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Summary. The range of factors affecting decisions on efficient weed control strategies are
reviewed. They include weed density, weed competitiveness, herbicide damage to crops, weed
seed carryover, crop yield potential and development of herbicide resistance. Areas where
increased research effort is most likely to improve weed control decisions by farmers are
identified by reference to studies of the economics of weed control. Herbicide efficiency,
phytotoxicity and non-chemical control are identified as high priority areas for further research.
Research on weed biology and population dynamics in relation to herbicide resistance is
required. However the extension of strategies which are already known to help reduce
resistance should not be neglected. Delivery of weed control advice to farmers is discussed.

INTRODUCTION

Options for weed control in crops include use of herbicides (knock-down, residual and
selective), tillage and cultural practices, rotations with pastures or alternative crops and grazing.
There are many different options in each of these categories and for each of these options there
is the question of optimal timing. There are also limitless possibilities for combining control
strategies.

Apart from the enormous range of possible control strategies, decision making for weed control
is complicated by a large number of interacting and variable factors. These include the number
of weeds present, their competitive ability, crop damage caused by the control measures, yield
potential of the crop, build-up of herbicide resistance, interactions between mechanical and
chemical control, environmental effects on herbicide performance, and inter-year effects of
current control (both positive and negative).

Weed control decisions would be improved if we were able to predict these variables and their
interaction with greater accuracy. In some cases this will require further biological research.
However, much information is already accessible although not yet incorporated into appropriate
models.

Our aim is to review the efficiency of weed control to identify those areas in need of further
research. Discussion of "efficient" weed control requires that we consider the economics of
control measures. Finally we are concerned with weed control advice to farmers by both "low-
tech” and "high-tech" means.

COMPETITIVENESS OF WEEDS

Competition between crops and weeds has been reviewed recently by Poole and Gill (39).
They drew attention to the vast sums spent on herbicides in Australia with little idea of the effect
of weeds on the crop. Although this situation has improved in recent years for individual weed
species, information about yield loss from weed mixtures remains particularly scarce, despite
the fact that mixtures occur commonly in practice.

Mechanisms of crop-weed competition. Carlson and Hill (4) suggested that variation in the
competitive ability of wild oats could be attributed to height of wheat cultivar, nitrogen
fertilisation, available soil moisture and variation in wild oat species and biotypes. Variation in
tillering ability of wheat cultivars and relative time of emergence of crop and weed are also
likely to influence the competitive effect of the weed. Reeves and Brooke (41) found
differences between wheat varieties in their ability to compete with annual ryegrass; however
they could not correlate this with differences in height, tiller number or dry matter accumulation
between the varieties.
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Combinations of factors such as sowing date and rainfall are likely to affect the relative
emergence of crop and weed and the age structure of the weed population. Reeves and Brooke
found that ryegrass was more competitive in the later sown crops.

Wheat grain yields are reduced by wild oats through the reduction in numbers of tillers, and this
competitive effect can be reduced by increasing the density of the crop. However increasing the
wheat plant density beyond the weed-free optimum is not an agronomically sound practice if the
yield-density relationship is parabolic (Martin et al. 25). Ryegrass (Reeves 40, Lemerle et al.
20) and brome grass (Gill er al. 13) also reduce crop grain yield by decreasing fertile tiller and
fertile spikelet production.

Models for competition between crops and weeds. Cousens (7) tested a number of functional
forms and found that hyperbolic forms best fit published data on yield loss from weed
competition. Gill er al. (13) fitted an exponential curve to relate brome grass density to crop
yield loss and found that it gave similar regression fits to Cousens' favoured hyperbola.
Compared to wild oats (Martin et al. 25), Gill et al. found that brome grass was less
competitive at low and more competitive at high densities.

