovations, concepts
of resource economics, and modelling of optimal herbicide-resistant weed management
are integrated in a framework for understanding growers' weed management decisions.
The focus here is on the optimal use of herbicides where herbicide resistance is
developing.
To delay, if not prevent, further herbicide resistance development, growers are being
encouraged to adopt extra weed management practices that reduce the reliance on
herbicides (Gill, 1997; Martin et al., 1993). The use of a more diverse range of weed
control practices is often referred to as integrated weed management ( I W M ) (Elmore,
1996; Powles and Matthews, 1991; Swanton and Weise, 1991). hi this thesis, practices
that allow selection pressure for herbicide resistance to be reduced are referred to as ' I W M
practices'. It is argued that adoption of I W M practices will generally involve a decision on
the optimal use of the herbicide resource. That is, growers face a question of h o w m u c h of
the stock of herbicide susceptibility to use n o w and h o w m u c h should be conserved for the
future.
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4.2 The herbicide resource
fn a paper referring to insect pest management, Hueth and Regev (1974) demonstrated the
close relationship between the economics of pest resistance and resource economics. They
argued that whilst the pests themselves have been viewed (by economists at least) as a
renewable resource, the effectiveness of pesticide control is a potentially exhaustible
resource that also requires management. Using this approach, pest susceptibility is viewed
as biological capital; a resource stock that can be managed similar to resource stocks in
other extractive industries. Application of the pesticide, and the consequent selection for
pest resistance, is then the form of extraction.
Even at this basic level, adapting this framework to herbicides and weed management
requires some justification. Firstly, can herbicides be considered a potentially exhaustible
resource? That is, is it possible that the rate of renewal of the herbicide resource will be
exceeded by the rate of depletion?

4.2.1 Herbicide resistance development - the rate of depletion
The potential for depletion of the stock of herbicide susceptibility is well documented in
Australia. The weed that is the focus of this study, annual ryegrass (Lolium rigidum), is
ubiquitous throughout major grain growing regions of Australia and is recognised as the
most important weed of Australian cropping (Alemseged et al., 2001). T h e combination
of a large number of plants being treated and a high initial frequency of genes conferring
resistance to the major selective herbicides, results in relatively rapid selection for
resistance (Jasieniuk et al., 1996; Maxwell and Mortimer, 1994).

High initial gene

frequencies m a k e extinction of resistant genes in a paddock unlikely and difficult to
achieve (Powles et al., 1997). In several cropping areas the majority of paddocks contain a
ryegrass population resistant to one or more of the herbicides used for selective in-crop
control of grass weeds (see Chapter 3). A study of Western Australian ryegrass
populations by Gill (1995) suggested that resistance to such herbicides becomes likely
after approximately sixfieldapplications
Previous studies of pesticide management as a resource management problem have
focused on insects and insecticides. O n e reason for this is that, in the U S at least,
herbicide resistance development has been less significant than insecticide resistance
development (Clark and Carlson, 1990). The rapidly increasing herbicide resistance
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problem in Australia n o w presents a need to reassess herbicide use as a resource
management problem.

4.2.2 New herbicide development - the rate of renewal
The development of effective n e w herbicide products is one avenue for renewal of
herbicide susceptibility. Recent history and the trends outlined below suggest that the
availability of n e w selective herbicide groups to control ryegrass should not be relied
upon. All herbicides introduced to the Australian broadacre cropping market since the
early 1980s have belonged to an existing herbicide group and, as such, have not had novel
modes of action (Table 4.1). Selection for resistance using a particular herbicidefromone
of the major m o d e of action groups (e.g. A and B in Table 4.1) can often result in
resistance to several of the other herbicides that utilize the same m o d e of action.
Similarly, m a n y ryegrass populations are already resistant to previously unused herbicide
products that belong to these mode-of-action groups. Therefore, herbicides with a n e w
m o d e of action are required if farmers are to replace the existing in-crop selective
herbicides to which ryegrass m a y already be resistant.
Table 4.1 Development dates for herbicides classified by m o d e of action.
MODE OF
ACTION8

HERBICIDE EXAMPLE

A

Diclofop

(Hoegrass)

1974

B

Chlorsulfuron

(Glean)

1979

C
D

Simazine

(Gesatop)

1955

Trifluralin

(Treflan)

1959

Active component

YEAR
C o m m o n trade n a m e

DEVELOPED b

E
F

Triallate

(Avadex)

1960

Amitrole

-

1953

G

Oxyfluorfen

(Goal)

1975

H

Thiobencarb

(Saturn)

1969

I

2,4-D

-

1945

J
K

Flupropanate

(Frenock)

1968

Flamprop

(Mataven)

1971

Paraquat

(Gramoxone)

Glyphosate

(Roundup)

1938

M
N

mSBBBBmmm'-'

Glufosinate

(Liberty)

1971
1981

m

" A V C A R E (Australian National Association for Crop Production & Animal Health) herbicide groups
.Dates from Herbicide Handbook (1994). Shading indicates commonly used herbicide group for control of
grass weeds in southern Australian cropping.
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World trends in the pesticide industry appear likely to result in fewer n e w herbicide
developments.

Increasing pesticide regulation costs result in fewer n e w pesticide

registrations, particularly for minor crops (Ollinger et al., 1998; Ollinger and FernandezCornejo, 1998). From a world perspective, m a n y crops in southern Australian rotations,
and the Australian herbicide market in general, are considered minor.

4.2.3 Resistance reversion
Another factor that can lead to renewal of herbicide susceptibility is reversion (also
referred to as regression) of herbicide resistance. This is where the proportion of resistant
plants in the weed population declines once the herbicide selection pressure is removed.
O n e mechanism by which this might occur is through the resistant plants suffering a
fitness penalty, as is the case with weeds resistant to triazine herbicides (Gressel and
Segel, 1990). In Australia, reversion of resistance in the major weed, ryegrass, has not
been observed. Studies investigating ryegrass with c o m m o n forms of resistance have not
found significant fitness penalties (Gill et al., 1993; Holt and Trull, 1994).
This overall combination of rapid development of herbicide resistance in Australian
cropping and the uncertain prospects for renewal suggests that growers are managing a
potentially exhaustible resource. A n important factor in h o w this should be managed by
growers is whether or not individual growers can capture the benefits from conservative
herbicide use.

4.2.4 The herbicide resource as private property versus open
access
M u c h of the research into the economics of resistant pest management has focused on
insects. The mobility of major insect pests has meant that insecticide susceptibility is
often treated as an open access resource where collective pest-control actions m a y be
required to achieve socially optimal pesticide use (Regev, 1984). Aggregate U S data of
insecticide sales has been used to demonstrate the open access characteristics of insect
susceptibility (Clark and Carlson, 1990).
Weeds exhibit some mobility through seed import and pollen flow carrying resistant
genes. However, it is generally assumed that, in most cases, growers 'raise and o w n ' their
weed problem as a private property resource. If growers see resistance development as an
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open access resource problem, they would have a reduced incentive to act to prevent
resistance developing as resistance is likely to be introduced from other sources. For this
reason, the possibility of growers perceiving significant immigration of resistance genes
needs to be considered. A s annual ryegrass is k n o w n to be an obligate outcrossing species,
with each resistance mechanism commonly a result of a dominant single-gene (Holt et al.,
1993) it is plausible that introduced resistant genes can be significant.
As discussed in this chapter, herbicide susceptibility is generally considered to be private
property. However, in understanding growers' herbicide use patterns the potential for
perceived c o m m o n property characteristics should not be overlooked.

4.3 A simple two-period model
As previously discussed, growers are being encouraged by weed scientists and extension
agents to pre-emptively reduce their use of herbicides in the short-term to allow the
effective life of the available herbicides to be extended. F r o m an economic perspective
the primary objective would be to achieve the optimal herbicide use pattern that
maximises the net present value of returns over time (Gorddard et al., 1995; Gorddard et
al., 1996; Schmidt and Pannell, 1996).
It should be noted that continued complete reliance on selective herbicides as the only
weed control practice is likely to be sub-optimal. Even in the absence of resistance
considerations, the optimal weed management strategy is, in practice, always likely to
include the use of at least some I W M practices. Reasons for this m a y include the
desirability of even greater weed control than a selective herbicide application can achieve,
and issues related to reliability and tactical response discussed later in the chapter.
The simple framework presented in Figure 4.1 is based on the pesticide resource model of
Miranowski and Carlson (1986), in which pesticide susceptibility is considered to be nonrenewable and resistance is solely a function of the number of pesticide applications
previously used. T w o periods of unspecified lengths are considered (see Mchierney,
1976).

Period 1 begins with low resistance levels and is long enough that most

susceptibility could potentially be exhausted in thisfirstperiod. Period 2 (not shown) is in
'the future' and dependent upon actions in Period 1.

Whilst containing major
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simplifications, the framework demonstrates some of the concepts that are considerec
more detail w h e n discussing management of the herbicide resource later in this chapter.

MC*
Marginal
Costs &
Benefits

MUC

MC1

0

S*

S1

S

Stock of susceptibility

Figure 4.1 Optimal use of pesticide susceptibility over time showing marginal
benefits and costs of pesticide use for the first of two periods.

As shown in in Figure 4.1, the total stock of pesticide susceptibility is represented by 0along the x-axis. hi the absence of Period 2 considerations, the optimal amount of
pesticide use in Period 1 would be SI, where the marginal benefit of pesticide use in
Period 1, M B 1 , is equal to the marginal cost of pesticide application, M C I . This would
result in only Sl-S of the total stock of susceptibility (0-S) remaining available in Period 2.
The cost of foregone future net benefits through the use of pesticide in Period 1 is
represented by the marginal user cost, M U C . These user costs are a result of the reduced
amount of effective pesticide applications available in Period 2 due to use in Period 1.
Given myopic pesticide use in Period 1 (i.e. ignoring future costs), the amount of pesticide
available in Period 2 is likely to be sub-optimal and result in reduced net benefits overall.
When MUC is considered, the marginal cost of pesticide use in Period 1 becomes MC*,
the sum of M U C and M C I . This gives the optimal pesticide use in Period 1 of S* where
M B 1 = M C * . This allocation uses 0-S* of the stock of susceptibility in Period 1, leaving
S*-S available in Period 2.
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W e are n o w abletom a k e use of this simple framework in interpreting some of the factors
that m a y be influencing weed management decisions by referring to herbicide use. If, for
example, the use of herbicide in Period 1 is not believed to lead to resistance development,
then the farmer's herbicide use in Period 1 will be SI as user costs will be zero. Similarly,
if the farmer believes that, regardless of his/her o w n actions, resistance will still be
introduced (e.g. through pollen or seed introductions) then the fanner will have no
incentive to conserve susceptibility in Period 1 as the M U C would be zero. The cost of
resistance build-up will be ignored, and SI will again be used in Period 1.
Alternatively, if MUC is considered in Period 1 but its value is underestimated then
herbicide use in Period 1 will be above optimal levels. This could occur if the rate of
resistance development is not understood or the cost of managing a herbicide-resistant
weed population is underestimated. If applying the framework to weed management, the
optimal level of herbicide use is likely to be part of an optimal combination of herbicide
use and I W M practices. A n y shift from this optimal combination, because of resistance
for example, will result in greater weed control costs and/or greater yield loss as a result of
higher weed levels.
The rate of future discounting of Period 2 marginal costs and benefits should also be
considered. Higher discount rates reduce M U C and result in greater herbicide use in
Period 1 as S* shifts to the right.

4.4 Weed management and herbicide resistance in cropping - a
bioeconomic model
To better explore the concepts represented in the above two-period model as they relate to
weed management, it is necessary to examine some of the bioeconomic relationships in
more detail. The optimal control model developed by Gorddard et al (1995) provides a
relevant basis for this purpose. In the example presented here, a situation where a farmer
is continuously cropping and has the option of selective herbicide weed control and a
range of I W M weed control practices is assumed. Unlike in Gorddard et al (1995), the
herbicide dose rate is not considered to be a decision variable. It is assumed that growers
always aim for high weed kill w h e n using a selective herbicide, with use of lower rates
reflecting better environmental conditions for herbicide effectiveness. Let:
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Ttt = profit in year t,
P = price per unit yield,
Y = crop yield,
C N = cost of a unit of I W M practice weed control,
C H = cost of herbicide treatment,
C F = costs associated with growing the crop excluding weed control. These costs include seeding, fertiliser
and harvesting costs and are considered fixed,
H t = a binary variable: 1 if you apply the herbicide, 0 if not, and
N, = a number representing intensity of use (number of units) of I W M practices.

m = P.Y,-CH.H-CN.Nt-CF (!)

Only the costs of herbicide use and use of IWM practices are considered as decis
variables. Yield is then a function of total weed density surviving treatments in the current
period (e.g. Auld et al., 1987). Weed density is given by
W, = yW„.[l - kWMl - ktNd] (2)
where

yis a scalar that accounts for factors such as seed production, viability loss a
mortality.
kH gives the proportion of weeds killed by herbicide,
kN gives the proportion of weeds killed by IWM practices

It is assumed that no individual IWM practice is able to achieve the high propor
weed kill that herbicides can achieve. As such, multiple r W M practices (i.e. higher N) are
required to achieve high levels of kN (see Figure 4.2). In an example where there are four
I W M practices available and each is able to provide 5 0 % control, the use of one practice
(N = 1) achieves kN = 0.5, but when all four practices are used (N = 4), the overall level of
control is 0.9375. This is similar to the effectiveness of a single application of some
herbicides. Depending on the cost of the I W M practices (CN), this relationship can result
in very high weed control costs when I W M practices alone must be relied upon for high
levels of weed control. As presented in Figure 4.1, this relationship would be expected to
affect the curve M U C and hence M C * .
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kN

Figure 4.2 A suggested relationship between the n u m b e r of I W M practices used in
a year (A/) and the proportion of weeds killed by I W M practices (kN)

The proportion of weeds killed by the herbicide, k„, depends on resistance status, R,, an
the proportion of susceptible weeds killed by the herbicide, ks.
kH = ks(H).(l-R) (3)
Resistance status, R,, is the proportion of weeds not able to be killed by the herbicide
to resistance. This can be modeled using separate state variables for resistant and
susceptible weeds, as done by Gorddard et al. (1995), or by models with more complex
genetics (Maxwell and Mortimer, 1994).

In general, in ryegrass populations the

development of resistance to the major selective herbicides takes the approximate form
shown in Figure 4.3.

R,

H
Figure 4.3 A suggested relationship between the proportion of herbicide resistant
plants, R t , and cumulative applications of herbicide, H .
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A s shown in Figure 4.3, increases in the proportion of resistant plants remains low whilst
R, is low. In effect, thefirstfew applications of herbicide usually result in undetectable
increases in resistance at the field level. The proportion of resistant plants can then
increase rapidly, resulting in the herbicide becoming ineffective in controlling the
population within just a few more applications. It is for this reason that herbicide
effectiveness is often referred to as being limited to a number of 'shots', after which the
herbicide is no longer worth using on that population. This relationship means that the
marginal benefits from herbicide use decreases rapidly once resistance first becomes
evident. The pattern of resistance development also makes observation of R, very difficult
during the early stages of resistance development.
Finally,
NPV = Xt=1.,Tttpt (4)
The decision problem is to select H and N in each year of each period to maximise NPV
from the time 1 to the time horizon n, where (3 is the discount factor, 1/(1 + r)t_1, and r is
the discount rate.

4.4.1 Two-period example
Referring to a two-period problem, w e can use the model above to help identify the key
factors deterniiriing the net benefits of choosing a conservative herbicide use partem (S*),
compared to a exploitative herbicide use pattern (SI). In this, the simplest of examples,
S* involves not using a herbicide in thefirstyear, Period 1 (i.e. H,=Q), and conserving
susceptibility for the second year, Period 2. The SI herbicide use pattern involves using
the herbicide in Period 1 (i.e. H,=\) leaving reduced susceptibility in Period 2.
First considering the net gain in profit in Period 1 if the herbicide is used (as it would be
using the herbicide use pattern SI):

7tilm=i- 7Uilm=o = P x (Film=i -

7IIHI=O) -CH -CNX

(N*i\m=i -iV*ilHi=o) (5)

where N* is the optimal level of IWM practice use.
hi Period 2 the interest lies in how herbicide use in Period 1 affects profits in Period 2:
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TCJIHI=I - ^1HI=O =

(P x

(F2IHI=I

- F2lHi=o)-C„ x (#*2lHi=i - #*2lm=o) -CNx (N*2\m=1 - N*2\m=o) (6)

where H*2 is the optimal choice of whether to use or not use herbicide in Period 2.
Over the two periods, the choice of S* ahead of SI requires that the discounted gains in
Period 2 from not using herbicide in Period 1 are greater than the Period 1 losses.
(7t2lm=o- 7t2lm=i)P >

(TCIIHI=I

-

TCIIHI=O)

O)

It would be expected that the greater the difference, the more likely it would be that
growers adopt a reduced level of herbicide use in Period 1. This is likely to result in
greater pre-emptive use of I W M practices. Relating this to growers' perceptions, adoption
of a reduced level of herbicide use in Period 1 would be more likely if:
7T2IHI=O

-

7E2IHI=I

™ Perce^ed to be relatively high. This would be the case if no herbicide

use in Period 1 resulted in:
• higher herbicide effectiveness (kH) because resistance is not yet present at high
levels;
• lower non-herbicide weed control costs

(CN.N*);

• lower initial weed numbers in Period 2 (yW,.,) (unlikely).
7tilm=i _

7TIIHI=O

is perceived to be relatively low. This would be the case if non-use of

herbicide in Period 1 resulted in:
• no major increase in weed control costs (CN.N*) and
• no major yield reduction (Y).
The impact on profit in Period 2 depends on:
• the number of weeds surviving treatments in Period 1 (yW,.i).
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•

the rate of increase in herbicide resistance status, R,, from Period 1 to Period 2 if
herbicide is used in Period 1.

• relative costs and efficacy levels of H and N.
• the rate at which Period 2 profits are discounted (r)
• the potential return from crop production in Period 2 (e.g. P. Y)

Comments on the cost of control
A factor which appears to have a conflicting interaction with the profitability of
conserving herbicide use is the cost of I W M practices ( Q . T h e issue is that the same
I W M practices which allow herbicide use to be conserved, are also the likely methods
which allow for control of weeds once resistance has developed. Therefore if C*is lower,
the relative cost of pre-emptive adoption (TCIIHI=I - 7CIIHI=O) wtU be reduced if herbicides can
be cheaply substituted with I W M practices. However, lower G a s also likely to reduce the
cost of managing a resistant population and hence the relative value of conserved
herbicide susceptibility (7t2lHi=o -

TC2IHI=I).

The overall impact of CN is likely to require

consideration of the relationship shown in Figure 4.2, where higher levels of weed control
using just I W M practices are shown to involve rapidly increasing costs, hi practice, not all
I W M practices will have the same cost. A s a result, the additional I W M practices required
to manage weed levels in the absence of selective herbicide use are likely to be those
involving higher cost. This would further contribute to the increasing costs shown in
Figure 4.2.

A factor relating to the cost of weed control is the reliability of the weed control practices
or risk. Although not included in the models presented in this paper, it is deserving of
some comment. Selective herbicides are generally seen to have relatively high efficacy
and reliability. Therefore, full reliance on I W M practices, without retaining the effective
and reliable option of selective herbicides, m a y reduce the ability to tactically respond to
unexpected increases in weed numbers that m a y arise as a result of environmental
conditions and/or weed control failures. This would add to the value of preserving at least
one 'shot' of a selective herbicide (or, in other words, increase the cost of having no
herbicide shots remaining). There are also likely to be factors associated with risk if there
is complete reliance on herbicides alone. Unless other I W M practices are used, it is likely
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that high weed densities will be regularly treated with selective herbicide. This would
increase theriskof costly, large increases in weed numbers should the herbicide treatment
fail as a result of environmental reasons for example. W h e n factors such as these are
considered, even in the absence of resistance considerations, the optimal weed control
combination is likely to include at least some I W M practices. It is therefore not surprising
that, in practice, there is very rarely complete reliance on a single form of weed control.

4.5 Perceptions of profitability in conserving herbicide
susceptibility
The framework allows for some explanation of how adoption may or may not be
profitable for individual growers. F r o m the pioneering diffusion studies of Griliches
(1957) to more recent literature (Feder and Umali, 1993; Lindner, 1987) it is evident that
the profitability of an innovation can explain m u c h of the variation in the adoption
decision.
Given that adoption can essentially be viewed as a process involving uncertainty and
learning (Fischer et al., 1996; Hiebert, 1974; Jensen, 1982) it is growers' perceptions of
profitability that are likely to be of most relevance. Unless there is complete knowledge
about the innovation, which is certainly not the case for herbicide resistance and many
I W M weed management practices, growers' perceptions can explain m u c h of the
observable differences in adoption (Lindner, 1987).
So what are the difficulties in developing accurate perceptions of the profitability of
conserving herbicide susceptibility? The process is m a d e difficult by the fact that it is
essentially a conservation, or preventative, 'innovation'. A s demonstrated in the models
above, this infers that some short-term profits m a y need to be foregone to minimise a
decline in returns in some future period. Innovations such as these are recognised as
having particularly slow rates of adoption (Pannell, 2001; Rogers, 1995). O n e of the
explanations for this is high uncertainty, and that is what will be focused on here.

4.5.1 Factors contributing to high uncertainty
The extended time frame for returns from adoption increases uncertainty (Pannell, 1999a).
Growers are faced with considerable uncertainty regarding factors such as the rate of
resistance build-up (Jasieniuk et al., 1996), the cost of controlling weed populations
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without the use of herbicides, and the future availability of n e w weed control methods.
These add to the standard elements of uncertainty associated with farming such as
commodity prices. Recent literature suggests an even more important role for uncertainty.
D o n g and Saha (1998) argue that even if the returns from adopting are expected to be
positive, adoption m a y still not occur as the returns from waiting for further reductions in
uncertainty m a y be higher.
Appropriate information can reduce some uncertainty. However, for the herbicide
resistance problem, attaining high quality information can be difficult as well as costly.
T w o major attributes identified by Rogers (1995) as determiriing the rate of adoption,
observability and trialability, are not well satisfied. The development of resistance is not
often observable until the effectiveness of the herbicide is almost lost. A s a result, the
ability to observe the effect of reduced herbicide applications on the stock of weed
susceptibility is m a d e difficult. Similarly, this affects trialability. Whilst I W M weed
management practices m a y be able to be trialed and observed to varying degrees, their
impact in the context of conserving herbicide susceptibility is not so readily observable.
There is also the potential for considerable uncertainty about the ongoing importance, of
herbicide resistance development as it relates to expectations of future technological
development (Rosenberg, 1976). D u e to the competitive commercial nature of pesticide
development, little is publicly k n o w n about the probability of n e w

herbicide

developments. The potential for n e w herbicide groups that will reduce the impact of
current forms of resistance is highly uncertain. Similarly, there is uncertainty regarding
the development of n e w non-herbicide weed control technology or the future profitability
of enterprises that rely less on herbicide use (e.g. grazing).
Although not discussed in any detail here, the individual IWM practices, and IWM as a
strategy, present their o w n set of impediments. T h e importance of perceptions of not just
the 'problem' but of technology-specific attributes has been recognised in recent studies
(Adesina and Baidu-Forson, 1995; Adesina and Zinnah, 1993; Wossink et al., 1997).
I W M , by definition, involves a range of practices and therefore a large number of
technology-specific attributes. A s suggested in this paper, cropping without selective
herbicides is likely to require several weed control practices used in conjunction. This
complexity adds to the potential for misperceptions and high uncertainty.
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4.5.2 The role of information and extension
Even if conserving herbicide susceptibility is profitable, the adoption scenario is clearly
complex and, as such, rapid adoption is difficult to achieve. Aside from developing n e w
weed management methods, those with an objective of preventing further herbicide
resistance development essentially have the provision of information as the main tool.
Where the pest being considered has very low mobility there is little justification for policy
other than that which overcomes a lack of information (Miranowski and Carlson, 1986;
Pannell, 1998). Improved knowledge and better-informed decision making then becomes
the objective. Extension of information about herbicide resistance and I W M practices can
achieve this by reducing uncertainty and overcoming misperceptions. If the argument that
the described adoption scenario is one involving particularly high levels of uncertainty is
correct, then it should follow that the potential impact of information is also high.

4.6 Conclusion
A number of organisations involved with crop production have an objective of reducing
the rate of herbicide resistance development by grain growers. The discussion in this
chapter suggests that there are major challenges in achieving this. A framework for
understanding the important factors determining profitability, together with the likely role
of high uncertainty, has been presented. It is suggested that a framework that considers
herbicide susceptibility to be a potentially exhaustible resource m a y be appropriate.
Growers must then choose the optimal levels of herbicide and I W M practice use over
time, in an adoption scenario where uncertainty is high.
Concepts discussed in this chapter are used as a basis for the empirical study of the
adoption of I W M practices by growers in the Western Australian wheatbelt. Survey
questions are focused on hypotheses derived from this chapter, based on consideration of
the variables most likely to be of influence in the decision to conserve or exploit
herbicides.

A major objective is to test whether grower perceptions and adoption

behaviour are consistent with a private property exhaustible resource model, and to
identify the important factors influencing the adoption decision (Chapter 8). The role of
information in influencing perceptions is also examined and tested (Chapter 10). In the
next chapter, the survey methodology is described.
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The questionnaire, survey design and
implementation
5.1 Introduction
This chapter describes the process by which data relating to the conceptual framework
developed in the preceding chapters was collected. This includes the survey design,
questionnaire development and its implementation. Justification and details of the use of
specific methods are included for the key components of the survey such as elicitation of
the probability distributions. S o m e descriptive statistics from the initial survey are
included in this section to further describe the survey sample and farming system.
The initial 2000 survey was used to identify key factors to be targeted in the extension
workshop and to collect 'prior' data so that the effect of the extension workshop and other
influences on grower perceptions could be measured. T h e second survey, conducted in
February-March 2001, involved only growers w h o were included in the 2000 survey. The
objectives of this second survey are described in Chapters 9 and 10. The implementation
of the second survey is described at the end of this chapter. T h e second questionnaire was
based largely on the first questionnaire and is not described here.

5.2 Survey design
The limitations of cross-sectional data were discussed in the literature review, particularly
as they relate to recognising perceptions and learning (e.g. Lindner, 1987). With the
exception of the pre-post extension experiment presented in Chapter 10, the determination
of factors influencing I W M adoption was restricted to the use of cross-sectional data
survey data collected in 2000. F e w adoption studies have been able to use panel data, a
method which best allows for dynamic learning to be accounted for (Cameron, 1997).
However, including appropriate grower perceptions as explanatory variables in a cross-
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sectional study can help to account for the significance of the learning process (Lindner,
1987). This can avoid problems of bias, by recognising that m u c h of the observed
differences in adoption behaviour between growers will be due to different perceptions,
based on different levels of knowledge at the time of the survey. The questionnaire was
developed with a major aim being the elicitation of a range of grower perceptions intended
to capture the state of grower knowledge.

5.2.1 Questionnaire development
Questions were developed to elicit data that related as closely as possible to the parameters
in the conceptual model. Questions based on major quantitative parameters were designed
to elicit as m u c h data in interval or ratio form as possible to facilitate parametric statistical
analysis. However, during the pre-testing stages detailed below, some concessions were
introduced to improve the ease of elicitation and increase the number of usable responses.
This involved the use of ordinal scales for some questions. Other changes were m a d e to
ensure that the typical interview time was 90 minutes or less. The initial construction of
the questions was guided by the recommendations found in the social survey (e.g. Alreck
and Settle, 1995; de Vaus, 1995) and economic literature (e.g. Hardaker et al., 1997;
Norris and Kramer, 1990).
The questionnaire underwent five main stages of testing with modifications made between
each stage. The first involved discussions and testing of draft questionnaires with four
agronomists based at the University of Western Australia and the Department of
Agriculture. These agronomists had strong backgrounds in the practical issues of cropping.
The second stage involved test interviews with two local agronomists in each of the survey
regions.
The third stage of testing involved interviews with growers in an area identified as having
c o m m o n characteristics to both of the survey regions. Six growers were surveyed, with
some modification m a d e after thefirstthree. During the above pre-testing stages, several
concessions were m a d e to allow for greater ease of elicitation.
The fourth stage involved each interviewer interviewing the other in role-playing exercises
to ensure consistency in interview technique. Finally, interviews were conducted with
three growers in one of the survey regions, with each interviewer being observed
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interviewing a grower by the other interviewer. N o modifications were m a d e to the
questionnaire after this stage.

5.2.2 Questionnaire construction
The resulting questionnaire (Appendix A ) has a construction designed to minimise some
of the major types of response bias (Alreck and Settle, 1995). The term integrated weed
management (or I W M ) is not used in the questionnaire. Instead, only the individual
practices that comprise an I W M strategy are included. Whilst this aided the quantitative
measurement of adoption, it was also intended to minimise response bias towards positive
responses due to acquiescence. I W M , as a general strategy, is commonly espoused by
researchers and extension agents as desirable. A s such, a 'positive' response to I W M
could be seen to be desirable for the interviewer. The focus on individual practices was
thought to be less likely to induce such response bias. The weed control practices are
discussed in Chapter 7, with a description of each practice also included in Appendix B.
An attempt was also made to minimise any effect that priming may have had as a result of
repeated reference to herbicide resistance throughout the questionnaire. For example the
questionnaire has no title that refers to herbicide resistance. Questions examining growers'
intended adoption, valuation of I W M practices, and expected herbicide resistance costs
were placed early in the survey. It should also be noted that growers were asked to n a m e a
'typical cropping paddock' on then farm very early in the questionnaire, before any
mention of herbicide resistance had been m a d e in the survey. This was done to reduce the
likelihood that a paddock typical of their resistant paddocks would be nominated instead
of a paddock typical of their general cropping land.

5.2.3 Methods of elicitation
Integral to the study was the elicitation of subjective probability distributions. The choice
of technique is discussed in this section. Where necessary, specific details on the choice of
elicitation methods for other variables are included where the results are presented.
Eliciting subjective probability distributions
Perceived probability distributions are important to this study for several reasons. A s
previously hypothesised, there are a number of variables possibly associated with high risk
and uncertainty. Perceptions ofriskand uncertainty m a y influence the likelihood of I W M
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adoption and reveal possible misperceptions and high uncertainty. Perceived probability
distributions are also the subject of measurement for the effect of extension in reducing
uncertainty and changing perceptions via information.
Given the importance of risk and uncertainty in many aspects of agriculture, potential
methods to elicit subjective probability distributions have received considerable attention.
For the most accurate measures, the direct elicitation of the probability density function
has received m u c h support in the literature (Hardaker et al., 1997; Norris and Kramer,
1990). This includes the use of visual response methods such as the placement of counters
against several intervals to produce a distribution table representing a probability
distribution function.
In this study, a less complex and time-consuming method was required. As previously
mentioned, for a number of variables in the I W M adoption decision the subjective
probability distribution is of interest. Including multiple weed management practices
further increases the number of distributions necessary. T h e large number of distributions
required was one of the major reasons for seeking a simpler and less time-comuming
elicitation method.
The other major factor was the expected ease with which growers could produce a detailed
distribution. A s m a n y growers in the random sample were likely to have only limited
knowledge of some of the variables of interest, a simpler elicitation method was most
likely to allow this limited knowledge to be expressed, hi some cases, the method was
required to gain subjective probabilities of effectiveness for practices that the grower had
never used, or possibly observed. Even growers with experience with the practice were
unlikely to have actually measured effectiveness. This is in contrast to variables such as
crop yield, for example, where familiarity with the measurement is high. A s uncertainty is
of key interest in this study, minimising non-response due to high uncertainty was
considered important.
Triangular distributions
The triangular distribution is a widely used distribution that is relatively easy to elicit,
requiring only three pieces of information. It has been found to be particularly useful
w h e n the distribution is assessed wholly subjectively by a farmer (Hardaker et al., 1997;
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Pingali and Carlson, 1985) and has been widely used by agricultural economics
researchers (Norris and Kramer, 1990).
Triangular distributions were elicited for variables relating to expected percentage control
and expected timing for certain events. Growers were therefore asked for their perceived
most likely, highest possible, and lowest possible percentage of weed control, or the most
likely number of years from now, the latest possible and the earliest possible. Responses
no doubt incorporate elements of both k n o w n risk and growers' uncertainty. Relating to
risk, the sensitivity of the percentage control provided by some practices to season-specific
conditions, for example, is likely to influence the range of expected control. Other, 'fixed'
and site-specific environmental conditions such as soil type and topography can be
expected to influence the level of control. T o focus growers' responses on risk and
uncertainty rather than the variability associated with the heterogeneity of 'fixed' factors
such as soil type and topography across a property (not a paddock), the questions generally
asked growers to relate to a 'typical' paddock. The probability density function can be
drawn as shown in Figure 5.1, with the most likely values used as the m o d e (m).

f(X)

I

m

h

X
Figure 5.1. E x a m p l e probability density function using three elicited points (1, m
and h).
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The height of the modal point, f(m), was calculated using the formulae:
f(x) = 2(x-l)/(h-l)(m-l),x<m (!)
f(x) = 2(h-x)/(h-l)(h-m),x>m (2)

such that at the mode:
f(m) = 2/(h-l) (3)
The mean, or first moment of the distribution, is calculated by:
M = (l + m + h)/3 (4)
The variance, or second moment, is calculated by:
V = {(h -1)2 + (m -1) (m -h)}/18 (5)
For some variables, where certainty was expected to be very low, the elicitation of a
triangular distribution was thought to be inappropriate. For these variables, growers were
asked to give the probability (as a chance out of 10) that a certain event would occur by a
given specific time. This also reduced the number of triangular distributions required and
consequently reduced the length and complexity of the questionnaire.

5.3 Survey regions and sampling method

The survey design needed to account for the objectives of the initial survey, the applica
of the extension treatment, and the return survey in the following year (see Chapter 10).
The survey was focused on two specific regions of the Western Australian wheatbelt. This
cluster sampling method was intended to allow a small number of extension workshops to
be held central to the survey participants. A method aimed at sampling from the entire
wheatbelt would not have allowed for practical implementation of regionally specific and
easily accessible extension workshops. The focus on just two defined regions was also
intended to reduce the level of unaccountable heterogeneity in terms of environment and
location-specific factors. A s many of the practices investigated can be highly influenced
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by environmental factors, minimising this source of variance was seen as a method to
improve sample reliability.

A limitation that results from using only two clusters is in the ability to extrapolate res
beyond the sample. Although the regions were selected for their representativeness of
broader cropping areas, the twin cluster restriction means that the sample is not necessarily
representative of the entire wheatbelt of Western Australia. However, as the focus of this
study is on the (presumably) more universal processes of individual decision making and
learning under uncertainty, gaining a thorough representation of the entire W A wheatbelt
was of secondary importance in the survey design.
The survey was based on samples from regions in the north eastern central wheatbelt
( D A L ) and the south central wheat belt ( K A T ) (see Figure 5.2). Each region was based on
local government areas with D A L comprising the Dalwallinu shire and K A T comprising
the neighbouring Katanning and Woodanilling shires. These regions represent contrasting
cropping histories, herbicide resistance development, farming system options and
environment. The extent of herbicide resistance in each region is indicated in the results
of the herbicide resistance survey (Chapter 2). K A T covers parts of two of the agronomic
areas surveyed for the extent of herbicide resistance, where the average proportion of
paddocks with a resistant population was approximately 50 per cent. For the two
agronomic areas that include D A L , the average proportion of paddocks with a resistant
population was approximately 90 per cent. D A L is within an area where herbicide
resistance is recognised as an established problem, without having a reputation for
extremely high levels of resistance in the context of the W A wheatbelt (see Chapter 2).
K A T is within an area with a smaller, but 'emerging' problem. However, herbicide
resistance is sufficiently prominent as an issue for growers to have an adequate level of
awareness of ryegrass management in a cropping system to be able to participate in the
survey.
KAT at 2645 km2 is considerable smaller than DAL (7187 km2). However, due to the
differences in average farm size (see next section), the number of separately managed
farming properties is nearly equal, with 173 and 165 respectively (ABS, 1997). K A T has
a lower annual rainfall than D A L . Close to the centres of the K A T and D A L regions are
the 4 5 0 m m and 3 2 5 m m annual rainfall isohyets, respectively.
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Figure 5.2 Shires of south-western Western Australia showing K A T and D A L .
M a p produced by Ministry of Planning, Western Australia, 1997.

Growers in each area were selected using a database of property owners based on
information held by local government sources (West, 1999). Local agronomists and
growers were used to identify those listed w h o were not currently 'commercial' grain
growers (defined here as growing less than 200 ha of crop annually) and to help identify
the major cropping decision maker for each farm operation represented in the list.
Growers were first contacted up to two weeks in advance of the planned interviews
(February-March 2000) by phone calls made at random from the reduced list. The main
cropping decision maker was requested. Ji that decision maker was available, they were
given details of the University of Western Australia's W A Herbicide Resistance Initiative
and the project's objective of gaining a better understanding of ryegrass management from
a local farmer perspective. Ji necessary, it was made clear that the involvement of those
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without a serious ryegrass problem was also of importance to the study.

It was

emphasised that the project was part of a grower-funded Grains Research Development
Corporation ( G R D C ) initiative.
In KAT, 78 main cropping decision makers were spoken to with requests for interviews,
resulting in 69 acceptances. The remainder w h o refused to be interviewed comprised
growers w h o had time clashes with sheep shearing (4), were to be absent from the farm
(e.g. vacation) (2) or otherwise unwilling (e.g., "too busy") (3). hi D A L , 72 main cropping
decision makers were spoken to, resulting in 64 interviews. The remainder comprised
growers with time clashes with sheep shearing (2), urgent responses to unseasonal rainfall
(5), or otherwise unwilling (2). Unsolicited comments from participants suggested that the
very high participation rate could be partly explained by the general level of interest and
motivation towards ryegrass management and herbicide resistance research, positive
attitudes towards the University of Western Australia and G R D C research, and the
commitment to an on-farm visit and return visits to the local area by research staff.
Based on 1997 ABS figures, the number of participants in the survey represent 38 per cent
and 40 per cent of the total number of farming businesses in D A L and K A T respectively.
The proportion of cropping business managers surveyed in each area is likely to be
considerably higher than the percentage figures stated above as, for example, some
landowners m a y not manage cropping operations on their land (e.g. lessors, and noncropping farm businesses) or m a y have sold their land to an existing property manager
since 1997.
As the proportion of the population sampled in each area appears near equal, no sample
weighting was deemed necessary. The sample selection method and the high participation
rate indicate that m a n y of the usual sources of sample bias, such as non-response bias and
self-selection (Alreck and Settle, 1995) have been minimised. Given the high proportion
of the population sampled in each area, it is unlikely that cluster bias has been avoided.
Cluster bias occurs w h e n the clusters are closely specified and sampled individuals are
likely to be of a similar type or status and have a high level of interaction with each other
(Alreck and Settle, 1995). Although likely to be present, cluster bias is not seen to be a
major issue in this study, as the primary objective does not rely on obtaining a sample that
represents the greater wheatbelt population. The large geographical area of K A T and
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D A L also reduces the likelihood of interaction across the entire cluster samples. The
focus on information and extension also means that any effect of interaction within the
areas is of interest to the study as a possible explanatory variable for differences m
behaviour between areas.
The resulting sample size of 132 is well above the 100 nahiimum recommended sample
size even for large populations (Alreck and Settle, 1995). A larger overall sample size
would have allowed for significantly smaller confidence intervals w h e n using subsamples
but this was restricted by practical considerations. Together with the cost of personally
interviewing a larger sample, a further consideration was the number of growers able to be
exposed to the extension treatment (Chapter 10).

5.4 Description of the grower sample and sample regions
The median and m o d e age range for respondents in both K A T and D A L was 35-44 years.
The age distribution for all growers is shown in Table 5.1.
Table 5.1 Age distribution of main cropping decision-makers surveyed in KAT and

DAL
Age (years)

<25

25-34

35-44
T»

3

15

45-54
A.

55-64

65+

D

rerceutage or growers
42
27
9

3

N o significant difference between K A T and D A L

The age distribution of the respondents is generally younger than that reported for Western
Australian broadacre farm managers ( A B A R E , 1999b). O n e likely explanation for this is
that a younger co-manager (e.g. a son) m a y specialise in the crop agronomy aspects of the
farm business, without necessarily being the formal owner of the property. Anecdotal
evidence also suggests that the younger co-manager is more likely to specialise in
cropping management than livestock. It should also be noted that all the interviewees
were male. Although in some cases females were present during the interviews, a male
was nominated as the main cropping decision maker for each property and acted as the
primary respondent.
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A s a measure of education, respondents were asked if a university degree or diploma had
been completed by any of those involved with managing the farm business. Overall 23 per
cent replied yes, with no major differences between K A T (24 per cent) and D A L (22 per
cent).
Characteristics of the respondents' farms are shown in Table 5.2. Farms belonging to
respondents in D A L are shown to be, on average, over twice the size of those in K A T .
Only a small proportion of cropping land is leased, with leased land generally
supplementing larger holdings. In K A T , 16 per cent of respondents leased some land and
in D A L thefigurewas 20 per cent. O f those leasing some land in K A T and D A L , the
average percentage of total arable land leased was 29 per cent and 25 per cent respectively.
As an indication of differences in the intensity of cropping in each area, the average
percentage of land on which a crop has been grown each year for the pastfiveyears is
shown in Table 5.2. Results show that a m u c h greater proportion of land in D A L is
dedicated to continuous cropping withoutfrequentpasture phases. Such rotations usually
require more frequent use of selective herbicides and therefore are at greaterriskof
herbicide resistance.
Table 5.2 Farm size and cropping intensity in KAT and DAL.

