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DISCLAIMER 

1. The information, representations and statements contained in this publication are 
provided for general scientific information purposes only. 

2. The State of Western Australia, the Minister for Agriculture and Food, the Director 
General of the Department of Agriculture and Food, the Cooperative Research 
Centre for Australian Weed Management, the Western Australian Herbicide 
Resistance Initiative of the University of Western Australia and their respective 
officers, employees and agents: 
a) do not make any representation or warranty as to the accuracy, reliability, 

completeness or currency of the information, representations or statements in 
this publication (including but not limited to information which has been 
provided by third parties); and 

b) are not liable, in negligence or otherwise, to any person for any loss, liability or 
damage including personal injury or death arising out of an act or failure to act 
by any person in using or relying on any information, representation or 
statements contained in this publication. 

3. The State of Western Australia, the Minister for Agriculture and Food, the Director 
General of the Department of Agriculture and Food, the Cooperative Research 
Centre for Australian Weed Management, the Western Australian Herbicide 
Resistance Initiative of the University of Western Australia and their respective 
officers, employees and agents: 
a) make no representations or warranty that any of the products specified in this 

publication are registered pursuant to the Agricultural and Veterinary 
Chemicals Code Act 1994 (WA); and 

b) do not endorse or recommend any specified product or any manufacturer of a 
specified product.  Brand, trade and proprietary names have been used solely 
for the purpose of assisting users of this publication to identify products.  
Other products may perform as well as or better than specified products. 

4. Users of any chemical product should always read the label on the product before 
use and should follow the directions specified on the label. 
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FOREWORD 

Increased planting of grain legumes has led to increases in the cruciferous (brassicaceous) 
weeds in Australia.  Out of the 160 species of crucifers present in Australia, about 40 of them 
have become weedy.  Of these 40 species, 12 to 15 species could be considered weedy in 
the Australian cropping areas.  The most notorious is wild radish (Raphanus raphanistrum) 
and despite much has been learned and applied in the last 25 years to tame this weed, much 
remains to be done.  The requirement for lateral thinking has never been greater in our 
current efforts to control this weed because of the increasing herbicide resistance problems.  
The herbicide resistance problems are also encountered in at least six other species of 
cruciferous weeds.  Apart from herbicide resistance, the relatively long-lived seedbank and 
high seed production of many cruciferous weeds makes seedbank management a real 
challenge. 

The purpose of this symposium is to exchange ideas and information about activities and 
projects relating to wild radish and other major cruciferous weeds.  A number of subjects will 
be reviewed, followed by an open discussion on issues that may have been overworked, 
overlooked or are in need of development.  It is the task of the symposium to achieve by 
consensus a priority list of tasks for the next five years that may be achievable by the 
Cooperative Research Centre for Australian Weed Management and its co-operating 
research agencies. 

I would like to thank all of the authors and the participants for their valuable contributions to 
the symposium.  My thanks also go to Siew Lee, Janet Paterson and Steve Walker for their 
efforts in formatting and helping to edit the contents of this book.  Jon Dodd and Alex 
Douglas have provided unfailing encouragement right from the time I decided to organise the 
symposium.  The assistance of Judy Fisher in Document Support, Department of Agriculture 
and Food Western Australia, is also gratefully acknowledged. 

Special thanks to the Cooperative Research Centre for Australian Weed Management, 
Department of Agriculture and Food Western Australia and Western Australian Herbicide 
Resistance Initiative for supporting this symposium. 

 

 

Aik Cheam 
CONVENOR 

July 2006 
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Major brassicaceous weeds in Australian agriculture 
J.J. Dellow¹, A. Storrie², A.H. Cheam³, W. McG. King¹, S. Jacobs4 and D.R. Kemp5 

¹NSW Department of Primary Industries, Orange Agricultural Institute, Forest Road, Orange 2800 

²NSW Department of Primary Industries, No 4 Marsden Park Rd, Calala 2340 

³Department of Agriculture and Food, WA, Baron-Hay Court, South Perth 6151 

4National Herbarium, Royal Botanic Gardens, Mrs Macquarie’s Road, Sydney 2000 

5Charles Sturt University, School of Rural Management, Leeds Parade, Orange 2800 

ABSTRACT 
There are 160 brassicaceous species present in Australia, 46 are adventive species.  In 
mainland Australia there are possibly 40 weedy brassicaceous species.  Of these about 
12 to15 species could be considered weedy in the Australian cropping belt.  Many of these 
species are widespread but only locally abundant and as a consequence generally a local or 
regional problem.  Raphanus raphanistrum and Sinapis arvensis are perhaps the most 
problematic species.  R. raphanistrum is one of the most aggressive weeds of Australian 
cropping systems (Cousens et al. 2001).  Rapistrum rugosum and Sisymbrium orientale 
appear to be the most widespread and often the most abundant; the ease of in-crop control 
of these two species makes them less of a problem.  Many species have not realised their 
full distribution potential  Species such as Myagrum perfoliatum have the potential to develop 
into widespread weeds; particularly on the heavy textured soils of northern New South Wales 
and Queensland.  Soil texture appears to be a major contributing factor in species 
distribution.  Climatic conditions affect the distribution of some species.  Correct identification 
is an obstacle in the determination of species distribution. 

INTRODUCTION 
Of the 160 brassicaceous species present in Australia, 23 species are listed as weedy in 
New South Wales (Harden 1990) while other States list varying numbers of those same 
species as weedy.  For the NSW winter cropping belt 10 species are considered weedy 
(Dellow et al. unpublished data).  A similar number of species are weedy in other States.  In 
the Western Australia cropping zone 14 species are considered weedy (Hussey et al. 1997).  
Cheam (unpublished data) considers 11 of these species are crop weeds in Western 
Australia.  In Queensland four species are considered major cropping weeds (V. Osten and 
S. Walker pers. comm.).  In South Australia Virtue and Thomas (1999) nominate 
17 brassicaceous species as weedy with four species ranked in the top 15 broadacre weeds 
of that State.  Twelve species in Victoria are considered crop weeds (Walsh and Entwisle 
1996) and M. Moerkerk (pers. comm). 