Kropff (17) has pointed out the limited generality of these empirical, static regression models
when applied to a single set of trial results. Pannell (35) attempted to overcome this by
including several trials in the regression and relating parameter differences to measured
characteristics of the trials such as weed-free yield and initial weed density. As another
approach to the problem, Kroppf (17) advocated the mechanistic dynamic simulation approach
developed by Spitters and Aerts (42). Martin et al. (25) found that the predictive ability of their
model varied when tested on independent data sets. They attributed this variation to changes in
the relative competitive ability of the crop and weed which resulted in significant variation in
values of model parameters. Kropff ez al. (18) and Cousens (8) have shown that one of the
most important factors causing this variation is the date of weed emergence relative to the crop.
More recently, Kropff (17) has proposed that relative leaf cover of weeds shortly after crop
emergence is a good indicator of the period between crop and weed emergence and can be a
useful predictor of final yield loss. Kropff claims that this relation has the potential to be
developed into a powerful tool for weed control advisory systems. The use of relative leaf
cover or dry matter determinations to supplement weed density measurements has the potential
for improving the accuracy of yield-loss predictions in Australian cropping systems.

Mixed weed populations in crops. The effects of various densities of barley, white mustard and
wild oats on the growth of each other were examined in a glasshouse pot experiment by Haizel
and Harper (15). They concluded that the effect of a mixture of weeds on a crop cannot be
predicted from the effects of the weed species acting separately.

Gill and Pannell (Pers. Comm.) carried out a field experiment at Avondale W.A. to examine the
effects on wheat yield of competition by wild oats and ryegrass each at four densities in a
factorial design. They found that the proportion of yield not lost through competition with each
weed could be multiplied to give reasonable predictions of yield with mixtures of the two weed
species present. No interaction of one weed species with the proportional yield loss due to the
other was detected.

WEED MORTALITY

Factors affecting herbicide performance. Devine (11) lists the environmental factors which have
been shown to influence herbicide performance and the physiological and physical processes
affected. Environmental factors include; air temperature, relative humidity, irradiance,
precipitation, wind, soil temperature, and soil moisture. Processes affected include,
interception-retention, translocation, metabolism, availability in soil and loss of herbicide from
soil.
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Pannell (35) has shown that the economically optimal herbicide dosage is very sensitive to
herbicide efficacy. Thus a knowledge of the effects of environmental factors on the
performance of herbicides will allow herbicide rates to be adjusted to suit actual environmental
conditions. However quantitative knowledge of the effects of environmental factors on
herbicide performance is lacking.

Lemerle (Pers. Comm.) has proposed controlled environment dose-response and time course
studies which will examine the effects of temperature, light and relative humidity in relation to
herbicide efficacy. In the field, the effects of soil moisture and simulated rainfall will be
studied.

An alternative exploratory approach is currently being taken by Pearson and Hood (Pers.
Comm.) by applying multivariate analysis to data accumulated over the past 15-20 years by the
chemical industry. It is anticipated that the important environmental factors affecting herbicide
efficacy will be identified. This work is likely to be valuable for generating hypotheses but
there will be a need to test these experimentally under controlled environment and field
conditions. If successful, information from these studies will be very valuable to farmers.

Non-chemical control. There is little quantitative information relating different types and
intensities of non-chemical control to the level of weed mortality or weed seed carry-over.
Given the importance of cultivation for weed control this is a major gap in our information
which is preventing economic analysis of non-chemical control. Possible interactions between
chemical and non-chemical control should also be identified and quantified. For example
spray-graze strategies are widely used and can be very effective, but quantitative information
about them is lacking.

For most non-chemical control measures it is important to consider the implications for the
whole farm. Grazing, rotations and cultivation have impacts throughout the farm, not just on
the crops. This makes analysis of strategies difficult, and explains why most weed scientists
work in the relatively simple area of herbicides. However farmers have to deal with these
complexities all the time, and they would benefit from the information weed scientists could
provide.

THE WEED-FREE YIELD POTENTIAL

The results of Reeves (40) for annual ryegrass and Gill ez al. (13) for brome grass indicate that
proportional yield loss does not vary with weed-free grain yield. On the other hand, Pannell
(35) examining 14 trials of annual ryegrass competition with wheat found that ryegrass was
relatively less competitive in crops with high yield potential. However except for very high
yielding crops, proportional yield loss varied little with yield potential indicating that the
assumption of constant proportional yield loss is probably adequate for decision making
purposes.