Mean Std. Dev.
KAT
Farm size (arable ha managed)

1812

DAL
3864

KAT

DAL

1334

2747

% of arable land
Proportion of land continuously

18

30

24

33

32

56

15

17

55

70

19

15

54

70

20

15

cropped over past 5 years
Proportion of land cropped 10 years
ago
Proportion of land to be cropped in
2000
Proportion of land expected to be
cropped in 2004

The more intensive cropping rotations in DAL are also reflected in the annual proportion
of land planted to crops (Table 5.2). The average percentage of land cropped has risen
from 56 per cent in 1990 to an expected plateau of 70 per cent currently, hi K A T cropping
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intensity is also expected to plateau, but at approximately 50 per cent. There has been a
major increase in the intensity of cropping from 1990 to 2000 in both areas, with ariseof
23 per cent in K A T , compared with 14 per cent in D A L . This reflects the timing of the
general trend to more intensive cropping and less pasture. Areas that have traditionally
offered higher livestock returns, such as K A T , have only relatively recently intensified
cropping programs. A s the relative value of livestock enterprises remains higher in K A T
it would be expected that the equilibrium proportion of land dedicated to cropping would
remain lower than D A L .
For the cropping paddock identified as being most typical of cropping land on the farm,
growers were asked to list the crops grown since 1996. O f the crops grown on the typical
paddocks from 1996 to 2000 (including the planned 2000 crop), in K A T , 46 per cent were
wheat, 19 per cent canola, 17 per cent lupins and 13 per cent barley, hi D A L , 63 per cent
were wheat, 24 per cent lupins, 3 per cent canola, 3 per cent peas and 2 per cent barley.
Further descriptions of components of the questionnaire are included in the following
three chapters.

5.5 Implementation of the first survey
Surveying began in KAT in mid-February 2000 and was completed in DAL mid-March.
This period, prior to the opening rains of the season, is generally recognised as a time
when growers have the most time available for such activities. It is also the time of year
when most plans for the coming season's cropping program are in place and are yet to be
affected by unpredicted seasonal conditions. This reduced the risk that unusual seasonal
conditions would be a dominant influence on responses.
Four interviews were scheduled for each interviewer each day. Growers were phoned one
to two days in advance of the scheduled visit to their property for confirmation. The
interviews were conducted by the author and one other w h o had been tutored in the
conduct of personal interviews and bias rriinimisation. Both interviewers hold Bachelors
degrees in agricultural science, have fanning backgrounds, and have experience in
Western Australian weed

management

systems.

approximately half the interviews in each area.
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The vast majority of interviews were conducted with one grower. However, there were
some farm businesses where two main cropping decision makers participated in the survey
and responded with mutually agreed answers.

Questions were read aloud by the

interviewer, although the interviewee also had a copy of the survey to read through and for
viewing scales. At the appropriate questions, all participants were provided with lists of
herbicide groups and recognised integrated weed management practices to assist them in
their responses (Appendix A ) . O n completion of the survey, participants were provided
with a plastic herbicide group chart for on-farm use, a brochure including information on
the W A Herbicide Resistance Initiative and an information sheet explaining the survey
project and the future stages of the project.

5.6 Implementation of the second survey
The second survey was conducted during March 6-23, 2001, approximately one year after
the initial survey. Attempts were m a d e to contact all of the growers involved in the 2000
survey with the exception of four growers who, for reasons other than uncertainty, were
unable and/or unwilling to answer key questions relating to the herbicides and practices in
2000. Phone calls were m a d e until a schedule for 52 interviews in each area over the
three-week survey period was completed. N o contacted grower refused to be involved in
the second survey. A small number of contacted growers were unavailable due to prior
commitments (e.g. shearing) or forced to cancel due to unforeseen circumstances. Several
growers could not be contacted before the schedule was completed for their area. This was
the main reason for some participants in 2000 not being involved in the 2001 survey,
although extra effort was m a d e to ensure that workshop attendees were contacted and
scheduled for interviews.
Of the 132 growers involved in the 2000 survey, 101 were revisited in March 2001 (51 in
K A T and 50 in D A L ) . Cropping enterprise managers from 29 of the 31 farm businesses
represented at the workshops were available to be surveyed in 2001. hi two cases the
individual workshop attendee w h o was surveyed in 2000 was unavailable and a comanager of cropping enterprises for that property was surveyed in 2001. For this reason
the number of workshop attendees for w h o m changes in perceptions could be measured
was 27.
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All interviews were conducted by the author or a second interviewer. A different second
interviewer was used in 2001. T o allow for some account to be taken of possible
interviewer bias, growers w h o were interviewed by the author in 2000 were again
interviewed by the author in 2001. O n average, the questionnaire was completed in
approximately 70 minutes.
In the next two chapters results from the 2000 survey are presented. Chapter 6 is focused
on the results relating to herbicide resistance and herbicide use. Chapter 7 is focused on
the adoption and perceptions of I W M practices.

80

CHAPTER 6
Grower perceptions of herbicide resistance and
herbicide use

6.1 Introduction
An objective of the survey described in Chapter 5 was to gain information on growers'
perceptions of herbicide resistance development and herbicide resistance status.
Understanding the adoption of I W M practices by Australian grain growers will also
require an understanding of herbicide resistance. N o previous study has examined
growers' perceptions of the factors contributing to a herbicide resistance problem.
In this chapter, data on the extent of the herbicide resistance problem reported by growers
is presented together with perceptions of factors relating to the herbicide resource and
expectations of future herbicide use. The data presented is from the survey of 132
Western Australian grain growers from the Dalwallinu ( D A L ) and KatanningWoodanilling ( K A T ) regions described in Chapter 5. S o m e reference is also m a d e to data
collected in 2001 in the second survey involving 102 of those growers.

Both

questionnaires (Appendix A ) focused on the most important cropping weed, annual
ryegrass, and the herbicides to which resistance is most likely to develop; the Group A and
B herbicides described in Chapter 3.
Detennining grower perceptions also provided the opportunity to identify possible
inconsistencies between grower perceptions and research and field experience.
Consequently, some perceptions presented in this chapter were identified as being more
likely to be influenced by extension information. Information targeting these perceptions
was included in the extension workshop described in Chapter 10.
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6.2 Herbicide resistance status
Herbicide resistance 'status' could refer to a number of issues, including the proportion of
cropping land affected by resistance and the intensity, or seriousness, of resistance
development. The cost of herbicide resistance is likely to be greater where several
herbicides are no longer effective in controlling a population. Hence, the adoption of
alternative practices is more likely in these situations where the problem is m o r e severe
(Sinden and King, 1990). hi the most extreme cases of herbicide resistance, the cost of
non-adoption m a y include the inability to continue cropping.
In this section, data on the resistance status of growers' cropping land as a whole, their
paddock identified as a typical cropping paddock, and the paddock identified as having the
most serious resistance problem (if applicable), are used to examine the extent and
intensity of resistance development on growers' properties. It is recognised that only a
small proportion of cropping land has recently been tested for resistance status (Chapter
9). Therefore, it should be assumed that measures of resistance status are based on
growers' o w n observations rather than test results.
The survey identified resistance development at two levels. Where a grower's response in
relation to a weed population was that a herbicide is 'no longer worth using', the weed
population is described here as being 'resistant'. W h e r e the grower response w a s that a
herbicide is 'less effective but still worth using', the weed population is described here as
'developing resistance'.
Questions of most importance to the study of herbicide resistance management decisions
include the following:
• Have growers had experience on their property of some form of herbicide
resistance?

• Do growers still have ryegrass susceptible to at least some selective herbicides on
most of their cropping land; that is, is the conservation of selective herbicide
susceptibility still relevant?
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•

Is herbicide-resistant ryegrass the most important form of resistance in terms of
resistance development and potential exhaustion?

• Which measure best characterises differences in herbicide resistance status
between regions?

6.2.1 Overall resistance status
O f the 132 growers interviewed, 71 per cent indicated that they had some form of
resistance ('Any' resistant or developing resistance on Most Serious resistance paddock)
on their farm (Table 6.1). S o m e 59 per cent of growers stated they had a resistant weed
population on their farm where a herbicide is 'no longer worth using' on that population.
O f these farms, the m e a n proportion of cropping land affected in this way was 36 per cent.
Consistent with this result, a relatively low proportion of growers (less than 24 per cent)
have a resistant ryegrass population in their paddock identified as being a typical cropping
paddock (Table 6.1).
The majority of growers still had a Group A herbicide option remaining for ryegrass
control, even on their paddock identified as having the most serious resistance problem on
their farm (Table 6.1). Only three per cent of growers stated that the Group A 'dim'
clethodim was no longer worth using (Resistant) on their Most Serious resistance
paddock, and only one per cent of typical paddocks were stated as having clethodimresistant ryegrass. The grower response is consistent with the biological test results of the
random paddock survey of the W A wheatbelt (Chapter 2) where only one randomly
collected ryegrass population (out of 185) exhibited clethodim resistance.
Only 21 per cent of growers reported having forms of resistance other than ryegrass
resistance to Group A and B herbicides. O n paddocks nominated as most serious and
typical, the figure was just six per cent and two per cent respectively. Clearly, ryegrass
resistance to Group A and B herbicides is the most c o m m o n form of resistance, justifying
the focus on these forms of resistance in this study. Other forms of resistance comprised
mainly resistant wild radish and wild oats.
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Table 6.1 T h e proportion of growers with ryegrass populations with observed
resistance or developing resistance on: their paddock nominated as being a
'typical' cropping paddock, their paddock nominated as having the most serious
level of resistance, or on any area of their property.

F o r m of resistance

Any

B

Fop

Dim

Cleth.

Per cent oi. growers

O n an area of the farm

59

49

47

With resistance or developing resistance

71

63

55

30

12

With resistance

52

39

32

14

3

With resistance or developing resistance

45

38

29

14

4

With resistance

24

17

11

5

1

With resistance

In Most Serious resistance paddock 8

In Typical cropping paddock 8

Data is shown for ryegrass resistant to Group B herbicides (B), Group A 'fop' herbicides (Fop), Group A
'dim' herbicides (Dim), the Group A 'dim' herbicide clethodim (Cleth.), and resistance in any weed to any
herbicide (Any).
"Refers to resistance status of paddock as a whole e.g. 'with resistance' is defined as 'herbicide not worth
using on that paddock'.

6.2.2 Resistance status by region
The importance of considering multiple measures of resistance development is
demonstrated when comparing resistance development between the two regions, K A T and
D A L . Table 6.2 shows that the differences between the two regions in terms of observed
resistance status appears less at the whole-property level than for the paddock identified as
typical. A particularly large differential also exists for dim resistance relative to the more
c o m m o n fop resistance. This suggests that if the objective is to differentiate between
regions in terms of resistance status, measures mcoroorating more information than just
the presence of any form of resistance on some area of the property will be needed.

For growers with Resistance, the proportion of cropping land affected also differed greatly
between regions (not reported in a table). O f the growers in K A T with a resistant
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population, the average proportion of land where a herbicide is no longer worth using to
control a weed population (Resistant) was 18 per cent. For those with Group B resistance,
16 per cent of land contained a ryegrass population on which a Group B herbicide was not
worth using and for Group A fops, thefigurewas 17 per cent, hi D A L , the proportions
were much higher, being 48 per cent of land for any herbicide, 39 per cent for Group B
resistance and 47 per cent for Group A resistance.

Table 6.2 Proportion of growers in KAT (K) and DAL (D) regions with ryegrass
populations with observed resistance or developing resistance on: their paddock
nominated as being a 'typical' cropping paddock, their paddock nominated as
having the most serious level of resistance, or on any area of their property.

Form of resistance

Any
K

D

B

K

Fop

D

K

With Resistance

K

D

K

-

-

D

J. C

T»

O n an area of the farm

D

Cleth.

Dim

47

71

31

rev cent oi growers
69
40
56
-

60

86

44

83

46

66

13

48

7

17

38

61

27

52

27

38

7

20

3

3

26

61

18

59

12

47

3

27

0

8

13

31

9

25

4

17

2

8

0

2

In Most Serious resistance
paddock 8
With resistance or developing
resistance
With resistance
In Typical cropping paddock

8

With resistance or developing
resistance
With resistance

Data is shown for ryegrass resistant to Group B herbicides (B), Group A 'fop' herbicides (Fop), Group A
'dim' herbicides (Dim), the Group A 'dim' herbicide clethodim (Cleth.), and resistance in any weed to any
herbicide (Any).
"Refers to resistance status of paddock as a whole e.g. 'with resistance' is defined as 'herbicide not worth
using on that paddock'.

Resistance status score
T o create a measure of the intensity, or seriousness, of ryegrass resistance on cropping
land, a scoring method has been used based on resistance to fops, dims, clethodim and
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Group B herbicides. For each of these forms of resistance, a score of two is allocated if
the herbicide is resistant and one is allocated if there is developing resistance. This scores
the ryegrass resistance status of the Most Serious and Typical paddocks on a scale of 0-8.
The resistance status scores for each region are shown in Table 6.3. As a measure of the
'intensity' of resistance development in specific paddocks, the scores show a generally
lower intensity in K A T , with few paddocks scoring above four. In K A T , 41 per cent of
growers recorded a score of zero on every paddock, indicating no experience with
resistance management, hi contrast, only 14 per cent of D A L growers recorded a score of
zero on every paddock. It should also be noted that no typical paddock in either region
scored eight. Therefore, no grower was managing a property where none of these
herbicides were worth using to control ryegrass on the typical cropping land.

Table 6.3 Resistance scores for growers' Typical cropping paddocks and Most
Serious resistance paddocks in D A L (n=64) and K A T (n=68).

Most Serious Paddock Typical Paddock
Score"

KAT

DAL

KAT

DAL

Per cent of growers-

0

41

14

74

39

1-2

31

27

22

27

3-4

18

28

4

17

5-6

9

23

0

16

7-8

1

8

0

2

a

Based on the sum score for resistance to fops, dims, clethodim and Group B herbicides where a score of 2 is

allocated if Resistant and 1 is allocated if Developing Resistance.

Time of first resistance development
Although it has been two decades since herbicide resistance wasfirstdiscovered in
Australian agriculture, these results show that, typically, development has been relatively
recent. The median year in which herbicide resistance was first noticed on properties was
1995. Differences between regions are also reflected in the time that resistance was first
discovered on properties. Growers in D A L have generally had experience managing
resistant weed populations for a longer period. O f the growers in K A T w h o have some
resistance on their property, the median year offirstdiscovering resistance was 1997. In
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D A L the median year of discovery was 1995. In K A T , 36 per cent of growers n o w with
recognised resistance hadfirstnoticed it in the previous two years, compared to nine per
cent in D A L .

6.2.3 Summary of resistance status
The extensive development of herbicide resistance in Western Australian cropping
systems (see Chapter 3) means that the majority of growers involved in this study have
some experience with resistance development on their property. This is predominantly
through ryegrass resistance to the Group A fop and Group B herbicides.
The method used to measure resistance status is shown to be important in differentiating
between regions. It is only w h e n measures of the intensity of the resistance problem (e.g.
the number of herbicide classes to which a weed population is resistant) and the extent of
resistance (e.g. the presence of resistance on typical cropping land) that large and
distinctive differences can be identified.
Although the majority of growers in both regions have a herbicide resistant weed
population on some area of their farm, Group A fop herbicides are still considered to be
worth applying for ryegrass control on the majority of cropping land in both regions. At
least one Group A dim herbicide (i.e. clethodim) remains effective on almost all typical
cropping paddocks. N o grower involved in this study has completely exhausted the stock
of selective herbicides for ryegrass control on typical cropping paddocks.
These findings have important implications for this study. Firstly, the results justify a
focus on resistance to post-emergent selective herbicides in ryegrass as other types of
resistance remain relatively u n c o m m o n . In terms of grower perceptions, the extensive
presence of some level of herbicide resistance means that awareness and understanding of
resistance development and management should be reasonably high. All growers still
have the opportunity to conserve the effectiveness of at least some herbicides. Therefore,
the question of conserving or exploiting the remaining herbicide resource is one that is
relevant to all growers.
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6.3 Herbicide use

Herbicide resistance development is usually a function of herbicide application history, hi
this section, both past and projected herbicide use at the farm and paddock level is
considered. O f major interest are the differences in herbicide use patterns between
growers in the two regions.
Examining past and projected herbicide use offers insight into whether:
• Growers have reduced or intend to reduce herbicide use.
• Growers in an region with less intensive cropping, and consequently less resistance
(KAT), are following a similar, but belated, herbicide use trajectory to that which
resulted in high herbicide use and high resistance in other regions ( D A L ) .

6.3.1 Farm-level herbicide use
Growers were asked to estimate the average number of herbicide applications that crop
paddocks on their farm receive in a year (mcluding herbicides of all types and those in
tank-mixes at a rate that individually kills target weeds). Results show that the average
number of herbicide applications was higher in D A L than K A T four years ago, but n o w
the average number of applications is no longer significantly different (Table 6.4).
Currently, in both regions, the average estimate of the number of herbicide applications
applied to a crop is between three and four.

Table 6.4 Growers' average estimated number of herbicide applications applied
annually to cropping paddocks by growers in K A T and D A L , including forecast
averages for 4 years time.

Mean

Median

Std. Dev.

KAT

DAL

KAT

DAL

KAT

DAL

2.7*

2.0

2.5

1.0

1.1

Currently

2.2
3.4

3.5

3.0

3.3

1.1

1.1

In 4 years time

3.7

3.7

4.0

3.5

1.2

1.1

4 years ago

Differences in means between K A T and D A L tested using two-tailed t-test (Stata: ttest).
*P<0.05, **P<0.01, ***P<0.001
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The range of growers' average estimated herbicide applications is shown in Figure 6.1.
The m o d e number of applications has shifted from two in 1996 to three currently, with
large increases in the proportion of growers using, and expecting to use, three or more
applications per crop paddock. A s is also evident in Table 6.4, growers expect the
increase in herbicide use to be less over the next four years than what it was over the past 4
years.

*-1996
*-2000
^-2004

0

1 2

3

4

5

6+

A v e r a g e herbicide applications per crop

Figure 6.1 Distributions of the estimated n u m b e r of herbicide applications applied
to growers' crop paddocks, including forecasted averages for four years time
(2004).

To further examine the trends in herbicide use indicated in Table 6.4 and Figure 6.1, the
percentage of growers w h o have decreased, and expect to decrease, their average number
of herbicide applications per crop is shown in Table 6.5. This also shows past and
expected trends in use of Group A and B herbicides for ryegrass control and also the major
knockdown herbicide, glyphosate.
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Table 6.5 T h e percentage of growers in each region w h o have reduced their
estimated average n u m b e r of herbicide applications per cropping paddock since
four years ago, and those w h o expect a reduction over the next four years.

Herbicide Type
All herbicides8

Reduced in past 4 years
Will reduce in next 4 years

KAT

DAL

61)

Group A & B

Glyphosate

KAT

DAL

KAT

DAL

3.1

16.2

38.1

0

0

8.8

9,4

23.5

34.9

2.9

9.5

8.8

12.5

32.4

54.7

5.9

9.5

relative to current usage
Reduced in past 4 years
A N D / O R will reduce in next 4
years relative to current usage
a

Based on changes in the estimated average number of herbicide applications (of any type) applied to crop

paddocks.

Very few growers have reduced their general herbicide use over the past four years. Over
the next four years, less than 10 per cent of growers in both regions expect to reduce their
use of herbicides in general, indicating an expectation that herbicides will remain integral
to crop production in the medium term future. S o m e 63 per cent of growers increased
their glyphosate use over the past four years (not shown in table). N o growers reduced
their use of glyphosate over the past four years (Table 6.5) and only a small percentage of
growers expect to reduce their use over the next four years. A s would be expected given
the increasing proportion of land affected by resistance, reductions in the use of Group A
and B herbicides are more common.
Results from the 2001 survey of 102 growers demonstrate that growers in both regions
currently use Group A herbicides to control ryegrass on a substantial proportion of their
cropping land. For both K A T and D A L , the mean percentage of 2001 crop land expected
to be treated with a Group A herbicide for ryegrass control was 34 per cent. The
proportion of growers intendingtouse a Group A herbicide for ryegrass control in 2001
was 98 per cent in D A L and 92 per cent in K A T . This result supports the argument that
Group A herbicides remain highly relevant to Western Australian grain growers.
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6.3.2 Expected herbicide use in 10 years time
T o gain a longer term perspective, growers were asked h o w they expected the total
number of all herbicide applications to be used on their cropping land in 10 years time to
differ from the number currently used. Despite expectations of greater use of I W M
practices (Chapter 7), and more herbicide resistance (this Chapter), growers generally
expect no decline in herbicide use. O f the growers in both K A T and D A L , 87 per cent
expect to be using the same or more herbicide applications in 10 years time. O f all
growers, 32 per cent expect to use more herbicide applications in 10 years time, 13 per
cent less, with 55 per cent expecting to use the same as they do currently. This indicates
that the vast majority of growers expect herbicides to remain the primary weed control
method and foresee no reduction in the number of herbicide applications used on then
properly.

6.3.3 Paddock-level herbicide use
Growers were asked for details of the rotation and the herbicides used on the paddock
identified as being most typical of their cropping land. T o indicate the herbicide use on
typical cropping land, the number of Group A and B, glyphosate and total herbicide
applications from 1996 - 1999 are shown in Table 6.6. It should be noted that the fouryear period in many cases includes a year or more of pasture, which generally receives
fewer herbicide applications than crops.
Table 6.6 The number of Group A and B, glyphosate and total herbicide
applications (of any type) applied to typical cropping paddocks over a 4-year
period (1996-1999).
Std. Dev.

Mean

KAT

DAL

KAT

DAL

AU

10.3

12.1*

Group A & B

2.3

3.1**

4.7
1.5

4.2
1.5

1.4
1.1
3.0
2.6
Differences in means between K A T and D A L tested using two-tailed t-test.
Glyphosate

*P<0.05, **P<0.01, ***P<0.001

The average number of herbicide applications used per year on typical cropping paddocks
in D A L was three, with slightly less in K A T (Table 6.6). In D A L , a Group A or B
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herbicide for ryegrass control was applied three years out of four, as was glyphosate. The
frequency of use was generally lower in K A T , although the trends in Table 6.5 indicate
that differences between the regions have reduced.

6.3.4 Herbicide history of typical cropping paddocks
The complete history of herbicide applications on the typical paddock was also
considered. Growers were asked h o w many Group A applications the typical paddock had
received in its history (or up to the stage where use w a s ceased because of the
development of resistance). F e w growers maintained paddock records from w h e n these
herbicides werefirstintroduced. However, several had records beginning at the time they
were first used on that paddock, hi most cases, growers gave a considered estimate of the
total number they believed had been applied. W h e n asked h o w certain they were that the
stated number was correct, on a scale of one (extremely uncertain) to seven (extremely
certain), the median response for both Group A herbicides and glyphosate was six (mean
5.5; Std. Dev. 1.5), indicating a generally high level of certainty regarding herbicide
history, despite the general lack of full written records.
Differences in herbicide application history between KAT and DAL are shown in Table
6.7. Typical paddocks in D A L have received significantly more applications of all
herbicides classes than have paddocks in K A T .

Recall that these figures relate to

paddocks identified by each grower as being a typical cropping paddock on their property.
Therefore, the data does not represent the extremes of herbicide application history.
Table 6.7 The total number of Group A fop, Group A dim and glyphosate
applications received by cropping paddocks in D A L and K A T in their history.

Mean Std. Dev.
KAT

DAL

KAT

DAL

Group A fop

3.6

6.0**

2.9

4/)

Group A dim

1.6

3.2***

1.9

3.2

Glyphosate

6.7

11.3***

4.5

7.6

Differences in means between K A T and D A L tested using two-tailed t-test (Stata: ttest).
*P<0.05, **P<0.01, ***P<0.001

Across both regions, 10 per cent of typical paddocks have never received a fop application
and 31 per cent have not received a dim application. Twelve per cent of paddocks had
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received 10 or more fop applications and four per cent had received 10 or more dim
applications. Over 40 per cent of typical cropping paddocks have received more than 10
glyphosate applications. A s no typical paddock had a glyphosate resistant population, the
total number of glyphosate applications is not yet limited by resistance development.

6.3.5 Summary of herbicide use
Despite increases in the extent and profile of resistance to some herbicides in the 1990s,
there has been an increase in the overall number of herbicide applications used on crop
paddocks. This increase in herbicide use will no doubt lead to more extensive and new
forms of resistance in the future. The typical crop paddock, on average, n o w receives
three to four herbicide applications in a year. This includes continued high use of Group
A or B herbicides for ryegrass control.
In both KAT and DAL, there has been a substantial increase in the number of herbicide
applications applied to crop paddocks since 1996, with only a very small number of
growers reducing their herbicide use over the past four years. Although growers expect
the rate of increase to slow, less than 10 per cent of growers expect to reduce their
herbicide use over the next four years and only 13 per cent expect a reduction over the
next 10 years. Growers in K A T , although having used fewer applications than growers in
D A L in the past, appear likely to attain similar levels of herbicide use in the near future.
The major herbicide groups associated with resistance in ryegrass, the Group A and B
herbicides, are still extensively used. This remains possible because the majority of
typical cropping paddocks do not yet have a resistant ryegrass population that makes these
herbicides not worth using. The majority of growers do not expect to reduce their use of
these herbicides over the next four years. Current use and expectations of future herbicide
use suggest that large increases in the extent of herbicide resistant ryegrass can be
expected in the near future. Despite this, general herbicide use is not expected to decrease.

6.4 Herbicide applications and resistance development
Knowledge of the stock of a resource is important in any resource management decision.
In the case of herbicide management and resistance, the stock in question can be
considered to be the number of herbicide applications that can be applied to a weed
population before resistance results in the herbicide being no longer worth using. A s
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detailed in Chapter 4, this is predominantly a function of resistance gene frequency and
selection pressure.

T h e ability to accurately predict times to resistance in specific

situations is limited (Jasieniuk et al., 1996), with initial or low level gene frequencies
being rarely known. A s an indication of selection pressure, growers generally do have the
ability to k n o w the number of herbicide applications received by a paddock, hi this
section the empirical relationship between the reported number of applications received by
populations and observed resistance status is examined. This is compared with grower
perceptions of the applicatiomresistance development relationship. O f particular interest
in understanding weed management decision-making is the level of uncertainty
surrounding this relationship.

6.4.1 Herbicide applications and resistance status
A major question is h o w well growers can use knowledge of the number of herbicide
applications to predict h o w m a n y more effective herbicide applications can be applied to a
paddock? Results are presented only for Group A fop resistance development as the
relatively small proportion of typical cropping paddocks with resistance to Group A dim
herbicides limits the ability to plot the relationship between application history and
resistance development.
It should be remembered that the data is based on grower knowledge of herbicide history
and resistance status. The analyses therefore do not necessarily represent the biological
relationship between selection pressure and resistance.

N o grower had herbicide

resistance test results from the previous year, so resistance status responses were also
dependent on grower estimates and observations.
The study is unlike previous studies of resistance in Western Australian ryegrass
populations (e.g. Gill, 1993; Gill, 1995). These were based on non-random ryegrass
populations submitted by growers for testing following a media campaign. B y referring to
populations selected independently of resistance status, this study allows a better
investigation of the extent to which growers can use their existing knowledge of herbicide
history to assess their remaining herbicide resource.
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Group A applications and resistance
The relationship between growers' reported Group A fop applications and resistance status
is shown in Figure 6.2. Clearly, there is a positive but loose relationship. For example,
resistant paddocks had received as few asfiveor as many as 15 applications. Biological
explanations for this include different starting gene frequencies and varying levels of
seasonal selection pressure (Jasieniuk et al., 1996). While the high possibility of recall
error needs to be acknowledged, the results clearly demonstrate the high level of
uncertainty associated with the use of herbicide application knowledge (paddock herbicide
history) as a predictor of resistance status.
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Figure 6.2 Relationship between the n u m b e r of Group A fop applications received
by paddocks and resistance status of ryegrass (None, n=93; Developing, n=24;
Resistant, n=14).

Developing a stochastic guide to resistance development
The results suggest that considering a stochastic relationship between herbicide
applications and resistance development is more appropriate than a deterministic
approach. The question then becomes, 'after X applications are applied, what is the
probability that resistance will have developed?' Based on the limited data available, the
relationship between the number of reported fop applications and the probability of the
population having an observed level of resistance is shown below (Figure 6.3).
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Figure 6.3 N u m b e r of G r o u p A fop applications (9-12, n=15; 5-8, n=45; 1-4, n=54;
0, n=14) and the proportion of paddocks (per cent) with s o m e observed ryegrass
resistance to fop herbicides. a N o t plotted due to lack of observations (4).

The results suggest that if 9-12 fop applications have been applied to a paddock there is an
80 per cent chance that the paddock will have at least some observable level of Group A
fop resistance in ryegrass (Figure 6.3). If, like m a n y paddocks in the survey regions,
between five and eight fop applications have been applied, the data suggests that there is a
45 per cent chance that resistance development will have been observed. The small
number of observations did not allow for the calculation of probabilities for paddocks that
had received greater than 13 applications.
hi the biological study by Gill (1995), some resistance was detected in all submitted
populations that had received greater than six Group A applications. The results shown in
Figure 6.3 suggest that less than 50 per cent of populations that have received six
applications will have observable resistance. A difference was expected given that suspect
ryegrass samples were more likely to be submitted by the self-selected grower population
in Gill's non-random study. That is, populations that had received a number of fop
applications but were exhibiting no signs of resistance development would have been less
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likely to be submitted. Resistance testing is also more likely to detect early resistance
development than growers' paddock observations.
The results of this random survey suggest that in communicating the relationship between
herbicide applications and resistance development, measures of central tendency are likely
to be inconsistent with the local experience of observed resistance development for m a n y
growers. The use of empirically derived probability functions would allow the high level
of observed variance to be incorporated.

6.4.2 Perceptions of remaining herbicide susceptibility
A s presented, most growers reported that Group A and B herbicides could still be
effectively used on their typical paddock to control ryegrass (Table 6.1). Therefore,
perceptions of h o w m a n y more applications could be effectively applied are of interest as a
measure of the perceived stock of susceptibility remaining. Comparisons with paddocks
that already have resistance also give the opportunity to observe whether growers without
resistance hold perceptions consistent withfieldexperience.
Growers were asked to give the expected number of applications remaining in a form that
allowed the calculation of a triangular distribution i.e. the highest, lowest and most likely
number of applications remaining. Growers w h o stated they could no longer use the
particular herbicides on their typical paddock to control ryegrass were not asked these
questions. Growers were asked to assume that no other Group A herbicides were to be
used w h e n predicting the number of clethodim applications remaining.
Using the elicited distributions, an expected value (EV) and a measure of certainty (CV)
has been calculated for each grower's expectations of additional effective diclofop,
clethodim and glyphosate applications. The m e a n values for all growers and for growers
in each of K A T and D A L are shown in Table 6.8. The differences in the m e a n expected
number (EV) of applications remaining between growers in K A T and D A L are
insignificant. O n average, growers expect to be able to apply a further 6.5 diclofop
applications, or 7.0 clethodim applications to their typical paddocks (Table 6.3). Only
eight per cent of growers expect to have less than three effective clethodim applications
remaining on their typical cropping paddock. The m e a n expected number of glyphosate
applications remaining is 23. This high value reflects the high proportion of growers (32
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per cent) w h o believed it possible that glyphosate resistance would not develop within 50
years.
Growers in DAL generally have higher CVs, suggesting that they are more uncertain of
the number of applications remaining (Table 6.8). Given that herbicide use and resistance
development has been more c o m m o n in D A L , it would be expected that these growers
would be better informed of the application: resistance status relationship. The high level
of variance in this relationship has already been demonstrated (Figure 6.2). Therefore,
rather than greater uncertainty through lack of information, the higher C V s m a y reflect
growers' knowledge of the observed variance in the number of herbicide applications it
takes before resistance develops.
Table 6.8 Perceptions of additional herbicide applications expected to be able to be
applied to growers' typical cropping paddocks before onset of ryegrass resistance.
T h e m e a n expected n u m b e r (EV) and m e a n coefficients of variation ( C V ) based on
elicited subjective probability distributions are shown.

Region

Diclofop

Clethodim

Glyphosate

a

All

KAT

DAL

pa

Expected Value

6.5

7.3

5.6

.15

Certainty (CV)

23.1

20.4

26.6

.006

Expected Value

7.0

7.8

6.0

.11

Certainty (CV)

20.0

18.8

21.4

.15

Expected Value

23.0

20.4

25.8

.15

Certainty (CV)

24.1

21.3

27.1

.03

P value shown is for two-tailed t-tests for differences between K A T and D A L means

Observations: K A T : fop 63, Select 65, glyphosate 66. D A L : fop 50, Select 56, glyphosate 59

It has previously been demonstrated that the majority of growers have not observed
resistance to Group A herbicides on their typical paddock. The results here show that
most growers expect to be able to m a k e several more effective Group A herbicide
applications, hi the next section, these results are related to the number of herbicide
applications applied previously.
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6.4.3 Applications and resistance: expected and experienced
O n most typical cropping paddocks, growers have susceptibility remaining to a Group A
herbicide.

In this section, growers knowledge of past herbicide applications and

expectations of the number of effective applications remaining are examined. These are
used to assess whether growers without herbicide resistance in their typical paddock
expect a total number of effective applications that is consistent with the total number of
effective applications applied by those growers w h o already have resistance in their typical
paddock. For growers without resistance to a fop herbicide on then typical paddock, the
number of fop applications already used can be added to the additional applications
expected to be available. This total can then be compared to the number of fop
applications received by paddocks that have already developed fop resistance. The
expected total number of applications is also presented for glyphosate and clethodim
(Table 6.9).
There is no significant difference between regions in the mean total number of expected
fop applications able to be applied before resistance develops (Table 6.9). The median
total for all growers was 8.7. This is consistent with the m e a n number of fop applications
received by paddocks with observed fop resistance (Figure 6.2) and the approximate point
at which fop resistance shifts from being unlikely (<0.5 probability) to likely (>0.5)
(Figure 6.3). Therefore, the median grower appears to have expectations of resistance
development that are consistent with the observations of growers w h o have observed
resistance development in their typical paddocks. The high standard deviation (Table 6.9),
reflecting the wide range of responses, should be noted, however, as it does suggest that
some growers hold perceptions inconsistent withfieldobservations. For example, 11 per
cent of growers expect the total number of effective fop applications to be able to exceed
20, an expectation not supported by research or grower observation.
Growers in DAL expect to be able to use more Group A applications prior to clethodim
resistance development than growers in K A T (Table 6.9). This m a y be partly explained
by the higher level of past Group A use in D A L that is yet to result in widespread
clethodim resistance. Nonetheless, the results do show that growers typically expect to be
able to use over 10 Group A applications. The six typical paddocks observed to have
clethodim resistance in this study had received a reported average of 14.8 Group A
applications. This is consistent with the expected number of applications reported by
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growers in K A T (13.1) and D A L (15.5). Growers in D A L expect to be able to use
significantly more glyphosate applications priortoresistance development than growers in
K A T (Table 6.9). A s there is no confirmed case of glyphosate resistant ryegrass in
Western Australia these figures cannot be compared tofieldobservations.
Table 6.9 Total number of effective applications expected to be able to be used
before resistance develops on typical paddocks in K A T and D A L .

Mean Std. Dev.

Fop applications before diclofop

KAT

DAL

KAT

DAL

10.8

11.1

6.9

6.3

13.1

15.5*

7.9

7.3

27.3

37.6***

21.0

21.7

applications
Group A applications before clethodim
resistance
Glyphosate applications before glyphosate
resistance
Responses from growers without resistance to fops (KAT n= 64, D A L n= 50), clethodim (KAT n= 65, D A L
n= 56 ) and glyphosate (KAT n= 66, D A L n= 59 ).
* P<0.1, **P<0.05, ***P<0.01 using two-tailed t-test.

Perhaps the most important finding in this section is that growers in a region with a lesse
resistance problem ( K A T ) do not have expectations of herbicide longevity beyond those of
growers in a region with higher exposure to resistance development ( D A L ) , hi general,
the typical grower in each region has perceptions of Group A resistance development
consistent with field observations. However, a proportion of growers were identified as
having highly improbable expectations of the number of effective Group A applications
able to be applied. Information m a y have a role in improving the decision making of these
growers.

6.4.4 Expected future extent of resistance
Growers' expectations of the future extent of resistance on their property were also
measured. O f all growers surveyed in D A L , including those already with extensive
resistance on their property, 40 per cent expect fop herbicides to still be effective on more
than half of their cropping land in eight years time. In K A T , the figure was 66 per cent of
all growers. These results are consistent with the expected number of applications
remaining on typical paddocks (Table 6.8), indicating that Group A herbicides are
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expected to remain an effective herbicide option over a large proportion of cropping land
for m u c h of this decade.

6.4.5 Summary of herbicide applications and resistance
development
Grower knowledge of the number of herbicide applications applied to a paddock is not a
precise predictor of observed resistance status. The high level of variance suggests that the
relationship between applications and resistance status would be best considered in
stochastic terms. The perceptions of the typical grower appear to be consistent with
collective observations of the relationship between applications and resistance. This
includes a high level of uncertainty. While a proportion of growers appear to hold
misperceptions, there is no evidence to suggest that growers from a region with lesser
resistance ( K A T ) underestimate the likelihood of resistance development relative to a
region with greater exposure to resistance development ( D A L ) . M o s t typical cropping
land is expected to remain free of ryegrass resistant to all Group A herbicides in the
m e d i u m term.

6.5 Perceptions of the herbicide resource
This section presents survey results relating to various factors associated with
understanding the herbicide resource. These are focused on grower perceptions and
largely involve hypothetical scenarios. The aim of the questions was to elicit perceptions
that relate to the exhaustibility, cost, and externalities of herbicide resistance, as it relates
to the conservation of the herbicide resource.

6.5.1 Future availability of new herbicides
The availability of n e w herbicide products able to control weeds resistant to existing
herbicides effectively replenishes the stock of herbicide susceptibility and reduces the
benefits of conservation. Growers were asked to give the least, modal and most number of
years before they expected such a n e w product for selective ryegrass control to be
available. O f all growers, 21 per cent believed that the most likely time of availability
(modal value) is in three years or less.

101

Chapter 6
Expected values were calculated and showed no significant difference between regions.
The vast majority of growers (86%) expected a n e w ryegrass selective herbicide to be
available within 10 years, with 52 per cent of growers expecting such a product to be
available in less than six years.
The results indicate a high level of confidence that a new mode of action herbicide will be
developed for selective ryegrass control in the near future. W h e n these results are
compared to the expected number of Group A applications remaining, it becomes clear
that a large proportion of growers do not expect to exhaust Group A susceptibility on their
typical paddocks before a substitute herbicide option becomes available. Given that there
are no post-emergent selective ryegrass herbicides with novel modes of action k n o w n to
be in development, it is considered unlikely that one will become available to growers
within five years. A lack of awareness of the time required for commercial herbicide
development, particularly for the Australian market, m a y explain some growers' optimism
regarding the arrival of a n e w herbicide within the next few years.

6.5.2 Reversion of herbicide resistance
In some forms of herbicide resistance, the resistant plants suffer afitnesspenalty relative
to susceptible plants. If the herbicide is no longer used there m a y be a gradual return of
the population to susceptibility (Gressel and Segel, 1990).

Allowing time for this

reversion of resistance to take place can be used as a management tool as it can act to
replenish the stock of susceptibility. However, neither afitnesspenalty nor reversion has
been reported for Group A and B resistance in ryegrass (Holt and Thill, 1994; S.B.
Powles, pers. com.).
To elicit grower perceptions regarding the reversion of herbicide resistance, a hypothetical
scenario was used where a paddock with 50 per cent of the ryegrass plants resistant to
diclofop is left uncropped and untreated by any herbicides for five years. Growers were
asked to give their expected probability that after the five years, the percentage of resistant
plants will have fallen from 50 per cent to 10 per cent or less i.e. back to a level where
diclofop can offer reasonable control.
The mean and median responses suggest that most growers are aware that reversion is not
likely (Table 6.10). However, a very high level of dispersion in the response is evident.
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Growers in K A T believed that reversion was more likely than growers in D A L . This is
possibly a result of more growers in D A L having observed resistant populations for
several years. That up to 46 per cent of growers (in K A T ) perceive reversion to be likely,
and almost 14 per cent of all growers perceive reversion to be very likely, suggests that
improved extension of ryegrass fitness and reversion studies could be valuable in
improving underst-anding.

Table 6.10 Grower perceptions of the probability (chance out of 10) that the
percentage of diclofop resistant ryegrass plants in a paddock will regress from 50
per cent to 10 per cent or less over 5 years, in the absence of cropping and
herbicide applications.