Field crop canola (Brassica x napus) has yet to be regarded as a weedy species (Baker and 
Preston 2004) despite its wide scale plantings.  In a NSW survey in 2004 and 2005 volunteer 
canola was observed on only five occasions as single plants; three on roadsides and two in 
wheat crops (Dellow et al. unpublished data). 

From published distribution maps the current range of many weedy Brassicaceae appear to 
overlap little within Australia.  Seldom more than one brassicaceous weed is found in any 
crop (Cousens et al. 1993). 
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One of the major obstacles hindering information on the distribution of brassicaceous weeds 
is correct identification.  Farmers, agronomists and agriculturists are generally poor at 
positive identification.  Often positive identification can only be achieved from mature seed 
pods.  The use of common and localised names further confuses the situation. 

NEW SOUTH WALES 
In a survey of the winter cropping belt of New South Wales in spring 2004 and spring 2005 
(Dellow et al. unpublished data), it was found that brassicaceous weeds are generally well 
managed in the cropping and fallow phase, but were far more prevalent in the pasture ley 
phase; particularly in the western margins of the cropping belt where management inputs 
appear to be low. 
The 2004 survey (158 sites = 82 crop and 76 pasture ley) identified a total of 
12 brassicaceous species present in the New South Wales winter cropping belt 
(27 million hectares).  Figure1 lists the 10 major species found in both the cropped and 
pasture ley sites.  Within the crops surveyed, which included wheat, barley, oats, canola, 
lupins and faba beans, the three most common species were; Rapistrum rugosum, 
Sisymbrium orientale, and Raphanus raphanistrum.  Despite its high site frequency, 
S. oriental (12% of sites) does not produce an abundant biomass (Figure1) and is considered 
a relatively easy weed to control. 
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Figure 1. Frequency and abundance of 10 most common brassicaceous species occurring in crops and 

pasture leys in spring 2004 (Dellow et al. unpublished data). 

The dominant brassicaceous weeds in the pasture ley, which included lucerne paddocks, 
were R. rugosum (Figure 2), which was also the most common species in the cropped sites 
(Figure 3), S. orientale and Capsella bursa-pastoris.  R. rugosum can dominate the 
landscape of large areas of the cropping belt every spring.  R. rugosum was present in 
32.9 per cent of all sites surveyed (Figure 1).  Where it occurred (Figure 1) it averaged 
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32.7 per cent of the total dry matter production (biomass).  On one pasture ley site in the 
north west of the cropping belt R. rugosum was 76 per cent of the total dry matter production 
(8 tonnes per hectare).  Capsella bursa-pastoris was the third most frequent brassicaceous 
weed (Figure 1).  It was found predominately in pasture ley lucerne paddocks and had a 
relatively low biomass abundance (Figure1). 

 
Figure 2. Distribution frequency and abundance 

of Rapistrum rugosum in pasture ley 
sites spring 2004 (Dellow et al. 
unpublished data). 

Figure 3. Distribution frequency and abundance 
of Rapistrum rugosum in crop sites 
spring 2004 (Dellow et al. unpublished 
data). 

Unlike R. raphanistrum, Myagrum perfoliatum and Sinapis arvensis, R. rugosum and most 
other brassicaceous species (including volunteer canola) are easy to control in winter crops; 
they are highly sensitive to a wide spectrum of herbicides, particularly the phenoxy (Group I) 
and sulfonylurea (Group B) herbicides.  As R. rugosum was the number one brassicaceous 
weed in the crops sites surveyed (Figure 3), it is evident that some of these crops were not 
well managed. 

Herbicide resistance is developing in a number of brassicaceous populations to Group B 
mode-of-action herbicides, particularly the sulfonylureas. 

In a 1997 survey of chickpeas in northern NSW, A. Storrie (unpublished data) found 76 per 
cent farmers listed ‘turnip weeds’ as their major problem crop weeds.  ‘Turnip weeds’ is used 
as a generic term for up to five brassicaceous species.  The species include R. rugosum 
which was the most site frequent, S. arvensis, S. orientale, Sisymbrium irio, and 
Brassica tournefortii. 

The impact of brassicaceous weeds on pasture production and subsequent crop production 
has not been quantified.  The depletion of soil nutrients, in particular nitrogen and soil 
moisture may be substantial.  Likewise, the competition with more productive desirable 
species could have a large impact on livestock enterprises. 

The two brassicaceous weeds posing the greatest potential threat to NSW winter crops are 
R. raphanistrum and S. arvensis.  These two species are still far from reaching their full 
potential distribution range.  R. raphanistrum, particularly in the southern wheat belt and to a 
lesser extent in the central zone is a major weed and has proven a difficult, competitive and 
expensive weed to control.  Figure 1 shows that although their site frequency is low, where 
present these weeds are a major component of the biomass and presumably highly 
competitive.  A recent introduction to the north west cropping zone, M. perfoliatum has the 
potential to rapidly spread (A. Storrie pers. comm.).  The survey identified some isolated 
infestations of both R. raphanistrum and S. arvensis in the north west of the NSW winter 
cropping belt.  Lepidium africanum is one of the most widespread species in NSW but is one 
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of the least abundant, producing a low biomass (Figure 1).  Virtue and Thomas (1999) 
consider L. africanum is widespread in South Australia and is a crop weed of concern. 

Soil texture 
There is a relationship between soil texture and the frequency distribution for some species.  
Within Australia R. rugosum tends to occur on heavy, alkaline soils (Cousens et al. 1993); as 
a consequence it is a dominant weed in northern NSW and southern and central 
Queensland. T hroughout Australia soil texture can be closely associated with brassicaceous 
species occurrence. 

In NSW Dellow (unpublished data) found a direct relationship between field soil texture 
(McDonald et al. 1998) and the distribution frequency of some species.  The distribution of 
R. rugosum and S. irio (Table 1) were greatly influenced by soil texture.  Ninety per cent of all 
R. rugosum observed occurred on heavy and medium clays; 64 per cent of S. irio observed 
also occurred on these same heavy textured soils.  For the other species there is a wider 
distribution of soil types over which they occur. 