Although weed-free yield has little effect, if any, on proportional yield loss, it still can have a
major impact on which control strategies are economically optimal. This is because the same
proportional yield loss for a high yield potential crop is much greater in absolute terms than for
a low yield potential crop.

Pannell (36) found that adjusting control strategies in response to weed-free yield had more
potential to reduce the riskiness of cropping than did any other variable. Models for selecting
economic control methods should therefore be linked to a reliable estimator of crop yield.
Numerous models for predicting crop yield potential have been developed (e.g. O'Leary et al.
30) and there appears to be scope to link these to weed control decisions, as long as model
input requirements are not too difficult or numerous. On the other hand yield predictions
provided by farmers have the advantages of relevance to a particular situation and possibly
greater credibility with the farmer.
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WEED POPULATION DYNAMICS

Cussans (10) described the typical successful weed in traditional cropping systems as one
which produces seed with marked dormancy and great longevity. Wireweed (Polygonum
aviculare) is a typical example of a "long cycle" species. However, some of the most persistent
and competitive weeds in Australian cropping systems are "short cycle" weeds such as wild
oats (Avena fatua and A. sterilis ssp. ludoviciana), annual ryegrass (Lolium rigidum), wild
phalaris (Phalaris paradoxa) and brome grass (Bromus rigidus and B. diandrus) which are
characterised by low levels of seed dormancy, rapid declines of soil seed reserves in the
absence of recharge and rapid build-up in the absence of control. Short cycle weeds are well
adapted to continuous mono-cropping systems which have been extensively practiced in
Australia.

Cheam (6) has demonstrated that the persistence of brome grass as a weed in cropping systems
is related more to survivors shedding seeds than to the persistence of seeds in soil. Crop
rotations allow the use of alternative herbicide or cultural control techniques which may allow
complete prevention of seeding of the weed. This has been demonstrated by Cheam (6) for
control of brome grass in lupin-wheat rotations and by Philpotts (38) for control of wild oats in
wheat-sorghum rotations.

Martin and Felton (24) have also obtained results which highlight the importance of rotation of
wheat with sorghum for controlling wild oats. Annual use of either tri-allate or flamprop-
methyl did not prevent a massive build-up of the wild oat seed reservoir from nil to 6560 and

4120 seeds/m2 after four successive wheat crops. Seed levels reached 14770/m? in the absence
of herbicide use.

The rotation with sorghum, which allowed two winters for control of wild oats by either
cultivation or with glyphosate, resulted in an exponential decline in wild oat seed numbers in
the soil. Additional benefits to the subsequent wheat crop from rotation include accumulated
soil water, mineralised soil nitrogen and disease control. The exponential rate of disappearance
of seeds in the soil during the 2 year sorghum fallow was the same for no-tillage and stubble
retention treatments. During this period the soil seed population was reduced by 95%. Cheam
(5) obtained similar results for brome grass where storage conditions under stubble or on bare
soil had no effect on final germination but shallow burial promoted breakdown of dormancy.

These results are similar to those obtained for black-grass (Alopecurus myosuroides) by Moss
(28, 29) where the effects of tyne cultivation and direct drilling on seed and plant populations
were either similar or showed no consistent trends. Inversion of soil can prolong the life of
weed seeds (Wilson 43) and insulate seed populations from seasonal fluctuations (Moss 28).
Tillage implements, such as disc and mouldboard ploughs which invert soil, are unlikely to be
used extensively in Australia because of their damaging effects on soil structure and stability.