Mean

KAT

DAL
AU

3

3.9
2.7
3.3

Median

3
1.5
2.5

Std. Dev.

3.1
3.0
3.1

Those rating reversion

Those rating reversion

likely (>5/10)

very likely (>8/10)

46.3 %

14.9 %

25.4 %

12.7 %

36.2 %

13.8 %

"Two-tailed t-test for differences in K A T and D A L means, P=0.03

6.5.3 Resistance development
T o further investigate growers' understanding of resistance development, a hypothetical
scenario was used. The hypothetical scenarios focused on the genetic selection for
resistance development by eliminating most farm-specific and other agronomic factors
that m a y have influenced the responses detailed in the above section. Growers were asked
h o w m a n y applications they believed it would take for resistance to develop if only
diclofop or glyphosate was used as the only means of weed control in consecutive years,
assuming no prior resistance selection pressure.
The distributions for diclofop and glyphosate, drawn using growers' median responses, are
shown in Figure 6.4. The median grower expected that approximately five applications
was the most likely number of diclofop applications that could be applied before it was no
longer worth using for ryegrass control. Growers in D A L , a region where diclofop
resistance is more c o m m o n , are less certain than growers in K A T that it will require five
applications (i.e. D A L growers have higher C V s than K A T growers, t-test P=0.002).
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There was no significant difference in the mean C V between regions for glyphosate. The
expected distributions for diclofop are consistent with the figures derived from modelling
such scenarios (Diggle and Neve, 2001). The very few cases of glyphosate resistance
development mean that the parameters determining the development of glyphosate
resistance are largely unknown.

Diclofop (KAT)
Diclofop (DAL)
Glyphosate (DAL)
Glyphosate (KAT

5

10

15

Applications

Figure 6.4 Subjective probability distribution of years before resistance develops to
diclofop and glyphosate (if the herbicide is used consecutively as the only m e a n s of
weed control) for growers in K A T and D A L . Distributions use median responses
for lowest, highest and most likely n u m b e r of applications.

The expected values for each grower's distribution for the perceived number of diclofop
applications were calculated. The means are presented in Table 6.11. Overall, the m e a n
expected number of diclofop applications before resistance develops is 6.0.

The

proportion of growers with an expected number of diclofop applications less than eight
was 90 percent of growers in D A L , and 78 percent of growers in K A T . Research results
suggest that resistance is highly likely to develop under the scenario presented here in less
than eight applications (Diggle and Neve, 2001).
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Table 6.11 T h e m e a n expected n u m b e r of effective diclofop applications3 ( E V )
before resistance on a previously untreated population.

Mean

Median

Std. Dev

Those expecting diclofop
resistance after less than 8 shots

KATb

6.3

5.7

2.4

77.6 %

DAL
All

5.7
6.0

5.3
5.7

1.6

90.2 %

2.1

83.6 %

'if used consecutively as the sole form of weed control
b

Difference between regions significant (P=0.006) based on F-test (Stata: sdtest).

There were no significant differences between regions for the expected number of
glyphosate applications before resistance. The m e a n expected number of glyphosate
applications was 15.9 (Median 12.3, Std. Dev. 11.2). The relatively high standard
deviation is expected given that, at the time of the survey, there was no example of
glyphosate resistance in the Western Australia. However, a larger proportion of K A T
growers (18.1 per cent) have an expected number of glyphosate applications below eight,
compared to growers in D A L (8.5 per cent). That is, growers in K A T were more likely to
attribute a glyphosate resistance development rate similar to that of diclofop. The greater
use of glyphosate by growers in D A L , without yet having produced a resistant population,
m a y explain this difference.
In summary, growers perceive susceptibility to these herbicides to be a depletable
resource. The results suggest that the average grower's perceptions of diclofop resistance
development is consistent with research opinion and resistance modelling results. For
both diclofop and glyphosate, the average grower does not appear to have exceedingly
high expectations of the number of effective applications able to be applied before
resistance will develop. However, in the case of diclofop, a small but notable proportion
of growers expect to be able to apply more applications than research results would
suggest is probable.

6.5.4 Eradication of ryegrass
The focus of this study is on the long-term management of a weed. The possibility that
the most important weed, in this case, ryegrass, can be eradicated has potentially major
implications. It is possible that some growers perceive that if control costs rise as a result
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of resistance, investing large sums to attempt to eradicate the resistant weed species m a y
become an economical option. This has the potential to reduce the perceived cost of
resistance management in the long term and hence reduce the incentive for conserving
susceptibility. For this reason, growers' perceptions of the ability to eradicate ryegrass
were measured.
Growers were asked if they believed that completely eradicating ryegrass from one of their
typical paddocks was possible. Responses to this question are likely to have involved
consideration of extreme, possibly impractical, measures. Only 27 per cent of growers in
K A T and 33 per cent of growers in D A L stated that eradication was possible. This result
shows that most growers do not believe complete eradication is possible, and therefore see
no option other than ongoing ryegrass management.
Pre-empting this response, growers were also asked about reducing ryegrass density to the
point of near-eradication i.e. a density so low that the grower could walk across the
paddock and not see any ryegrass. They were asked h o w m a n y years of completely
preventing seedset would be required to achieve this, from a starting point of 1000
plants/m2. Only two growers believed this was not possible and responded with 'never'.
O f the remaining growers, the median number of years was five for both regions (mean
years in K A T : 7.9 (std. dev. 7.2), m e a n in D A L : 6.6 (std. dev. 3.8)). Only two per cent of
growers in K A T and six per cent of growers in D A L believed it would take less than three
years to achieve.
Most growers believe that eradication of ryegrass is practically impossible. Given the
difficulty and cost in preventing all ryegrass seedset for a prolonged period, the results also
suggest that only a very few growers perceive a rapid reduction in ryegrass density to
extremely low levels to be a practical option. In general, ryegrass management is expected
to remain a long-term management issue in cropping systems.

6.5.5 Externalities
Compared to studies of insecticide use and insect resistance, externalities have not
received m u c h consideration in weed science and herbicide resistance studies. This
difference can be attributed to the relatively mobile nature of m a n y prominent insect pests
and the higher toxicity of m a n y major insecticides. The survey included two questions
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designed to assess perceptions of mobility and health. These two variables have the
potential to explain influences on herbicide use behaviour exogenous to paddock-level
weed management.
Mobility of resistance: resistance as private property
If growers were to perceive herbicide-resistant weeds (or genes) to be highly mobile then
they m a y expect a resistance problem regardless of any attempt to prevent resistance
development on a particular paddock. This would be expected to reduce the incentive for
adopting herbicide susceptibility conservation practices. Growers were asked what the
probability was (chance out of 10) that a paddock with no resistance development would
gain a resistance problem within 10 years through means other than herbicide use. Pollen
flow, resistant seed blown or brought in were given as examples.
Table 6.12 Growers perception of the probability (chance out of 10) that a paddock
with n o resistance development and receiving no herbicide applications would gain
a resistance problem within 10 years through other means.

Mean*

Median

Std.

Proportion rating

Proportion rating very

Dev.

likely (>5/10)

likely (>8/10)

KAT

4.2

3.8

2.8

48.5 %

16.2 %

DAL
AU

5.1
4.6

5.0
5.0

2.7
2.8

60.3 %

25.4 %

54.2 %

20.6 %

'Two-tailed t-test for differences in K A T and D A L means, P=0.08

Overall, 54 per cent of growers perceive importation of resistance to be at least 50 per cent
likely (Table 6.12). The proportion of growers believing it is highly likely to occur (i.e. a
an 8/10 probability or greater) was 21 percent. This suggests that mobility has the
potential to be a factor in growers' resistance management decisions. However, it should
be noted that the question did refer to a relatively long 10-year time frame. There was also
no specification of a form of resistance, so it is likely that responses were given with the
most c o m m o n forms of resistance in mind.
The results demonstrate that mobility is perceived to be possible by most growers, and
likely by m a n y growers. Although there are no k n o w n studies to confirm the validity of
this response, there appears to be no reason to assume the response represents a
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misperception of the likelihood of importation in a non-specific, long-term scenario. A s
the question did not specify whether the resistance was to c o m e from a neighbour's
property or the grower's o w n adjacent paddock it is not possible to judge to what extent
the result indicates that resistance is a c o m m o n property resource. A question was
included in the 2001 survey of 101 growers asking for responses to the statement; 'it is
possible to avoid getting herbicide resistance' (1 Agree....5 Disagree).

The results

supported the result detailed above, with 29 per cent of growers indicating (by giving a
score of 4 or 5) that they believed their o w n management could not prevent resistance
development.
The results show that many growers believe that herbicide resistance genes have mobility
at either the inter-paddock or inter-farm level. Therefore, herbicide resistance m a y not be
considered to be a private property problem by all growers and factors relating to c o m m o n
property resource management m a y possibly be relevant in understanding grower
behaviour.
Health
There is a possibility that some growers adopt non-herbicide practices based on factors
other than weed management economics. O n e of these reasons could be concerns about
the effect of pesticide use on health (Owens et al., 1997; Traore et al., 1998). Growers
were asked if they would change the amount of herbicide they used if they became
absolutely convinced that there were no health risks associated with herbicide. Overall,
14.4 per cent said they would change the amount of herbicide they use (16.2 per cent in
K A T , 12.5 per cent in D A L ) . Only 2.3 per cent of growers (three growers) stated that the
increase would be greater than 'slightly more', with no growers stating that 'much more'
herbicide use would be the result. The results suggest that health concerns are not
resulting in more conservative use of herbicides.

6.6 The perceived value of herbicides and the cost of herbicide
resistance
It cannot be assumed that the total cost of herbicide resistance is only the cost of
substituting alternative weed management practices to compensate for the loss of herbicide
efficacy in cropping. A s there are numerous crop rotation options and possible non-crop
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options, such as livestock grazing, that m a y be affected, the overall cost of resistance to a
farm business can be difficult to specify. The questions included here aim to provide a
more complete measure of the perceived cost of resistance, with the cost of implementing
I W M practices being just one of the components integrated into the response.

Growers were asked two main questions relating to the cost, or expected cost, of resistance
for their property. The simplest related to perceived changes in the average gross margin
per hectare if no herbicides could be used. A more complex question examined growers'
willingness to pay for land with various levels of resistance. Both questions examine the
extent to which growers value the herbicide resource.

6.6.1 Herbicide resistance and annual returns
Using an agreed benchmark figure for 'gross margins' over the past four years (in almost
all cases $70/ha per year, based on A B A R Efiguresof annual returns per hectare), growers
were asked what thisfigurewould be if no herbicides could be used on their property.
Growers in DAL expected annual returns to halve if no herbicides could be used (Table
6.13). Growers in K A T expected a smaller reduction than growers in D A L .

The

difference between regions is expected as the K A T region offers higher returns from
livestock enterprises which do not require the same level of herbicide input.
Table 6.13 Perceptions of growers in DAL and KAT of the annual return per
hectare of arable land if no herbicides could be used on their property (compared
to $70/ha as current return benchmark).