Table 1. Relationship between site frequency of five brassicaceous species and eight soil texture 
types.  Percentages of total number of sites where present. Field soil texture:  Northcote 
system (McDonald et al. 1998) 

Field soil texture No. 
Sites 

Rapistrum 
rugosum 

(%) 

Sisymbrium 
irio 
(%) 

Sisymbrium 
orientale 

(%) 

Lepidium 
africanum 

(%) 

Capsella bursa-
pastoris 

(%) 

Heavy clay 31 63 46 22 43 0 

Medium clay 17 37 18 11 7 27 

Light clay 2 3 0 6 0 0 

Silty clay loam 8 5 9 22 7 27 

Clay loam 6 0 0 0 14 0 

Loam 27 3 9 27 22 46 

Sandy clay loam 2 0 9 6 0 0 

Silty loam 6 0 9 6 7 0 

Total No. sites 99 41 11 18 14 11 

Seasonal weather conditions 
Variations in weather conditions have a large impact on seasonal abundance of species.  
Table 2 demonstrates the large biomass abundance variation of R. rugosum between spring 
2004 and spring 2005; there is, however, little difference between site frequency.  The 
‘autumn break’ in 2005 was very late and as a consequence grass species and in particular 
annuals were favoured over annual broadleaf species (Willoughby 1954).  It would appear 
seasonal conditions have a large influence on species abundance but little affect on 
distribution frequency. 

Table 2. Frequency and abundance of Rapistrum rugosum where present in pasture ley. 
Spring 2004 vs Spring 2005 (Dellow et al. unpublished data) 

Year Site frequency (%) 
Mean proportion of total 
biomass where present 

(%) 

Spring 2004 39.1% 9.2% 

Spring 2005 42.7% 24.2% 
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WESTERN AUSTRALIA 
In the cropping belt of Western Australia, Cheam (unpublished data) nominates 11 species 
as the most common brassicaceous weeds (Table 3).  There are 35 weedy species occurring 
in Western Australia (Hussey et al. 1997).  Of these common weedy species R. raphanistrum 
is considered the only highly important species.  Brassica tournefortii is widespread 
throughout the grain belt.  It is easy to control but can cause seed contamination problems in 
canola and cannot be easily removed.  The other species such as S. orientale, although 
sometimes widespread are not considered weeds of major importance in the grain belt as 
they can be easily controlled in-crop. 

Table 3. Most frequent brassicaceous weeds in Western Australian grain belt. 
(Cheam, unpublished data) 

Species Importance Crops 
infested Distribution Soil 

preference 
Management 

issues 
Raphanus 
raphanistrum  

High Cereals, 
legumes, 
canola, 
pastures  

Cosmopolitan, 
widespread in grain 
belt especially 
northern sand 
plains and 
increasingly 
important in 
southern grain belt. 

Range, slightly 
acidic sandy 
soils preferred. 

Worst Brassica 
weed in cereal 
growing areas, 
herbicide 
resistance 
issues with long-
term seed 
dormancy and 
longevity. 

Brassica 
tournefortii 

Medium Cereals, 
legumes, 
pastures 

Widespread 
throughout grain 
belt 

Wide range of 
soil type 

Easily 
controlled. Seed 
similar size to 
canola. 
Contamination 
issue. 

Sisymbrium 
orientale 

Low Cereals, 
legumes, 
pastures 

Throughout grain 
belt, patchy 
occurrence 

Heavier higher 
pH soils 

Not important, 
easily 
controlled. 

Sisymbrium irio  low Rare in crops Mainly central 
eastern grain belt 

 Not a major 
weed. 

Sisymbrium 
officinale 

low Wasteland 
and pastures, 
occasionally in 
crops 

Agricultural areas 
in south-west 

Dry, loose, 
nutrient rich 
loams, sandy 
and stony soils, 
no pH 
preference. 

Not important, 
self pollinated. 

Rapistrum 
rugosum 

low Winter 
cereals, 
overgrazed 
pastures 

Restricted to 
Watheroo, 
Mingenew and 
Ravensthorpe 
districts, apparent 
spread in Dongara 
region 

Preference for 
heavier alkaline 
soils. 

Not a major 
weed. 

Sinapis 
arvensis 

low Cereals Sometimes in grain 
belt 

Well aerated 
nutrient rich 
alkaline soils 

Not important, 
contamination 
issue in canola, 
self 
incompatible. 

Cardaria draba * Cereal crops Occasional in 
southern grain belt 

 Not important.  

Capsella 
bursa-pastoris 

* Occasionally 
in south-west 
in cereals 

Occasional weed No pH 
preference 

Not important. 
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Table 3 continued … 

Species Importance Crops 
infested Distribution Soil 

preference 
Management 

issues 
Diplotaxis 
tenuifolia 

* Can be a 
problem in 
cereals 

Lake Grace area in 
90’s, occasional 
reports. 

 Not important 

Lepidium 
bonariense 

* Can be a 
problem in 
cereal belt 

Southern grain belt.  Not important 

Soil texture and climate 
R. rugosum prefers the heavy textured alkaline soils (Cousens et al. 1993), but is not 
considered a major weed due the lighter soil types of Western Australia.  S. arvensis is 
likewise not widespread but can cause canola contamination problems.  S. arvensis also 
favours heavy textured alkaline soils and consequently has limited spread opportunity.  

Based on climate data Cousens (et al. 1996) considers R. rugosum and Brassica fruticulosa 
could become more widespread in Western Australia; both species can occur under hotter 
and drier climates than many other species. 

QUEENSLAND 
Four brassicaceous species (Table 4) are considered common cropping weeds in the 
Queensland cropping belt (V. Osten and S. Walker pers. comm.).  Due to confusion with 
common names and incorrect identification a fifth species B. tournefortii is often incorrectly 
nominated.  Walker (pers. comm.) considers that when taking into account the prevailing 
heavy textured soil types this species is being confused with R. rugosum. B. tournefortii is 
restricted to loams and lighter textured soils. 