Economically, weed seed carryover can be very important in the determination of optimal
control measures. Pandey (31) has used a stochastic dynamic programming model to
investigate the long-term economics of wild oat control. His results indicate that when
subsequent years are considered the optimal solution is to maintain a lower weed population in
comparison to the solution for a single year. Pandey showed that, if crops are grown in a
continuous sequence, significant gains could be realised in future periods by reducing the weed
burden early in the planning horizon even if current gains from such actions might be negative.
On the other hand, Abadi Ghadim and Pannell (1) found that if crops are grown in rotation with
pasture and the weed to be controlled is palatable to stock, the yield loss for lower herbicide
rates in the crop can be more than offset by higher stocking rates on subsequent pastures. Thus
the direction and magnitude of errors introduced by ignoring seed carry-over depends on the
rotation practiced and the type of weed being considered.
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RESISTANCE

LeBaron and Gressel (19) pointed to the need for studying herbicide resistance in relation to
weed biology; but how many weed scientists have taken up this challenge? Gressel and Segel
(14) emphasised the importance of determining seed yield as opposed to weed kill, to take
account of weeds emerging later and to take account of plasticity in the survivors. They did not
consider the case where weeds are growing in competition with a crop which is of major
concern in relation to herbicide resistance in Australia. Under these conditions the surviving
weeds are likely to produce less seeds per plant than those in the denser population of untreated
weeds (eg. Martin and Felton 24). It is also commonly known that weeds which germinate
later in the crop contribute little to the seed yield.

Weed control strategies can be adjusted to prevent or at least delay build up of resistance. For
example less frequent herbicide application or use of lower rates reduces selection pressure and
should act against resistance build up (Gressel and Segel 14). Other possibilities include crop
rotations, alternation between different types of herbicides, non-chemical control and mixing
herbicides with different modes of action. Integrated management strategies enable farmers to
avoid or delay the development of herbicide resistant weed biotypes. However, this approach
is currently being offered as a secondary solution when rotation of herbicides fails. At present
we lack quantification of the impact of integrated management strategies on resistance build-up
and no appropriate models have been devised to test hypotheses.

Integrated management is the key to reducing the incidence of herbicide resistant weed
biotypes. Research on weed biology and population dynamics in relation to herbicide
resistance is required to enable strategies to be tested and validated using modelling techniques.
However we should not neglect the extension of strategies which are already known to help
reduce resistance. In many cases these strategies correspond to economically optimal farm
practices (e.g use of cut rates, rotations of cereals with legume crops or pastures) so their
adoption by farmers should be doubly beneficial. Given the great cost of managing resistance
once it has developed, and the relative ease of delaying resistance development, more resources
should be committed to extension of anti-resistance strategies.

CROP TOLERANCE TO HERBICIDES

Many herbicides, as well as killing weeds, may cause subtle damage to the crops to which they
are applied (e.g. Bowran et al. 3, Lemerle et al. 21). Unless crop damage is great, it can go
completely undetected by farmers and so is usually not considered when they make weed
control decisions. However Pannell (35) showed that chemical damage to crops can have a
major impact on optimal control strategies. For example in crops with low yield potential,
Pannell found that threshold densities calculated for control of ryegrass by diclofop-methyl can
be 100% out if damage to crops is not considered. Given its importance to farmers, the
allocation of research resources to this issue is too low. In particular we need to determine
what factors cause the very wide variation in crop tolerance to herbicides at different sites and in
different seasons (Pannell 36).

STATISTICAL ANALYSIS AND EXPERIMENTAL DESIGN

Agricultural scientists, including weed scientists, most commonly use analysis of variance or
related techniques to statistically analyse their experiments. However agricultural ecomonists
have long argued that regression techniques are better able to provide the types of information
needed for decision making purposes. It is more important for farmers to obtain estimates of
the slope of a relationship than to know the degree of statistical significance of differences
between treatments.

This has implications for experimental design. In particular, "given limited research resources,
response surface estimation demands a good spread of observations across the surface rather
than exceedingly precise estimation of but one or two points on the surface" (Dillon 12, p 157).
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Thus it is preferable to include more treatments and fewer replicates in the experiments to be
analysed by regression.

It is also important to recognise that for major parts of the crop-weed system, relationships are
not linear and error terms are not normally distributed and not homoskedastic. Thus standard
analysis of variance or linear regression techniques are often not appropriate. More appropriate
techniques include probit-logit analysis, generalised linear modelling and maximum likelihood
non-linear regression.