Mean ($/ha) Std. Dev. Reduction in mean return ( %)
KAT

445

18?7

37

DAL

34.8

22.3

50

a

~~~

"

K A T and D A L significantly different (P<0.01) using two-tailed t-test

On average DAL and KAT growers placed an annual value of $25.80/ha and $35.20/ha
respectively on the ability to use herbicides. Only 13 per cent of all growers expected no
reduction in gross margin. The hypothetical inability to use any herbicides is an extreme
scenario, particularly in terms of herbicide resistance development. The results do,
however, indicate the high value placed on the herbicide resource by grain growers.

109

Chapter 6

6.6.2 Willingness to pay for cropping land with resistance
A more comprehensive measure of the perceived cost of resistance is required if the
measure is to be relevant to herbicide management decisions. Willingness to pay ( W T P )
for cropping land was used to measure growers' perceptions of the cost of herbicide
resistance. The potential future returns of agricultural land are capitalised into land prices,
along with other variables (Drescher et al., 2001; Hardie et al., 2001; Just and Miranowski,
1993; Miranowski and Harnmes, 1984). Agricultural land that offers lower expected
returns from agricultural production, due to resistance for example, can be expected to
have a lower price if all other factors remain the same. Theoretically, the difference in the
W T P for land with and without resistance should represent the growers' perceptions of the
cost of resistance in net present value terms.
In this study, a baseline land value was obtained by asking growers to assume that they
wanted to buy more cropping land and the only land available was neighbouring land,
identical to their typical cropping land in all respects. T h e n W T P for this typical land was
then compared to their W T P for land identical in all respects except for resistance status.
T o account for the resistance status of typical paddocks, a hypothetical paddock that had
no herbicide resistance and had no herbicide application history was also valued.
Unfortunately there has been no study of the determinants of Western Australian cropping
land prices that allows for comparison with actual land valuation. In any case, all
resistance scenarios included here are u n c o m m o n or non-existent as Group A fop
herbicides can still be used on most typical cropping land (Table 6.1).
The mean WTP for typical cropping land in KAT was $1085/ha (Std. Dev. $279) and in
D A L , $587 (Std. Dev. $206). The effect of resistance status on W T P relative to growers'
typical land is shown in Figure 6.5. This shows that w h e n the differences in typical land
value are taken into account, growers in K A T and D A L devalue land with ryegrass
resistant to Group A and B herbicides at a similar rate. Growers in both regions would pay
approximately 24 per cent less for land where no Group A and B herbicides could control
the ryegrass.
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Figure 6.5 Growers willingness to pay for cropping land with different levels of
herbicide resistance relative to the willingness to pay for typical cropping land.
N.b. Resistance status is cumulative (e.g. ' & Gly.' represents resistance to fops,
G r o u p B's, dims and glyphosate).

For the more serious levels of resistance (glyphosate and resistance to all herbicides),
growers in D A L proportionately devalue land to a greater extent than growers in K A T
(Figure 6.5). A s was the case for expected gross margins, this can be explained by the
higher returns that can be expected from livestock enterprises in K A T , which results in a
higher land value despite the inability to use herbicides. Growers in D A L are, on average,
prepared to pay 13 per cent more for land with no herbicide history or resistance relative to
cropping land like their o w n typical cropping land, hi K A T , the premium is seven per
cent. This most likely reflects the greater level of resistance in the typical paddocks that
were used for the baseline value.
The majority of growers indicated that they would be willing to pay less for land with
resistant ryegrass. Approximately 73 per cent of all growers stated a devalued W T P for
land with ryegrass resistant to all Group A fop herbicides, with 82 per cent of growers
devaluing land with ryegrass resistant to all Group A and B herbicides. Land also with
ryegrass resistant to glyphosate was devalued by 95 per cent of growers. The proportion
of growers devaluing land to some extent did not significantly differ between regions.
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6.6.3 Summary

of the value of herbicides and the cost of

herbicide resistance
Herbicide resistance is perceived to reduce farm returns. This implies that the alternatives
to cropping with the use of effective ryegrass herbicides are costly. T h e inability to use
post-emergence selective herbicides and glyphosate to control ryegrass in a major
cropping region ( D A L ) is expected to reduce cropping gross margins and land value by
approximately 50 per cent. The c o m m o n forms of resistance (Group A and B ) are
expected to have a m u c h smaller cost, although most growers indicate a reduced
willingness to pay for land with any c o m m o n form of resistant ryegrass.

6.7 Summary of herbicide use and resistance
Most growers have some herbicide resistant weed populations on their property, with
ryegrass resistant to Group A and B herbicides being by far the most c o m m o n form. This
is reflected in the generally high level of awareness of factors associated with the c o m m o n
forms of resistance development. While most growers have some resistance on their
properties, most growers still have post-emergence selective herbicide option for ryegrass
control on most of their cropping land. N o grower in this study had lost the effective use
of such herbicides on all of their cropping land. Measures of resistance status need to
incorporate the proportion of land affected and specific forms of resistance if they are to
successfully differentiate regions and growers in terms of the seriousness of their
resistance problem.
Current levels of Group A and B resistance have not led to an overall reduction in the
expected use of these herbicides. Past use and growers' expectations of the same or higher
levels of Group A use in the future suggest that a rapid increase in occurrence of resistance
is likely in the next few years. General herbicide use is not expected to reduce over the
next ten years despite expectations of greater resistance development.
Growers are generally aware of herbicide resistance development and the number of
effective herbicide applications usually able to be applied. This includes awareness of the
large degree of uncertainty associated with selection for resistance. Although, o n average,
growers held perceptions of resistance development consistent with research knowledge
and observation, some growers appear to hold misperceptions about s o m e aspects. A s a
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substantial proportion of growers perceived resistance to have inter-paddock mobility,
evidence of management behaviour consistent with a c o m m o n property resource should be
investigated further.
For some variables the opportunities for information to facilitate improved decisionmaking are more obvious as a greater proportion of the population appears to hold
misperceptions. These variables include the probability of resistance reversion and the
probability of a n e w m o d e of action ryegrass herbicide becoming available within the next
three seasons, both of which appear to be over-estimated by a notable proportion of
growers. For most perceptions, however, information is likely to have a greater effect on
reducing the variance amongst growers than the overall average perception. This is due to
the fact that the typical grower was found to have a generally high level of knowledge
regarding factors relating to herbicide resistance.
The measures of growers' herbicide resistance status described in this chapter are used in
the next chapter exarnining growers' usage of specific I W M practices. The measures of
resistance, together with grower perceptions of resistance, also contribute to explanatory
variables used in the models of I W M adoption developed in Chapter 8.
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Grower perceptions and use of integrated weed
management
7.1 Introduction
In this chapter, results focusing on IWM practices are presented. All results are from the
2000 survey of 132 grain growers. This includes measures of I W M practice use and
growers' perceptions of the efficacy and economic value of individual practices. The
chapter examines differences between regions, differences between growers with and
without herbicide resistance on their cropping land, and the difference in perceptions of
I W M practices between users and non-users of the practices.
Weed scientists and agronomists have often stressed the need for rWM adoption (Buhler
et al., 2000; Swanton and Weise, 1991), with the threat of herbicide resistance usually the
primary reason (Gill, 1997; Moss, 1997; Powles and Matthews, 1991).

The weed

management practices referred to in this study as I W M practices all apply little or no
selection pressure for herbicide resistance, and do not involve the use of any selective
herbicides. They represent biological, cultural, mechanical, and to a lesser extent,
herbicidal forms of weed management. A description of the practices and the definitions
used for the I W M practices included in this study can be found in the Glossary.
The major objectives addressed in this chapter are:
• To assess the proportion of growers using IWM and the extent of adoption of
individual I W M practices
•

T o identify practices for which use is strongly associated with the presence of
herbicide resistance

•

T o assess grower perceptions of I W M practices and identify possible
misperceptions that m a y be effectively targeted by extension.
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7.2 The use of IWM practices
Whilst some studies of IWM practice use have been conducted in Australia (e.g.
Alemseged et al, 2001; Wallace, 2000), no published study has measured growers' use of
I W M practices in detail. Through its random and relatively comprehensive nature, this
study offers the first detailed, if not geographically extensive, study of I W M practice use.
Insight into what practices are used, and to what extent, provides the context for
understanding opportunities for increased use of existing and n e w technologies.
Descriptions of I W M practices can be found in Appendix B.

7.2.1 Measuring use of IWM practices
It was considered important to gain measures of practice use over more than one time
period. A s the ability to use some practices is affected by seasonal conditions and crop
rotation, past use was measured by asking whether a practice had been used on the farm
in the past four years. Similarly, intentions for future use included a four-year period
beginning with the cropping season in the year in which the survey was conducted (2000).
Growers were asked about their intended use of specific practices in the coming (2000)
season, including their expectations of the proportion of land on which practices would be
used. A s high seeding rates can be considered to be an I W M practice, estimated average
wheat seeding rates were elicited for five years ago, the upcoming season, and the
expected average for four years in the future. Chapter 8 investigates the socio-economic
factors influencing the adoption of I W M practices. Here, the use of a wider range of
I W M practices is presented. Differences in use between regions, and differences in use
by growers with and without resistance, are discussed.

7.2.2 The use of individual practices
Table 7.1 shows the proportion of all growers w h o have used, or intend to use, the various
practices. Pasture spraytopping and stubble burning have been the two most used
practices. O f the main practices examined in the survey, manuring and seed catching
have been the two least used practices. However, they are also the two practices likely to
experience the greatest relative increase in use over the next four years. Catching, w h e n
used, is likely to be used most extensively across a property. Although only seven per
cent of growers intended to use seed catching in 2000, those growers, on average,
expected to use it on 87 per cent of their cropping land. In contrast, hay, croptopping and
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manuring were expected to be used on four per cent, eleven per cent and seven per cent of
land respectively. Spraytopping is extensively used on pasture land.
Table 7.1 The use of integrated weed management practices by growers
Cropped land*

Proportion of growers using practice

treated (%)

(%)
Past 4 years

In 2000

Next 4 years

In 2000

Stubble burning

78.8

76.5

84.8

25.8

Catching (chaff cart)

9.8

6.8

22.7

87.2

Cultivation

56.8

45.9

58.3

49.2

A u t u m n tickle

49.2

43.9

60.6

35.6

Delayed seeding

40.9

45.5

58.3

34.6

Double-knock

57.6

56.8

74.2

46.6

Croptopping

33.3

30.3

49.2

10.9

Manuring

13.6

16.7

32.6

7.4

Hay

47.0

38.6

50.8

3.9

Spraytop pasture

97.7

94.5

94.5

75.3

High wheat seeding rateb

24.2

56.1

61.4

52.7

Heavy grazing

61.4

-

-

-

Pasture phase (treated)

54.6

-

-

-

Barley for weed control

28.8

-

-

-

Fallow

23.5

-

-

-

Harvest low, no spread,

21.2

-

-

-

Swathing for weed control

13.6

-

-

-

Mechanical pasture top

7.6

-

-

-

No-till seeding0

54.5

56.8

61.4

70.9

burn

1

The m e a n percentage of 2000 cropping land expected to be treated for those using the practice in 2000,

except 'Spraytop pasture' which is the mean percentage of pasture treated.
b

'Past' and 'Next' use is based on 1995 and 2004 wheat seeding rates respectively.

c

Not recognised as an I W M practice but indicates the use of a seeding practice which provides little or no

mechanical weed kill.
'-' denotes that data was not collected on use of this practice during this period.
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Table 7.2 The past and future use of integrated weed management practices by
growers in K A T and D A L .
Area" treated

Proportion of growers using practice (%)

(%)
In 2000

Next 4 years

In 2000

Past 4 years

KAT

DAL

KAT

DAL

KAT

DAL

KAT

DAL

Stubble burning

80.9

76.6

77.9

75.0

83.8

85.9

29.4

22.0

Catching/chaff cart

4.4

15.6

2.9

10.9

14.7

31.3

92.5

85.7

Cultivation

51.5

62.5

36.8

62.5

50.0

67.2

56.7

39.1

A u t u m n tickle

38.2

60.9

29.4

59.4

50.0

71.9

24.9

41.2

Delayed seeding

38.2

43.8

45.6

45.3

58.8

57.8

37.6

31.3

Double-knock

52.9

62.5

51.5

62.5

66.2

82.8

54.3

39.9

Croptopping

25.0

42.2

23.5

37.5

45.6

53.1

14.4

8.5

Manuring

7.4

20.3

10.3

23.4

25.0

40.6

6.4

Hay

64.7

28.1

54.4

21.9

67.6

32.8

3.9

7.8
4.1

Spraytop pasture

97.1

98.4

92.4

96.8

92.4

96.8

55.8

95.1

High seeding rateh

32.4

15.6

54.0

57.8

57.4

65.6

42.3

63.0

Heavy grazing

66.2

56.3

-

-

-

-

-

-

Pasture phase (treated)

54.4

54.7

-

-

-

-

-

-

Barley for weed control

25.0

32.8

-

-

-

-

-

-

Fallow

5.9

42.2

-

-

-

-

-

-

Harvest low, no spread, burn

11.8

31.2

-

-

-

-

-

-

Swathing for weed control

13.2

14.1

-

-

-

-

-

-

Mechanical pasture top

5.9

9.4

-

-

-

-

-

-

No-till seeding'

52.9

56.3

58.8

54.7

63.2

59.4

86.8

52.7

a

The mean percentage of 2000 cropping land treated for those using the practice in 2000, except 'Spraytop

pasture' which is the mean percentage of pasture treated.
b

'Past' and 'Next' use is based on 1995 and 2004 wheat seeding rates respectively.

c

Not recognised as an I W M practice but indicates the use of a seeding practice which provides little or no

mechanical weed kill.
'-' denotes that data was not collected on use of this practice during this period.
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For some practices there are major differences in the level of use between regions (Table
7.2). Differences for some practices most likely reflect the agronomic and land-use
characteristics of the regions. For example, the longer growing season and higher
livestock population is likely to explain the greater use of hay production in K A T .
However, for practices often used specifically for ryegrass control, such as seed catehing
and croptopping, the level of use is m u c h less in K A T than D A L .
Differences in the adoption of these practices are better explained by also considering
differences in the resistance status of growers. Results comparing practice use by
resistance status are presented independently of region (Table 7.3). Logistic regression
analyses including a resistance status-by-region interaction term were conducted to
determine the independence of resistance status and region. The interaction term was not
significantly associated with the use of any practice.
Some practices can be described as 'primary' weed management practices. Unlike
practices such as stubble burning and cultivation, these practices are likely to be primarily
used for ryegrass control purposes. Practices such as catching, croptopping, harvesting
low and burning windrows are examples of such practices. A s shown in Table 7.3, these
are m u c h more likely to be used by growers w h o have lost the effective use of some
herbicides on an area of their farm due to herbicide resistance. Croptopping is an obvious
example. The adoption of croptopping appears to be a likely option for growers with
herbicide resistance. The proportion of growers using croptopping is more than three
times greater for growers with herbicide resistance than for those without it. In contrast,
the proportion of growers using, or planning to use, cultivation and high seeding rates is
relatively similar for growers with and without resistance.
Differences between growers with and without resistance are also relatively small for
practices often associated with less intensive cropping (e.g. heavy grazing, pasture phases
and hay production). It is likely that the main reason for use of these practices is often
not ryegrass control, or even general weed control. Their use could, in m a n y cases, be
because they form an integral component of the preferred farming system and provide
benefits other than weed control.
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Table 7.3 The use of integrated weed management practices by growers with
herbicide resistance (HR n=77) and without herbicide resistance (NoHR n=55).
Proportion of growers using practice (%)

In 2000

Next 4 years

]ln2000

Past 4 years

Area 8 treated (%)

HR

NoHR

HR

NoHR

HR

NoHR

HR

NoHR

Stubble burning

87.0

67.3

84.9

65.5

94.8

70.9

24.8

27.8

Catching/chaff cart

13.0

5.5

10.4

1.8

31.2

10.9

85.6

100

Cultivation

55.8

58.2

49.4

49.1

53.3

65.5

37.4

57.9

A u t u m n tickle

62.3

30.9

57.1

25.5

71.4

45.5

35.9

34.6

Delayed seeding

46.8

32.7

53.2

34.6

67.5

45.5

26.0

53.1

Double-knock

61.0

52.7

62.3

49.1

79.2

67.3

47.6

44.8

Croptopping

46.8

14.6

44.2

10.9

64.9

27.3

10.9

10.8

Manuring

15.6

10.9

20.8

10.9

36.4

27.3

8.0

5.7

Hay

41.6

54.6

31.2

49.1

48.1

54.6

3.8

4.0

Spraytop pasture

97.3

98.2

94.7

94.3

96.0

92.5

81.1

67.1

High seeding rateb

24.7

23.6

57.1

54.5

67.5

52.7

57.0

46.3

Heavy grazing

62.3

60.0

-

-

-

-

-

-

Pasture phase

58.4

49.1

-

-

-

-

-

-

35.1

20.0

-

-

-

-

-

-

Fallow

36.4

-

-

-

-

-

-

Harvest low, no

31.2

5.5
7.3

-

-

-

-

-

-

16.9

9.1

-

-

-

-

-

-

7.8

7.3

-

-

-

-

-

-

61.0

45.5

64.9

45.5

70.1

49.1

64.6

83.4

(treated)
Barley for weed
control

spread, burn
Swathing for weed
control
Mechanical pasture

top
No-till seeding0
1

The mean percentage of 2000 cropping land treated for those using the practice in 2000, except 'Spraytop

pasture' which is the mean percentage of pasture treated.
b

'Past' and 'Next' use is based on 1995 and 2004 wheat seeding rates respectively.

c

Not recognised as an I W M practice but indicates the use of a seeding practice which provides little or no

mechanical weed kill.
'-' denotes that data was not collected on use of this practice during this period.
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The association between the use of some practices and resistance management is
demonstrated further by examining I W M use on a single typical cropping paddock (Table
7.4). N o grower without resistance on the typical paddock used croptopping, whilst only
one grower without resistance used catching. B y examining the management of a typical
paddock more insight is gained into whether certain practices tend to be used broadly over
cropping land. The use of croptopping and manuring on typical paddocks is very low
(Table 7.4) relative to their use anywhere on the farm (Table 7.2). This is most likely due
to limits to when the practice can be used (e.g. croptopping is not registered for use on
cereal crops) and the low use of these practices on cropping land where herbicide
resistance has not reached a very serious level. Practices such as stubble burning and
cultivation clearly have m u c h broader use.

Table 7.4 The use of integrated weed management practices on a typical paddock
in the past 4 years by growers in each region and with ( H R n=57) and without (No
H R n=75) resistancea in that typical paddock.

Growers using practice (%)
]Region

Resistance

ALL

KAT

DAL

HR

NoHR

Stubble burning

51.2

66.2

34.9

45.6

55.4

Catching/chaff cart

7.6

2.9

12.5

15.8

1.3

Cultivation

40.9

38.2

43.8

36.8

44.0

A u t u m n tickle

29.6

14.7

45.3

.43.9

18.7

Delayed seeding

25.8

20.6

31.3

31.6

21.3

Double-knock

24.2

29.4

18.8

29.8

20.0

Croptopping

3.0

1.5

4.7

7.0

0

Manuring

0.8

0.0

1.6

0.0

1.3

Hay

1.5

2.9

0.0

1.8

1.3

Spraytop pasture

51.9

47.1

57.1

47.4

55.4

No-till seeding11

47.3

52.9

41.3

49.1

46.0

1
b

where there is some level of ryegrass resistance in typical paddock
Not recognised as an I W M practice but indicates the use of a seeding practice which provides little or no

mechanical weed kill.
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7.2.3 Categorising IWM practices
The results suggest that I W M practices can be categorised according to the nature of their
use. A s previously mentioned, a distinction can be m a d e between practices that are used
primarily for weed control purposes and those that offer broader benefits in the farrning
system. A determinant in this distinction is likely to be what factor contributes most to
the overall profitability of the practice.
Practices that are used primarily for weed control purposes or offer no, or few, benefits
other than weed control, are classified as Primary I W M Practices. These appear to be
practices that are more commonly used once resistance is present. This is perhaps w h e n
their 'cost' can be justified.
Examples of Primary IWM Practices:
Catching/chaff carts, autumn tickle prior to knockdown, delayed seeding, croptopping,
manuring, fallow, harvesting low and burning windrows, and swathing for weed control
purposes.

Practices that offer benefits other than just weed control are more likely to be profitable,
or offer greater utility, in a wider range of situations. W e e d control m a y even be
incidental to their use. These Secondary I W M Practices include those that are more
commonly used in the absence of herbicide resistance.
Examples of Secondary IWM Practices:
Stubble burning, cultivation, high wheat seeding rates, heavy grazing, and pasture phases.
High wheat seeding rates, while offering some weed control through suppression, has
been categorised as a Secondary practice because m u c h of the practice's value m a y be
attributed to higher yields in the presence of weeds.

7.2.4 The use of multiple IWM practices
B y definition, I W M involves the use of several practices. The total number of practices
used is of interest in determining the complexity of weed management systems being used
by growers. A practice was recorded as "used" if it was used on any area of land at any
time in the four-year period. Practices listed in Tables 7.1-7.3 are included, with the
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exception of Hay. H a y production was omitted as it was only ever used on very small
areas and feedback from growers suggested that it was often used on areas, or in a way,
peripheral to the management of their cropping land. No-till seeding was converted to
'Tillage at seeding' (i.e. not no-till) to account for the use of seeding practices that
provide weed kill with the seeding pass.
Growers in DAL used more of the IWM practices than growers in KAT, and growers
with resistance used more practices than growers with no resistance (Table 7.5).
Although the differences are significant, the results show that all growers use several
practices that can be classified as I W M practices. Growers without resistance do use
several I W M practices, with the presence of herbicide resistance likely to result in the use
of an additional one to two practices.

Table 7.5 T h e total n u m b e r of integrated weed management practices used by
growers in the past 4 years.
Number of I W M Practices Used
Mean

Median

Min.

Max.

Std. Dev. Obs.

KAT8

7.0**

6

3

12

2.3

68

DAL

8.4

8

3

13

2.3

64

HR a

8.4 ***

9

3

13

2.3

77

NoHR

6.6

6

3

12

2.0

55

All

7.7

8

3

13

2.4

132

a

Difference between region significant (**P<0.05); difference between resistance status significant

(***P<0.001); no significant interaction between resistance status and region, based on two-way A N O V A
(Stata: anova).

Expected changes in growers' IWM use and a measure of the intensity of IWM use (Use
Score) are shown in Table 7.6. This refers to the use of 11 nominated practices (autumn
tickle, cultivation, delayed seeding, doubleknock, tillage at seeding, manuring,
croptopping, catching, burning, spraytopping and high wheat seeding rate).
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The Use Score is measured by:
Use Score = Zp=i..n Up W

where U is the percentage of a property's croppable land on which practice p is expected
to be applied in the 2000 season. A s an example, if each unit of area on a farm were
treated with three I W M practices, the Use Score would be 300.
Table 7.6 Intensity of use (Use Score) of IWM practices (11 nominated practices)
by growers from K A T and D A L and with ( H R ) and without (No H R ) herbicide
resistance.

Use Score

Mean

Min.

Max.

Std. Dev.

KAT a
DAL

118*"
186

15
59

321
404

55
75

HR a
NoHR

166*

130

22
15

404
321

77
63

AU

151

15

404

73

a

Difference between region significant (***P<0.001); difference between resistance status significant

(*P=0.06); no significant interaction between resistance status and region, based on two-way A N O V A
(Stata: anova).

As measured by the Use Score, on average, a unit area of cropping land in KAT was
expected to be treated with the equivalent of 1.18 of the I W M practices in 2000 (Table
7.6). Cropping land in D A L was to receive a higher treatment score of 186, or the
equivalent of 1.86 of the 11 practices included here.
The difference between growers with and without some herbicide resistance on their
property is less significant. This most likely reflects the inability of the simple binary
resistance classification to capture the generally greater resistance problem in the D A L
region. Overall, the results show that whilst most growers use several of the practices on
some area of their cropping land in any one year, a unit of cropping land is likely to be
treated with less than two of the practices.
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7.2.5 IWM categories: Factor analysis
It is of interest to k n o w whether particular sets of practices are associated in terms of use
by growers. For example, do the 'bundles' of I W M practices used by growers reflect the
two I W M practice categories (Primary and Secondary) discussed earlier in this chapter.
Factor analysis can be applied to identify such relationships between practices (Manly,
1986). B y exaniining correlations between the use of practices, factors can be identified
that account for m u c h of the variation in the data. Factor analysis has previously been
applied to the use of integrated pest management practices (Hubbell et al., 1997;
McDonald and Glynn, 1994). Here, the aim is to identify sets of I W M practices
associated by their c o m m o n use on the same property.
Factor analysis has been applied to the use of practices in the previous four years using
the F A C T O R (principal factors) c o m m a n d in Stata (Box 7.1). The first three factors are
discussed as these are each shown to explain greater than 20 per cent of the variation.
Orthogonal varimax rotation was applied to aid interpretation (Manly, 1986). The first
factor, explaining 70 per cent of the variation in the data, has heavy loadings for autumn
tickle, delayed seeding, doubleknock, croptopping, low harvesting with burning of
windrows, and swathing lower than normal. These could all be described as Primary
weed management practices, as discussed previously in this chapter.
Other factors explain a relatively small proportion of the variance in the data. The second
factor has heavy loadings for spraytopping, pasture phases of two years or more, and
heavy grazing. This factor is obviously associated with the use of weed control in
pastures. The third factor has heavy loadings for the 'traditional' cropping practices of
cultivation and burriing of crop residue (whole paddocks). In general, these last two
factors contain heavy loadings for Secondary practices.
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B o x 7.1 Factor analysis of I W M practice use showing loadings for three I W M
factors.

(principal factors
Factor

Eigenvalue

8 factors retained)
Proportion
Difference

Cumulative

1

1 90075

1.14736

0.7023

0.7023

2

0 75339

0.17625

0.2783

0.9806

3

0 57715

0.24452

0.2132

1.1938

4

0 33262

0.15941

0.1229

1.3167

5

0 17321

0.03497

0.0640

1.3807

rotate, factors (3) (varimax rotation)
Rotated Factor Loadings
3

Uniqueness

1

2

tickle

0.43265

0.26027

-0.05552

0.70602

cultivation

-0.07444

0.15473

0.38105

0.80674

delay

0.36004

0.14056

-0.11906

0.81007

doubleknock

0.35590

-0.24479

-0.30169

0.67645

Variable |

till

-0.30125

0.13552

0.13183

0.83446

manuring

0.10398

-0.05535

-0.21993

0.86509

croptop

0.66208

-0.08174

-0.00076

0.52506

catch

0.20084

0.11705

-0.29690

0.78663

0.23084

-0.16475

0.42359

0.73275

spraytop

-0.08662

0.40603

0.00741

0.78782

seed rate

0.23493

-0.23015

0.03884

0.79514

0.00667

0.40536

0.06835

0.76310

burn

pasture phase
low-ns-burn

0.53273

-0.16637

0.12703

0.65022

heavy graze

-0.23725

0.44567

-0.07349

0.70852

swathing

0.52299

-0.03584

-0.08820

0.59577

The uniqueness levels (Box 7.1) indicate the percentage of the variance for each variable
that is not explained by the factors. The generally high uniqueness levels (also referred to
as low communality) suggest that the use of an individual practice is not strongly captured
by the factors. The analysis does, however, support the presence of a 'primary' I W M
practice component within the range of I W M practices included in this study. T h e
presence of herbicide resistance and more intensive cropping rotations is likely to explain
the association between the use of these primary practices.

7.2.6 Summary of IWM use
All growers use several I W M practices. While growers with a herbicide resistant weed
population on their property are likely to be greater users of I W M practices, the results of
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this survey do not support the argument that only growers with resistance use I W M . B y
examining the use of individual I W M practices, it becomes clear that a strong association
between resistance status and use exists for only some practices. The existence of a set of
'primary' I W M practices that is not associated with grazing enterprises or 'traditional'
cultivation and burriing-dependent farming is supported by factor analysis. The results
suggest that relatively large increases in the use of such primary practices m a y be
expected in the near future.

7.3 Perceptions of IWM practices
Growers' perceptions of individual IWM practices were measured on the basis of efficacy
(expected percentage ryegrass control), and economic value (or cost-effectiveness) where
growers were asked to consider all the costs and benefits involved with using the
practices. T o be able to provide detailed perceptions for these parameters, growers
needed to be aware of the practice and be at least in the pre-trial evaluation phase. The
relative proportion of growers w h o did not possess sufficient information about a practice
to provide perceptions offers some insight into h o w advanced the diffusion process is for
each practice. This is discussed following presentation of growers' perceptions of
practice efficacy and value.

7.3.1 Perceptions of efficacy
The perceived percentage ryegrass control attainable was elicited for I W M practices, the
pre-emergent herbicide trifluralin, and a selective post-emergent herbicide to which
ryegrass shows no herbicide resistance (a hypothetical n e w herbicide). B y obtaining the
perceived most likely percentage control, the lowest possible, and highest possible
percentage control, triangular probability distributions were produced. S h o w n in Figures
7.1 and 7.2 are the median expectations of ryegrass control for each practice. These are
drawn using the median grower perception of (a) the most likely percentage control, (b)
the lowest possible, and (c) highest possible percentage control values. For practices in
Figure 7.1, ryegrass control is defined in terms of reduction in ryegrass seed
production/viability. For the practices in Figure 7.2, ryegrass control represents the
perceived percentage reduction in ryegrass numbers that results in-crop as a result of
using the practice, relative to the ryegrass numbers if the practice had not been used.
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Figure 7.1 Subjective probability distributions for the perceived ryegrass control
achieved from five weed control practices. Triangular distributions drawn using
the median of the most likely percentage control, the lowest possible, and highest
possible percentage control values elicited from growers in K A T and D A L .
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Figure 7.2 Probability density functions for the perceived ryegrass control
achieved from five weed control practices. Triangular distributions drawn using
the median of the most likely percentage control, the lowest possible, and highest
possible percentage control values elicited from growers in K A T and D A L .
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A n ideal weed control practice would offer a very high probability of achieving a very
high modal efficacy (Figure 7.3). Growers clearly perceive that a post-emergent selective
herbicide is near to achieving those characteristics of control (Figure 7.2). The high
percentage control, low variance characteristics of post-emergent selective herbicides are
clearly demonstrated, with the modal level of ryegrass control being 90 per cent and the
lowest expected percentage control being substantially higher than any other practice
shown at 80 per cent. In contrast, the 'traditional' weed control methods of stubble
burning (Figure 7.1) and cultivation (Figure 7.2) have relatively low modal efficacy and
large variances.

100% Reliability

•
j

/

\

f

Ideal

A

V

Practice

J

• 100% Control

Figure 7.3. Schematic diagram of the control characteristics of an ideal weed
m a n a g e m e n t practice.
Although not classified in this study as an IWM practice, the pre-emergent herbicide
trifluralin was included for comparison.

Trifluralin is a widely used herbicide for

ryegrass control in cereals and its use has increased as resistance development to postemergent selective herbicides has become more widespread. The distribution shows the
most likely expected percentage control to be approximately 80 per cent (Figure 7.2).
However, the distribution also suggests a considerable perceived probability that the
control percentage will be below 50 per cent. Similarly, doubleknock, an I W M practice
based on the use of non-selective herbicides, is perceived to have a higher variance. This
risk of lower control, or greater variance of control, provided by such alternative
herbicides relative to the post-emergent selective herbicides m a y be of particular
importance w h e n growers no longer have the post-emergent selective herbicide option
due to resistance.
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Delayed seeding and cultivation, two I W M practices based on non-herbicide principles,
are perceived to provide both lower percentage control and higher variance. The practices
that involve no herbicide use are shown to have a lower modal level of control (Figures
7.1 and 7.2). The practice of manuring was perceived to have a modal efficacy of 80 per
cent and similar variation to most other I W M practices. This is an unexpected result
given that manuring involves the sacrificing of a crop using mechanical and/or herbicidal
means, resulting in no grain being harvested. Research into the practice generally
assumes near 100 per cent ryegrass seed set control can be practically obtained.
Perceptions of manuring efficacy suggest an opportunity for information to improve
decision-making.
The calculated expected values (distribution means) from growers' subjective probability
distributions for percentage control are shown in Table 7.7. O f the 10 practices, the n e w
post-emergent selective herbicide (described as being similar to diclofop in the absence of
resistance) clearly has the highest expected percentage control (86 per cent). Nonherbicide practices have the lowest m e a n expected percentage control (burning,
cultivation and high seeding rate). The post-emergent selective herbicide (new herbicide)
clearly has the lowest C V , indicating that, on average, individual growers have a
relatively high level of certainty that the modal level of expected control will be achieved.
The practices with the highest perceived C V s are the three non-herbicide practices;
burning, cultivation and high seeding rates.
Growers who had used cultivation and high seeding rates in the past four years (users)
had a higher m e a n expected percentage control than non-users (Table 7.7). The difference
for cultivation m a y be explained by the fact that growers w h o stated they have used
'cultivation to kill weeds' are likely to consider a form of cultivation that offers greater
percentage control than the form of cultivation considered by non-users. This m a y be
partly the result of greater knowledge of h o w to gain a higher level of w e e d control,
acquired through learriing-by-doing. In D A L , non-users of high seeding rates are more
uncertain of the percentage control (having a higher C V ) than users of high seeding rates.
Regional factors were also shown to influence the perceived efficacy of catching, with
growers in D A L having a higher m e a n level of uncertainty ( C V ) than growers in K A T .
A grower's CV for percentage control could comprise both uncertainty about the
effectiveness of the practice and also k n o w n variability (orrisk)regarding the practice's
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effectiveness. In the case of the latter, seasonal and environmental factors are possible
causes of any such variability.

For all practices except high-seeding rate, there was no

significant difference in C V between users and non-users. Given that growers with a
higher level of information about the efficacy of practices (users) generally do not have
significantly different C V s from non-users, it would seem possible that most of the
perceived variance in efficacy could be explained by factors other than lack of
information.
Table 7.7 Perceived efficacy of ryegrass control practices as measured by Expected
Percentage Control ( E V ) and the Coefficient of Variation (CV), calculated from
the elicited subjective probability distributions.
Expected Percentage Controla

Coefficient of Variation (%)

Stubble burning

47 (19)

24

Catching

57 (15)

KAT: 14/DAL: 18**

Cultivation

Users: 49 (21) / Non-users:
: 39 (22)**

23

K A T : 39 (23)/DAL: 50 (19)***
High seeding rate

Users: 35 (19) / Non-users:
: 28 (17)**

DAL Users: 20 / D A L Non-users: 30b
KAT Users: 25 / KAT Non-users 24b

Delayed seeding

55 (23)

17

Doubleknock

64(21)

14

Croptopping

62 (17)

19

Manuring

74 (19)

12

Trifluralin

67 (14)

15

N e w herbicide

86 (10)

7

a

Means shown, with standard deviation of the population's mean expected percentage control in

parentheses.
Values for Users/Non-users and K A T / D A L shown where two-way anova (Stata: anova) shows significant
difference. Values in parentheses are the standard deviation.
Significant interaction between Region and Use (P<0.001) based on two-way anova.
*P<0.05;**P<0.01;***P<0.001

Table 7.7 shows the m e a n expected percentage control for a range of practices. The
standard deviation of this m e a n (shown in parentheses) gives an indication of the
dispersion between growers, or the sirnilarity of their perceptions about the expected
percentage control for the different practices (not to be confused with the C V shown in
Table 7.7 which indicates the dispersion for individual growers, or perceived reliability).
The n o n - I W M practice, the post-emergent selective herbicide (new herbicide), clearly had
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the lowest standard deviation (highest consistency of perceptions), with a value of 10.
This indicates that not only was the m e a n expected efficacy high but a very high
proportion of growers expect, or agree, that this is the case.
Summary of perceptions of practice efficacy
A post-emergent selective herbicide, unaffected by resistance, is widely perceived to offer
both high percentage control and reliability. N o alternative weed management practice,
including the pre-emergent selective herbicide trifluralin, is perceived to offer this level of
efficacy. A s a general statement, non-users of I W M practices appear well informed of the
efficacy of the I W M practices. There is no example where the perceptions of non-users
are notably different from users and also fall outside of the range deemed to be consistent
with research findings (e.g. Gill and Holmes, 1997; Matthews et al., 1996). However, the
results suggest that there is potential for non-users of high seeding rates to increase their
perceived percentage control. In D A L , there also appears to be potential for the perceived
reliability of this practice to be increased among non-users.
Given the differences in envhonment between the KAT and DAL regions, the efficacy of
the practices could be expected to differ markedly. The lower proportion of growers in
the K A T region w h o have used some of the practices could also be expected to result in
differences in the knowledge of the practices. However, there is no clear example of a
practice in which growers in a region hold misperceptions or have exceptionally high
uncertainty in terms of a practice's efficacy. In general, growers appear well informed of
the efficacy of I W M practices.

7.3.2 Awareness of IWM practices
The results above include the responses from growers w h o provided the necessary three
pieces of information required to produce the triangular distribution of percentage control.
S o m e growers were unable to provide all three values for all practices. Reasons for this
were not recorded. However, reasons stated by growers included not being aware of the
practice and/or not having sufficient knowledge of the practice to offer expected
percentage control figures. There were also some growers w h o were aware of practices,
and in some cases using the practice, but did not believe they had sufficient quantitative
knowledge of the ryegrass control achieved by the practice.

132

Chapter 7
Table 7.8 shows the number of growers unable to provide data for the distribution
associated with each practice. In general, the proportion of growers w h o did not provide
distributions is low. A t most, 12 out of the 132 growers (nine per cent) could not, or did
not, provide the necessary data. There is no obvious association between region and the
proportion of growers not providing distributions for the I W M practices. There are,
however, differences between the practices in terms of the number of distributions not
provided. Associated with this are differences between users of the practices and nonusers.
For catching, croptopping, and manuring, all users were able to provide a response, hi
contrast, at least 10 non-users (approximately 11 per cent of non-users for each practice)
did not provide a complete response. For these practices, it is likely that some non-users
of the practices are in a stage of the adoption process that has not yet resulted in non-trial
evaluation. They m a y be at either the pre- or post-awareness stage. It was not recorded
whether a grower was a user or non-user of trifluralin. However, it would be expected that
the majority of growers would have used trifluralin in the past four years. All but three
growers provided a perceived ryegrass control distribution for a hypothetical n e w
herbicide with a novel m o d e of action, described as having characteristics similar to an
existing selective herbicide.
Table 7.8 The number of growers who did not provide components of the
perceived triangular distribution for efficacy of I W M practices.

Number of Growers
Practice Use

Stubble burning
Catching/chaff cart

All
4
12

Crop-topping

5
10
8
6
10

Manuring

Cultivation
High seeding rate

Users

Non-users

KAT

DAL

2
0
3
3
3
1

2
12

2
7
2
6
5
4

2
5
3
4
3
2
5

2
7

0

5
5
10

12

0

12

Trifluralin

6

-

N e w herbicide

3

Delayed seeding
Double-knock

Region

5

4

-

8
4

_

2

1

2
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The provision of perceived distributions for ryegrass control suggests that not more than
nine per cent of growers are in a stage of the adoption process prior to non-trial evaluation
for any of these practices. Allowing for an estimated four growers w h o did not provide a
response for reasons other than uncertainty or lack of awareness, this figure is m o r e likely
to be approximately six per cent. This suggests that even for practices that are used by
relatively few growers, such as manuring and catehing, the adoption process has advanced
to at least evaluation for almost all growers.

7.3.3 Perceptions of value
The percentage control provided by a practice is only one component of the overall value
of a practice for weed control. T o obtain a measure that incorporates more than just
percentage control, growers were asked to consider all direct and indirect costs and
benefits involved in using the practices. A s examples of indirect costs or benefits, time
and effects on the soil were suggested for consideration. Growers were then asked to
consider this 'cost-effectiveness' and rate the value of practices using a scale of one to
nine, with five being 'as valuable as an effective selective herbicide'.
Mean value ratings are shown in Table 7.9. Due to the non-normal distribution of the
response data for some variables, the rank-based Wilcoxon (Mann-Whitney) test (see
Meddis, 1984) has been applied (Stata: ranksum) to test for differences between
distributions based on use, whether the grower has some resistance, and region.
Growers in KAT and DAL were not significantly different in terms of the perceived value
for any practice (Table 7.9). Growers with herbicide resistance perceived burning,
double-knock, green manure and trifluralin to be of greater value than those without
resistance. Differences were near significance at the five per cent level for catching
(P=0.05) and croptopping (P=0.06). The general trend was for growers with resistance to
perceive I W M practices and trifluralin,tobe of greater value. For all practices, growers
w h o had used a particular practice in the past four years perceived the practice to be of
greater value than those w h o had not used the practice. A s with the perceptions of
efficacy, it cannot be concluded in a cross-sectional study whether this difference is the
result of growers w h o perceived the practices to be valuable prior to using them becoming
adopters, or whether they adjusted their perceptions post-adoption either through learning,
practice development, or possibly, a process relating to cognitive dissonance (Festinger,
1957).
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Table 7.9 M e a n value ratings for ryegrass control practices.

Mean Value Score
Alla

Stubble burning

3.7

Practice Use b

Resistance Statusb

Regionb

Users

Non-users

HR

NoHR

KAT

DAL

4.1

2 2***

4.1

3.0***

3.5

3.9

5.5

4.0*

4.4

3.8

4.2

4.2

3.5

2.5*

3.1

3.9

2.9

3.3

4.7

3 5***

4.4

3.8

3.9

4.5

5.1

2 y***

4.4

4.1

4.5

4.1

5.9

49**

5.8

5.0**

5.2

5.8

5.0

4.3*

4.8

4.2

4.8

4.3

5.6

4.0**

4.5

3.8*

4.2

4.2

5.3

4.6*

4.9

5.2

(1.91)
Catching/chaff cart

4.2
(1.97)

Cultivation

3.1
(1.51)

High seeding rate

4.2
(1-76)

Delayed seeding

4.3
(1.85)

Doubleknock

5.5
(1.77)

Croptopping

4.5
(1.80)

Manuring

4.2
(2.04)

Trifluralin

5.0
(1.74)

a
b

Standard deviations shown in parentheses.

Two-sample Wilcoxon rank-sum (Mann-Whitney) test of whether distributions of users V non-users;

growers with H R V N o H R ; and growers in K A T V D A L come from the same distribution; *P<0.05,
**P<0.01, P***<0.001

Overall, the only practices with a m e a n value rating not less than an effective postemergent selective herbicide (five) were the pre-emergent herbicide trifluralin and the
non-selective herbicide-based treatment, doubleknock. T h e practices with the lowest
m e a n value rating were the non-herbicide practices cultivation and burning. T h e results
demonstrate the relatively high perceived cost-effectiveness of herbicide-based practices
for ryegrass control. Despite their extensive use, stubble burning and cultivation had the
lowest m e a n value score. This is consistent with their classification as Secondary
practices. That is, practices that are commonly used, but often not primarily for their
weed control value.
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7.4 T h e relationship between the use of I W M practices a n d
general herbicide use

IWM, by definition, involves the use of a range of weed control practices that reduce th
reliance on any one practice. The practices defined in this study as I W M practices are
those that can reduce reliance on selective herbicides. A s discussed previously, several of
these I W M practices can involve the use of non-selective herbicides. Although the
measures of herbicide use in this study are only based on broad grower forecasts, some
insight can be gained into whether measuring I W M use should be used as a proxy for
general reductions in herbicide use.
A plot of the average number of herbicide applications (of any type) expected to be
applied to cropping land and the number of I W M practices used on the property is shown
in Figure 7.4. The results suggest no clear relationship between the use of a high number
of I W M practices and reduced herbicide applications, and certainly give no indication that
the use of a large number of the I W M practices included in this study is associated with a
general reduction in the use of herbicides.
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Figure 7.4 The relationship between total n u m b e r of I W M practices used on the
property (in the past four years) and the estimated average n u m b e r of herbicide
applications to be received by cropping paddocks (in 2000) (n=132).
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Correlation coefficients between a range of herbicide and I W M use measures suggest that
I W M practice use m a y be positively associated with general herbicide use at the farm
level (Table 7.10). For most measures of I W M use there is a significant positive
correlation with the estimated average number of herbicide applications to be used. O n e
obvious explanation for this is that some of the I W M practices involve the use of nonselective herbicides. Resistance to post-emergent selective herbicides can also lead to
greater use of pre-emergent herbicides (e.g. trifluralin). A s these herbicides generally
offer lower percentage control than the post-emergent selective herbicides, greater I W M
practice use m a y also be required to manage weed populations. The strongest positive
correlation is with the use of 'Primary' practices, that is, those practices that are used
primarily for weed control purposes and more commonly by growers with resistance. For
I W M practices that do not involve the use of herbicides, no relationship with expected
herbicide use is evident (Table 7.10).
Table 7.10 Correlation coefficients3 for IWM practice use and the average number
of herbicide applications (of any type) expected to be used in 2000.
Herbicide
applications
I W M practices used in past 4 years

0.25**

I W M practices to be used in current

0.25**

year

0

rWMUseScored

0.21*
c

'Primary practices' used in past 4

0.37***

years6
Non-herbicide practices used in past 4

0.02

yearsf
a

Pearson product-moment coefficients shown (Stata: pwcorr).

*P<0.05, **P<0.01, P***<0.001
b

All practices.

c

Limited to practices used to calculate Use Score (Table 7. 6)

d

A s calculated for Table 7.6.

e

Limited to catching, swathing for weed control, low harvesting and burning windrows, autumn tickle,

delayed seeding, doubleknock, manuring, croptopping
f

Limited to cultivation, tillage at seeding, catching, burning, pasture phase, heavy grazing, swathing for

weed control, low harvesting and burning windrows, high seeding rate
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Although limited by the subjective nature of the herbicide use data, the results suggest
that, at the farm level, increasing the number of I W M practices used on a property is not
associated with a reduced number of herbicide applications. This is consistent with some
studies of I P M adoption and insecticide use (e.g. Harper et al., 1990; Napit et al., 1988).
The result is also consistent with the finding that the vast majority of growers expect to be
using the same or more herbicide applications in 10 years time (Chapter 6), despite
expectations of greater I W M practice use. M o r e detailed quantitative data over a longer
period would be required to investigate the relationship more rigorously, and also allow
the relationship between I W M practice use and specific herbicide types (e.g. postemergent selective herbicides) to be investigated. However, the results do suggest that
factors associated with generally reduced herbicide use will be different to those
associated with the use of I W M practices. Similarly, encouraging the adoption of I W M
practices should not be seen as a route to a general reduction in herbicide use.

7.5 Summary of IWM perceptions and use
In this chapter, the level of use of IWM practices and growers' perceptions of their
efficacy and value have been presented. All growers employ s o m e practices that can be
classified as contributing to I W M .

S o m e of these practices fall into the category of

Secondary practices. These are practices that m a y not be being used primarily for weed
control, or rated highly for their weed control efficacy or value. Growers with some level
of herbicide resistance on their property are more likely to also be using Primary
practices: those practices that offer few benefits other than weed control.
The characteristics of post-emergent selective herbicides that explain their extensive use
have been clearly demonstrated in this study.

In general, the average grower's

perceptions of I W M practice efficacy are consistent with research and field experience.
This is generally also the case for non-users of the practice, growers with no herbicide
resistance, and growers from a region with relatively low levels of herbicide resistance
(KAT). N o I W M practice, or alternative pre-emergent selective herbicide, was perceived
to offer the efficacy or reliability of a post-emergent selective herbicide. In general,
herbicide-based practices were perceived to be more valuable than non-herbicide-based
I W M practices.
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The findings of this study suggest an opportunity to influence growers' perceptions of the
overall value of some practices and their subsequent adoption. This m a y not necessarily
involve increasing a practice's perceived weed control efficacy or weed control value. A s