A farmer survey (Table 4) by Osten and Walker (pers. comm.) identified the percentage of 
farmers nominating brassicaceous species as common weeds in southern and central 
Queensland.  There is considerable variation in species distribution between the two areas.  
Walker (pers. comm.) considers soil texture to the overriding factor.  Cousens (1996) 
considers climate has an impact on species distribution; this climatic affect may be one of the 
reasons for the large distribution variation.  

Table 4. Major Queensland brassicaceous weeds in crop.  Most frequently (%) nominated by farmers. 
(V. Osten and S. Walker, pers. comm.) 

Species Central Queensland (%) Southern Queensland (%) Soil texture 

Rapistrum rugosum 21 53 Heavy clay 

Sisymbrium thellungii 35 7 Heavy clay 

Sisymbrium orientale 18 0 Heavy clay 

Raphanus raphanistrum 14 0 Light acidic 

Across Queensland R. rugosum is the most common brassicaceous weed (Table 4).  This is 
consistent with the situation on the heavy textured soils in northern NSW where R. rugosum 
can often dominate the landscape every spring.  R. raphanistrum is not a problem crop weed 
in southern Queensland.  In central Queensland it is restricted to the lighter textured and 
more acidic soil types.  Sisymbrium thellungii is unique to Queensland and isolated 
infestations in northern NSW (A. Storrie pers. comm.). 
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VICTORIA 
The distribution of brassicaceous species is derived from the ‘Flora of Victoria’ (Walsh and 
Entwisle 1996) and M. Moerkerk (pers. comm).  Table 5 lists 12 species which are 
considered the most frequent. L. africanum appears to be the most frequent and widey 
distributed species.  Virtue and Thomas (1999) nominate it as a crop weed of concern in 
South Australia.  The cropping zone of northern Victoria being similar to South Australia, both 
climatically and in soil type, should raise some concern about the potential for some weedy 
brassicas to increase.  Chorispora tenella is a relatively new introduction and in Victoria at 
present it is restricted to the north of that state.  Virtue and Thomas (1999) recommend its 
containment as it is a serious weed of wheat and lucerne in USA. 

R. raphanistrum is a troublesome and widespread weed in cereal crops in southern Australia 
(Piggin et al. 1978).  In Victoria it is an abundant and persistent crop weed.  It is one of the 
most widespread species with a uniform distribution across the State. 

B. tournefortii is a frequent weed in the mallee areas of Victoria where it is abundant.  It is 
found sporadically in other areas but then usually as a winter crop weed (Walsh and Entwisle 
1996).  As in other States, the distribution of B. tournefortii is restricted by soil texture.  The 
light textured soils of Victoria’s cropping belt appear to have a major affect on the distribution 
frequency of R. rugosum.  In southern NSW R. rugosum is both widespread and abundant in 
heavy textured soil localities (Dellow et al. unpublished data).  R. rugosum is currently very 
localised, mostly to western Victoria. Diplotaxis tenuifolia has a similar distribution to 
R. rugosum. 

The Sisymbrium genus is well represented with four common weedy species.  S. orientale is 
widely distributed, primarily in west of the State.  M. Moerkerk (pers. comm) considers 
S. orientale  a highly underrated weed.  This coincides with its distribution in other States 
where there are similar soils and climates.  S. officinale does not extend into the more arid 
west.  As Cousens (et al. 1993) suggests, hotter and drier climates could effect the 
distribution of this species.  These same factors could explain the frequency and abundance 
of S. irio and S. erysimoides in north-west Victoria; a similar situation occurs in western NSW 
(Harden 1990).  These last three Sisymbrium species are not considered important crop 
weeds by M. Moerkerk (pers. comm). 

Table 5. Most frequent brassicaceous species in Victorian cropping zone (M. Moerkerk pers. comm) 

Importance Species Management Distribution Soil preference 

1 Raphanus raphanistrum Major weedy species 
in-crop 

Wide distribution, 
heaviest infestations 
in higher rainfall 

Most soil types, more 
predominant on acidic 

2 Sisymbrium orientale Highly underrated 
weed 

One of most 
widespread species 

Alkaline grey clay, heavy 
texture 

3 Brassica tournefortii Canola contaminant Mallee Sandy loams, mallee 
soils 

4 Myagrum perfoliatum Major emerging 
weed 

Localised, huge 
weedy potential 

Heavy alkaline Wimmera 

5 Sinapis arvensis Common in canola 
growing districts, 
contaminant 

Widespread, 
frequent, not 
abundant 

Medium to heavy clays 

6 Lepidium draba Widespread, 
perennial, difficult 

Wimmera and North 
Central 

Heavier texture 

7 Diplotaxis tenuifolia Roadside problem Mallee/Wimmera 
roadsides 

Light alkaline 
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Table 5 continued … 

8 Conringia orientalis Localised 
infestations 

Localised, Wimmera Heavy alkaline clays 

9 Rapistrum rugosum Easy in-crop control Light infestations in 
Wimmera 

Heavy clays 

10 Capsella bursa-pastoris Not major crop weed Widely distributed Alkaline Wimmera clays 

11 Lepidium africanum Confusion with 
species, not 
important 

North, Central and 
higher rainfall areas 

Neutral to acidic, heavy 
texture 

12 Sisymbrium spp. 
(S. irio, S. officinale, 
S. erysimoides) 

Not important crop 
weeds 

S. officinale in higher 
rainfall central area 

S. irio Mallee soil, 
S.officinale 
heavier,S.erysimoides 
Mallee, North, Central 

Emerging problem species 
There are four brassicaceous species having the potential to become major Victorian crop 
weeds (M. Moerkerk pers. comm).  M. perfoliatum is a localised problem with the potential to 
spread across the heavy Wimmera soils; it is considered Victoria’s ‘wild radish of the heavy 
alkaline soils’ (M. Moerkerk pers. comm).  Corispora tenella is confined to northern Victoria 
around the Swan Hill district where it infests 6,000 ha.  It prefers the light alkaline soils and is 
difficult to control.  Neslia paniculate is emerging as a problem in the Central District and 
eastern Wimmera on the alkaline clays.  A species which is considered overlooked is 
Hirschfeldia incana; it common in western Mallee but infrequent elsewhere.  It is a common 
roadside weed and often incorrectly identified as S. officinale. 