Finally, whichever statistical techniques are used there is a need for caution when applying
arbitrary probability levels in statistical tests. To paraphrase Dillon (12, p 164), the farmer's
problem is not whether or not there is a 5 per cent or less chance that a crop-herbicide response
exists. The farmer's problem is how much herbicide to use. Even if the estimated function is
only statistically significant at the 50 per cent level of probability, it may still be exceedingly
profitable for the farmer to base decisions on the estimated function.

To illustrate the irrelevance to farmers of statistical probability levels, many Australian farmers
would not plant crops if they based the decision to plant on a test of the null hypothesis that
profits would be negative and set p=0.05. How many wheat farmers expect to make profits at
least 19 years out of 20?7

ECONOMICS OF WEED CONTROL

Pannell (33) reviewed applied Australian research on weed control economics. Literature on
the economics of herbicide application for weed control in crops has expanded rapidly in recent
years (Cousens et al. 9, Auld ez al. 2, Lybecker et al. 22, Zanin and Sattin 44 and Marra et al.
23). Most studies use the economic threshold concept in which farmers choose to apply a fixed
recommended herbicide rate if weed density is sufficient or no herbicide at all if it is not.
However it has been argued that it would be economically beneficial to allow herbicide rates to
vary to suit different circumstances (Pannell 33, 34, Moffitt 27).

Pannell (34) identified Australian State laws which prevented or discouraged flexibility of
herbicide dosage and presented several arguments for reform of these laws. Whether herbicide
rates are fixed at label rates or allowed to vary, decisions on application will be affected by all
the factors already discussed. As indicated above, some of these factors have a greater impact
on economic control decisions than others. Herbicide efficacy and phytotoxic damage to crops
have been identified as factors to which control decisions are particularly sensitive (Pannell 35).
Further research aimed at understanding the reasons for variation in these factors should be
particularly valuable.

Applied Australian studies of herbicide economics conducted since Pannell's review include the
following. Pandey and Medd (32) evaluated the economic feasibility of seed kill for controlling
wild oats in a wheat mono-culture using a dynamic programming model linked to a bio-
economic simulation model. Seed kill was shown to be an economically viable tactic in a wheat
mono-culture but its efficacy requires validation under crop rotation sequences where seed
reserves of short cycle weeds decline naturally at a rapid rate.

A biologically realistic response model was developed by Pannell (35) for estimating control of
annual ryegrass (Lolium rigidum) with diclofop-methyl. The optimal rate approach was shown
to be economically superior to any of the threshold criteria. Pannell found that the optimal
herbicide rate is negatively related to herbicide price and phytotoxic damage to the crop and
positively related to output price, initial weed density, weed competitiveness and maximum
yield loss.

Martin et al. (26) developed a similar model including weed mortality, crop-weed competition
and phytotoxicity to wheat. The predicted grain yield response was used to determine the
economically optimal rates of tralkoxydim for the control of wild oats in wheat. The analysis
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demonstrated the feasibility of reducing the rates of application of tralkoxydim at low wild oat
densities and when the crop yield potential was low.

Crop phytotoxicity was greater in lower yielding crops. However, only a small proportion of
the variation in phytotoxicity of tralkoxydim was explained by crop yield potential and as
already suggested further study is required to determine the physiological basis for this
variation.

This study highlighted the value of carrying out detailed analyses of chemical companies'
herbicide data. However, because the full herbicide - weed density response surface was not
represented in the data it is necessary that further experiments are carried out under a range of
environmental conditions to verify the model. These experiments should include weed-free
controls and pre-treatment weed densities. With such validation, it is anticipated that the model
could be applied to data sets for other weed species and herbicides and could enable more
soundly based economic recommendations for weed control in crops to be made.

Weed control and risk. As well as affecting profitability, weed control can also affect the
riskiness of cropping. This has been a relatively neglected topic in literature on the economics
of weed control both in Australia and overseas. Pandey (31) allowed for risk in his dynamic
programming model of wild oat control although risk aversion by farmers was not allowed for.
It appears that only Pannell (35) has explicitly included risk aversion in a study of weed
€CONOomICS.