indicated by the extensive use of some Secondary practices, demonstrating benefits that
m a y add to the overall utility of a practice, other than just weed control, could be an
effective avenue to increasing adoption. Just as stubble burning has benefits in disease
control and machinery clearance, catching also has benefits in fodder collection, and
delayed seeding has occasional benefits in decreasing frost-risk. Croptopping can also
offer more even crop maturation. Particularly for growers without herbicide resistance,
for w h o m m a n y Primary practices m a y remain costly relative to the available herbicides,
demomttating any secondary benefits of the Primary I W M practices could be an effective
approach to increasing adoption.
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Identifying factors which influence adoption:
regression analyses
8.1 Introduction
In this chapter, hypotheses relating to factors influencing the adoption of IWM practices
are tested using regression analysis. O f primary interest is the hypothesis that grower
perceptions of herbicide-resistance-related factors and of I W M practices are significant in
explaining the adoption of I W M practices. This m a y demonstrate the potential for
information to improve adoption decisions. Also tested is the applicability of a resource
conservation model (see Chapter 4) in explaining growers' adoption behaviour, the
objective being to identify an appropriate framework for considering herbicide resistance
management.
Presented in this chapter are analytical and empirical models of the adoption of IWM
practices and the extent of I W M use. Methods used to generate appropriate explanatory
and dependent variables are detailed, along with descriptions of the regression models
used. These include logit and tobit techniques.

8.2 Decision framework for IWM adoption
A framework for considering IWM adoption under the presence or risk of herbicide
resistance development was presented in Chapter 4. Expressed in reduced form below,
this includes an integral role for herbicide-related factors in the I W M decision framework.
For the purposes of this study, herbicidal weed control refers to post-emergent selective
herbicides for ryegrass control. Alternative weed control practices are represented by the
I W M practices, some of which are physical or biological, and some of which involve the
use of non-selective herbicides. Essentially, the decision problem for the grower is
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assumed to be the maximisation of present value of annual returns (NPV) by selecting
optimal levels of I W M use, I W M * , and herbicide use, H*, for each year, t.
NPV = Xt=1..n(P.Yt-Cw-CF)P, (D
Cw = C„ B* + CWM .IWM* (2)
P = price per unit yield
Y = crop yield in year t
C w = cost of weed control
C F = costs associated with growing the crop excluding weed control. These costs include
seeding, fertiliser and harvesting costs and are considered fixed
C H = cost of herbicide treatment
CrwM = cost of I W M practice
H t = level of herbicide use in year t
I W M t = level of I W M use in year t
P = discount factor

The dependent variables in this study are all measures of the level of IWM use. In
utility, it is assumed that when I W M t is greater, the utility of I W M use,

UIWM

, is greater.

A grower's utility function, ranking the preference for I W M use, is expected to include a
range of factors and can be expressed as:
UiwM = f(G,F,R,i) (3)
G = A vector of grower factors, including informational variables
F = A vector of farm factors
R = A vector of herbicide factors
I = A vector of I W M factors

IWM factors include perceptions of efficacy and economic value relative to herbici
Perceptions of the attributes of an innovation have been shown to be major factors in
determining its adoption (Adesina and Zinnah, 1993; Cary and Wilkinson, 1997).
Perceptions of a problem also have a role in the adoption of related conservation
innovations (Ervin and Ervin, 1982; Sinden and King, 1990; Traore et al., 1998).
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Herbicide factors in this study generally relate to a problem, in this case herbicide
resistance. T h e adoption of I W M has been hypothesised to be consistent with a resource
management framework in which the resource, a stock of effective selective herbicides, is
potentially exhaustible due to the development of herbicide resistance. Perceptions of the
existing level of herbicide resistance and perceptions relating to future exhaustibility are
hypothesised to contribute to the expected utility of I W M practices and, consequently, the
likelihood of I W M use.
Grower factors of primary interest are those relating to information and learning. By
definition, I W M adoption is complex and is therefore expected to have high information
requirements. For this reason, higher exposure to, or seeking of, extension and other
information sources is expected to be positively associated with I W M adoption. These
informational variables can also be described as policy variables given that extension is a
c o m m o n policy instrument used by government and industry in affecting change. Greater
h u m a n capital can result in more cost-effective information acquisition and learning
(Feder et al., 1985; Feder and Slade, 1984; Lindner, 1987) and is therefore expected to be
positively associated with adoption. Grower factors also include the rate at which future
returns are discounted. Consistent with studies of conservation innovations involving
short-term cost and longer-term returns (Baidu-Forson, 1999; Pannell, 2001), growers
placing a greater relative value on short-term returns (i.e. a high discount rate) are
expected to be less likely to adopt I W M practices.
The key objectives of this study are to: a) identify an appropriate framework for
considering the I W M adoption behaviour of growers; b) identify perceptions important in
the decision to adopt I W M ; c) measure the importance of informational variables in the
decision.

8.3 Data
As described in Chapter 5, cross-sectional data was collected from personal interviews
with 132 grain growers, randomly selected from two regions in the Western Australian
wheatbelt. This included 64 growers from a medium-low rainfall zone with generally
higher cropping intensity and higher resistance levels ( D A L ) , and 68 growers from a
medium-high rainfall zone with a generally lower herbicide resistance problem and
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traditionally higher-reliance on grazing enterprises ( K A T ) . T h e data was collected in
February-March 2000, prior to crop seeding.

8.4 Dependent variables
As reviewed in Chapter 2, the difficulties involved with measuring the adoption of IPM
have generated considerable discussion (Benbrook, 1996; M c D o n a l d and Glynn, 1994;
Wearing, 1988). It is recognised in most studies that growers adopt specific practices not
a total system (de Buck et al., 2001; Dorfman, 1996). Consistent with this, s o m e studies
(e.g. Harper et al., 1990) analyse the adoption of individual practices specifically, whilst
others (eg Fernandez-Cornejo et al., 1994) consider the adoption of just one of a suite of
possible practices to represent adoption. This approach has allowed binary dependent
variables to be used. B y definition, however, JJPM involves the integration of more than
one practice into a pest control system. A s shown in Chapter 7, growers in this study
generally use more than one I W M practice selected from a relatively wide range of
available practices. I W M adoption is therefore assumed to involve multiple practices.
Growers have a range of practices available to them and elect to use the combination of
practices that offers the greatest utility.

8.4.11WM practices included
hi this study, the possible range of practices is restricted to the eight for which perceptions
were elicited. O f these, cultivation and burning have been omitted from consideration in
the regression analyses because a proportion of growers do not use these 'secondary'
practices (see Chapter 7) for the purpose of weed control, and these individuals could not
be distinguished from those w h o do. Feedback from growers indicated that these practices
were often used without weed control being a consideration (e.g. burning was done only
for stubble management and/or disease control; cultivation was done only for seed bed
preparation). Under these circumstances, the level of weed control achieved m a y be very
low. The six I W M practices included are: delayed seeding, doubleknock, high seeding
rate, catehing, croptopping, and manuring.
There are no notably high correlations between farmers' usage of these practices, based on
use in 2000 (Table 8.1), although several correlation coefficients, mainly involving
croptopping, are significantly different from zero. The strongest correlation is between
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doubleknock and croptopping. A s one is a pre-seeding treatment and the other is
performed mainly in lupin crops late in the season, there is no obvious complementarity
between these practices. A s there is no indication that the use of one practice strongly
favours the use or non-use of another practice, for the purposes of this study they are
considered to be independent I W M options.
Table 8.1 Correlation coefficients for the use of IWM practices in 2000

Delay seeding Doubleknock Manuring Croptopping Catching
Doubleknock

.12

Manuring

.08

.10

Croptopping

.23*

.34***

.24**

Catching

.18*

.11

.04

.21*

High seeding rate

.10

.15

-.10

.19*

.06

*P < 0.05, **P < 0.01, ***P < 0.001, Pearson Chi2 test.

The six practices comprise two non-herbicide practices (catch and high seeding rate), two
herbicide-based practices (doubleknock and croptopping) and two practices that m a y or
m a y not involve the use of additional herbicides (delayed seeding and manuring). In this
study, the use of the six practices contributes to two dependent variables. The variables
aim to represent two important aspects of I W M use; the use of a number of I W M practices
and the proportion of land on which practices are used.

8.4.2 The use of a number of practices
The use of just one of the six practices does not satisfy the definition of I W M . A n
alternative approach would be to use an interval variable where it is assumed that when
more of these practices are used the 'more I W M ' is being used. Poisson regression
models, using count data for J P M practices used have been used for this purpose ( M a u m b e
and Swinton, 2000). However, the use of all, or almost all, of the practices does not
necessarily represent rational I W M use. A s it is a restricted list, growers m a y be using
several other I W M practices that would m a k e the use of all of the six listed practices
unnecessary, and in some cases, counterproductive. In this study, a grower is classified as
an I W M user if he or she uses several of the six practices.
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A binary dependent variable is defined, with growers w h o use three or more of the six
practices being classified as I W M users. This allows for the conditions that several of the
practices should be used to satisfy the 'integrated' definition of I W M , but also accepts that
the use of a large number of these particular practices m a y not necessarily be appropriate.
This binary classification was applied to use in the past four years (PAST), the year 2000
( C U R R E N T ) and use over the next four years ( N E X T ) , which included the year 2000. O f
the six practices, the m e a n number used by growers over the past four years is 2.1, with
2.1 expected to be used in 2000, and 3.0 expected to be used over the next four years. N o
grower had used, or was expecting to use, more than five practices.

8.4.3 The extent of use of IWM practices on a property
Most I P M adoption studies examine the use or non-use of JJPM practices on a property.
Here, the extent of I W M use, or the proportion of land treated with an I W M practice is
also considered. This is intended to account for the possibility that several individual
practices m a y be being used, but only on a small proportion of cropping land. For the
same reasons as those described above, the extent of use of one particular practice is not of
major interest as substitute practices m a y be in use. Therefore a score has been developed
that measures the cumulative proportion of cropped land treated with the six I W M
practices. The extent variable ( E X T E N T ) is measured using:
EXTENT = IIWM%i_1...6 (4)
where the IWM% is the percentage of land being cropped in 2000 that was expected to be
treated with the 1th I W M practice. N o grower planned to use all practices on all crop land
(i.e. E X T E N T = 600), with the m a x i m u m score being 318 (see Table 8.2).

8.5 Explanatory variables
Using innovation-specific and problem-specific variables presents challenges when the
dependent variable comprises several substitutable components. Perceptions of one
particular component are not necessarily relevant to the grower's adoption of several of the
practices. For example, a grower m a y perceive the value of a practice to be high but have
no need to use it as a large number of I W M practices are already being used. In addition, a
limited number of observations (and degrees of freedom) m a k e multiple perceptions of
multiple individual practices difficult to accommodate. Potential problems related to
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multicollinearity amongst the perceptions also need to be addressed. A high level of
positive correlation between perceptions of different practices exists (Appendix C, B o x 1),
as demonstrated by the analyses in the next section. Composite variables can help to
overcome these problems. Principal component analysis has been used to produce single
variables that capture general perceptions of the six I W M practices whilst still explaining a
high proportion of the variation in the data.

8.5.1 Principal components
First described by Pearson (1901) and Hotelling (1933), the objective of principal
component analysis is to take a set of variables and find combinations of these that
produce a lesser number of indices that account for m u c h of the variance in the original
data. The use of these indices, or principal components, has been suggested as an
approach to addressing multicollinearity in estimating econometric regression models
(Greene, 1997). The method has had some use in evaluation of I P M (Douce et al., 1983;
Hubbell et al., 1997; Thomas et al., 1990) and other agricultural innovations (Cioffi and
Goritano, 1998). Principal component analysis is only useful when at least some variables
are correlated. The procedure is based on a covariance matrix, or usually a correlation
matrix (Manly, 1986). The correlation matrix involves normalisation of all variables to
have m e a n 0, standard deviation 1, so that the scale of the response to particular variables
does not significantly weight the analysis.
For the purposes of this study, the objective is to identify from the sets of explanatory
variables relating to the six I W M practices, I., I2,..., h, components Zp based on linear
combinations of the variables. The usual aim is that a small number of components (p <
6) will account for a large proportion of the variance.

The first component always

accounts for the most variance, with the other components being uncorrelated with the
first (and with each other) and accounting for decreasing amounts of variance. For the
first principal component, Zi, to be useful in this study it needs to account for a relatively
large proportion of the variance and represent general positive perceptions towards the six
I W M practices. This would be the case if the coefficients, or elements of the eigenvector,
an..., ai6, are all positive
Zi = anIi + ank + ai3I3 + ai 4I4 + aisis + ^i6k (5)
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Principal components with some positive and some negative coefficients are most
probably measuring the degree of preference for particular practices over others. These
dimensions in the data are unlikely to be of value in explaining the general measures of
I W M adoption being used as dependent variables in this study.
Perceptions relating to the six IWM practices were subjected to principal component
analysis (using the Stata (StataCorp, 1997) data analysis software c o m m a n d : 'factor, pc' to
analyse the default correlation matrix), with the objective of finding an appropriate
component, or index, to act as an explanatory variable for each of perceived m e a n control,
reliability of control, and economic value. The use of these single indices means that the
influence of the original practice-specific perceptions on adoption cannot be directly
identified as the index is a function of all of the original practice-specific perceptions.
While this is a disadvantage of this approach (Greene, 1997), the relative weighting of
each original practice-specific perception's influence on the index value can be seen in the
first eigenvector in the principal component analysis output. For the purposes of this
study, where general I W M adoption measures, comprising multiple practices, are being
explained, perceptions of individual practices are of lesser interest in the regression
analyses.
The other possible disadvantage of using a principal component-derived index value as an
explanatory variable is that the weightings are calculated independently of consideration of
the dependent variable that is being explained. This could be a particular problem w h e n
there is strongly positive and negative weightings that cannot be related to what is being
explained. For the components used here (see eigenvector 1 in Boxes 8.1- 8.5) the
perceptions of each practice are generally weighted strongly and positively. T o allow for
any inconsistencies resulting from the use of these index values to be observed, regression
analyses were also conducted with perceptions of each practice included individually
(Appendix C, Tables 2-3).

8.5.2 Perceptions of IWM practices
Perceived value
Growers' perceived value for each of the six practices was subjected to principal
component analysis (Box 8.1). The eigenvalues indicate the proportion of variance
explained by each of the components generated. Component 1, with an eigenvalue of

148

Chapter 8
2.91, explains 48 per cent of the variance in the data, several times more variance than any
other component. This confirms that there is a reasonably high level of correlation
amongst the variables. Other components have eigenvalues below 1.0, indicating that they
explain less variance than any one of the original six variables. Examining the eigenvector
corresponding to component 1, all coefficients are positive. It appears that an index of
positive perceptions towards the value of I W M practices has been extracted. Other
components appear to measure preferences for some practices over others e.g. component
2 has a strong loading for catehing, component 3 has strong loadings for manuring and
delayed seeding above all other practices. These minor dimensions in the data are not
relevant to the dependent variable being tested in this study, and in any case, explain
relatively little variance. The value of thefirstprincipal component for each grower was
then calculated (Stata: score) based on the coefficients for eigenvector 1. This measure
( I W M Value) was used in the regressions as the variable for perceived value of the I W M
practices (described in Table 8.2).
Box 8.1 Principal component analysis output (Stata) for perceived value of IWM
practices (n=123).

(principal components; 6 components retained)
Difference
Eigenvalue
Proportion
Component
1
2
3
4
5
6

Variable
D-KNOCK
DELAY

2.90945
0.78309
0.75707
0.63818
0.53178
0.38043

2. 12636
0.02602
0.11889
0.10640
0.15136

SEEDRATE
CROPTOP
CATCH

0.42163
0.39664
0.40844
0.47367
0.36899

MANURING

0.37089

-0.48350
-0.07467
-0.42061
0.18062
0.72981
0.13594

0.4849
0.6154
0.7416
0.8480
0.9366
1.0000

0.4849
0.1305
0.1262
0.1064
0.0886
0.0634

Eigenvectors (4 of 6 shown)
2
3
1

Cumulative

4

-0.25370
0.50997

0.02099
-0.64779

-0.32193
-0.11756
-0.39093
0.63662

0.27986
-0.27064
0.05441
0.65223
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Expected percentage control
A s previously described, subjective probability distributions were elicited from growers
based on triangular distributions of the percentage ryegrass control that can be expected
from the practices. For each practice, the m e a n of the distribution (expected value, E V ) is
used as a measure of expected control, and the coefficient of variation ( C V ) for the
distribution is used as a measure of reliability. T h e principal component analysis for
expected percentage control (Box 8.2) was conducted with the objective of extracting a
multi-practice index for expected percentage control from I W M practices.
The first principal component is again positive for all variables and accounts for
substantially more variance than other components (Box 8.2). T h e second principal
component, the only other component with an eigenvalue above 1, weighs negatively on
the two early-season practices, delayed seeding and doubleknock.

This is likely to

represent the degree to which growers perceived pre-seeding practices to be effective
relative to other practices. It m a y also capture some observed inconsistencies in growers'
interpretation of the questions or practices.
For the pre-seeding practices, growers were required to consider later emerging weeds and
state the percentage control offered by pre-seeding treatments in terms of in-crop weed
numbers. The component has a high positive weighting for manuring. S o m e growers,
consistent with research opinion, believed that, if practiced, manuring would always be
done in a manner that achieved at least 95 per cent ryegrass kill. Others would have
accepted a range of control levels and responded accordingly. The second component m a y
therefore represent an 'interpretive' dimension to the data.
Only the first principal component appears relevant to the objectives of this study. The
value of thefirstprincipal component for each grower was then calculated (Stata: score)
based on the coefficients for eigenvector 1 (described in Table 8.2). This measure ( I W M
Efficacy) was used in the regressions as the variable explaining expected percentage
control provided by I W M practices
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B o x 8.2 Principal component analysis output (Stata) for m e a n expected percentage
control (EV) of I W M practices (n=112)

(principal components; 6 components retained)
Component

Eigenvalue

1
2
3
4
5
6

Difference

Proportion

Cumulative

2.03800

0.87066

0.3397

0.3397

1.16734

0.26338

0.1946

0.5342

0.90396

0.12076

0.1507

0.6849

0.78320

0.13166

0.1305

0.8154

0.65154

0.19559

0.45595

0.1086

0.9240

0.0760

1.0000

Eigenvectors {5 of 6 shown'
Variable

1

1

2

3

4

-0 19051

5

CROPTOP

0.48329

0.30369

-0.40282

-0.44974

MANURING

0.23107

0.50307

0 78607

-0.08742

0.03260

CATCH

0.45067

0.27338

-0 48654

-0.16277

0.52953

SEEDRATE

0.41984

0.11439

-0 04104

0.88217

-0.04843

D-KNCCK

0.38503

-0.53235

0 32356

-0.14832

0.52451

DELAY

0.43062

-0.53242

0 05191

-0.05811

-0.48868

Coefficient of variation for expected percentage control
The coefficient of variation of percentage control represents the confidence that growers
have in achieving the expected control percentage. This m a y be due to uncertainty
regarding the efficacy of the practice and/or the known variation in efficacy that results
from factors such as environmental conditions. Principal component analysis extracted a
single principal component that explains a relatively large proportion of the variance in the
data and acts as an index of certainty for the I W M practices (Box 8.3). The second
principal component has an eigenvalue only slightly higher than one and appears to be
consistent with the second component for expected value of control. Scores using the first
principal component have been used as an index of the coefficient of variation for
expected I W M control ( I W M Uncertainty).
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B o x 8.3 Principal component analysis output (Stata) for coefficient of variation
( C V ) for percentage control (reliability) of I W M practices (n=112)

Component

(principal components; 6 components retained)
Cumulative
Difference
Proportion
Eigenvalue

1.02070
0.81303
0.73042
0.61703
0.46568

5
6

Variable

1.33245
0.20767
0.08261
0.11339
0.15135

2.35315

1
2
3
4

Eigenvectors (5 of 6 shown)
2
3
1

CROPTOP
MANURING
CATCH
SEEDRATE
D-KNOCK
DELAY

0.42882
0.30859
0.40631
0.43363
0.42535
0.43224

0.02159
0.77252
-0.01860
0.25294
-0.35051
-0.46428

0.3922
0.5623
0.6978

0.3922
0.1701
0.1355
0.1217
0.1028
0.0776

0.8195
0.9224
1.0000

4

0.59146
0.18051

-0.11321
-0.06837

-0.26333
-0.57741
0.38109
-0.26387

0.85845
-0.32573
0.05165
-0.36987

5
-0.64041
0.26709
-0.14884
0.00280
0.69683
-0.10396

8.5.3 Farm factors
Resistance status
The dimensions of a resistance problem on a property were discussed in Chapter 6. A
single measure of a resistance problem needs to incorporate the extent of the problem
across a property, the peak intensity of the problem in any one area and the level of
intensity typical for the property (modal). Both the intensity and the extent of an
agricultural problem have been shown to play a role in the adoption process (Sinden and
King, 1990).
The scoring system developed for measuring the 'seriousness' of a resistance problem has
been presented in Chapter 6. The scores for the 'most serious' and 'typical' paddock
(intensity) are incorporated here, as has information on the percentage of land affected
(extent). The high level of correlation between these three measures produces a first
principal component that explains 82 per cent of variation (Box 8.4). Scores generated
using thefirstprincipal component eigenvector have been used as an index of a property's
resistance problem.
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Box 8.4 Principal component analysis output (Stata) for resistance status variables
relating to percentage of farm affected ( % F a r m H R ) , status of most seriously
affected paddock (SeriousHR) and status of typical cropping paddock (TypicalHR)
(n=131).

Component

(principal components; 3 components retained)
Eigenvalue
Difference
Proportion
Cumulative

1
2
3

2.45942
0.29257
0.24801
Eigenvectors
Variable |
1
%FARMHR j
SERIOUSHR |
TYPICALHR |

0.57823
0.57183
0.58194

2.16685
0.04455

2
-0 53180
0 80510
-0 26270

0.8198
0.0975
0.0827

0.8198
0.9173
1.0000

3
0.61874
0.15757
-0.76963

Region
A binary variable identifying growers from the K A T region (1) or the D A L region (0) was
used.
Proportion of land cropped
The percentage of the property to be cropped in the 2000 season was used as a measure of
cropping intensity. As all of the I W M practices included in the regression analyses are for
use in the cropping phase of rotations, this variable is included to allow for the likelihood
that growers with a high cropping percentage are more likely to use these crop-based
practices.

8.5.4 Grower factors
M a n a g e m e n t horizon
Although it is c o m m o n in adoption studies to include the age of the grower as an
explanatory variable, in this study the number of years before the grower intended to cease
working on the farm has been included. A high level of collinearity (-0.76 correlation
coefficient) exists between the measure of growers' age and this variable. The variable
has been included as a proxy for the planning horizon of growers. It is possible that
growers w h o intend to be managing the property for a longer period are more likely to
consider any longer-term costs of future resistance development than growers w h o plan to
cease managing the property in the near future. This is based on an assumption that the
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herbicide resistance status beyond this time is of diminished concern to the current grower
as, for example, the resistance status m a y not be reflected in the sale price of the farm.
Possible reasons for this include information asymmetry regarding past herbicide use
and/or unobservable levels of resistance development at the time of sale.
Discount rate
T o gain some measure of growers' future discount rate, growers were posed a hypothetical
question where they were asked to choose a lump sum amount to be received in five years
time that would result in a switch from preferring a present day payment of $10000. The
five-year time frame was used to make the scenario consistent with a time frame of
resistance development and management. Based on the resource management framework,
growers with a higher discount rate are expected to use less I W M . The variable (Future
Discount) uses the growers'five-yeardollar value. Therefore the hypothesised sign for
this variable is negative.
Education
A higher level of education, by increasing human capital, can result in reduced costs of
information gathering and processing (Feder et al., 1985; Feder and Slade, 1984; Iindner,
1987; R a h m and Huffmam, 1984), or perhaps an increased ability to process otherwise
intractably complex information. Given the expected high information requirements for
I W M adoption (see below), a positive association is expected.

A binary variable

indicating whether a farm (co)manager has completed a university degree or diploma has
been used.
Information exposure
J P M is widely considered to be information intensive (Wearing, 1988). Accordingly,
exposure to extension and higher levels of information has been found to be positively
associated with JJPM adoption (Harper et al., 1990; M a u m b e and Swinton, 2000; Napit et
al., 1988; Thomas et al,, 1990). A s there are numerous sources of information from which
growers can attain information, and learning styles that favour some sources of
information over others (Kolb, 1984), the measurement of information exposure needs to
account for this diversity. A s defined and measured here, information exposure is best
considered as an 'active' process of information seeking rather than exposure through
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passive means, although there m a y be limits to the availability of some information
sources in some areas.
Collinearity between some information sources (see Chapter 9) meant that each source
could not suitably be included as explanatory variables. Principal component analysis was
used to produce a single index of information exposure based on farm-specific
information [commercial agronomist visits per year ( C O A G R O N ) and consultant use
( C O N S U L T ) ] and non-farm-specific information [subscriptions to publications that often
contain weed management information (PRINT) and the number offielddays or croppingrelated meetings attended (GROUPS)].

T h e first principal component, the only

component with an eigenvalue greater than 1, explains 50 per cent of the variance and
weighs positively on all information sources (Box 8.5). The second component appears to
capture the substitution of a commercial agronomist for a paid agronomist/consultant (or
vice versa).

T h e third component represents the use of farm-specific information

(agronomists) over non-specific information sources (group events and publications). The
final, least important, component appears to represent a preference for group events over
publications. T h efirstprincipal component was used as an index of general information
exposure.
B o x 8.5 Principal component analysis output (Stata) for information exposure
variables relating to farm-specific ( C O A G R O N

a n d C O N S U L T ) , non-farm

specific ( P R I N T ) and group sources (n=131).

Component
1
2
3
4

(principal components; 4 components retained)
Cumulative
Eigenvalue
Difference
Proportion
1.13040
0.22621
0.15178

1.99885
0.86845
0.64224
0.49046

0.4997

0.4997
0.2171
0.1606
0.1226

0.7168
0.8774
1.0000

Eigenvectors
1

2

3

PRINT
GROUPS|
CONSULT|

0.56816
0.56106
0.45689

-0 01591
-0 08510
-0 57419

-0.38520
-0.45906
0.67931

-0.72702
0.68355
0.00971

COAGRON|

0.39199

0 81413

0.42359

0.06409

Variable |

4

C O A G R O N : commercial agronomist visits per year; C O N S U L T : agronomy consultant use; PRINT:
subscriptions to publications that often contain weed management information; G R O U P S : the number of
field days or cropping-related meetings attended.
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8.5.5 Perceptions of the herbicide resource and herbicide
resistance
Expected years until new herbicide
The expected number of years until a n e w m o d e of action herbicide becomes available is
represented by the expected value of the subjective probability distribution elicited from
each grower. Growers believing that the existing stock of selective ryegrass herbicides
will be renewed soon are expected to be less likely to adopt I W M practices.
Certainty of a new herbicide
The coefficient of variation for the number of years until a n e w m o d e of action herbicide
becomes available is used to represent growers' certainty of n e w herbicides replenishing
the herbicide resource. Growers with greater uncertainty are expected to be more likely to
adopt I W M practices.
Probability of resistance reversion
Also a measure of perceived renewal, this measures a growers' subjective probability that
herbicide resistance is not permanent but that a population m a y revert to susceptibility
within five years. Growers with greater certainty that this will happen, that is, that a
herbicide will return to being effective, are expected to be less likely to adopt I W M
practices.
Remaining herbicide resource
The expected number of applications of a Group A herbicide (clethodim) remaining before
herbicide resistance development on the typical paddock was calculated from the
subjective probability distribution elicited from each grower. Growers expecting fewer
remaining applications are considered to be more likely to adopt I W M practices.

Certainty of remaining herbicide resource
This variable is the coefficient of variation for the expected number of applications of a
Group A herbicide remaining before herbicide resistance develops on the typical paddock.
Cost of herbicide resistance (resource value)
The reduction in willingness to pay for cropping land that is k n o w n to have a ryegrass
population that cannot be controlled using any Group A and B selective herbicides is used

156

Chapter 8
as a measure of the perceived cost of herbicide resistance. The reduction is represented as
a percentage of the willingness to pay for land that has no herbicide resistance.
Mobility of resistance
Relating to the private versus c o m m o n property nature of the stock of susceptibility, this
variable measures the subjective probability (chance out of 10) that a paddock m a y gain a
herbicide resistance problem via external sources (e.g. seed and pollen importation).
Growers w h o perceive a higher probability of this occurring are expected to behave in a
manner consistent with a c o m m o n property resource and be less likely to invest in
conserving herbicide susceptibility through the use of I W M practices (Carlson, 1977).

8.6 Descriptive statistics
Several explanatory variables are derived from survey questions that required growers to
be aware of a range of I W M practices and herbicides. A non-response to one of these
questions resulted in the omission of all responses by that grower from the analysis. The
use of composite variables, such as those described above using principal components,
resulted in a grower's observations being unusable if they failed to provide a value for any
one of the components of one of the variables. A s discussed in Chapter 7, these are likely
to be growers w h o do not have sufficient knowledge of particular I W M practices to
provide the required probability distributions. Twenty growers provided a non-response
for at least one I W M practice. These growers m a y be in stages of adoption that precede
non-trial evaluation (Lindner et al., 1982; Rogers, 1995) for a particular practice. This
includes growers w h o were not aware of the practice.
Missing values also resulted from unfamiliarity with the relevant herbicides (11) and
unwillingness to respond to the discount rate question (6). Descriptive statistics for the
omitted growers indicate no notable differences for any of the variables that form part of
the regression analyses (Appendix C, Table 1). Descriptive statistics for the 100
observations included in the analyses are shown in Table 8.2.
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Table 8.2 Descriptive statistics for variables used in regression analyses (n=100).

Variable

units

Mean

Std.

Mm.

Max.

Dev.
PAST

Binary

.42

.50

0

1

CURRENT

Binary

.40

.49

0

1

NEXT

Binary

.67

.47

0

1

EXTENT

Index (%)

82.9

66.1

0

318

I W M Value

Index (pc)

-.059

1.73

-3.98

3.29

I W M Efficacy

Index (pc)

.017

1.45

-3.68

3.82

I W M Certainty

Index (pc)

.034

1.54

-3.60

4.61

Resistance status

Index (pc)

-.012

1.52

-1.43

4.28

Region

Binary

.52

.50

0

1

Crop proportion

%

62.3

17.7

25

100

Management horizon

Years

18.2

9.2

2

40

Discount rate

Index

18935

7317

12000

50000

Education

Binary

.23

.42

0

1

Information exposure

Index (pc)

-.011

.70

-1.25

1.65

N e w herbicide E V

Years

6.0

2.8

1

14

N e w herbicide C V

%

23.2

10.7

0

71

Regression

Prob./10

3.2

3.0

0

10

Herb, remaining E V

Apps.

6.6

5.2

.3

25

Herb, remaining C V

%

20.2

10.2

8

71

Cost of resistance

%

25.6

18.7

0

100

Mobility

Prob./10

4.6

2.7

0

10

pc : index exttactedfromprincipal component analysis

8.6.1 Testing for multicollinearity
The use of composite principal component-derived variables appears to have avoided most
multicollinearity problems. The correlation analysis (Appendix C, B o x 2) indicates no
notable multicollinearity between explanatory variables, with the exception of the
measures of expected value of percentage control ( I W M Efficacy) and the related
coefficient of variation ( T W M Uncertainty) with a correlation coefficient of -0.70. That is,
when the m e a n percentage control of practices is expected to be high, the size of the
variance of the distribution, relative to the m e a n tends to be low (and vice versa). This
m a y be due to the upper limit of the distribution being limited at 100 per cent. Because of
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this relationship, I W M Uncertainty was dropped from the analyses, with I W M Efficacy
remaining as the measure of perceived efficacy of I W M .

8.7 Analytical models of IWM adoption and extent of use
Two dimensions of the decision to adopt IWM are considered. One is the dichotomous
(binary) decision to adopt or not adopt several I W M practices. The other is the decision
involving the extent of use of I W M on the property. These are considered to be separate;
the former acting as a measure of the diversity of practices used for weed control, the latter
acting as a measure of the amount of land treated with the practices. It is therefore
possible that a grower using only one of the I W M practices on all cropping land could
score relatively highly on extent of use, despite not having adopted a diverse range of
I W M practices. For this reason, the study does not employ the widely used Tobit
procedure (Tobin, 1958) in which the determinants of adoption and extent of use of a
particular innovation can be estimated simultaneously (Adesina and Zinnah, 1993; BaiduForson, 1999; Featherstone and Goodwin, 1993; McDonald and Moffitt, 1980; Smale and
Heisey, 1993).

The decision to adopt several I W M practices has been modelled

independently from extent of use.

8.7.1 Adoption model
Probit and logit model have been commonly used in binary choice econometric
applications (Cary and Wilkinson, 1997; Goodwin and Schroeder, 1994; Greene, 1997;
Nkamleu and Adesina, 2000; Sinden and King, 1990). For each grower, the probability of
I W M adoption can be described as
PiWM = f(PX) = f(Z) (6)

Where p is the set of coefficients relating to the set of explanatory variables X. In thi
study X includes individual's farm, I W M , herbicide and grower factors. In the probit
model, a normal distribution is used to give,
P1WM = 0(Z) (7)
Alternatively, a logistic distribution can be assumed to give the logit model,

PIWM

= ez/(l+ ez) (8)
159

Chapter 8
There is no strict theoretical basis for using one model over the other and for most
applications similar results can be expected (Greene, 1997). Differences in predictions
can be expected when there are relatively very few adopters or very few non-adopters.
This is not the case for the data set used in this study (Table 8.3). The logit model is used
in this study.
For the logit model, the change in

PIWM

relative to a change in X, is

aPrwM/5Xk = ez/(l+ez)2pk (9)
where pk is the coefficient estimate relating to the explanatory variable of interest, Xk.

8.7.2 Extent of use model
Growers may be using three or more of the IWM practices but only treating a small
percentage of their cropping land with any I W M practice. T o determine if the factors
associated with I W M adoption are also significant in determining the extent of use, linear
regression techniques were used. T o account for any lower censoring (Greene, 1997), a
censored regression, tobit, model was used (Tobin, 1958). The tobit censored regression
model estimates:
y* = Xp + e (10)
y* = a latent continuous variable indexing adoption
s = an independently distributed error term assumed to be normally distributed.

hi this study y* corresponds to the extent of use score (EXTENT) when greater than zero
(y* = y if y* > 0). Below zero y* can be viewed as an index of 'desire' to adopt, which
only becomes observed when adoption takes place. The tobit model can therefore also be
used to predict the probability that growers have adopted at least one of the six I W M
practices. In the data used here, 90 per cent of growers had used at least one of the six
practices, thus changes in the probability of adoption was not of major interest. There was
no evident upper censoring, with the m a x i m u m score being 318 per cent out of a possible
600 per cent so the only censoring is at zero.
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In this case the marginal effects for an individual's change in the predicted extent of use
score, y, resulting from a change in an explanatory variable X k can be described as
9y/aXk = pk x Prob(y*>0) = pkO(Xp/o) (11)
where, <J> is the cumulative normal distribution function at Xp/a, a being the standard
deviation of the error (Greene, 1997).
The McDonald and Moffitt (1980) decomposition of the marginal effects can be used to
identify the change in the probability that y* > 0 and the change in the predicted extent of
use, y. However, as only 10 out of 100 growers did not use one or more of the practices in
2000 (i.e. zero per cent of land treated with any of the six practices in 2000), a consistently
high expected probability for y* > 0 was recorded, making any changes in probability
insubstantial, hi addition, marginal effects on the probability of one practice being used
are not of primary interest in this particular analysis.
A useful measure of the responsiveness of the extent of use to changes in the variables is
achieved by incorporating the level of variability in the population for individual variables.
This measure is based on the change in the expected extent of use (y) resulting from an
interquartile shift in one variable, when all other variables remain at their mean.
To allow for censoring, the expected extent of IWM use E[y] is calculated by multiplying
the probability of adoption by the sum of the latent variable, y* , (Xp, see equation 10)
and a term including the inverse Mills ratio, aX ;
E[y] = O (Xp/o) (Xp + aX) (12)
where, X is the inverse Mills ratio calculated as the standard normal probability density
function over the standard normal cumulative distribution function; (0 (Xp/a)) / (<D
(Xp/a)) (Greene, 1997).

8.8 Results
8.8.1 Factors influencing IWM adoption
Logit model estimations were calculated for the use, or expected use, of several I W M
practices (three or more) over the past four years, in 2000, and over the next four years.
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Results are shown in Table 8.3. The model predicting past I W M use correctly classifies
92 per cent of growers and accounts for a high proportion of variance. The models
predicting expected use in 2000 and over the next four years correctly classify 89 per cent
and 83 per cent of growers respectively.
All models perform well in classifying both users and non-users and clearly exceed the
predictive power of comparable I P M adoption models in the literature (e.g. FernandezCornejo et al., 1994; Harper et al., 1990). The model predicting expected use over the
next four years has the least explanatory power and the highest number of irisignificant
coefficients (P < 0.05). This is not unexpected, as unlike the other models, the dependent
variable is largely subjective and therefore more susceptible to survey response biases.
Herbicide resistance, perceptions and information are all shown to influence IWM
adoption. Perceptions of I W M Value and I W M Efficacy are significant (P < 0.05) in
explaining past and future I W M use. So too are resistance status and information
exposure. All have a positive association with I W M adoption in all three models. The
education level of growers is a significant predictor of adoption in model 1 (Table 8.3) and
is close to being significant in model 2 (P = 0.06).

This is consistent with m a n y

information-intensive innovations where greater education can lower informationgathering costs and result in more rapid adoption (Feder et al., 1985; Feder and Slade,
1984). Grower factors other than education and information exposure are not significant
at the five per cent level.
hi the presence of the other explanatory variables, such as resistance status and crop
proportion, the region in which growers are located is not significant in explaining
adoption. This indicates that the models are successful in identifying factors that influence
I W M adoption across regions with an emerging herbicide resistance problem ( K A T ) and
regions with an established and more serious resistance problem (DAL).
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Table 8.3 Logit regression results for the extended model of I W M practice use

1. Use ini Past 4 Years

2. Use in 2000

3. Use in Next 4 Years

Variables

Coef.

z

P

Coef.

z

P

Coef.

z

P

I W M Value

2.87

2.82

.005

1.12

3.45

.001

0.69

2.76

.006

I W M EFFICACY

2.96

2.34

.008

0.913

2.37

.018

0.71

2.19

.028

Resistance status

2.90

2.84

.005

0.920

2.67

.007

1.202

3.22

.001

Region

-2.27

-1.40

.162

0.047

0.05

.958

0.323

0.40

.693

Crop proportion

0.17

2.30

.022

0.060

2.19

.029

-0.0091

-0.43

.666

M a n . horizon

-0.15

-1.83

.067

-0.031

-0.64

.523

0.078

1.69

.092

Discount rate

-0.0005

-1.75

.081

-0.0002

-1.62

.106

-0.00002

-0.44

.662

Education

5.44

2.06

.039

2.18

1.87

.062

-0.171

-0.19

.847

Info, exposure

7.63

2.55

.011

1.88

2.21

.021

1.65

2.51

.012

N e w herb. E V

0.478

1.84

.065

0.324

2.20

.028

-0.195

-1.57

.115

N e w herb. C V

0.159

1.94

.052

0.081

1.80

.072

-0.004

-0.13

.899

Regression

0.048

0.273

.785

-0.074

-0.56

.573

-0.184

-1.48

.140

Herb, remain. E V

0.697

2.27

.023

0.133

1.29

.197

0.129

1.50

.133

Herb, remain. C V

-0.121

-1.62

.105

-0.022

-0.58

.561

0.037

0.76

.449

Cost of resistance

0.065

1.69

.092

0.021

0.957

.339

-0.032

-1.69

.091

Mobility

1.20

2.46

.014

0.355

2.25

.025

-0.025

-0.19

.853

Constant

-18.37

-2.41

.016

-7.83

-2.56

.010

2.145

0.83

.409

-18.13

-29.46

-34.70

Pseudo R *

.73

.56

.45

Model Chi 2

99.81 P<0.0000

75.69 P<0.0000

57.43 P<0.0000

% predicted

92 (93/91)

89 (83/93)

83 (90/70)

Log likelihood
2

b

correctly

P-values (P > Izl) are for tests of H o that the coefficient is zero
a

Pseudo R 2 (McFadden's) is based o n the log-likelihood value, o n a scale where 0 corresponds to the

'constant only' model and 1 is perfect prediction.
'Percentage of growers classified correctly (sensitivity/specificity). Sensitivity is the percentage of users
classified correctly, specificity is the percentage of non-users classified correcdy.

Growers w h o expect a longer period before a new herbicide becomes available (higher
E V ) were significantly more likely to use I W M practices in 2000. There was also a
positive relationship with use in the past four years (P = 0.07). Similarly, growers w h o are
more uncertain of h o w many years it m a y be until a n e w herbicide becomes available
(higher C V ) appeared more likely to be users of I W M over the past four years (P = 0.05)
and in 2000 (P = 0.07). The perceived probability of herbicide resistance reversion did not
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significantly influence I W M adoption in any of the models. Growers w h o perceive it to
be more probable that a hypothetical susceptible paddock on their property will gain
resistance from external sources (mobility) are more likely to be past or present I W M
users (Table 8.3). It was hypothesised that growers w h o perceived resistance to have the
c o m m o n property characteristic of high mobility would be more likely to exploit the
herbicide resource and be less likely to invest in I W M practices. A s previously discussed,
the mobility question did not specify inter-property mobility and therefore m a y not be
measuring perceptions of c o m m o n versus private property.
hi addition to movement of resistance genes, the mobility variable may be capturing
another dimension to growers' awareness of the local resistance problem. Possibly, those
w h o expect cross-boundary movement are more aware of resistance and/or have higher
levels of local resistance. A moderate positive correlation (Pearson correlation coefficient
= 0.17) between resistance status and the expected probability that resistance-free land on
that farm will gain resistance genes was found (Appendix C, B o x 2).

Other herbicide resistance factors are generally statistically insignificant or of inconsisten
influence. A possible explanation for this is that s o m e of the variables are based on
perceptions of resistance to specific herbicides in specific paddocks (e.g. cost of resistance,
herbicide remaining E V and C V ) while the dependent variable relates to the whole
property. The mobility variable also suffers from this specificity weakness. It is also
likely that resistance status captures some of the variance associated with the perceived
amount of herbicide resource remaining. Growers managing greater resistance on their
property are more likely to perceive there to be fewer effective applications remaining
(Appendix C, B o x 2).
A refined model of IWM use in 2000 was also constructed using a reduced set of
explanatory variables (Table 8.4).

Explanatory variables that were consistently

insignificant or lacking specificity to the dependent variable were omitted.

All

explanatory variables in the refined model are statistically significant predictors of current
I W M use (P < 0.05, with the exception of information exposure P = 0.051), with all signs
in the hypothesised direction. In addition to perceptions of I W M , resistance status and
information exposure/education, perceptions relating to resource management are also
significant in this refined model. Expectations of the availability of a n e w herbicide are
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significant, with the expected number of years (EV) and the uncertainty about it (CV),
both being significant predictors of I W M use. Growers w h o expect the herbicide resource
to be replenished with n e w modes of action soon, and feel more certain of when they will
become available, are less likely to be I W M users. Growers' discount rate for future
returns is also significant. Those with a high discount rate (i.e. those placing a relatively
high value on short-term returns over long-term returns) are less likely invest in I W M
practices. The direction of influence of the discount rate variable is consistent in all
models.
Table 8.4 Logit regression results for the refined model of the use of IWM
practices in 2000.

Explanatory variables

Coefficient

Std. Error

P>lzla

I W M Value

0.956

.271

.000

IWM EFFICACY

0.919

.313

.003

Resistance status

0.789

.260

.002

Crop proportion

0.048

.023

.036

Discount rate

-0.00015

.00007

.046

Education

2.05

.913

.024

Information exposure

1.18

.605

.051

N e w herbicide E V

0.320

.136

.019

N e w herbicide C V

0.084

.038

.028

Constant

5.53

2.18

.011

-33.11

Log likelihood
Pseudo R

2b

.51

Model Chi 2

68.39, P<.00001
c

% predicted correctly
a

86 (80/90)

P-values are for tests of Ho that the coefficient is zero. "Pseudo R 2 (McFadden's) is based on the log-

likelihood value, on a scale where 0 corresponds to the 'constant only' model and 1 is perfect prediction.
.Percentage of growers classified correctly (sensitivity/specificity). Sensitivity is the percentage of users
classified correctly, specificity is the percentage of non-users classified correctly.

Models that were produced by replacing the composite indices I W M Efficacy and Value
with each of the components from which they are derived (i.e. perceptions of each of the
six I W M practices) produced generally consistent results (Appendix C, Table 2). In these
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expanded models, the discount rate variable remained consistently in the hypothesised
direction although it was not significant at the one per cent level. All significant
perceptions of I W M were in the hypothesised direction, however, several perceptions of
efficacy and value for individual I W M practices were not significant. T h e results indicate
that not all perceptions of practices contribute equally to the adoption of three or more
I W M practices. However, confirming which practice-specific perceptions are more
important is m a d e difficult due to the possible influence of collinearity between
perceptions of individual practices (Appendix C, B o x 1). This m a y contribute to
perceptions of some individual practices capturing a high proportion of the variation in the
data. W h a t the results of all models show is that, where significant, perceptions of I W M
efficacy and value are positively associated with I W M use.
Changes in the probability of adoption that result from shifts in a variable are shown in
Table 8.5. These are provided as indicators of the importance of variables in explaining
changes in the dependent variable (as distinct from their statistical significance).
McCloskey and Ziliak (1996) have highlighted the need to consider indicators of the
importance and strength of influence of each variable, beyond then statistical significance.
The indicators shown in Table 8.5 are calculated with all other variables set at their sample
means. The results for a one unit change in the variable show that increasing the expected
number of years until a n e w herbicide becomes available by one year results in the
probability of I W M adoption being six percentage points higher. A highly influential
variable is education.

Properties with a manager with a university degree have a

probability of I W M adoption that is 45 percentage points higher than those without a
degree.
Of major interest to this study is the potential influence of changes in grower perceptions.
However, given the different and often arbitrary scales used in this study, s o m e of the
marginal changes, or elasticities, are difficult to interpret. A s an indicative measure of the
importance of variables given a discrete change within the data range, the probability
changes for interquartile shifts are presented (Table 8.5). These are calculated for a shift
in the variable from the 25 th percentile to the 75 th percentile of grower responses, with all
other variables remaining at their means. T h e variable that results in the greatest change in
the probability of adoption is the perceived value of I W M . A shift from the 25 th percentile
of growers to the 75 th percentile in the perceived value of I W M practices results in the
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probability of I W M adoption being higher by 50 percentage points. A grower at the 75th
percentile for the perceived percentage control provided by I W M practices has a
probability of I W M adoption 29 percentage points higher than a grower at the 25
percentile. The equivalent shift in herbicide resistance status results in a similar difference
(31 percentage points) in the probability of adoption. F r o m this, it is concluded that