SOUTH AUSTRALIA 
Virtue and Thomas (1999) nominate 17 brassicaceous species as crop weeds of South 
Australia.  Of the 17 species, Virtue (1996) considers 9 are major crop weeds (Table 6); in 
addition three species are considered emerging problem species while Chorispora tenella, 
which is not present in South Australia, occurs in northern Victoria poses a serious weed 
problem there (Virtue and Thomas 1999).  S. orientale, B. tournefortii, R. rugosum and 
R. raphanistrum are considered the four major weeds; they are used as the standard to 
compare new brassicaceous weeds incursion threats (Virtue 1996).  Table 6 (Virtue pers. 
comm.) lists the 9 major cropping weeds in their order of importance.  Table 7 lists the four 
emerging species. 

Table 6. Major South Australian crop weed species.  (Virtue pers. comm.) 

Order of 
importance Species name Remarks and distribution Soil type 

1 Sisymbrium orientale most widespread species over a range of soils 

2 Brassica tournefortii widespread restricted to lighter and 
alkaline soils 

3 Rapistrum rugosum East Eyre Pen. and North and York 
Agricultural districts 

heavy soils 

4 Raphanus raphanistrum Widespread, intensive control 
restricting distribution 

more common on heavier 
SA soils 

5 Sinapis arvensis Very regional, restricted to higher 
rainfall and cooler climate 

heavier soils 

6 Diplotaxis tenuifolia widespread across State, perennial 
species 

lighter and alkaline soils 

7 Lepidium draba restricted distribution, small infestations fertile loams 
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Table 6 continued 

Order of 
importance Species name Remarks and distribution Soil type 

8 Hirschfeldia incana roadside and pasture weed more fertile soils 

9 Carrichtera annua most widespread and abundant of SA 
weeds 

prefers alkaline soils 

Emerging problem species 
Matthiola longipetala is restricted to the lighter soils of the York Peninsular and Northern 
Agricultural Districts.  It is extremely hardy and difficult to control with herbicides.  
Myagrum perfoliatum has a similar distribution pattern; its distribution is restricted by its 
preference for heavier soils.  Neslia paniculate poses a similar weed threat as M. perfoliatum; 
it is present in the Murray and Mallee districts. 

C. tenella, although not present in South Australia poses a serious agricultural threat 
(Virtue pers. comm.).  Its weedy characteristics are similar to R. raphanistrum.  Seedpods 
break up in a similar manner, seed germination is staggered, it is highly competitive and 
produces abundant biomass; it can dominate the landscape. 

L. africanum is a widespread species in Victoria and NSW.  Virtue (1999) considers this 
species is deserving of further study as it is a serious crop weed in USA. 

Table 7. Emerging problem brassicaceous weeds in South Australia.  (Virtue pers. comm.) 

Species name Remarks and distribution Soil type 

Matthiola longipetla North and York Pen., very hardy, 
difficult to control with herbicides 

lighter soils 

Myagrum perfoliatum North and York Peninsular  restricted to heavy soils 

Neslia paniculate similar to M. perfoliatum, also in Murray 
and Mallee districts 

 

Chorispora tenella not present, similar weedy 
characteristics to R. raphanistrum  

 

CONCLUDING REMARKS AND FUTURE RESEARCH 
Identification of brassicaceous species is considered a major issue.  There is a need for a 
definitive identification publication for brassicaceous species. 

Assessment of the impact of brassicaceous weeds in the pasture ley is neglected.  Generally 
only in-crop considerations are made. 

What are the characteristics that enable brassicaceous weeds to be so successful?  The 
invasiveness techniques used by Virtue (1996) could be good starting point to determine the 
most serious and threatening species. 

Have brassicaceous species realised their limit of distribution range?  Useful to know which 
species are continuing to spread. 

What information is available on species palatability for grazing livestock?  Palatability could 
influence species abundance.  Across Australia livestock are arguably the major biocontrol 
agents. 
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Why is wild radish the worst cruciferous weed? 
Aik Cheam1,2and Siew Lee2,  
1CRC for Australian Weed Management 

2Department of Agriculture and Food, Western Australia, Locked Bag 4, Bentley Delivery 
Centre, WA 6983 

ABSTRACT 
Although there are many ways to control wild radish, including a wide range of herbicides, 
the many adaptive features of this weed have helped it to persist in our farming systems, 
earning it the ranking as the worst cruciferous weed of Australian agriculture.  This paper 
discusses the various crop-related factors and inherent biological characteristics of wild 
radish that have contributed to its resilience and also to the current herbicide resistance 
problems. 

INTRODUCTION 
Wild radish is the worst cruciferous weed of Australian agricultural systems because it is 
difficult and expensive to control and its presence in cropping systems causes significant 
productivity losses.  Wild radish was ranked among the top three most important weeds in a 
survey of weeds of winter crops in Australia (Alemseged et al. 2001).  It is the principal 
broadleaf weed of Australian agriculture and has the potential to become of greater 
significance than annual ryegrass. 

In southern Australia, wild radish is one of the most widespread and troublesome weeds of 
cereal and grain legume crops.  It occurs in pastures, and is a common weed of roadsides 
and wastelands.  The worst wild radish problem, however, is encountered in Western 
Australia, especially on the sandplains of the northern wheatbelt.  Bowran (1996) pointed out 
that ‘despite the prolonged chemical onslaught against wild radish it continues to persist in 
our farming systems’.  Apart from the current herbicide resistance problems, there are many 
reasons for this persistence.  Some of the reasons are crop related, and intertwined with 
these are the inherent biological characteristics of the weed.  This paper discusses the 
crop-related factors and the biological characteristics that make it the worst cruciferous weed 
in this country. 

CROP-RELATED FACTORS 
The increase in the area planted to pulse crops has exacerbated the wild radish problem in 
this country because there are limited in-crop herbicide choices against wild radish in pulses 
and pulses are inherently poor competitors. 