Of the various factors which affect the riskiness of cropping, Pannell (36) found that those
related to weed control made a relatively small contribution to income variability. He also
showed that increasing the intensity of weed control does not necessarily reduce income
variability. This was due to factors such as phytotoxic damage to crops for which variability
increases at higher herbicide rates.

Non-chemical control. Economics of non-chemical weed control has received relatively little
attention. This may be a valuable area for better research especially where non-chemical control
interacts with chemical control. As already argued, there is a lack of quantitative information on
the effects of non-chemical control measures on weed survival.

DELIVERY OF WEED CONTROL ADVICE

The availability of cheap but powerful microcomputer systems presents new opportunities for
improving the delivery of weed control advice. Expert systems are one way of delivering weed
or pest control information on a microcomputer (e.g. Pasqual 37). It may be useful to link
expert systems to biological simulation models (Hearn 16) or to economic optimisation
routines. It has been argued that expert systems are not the only viable approach for
information delivery on a microcomputer and that other approaches should not be neglected in
the current enthusiasm for expert systems (Pannell 34). It should also be recognised that
computers may not be acceptable to some farmers and that use of tables and graphs will
continue to be effective means of information delivery.

Predictive simulation models are likely to play an increasing role in formulating weed control
advice. Cussans (10) has argued that current knowledge of the biology and population
dynamics of weeds is too restricted for development of such models. Another possible
shortcoming is that the input variables required to run simulation models are not always
available to the adviser when he is making a decision about an individual farm paddock.
However it is likely that models can be run with greatly simplified inputs and still give useful
recommendations. It is not necessary for information to pass the tests of scientific rigour for it
to be useful for farmer decision making. For example Lindner (Pers. Comm.) found that even
very crude predictions of yield potential can be very valuable in formulating nitrogen fertiliser
recommendations. A farmer's estimate of the yield potential of a paddock may even be more
accurate than that of a simulation which has not taken into account unique features of the
paddock or of the farmer's managerial skills.
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CONCLUSIONS

A wide range of factors impinge on the efficiency of weed control. We have reviewed these
factors and identified areas where we believe extra research would be most valuable. In
particular we have proposed that research into understanding and quantifying the determinants
of herbicide efficacy and herbicide damage to crops should be increased. This is because of the
importance of these variables for weed control decision making. We have also argued for an
increase in resources devoted to quantification of the effects of various types of non-chemical
control.

Integrated management is the key to reducing the incidence of herbicide resistant weed
biotypes. Research on weed biology and population dynamics in relation to herbicide
resistance is required to enable strategies to be tested and validated using modelling techniques.
At least as important, however, is the extension of strategies which are already known to help
reduce resistance.

Weed scientists tend to automatically adopt analysis of variance as the framework for
experimental design and statistical analysis. However we suggest that regression techniques
should be more widely used as they provide more useful information for decision making by
farmers.

The value of carrying out detailed analyses of commercial herbicide data has been highlighted
and this should continue using an appropriate generalised model. However, because the full
herbicide - weed density response surface is not generally represented in commercial data it is
necessary that further experiments are carried out under a range of environmental conditions to
verify the model. These experiments should also include weed-free controls and pre-treatment
weed densities. With such validation, it is anticipated that the model could be applied to data
sets for other weed species and herbicides and enable more soundly based economic
recommendations for weed control in crops to be made.

The feasibility of reducing the rates of application of herbicides at low weed densities and when
the crop yield potential is low has been discussed. Reliability of rate cutting would be
improved by the proposed research on determinants of herbicide efficacy. Efforts should be
made to ensure that herbicide users are familiar with recent advances in spray application
technology and are aware of environmental and phenological constraints for use of herbicides.

From an advisory viewpoint, we need to ascertain if the knowledge gained from research is
being effectively communicated to advisers, industry and farmers. It is possible that
technology transfer can be improved by expert systems and other decision support systems but
for these to work there will be a need for more technical knowledge and data input by the
farmer.
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