herbicide resistance development is clearly an important influence, but does not appear to
dominate the probability of I W M adoption.
Table 8.5 Implied probability changes for model of the use of I W M practices in
2000.

Variable Statistics

Changes inL Probability

Explanatory variables

Mean

Std. Dev.

O n e unit change8

Interquartile changeb

I W M Value

-0.06

1.73

.181

.503

I W M EFFICACY

0.02

1.45

.174

.290

Resistance status

-0.012

1.52

.150

.307

Crop proportion (%)

62.3

17.7

.009

.184

Discount rate

18935

7317

-2.8E-05

-.156

Education

0.23

0.42

(.449)

(.449)

Information exposure

-0.011

0.70

.222

.235

N e w herbicide E V (years)

6.02

2.77

.061

.182

N e w herbicide C V (%)

23.2

10.7

.016

.199

0

a

Change in probability resulting from a marginal variable change, with other variables at sample means.

b

Change in probability resulting from a shift from the 25 thto75 th percentile, with other variables at sample

means. .Probability changes shown for change in Education from 0 to 1.

8.8.2 Factors influencing extent of IWM use
Results from the censored regression (tobit) model of the percentage of crop land treated
in 2000 with any of the six I W M practices ( E X T E N T ) are shown in Table 8.6. O f interest
is whether the same variables that significantly predict the adoption of I W M practices can
also predict the extent of use of I W M practices. Explanatory variables are the same as for
the binary adoption model, with the exception of crop proportion, which was omitted as
the dependent variable in this regression is based on the proportion of 2000 crop land
treated, therefore negating the reason for the variable's inclusion in the I W M practice use
models. Crop proportion was statistically non-significant w h e n included as an explanatory
variable.
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Table 8.6 Tobit regression model for extent of I W M practice use ( E X T E N T ) and
implied changes in expected extent of I W M

practice use ( E X T E N T ) given

interquartile variable shifts.
Changes ini expected use

Tobit Censored Regression
Explanatory variables

Coef.

s.e.

t

P>ltl

O n e unit

Interquartile

change 8

change1*

I W M Value

22.46

3.23

6.97

.000

21.54

63.17

I W M Efficacy

9.33

3.71

2.52

.014

8.95

15.49

Resistance status

16.72

3.48

4.80

.000

16.03

35.19

Discount rate

-0.0011

0.0007

-1.50

.137

-0.00107

-5.38

Education0

23.91

12.2

1.97

.052

22.93

23.16

Information exposure

13.60

7.45

1.83

.071

13.04

14.40

N e w herbicide E V

4.80

1.85

2.59

.011

4.60

14.45

N e w herbicide C V

0.64

0.48

1.34

.183

0.62

8.02

Constant

52.1

21.7

2.40

.018

Regression s.e.

47.8

3.61

Log likelihood

-483.8

Squared correlation between observed and iexpected values 0.52
Model Chi2

79.2 P <: 0.0001

Change in extent of I W M practice use resulting from a marginal variable change, with other variables at
sample means. b Change in extent of I W M practice use resulting from a shift from the 25 th to 75 th percentile,
with other variables at sample means. "Probability changes shown for change in Education from 0 to 1.

The model of the extent of I W M use (Table 8.6) shows that the variables significant in
predicting the use of three or more I W M practices (Table 8.4) are significant (P < 0.1) in
determining the extent of I W M use, with the exception of the certainty of a n e w herbicide
becoming available (P = 0.183) and discount rate (P = 0.137). A U signs in the extent of
I W M use regression models are in the predicted direction. The tobit model correctly
classified 90 per cent of growers as users (i.e. y* > 0) or non-users of at least one of the six
practices. This comprised 96 per cent of users and four of the 10 non-users. A n O L S
regression model for the 90 users produces very similar results to the tobit censored
regression in terms of coefficient significance and magnitude (Appendix C, Table 4). Also
shown in Table 8.6 is an indicative measure of the importance of variables in influencing
the extent of I W M use, given changes in individual variables. The marginal effect based
on a one unit change in each variable is shown. Given the high expected probability
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(0.959) of at least one practice being used (i.e. an E X T E N T score greater than zero) the
marginal effect differs little from the coefficient values.
A shift in the perceived value of IWM practices from the 25th percentile to the 75th
percentile resulted in an increase in the measure of extent of I W M use ( E X T E N T ) of 63.2
percentage points, clearly the highest level of change (Table 8.6). The equivalent shift in
the resistance status variable resulted in the second highest increase (35.2), indicating that
if a grower went from being ranked 75 th out of 100 growers in terms of resistance status to
having the 25 th highest level of resistance, 35 per cent of the grower's crop land will
receive additional treatment with an I W M practice. Discount rate was the least influential
variable by this measure (-5.4). A s with the indicators of change in the probability of
I W M practice adoption (Table 8.5), increases in herbicide resistance status are associated
with substantial increases in the extent of I W M use. However, information-related
variables such as farmer perceptions of I W M and herbicide resistance factors, education
and information/extension exposure are also shown to have important roles in growers'
use of I W M .

8.9 Discussion
Understanding the decision of Western Australian grain growers to adopt a range of IWM
practicesfirstlyinvolves understanding herbicide resistance. A s expected, adoption of the
I W M practices is strongly associated with the observed level of herbicide resistance
development on a property. However, the study confirms an important role for factors
associated with information.

Information exposure (extension) and h u m a n capital

(education) have influential roles in detennining I W M adoption. Perceptions of both
I W M and resistance are also important. Information that increases growers' perceptions
of the economic value and efficacy of I W M practices is likely to result in increased
adoption.
Perceptions relating to the exhaustibility of the herbicide resource were important.
Growers w h o were more certain of the time it will take before replacement post-emergent
selective herbicides for ryegrass control become available, and those w h o expected
replacements to be available sooner, were less likely to be I W M adopters. Appropriate
information that reduced the confidence that replacement herbicides will become available
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in the short-term m a y therefore be influential. However, public extension agents face
challenges in influencing growers' expectations of what is primarily private technological
development. These are discussed further in the following two chapters. Also related to
exhaustibility are expectations of herbicide-resistant weed populations returning to
susceptibility. This was not shown to reduce the likelihood of I W M adoption in this study,
despite a high proportion of growers perceiving resistance reversion to be probable.
Similarly, perceptions of high resistance mobility were not shown to be associated with
reduced I W M adoption. However, given the higher than expected proportion of growers
w h o expected resistance to be gained from external sources, further research into possible
c o m m o n property resource use behaviour using mobility variables with greater specificity
m a y be warranted.
Consistent with the hypothesised longer-term resource management framework, growers'
future discounting rate is shown to be an influence in deterniining adoption of I W M
practices. Although other variables were shown to be more important in influencing I W M
use, the results showed consistently that growers with higher discount rates, w h o placed a
higher relative value on short-term returns, were less likely to be users. A n investment in
the delay or prevention of herbicide resistance is likely to involve shorter-term costs and
longer-term returns. Given this, the negative influence of higher discount rates on I W M
adoption should be expected. Although not shown to have a large influence in this study,
those with the objective of increasing investment in I W M adoption need to recognise the
role of the discounting of future returns and will need to accept the negative influence this
m a y have on preventative I W M adoption by growers.
Growers' adoption of IWM appears consistent with the framework for management of a
potentially exhaustible herbicide resource. This does not imply, however, that most
growers, perceive that the herbicide resource will be exhausted in the short to m e d i u m
term. The results do suggest that the herbicide resource management framework is
applicable to understanding I W M adoption in regions with both emerging and established
herbicide resistance problems. A potentially influential role for information and extension
was found. Along with confirming the information-intensive nature of I W M systems, the
study indicates that there is potential for targeted extension to increase the rate of adoption
of I W M practices. The effect of a single targeted workshop on key perceptions and
adoption behaviour is investigated in the following chapter.
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Information, learning and the role for extension
9.1 Introduction
Extension and information-related variables have been shown to have an important role in
the I W M adoption process (Chapter 8). In this chapter, the role of information is explored
in greater detail. A framework for corisidering the influence of information on grower
perceptions of I W M utility is presented. Based on the Bayesian learning approach used by
several decision-theoretic models, the framework is used to hypothesise on h o w extension
programs m a y be targeted to have the greatest influence in improving decision-making.
Relating to the framework, survey results describing the information sources used by WA
grain growers and other information factors are also presented. This chapter serves as an
introduction to Chapter 10 where the effect of information provided through a targeted
extension program is measured.

9.2 A framework for the role of information and learning in IWM
adoption
IWM adoption is assumed to be a dynamic decision process involving learning and
uncertainty. This is c o m m o n to most recent economic studies of innovation adoption
(Cameron, 1999; D o n g and Saha, 1998; Jovanovic and Nyarko, 1996; Leathers and Smale,
1992; Shampine, 1998; Tsur et al., 1990). A Bayesian decision theory approach to
learning wasfirstused by O'Mara (1971) and then further developed as a characterization
of an individual's adoption behaviour (Feder and O M a r a , 1982; Feder and Slade, 1984;
Lindner et al., 1979). Essentially, the process involves the acquisition of information that
is assimilated to update existing beliefs about the characteristics of an innovation.
Obviously, mathematical Bayesian theory is not h o w growers actually utilise information.
However, it has been useful in modelling and as an approximation that helps in explaining
adoption behaviour (Fischer et al., 1996; Lindner and Gibbs, 1990).
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It has been established that perceptions of several herbicide and IWM-related factors are
associated with I W M adoption (Chapter 8). O f interest here is h o w growers update these
perceptions (or beliefs) given n e w information. A simple Bayesian approach to h o w
growers update beliefs has been used to provide insight into the belief characteristics that
will facilitate a higher influence of information provided in extension activities. T h e
formulation of Bayesian learning outlined below is largely based on Lindner and Gibbs
(1990).
Consider an individual grower's beliefs regarding one of the variables shown to be
important in I W M adoption, a simple example being the efficacy of a single I W M practice
measured by percentage weed control. A s s u m e that the I W M practice has an actual
distribution of achievable percentage weed control, X , with m e a n percentage control, u,
and due to objective risk factors such as seasonal conditions this has a variance, cr. It is
assumed that the grower has at least some awareness of the efficacy of the practice and
therefore holds a prior belief about the percentage control that has m e a n yo and variance
502. Tsur et al. (1990) use a decomposed variance term incorporating a component relating
to exogenous uncertainties such as seasonal conditions and a component reflecting the
subjective uncertainty resulting from a lack of information. It is the latter component that
can be influenced by information and learning relating to the I W M practice.

For

simplicity, a single term for the variance (6 ) is referred to here.
The grower gains information about the efficacy of the practice, hi this simplified case,
the information, with m e a n u x and variance a x 2 , is for n o w assumed to be randomly
sampled from the distribution, X , as m a y be the case if the grower conducted an on-farm
trial. The inverse of the variance associated with the information, ox" , can be interpreted
as the precision or informativeness of the message. Consistent with other adoption
models, it is assumed that growers k n o w this variance (Lindner et al., 1979; Stoneman,
1981).
After information has been acquired, the amount of information can be described as the
sum of the information in the prior belief, 5„~2, and the n e w information, ox"2.
5t-2 = 50-2 +cx"2 (1)
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For example, if the n e w information about the percentage control achieved by the I W M
practice has a high variance associated with it, a x 2 , then the grower's posterior level of
information, 8t", will not substantially increase as the grower's estimate of the variance
associated with percentage control, 6\2, will not have substantially reduced. A n estimate
of this posterior variance can be calculated using:
5t2 = 502ax2(502 + ax2)-1 (2)
and the estimate of the grower's estimate of the mean percentage control, that is, the
posterior mean, yt, can be calculated using:
Yt = (ax2 To + 502 JJ*) (ox2 + So2)4 (3)
Alternatively,

Yt

= (l-|3)Yo+pux (4)

where
|3 = 5o2(8o2+ox2)-1=ax-2(5t-2)-1 (5)
The 'posterior' mean, yt, is the grower's belief of the mean percentage control following
the processing of the information. F r o m equation 4, this will have been shifted to a greater
extent if |3 is large. This will be the case w h e n the grower's prior belief of the variance in
percentage control, 8 0 2 , is high relative to the variance associated with the n e w
information, a x 2 , or w h e n the n e w information has a relatively high precision, ox"2
(equation 5). Obviously, n e w information with high precision and a m e a n that differs
largely from the prior mean, will have the most influence on the grower's posterior
estimate of the m e a n percentage weed control achievable using the practice. Before this is
related to the variables influencing I W M adoption, the nature of the variance associated
with n e w information needs to be considered further.
Thus far, it has been assumed that only one piece of information is received that is a
random sample from the actual distribution of the variable, X . In reality, a grower is likely
to receive numerous pieces of information that will not directly represent the specific
distribution for that particular grower's conditions. For those not yet using the I W M
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practice, information will most likely c o m e from off-farm sources. T h e grower must then
rely on processing that information to produce an estimate of the m e a n (LI*) and variance
(ox2).

Leathers and Smale (1992) introduce a subjective probability relating to the

perceived validity of a piece of received information denoted here as v. This acts on the
posterior m e a n in a similar w a y to p (equation 4). hi then example v refers to the validity
of an extension report, hi other cases it m a y refer to the distance of the information source
from the property; that is, the locational relevance of the information (Lindner et al.,
1982).
While most studies assume there to be multiple information sources, they may not all be
independent (Fischer et al., 1996). T h e number of information pieces gained by the
grower, n, can be described as having a mean, u x , and variance ax2/n if n are all
independent. However, it is likely that the pieces of information gained in one year will
not all be independent as, for example, they m a y all be derived from one particular season
under particular conditions, hi this case, the variance of the set of information pieces will
be higher as the number of effective information sources, k, is less than n and therefore
a x /k > a x /n. A s described by Fischer et al. (1996), this is the concept of effective
information.

9.2.11mplications for extension and IWM adoption
N o w consider the implications of different values of k,

CTX2

, p, v , ux, yo, and

5Q2

on the

potential effect of information on growers' posterior beliefs, h/t . yol. T h e issue is
considered in the context of variables associated with I W M adoption. A s an example, the
perceived efficacy of I W M practices is referred to as yt, and for simplicity the n e w
information again has m e a n p,x and variance ax2/k where,
Yt =(l-P)Yo+PM*
and
P = 5o2(502+ox2/k)-1
h/t .yol will be greater in the following situations:
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The potential effect of information on growers' posterior beliefs is larger if \p.x - yo \ is
larger. That is, the m e a n of the n e w information is substantially different from the
grower's prior mean. O n average, growers in this study have been shown to have m e a n
perceptions of I W M efficacy that are generally consistent with research and field
experience (Chapter 7); that is, yo is close to ji. N e w information should not therefore be
notably different from the prior means for these 'average' growers. However, given that
there is a high level of dispersion amongst growers in terms of perceptions of the efficacy
of several practices (Chapter 7), it is likely that for some growers lux - yo I will be large.
The potential effect of information on growers' posterior beliefs is larger if ft is larger.
This will be the case w h e n the variance of n e w information, o x Ik, is smaller relative to the
grower's prior variance, 5o2. hi the case of perceptions of I W M efficacy, the results have
indicated that, on average, growers generally have a realistic perception of the variance in
percentage control (i.e. 8 0 2 is close to a 2 ). Therefore, it is less likely that crx2/k < So2. In
identifying what role a targeted extension program can play, the total number of
information sources needs to be considered. A s shown in the next section, the majority of
non-adopters are exposed to nearby users of most I W M practices, producing potentially
large amounts of information, hi the case where the grower observes this information, k is
higher, and the potential influence of a single extension event m a y be limited. For some
practices (e.g. manuring), where adoption remains low and there are few 'neighbourly' or
on-farm information sources, a single information source m a y have relatively higher
influence particularly if that information is sampled from X , or is closely associated with
X , Similarly, extension of research results involving practices for which the effect on
ryegrass is difficult to observe (e.g. suppression of seed production due to high wheat seed
rates) m a y also have a potentially greater effect as the amount of observable local
information m a y be low.
The high level of variance, a2, in the percentage control obtained using IWM practices
(Chapter 7) also means that a relatively small number of information samples from the
distribution X m a y have a very high variance, ax2. This acts to reduce p and therefore
reduces the expected magnitude of h/t-yolThe potential effect of information on growers' posterior beliefs is larger ifv is larger.
The perceived validity of the extension information, v, acts in a similar manner to p.
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Where locally derived information is available, it is likely that the perceived validity of
'remote' extension information will be relatively low. In cases where variables are likely
to be location-specific, such as I W M efficacy, remote extension information m a y be
perceived to have particularly low validity. This can also be related to the relationship
between the information being gained and the efficacy of the practice under the grower's
o w n conditions (X). Where the information is sampled from a distribution that has little
covariance with X , the potential effect of the information on growers' posterior beliefs will
most likely be reduced.

9.3 Information exposure of WA grain growers
hi this section, survey results are used to form a profile of growers' information and
extension exposure that can be related to the framework outlined above. This includes the
use of advisors, attendance at extension events, publication subscriptions, and
'neighbourhood' farmer sources of information.

9.3.1 'Neighbourhood' information sources
A s the literature on technology adoption and diffusion suggests (Feder and OTVIara, 1982;
Foster and Rosenzweig, 1995; Ryan and Gross, 1943), nearby adopters are likely to have
an influence on awareness and technology evaluation. T h e adoption of a practice by a few
growers can influence the learning of a m u c h greater number of growers by providing
awareness-raising and non-trial evaluation opportunities.

A s the diffusion process

progresses, the amount of information generated in this w a y can increase at an exponential
rate. This can partly explain the commonly observed phase of exponential increase in the
number of growers adopting a profitable practice over time. 'Neighbourhood' information
is likely to be a low-cost source of information that has a high degree of perceived validity
given its practical and location-specific nature. These are some of the reasons w h y
extension is expected to have less effect on adoption once the proportion of local adopters
reaches a higher level (Feder and Umali, 1993; Lindner, 1987; Marsh et al., 2000).
Proximity to practice users
T o provide some measure of exposure to I W M practice information via neighbours,
respondents were asked if they were aware whether any of the 10 growers nearest to them
used particular practices (Table 9.1). The results indicate that the diffusion process has
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reached a stage where a substantial proportion of non-users are aware of neighbouring
users. However, the observability of practices is likely to influence the level of awareness.
A s an example, although chaff carts were only used by 4 per cent of K A T growers (see
Chapter 7), 31 per cent of non-users were aware of a user nearby (Table 9.1). The use of a
chaff cart is a highly visible practice as users generally use it over a large proportion of
then cropping land and the chaff/seed dumps can remain visible for several months. Other
practices such as croptopping m a y be less visibletoneighbours and less extensively used
on a property, resulting in lower awareness of then use. Although 33 per cent of all
growers used croptopping in the past four years (see Chapter 6), suggesting that a high
majority of growers would have neighbours using the practice, the number of non-using
neighbours aware of neighbouring use was relatively low at 56 per cent (Table 9.1).
Table 9.1 Percentage of growers who have not used the practice in the past 4 years
w h o are aware of at least one of their 10 nearest neighbours using the practice.

All KAT DAL

55

31

83

Crop topping

56

49

65

Delayed seeding

39

36

42

High seed rate

66

61

70

Manure

34

33

35

Chaff cart

~~

Proximity to herbicide resistance managers
Respondents were also asked whether they were aware of a grower with herbicide resistant
ryegrass amongst the 10 growers nearest to their property. O f the 41 per cent of growers
without a resistant ryegrass population on their property, 67 per cent were aware of at least
one of their 10 nearest neighbours having a resistant population. O n average, growers
without resistance were aware that 2.3 of their 10 nearest neighbours were managing a
resistant ryegrass population, hi K A T , 58 per cent of growers were aware of at least one
of their 10 nearest neighbours managing a resistant population (mean 1.4) while in D A L it
was 83 per cent (mean 4.3).
In summary, the general level of awareness of IWM practice use amongst just the 10
nearest growers suggests that 'neighbourhood' information sources m a y contribute
significantly to the learning of non-using growers. Extension m a y therefore have a
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dimimshing role in influencing perceptions of easily observable practice traits. Similarly,
the potential for herbicide resistance development is being demonstrated to the majority of
growers at the neighbourhood level, even in K A T where the proportion of growers with
serious resistance remains relatively low.

The availability of a high quantity of

neighbourhood sources for some elements of herbicide resistance management
information m a y affect the potential influence of some extension information, particularly
if this information is perceived to have a high validity for individual growers.

9.3.2 Farm-specific weed advice from expert sources
Solicited weed management advice relating directly to a grower's property can be obtained
from directly paid sources such as consultant agronomists ( C O N S U L T ) and from
indirectly paid sources such as commercial agronomists linked to herbicide resellers
( C O A G R O N ) . These farm and/or problem-specific sources can generally be expected to
have a higher level of validity and/or informativeness than public information sources.
Almost all growers (96 per cent) received weed management information from an
agronomist not directly paid. The vast majority of these growers (93 per cent) gained this
information from agronomists linked to herbicide resellers. Such an agronomist m a d e at
least one visit to 77 per cent of growers' properties over the previous 12 months (Table
9.2). The proportion of growers paying directly for agronomic advice was 56 per cent.
Growers with herbicide resistance are more likely to use the farm-specific expert sources
of agronomic advice (Table 9.2). This is supported by regression analyses for the two
surveyed regions (see Appendix D ) that also show that Region is statistically insignificant
in explaining the use of agronomists over the previous 12 months w h e n resistance status is
taken into account. However, of the growers paying for advice, the average number of
years that growers in D A L had been paying for weed management advice was longer than
that for K A T . This most likely reflects the difference in the length of time that intensive
cropping has been widely practised in each area.
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Table 9.2 Use of agronomists for weed-management information by growers from
both regions and those with and without herbicide resistance.

Region Resistance Status
AU

KAT

DAL

HR

NoHR

3.8

3.1

4.6

4.9

2.2

76.5

73.5 79.4

81.8

68.5

A G R O N O M I S T N O T DIRECTLY PAID (COAGRON)
N u m b e r of farm visits in past year (mean of
all growers)
Percentage of all growers w h o received at
least one visit in past year
AGRONOMIST/CONSULTANT DHIECTLY PAID (CONSULT) 8
Percentage of growers who pay directly for

56.1

57.4

54.7

64.9

43.6

9.3

6.7

12.3

10.3

7.4

weed advice
Years of paying for advice (mean of those
paying)
a

Includes a small number of growers (3) paid directly for weed management advice from an agronomist

linked to a local herbicide-selling agency.

To further investigate the importance of these information sources, growers were asked in
the 2001 survey to state the three sources from which they gained most of their weed
management information.

O f the responses for 101 growers, 76 per cent included

company agronomists (i.e. agronomists not directly paid), including 85 per cent in K A T
and 67 per cent in D A L .

W e e d management information gained from independent

agronomist-consultants was stated by 60 per cent of growers, including 55 per cent in
K A T and 65 per cent in D A L (this includes some growers w h o only subscribed to group
forums and fax and post information published by the agronomist-consultants). The
results demonstrate that agronomists linked to herbicide-selling agencies are clearly the
major source of solicited weed management information, with directly-paid agronomistconsultants also being another major information source. The next mostfrequentlystated
sources were 'the press' (36 per cent) and publications and events recognised as being
presented by the Department of Agriculture (20 per cent).
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9.3.3 Group/public information sources
Group
Attendance at forums that discuss cropping issues and herbicide resistance issues was
measured ( G R O U P ) . O n average, growers attended 3.1 farmer-led discussion meetings
and 2.4fielddays/seminars that included herbicide resistance information in the previous
12 months (sum totals shown in Table 9.3). Growers with herbicide resistance attended
more of the above forums than growers with no herbicide resistance. The difference
between regions was statistically ^significant w h e n herbicide resistance status was taken
into account (regression analysis shown in Appendix D ) . This suggests that growers in
both K A T and D A L have a similar level of opportunity to attend fonirns where cropping
and weed management information can be gained.
Publications
Growers were asked whether they were a subscriber to a number of publications that
include cropping weed management information (Table 9.3) (PRINT). These included: a
national magazine on general farming issues (Kondinin Group - Farming Ahead); a
national magazine on cropping issues (Australian Grain); a publication by a herbicideselling agency (Technical Topics); a publication by a prominent crop consultant
specialising in herbicide advice ( C P C Newsletter); and a major farmer-based group with a
publication with substantial weed management content ( W A No-till Farmers Association).
Overall, the most widely received publications were the Kondinin Group -Farming Ahead
(58 per cent) and the C P C Newsletter (53 per cent). The overall proportion of growers
receiving at least one of the publications was 79 per cent. Growers with resistance were
more likely to be subscribers to the publications than growers with no resistance. The
difference between regions was statistically insignificant w h e n herbicide resistance status
was taken into account (regression analysis shown in Appendix D ) .
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Table 9.3 Exposure to group and public information sources over the previous 12
months by growers from both regions and those with and without herbicide
resistance.

Region

S u m offielddays and seminars including weed

Resistance Status

AU

KAT

DAL

HR

NoHR

5.5

4.9

6.2

6.8

3.6

89.5

91.2

87.5

94.8

81.8

2.1

1.9

2.3

2.4

1.6

79.4

75.0

84.4

88.3

69.1

management information and farmer-led
meetings discussing cropping issues ( G R O U P ) .
Percentage of growers w h o have attended at least
one of the above forums.
Number of publications8 containing weed
management information subscribed to (PRINT).
Percentage of growers subscribing to at least one
of the publications.
.Nominated publications/subscriptions were: Kondinin Group, Australian Grain, W A N T F A , Technical
Topics, C P C Newsletter.

9.3.4 General measures of information seeking
T o examine growers' deliberate information-seeking behaviour it is useful to consider
general measures that use m u c h of the above information. This allows for the likelihood
that some of the measures discussed above are substitutable. For example, a grower using
a paid consultant for agronomic advice m a y require less visits from another agronomist,
despite being an overall high user of farm-specific expert advice, and growers w h o prefer
to rely on farm-specific expert advice m a y not rely as heavily on group and public sources
of information.
As presented in Chapter 8 (see Box 8.5), principal component analysis was used to create
an index of general information exposure. A U of the information sources described in
Tables 9.2 and 9.3 contributed positively to this index score. This describes the tendency
for growers to be broad information seekers using (or not using) all sources, rather than
selectively using just some sources. This was clearly the most important component,
explaining 50 per cent of the variance in the data. The importance of the component
describing general information exposure indicates the challenges in delivering information
to a large proportion of growers. Whether the medium is publications, expert advisers,
farmer groups orfielddays, there is likely to be a significant proportion of growers w h o
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generally seek low amounts of information and have relatively low exposure to all of these
sources. In contrast, the results suggest that 'information-seekers' have high exposure to a
number of sources.

Growers with herbicide resistance have a significantly higher

information exposure score, with region being insignificant w h e n resistance is accounted
for (Appendix D ) .
Other components in the principal component analysis (Chapter 8, Box 8.5), were much
less important in explaining variance in the data. T h e second component accounted for 22
per cent of the variance and appeared to describe the tendency to use either an agronomist
(not directly paid) or a paid consultant rather than both. The third component accounted
for only 16 per cent of the variance and appeared to describe the tendency towards reliance
on farm-specific expert advice rather than group or public information. The final, least
important, component describes the tendency to favour group events rather than
publications, accounting for 12 per cent of the variance in the population of growers.
These latter dimensions to the data, although shown to be of relatively minor importance
in describing the data here, are consistent with learning style theory (Kolb, 1984) in which
individual preferences for experiential or abstract learning processes should be expected.

9.3.5 Herbicide resistance testing
Growers have the opportunity to have weed populationstestedto gain information on the
resistance status of weed populations. This testing can be done on plants in situ during the
growing season using small-scale strip-test equipment or by sending live plant material or
seeds to atestingagency. The most c o m m o n form of testing is performed using seed
samples collected during summer, although more recently a commercial service using live
plant material collected in winter has also been used (Boutsalis, 2001). Each service
provides a report of the proportion of resistant plants in the sample population.
Overall, 37 per cent of growers had ever tested a weed population for resistance using any
of the methods described above (Table 9.4). Growers with resistance and growers from
D A L are more likely to have used testing (regression analysis shown in Appendix D ) .
Only one of the 53 per cent of growers in K A T without resistance has ever tested. O f the
growers w h o have ever performed a test, only 16 per cent (Std. Dev. 14) of their paddocks
have ever been tested for resistance (Table 9.4). This indicates that even w h e n familiar
with testing, growers are unlikely to conduct extensivetestingacross then cropping land,
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suggesting that they believe that the marginal information value oftestingdeclines rapidly
beyond thetestingof a relatively small proportion of a growers' cropping land. Resistance
testing is usually performed with the dual purpose of confirming the resistance status of a
population to a herbicide for which resistance is suspected and also fortestingthe efficacy
of alternative herbicides. It is likely that the perceived information value of the latter
declines once c o m m o n patterns of resistance development are recognised.
Table 9.4 The extent of use of herbicide resistance testing by growers in each area
and with and without herbicide resistance.

Area

Growers w h o have tested

Resistance Status

AU

KAT

DAL

HR

NoHR

37.1

17.7

57.8

55.8

14.5

15.6

15.3

15.7

14.8

20.8

for resistance (%)
If tested, % of paddocks
tested.

It is clear that the resistance status of cropping land has mostly not been measured by
testing. The average of the percentage of land evertestedfor all growers in each area is
nine per cent in D A L and three per cent in K A T .

Therefore, most assessments of

resistance status for paddock management purposes (and for this survey) are not done
using quantitative measures of the percentage of resistant plants in the population.

9.4 Summary
In this chapter a framework for information and learning has been presented based on the
theoretical Bayesian literature. Western Australian grain growers' use and exposure to
sources of herbicide resistance management information have also been presented.
Together with the knowledge gained of growers' perceptions of various factors in the
I W M adoption decision, it is possible to form hypotheses on where targeted extension m a y
have the greatest influence on improving grower decision-making.
Continuing with the example of IWM efficacy, a number of theoretical and empirical
factors suggest that an information-based extension event m a y have a relatively limited
influence on the perceived percentage ryegrass control provided by some practices.

183

Chapter 9
Specifically, there is a high level of variance associated with the efficacy of s o m e I W M
practices due to factors such as seasonal conditions. There is also an abundance of local
grower sources for information for some practices. In addition, the average non-user holds
perceptions consistent with most extension information and users for most practices.
Possible exceptions to this are manuring and croptopping.
An information-based extension event is likely to have a greater influence if it is targeted
at factors for which there is relatively little observable local information available. The
influence is likely to be greater if prior grower perceptions are inconsistent with the
extension information and the information has a high level of informativeness (i.e. low
variance).
Information targeted at factors that are commonly targeted by the other major sources of
weed management information such as company agronomists is likely to be less
influential. Opportunities include information that requires specialist knowledge of
herbicide resistance-related variables, along with more complex aspects of I W M use. This
would include consideration of the value of I W M practices over the longer-term (although
this is no doubt subject to high variance), and possibly aspects of practice use that
contribute to their broader utility other than for weed control.
These considerations have been incorporated into the development of a targeted extension
event. This is detailed in Chapter 10, along with a prior-post experiment measuring the
influence of the extension event on grower perceptions.
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C H A P T E R 10
The influence of extension on grower perceptions
and intended adoption of integrated weed
management practices
10.1 Introduction
Where perceptions are known to play an important role in the decision to adopt, there is
the opportunity for information to influence adoption by changing perceptions (Feather
and Amacher, 1994). The importance of perceptions of resistance and I W M practices in
growers' adoption of I W M practices has been demonstrated in Chapter 8. In Chapter 9, a
framework for information and learning was presented together with implications for the
potential role of extension. In this chapter, the learning model is related to empirical
evidence of changes in growers' perceptions and adoption over a 12-month period. A
general objective is to deterrnine what role extension can have in influencing a)
perceptions associated with I W M adoption and b) the intention to adopt I W M practices.
Of particular interest is the effect of a targeted extension workshop. In this chapter, the
influence of this workshop, and exposure to other information, is related to adjusted
perceptions of herbicide resistance factors, I W M practice factors, and intended I W M
practice use, using regression techniques. Hypotheses relating to the effectiveness of
information that were developed in Chapter 9 are empiricallytestedin this chapter.

10.2 Methods
10.2.1 Experimental design
A pre-test/post-test experimental design was used with a one-year period between each
measurement (Figure 10.1). The extension treatment, in the form of a workshop, is
described in the next section. The design has the advantage of being able to measure
changes in individuals' perceptions for both participants and non-participants. This
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allows for changes attributable to sources other than the workshop to be accounted for. A
disadvantage is the inabihty to account for 'information leakage'.

This refers to

perception changes by non-participants that are a result of communication with
participants (de Vaus, 1995). Because this cannot be quantified within the experimental
design used here, the influence of the workshop on perceptions in the region m a y be
underestimated. A n isolated control population not exposed to a workshop can overcome
this problem to some degree but was not used due to the likelihood of unobservable
heterogeneity between regions and the increased costs that would be incurred.
The influence of the workshop on perceptions is determined using OLS regression
techniques. T-tests are used to determine if individual coefficients are different from zero
and F-tests are used to determine whether the regression equation as a whole is
significant; that is, a jointtestof the null hypothesis that all of the coefficients except the
constant term are zero. The F statistic and its significance are shown for each regression
model together with an adjusted R

to indicate goodness of fit. Regression analyses

include the pre-test perception as an explanatory variable, as modeled in Figure 10.1.
This recognises that information results in an adjustment of prior perceptions (Chapter 9).
These prior perceptions m a y be dependent on farm and farmer-specific factors.

Farmer characteristics

Workshop
\

Background
knowledge

Prior perceptions

Post-workshop
perceptions

/

Other information
Farm characteristics

Figure 10.1 Experimental design showing conceptualised influences on prior(2000) and post-workshop (2001) perceptions.
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During the 12-month period between measurements it is recognised that growers were
most likely exposed to a range of information that m a y have resulted in adjustments to
then prior perceptions. This m a y include information from extension sources and
learning from on-farm experience.

The growers' information exposure index (see

Chapter 8) is included as an explanatory variable to account for differences in the amount
of information that growers are likely to have been exposed to. S o m e growers were also
exposed to the targeted extension workshop described below. Recognising the role of onfarm learning, the actual use of an I W M practice during the 12-month period, is also
included in the regressions.
Human capital can influence farmers' ability to adjust perceptions given new information
and can act to lower the cost of information acquisition (Goodwin and Schroeder, 1994;
Pingali and Carlson, 1985). Indeed, h u m a n capital is likely to have influenced the prior
perceptions of growers. In this study the measure of h u m a n capital was limited to a proxy
variable identifying the attainment of a university qualification ( 2 5 % of the sample
population).

Preliminary regression analyses suggested that the variable had no

significant influence on changes in perceptions. Given this, and judgements about the
limited level of influence this measure could have over a 12-month period, h u m a n capital
was not included as an explanatory variable of post-workshop perception.

10.2.2 The workshop
Growers were advised of the intended workshops during farm visits for the initial survey
in February-March 2000. In June 2000, growers were mailed a brief summary of selected
results from the first survey, together with a reminder of the intended workshops, hi
August 2000, program and registration details for the workshops were mailed to all
growers, followed by a reminder in September. In each region, two half-day workshops
for separate groups of growers were held on two consecutive days during October. These
were held in computer-equipped workshop venues in the largest and central town in each
region (Katanning and Dalwallinu).
The workshops were titled 'Managing weeds and herbicide resistance in your local area'
(program details in Appendix E). The content included feedback on the results of the
survey, although this was kept brief and descriptive. Information from various research
sources relating to specific I W M and herbicide resistance factors was presented. This
targeted information was presented by a Professor at the University of Western Australia,
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k n o w n to m a n y grain growers in the state for work in the field of herbicide resistance and
its management. The targeted variables are identified in the results section.
The workshops also included an active learning session using the Ryegrass Integrated
Management (RIM) computer-based model (Pannell et al., 2001; Pannell and Zilberman,
2001), facilitated by an I W M extension officer from the state government Department of
Agriculture. Working in pahs, growers used the bioeconomic model to test various I W M
strategies and crop rotations for profitability and ryegrass population management over a
10-year period. Parameters in the model such as the percentage control provided by weed
management practices were agreed upon following discussion of the local survey results.
The pahs' aims were to achieve high profitability and a low weed seed bank under a
range of herbicide resistance scenarios which limit the availability of effective selective
herbicides. RTM-based workshops have been successfully run with numerous farmer
groups in Western Australia. The objectives are to stimulate discussion of herbicide
resistance management strategies, to facilitate consideration of profitability and weed
management over a longer-term, and to demonstrate decision making based o n selective
herbicides being a potentially finite resource.

10.2.3 Sample and surveying
The prior perceptions used in this analysis are those elicited in thefirstsurvey in 2000. A
description of the methodology for the initial survey is included in Chapter 5, along with
details of the second survey conducted in 2001. W h e r e measuring perception and
adoption changes was the primary objective, the question format used in the second
questionnaire was identical to that used in the initial survey (Appendix A ) . F r o m the 132
farm businesses involved in the initial survey, 31 growers attended the workshops and
101 growers were resurveyed in 2001. If the same person could not be surveyed in each
year, or the workshop participant was not surveyed in each year, the observation was
dropped from the analysis. The number of workshop participants included in the analyses
was 27, with 70 usable observations for non-participants. In some analyses, non-response
to particular questions in any year has resulted in less than 97 observations.
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Table 10.1 Descriptive statistics for workshop participants (n = 31) and nonparticipants (n = 101) as measured in 2000.

Participants

Non-participants

Variable

Mean

Std. dev.

Mean

Std. dev.

I W M practice use*

2.45

1.48

2.00

1.33

Region ( K A T 1/DAL 0 )

0.45

0.51

0.53

0.50

Cropping land (ha)

2346

1326

2774

2489

Cropped area in 2000 (%)

67.5

19.0

60.6

18.0

Age Range b

3.5

1.1

3.3

1.0

Education (1 university/ 0)

0.32

0.48

0.20

0.40

0.47

1.79

-0.15

1.47

Information exposure index

0.32

0.99

-0.10

0.71

Interviewer (1 if author/ 0)

0.61

0.50

0.51

0.50

21.7

12.6

22.5

12.2

Resistance status indexc
d

Time to workshop (mins)

e

Number of practices used in past 4 yearsfrom:catching, doubleknock, manuring, high seed rate, delayed
seeding, croptopping; b Age bracket 3 = 35-44 years ;c Measure of the herbicide resistance status of
growers' properties as described in Chapter 6;
Chapter 8;

e

d

Measure of growers' information exposure as described in

Estimated travelling time from farm to workshop location,from2001 survey (n = 101).

Self-selection for workshop attendance needs to be considered.

Farm and farmer

characteristics that influence adoption can also be associated with attendance at extension
events (Goodwin and Schroeder, 1994). Table 10.1 shows a profile of participants and
non-participants. The region-based design and the central workshop locations were
intended to reduce any influence of distance.

Accordingly, there was no notable

difference in the m e a n time required to travel to the workshop venues. Logit analysis was
conducted to determine the influence of the other variables in Table 10.1 on the likelihood
of attendance at the workshop (Table 10.2). Growers with a higher information exposure
index (P = 0.02) were found to be more likely to attend. This result indicates that the
participants in the workshop are likely to have had a greater exposure to various other
weed management information sources. Information exposure and workshop attendance
have a correlation coefficient of 0.29. The area of land cropped was also significant in
explaining workshop participation (P = 0.08) (Table 10.2). A s indicated by the statistics
for differences in cropping land between participants and non-participants (Table 10.1),
growers managing very large areas of cropping land were less likely to participate in the
workshop. This is possibly a response to the time-consuining nature of group workshop-
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based extension and greater use of farm-specific agronomic advisers by larger-scale
cropping operations. Other variables were not significant at the 1 0 % level.
Table 10.2 Logit model of participation in workshop (n=129).

Variable

Coeff.

Std.

P

Error
I W M practice use

-0.012

0.198

0.20

Region

-0.69

0.600

0.25

Cropping land (ha)

-0.0004

0.0002

0.08*

Cropped area in 2000 (%)

0.009

0.016

0.54

Age Range

0.39

0.242

0.11

Education

0.63

0.542

0.24

Resistance status

0.095

0.188

0.61

Information exposure

0.808

0.358

0.02**

Interviewer

0.46

0.473

0.33

Constant

-2.28

1.75

0.20

Log likelihood:

-61.1

Chi-square

20.0 **

Pseudo R

2

0.14

Correct predictions: 82 % (Non-participants 98 %; Participants 32 % )
*P<0.1; **P<0.05

Although workshop participation was not significantly influenced by whether the 2000
interviewer was the author, a variable has been included in the regressions reported below
that identifies growers w h o were interviewed by the author in both surveys. This is
intended to account for the greater possibility of socially desirable responses being given
to the author (identified by growers as being the project co-ordinator) and other forms of
interviewer bias that m a y have occurred. A s only five of the 101 growers in the second
survey suspected that they might have developed then first population of ryegrass
resistant to a Group A or B herbicide during the 12 month period, resistance development
was not included as a variable in the following regressions.

10.3 Results
For perceptions elicited through subjective probability distributions, both the expected
value (EV) and coefficient of variation ( C V ) are considered.

This includes most

perceptions of herbicide resistance (the exception being the variable relating to resistance
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reversion which was elicited as a single probability expressed as a chance out of 10) and
all perceptions of the percentage control provided by various I W M practices (catching,
croptopping, manuring, delayed seeding, doubleknock, and high wheat seeding rate).
O L S regression analysis is used for these and the perceptions of I W M value and
resistance reversion. The intended adoption of the I W M practices is analysed using logit
regression.
The results demonstrate the value of accounting for interviewer bias. In several models
the variable identifying those growers interviewed by the author in each year is
significant. There appears to be no consistent pattern to the direction of this influence,
suggesting that the bias is most likely associated with some inconsistencies in the
presentation of different questions.
A fundamental assumption of any Bayesian learning model is that prior beliefs condition
posterior beliefs. The null hypothesis that growers' prior perceptions are not associated
with post-workshop perceptions is consistently rejected in this study. A s expected, the
prior perceptions measured in February-March 2000 (and prior adoption intentions) are
consistently significant in explaining the post-workshop perceptions measured in March
2001 (Tables 10.3-10.8).
It should be noted that although all models presented are statistically significant in
explaining 2001 responses, several models account for a relatively small proportion of the
response variance. This suggests that other unspecified factors influenced responses.
There is also a possibility of considerable measurement error in the elicitation process and
an element of randomness to growers' perceptions and adoption intentions. Comparable
studies exarnining perception changes have reported difficulties in measuring perception
changes (McDonald et al., 1997; Verstegen et al., 1998). For these reasons, statistical
significance at the 1 0 % level is commented upon in the following results section.

10.3.1 Perceptions of resistance
Although m a n y of the perceptions included in this section were not included in the final
empirical model of I W M practice adoption, all perceptions relate to the concept of
herbicide resource depletion and replenishment that was supported by the results of the
adoption study. The workshop included information targeting the number of years until a
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herbicide with a n e w m o d e of action m a y become available and the probability of a
resistant ryegrass population reverting to susceptibility over time.
Perceived number of herbicide applications before resistance.
At the workshop it was emphasized that the median perception of surveyed growers
regarding the number of diclofop applications was consistent with modelling and other
weed science studies (i.e. an expected value of approximately 5 applications). The
workshop presented an opportunity to influence the perceptions of growers w h o perceived
that an exceptionally high number of applications could be used before diclofop resistance
would develop (Chapter 6).
Given that the herbicide use scenario was a hypothetical one for growers, that is, the use
of only the one herbicide annually to control ryegrass, the scientific knowledge that was
presented regarding the number of effective diclofop applications was assumed to be of
relatively high validity. Glyphosate resistance could not be discussed in this manner as
there is little scientific evidence to support such a discussion. It was therefore expected
that the information presented would most likely only act to reduce the expected number
of diclofop applications perceived to be possible before the onset of resistance.
Workshop attendance had a statistically significant negative influence (P=0.03) on the
expected number of applications before a ryegrass population becomes resistant to
diclofop (Table 10.3). The influence of workshop participation was not statistically
significant for the equivalent variable for glyphosate (Table 10.3) or for the C V for both
herbicides (Table 10.4), although the sign was negative in each case. The information
exposure index was not significant in any of the models. It should be noted that the
models explain a relatively low proportion of the overall variance in the population, as