Controlling wild radish in cereal crops is less of an issue because there is a good range of 
herbicides to control the weed and cereals are also quite competitive.  Cereal crops should 
therefore be considered before pulses where wild radish is a major problem. 

The introduction of triazine-tolerant canola cultivars has resulted in improved wild radish 
management.  But dependence on triazine alone will only result in the build up of resistance 
to this group of herbicides.  Several triazine resistant wild radish populations have already 
been confirmed in Western Australia (Hashem et al. 2001; Walsh et al. 2005). 



Proceedings of the Wild Radish and other Cruciferous Weeds Symposium 

 

12 

It is common for wild radish infestations to increase in density through reduced control of the 
weed during the pasture phase.  Radish becomes very competitive in spring when it grows 
rapidly above the pasture species and produces massive amounts of seed.  Intensive 
grazing, blanket wiping, cutting pasture for hay or silage, green manuring and hay-freezing 
are effective tactics for reducing wild radish seed set for subsequent years.  Hay-freezing is a 
more effective method than mowing or slashing because it is less likely to result in regrowth 
of the wild radish. 

The 1:1 rotation of lupin-wheat practised in the northern wheatbelt of Western Australia for 
many years has encouraged the build up of the wild radish seedbank and increased the risk 
that weed will develop herbicide resistance.  Wild radish seed numbers of more than 
5,000/m2 in the soil seedbank are common in this part of Western Australia and it is also here 
that the highest incidence of herbicide resistance has been recorded.  The growing trend of 
early dry seeding instead of wet seeding has contributed to the wild radish problem in three 
ways.  First, the efficacy of the applied pre-emergent triazines are reduced.  Second, there 
are higher yields of wild radish seed and the seed has a higher proportion of dormant seeds.  
Third, the tendency for wild radish pods to shatter before lupin harvest is higher in dry-sown 
than in wet-sown lupins. 

INHERENT BIOLOGICAL CHARACTERISTICS 
There are a number of inherent biological characteristics that have contributed to the 
success of wild radish.  Many of these characteristics are seed related — the abundant seed 
production; complex seed dormancy; germination flexibility; seed longevity and; shedding of 
seed-pods before crop harvest.  Other characteristics include the weed’s flowering flexibility; 
phenotypic and genetic variability; rapid evolution of resistance to commonly used 
herbicides; good competitive ability and; allelopathic activity. 

Abundant seed production 
In Western Australia, wild radish is a more prolific seeder than wild turnip, doublegee, annual 
ryegrass and brome grass (Cheam 1986).  Early emerging plants produce more seeds than 
later emerging cohorts.  Cohorts emerging later than 21 days after crop emergence in a lupin 
crop in Western Australia failed to reproduce altogether (Panetta et al. 1988).  In a similar 
study, Walsh and Minkey (2006) found that early cohort removal had the greatest impact on 
wild radish growth and seed production. 

Failure of later cohorts to reproduce has also been confirmed in other crops, such as wheat 
and canola under Western Australian conditions (Cheam, unpublished data).  In New South 
Wales and Victoria, wild radish plants that emerged 10 weeks after canola and wheat, 
managed to produce some seeds (Blackshaw et al. 2002; Cousens et al. 2001). 

As the density of wild radish increases, seed production per plant decreases.  In terms of 
seed production per unit area, Victorian work has shown that wild radish seed production 
ranged from 292 seeds/m2 from one plant/m2 to 17,275 seeds/m2 from 52 plants/m2 in a 
wheat crop (Reeves et al. 1981).  Up to 45,000 seeds per m2 have been recorded within 
wheat crops (Reeves et al. 1981).  More than 5000 seeds/m2 were recorded from four wild 
radish plants/m2 emerging with canola and 24,183 to 32,167 seeds/m2 from 64 wild radish 
plants/m2 (Blackshaw et al. 2002). 

In one study Cheam (unpublished data), recorded an average of 900 wild radish seeds/plant 
in a lupin crop, 800/plant in a canola crop and 500/plant in a wheat crop.  This variation in 
seed production is a reflection of the competitive ability of each crop.  In general, the poorer 
competitive ability of legume crops and their contribution to soil fertility, means seed 
production of wild radish tends to be higher in legume than in non-legume crops.  Regarding 
soil fertility, research at the University of California showed that pollen of wild radish 
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produced under good soil conditions sired significantly more seeds than pollen produced 
under low nutrient conditions (Young and Stanton 1990).   

Another factor that determines the abundance of seed production in wild radish is the 
presence or absence of pollinators.  Wild radish does not reproduce in the absence of 
pollinators.  The ability to prevent cross pollination in the field would be a quantum leap in our 
battle against wild radish. 

Seed dormancy 
Seed dormancy is one of the most important characteristics that enables wild radish to 
persist in cropping systems.  Wild radish seeds are dormant at maturity and as many as 
70 per cent of the seeds are still dormant by the start of the cropping season.  Seeds 
enclosed by pods have much slower emergence than naked seeds (Cheam 1984).  
Mekenian and Willemsen (1975) have suggested the presence of a non-leaching chemical 
inhibitor in the wild radish pod, which is gradually broken down after ripening.  Mechanical 
restriction by the pod to seed germination has also been suggested. Young (2001) found the 
seed coat also plays a role in controlling wild radish dormancy and that embryo dormancy 
also exists in wild radish.  As a result, there is a cyclic change of dormancy in the field, which 
in turn determines the ability of the seed to germinate at various times within the season. 

Dormancy breakdown is enhanced by shallow burial of the seed during early summer, which 
can be achieved through trampling by livestock (Cheam 1986). 

Geographic location and temperature also influence wild radish dormancy.  For example, 
seeds from Western Australia’s warmer northern agricultural region have lower dormancy 
levels than seeds from the cooler southern region (Cheam 1986). 

Dormancy is further complicated by flower colour.  Seeds of white- and purple-flowered 
forms are more dormant than those of the yellow form.  It follows that white- and purple-
flowered wild radish have a greater likelihood of avoiding control by early herbicides because 
they tend to germinate after the time of application. 

The dormancy factor is also influenced by the time of seedling emergence.  Early emerging 
plants produce more seeds with greater dormancy than those emerging later (Cheam 1986). 

This complex dormancy behaviour of wild radish therefore plays a significant role in the 
weed’s persistence. 

Germination flexibility 
Wild radish can germinate at any time of the year, given sufficient soil moisture.  However, it 
germinates best under widely fluctuating temperatures with an optimal diurnal fluctuation of 
25˚C/10˚C. In any one year, the majority of seed germinates in autumn and winter.  Amor 
(1985) found that out of the total seasonal emergence, 6 per cent occurred in early autumn, 
73 per cent in late autumn to early winter and 21 per cent in late winter to early spring.  
Cheam (unpublished) established that the number of cohorts that emerge in a season can 
vary from two to six.  Most of the emergence takes place within five weeks of crop seeding 
and accounts for 91-93 per cent of the total emergence (Table 1).  In addition, the first cohort 
of seedlings that emerges within three weeks following crop-sowing accounts for the major 
portion of this emergence.  A single spray of a non-residual herbicide will control only the 
early emerged weeds and is generally not sufficient to control the weed completely, 
especially if there are gaps in the crop. 
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Table 1. Proportion of total emergence (%) and seedling density (/m2) of wild radish in three major 
crops (Cheam, unpublished data) 

 % of total emergence  Seedling density (m-2) 
Crop 

Cohort* 1 2 3  1 2 3 

Wheat  71.3 21.3 7.4  107 32 11 

Lupin  65.7 24.8 9.5  90 34 13 

Canola  67.0 25.9 7.1  75 29 8 

* Cohort 1 = 0-3 weeks after crop seeding (WACS). 
  2 = 3-5 WACS. 
  3 = 5-9 WACS. 

Work done in the United Kingdom (Rees 1989) has shown that established plants reduce the 
probability of wild radish germination and subsequent recruitment of seedlings.  This is due 
to a decrease in the amount of red to far-red ratio of light reaching the weed seeds and 
seedlings and is mediated by the phytochrome system.  It therefore makes good sense to 
ensure the crop is well established with minimal gaps.  This probably explains why in lupin, 
for example, the common problem of poor seeding tends to result in a more staggered 
germination of wild radish, which can then escape early control treatments. 

Cultivation promotes germination and emergence, if there is follow-up rain.  Wild radish 
seeds emerge best from depths of 1-2 cm following autumn shallow cultivation.  Seedlings 
rarely emerge from depths greater than 5 cm.  Autumn stimulation of emergence with 
cultivation is achievable only when soil temperatures are below 20˚C in the shallow depths, 
and there is sufficient soil moisture (Young 2001). 

The fact that buried seeds require light exposure while surface seeds prefer darkness for 
germination partially explains the stimulation of wild radish germination brought about by 
cultivation.  Cultivation changes the position of seeds in the soil and therefore access to or 
shelter from light.  Seeds left on the soil surface without soil disturbance have poorer 
emergence, as do seeds buried at more than 4 cm. 

Although wild radish can germinate and grow in a wide range of soil types, it prefers acid 
soils.  In a long-term study over 11 years in the United Kingdom, Chancellor (1976) 
suggested that the reduction in wild radish abundance from 5.4 to 0.7 per cent could be due 
to liming, which raised the soil pH from 6.0 to 6.8.  It will be of interest to see the results of a 
similar study on liming currently being undertaken by the University of Western Australia. 

The presence or absence of trash could also determine wild radish germination in the field.  
Organic trash increases the moisture level of the soil as well as lowering the soil 
temperature.  Consequently, the germination window for the surface and buried seeds is 
increased.  If trash must be removed to allow the crop to be sown, removal should be done 
only after allowing maximum germination of the wild radish followed by appropriate control 
measures. 

Seed longevity 
Deep burial extends seed viability, and subsequent cultivation must be shallow to avoid 
returning seed closer to the surface where it could germinate.  Wild radish seed persistence 
is greatest when seed is buried at depths of more than 4 cm (Table 2). 
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Table 2. Percentage of wild radish seed remaining viable after burial at various depths (Code, Walsh 
and Reeves 1987). 

Duration of burial (years) Depth of 
burial 
(cm) 0.5 1 2 3 4 6 

0 43 19 5 4 5A 0 

1 10 12 16A 5 3 1 

5 55 47 52A 27 21 7 

10 75 57 53 44 43 0 

A Apparent increases in viability with time due to variation between samples. 

Tillage systems that place wild radish seed at varying depths will therefore affect seed 
longevity.  Although the decline in the number of viable seeds is greatest in the top 1 cm of 
soil, any measures taken to deplete the seeds in the top 10 cm of the soil (while also 
preventing the input of fresh seeds) would need to be applied for over at least six years.  
Realistically, even when using the various drastic measures to minimise wild radish seed 
production, the rate of seedbank decline averages around 50 per cent per annum 
(see previous paper).  This means it will take more than 10 years to exhaust the seedbank.  
Peltzer’s research showed wild radish seedbank declined at a rate of between 25 and 75 per 
cent.  Chancellor (1986) in a 20-year study (1963-1983) of buried seeds in undisturbed soil 
found that wild radish had a mean annual decline of 33 per cent from 1963 to 1965, with one 
to two seeds still surviving after 20 years of burial. 

Shedding of seed-pods 
Wild radish sheds pods before crop harvest, enabling it to persist in cropping systems.  
Victorian work showed that 59 per cent of wild radish pods had been shed before lupin 
harvest and between 48 and 56 per cent before wheat harvest (Henskens, personal 
communication).  Environmental conditions, such as hot dry spells, severe wind and rainfall 
close to crop harvest can cause wild radish pods to shed.  Nevertheless, early windrowing 
(swathing) of crops like canola and pulses may prevent return of wild radish seeds to the soil 
by capturing the green wild radish pods. 

Flowering flexibility 
Wild radish requires less than 600 degree-days to flower, providing it with the capacity to 
grow and set seeds in most areas of southern Australia.  Temperature is the major factor 
controlling development up to flowering, while day length as well as temperature influence 
the duration of flowering (Reeves et al. 1981). 