indicated by R 2 values.
Although a hypothetical scenario was used that eliminated several sources of uncertainty
present under typical herbicide use conditions, the results suggest that perceptions of the
relationship between diclofop resistance selection pressure (applications) and resistance
development can be influenced by extension.
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Table 10.3 M o d e l s of growers' perceptions in 2001 of the expected n u m b e r ( E V ) of
herbicide applications before resistance develops, using O L S regression.

Diclofop
Variable
Workshop (1/0)

Information exposure

Prior perception (2000)

Glyphosate
8

Full model

Reduced

Full model

-0.791

-0.904

-2.648

(0.433)*

(0.421)**

(3.078)

-0.267

-1.331

(0.245)

(1.795)

Reduced 2

0.358

0.362

0.550

0.521

(0.100)***

(0.100)***

(0.123)***

(0.120)***

0.667

0.608

10.274

9.251

(0.379)*

(0.376)

(2.714)***

(2.590)***

3.90.

3.927

7.695

7.844

(0.685)***

(0.685)***

(2.740)***

(2.599)***

Obs.

96

96

94

94

F

5.57***

7.01***

8.32***

15.88***

Adjusted R 2

0.16

0.16

0.24

0.24

Interviewer (1/0)

Constant

P < 0.1; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)
1
Reduced using step-wise regression at P = 0.2 level.
Table 10.4 M o d e l s of growers' perceptions in 2001 of the uncertainty ( C V ) of the
n u m b e r of herbicide applications before resistance develops, using O L S regression.

Glyphosate

Diclofop
Variable
Workshop (1/0)

Information exposure

Full model

Reduced*

Full model

-1.490

-3.547

(1.474)

(2.927)

-0.509

0.254

(0.835)

(1.664)

Reduced8

0.295

0.278

0.292

0.283

(0.110)***

(0.109)**

(0.124)**

(0.123)**

-2.574

-3.075

4.679

3.958

(1.290)**

(1.233)**

(2.579)*

(2.458)

12.789

12.853

13.972

13.507

(1.893)***

(1.884)***

(2.793)***

(2.724)***

Obs.

96

96

94

94

F

3.21**

6.16***

2.29*

3.86**

Adjusted R 2

0.10

0.10

0.05

0.06

Prior perception (2000)

Interviewer (1/0)

Constant

1

Reduced using step-wise regression at P=0.2 level. * P < 0.1; **P < 0.05; ***P < 0.01 (standard errors

in parentheses)
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Years until new m o d e of action herbicide becomes available
A relatively large amount of time was spent discussing the development of n e w herbicide
products and the herbicide development industry at the workshop. This included mention
of the rapid screening processes for n e w compounds and the likelihood that n e w
herbicides will be discovered at some time in the future. Information was presented on
possible constraints to n e w herbicide development and the time frames observed from
discovery to release. It was stated that there was no public knowledge of the development
of any herbicide with a n e w m o d e of action for the post-emergent selective control of
ryegrass.
It was expected that the information presented at the workshop would act to increase the
expected number of years until a n e w herbicide becomes available. A s shown in Chapter
8, both the E V and the C V for the number of years were found to be associated with I W M
adoption.
Workshop participation was not found to be statistically significant in influencing the
expected number of years until a n e w herbicide becomes available (Table 10.5).
Workshop participation appears to have had a negative influence on the uncertainty (CV)
of when a herbicide with a n e w m o d e of action for selective ryegrass control would
become available. A possible explanation for this is that while growers were advised that
a n e w m o d e of action herbicide is unlikely to be available within 5 years, the discussion
of m o d e m chemical synthesis and screening technology resulted in several growers
becoming more confident that a n e w herbicide would become available in the mediumterm future. It is also possible that marketing of 'new' herbicide products that do not
involve n e w modes of action m a y have influenced grower perceptions.
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Table 10.5 Models of growers' perceptions in 2001 of the n u m b e r of years until a
n e w selective herbicide becomes available, using O L S regression for expected value
(EV) and coefficient of variation (CV), and the probability of a resistant ryegrass
population reverting to susceptibility.

Years until new
herbicide E V
Variable

Full model

Workshop

Probability of

Years until new

resistance reversion

herbicide C V
8

8

Full modeI b

Full model

Reduced

0.978

-4.932

-3.994

-1.416

(1.804)

(2.716)*

(2.531) P=0.12

(0.591)**

Information

-0.457

0.303

-0.463

exposure

(1.025)

(1.551)

(0.330)

Prior perception

1.484

1.487

0.342

0.341

0.358

(2000)

(0.262)***

(0.258)***

(0.106)***

(0.105)***

(0.085)***

Interviewer

2.424

2.498

2.858

-1.066

(1.576)

(1.506)

(2.358)

(0.533)**

-0.437

-0.240

18.202

19.417

2.188

(1.889)

(1.843)

(3.056)***

(2.767)***

(0.483)***

97

97

97

97

96

7.17***

10.54***

0.11

0.29

Constant

Obs.

Reduced

F

9.53***

19.19***

3 qy***

Adjusted R 2

0.26

0.27

0.11

a

Reduced using step-wise regression at P=0.2 level.

b

Step-wise regression omitted no variables

P<0.1; **P<0.05; ***P<0.01 (standard errors shown in parentheses)

T h e probability of a resistant population reverting to susceptibility
Information was presented at the workshop on h o w and w h y ryegrass populations
resistant to Group A herbicides have not been found to revert to susceptibility. Although
this factor was not found to be significantly associated with I W M adoption, growers'
responses in the 2000 survey indicated that many held perceptions contrary to scientific
knowledge. At the workshop, a simple message could be communicated based on
scientific studies and Australia-wide observation of resistant populations. That is, the
probability of this form of resistance regression occurring is very low, afieldexample has
never been confirmed, and therefore Group A resistance in ryegrass should be considered
permanent. This information was assumed to be relatively high validity, have low
variance, and be substantially different to the prior perceptions held by m a n y growers
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(Chapter 7). Therefore, workshop participation was expected to reduce the perceived
probability of a resistant population returning to susceptibility.
As expected, the workshop participation was found to be significant in reducing the
perceived probability of a resistant population returning to susceptibility (P = 0.02) (Table
10.5). The Workshop coefficient shows that the influence of workshop attendance was to
reduce the perceived probability of a resistant population retiirning to susceptibility by
0.14 (or 1.4 out of 10). This relatively large shift in perception demonstrates the potential
influence of information w h e n a simple and certain message is able to be delivered to an
audience holding misperceptions with a low level of certainty. All other variables in the
model explaining the perceive probability of resistance reversion were significant at the
2 0 % level and therefore no reduced model was generated.
Summary of the effect of the workshop on perceptions of herbicide
resistance
O f the four resistance-related factors measured and presented here, the years until a n e w
herbicide m a y become available and the probability of resistant populations reverting to
susceptibility were targeted in the workshop by spending additional time discussing the
available research and industry knowledge. Research knowledge of the number of
herbicide applications until resistance was discussed more briefly.

There is evidence to

suggest that workshop participation has resulted in shifts in perceptions amongst the
participant population for most of these variables.
The influence of the workshop was most evident in perceptions of the probability of
resistant populations reverting to susceptibility. Participation in the workshop resulted in
a perception of resistance permanence more consistent with research knowledge. There
was also evidence to suggest that participation resulted in an expectation that herbicide
resistance will develop with fewer diclofop applications. Given the lack of available
evidence able to be presented relating to glyphosate resistance development, it was likely
that the information would be of low effectiveness. Not unexpectedly, the workshop
appears to have had no influence on this factor. Workshop participation did not result in
an increase in the expected number of years until a herbicide becomes available that can
control any current resistant populations, but it did reduce the uncertainty relating to the
time of availability. Based on the model of I W M adoption (Chapter 8) this m a y decrease
the likelihood of I W M adoption. Notably, information exposure was insignificant in all
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models, suggesting that broader information exposure has not played a major role in
adjusting perceptions of these herbicide resistance factors over the 12-month period.

70.3.2 Perceptions of IWM practices
The perceptions of I W M practices included here relate to the efficacy of the I W M
practices (percentage control) and the overall value of the practice. At the workshop,
information on the value of high seeding rates was presented. This included information
from Western Australian field research showing relatively consistent yields and quality.
Modelling research demonstrating the value of the doubleknock technique in reducing the
likelihood of glyphosate resistance development was also discussed. S o m e research
information on percent ryegrass control was presented for croptopping, manuring and
seed catching. In three of the four workshops held, participants w h o had used seed
catching contributed information highlighting the management difficulties associated with
seed catching and experience with high variation in the percentage of ryegrass seed able
to be controlled. Reasons for expectations of croptopping control being lower in growers'
paddocks than in research plots (e.g. uneven crop and weed ripening over large paddocks)
were also raised by workshop participants.
In the regressions below, an additional explanatory information variable has been
included. This binary variable (1 if used in past year) identifies growers w h o used the
practice in question during the 12-month period between the initial and final surveys.
This recognises the potentially important role that recent on-farm experience with the
practice can have in influencing perceptions. It is assumed that learning from on-farm use
prior to 2000 is captured by the prior perception elicited in 2000. Step-wise regression,
based on a variable omission level of P = 0.2, was used to omit very low-significance
variables to produce the reduced model results that are referred to below.
Perceived economic value of IWM practices
A s described in Chapter 7, in considering the economic value, or cost-effectiveness, of the
I W M practices, growers were asked to consider all of the costs and benefits involved with
then use. In addition to the practices targeted during the workshop in terms of percentage
ryegrass control, two practices (high wheat seed rates and doubleknock) were targeted in
terms of then broader value to the farming system and profitability. Research results
showing only a lowriskof yield loss and a high likelihood of yield gain as a result of high
seeding rates were presented. Research results demonstrating the low risk of selecting for
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glyphosate resistance w h e n the doubleknock practice is regularly used (Diggle and Neve,
2001) was also presented. It was expected that this research information, in the absence
of any comparable local source of observable information, would act to increase the
perceived economic value of the practice.
Workshop participation had a positive influence (P = 0.06) on the perceived value of the
doubleknock practice (Table 10.6). There is also some evidence to suggest that the
perceived value of high wheat seeding rates was positively influenced (P = 0.10) by
workshop participation.

The sign of the workshop variable was positive for all other

practices except catehing (Table 10.8), although the variable was not close to being
statistically significant for any other practice except manuring (P=0.15) (Table 10.7).
Table 10.6 Models of growers' perceptions in 2001 of the value of IWM practices
for ryegrass control using O L S regression.

High seed rate

Doubleknock

Variable

Full model

Reduced 8

Full model

Reduced 8

Workshop

0.410

0.464

0.688

0.687

(0.304)

(0.283) P=0.10

(0.382)*

(0.371)*

0.129

0.249

0.293

(0.174)

(0.229)

(0.220)

Information exposure

Prior perception (2000)

Used in past year

Interviewer

Constant

Obs.

F
Adjusted R

2

0.607

0.594

0.194

0.200

(0.084)***

(0.070)***

(0.094)**

(0.090)**

-0.154

0.338

(0.287)

(0.357)

-0.030

-0.186

(0.294)

(0.340)

2.334

2.274

4.256

4.260

(0.331)***

(0.320)***

(0.517)***

(0.512)***

97

97

97

97

15.41***

39.07***

3.55***

5.51***

0.43

0.44

0.12

0.12

Reduced using step-wise regression at P=0.2 level.
* P < 0.1; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)

Use of practices in the past year resulted in a statistically significant positive influence on
the perceived value of crop sacrifice (manuring) (Table 10.7), croptopping (Table 10.7)
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and delayed seeding (Table 10.8). The information exposure index was not statistically
significant for any practice.
Table 10.7 Models of growers' perceptions in 2001 of the value of IWM practices
for ryegrass control using O L S regression.

Crop sacrifice (manuring)

Croptopping

Variable

Full model

Reduced 8

Full model

Workshop

0.569

0.676

0.106

(0.477)

(0.460) P=0.15

(0.379)

Information exposure

Prior perception (2000)

0.235

0.154

(0.275)

(0.232)

Reduced 8

0.287

0.300

0.525

0.544

(0.102)***

(0.101)***

(0.098)***

(0.094)***

1.440

1.462

0.738

0.783

(0.503)***

(0.502)***

(0.370)*

(0.363)**

-0.991

-0.958

-0.574

-0.529

(0.430)**

(0.428)**

(0.360)

(0.348)

3.431

3.340

2.488

2.411

(0.524)***

(0.512)***

(0.467)***

(0.436)***

Obs.

95

95

92

92

F

4.09***

494***

g YJ***

13.60***

Adjusted R 2

0.14

0.14

0.28

0.29

Used in past year

Interviewer

Constant

a

Reduced using step-wise regression at P=0.2 level.

* P < 0.1; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)
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Table 10.8 Models of growers' perceptions in 2001 of the value of I W M practices
for ryegrass control using O L S regression.
Delayed seeding

Catching
Reduced 8

Full model

Reduced 8

Variable

Full model

Workshop

-0.330

-0.131

(0.416)

(0.483)

0.006

0.417

0.358

(0.249)

(0.273)

(0.257)

Information exposure

Prior perception (2000)

Used in past year

0.260

0.275

0.228

0.219

(0.090)***

(0.085)***

(0.112)**

(0.110)**

0.300

1.019

0.995

(0.689)

(0.583)*

(0.576)*

-0.503

-0.565

-0.264

(0.372)

(0.352)

(0.420)

3.253

3.151

3.514

3.394

(0.442)***

(0.419)***

(0.535)***

(0.505)***

Obs.

95

95

97

97

F

2.42**

5.75***

2.19*

3.53**

0.07

0.09

0.06

0.07

Interviewer

Constant

Adjusted R

2

Reduced using step-wise regression at P=0.2 level.
* P < 0 . 1 ; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)

In summary, the results show that workshop participation had a positive influence on the
perceived value of higher seeding rates and the doubleknock technique. These were the
two practices for which workshop information was mostly targeted at characteristics other
than percentage control. Use of a practice in the past 12 months was shown to be
significant for several practices. This contrasts with general information exposure, which
was not significant in influencing the perceived value of any practice.
Percentage ryegrass control
A s the expected values for percentage control elicited from growers in 2000 were
generally consistent with research information, it was not expected that large changes in
means would result from the workshop. Possible exceptions to this were manuring and,
to a lesser extent, croptopping, where field research results suggest that control
percentages greater than many farmers' prior perceptions should be achievable.
However, as previously mentioned, users of croptopping supported the lower percentage
control figures as being realistic for large paddock situations. It was not expected that the
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workshops would have a large influence on growers' perceptions of variance about the
m e a n (CV). A s practice users generally had similar C V s to non-users, it appeared that
variation due to environmental conditions dominated any uncertainty related to lack of
knowledge. Representative distributions elicited in the 2000 survey for the percentage
control for all practices were presented briefly at the workshops. Participants were
informed that users of the practices gave very similar distributions to non-users. The high
level of variance associated with the information presented, the large amount of local
'neighbourhood' information sources available for most practices, and the consistency of
most growers' prior perceptions of percentage control distributions with research
knowledge, are all factors hypothesised (Chapter 9) to limit the influence of information
such as that presented at the workshop.
As expected, the workshop variable did not significantly influence (P < 0.1) the
percentage control E V or C V (regressions not presented) for any of the practices
investigated here (catching, croptopping, crop sacrifice (manuring), delayed seeding,
doubleknock, and high wheat seeding rate). Information exposure and use in 2000 was
also not significant in any regression model.
The study provides no evidence that workshop attendance influenced the perceived mean
percentage ryegrass control attainable from these practices or then perceived reliability.
The possibility that measurement error associated with the elicitation of triangular
distributions could have contributed to the lack of significance in the models needs to be
acknowledged. However, regressions conducted using the growers' modal responses (i.e.
the single percentage control figure stated as 'most likely') produced similar results, with
workshop attendance remaining insignificant in all models.

Unfamiliarity with

expressing efficacy as a percentage also needs to be considered as a source of error.
However, this is also likely to limit the potential influence of any extension information
presented in terms of percentage control.
Summary of perceptions of IWM practices
The targeted information in the workshop had the intended influence on growers'
perceptions of practice value. A significant positive influence was recorded for the two
practices targeted: high wheat seeding rates and doubleknock. The information largely
related to characteristics other than the level of weed control. In the case of high seed
rates, the information suggested that the practice should not be devalued due to theriskof
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reduced yield and grain quality in drier years.

Information on the doubleknock

highlighted its potential value in slowing the development of glyphosate resistance. There
was no evidence to suggest that workshop information on the percent ryegrass control
influenced grower perceptions.
As hypothesised in Chapter 9, the high level of variance associated with practice efficacy
and the role of farm specific factors is likely to limit the influence of 'remote' forms of
extension information. The relative influence of this information is also likely to be lower
where the diffusion process is at a stage where most growers can observe the efficacy
achieved by neighbouring users. The workshops also raised justification from growers
for some differences in efficacy between paddock and field trial research conditions. It
should also be noted that for most practices the average grower response was consistent
with research opinion.
Providing information on the benefits other than percentage ryegrass control may be a
relatively effective approach to encouraging adoption. This tentative conclusion is based
on the observation that the workshop was shown to influence the perceived value of some
treatments, while the perceived control percentage for any treatment was not influenced.
The results suggest that extension should target economic factors other than just
resistance management.

This argument is supported by the relatively high use of

practices offering low ryegrass control but other benefits (e.g. burning). Examples of
information that m a y be effective are: the feed value of seed catch material; reduced frost
risk through delayed seeding; reduced risk of glyphosate resistance through use of
doubleknock, and yield gains through increased seeding rates. In essence, the results
suggest that information on the broader economics of I W M practice use within the
farming system m a y have the greatest impact on adoption.

10.4 Changes in intended use of IWM practices
Ultimately, most extension is intended to affect adoption. Given the short time frame of
this study and the one-off nature of the intervention, it was not expected that the
workshop would have a notable effect on the number of growers using particular
practices. In addition, seasonal conditions can play a large role in the use of particular
practices, making it less likely that there would be any correlation between workshop
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attendance and the use of a practice in the following season. For these reasons, the most
appropriate measure of the effect of the workshop is intended future use.
hi 2001 growers were asked if practices were intended to be used in 2001, and intended to
be used in the next four years (prior to 2005). Although expected use in the next four
years is more removed from actual adoption, and m a y suffer from greater 'yeah-saying'
bias, it does at least allow for a more realistic time frame for changes in adoption
behaviour. Growers' intended use of a practice in 2000 or the next four years (as stated in
2000) are used as an explanatory variable in the appropriate model. This is intended to
account for growers w h o had m a d e the decision to adopt prior to the initial survey.
Adoption of high wheat seeding rates is measured using growers stated average wheat
seeding rate (kg/ha) and analysed using O L S regression. All other analyses are performed
using logit regressions, with use/not use (1/0), as stated in 2001, as the dependent
variable. The identity of the interviewer and the information exposure index were
included as explanatory variables. Step-wise elimination of variables was performed on
all full models using a P = 0.2 threshold level of significance.
Perceptions of the efficacy and economic value of practices have been shown to be
associated with adoption (Chapter 8). Consistent with this, changes in intended adoption
resulting from the workshop were most expected for practices where these variables have
been influenced (high seed rate and doubleknock).
Wheat seeding rates
High wheat seeding rate was a targeted practice at the workshop, particularly in terms of
general economic value. The R I M computer simulation exercise also demonstrates the
benefit of higher seeding rates that result from greater crop competitiveness against
weeds. O L S regression analysis was performed on the intended average wheat seeding
rate to be used in 2001 and in four years time. A binary variable indicating whether
growers used a high wheat seeding rate (> 65kg/ha) in 2000 was included in the model
predicting the intended rate in four years time (as elicited in 2001). This is intended to
account for any on-farm learning during the 12-month period. In each model the
equivalent intended wheat seeding rate, as stated in 2000, is included as an explanatory
variable.
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There is strong evidence that the workshop has significantly influenced growers'
intentions to use higher wheat seeding rates (Table 10.9). The coefficients suggest that,
on average, a 5.2 kg/ha increase in the 2001 intended seeding rate and a 8.5 kg/ha increase
in the expected rate to be used in four years time (2005) can be attributed to workshop
participation. Although not significant (P = 0.15), the use of a high seed rate in 2000
appears to have had a negative influence on the intention to use high seeding rates in the
future (Table 10.9). Unlike for other practices, the sign for high seed rate use in 2000 was
also negative for the perceived value of high seed rate (Table 10.6). The negative
direction of this variable m a y be explained by the seasonal conditions of 2000; an
unusually dry season in which high crop density can exacerbate the effects of water stress
on yield and quality.
Table 10.9 Models of growers' intended average wheat seeding rates (kg/ha), using
O L S regression.

Rate in current year

Reduced b

5.196

9.134

8.530

(1.896)***

(3.249)***

(3.049)***

1.478

0.261

(1.121)

(2.033)

0.780

0.982

0.974

(0.084)***

(0.145)***

(0.131)***

-

-5.416

-5.889

(4.141)

(4.016)

Full model

Workshop

Information exposure

Expected rate stated in 2000

High rate used in 2000 (1/0)

Interviewer

Constant

Obs.

F
Adjusted R
1
b

2

Expected rate in 4 years time
Full model

Variable

8

-3.206

-2.908

(1.701)*

(2.935)

19.409

9.154

8.749

(5.354)***

(8.563)

(7.640)

97

97

97

28.71***

20.79***

34.70***

0.54

0.51

0.51

N o variables omitted in reduced model
Reduced using step-wise regression at P = 0.2 level.

* P < 0.1; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)
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C h a n g e s in I W M practice use from 2000 to 2001
Logit regression models of intended use of I W M practices other than high wheat seeding
rate in 2001 are presented. N o model is presented for Catehing as intended use in 2001
was perfectly predicted by intended use in 2000, indicating that no grower in the sample
was intending to use catching for the first time in 2001.

The workshop variable was significant in explaining intended use of doubleknock in 2001
(Table 10.10). Growers with higher information exposure were also significantly more
likely to intend to use doubleknock in 2001. Workshop and information exposure were
not significant for the other practices (Table 10.10 and 10.11).
Table 10.10 Models of growers' intended use of IWM practices in 2001, using logit
regression (n = 97).

Croptopping

Doubleknock
8

Reduced 8

Variable

Full model

Reduced

Workshop

1.522

1.351

0.094

(0.685)**

(0.656)**

(0.653)

1.207

1.108

0.643

0.676

(0.425)***

(0.409)***

(0.436)

(0.430)

1.187

1.139

2.813

2.839

(0.511)**

(0.504)**

(0.602)***

(0.600)***

Information exposure

Use intended in 2000

Interviewer

Full model

-0.585

0.216

(0.532)

(0.607)

-0.220

-0.461

-2.048

-1.913

(0.433)

(0.376)

(0.503)***

(0.381)***

Log likelihood:

-49.2

-49.8

-39.5

-39.6

Chi-square

32.33***

31.09***

43.98***

43.79***

Pseudo R 2

0.25

0.24

0.36

0.36

% Correctb:

76(81/69)

75(81/67)

85(75/89)

85(75/89)

Constant

a

Reduced using step-wise regression at P = 0.2 level.

b

Overall percentage correcdy classified (users correctly classified (sensitivity)/non users correcdy classified

(specificity)) * P < 0 . 1 ; **P < 0.05; ***P < 0.01 (s.e. shown in parentheses)
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Table 10.11 Models of growers' intended use of I W M practices in 2001, using logit
regression (n=97).
Crop sacrifice (manuring)

Delayed seeding
Reduced 8

Full model

Variable

Full model

Workshop

0.391

0.375

(0.518)

(0.695)

Information exposure

Use intended in 2000

Interviewer

Reduced 8

0.381

0.421

0.150

(0.318)

(0.299)

(0.430)

1.285

1.284

1.129

1.117

(0.443)***

(0.442)***

(0.840)

(0.820)

-0.085

1.938

2.029

(0.460)

(0.870)**

(0.853)**

-0.536

-0.474

-3.634

-3.536

(0.373)

(0.286)*

(0.870)***

(0.825)***

Log likelihood:

-60.51

-60.79

-32.0

-32.2

Chi-square

13.20**

12.62***

8.66*

8.13**

0.10

0.09

0.12

0.11

64(65/63)

65(61/70)

88 (0/100)

88 (0/100)

Constant

Pseudo R

2

% Correctb:

Reduced using step-wise regression at P = 0.2 level.
b

Overall percentage correctly classified (users correctly classified (sensitivity)/non users correcdy classified

(specificity))
P < 0.1; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)

C h a n g e s in intended u s e of I W M practices over four future years
There is some evidence to suggest that workshop participation has had a positive
influence on intention to adopt some practices over the next four years. The significant
positive influence on wheat seeding rate has already been established. Table 10.12 shows
that the workshop variable had a positive influence on intended adoption of catching (P =
0.09), with manuring being near significance at the 10 per cent level (P = 0.12). Growers
with higher information exposure were significantly more likely to intend to use
doubleknock and croptopping in four years time (Table 10.13).
Although workshop participation increased the intended use of doubleknock in 2001
(Table 10.10), it was not significant in explaining intended use in the longer term (Table
10.13). A possible explanation for this is that the vast majority of growers expect to be
using doubleknock in four years time (Chapter 7), regardless of the workshop. A s the
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level of doubleknock adoption is likely to approach a ceiling level during this period, the
potential influence of the workshop m a y be restricted to reducing the time to adoption,
possibly measured here by an increase in intended adoption in 2001.

Table 10.12 Models of growers' intended use of I W M practices in next four years
as stated in 2001, using logit regression (n=97).

Crop sacrifice (manuring)
Variable

Full model

Reduced 8

Catching
Full model

Reduced 8

Delayed seeding
Full

Reduced 8

model
Workshop

0.672

0.890

0.890

1.061

0.391

(0.599)

(0.568) P=0.12

(0.693)

(0.633)*

(0.544)

Information

0.380

0.027

0.462

0.417

exposure

(0.343)

(0.404)

(0.337)

(0.309)

Intended use in

1.949

2.002

2.575

2.553

1.661

1.581

next four years

(0.548)***

(0.535)***

(0.648)***

(0.600)***

(0.476)***

(0.453)***

as stated in
2000
Interviewer

0.184

0.614

-0.570

(0.546)

(0.603)

(0.496)

-2.335

-2.275

-2.927

-2.627

-0.412

-0.554

(0.552)***

(0.458)***

(0.628)***

(0.508)***

(0.392)

(0.337)

Log likelihood:

-45.0

-45.7

-38.8

-39.4

-56.8

-57.7

Chi-square

18.52***

17.06***

23.68***

22.61***

17.79***

16.16***

Pseudo R 2

0.17

0.16

0.23

0.22

0.14

0.12

% Correctb:

76 (29/92)

77 (21/96)

84(48/93)

80(19/97)

69(77/58)

70(75/63)

Constant

1
b

Reduced using step-wise regression at P = 0.2 level.
Overall percentage correctly classified (users correctly classified (sensitivity)/non users correctly classified

(specificity))
P < 0.1; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)
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Table 10.13 Models of growers' intended use of I W M practices in next four years
as stated in 2001, using logit regression (n=97).
Croptopping

Doubleknock
Reduced 8

Full model

Variable

Full model

Workshop

0.994

-0.474

(0.805)

(0.624)

Reduced 8

1.493

1.504

1.120

1.048

(0.526)***

(0.514)***

(0.451)**

(0.442)**

Intended use in next 4

1.362

1.332

2.450

2.377

years as stated iin 2000

(0.604)**

(0.594)**

(0.599)***

(0.580)***

Interviewer

-1.085

-0.876

-0.200

(0.639)*

(0.609)

(0.588)

1.052

1.160

-1.399

-1.590

(0.568)*

(0.562)

(0.511)***

(0.454)***

Log likelihood:

-38.5

-39.4

-43.3

-43.7

Chi-square

24.28***

22.59***

47.4***

46.53***

Pseudo R 2

0.24

0.22

0.35

0.35

87 (97/48)

86 (97/43)

80(82/79)

82(84/81)

Information exposure

Constant

b

% Correct :

Reduced using step-wise regression at P = 0.2 level.
b

Overall percentage correcdy classified (users correctly classified (sensitivity)/non users correcdy classified

(specificity))
P<0.1; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)

In summary, the results suggest that the workshop positively influenced growers'
intentions to adopt high wheat seeding rates and doubleknock in the season following the
workshop. This m a y be attributed to the workshop's influence on perceptions of the
economic value of the practices. The intention to adopt high seeding rates and catching in
the next four years was also positively influenced by workshop participation. Given that
catching is a practice predominantly adopted by growers with higher levels of herbicide
resistance (Chapter 7), the positive influence of the workshops on the intention to adopt
catehing m a y be a function of shifts in perceptions relating to future herbicide resistance
development and management. These are factors that m a y not greatly influence the
perceived short-term value of catching as measured in this study. Similarly, the long-term
economic value of catching use, as is usually demonstrated in the R I M computer
simulation exercise, m a y also have contributed to the positive influence of the workshop
on intended catehing use.
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Changes in use of multiple IWM practices
T o analyse the influence of the workshop and other information sources on the adoption
of multiple I W M practices a logit model was used. The dependent variable was based on
the dependent variable used Chapter 8; that is, a binary variable with growers classified as
being adopters if three or more of catching, croptopping, manuring, doubleknock, high
seed rate and delayed seeding were intended be used in 2001, as stated in the second
survey. Workshop attendance, information exposure and interviewer were included as
explanatory variables. T o recognise pre-workshop adoption intentions, the intended use
of three or more practices, as stated in 2000, was included as an explanatory variable in
the model of intended use, as stated in 2001. Similarly, the intended use of three or more
practices in the next four years, as stated in 2000, was included as an explanatory variable
in the model of intended use in the next four years, as stated in 2001.
Workshop participation was near to being statistically significant in influencing intended
adoption of three or more practices in 2001 (Table 10.14). Workshop participation was
not significant in influencing use over the next four years. Information exposure had a
significantly positive influence on the intention to adopt in the current year and over the
next four years. Growers with a high level of information exposure (e.g. with greater
agronomist use and field day attendance) were more likely to become intended users of
multiple I W M practices. A s the information exposure variable was generally not
significant in influencing post-workshop perceptions, it is possible that it was largely
identifying growers with 'early adopter' characteristics (Rogers, 1995). This category of
growers are likely to have higher-level integration into information networks and, for a
given set of perceptions, m a y be more likely to adopt n e w technology. They would
therefore be more likely to expect to become adopters in the short-term future (e.g. over a
12-month period) if they are not already adopters.
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Table 10.14 Model of intended us of I W M practices (1 if 3 or m o r e of catching,
croptopping, manuring, doubleknock, high seed rate and delayed seeding used, 0
otherwise) as stated in 2001, based on logit regression.
Intended use in next 4 years

Intended use in 2001

Reduced 8

Variable

Full model

Reduced 8

Full model

Workshop

0.819

0.873

0.670

(0.560)

(0.546) P=0.11

(0.693)

0.992

1.016

1.433

1.364

(0.391)**

(0.389)***

(0.500)***

(0.475)***

Intended I W M use as

1.318

1.361

2.196

2.014

stated in 2000

(0.504)***

(0.495)***

(0.603)***

(0.563)***

Interviewer

0.224

-0.709

(0.505)

(0.618)

Information exposure

1.089

-1.006

-0.423

-0.524

(0.406)***

(0.357)***

(0.517)

(0.456)

Log likelihood:

-52.0

-52.1

-41.7

-42.68

Chi-square

30.02***

29.83***

43.43***

41.49***

Pseudo R 2

0.22

0.22

0.34

0.33

% Correct11:

72 (71/73)

70 (69/71)

84(87/77)

80(87/69)

Constant

Reduced using step-wise regression at P = 0.2 level.
b

Overall percentage correctly classified (users correctly classified (sensitivity)/non users correcdy classified

(specificity))
P < 0.1; **P < 0.05; ***P < 0.01 (standard errors shown in parentheses)

S u m m a r y of c h a n g e s in I W M use
Given the well-recognised time lags involved in the adoption process, the influence of the
workshop on I W M practice use was not expected to be observable within the study
period. Although it is recognised that stated intentions do not necessarily translate into
actual behaviour, changes in adoption intentions were measured. There is evidence that
the workshop has resulted in some changes in intended practice use. The data shows a
large, significant, change in wheat seeding rates and evidence of a positive influence on
the intention to adopt doubleknock and catching. Growers with a high information
exposure index were more likely to adopt croptopping, doubleknock and three or more of
the I W M practices within one year or four years.
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10.5 The influence of an extension workshop on grower
perceptions and adoption: summary
An experiment was conducted to detenriine the influence of an extension workshop on
grower perceptions of, and intentions to adopt, I W M practices. T h e analysis accounted
for prior perceptions (or prior adoption intentions) and other information sources, based
on the Bayesian learning framework described in Chapter 9. The results highlight both
opportunities and limitations for targeted extension events to influence growers' herbicide
resistance management decision-making.
Consistent with the hypothesised characteristics of effective information (Chapter 9),
where information could be delivered with a high degree of certainty and validity to a
population holding perceptions inconsistent with the information being presented, the
greatest influence on grower perceptions was recorded. This was most evident in the case
of the probability of resistance reverting to susceptibility.

T h e influence of the

information on grower perceptions was likely to be greater in this case as few growers
were likely to have held highly developed prior perceptions of this variable due to the lack
of observable localfieldexperience.
Targeted information also resulted in changes in growers' perceptions of the number of
consecutive herbicide diclofop applications able to be applied before resistance develops.
A s this scenario hypothetical for most growers (i.e. diclofop is very rarely applied as the
only form of weed control), it is likely that m a n y growers did not hold highly developed
prior perceptions for this variable. Information that was presented relating to the time lag
before herbicide companies would release a n e w herbicide could not be based on research
evidence and held a high level of acknowledged uncertainly. This is likely to explain the
lack of influence this information had on the expected number of years until such a
product would become available to growers.
The variance associated with IWM practice efficacy over seasons, within farms, and
between farms, is likely to explain the lack of influence on perceived efficacy. The
perceived economic value of some practices was positively influenced by targeted
information presented during the workshops.

This m a y largely be attributed to

characteristics of the practices other than weed control efficacy. Consistent with the
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adoption model for I W M practices (Chapter 8), increasing the perceived value of a
practice resulted in an increase in intended adoption.
Implications
The results demonstrate a role for targeted extension in influencing grower perceptions
and adoption intentions. Consistent with a Bayesian learning model (as developed in
Chapter 9), information is less likely to be effective in influencing perceptions if it has a
high level of associated variance and uncertainty. Information that can be presented with
certainty, relating to factors for which growers have received relatively little previous
information, is likely to be most influential. Obviously, information will be more
influential if it is targeted at perceptions k n o w n to be inconsistent with the information to
be presented. The results of this study suggest that information with these characteristics
is most likely to influence perceptions. If the perceptions are associated with the adoption
decision, greater adoption m a y result.
The results are encouraging for those developing extension programs aimed at herbicide
resistance management. Although the diffusion process for I W M practices has generally
advanced beyond the early period in which extension is expected to have the greatest
influence (Feder and Umali, 1993; Lindner, 1987; Marsh et al., 2000), a single
information-based extension event has been shown to improve grower knowledge and
influence adoption decisions. However, this direct influence is restricted to only the
participants in the extension event and to a subset of relevant aspects of weed
management. S o m e discussion of the opportunities to improve the herbicide resistance
management decision making of a wider grower population is included in the concluding
chapter that follows.
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Conclusion

As stated in the introduction to this thesis, herbicide resistance has been recognised as one
of the major threats to the sustainability of existing grain production systems. Despite
this, few studies have addressed the economic and sociological aspects of herbicide
resistance (Pannell and Zilberman, 2001). This thesis has developed and applied elements
of resource economics, adoption theory, and weed science to the problem of herbicide
resistance and the adoption of herbicide-resistance management practices.
Three main questions addressed by this thesis are as follows:
• What is an appropriate framework for understanding the IWM adoption behaviour of
grain growers and what is the role of herbicide resistance?
• What factors* influence the adoption of IWM practices?
• Are there influential perceptions held by growers that may be effectively targeted by
extension programs to improve grower decision-making and increase I W M adoption?
The chapter begins with a summary of the main findings and conclusions from the thesis.
This includes an outline of methodological developments. In the next section, insights
and implications for policy are discussed. These focus on opportunities to improve
farmer decision-making and optimise use of the herbicide resource. This is followed by
suggestions for further work to advance knowledge in this field and contribute to
improving pesticide resistance management.

11.1 Main conclusions
The hterature reviewed in Chapter 2 on the adoption of innovations provided valuable
insights into the role of perceptions and profitability in farmers' adoption decisions. This
included the small but growing number of empirical adoption studies within the 'adopter
perception' paradigm.
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A number of I W M characteristics suggest that rapid adoption in the absence of herbicide
resistance should not be expected. These include the complex nature of I W M , the relative
cost-effectiveness of selective herbicides in the absence of resistance, the difficulties in
observing the profitability of what is often a 'preventative' innovation, and the m a n y
sources of uncertainty that m a k e the long-term profitability of I W M adoption difficult to
ascertain. For several of these same reasons, there is a likely role for informational
variables such as extension and education in the adoption of I W M .
The review of literature found no empirical study of the factors deterrmning the adoption
of herbicide resistance management practices. S o m e parallels with I P M adoption can be
drawn, but no studies have focused on the adoption of herbicide resistance management
practices. Most I P M adoption models suffer from low explanatory power. This m a y be
partly due to poor model specification attributable to the motivation for the conduct of
m a n y studies (e.g. reduced insecticide use for health and pollution reasons and/or meeting
government I P M adoption targets) being inconsistent with the primary motivation of
farmers (e.g. cost-effective pest control). Weaknesses in the measurement of the adoption
of multi-element innovations and perceptions specific to such innovations are also evident
in the literature. It is generally agreed that I P M involves the use of a set of practices
selected from a suite of available practices. Recognising this in adoption models is likely
to result in more informative adoption studies.
To establish the context for considering herbicide resistance in Western Australian
cropping, the first random survey of herbicide resistance in weed populations was
conducted. A s described in Chapter 3, the survey revealed a high frequency of herbicide
resistant in ryegrass populations. O f the populations tested, 7 2 per cent were found to
have elevated resistance to major selective herbicides. Importantly for the approach taken
in this study, almost all populations tested had susceptibility remaining to at least one
post-emergent selective herbicide. Therefore, the complete exhaustion of the stock of
post-emergent selective herbicides remains rare. N o association was found between
ryegrass density and resistance status, suggesting that growers were mamtoining ryegrass
with c o m m o n forms of resistance at relatively low densities by using alternative practices.
This indicates that, consistent with the modelling analyses of Pannell and Zilberman
(2001), the cost of the c o m m o n forms of resistance is more likely to be attributable to the
cost of using alternative practices rather than the ongoing cost of yield loss incurred as a
result of higher weed densities.
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These fmdings, and concepts of resource and production economics, contribute to the
framework presented for understanding growers' weed management decisions (Chapter
4). The stock of available herbicides is treated as a potentially exhaustible resource, with
growers choosing the optimal level of herbicide use and I W M practice use to maximise
returns over time. M a n y sources of uncertainty are identified.
A survey of Western Australian grain growers demonstrated a generally high awareness
of herbicide resistance, with the average grain grower generally holding perceptions
consistent with research and field experience. This m a y be attributed to the high
proportion of growers (71 per cent of those surveyed) w h o have observed the
development of herbicide resistance on then property. Opportunities for information to
facilitate improved decision-making are evident. However, as there was a substantial
level of dispersion in growers' responses. General misperceptions about aspects of the
resistance problem were evident in some cases. Most notably, the perceived probability
of resistance reversion and the probability of a n e w m o d e of action ryegrass herbicide
becoming available within the next three seasons appeared to be over-estimated by m a n y
growers.
Growers' past herbicide use and their expectations of future use, suggest that a rapid
increase in the occurrence of resistance is likely in the next few years. Past resistant
ryegrass development suggests that grower knowledge of a paddock's herbicide
application history is not likely to be a good predictor of w h e n resistance will develop.
Recognising that the relationship is stochastic m a y be a more effective extension
approach than making deterrriinistic statements of h o w m a n y applications can be used
prior to resistance developing.
In the longer term, growers expect herbicides to remain the primary mode of weed
control, with general herbicide use not expected to reduce over the next ten years despite
expectations of greater resistance development. A substantial proportion of growers
perceived resistance to have inter-paddock mobility, suggesting that growers m a y not
fully subscribe to the private property concept of 'raising and owning' their weed
management problem.
Independent of herbicide resistance status, all growers employ some practices that can be
classified as contributing to I W M . In general, the average grower's perceptions of I W M
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practice efficacy are consistent with research and field experience. This is generally also
the case for non-users of the practice, growers with no herbicide resistance, and growers
from a region with relatively low levels of herbicide resistance. However, no I W M
practice is perceived to offer greater efficacy or reliability than a post-emergent selective
herbicide. In general, herbicide-based practices were perceived to be more cost-effective
than non-herbicide-based I W M practices.
Based on use by growers and perceptions of efficacy and value, in Chapter 7 IWM
practices were classified into Primary and Secondary practices. Secondary practices are
those that m a y not be being used primarily for weed control and m a y not be rated highly
for then weed control efficacy or value. Growers with some level of herbicide resistance
on then property are more likely to also be using Primary practices.

These offer few

benefits other than weed control. Demonstrating the secondary characteristics of the
Primary I W M practices could be an effective approach to increasing the perceived
economic value of these practices in the farniing system and increasing adoption.
Logit and tobit regression techniques were used to demonstrate the importance of grower
perceptions in the adoption of I W M practices. While herbicide resistance status is clearly
a major determinant of I W M adoption, perceptions were also identified as being
important. Perceptions of I W M efficacy and value were influential in explaining I W M
adoption, so too were perceptions of the herbicide resource. Growers expecting the stock
of effective herbicides to be renewed by n e w herbicide technology in the near future were
less likely to be adopters. So too were growers with higher future discount rates. The
information-intensive nature of I W M adoption was demonstrated, with more educated
growers and growers with exposure to a greater number of information sources being
more likely to be I W M adopters. In general, an adopter-perception-based model, with
resistance conceptualised as a resource management problem, predicted a high proportion
of I W M adoption.
The role of information in influencing grower perceptions was examined using a Bayesian
learning framework described in Chapter 9. Based on this, the variance in the efficacy of
I W M practices and the high number of local 'neighbourhood' information sources
suggests that the influence of a classical top-down extension event m a y be limited. A s the
diffusion process is reasonably advanced for most I W M practices, most growers have
nearby adopters using the practice as a potential source of information.
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A n experiment examining the influence of a targeted extension event on perceptions
demonstrated both opportunities and limitations for extension to influence growers'
herbicide resistance management decision making, consistent with the Bayesian learning
model. The potential for a single extension event to correct misperceptions and influence
perceptions of the value of I W M practices was shown. W h e r e these perceptions were
k n o w n to be important in the adoption decision, increased intention to adopt was
observed. A s demonstrated in the previous chapter, there is the potential for targeted
information to improve grower decision-making and increase intended adoption of I W M
practices.

11.2 Implications of the study
The study has several implications for the grain production industry and the
understanding of the adoption of agriculturaltechnologies.It has previously been unclear
as to whether the concept of herbicide susceptibility should be conceptualized as a
potentially exhaustible resource (Jordan and Jannink, 1997). The results of this study
suggest that the management of herbicide resistance by Australian grain growers is
consistent with a resource management framework. It is also demonstrated that the
adoption of I W M practices can largely be explained on the basis of a rational economic
decision framework.
Perceptions related to profitability were shown to be important in determining adoption.
These include both technology-specific perceptions and perceptions relating to the
problem (herbicide resistance). Including specific perceptions in adoption models not
only recognises the learning process within the adoption decision but also allows for
influential perceptions most likely to be responsive to information to be identified. This
provides the ability to target extension to increase its influence in improving knowledge
and adoption. T h e approach was shown to be effective here, even though the diffusion
process was generally advanced beyond the stage w h e n the influence of extension is
k n o w n to be greatest. Making extension more effective becomes particularly important
w h e n the provision of information is one of the few available policy responses.
For researchers and extension agents, a challenge is to identify any misperceptions that
m a y exist. If increasing adoption is an objective, then an awareness of which perceptions
influence adoption decisions is also needed before information can be optimally targeted.
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In the absence of a detailed survey, an assessment of the factors likely to contribute to the
profitability of adoption should be useful. If effective information is available to be
delivered, the results of this study suggest that more rapid adoption can be achieved.
Knight et al. (1987) suggested that extension programs m a y be m o r e cost-effectively
evaluated by measuring changes in the perceptions k n o w n to influence profitability
compared to attempting to measure actual changes in adoption. This study provides some
support for the assumption that changes in key perceptions can be related to changes in
adoption behaviour.
For those with the objective of increasing IWM adoption and conserving the herbicide
resource, the study has highlighted some possible implications and opportunities:
• Growers are unlikely to adopt some practices, particularly 'primary practices',
until they gain higher levels of resistance. This is most likely due to then higher
cost relative to effective selective herbicides. 'Primary practices' generally offer
few benefits other than weed control. Several 'secondary practices', such as
stubble burning, can offer relatively low perceived weed control value but are
used widely in the absence of resistance due to then greater general value to the
farming system. S o m e opportunities appear to exist to place increased emphasis
on the broader economic value of some 'primary practices' in addition to then
role as herbicide resistance management 'tools'. Examples m a y include: the feed
value benefits of seed catehing; reduced frost-risk benefits of delayed seeding, and
the even crop maturation that results from croptopping.
• Growers in regions with relatively low levels of herbicide resistance (due to
historically less-intensive cropping) appear to be choosing a similar trajectory of
resistance development to those w h o have established resistance problems.
Indeed, the same factors that explain I W M adoption in a low resistance region
were shown to explain adoption in a higher resistance region. It is therefore likely
that n e w information and approaches to extension will be required if growers
currently with low levels of resistance are to adopt 'primary' I W M practices to
avoid the levels of resistance commonly experienced by m a n y growers. Indeed, it
m a y be necessary to accept that growers generally will not invest in a highly
conservative approach to herbicide use.
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•

Although m u c h attention is focused upon discoveries of n e w forms of herbicide
resistance and extreme cases of multiple resistance, typical cropping land on
typical farms has relatively low levels of resistance. That the resistance status of
cropping land is far from uniform, at both the regional and farm level, needs to be
recognised. Since m a n y farms have areas of cropping land with relatively high
levels of resistance and other areas with no or low level resistance, there m a y be
an opportunity to encourage use of practices used to manage resistant populations
to be extended to areas of the farm where herbicide resistance is yet to develop.
This requires the benefits of pre-emptive adoption to be demonstrated, which is
not straight forward given the difficulty of predicting when resistance will develop
and its future cost. However, this approach has the advantage of demanding little
additional investment in learning or capital costs since the practice has already
been adopted and most leaniing has occurred. Seed catching, once adopted, is one
of the few practices in this study that appears to be extensively used across most
cropping land.

• Very few growers have completely exhausted all post-emergent selective
herbicide options for any weed and therefore very few growers have experience
with the costs of this extreme level of herbicide resistance development. There
are some indications that growers m a y underestimate what the cost of such
resistance development might be (in the absence of new herbicide technology).
Information demonstrating the cost of managing a weed population in the absence
of post-emergent selective herbicides, relative to having at least one herbicide
option remaining (as most growers n o w have), could be effective.
• Expectations of herbicide technology development were shown to influence IWM
adoption.

Marketing and media reports occasionally suggest that new, and

sometimes old, herbicide products contain active ingredients with a n e w m o d e of
action that is unlikely to be affected by existing forms of resistance. Correcting
any misperceptions that m a y exist about n e w herbicide products and then
usefulness in managing resistant weed populations m a y increase growers'
perceived value of conserving the existing herbicide resource.
In the course of this study, methodologies were developed to enable the adoption of a
complex, multi-element innovation to be explained and understood. These include:
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• The first empirical application of an exhaustible resource framework to a weed
management problem.
• An index measuring resistance development incorporating the intensity and extent
of resistance development on a property.
• An index measuring the use of multiple IWM practices based on the extent of use
on a property.
• Recognising in an adoption model that IWM adoption is the selection of an
optimal subset of practices from a larger set of available practices.
• The use of principal component analyses to deal with the problems of relating
perceptions to the multi-element technology framework described above, and to
deal with multicollinearity.

11.3 Further work
Although the objectives of this study have been achieved, attention has been drawn to a
number of opportunities for further study. Beginning with the problem of herbicide
resistance management, several aspects of the resistance problem m a y be better
understood if subjected to further research. These include the following:
• A high proportion of growers perceived resistance to have inter or intra-farm
mobility. Limitations in the measurement of these perceptions did not allow
the importance of this factor to be fully investigated in this study. If growers
do perceive there to be a high probability that they will gain a resistance
problem regardless of then o w n management, then the possibility that some
growers are managing resistance in a manner consistent with a c o m m o n
property resource should be examined. Further study into the importance of
both the movement of resistance genes between management units and
perceptions of this phenomenon m a y be useful.
• The relatively low levels of resistance to other weeds and herbicides found to
be present justified this study's focus on ryegrass and post-emergent
selective herbicides. However, future herbicide resistance developments
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m a y demand that other forms of resistance be included in studies of I W M
adoption.

In Western Australian cropping, resistance in wild radish

(Raphanus raphanistrum) appears likely to become more widespread, and
possibly influential in I W M adoption.
• Although some insight was gained into the use of practices on cropping land
with or without a resistant population, the relationship between the practices
used on a unit of land on a farm and the resistance status of that land was not
comprehensively measured in this study. The potential for increasing the
extent of use of practices on a property m a y be better understood if the
relationship this relationship is evaluated in more detail.
• The learning experiment in this study was limited to a single extension event.
The event was relatively intensive and focused, but reached only a proportion
of all growers. M o r e cost-effective extension methods are likely to be
required than the one used here if targeted information is to directly influence
a wider range of growers is to be reached. Further work to evaluate h o w this
information can be effectively targeted at a broader range of growers would
help to determine the potential wider influence of this approach. The greatest
challenge appears to lie in reaching the proportion of growers with generally
very low integration into cropping information networks. These are likely to
be those with lower levels of resistance and in a position to take a more preemptive I W M adoption strategy.
Further work to improve the methodology for modeling the adoption of technology such
as I W M could include the following:
• Through lack of knowledge, inability, or unwillingness, in surveys some
perceptions are not elicited.

This can result in a proportion of unusable

observations. If lack of knowledge is the reason for a non-response it m a y be that
respondents w h o have the highest levels of uncertainty about the profitability of
the technology, or w h o are possibly unaware of its existence, become underrepresented in the sample. For studies in which increasing awareness of a
technology is a priority, the development of methods that allow the inclusion of

221

Chapter 11
the responses of those in these very early stages of the adoption process will be
beneficial.
• Composite indices derived from principal component analyses were used to
include perceptions of a multi-element technology and address multicollinearity.
This approach has the disadvantage of making it difficult to identify the influence
of element-specific perceptions on adoption. Improved econometric methods to
deal with this problem will aid further studies of more complex technologies such
as I W M , for example, where growers adopt a subset of practices selected from a
larger set of available practices and variables relating to these individual practices
are often highly correlated.

11.4 Final remarks
Herbicide resistance has been shown to be an important influence on the adoption of
integrated weed management. A s cropping systems continue to rely upon herbicide use,
there is no doubt that herbicide resistance will become more widespread in Australia and
worldwide.

H o w farmers manage this problem will largely be determined by the

perceived relative profitability of herbicide use compared to alternative practices.
Extension has the potential to facilitate improved decision making about the optimal use
of the herbicide resource over time. However, existing stocks of herbicide susceptibility
will continue to be depleted. Yet, the general confidence of farmers in the development
of n e w herbicide technology means that few expect the exhaustion of herbicide
susceptibility or a large shift away from herbicide-dependent cropping systems. This
suggests an ongoing role for herbicide resistance research and extension in achieving
profitable crop production.
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Below is the interviewer version of the 2000 questionnaire. Layout has been modified slightly to
aid formatting.

1.
2.
3.

Name(s):
Interviewer: R L
Date of interview:

RD

We will start with some general information about the farm before moving onto the weed
questions
4.

What is the total area of arable land that you manage?

5.

How much of this is leased?

6.

How much of your arable land has been cropped continuously (ie a crop on it every

ac/ha

over the past 5 years?

7.

a) Approximately h o w much of your total arable land will you crop this year? _

%

b) What do you think this figure would have been 10 years ago? %
c) What do you think this figure will be in 4 years time? %

8.

Compared to now, h o w many herbicide applications do you expect to be using on your
cropping land in 10 years time?
Much
less

1

2

3

4

5

6

7

Much
more

The
Same
If other than 4, What are your main reasons for this expected change?

The next question is common for these types of surveys where we are looking at some of the
economic factors involved with farming.

9. Assume growers have been offered a bonus. You are offered a choice of a $10 000 lump s
now or a larger lump sum amount in 5 years time. Considering the farm's current business
position, how much would the payment in 5 years time need to be for you to prefer this
instead of $10 000 now: For example, if it was $12000 what would you choose? So, what
would the amount in 5 years time need to be? $
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10.

For this next question and for referring to in some later questions w e need to identify a
cropping paddock on your farm which is most typical of your cropping paddocks. That
is, the paddock which is most representative of cropping land on your farm in terms of
size, soil, weed spectrum, cropping history etc. What's the n a m e of the paddock you
have in mind?

This question needs you to think about herbicide resistance and what it means to how you
might value farming land. Assume you wanted to buy 500 ac (200 ha) of land just like
your typical paddock and the land mentioned below is the only land available. Assume
that for all of the cases below it is neighbouring land and just like your typical paddock in
terms of weed numbers, soil etc except for what I say about herbicide resistance.
a) What is the most you would be willing to pay per acre if it had the same herbicide
history, weed and resistance levels, and soil as your typical paddock
b)

$

W h a t is the most you would be willing to pay if you knew it had never had any herbicides
applied to it (remember it is just like your typical paddock in terms of weed numbers, soil
etc)

c)

$

W h a t is the most you would be willing to pay if you knew that, because of resistance,
fops such as Hoegrass & Fusilade will not control any of the ryegrass (show herbicide
list)

d)

$

What is the most you would be willing to pay if, as well as fop resistance, Group B
herbicides like Glean & Logran will not control any of the ryegrass

e)

$

What is the most you would be willing to pay for this land if you knew that, as well as
fop and Group B resistance, dims such as Sertin, Achieve & Select will not control any of
the ryegrass

0

$

What is the most you would be willing to pay if you knew that, as well as all those
mentioned above, glyphosate would not control any of the ryegrass

g)

What is the most you would be willing to pay if no herbicides at all would control the
ryegrass $

Looking back over these figures do you want to make any changes?
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11.

Figures from 1996-99 show that the average W A farmer achieved an average gross
margin of about $70 off every hectare of arable land. (If not happy with this figure, ask:
W h a t amount is more realistic? $

) If you couldn't use any herbicides at all on

your farm and could only use non-herbicide weed control methods what do you think this
figure would be? $

/ha

Now we'll look at how valuable you think some of the individual weed management practices
are.
12.

N o w consider the practices below, thinking of all the direct and indirect costs and
benefits involved in using these practices, including things like time, equipment,
reliability and effects on the soil. Compared to using an effective selective herbicide,
h o w do you rate then value in making your ryegrass weed management more costeffective and efficient. Use the scale shown, (read out each practice and write score in
column) Repeat underlined to stress value.
^ _

M u c h less
valuable

1

2

3

4

5

6

7

8

9

M u c h more
valuable

As valuable
as an effective
selective
herbicide

Practices

Value score

A n e w herbicide just like Hoegrass but with no resistance
Cultivation to kill weeds
Pre-sowing glyphosate and paraquat as a double knock (not a tank mix)
2 week extra delay after the normal seeding time, followed by a
knockdown
Using trifluralin in a wheat crop
A high wheat seeding rate
Croptop a lupin crop prior to harvest using a knockdown herbicide
A chaff cart or seed catcher to collect weed seeds at harvest and burning
or removing collected seed
Green or brown manuring a crop
Burning crop stubble (whole paddock)

227

APPENDIX A: Questionnaires
13.

a) Consider the use of the following practices on your farm:

Practice

Have you used

D o you intend to use this

If N O ,

this practice on

practice this year? If Y E S :

Are you likely

your farm in

O n what % of this year's

to use it within

the past 4

cropped area do you expect to

the next 4

years?

use it

years,

A u t u m n tickle to stimulate weed
germination
Cultivation to kill weeds

Deliberately delay seeding for 2
weeks or more after your normal
seeding time for weed control
purposes
Use glyphosate and paraquat as a
'double-knock' for ryegrass
control (not tank mix).
No-till seeding

G r o w a green or brown manure
crop
G r o w a hay or silage crop

Croptopping a crop using
glyphosate or paraquat prior to
harvesting
A chaff cart or seed catcher to
collect weed seeds at harvest
Burn crop stubble (whole
paddock)
Spraytop a pasture with a non-

as a % of pasture on arable land

selective herbicide

b) Are there any other weed control practices you have used on the farm in the past 4
years (other than normal herbicide use)? Show list.
1.
228

2.

3.

4.
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c) Are there any other practices that you are likely to use in the next 4 years?

14.

a) W h a t will be your average wheat seeding rate this year?

kg/ha

b) O n what percentage of this year's total cropped area will you sow wheat at this rate or
higher?

%

c) W h a t was your average wheat seeding rate about 5 years ago?
d) W h a t do you think it will be in 4 years time?

kg/ha

kg/ha

Now we'll look at how effective you think some ryegrass control practices are, or would
be, on your farm.

15. If you used the following weed control practices on a typical paddock, think about the
reduction in ryegrass you would expect. Whether you have used them or not doesn't
matter, it's what you might expect that we're after. Assume that you still use your other
practices, so just consider the effect of using versus not using this practice. Note if too
uncertain.
Practice

The most likely

Highest %

Lowest %

For those below give the % you think ryegrass seed

% reduction you

you might

you might

would expect

expect

expect

production will be reduced by
Burning crop stubble (whole paddock)
Croptop a lupin crop prior to harvest using a
knockdown herbicide
Green or brown manuring a crop
A chaff cart or seed catcher to collect weed seeds at
harvest and burning or removing collected seed
A high wheat seeding rate

For the rest give the % you think the amount of ryegrass in the crop will oe reduced by:
Cultivation to kill weeds
Pre-sowing glyphosate and paraquat as a double
knock (not a tank mix)
2 week extra delay after the normal seeding time,
followed by a knockdown
Using trifluralin in a wheat crop
A n e w herbicide just like Hoegrass but with no
resistance
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Now we will move on to some questions looking at herbicides & resistance.
16. When you consider last year's cropping program and your plans for this year, what do

you think is the average number of applications of herbicides, of any type, that you apply t

crop paddock per year. Include knockdowns, pre-emergents & post-emergents and all herbicides
in tank mixes which are applied at a rate which would provide kill on then own.
a) Average number of applications n o w
b) W h a t do you think this figure was 4 years ago_
c) What do you think it might be in 4 years time.
17.

Since 4 years ago has your average number of applications of Group A & B herbicides for

ryegrass control, greatly reduced to greatly increased, using the scale here (show
herbicide list):
Greatly
Reduced

1

2

3

4

5

6

7

Greatly
Increased

Stayed
the
Same

18.

a) Over the next 4 years do you think your average number of applications of Group A &
B herbicides for ryegrass control will:

Greatly
Reduce

1

2

3

4

5

6

7

Greatly
Increase

Stay
the
Same
b) If not 4. What are the main reasons for this expected change

19.

Since 4 years ago has your average number of applications of glyphosate on your

cropping land:
Greatly
Reduced

1

2

3

4

5

6

7

Greatly
Increased

Stayed
the
Same
20. Over the next 4 years do you think your average number of applications of glyphosate on
your cropping land will:
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1

Greatly
Reduce

3

2

4

6

5

7

Greatly
Increase

Stay
the
Same

21.

a) D o you think that you have any paddocks with significant numbers of herbicide
resistant weeds on your farm?
b) If YES or UNSURE,
Ryegrass

YES /N O /UNSURE

what weeds & resistance to what herbicides? (tick)
Group A

fops: ( ) Hoegrass
dims: ( ) Sertin or Achieve ( ) Select

Other

Wild Radish

Group B's

( ) Glean/Logran

Group B's

( )

Other
Other weeds

c) IF YES TO ABOVE:

In which year did youfirstnotice a herbicide resistant weed

population on your farm 19

. What weed was resistant?

and to what

herbicide

22. a) What proportion of your cropping land has a significant herbicide resistant ryegra
population. That is, where a herbicide that once worked is no longer effective enough on
ryegrass to be worth using for ryegrass control?

Using this definition,

b) What amount has a Hoegrass (or other Group A ) resistant ryegrass population.
c) What amount of your cropping land has a Glean or Logran resistant ryegrass
population
23.

a) Have you tested weeds on your farm for herbicide resistance Y E S / N O
b) If Y E S , from what percentage of your cropping paddocks have weeds ever been
tested %

(Lab or in-paddock strip tests)

If more than 50% of farm has Hoegrass resistance, got to 25, if not, do 24.
24.

Think about your previous herbicide use on the farm and what will happen if you
continue with your current plans for weed management. D o you think there might be a
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time in the future when half or more of your cropping land has a Hoegrass resistant
ryegrass population, such that Hoegrass can no longer be used to control the ryegrass in
those paddocks? Y E S / N O

If YES:

a) How many years from now do you think this is most likely to occur years
b) W h a t would be the very Earliest time you would expect this

years, and the very

Latest?
( ) Too uncertain

25. Assume you have a paddock that has never been treated with any herbicides. If the only
herbicide you applied was Hoegrass, once a year, every year, think about h o w long it
would take before this population became resistant, such that Hoegrass can no longer be
used to control the ryegrass.
a) H o w many years from n o w do you think this is most likely to occur
b) What would be the very Earliest time you would expect this

years

years, and the very

Latest?
( ) Too uncertain

26. Assume you have another paddock that has never been treated with any herbicides. If
you applied Glyphosate once a year, every year, think about h o w long it would take
before this population became resistant, such that Glyphosate can no longer be used to
control the ryegrass?
a) H o w many years from n o w do you think this is most likely to occur
b) What would be the very Earliest time you would expect this

years

years, and the very

Latest?
( ) Too uncertain

27. Say you have a paddock where 50% of the ryegrass plants are resistant to Hoegrass and
you stopped cropping and using any herbicides on that paddock for 5 years. H o w likely
do you think it is that after the 5 years the percentage of resistant plants will have fallen
from 5 0 % to less than 10%? What do you think is the chance out of 10 that this will
happen?: (assume the paddock is grazed):
N o chance at all 0 1 2 3 4 5 6 7 8 9 10 Certain to happen
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28.

If you have a paddock with no resistant ryegrass and you don't use any herbicides on it,
h o w likely do you think it is that within 10 years the paddock will still end up with a
herbicide resistance problem through other ways such as pollen flow, resistant seed
blown or brought in for example? W h a t do you think is the chance out of 10 that this will
happen?:
N o chance at all 0 1 2 3 4 5 6 7 8 9 1 0

Certain to happen

29. Consider the possibility of a new herbicide becoming available that is able to be used in
crop and controls ryegrass that is resistant to any present herbicide.
a). W h e n do you think it is most likely that such a n e w herbicide will become available?
H o w m a n y years from now?
b). W h e n would be the very earliest you would expect

years, and the very latest

years.
This next section has a few questions about individual paddocks (skip 30 if farm has no
resistance)
30. a) Think of the cropping paddock on your farm which has the most serious herbicide
resistance problem. W h a t is the name of this paddock?

(give

herbicide list)
hi this paddock, to which herbicides is ryegrass showing resistance (tick—score):
Group A fops?

( ) Hoegrass ( )

Group A dims?

(..) Sertin or Achieve ( )

Group B's?

( ) Glean or Logran ( )

( ) Select ( )

Others:

b) Compared to when there was no resistance to these herbicides on this paddock, how
would you describe the herbicide's effectiveness on ryegrass now: (read out herbicide
name and write score alongside)
1. Less effective but worth using 2. Much less effective and not worth using

c) Do any other weeds show resistance in this paddock? (if YES give details)
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31.

a) N o w think of your typical paddock again, which you said was (name)
hi this paddock, to which herbicides is ryegrass showing resistance (tick—score):
Group A fops: ( ) Hoegrass ( )

Group A dims: ( ) Sertin or Achieve ( )

( )

Select ( )
Group B's:

( ) Glean or Logran ( )

Others:

b) Compared to when there was no resistance to these herbicides on this paddock, how
would you describe the herbicide's effectiveness on ryegrass now: (read out herbicide
name and write score alongside)
1. Less effective but worth using 2. Much less effective and not worth using

32. Do any other weeds show resistance in this typical paddock (to
what)?
33.

N o w think of the herbicide history of this typical paddock (name) or use records if you
have them.

a) How many Group A fop applications has this paddock received (or did it receive
before you stopped using it for ryegrass control because of resistance)?
Count each application even if there were 2 in a year and count fop/dim mixes as a dim.

b) How many Group A dim applications has this paddock received (or did it receive
before you stopped using it for ryegrass control)?
c) H o w certain are you that the application numbers you have stated above are correct
Extremely
Uncertain

1

2

3

4

5

6

7

Extremely
Certain

d) H o w many Glyphosate applications has this paddock received?.
e) H o w certain are you that this number is correct:
Extremely
Uncertain
34.

1

2

3

4

5

6

7

Extremely
Certain

O n this typical paddock (name) h o w many more applications of the following herbicides
do you think it will take before it will not be worth using on the paddock for ryegrass
control because of resistance? (only if not rated 4 or 5 already)
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Herbicide

Most likely number

Least number of

Most number of

of additional

apps. you might

apps. you might

applications

expect

expect

Hoegrass
Select (assume no
more fop applications)

Glyphosate
( ) Too uncertain

35.

a) For this typical paddock (name) w e will look at the cropping history over the past 4
years and the most likely rotation for the next 4 years (show herbicide and IWM lists)
Herbicides Applied

Year

Crop

Knockdowns

Pre-emergent

Post-emergent

Other eg crop/spraytop &
summer

1996

1997

1998

1999

2000
2001
2002
2003

Sum the total number of herbicide applications. Include each of multiple applications and thos
in mixes.
b) So on this paddock, for the past 4 years you used a total of:
total all herbicide applications.
total Group A & B applications for ryegrass control
total glyphosate applications
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c) Thinking about whether you expect to use more, less, or about the same amount of
herbicide on this paddock over the next 4 years, what number of applications do you
think will be most likely for the next 4 years:
total all herbicide applications
total Group A & B applications for ryegrass control
total glyphosate applications

36. Looking back to where you listed the practices used on the farm. Which of these haven'
you used on this typical paddock in the past 4 years (go back to Q12 and read out
practices used, including those stated in 13b.)
Practices not used on typical paddock: 1

2.

3.

37. a) On average what percentage of your farm income comes from cropping? %
b) hi 10 years time what do you think this figure will be?

%

c) What is the main reason for this change?

.

38. Over the past 5 years, on average, what percentage of your crops have you insured %

39. If I surveyed 100 randomly chosen cropping paddocks from within 20 kilometres of here,
in h o w many do you think there would be a resistant ryegrass population where Hoegrass
would no longer be worth using for ryegrass control?

paddocks.

40. Of the 10 farmers nearest to you, are you aware if any use the following practices:
Seedcatching or chaff carts Y / N

Crop topping Y / N

sowing Y IN High wheat seeding rates Y / N

2 weeks delayed

Green/brown manure Y / N,

Stubble burning Y / N
No-till cropping Y / N
41. How many of the 10 do you know have a herbicide resistant weed population in any of
then paddocks?

/10.

42. a) Do you pay an agronomist or consultant who gives you weed management advice

YES/NO
b) If Y E S : For h o w may years have you paid an agronomist/consultant?
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c) Does your agronomist/consultant work for a company that sells herbicides? YES/NO
/UNSURE

43. a) Do you get weed management advice from an (other) agronomist? YES/NO
b) If YES: Does this agronomist work for a company that sells herbicides? YES/NO
c) H o w many times in the past 12 months did such an agronomist visit your farm?_ times

44. In the past 12 months, how many times did you attend a farmer-led group meetin
usually discusses cropping issues?

times

45. hi the past 12 months, how many times did you attend seminars or field days tha
involved hearing sessions on herbicide resistance and weed management

times

46. Are you a subscriber or member of:
Kondinin Group Y E S / N O Australian Grain Magazine Y / N

WANTFAY/N

I A M A Technical Topics Y E S / N O Ralph Burnett's C P C Newsletter Y E S / N O

47.

Has anyone involved with managing the farm completed a university degree or diploma
YES/NO

48.

Would you mind indicating your age group?

<25

25-34

35-44

45-54

55-64

65.

2.

3.

4.

5.

6.

1.

49.

If you needed temporary hired labour to help with your cropping program do you think
suitable labour would be available:!. Always 2. Often 3. Sometimes 4. Rarely 5. Never

50.

For how many more years do you expect to be working on this farm?

51.

Will a member of your family continue farming on this property after you leave or retire?

years

Use the scale shown:

Certainly
Yes

52.

1

2

3

4

5

6

7

Certainly

No

If new evidence made you absolutely convinced that there were no health risks associated
with herbicides, would you change the amount of herbicide you used? Y E S / N O
If YES, Would you use: 1. Slightly more 2. A fan bit more 3. Much more
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53.

a) D o you think it would be be possible to completely eradicate ryegrass from one of your
typical paddocks?

YES / N O

b) How many years of preventing all ryegrass seed set do you think it would take to get a
ryegrass population down from say 1000 ryegrass plants per square metre to a point
where you could walk across the paddock and not see any ryegrass?

years

We'll just have a look at this issue again
54.

Figures from 1996-99 show that the average W A farmer achieved an average gross
margin of about $70 off every hectare of arable land. Assume this is thefigurefor your
farm (or you can suggest a more appropriate figure). If you couldn't use any herbicides at
all on your farm and could only use non-herbicide weed control methods what do you
think this figure would be? $

/ha

Explain that results will be made available and a workshop will be held to present results and other weed
management information

55.

Are you interested in attending a free Vi day session on the latest in weed management
and herbicide resistance that will be held in Katanning/ Darwallinu in August or
September Y E S / N O
Any other comments:
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Below is the interviewer version of the 2001 questionnahe. Layout has been modified slightly to
aid formatting.

1.

Name (s):

2.

Interviewer: RL

3.

Date of interview:

4.

Approximate minutes from Katanning/Dalwallinu.

5.

A s an average of the past two years, h o w many adult livestock do you run in winter?:

MO

a) Sheep

b) Cattle

(include all weaned animals).

What do you think these numbers will be in 4 years time?
c) Sheep

d) Cattle

(assume no change in farm size)

a) Has your farm size changed since the last survey? YES / NO
if Y E S , what is the new total arable area?
b) Approximately h o w much of your total arable land will you crop this year?
c) What do you thmk thisfigurewill be in 4 years time?
7.

%

%

Compared to now, h o w many herbicide applications do you expect to be using on your
cropping land in 10 years time?
[uch
less

1

2

3

4

5

6

7

Much
more

The
Same
If other than 4, What are your main reasons for this expected change?
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N o w consider the practices below, thinking of all the direct and indirect costs and

8.

benefits involved in using these practices, including things like time, equipment, reliability and
effects on the soil. Compared to using an effective selective herbicide, h o w do vou rate then
value in making vour ryegrass weed management more cost-effective and efficient. Use the
scale shown, (read out each practice and write score in column) Repeat underlined to stress
value.

M u c h less
valuable

+
1

^

2

3

4

5

6

7

8

w

9

M u c h more
valuable

As valuable
as an effective
selective
herbicide

Practices
A n e w herbicide just like Hoegrass but with no resistance
Cultivation to kill weeds
Pre-sowing glyphosate and paraquat as a double knock (not a tank
mix)
2 week extra delay after the normal seeding time, followed by a
knockdown
Using trifluralin in a wheat crop
A high wheat seeding rate
Croptop a lupin crop prior to harvest using a knockdown herbicide
A chaff cart or seed catcher to collect weed seeds at harvest and
burning or removing collected seed
Green or brown manuring a crop
Bunting crop stubble (whole paddock)
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9.

a) Consider the use of the following practices on your farm:

Practice

Did you

D o you intend to use this practice

If N O ,

use the

this year

Are you

practice

If Y E S :

likely to use

on your

O n what % of this year's cropped

it within the

farm last

area do vou expect to use it

next 4
years,

year?
Autumn tickle to stimulate weed
germination
Cultivation to kill weeds

-

Deliberately delay seeding for 2
weeks or more after your normal
seeding time for weed control
purposes
Use glyphosate and paraquat as a
'double-knock' for ryegrass control
(not tank mix).
No-till seeding

G r o w a green or brown manure crop

G r o w a hay or silage crop

Croptopping a crop using glyphosate
or paraquat prior to harvesting
A chaff cart or seed catcher to
collect weed seeds at harvest
B u m crop stubble (whole paddock)

Spraytop a pasture with a non-

as a % of pasture on arable land

selective herbicide

b) Are there any other practices that you are likely to use in the next 4 years? (show list)
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10. a) W h a t will be your average wheat seeding rate this year?

kg/ha

b) On what percentage of this year's total cropped area will you sow wheat at this rate or
higher?

%

c) W h a t do you think your average wheat seeding rate will be in 4 years time?_kg/ha

11. If you used the following weed control practices on a typical paddock, think about the
reduction in ryegrass you would expect. Whether you have used them or not doesn't
matter, it's what you might expect that we're after. Assume that you still use your other
practices, so just consider the effect of using versus not using this practice. Note if too
uncertain
The most

Highest %

Lowest %

likely %

you might

you might

ryegrass seed production will be reduced

reduction you

expect

expect

by

would expect

Practice
For those below give the % you think

Burning crop stubble (whole paddock)
Croptop a lupin crop prior to harvest
using a knockdown herbicide
Green or brown manuring a crop
A chaff cart or seed catcher to collect
weed seeds at harvest and burning or
removing collected seed
A high wheat seeding rate
For the rest give the % you think the amount of ryegrass in the crop will be reduced by:
Cultivation to kill weeds
Pre-sowing glyphosate and paraquat as a
double knock (not a tank mix)
2 week extra delay after the normal
seeding time, followed by a knockdown
Using trifluralin in a wheat crop
A new herbicide just like Hoegrass but
with no resistance
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12.

W h e n you consider your cropping plans for this year, what do you think is the average
number of applications of herbicides, of any type, that you will apply to each crop
paddock in the year. Include knockdowns, pre-emergents & post-emergents and all
herbicides in tank mixes which are applied at a rate which would provide kill on then
own.
a) Average number of applications this year
b) W h a t do you think it might be in 4 years time

13.

a) Over the next 4 years do you think your average number of applications of Group A &
B herbicides for ryegrass control will (show herbicide list):

Greatly
Reduce

1

2

3

4

6

5

7

Greatly
Increase

Stay
the
Same
b) If not 4. What are the main reasons for this expected change.
14.

Over the next 4 years do you think your average number of applications of glyphosate on
your cropping land will:

Greatly
Reduce

1

2

4

3

6

5

7

Greatly
Increase

Stay
the
Same
15.

O n your farm, what percentage of this year's cropped land do you expect will receive a:

a) Group A application.

%

(show sheet)

b) Group B application for ryegrass control
c) A glyphosate application

%

%

Now consider the level of herbicide resistance on the farm.

16.

Have you discovered any new forms of herbicide resistance on your farm in the past 12

months eg another herbicide to which ryegrass or wild radish is resistant ? Y / N , if Y E S what?
Ryegrass resistant to:

b) Radish resistant to:

APPENDIX A: Questionnaires
17.

a) Has the proportion of your cropping land with a significant herbicide resistant

ryegrass population changed in the past 12 months. That is, did you discover more land on
which a herbicide that once worked is no longer effective enough on ryegrass to be worth using
for ryegrass control? Y E S / N O

If YES:

b) W h a t proportion of your cropping land n o w has a Hoegrass (or other fop) resistant
ryegrass population

%

c) W h a t proportion of your cropping land n o w has a Glean or Logran resistant ryegrass
population

%

18. a) Do you have an area on your farm that has ryegrass resistant to Select. YES / NO
If YES:
b) What proportion of your cropping land has a Select resistant population

%

19. a) Have you tested weeds on your farm for herbicide resistance in the past 12 months

YES/NO
(Lab or in-paddock strip tests)
b) Are you likely to test weeds on your farm for herbicide resistance in the next 4 years?

YES/NO
c) W h a t are your reasons for not doing more resistancetesting?1.

2.

3.

Now let's consider some hypothetical situations
20. Assume you have a paddock that has never been treated with any herbicides. If the only
herbicide you applied was Hoegrass, once a year, every year, think about h o w long it
would take before this population became resistant, such that Hoegrass can no longer be
used to control the ryegrass.
a) H o w many years from n o w do you think this is most likely to occur
b) What would be the very Earliest time you would expect this

years

years, and the very

Latest?
( ) Too uncertain

21. Assume you have another paddock that has never been treated with any herbicides. If
you applied Glyphosate once a year, every year, think about h o w long it would take
before this population became resistant, such that Glyphosate can no longer be used to
control the ryegrass?
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a) H o w many years from n o w do you think this is most likely to occur
b) W h a t would be the very Earliest time you would expect this
Latest?

years

years, and the very

( ) Too uncertain

22. Say you have a paddock where 50% of the ryegrass plants are resistant to Hoegrass and
you stopped cropping and using any herbicides on that paddock for 5 years. H o w likely
do you think it is that after the 5 years the percentage of resistant plants will have fallen
from 5 0 % to less than 10%? What do you think is the chance out of 10 that this will
happen?: (assume the paddock is grazed):
No chance at all 0 1 2 3 4 5 6 7 8 9

10 Certain to happen

23. Consider the possibility of a new herbicide becoming available that is able to be used
crop and controls ryegrass that is resistant to any present herbicide.
a). W h e n do you think it is most likely that such a new herbicide will become available?
H o w many years from now?
b). W h e n would be the very earliest you would expect _ years, and the very latest _ years.

Applications and resistance

Now, last year we went in to detail on your paddock called. because we were after a
reasonably 'typical paddock'. What is the name of a different paddock, but one that you
still consider quite typical of your cropping land in terms of soil type, cropping history
etc. NAME:
24.

a) In this paddock, (name) to which herbicides is ryegrass showing resistance (tickscore):
Group A fops: ( ) Hoegrass ( )

Group A dims: ( ) Sertin or Achieve ( )

()

Select ( )
Group B's:

( ) Glean or Logran ( )

Others:

b) Compared to when there was no resistance to these herbicides on this paddock, how
would you describe the herbicide's effectiveness on ryegrass now: (read out herbicide
name and write score alongside)
1. Less effective but worth using 2. Much less effective and not worth using :
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c)..If you sprayed the ryegrass plants in the paddock with the recommended rate of
Hoegrass this season, on average what percentage do you think you would kill?
c) If you sprayed the ryegrass plants in the paddock with the recommended rate of Select
this season, on average what percentage do you think you would kill?

%

e) D o any other weeds show resistance in this paddock? (if Y E S give
details)

25.

N o w think of the herbicide history of this (name) paddock or use records if you have
them.
a) H o w many Group A fop applications has this paddock received (or did it receive
before you stopped using it for ryegrass control because of resistance)?
Count each application even if there were 2 in a year and count fop/dim mixes as a dim.
b) H o w many Group A dim applications has this paddock received (or did it receive
before you stopped using it for ryegrass control)?
c) H o w certain are you that the application numbers you have stated above are correct?

Extremely
Uncertain

1

2

3

4

5

6

7

Extremely
Certain

d) H o w many Glyphosate applications has this paddock received?.
e) H o w certain are you that this number is correct?
Extremely
Uncertain
26.

1

2

3

4

5

6

7

Extremely
Certain

O n this typical paddock (name) h o w many more applications of the following herbicides
do you think it will take before it will not be worth using on the paddock for ryegrass
control because of resistance?

Herbicide

Most likely number

Least number of apps.

Most number of

of additional

you might expect

apps. you might

applications

expect

Hoegrass (if not
resistant already)
Select (assume no
more fop applications)
Glyphosate

( ) Too uncertain
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Information
27. From what three sources did you get most of your information on weed management in
the past 12 months? 1
2
3
28. a) Did you pay an agronomist or consultant who gives you weed management advice in
the past 12 months YES /NO
b) How many times in the past 12 months did this person(s) visit your farm? times

29. a) Did you get weed management advice from an agronomist that you do not directly pay
in the past 12 months

YES/NO

b) H o w many times in the past 12 months did such an agronomist visit your farm?_ times
30. hi the past 12 months, how many times did you attend a farmer-led group meeting that
usually discusses cropping issues? times
31. In the past 12 months, how many times did you attend seminars, workshops, field days
or demonstrations that involved sessions on herbicide resistance and weed
management

times

32. Out of all of your sources of information in the past 12 months, what were the 3 most
valuable in terms of gaining weed management information?

1

2

3

Using the scale, to what extent do you agree or disagree with these statements (circle):
33. You are better off just waiting and dealing with resistance when you get it
A G R E E 1 2 3 4 5 DISAGREE
34. It is possible to avoid getting herbicide resistance
A G R E E 1 2 3 4 5 DISAGREE
35. I try at all times to prevent getting more resistance
A G R E E 1 2 3 4 5 DISAGREE
36. Herbicide resistance will never be a big issue on my farm.
A G R E E 1 2 3 4 5 DISAGREE
37. There will always be selective herbicides available to control ryegrass in our crops
A G R E E 1 2 3 4 5 DISAGREE
38. Hoegrass resistant ryegrass is a costly type of resistance
A G R E E 1 2 3 4 5 DISAGREE
39. I need more information on how to manage herbicide resistance
A G R E E 1 2 3 4 5 DISAGREE
40. Ryegrass is the most important weed on my cropping land
A G R E E 1 2 3 4 5 DISAGREE
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Content of reference sheets available to farmers during interviews

Other Examples of Practices for Ryegrass Control
• Growing barley for weed control purposes
• Swathing a crop lower than normal for weed control purposes
• Cutting low with spreaders off & burning header rows
• Chaff-top/Cyclone for placing seed on header rows
• Baling header rows for hay
• Pasture phase of 2 or more years
• Mechanical pasture topping
• Fallow
• Heavy grazing
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Herbicide Groups
GROUP A HERBICIDES

Fops: Hoegrass, Nugrass, Digrass, Rhino Verdict Targa Topik Fusilade Puma
Correct Detonate Gallant Assure

Dims: Sertin, Select, Achieve, Grasp, Fusion (includes fop), Falcon, Focu
GROUP B HERBICIDES (for ryegrass)
Glean, Chlorsulfuron, Logran, Triasulfuron, Nugran
GROUP L HERBICIDES
Paraquat, Gramoxone, Sprayseed,
Nuquat, Reglone, Diquat

GROUP M HERBICIDES
Glyphosate, Roundup, Touchdown

APPENDIX B: Description of IWM practices

Practice

Definition/Description

A u t u m n tickle

The use of scarification/cultivation (usually light) to stimulate weed
germination, allowing for a higher proportion of weeds to be killed nonselectively prior to seeding.

Barley for weed control

Barley is a crop that is relatively competitive against weeds (Matthews et al.,
1996). W e e d control can be a major reason for its use, as it also allows for
effective use of pre-emergent herbicides (i.e. trifluralin) and a shorter
growing season which allows for greater pre-seeding weed control

Catching/chaff cart

The use of a cart trailing the harvester to collect material including weed
seeds that pass through the harvester (in some cases sieved material is caught
in a bin fixed to the harvester). The captured material is then dumped and
often burnt.

Croptopping

The application of a non-selective herbicide (usually paraquat-based) to
mature or near-mature crops to reduce viable seed set in weed species.
Mainly performed in lupin crops.

Cultivation

The use of cultivation to kill germinated weeds.

Delayed seeding

Deliberate delay of crop seeding for two weeks or more to allow for
additional weeds to be non-selectively (in this case defined as a non-selective
herbicide) killed pre-seeding.

Doubleknock

Use of a second treatment to kill survivors to an initial treatment, in this case
defined as a glyphosate application followed by a paraquat-based application
to conttol weeds prior to seeding. The practice can provide higher levels of
pre-seeding weed control, yet not select for glyphosate resistance (Diggle and
Neve, 2001).

Harvest low-no spread-

A practice involving three stages whereby crop harvesting is performed at a

burn

lower than usual height to maximise the amount of crop residue and weed
material that passes through. Rather than being spread over the paddock this
is placed in rows that provide for greater fuel for greater fire temperature.

Hay

The production of hay from a crop. This is generally done prior to in-crop
weed maturation.
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Practice

Definition/Description

Heavy grazing

Timely intense grazing of paddocks not sown to crop with sheep can reduce
weed seed set and weed seed return to the seed bank.

High wheat seeding rate

High wheat seeding rates are used to produce a higher crop plant density that
can reduce yield loss due to weeds and suppress weed seed production

Fallow

The maintenance of land free of living plants using herbicide or cultivation
means, usually for a period in summer-autumn prior to crop seeding

Manuring

The pre-maturity sacrifice of a crop using herbicide (brown manuring) or
mechanical (green manuring) means to prevent weed seed set and return
organic mattertothe soil.

Mechanical pasture top

Seed set in pasture can be prevented or reduced by slashing the pasture prior
to weed maturity. Limits to the width of machinery mean that it tis usually
only performed on small areas.

Pasture phase (treated)

The use of a pasture phase of two years or more treated as above to reduce
the weed seed bank prior to a cropping phase.

Spraytop pasture

The application of a low rate of non-selective herbicide to pasturestimedto
reduce viable seed set in weed species.

Stubble burning

The burning of residue, usually in autumn,toreduce the level of organic
matter on the soil surface, including viable weed seeds. Defined here as the
burning of a whole paddock, as opposed to small heaps, or patches, of crop
residue.

Swathing for weed

S o m e crops, such as canola, are cut very near full maturity and left to dry in

control

rows to reduce seed shatter. This can reduce the amount of viable seed set.
For the purpose of additional weed control, the process can be done earlier
than usual, lower than normal, and in crops that do not usually require
swathing.

APPENDIX C: Supplementary data analysis relating to Chapter 8

Box 1 Correlation of perceptions of I W M practice efficacy and value (n=100)

Perceptions of value

1
d-knock
delay
seedrate
croptop
catch

|
|
|
|
|

manure |

d-knock
1.0000
0.3955
0.5421
0.4882
0.2320
0.3167

delay

1.0000
0.3366
0.4782
0.2928
0.4102

seedrate

croptop

catch

manure

1.0000
0.4141
0.3027
0.3398

1.0000
0.4746
0.3994

1.0000
0.2797

1.0000

Perceptions of percentage control (EV)
1croptop manure catch seedrate
croptop
manure
catchmn
seedrate
d-knock
delay

|
|
|
|
|
|

1.0000
0.3312
0.4410
0.2914
0.1455
0.3035

1
0
0
0
0

0000
0833
2041
0953
0061

1.0000
0.3012
0.1589
0.1659

1 0000
0 1750
0 2607

d-knock delay

1.0000
0.3850

1.0000

Table 1 Descriptive statistics for growers omitted from regression analyses'
Variable
PAST
CURRENT
NEXT
EXTENT

units
Binary
Binary
Binary
Index (%)

Mean
0.31
0.28
0.50
79.8

Std.
Dev.
0.47
0.46
0.51
58.6

Index (pc)
0.26
1.59
I W M Value
Index (pc)
1.26
-0.15
I W M Efficacy
Index (pc)
-0.28
1.53
I W M Certainty
0.04
Index (pc)
1.74
Resistance status
Binary
0.50
0.51
Region
20.6
%
61.8
Crop proportion
Years
15.6
10.31
Management horizon
Index
19653 8138
Discount rate
Binary
0.22
0.42
Education
0.04
Index (pc)
1.07
Information exposure
Years
3.82
N e w herbicide E V
6.80
N e w herbicide C V
%
21.0
11.0
Prob./10
3.70
3.40
Regression
Apps.
9.00
9.08
Herb, remaining E V
%
18.96 9.70
Herb, remaining C V
%
21.28 22.02
Cost of resistance
ProbyiO
4.65
Mobility
31
pc: index extracted from principal component analysis
a

Min.

Max.

Obs.

0
0
0
0

1
1
1
200

32
32
32
32

-2.99
-2.19
-2.01
-1.43

2.79
1.45
3.00
4.62

0
19
2

1
100
40

12000

50000

23
12
12
31
32
32
30
26
32
31
28
28
30
21
21
32
10

0

1

-1.25
1.70

2.68
17.30

4
0
2
0
0

58
9
40
51
75

3.07

0.50

N o significant difference in means was found between the 100 included growers (described in Table 8.2)

and those described here (based on t-tests P>0.05).
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Table 2

Logit regression results for the model of I W M practice use with all

perceptions of I W M practices included rather than composite variables (n=100).

l.Use! in Past 4 Years

2. Use in 2000

Explanatory variables

Coef.

s.e

P>lzla

Coef.

s.e

P>lzla

Resistance status

2.130

0.655

0.001

1.146

0.347

0.001

Crop proportion

0.063

0.035

0.071

0.045

0.028

0.110

Discount rate

-.00014

0.00010

0.178

-.000099

0.00082

0.230

Education

3.274

1.512

0.030

2.306

1.093

0.035

Information exposure

3.985

1.667

0.017

2.038

0.943

0.031

N e w herbicide E V

0.647

0.332

0.051

0.454

0.189

0.016

N e w herbicide C V

0.120

0.053

0.023

0.079

0.040

0.046

Doubleknock Value

-0.229

0.360

0.523

0.117

0.261

0.654

Delay Value

1.032

0.492

0.036

0.577

0.309

0.062

High rate Value

1.045

0.514

0.042

0.634

0.324

0.050

Croptop Value

0.339

0.520

0.515

0.093

0.411

0.821

Catch Value

-0.412

0.544

0.449

-0.217

0.316

0.492

M a n u r e Value

0.518

0.358

0.148

0.152

0.248

0.538

Doubleknock Efficacy

0.026

0.029

0.363

0.016

0.023

0.487

Delay Efficacy

-0.014

0.026

0.593

0.014

0.020

0.494

High rate Efficacy

0.030

0.038

0.427

-0.010

0.027

0.713

Croptop Efficacy

0.099

0.050

0.048

0.099

0.039

0.012

Catch Efficacy

0.157

0.071

0.027

0.047

0.042

0.259

M a n u r e Efficacy

-0.031

0.037

0.401

-0.031

0.029

0.294

Doubleknock Efficacy

0.026

0.029

0.363

0.016

0.023

0.487

Constant

-35.185

11.008

0.001

-21.541

5.771

0.000

Log likelihood

-21.2

-27.8

Pseudo R 2 "

0.688

0.59

Model Chi 2

93.56

79.0

Level of significance

0.000

0.000

% predicted correctlyb

92 (90/93)

92 (88/95)

P-values (P > Izl) are for tests of H o that the coefficient is zero
a

Pseudo R 2 is based o n the log-likelihood ratio, with 1 being perfect prediction

.Percentage of growers classified correctly (sensitivity/specificity). Sensitivity is the percentage of users
classified correcdy, specificity is the percentage of non-users classified correctly.
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APPENDIX C: Supplementary data analysis relating to Chapter 8

Table 3 Tobit regression model for extent of IWM practice use (EXTENT) with a
perceptions of I W M practices included rather than composite variables.

Explanatory variables
Resistance status
Discount rate
Education
Information exposure
N e w herbicide E V
N e w herbicide C V
Doubleknock Value
Delay Value
High rate Value
Croptop Value
Catch Value
M a n u r e Value
Doubleknock Efficacy
Delay Efficacy
High rate Efficacy
Croptop Efficacy
Catch Efficacy
M a n u r e Efficacy

Tobit Censored Regression
P>ltl
Coefficient
s.e.
0.000
3.511
15.65
0.185
0.00071
-0.0009
0.032
12.133
26.412
0.012
7.741
19.97
0.003
1.795
5.413
0.099
0.792
0.475
0.325
3.469
3.435
0.015
3.130
7.793
0.001
3.415
12.257
3.932
0.711
-1.463
0.065
3.093
5.778
0.408
2.374
2.857
0.520
0.268
0.173
0.530
0.160
0.253
0.904
0.306
-0.037
0.112
0.655
0.408
0.430
0.255
0.493
0.320
0.536
-0.199

Constant
-164.04
40.965
44.996
Regression s.e.
-478.67
Log likelihood
0.086
Pseudo R 2
89.46, P<0.00()
M o d e l Chi 2
n=100,10 left-censored observations at 0.

0.000

Table 4 O L S regression model for extent of I W M practice use (EXTENT).

Explanatory variables
r W M Value
Percentage control E V
Resistance status
Discount rate
Education
Information exposure
N e w herbicide E V
N e w herbicide C V

O L S Regression
s.e.
Coef.
18.0
3.37
10.0
3.90
3.47
14.9
-0.0012
.0007
19.6
12.15
14.3
7.50
6.28
2.00
0.68
0.48

t
5.34
2.58
4.30
-1.67
1.61
1.91
3.15
1.41

P>ltl
.000
.012
.000
.099
.111
.060
.002
.161

52.2
Constant
21.6
2.42
.018
Regression s.e.
RootMSE
47.71
Log likelihood
R2
.51
2
Pseudo R
Pseudo R 2
.46
Model Chi 2
F(8,81)
10.4 P < 0.0001
n=90,10 left-censored observations (at 0) omitted from original data set.
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APPENDIX D: Supplementary data analysis relating to Chapter 9

Table 1 T h e relationship between measures of information exposure of growers
and Region and Herbicide resistance status, based on O L S regressions.

Explanatory variables
Region

H R Status
F-value

Rz

Dependent variables'

Coeff.

s.e.

Coeff.

s.e

Cons.

Obs.

Visits by agronomist

-0.91

0.95

2.50

0.96*

2.81

4.74*

.07

131

-0.59

0.84

3.08

0.85***

4.00

7.86***

.11

132

-0.14

0.26

0.79

0.26**

1.71

5.24**

.08

132

-0.09

0.13

0.56

0.14***

-0.28

9.86***

.13

131

(COAGRON)
Field days and
seminars attended
(GROUP)
Publication
subscriptions
(PRINT)
Information exposure
index
C O A G R O N : corrimercial agronomist visits per year; G R O U P : the number of field days or cropping-related
meetings attended; PRINT: subscriptions to publications that often contain weed management information.
*P<0.05;**P<0.01;***P<0.001
a

As described in Chapter 8

Table 2 T h e relationship between use of an agronomy consultant and the use of
herbicide resistance testing and Region and Herbicide resistance status, based on
logit regressions.

Explanatory variables
Region

H R Status

Dependent variables

Coeff.

s.e.

Coeff.

s.e

Cons.

Chi2-value

Obs.

Use of agronomy

0.35

0.37

0.96

0.38*

-0.49

6.79*

132

-1.73

0.45***

2.23

0.52***

-1.24 47.1*** 132

consultant ( C O N S U L T ) a
Use of resistance testing

C O N S U L T : agronomy consultant use, as described in Chapter 8
*P<0.05;**P<0.01;***P<0.001
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APPENDIX E: Workshop program

Farmer workshop program: Katanning & Dalwallinu 2001
'Managing weeds and herbicide resistance in your local area'
Katanning Monday 9th l-5pm; Tuesday 10th 8.30am-12.30pm
Dalwallinu Wednesday 11th l-5pm; Thursday 12th 8.30am-12.30pm
General Program:
8:30-8:40 Welcome/Introductions/Outline RL
8:40-8:50 The extent of herbicide resistance & IWM use in the area - results RL
8:50-9:00 Resistance development & IWM use:
background & international context SP
9:00-9:15 Local perceptions of HR factors RL
9:15-9.40 Latest on: New herbicide development; reversion of resistance in
ryegrass: shots until resistance SP
9:40-9:55 Local perceptions of IWM efficacy/reliability RL
9:55-10:25 Latest in: Efficacy of high seed rate, green manure, croptopping, seed
catching SP, V S
10:25-10:45 Break (move to computers)
10:45-10:55 An introduction to RIM: Ryegrass Integrated Management program VS
10:55-11:10 Using local results in RIM VS/RL
(chance for repetition of I W M efficacy, shots until resistance & other
information-show figures used)
11:10-11.35 The best 10 year strategy with no selective herbicides available - RIM
team game (VS facilitator)
11:35-12:00 The best 10 year strategy with some herbicides (4 group A shots)
available - R I M team game (VS facilitator)
12:00-12:15 Declare winners, compare gross margins VS/RL
12:15-12:25 Summary & Conclusions SP/RL

R L : Rick Llewellyn
SP: Professor Stephen Powles (Director Western Australian Herbicide Resistance
Inititative, University of Western Australia)
V S : Vanessa Stewart (Department of Agriculture)
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