Genetic and phenotypic variability 
It is through its genetic and phenotypic variability that wild radish has managed to adapt so 
well to various situations, including varied crops, environments and control tactics.  This 
variability in wild radish is also evident in its flower colour variations.  More that 12 different 
forms of wild radish have been differentiated based on colour and venation pattern on the 
petal. 

Herbicide resistance 
Being an outcrossing species, wild radish has sufficient genetic variability and biochemical 
adaptability to evolve resistance to the commonly used wild radish herbicides in cropping 
systems.  Populations, mostly in Western Australia, have developed resistance to herbicides 
in the mode of action Groups B, C, F and I.  Group B resistance is the most common 
(Walsh et al. 2001) followed by Group F (Cheam and Lee 2004). 
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A major concern is the increased frequencies of wild radish populations that are developing 
resistance to atrazine (Group C) and 2,4-D amine (Group I).  Multiple resistances across 
several modes of action are becoming common.  Resistance to herbicides in up to three 
mode-of-action groups has been documented in individual populations (Walsh et al. 2004). 

Competitive ability 
Wild radish is very competitive because of the rapid establishment of its seedlings and their 
relatively fast growth rate.  This competition has been further enhanced with the introduction 
of modern crop cultivars that are shorter in habit.  Yield response to spraying is often four to 
five times higher for wild radish killed early at the three-leaf stage than when control occurs 
after tillering (see Table 3). 

Crop yield losses are even more significant in alternate crops (see Table 4).  The impact on 
yield depends on the density of wild radish plants (see Table 4) and on when they emerge in 
relation to the crop plants. 

Table 3. Effect of early and late spraying of wild radish on wheat yields in the central west of 
New South Wales (Dellow and Milne 1987). 

Treatment Wheat yield (t/ha) 

Unsprayed 0.14 

Sprayed late (tillered) 0.36 

Sprayed early (3-leaf) 1.66 

Table 4. Effect of wild radish populations on crop yield (Blackshaw et al. 2002; Cheam unpublished; 
Hashem and Wilkins 2002; Moore 1979) 

Yield loss Wild radish plant density (plants/m2) 

Crop 2-4 10 25 50 64 75 100 200 

Wheat   11% 20%  26% 33% 50% 

Canola 11%    91%    

Lupin 15% 28% 56% 81%  92%   

Faba bean  36%       

Field pea  36%       

Lentil  42%       

Chickpea  49%       

A more detailed discussion on competition is found in a separate paper for this Symposium. 

Allelopathy 
Wild radish exhibits allelopathic activity, with wild radish extracts and residues suppressing 
germination, emergence and seedling growth of some crops and weeds (Norsworthy 2003).  
In Mexico, it was reported to inhibit other weeds strongly when used as a cover crop in 
potatoes (Anaya et al. 1992).  In Western Australia it has been shown that lupin, wheat, field 
pea and barley grains rapidly lose their viability during storage when contaminated with 
green wild radish pods (Cheam 1996; Cheam and Lee 2000).  This is due to the toxic 
substances released by the wild radish pods and seeds.  Because of the wide spectrum 
action of the toxins, early in-crop control of wild radish is important to reduce the 
contamination of crop seed at harvest. 
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CONCLUDING REMARKS AND FUTURE RESEARCH 
The long term control of wild radish is unlikely to be achieved if we are not prepared to 
change our current attitude from that of treating the weed as an annual phenomenon to that 
of treating a longer term infestation.  As wild radish can only reproduce via seed, the seed 
should be the ultimate target of control efforts.  The use of new technology, such as 
genetically modified crops, new herbicides and any novel ways of preventing seed set or 
enhancing seedbank decline should not be ignored.  Farmers should strive for less wild 
radish seeds at the end of the cropping cycle than at the outset.   As for the researchers, 
they must realise that to produce improvements in the field they must work alongside the 
farmers to develop new management strategies that are economically and biologically viable. 
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Wild radish – Group B resistance 
Michael Walsh and Shane Friesen 

WAHRI, School of Plant Biology, University of Western Australia, Crawley WA, 6009 

ABSTRACT 
Wild radish is by far the most prevalent and economically damaging broad-leaf weed of 
cropping systems across the 10 million hectare WA wheatbelt.  Wild radish populations have 
been constantly treated with ALS inhibiting Group B herbicides since their introduction in the 
1980s.  Consequently, wild radish populations from the Western Australian wheatbelt have 
evolved widespread resistance to Group B herbicides.  In 1999 21 per cent of wild radish 
populations were determined to be resistant to the Group B herbicide chlorsulfuron.  A more 
recent survey in 2003 has determined that this frequency has increased dramatically where 
63 per cent of wild radish populations contain chlorsulfuron resistant plants.  Target site 
mutations have been identified as being the mechanism most likely to be responsible for 
chlorsulfuron resistance.  However, there is new evidence suggesting that herbicide 
metabolism may also be involved.  

RESISTANCE FREQUENCY AND DISTRIBUTION 
Wild radish remains a problematic weed of the northern WA wheatbelt regions primarily due 
to the continued prevalence of this weed and now the widespread evolution of chlorsulfuron 
resistance in populations from this region.  The majority of wild radish populations collected 
in the wild radish seed collection survey conducted at the end of the 2003 growing season 
came from the northern regions (H1, M1, L1, H2, M2 and L2) of the WA wheatbelt (Table 1).  
Almost two thirds (62%) of the total number of populations collected originated from this 
region.  Of the 53 populations collected from this area 41 (77%) contained chlorsulfuron 
resistant plants.  In particular in region one 90 per cent of wild radish populations had 
chlorsulfuron resistance.   

Resistance to chlorsulfuron is now a frequent and widespread phenomenon in wild radish 
populations from the WA wheatbelt.  A recent survey found that 63 per cent of wild radish 
populations were resistant to chlorsulfuron (Walsh et al. 2005).  This is a three-fold increase 
on the 21 per cent of populations identified in a survey conducted 4 years earlier in 1999 
(Walsh et al. 2001; Walsh et al. 2005).  This increase in chlorsulfuron resistance indicates 
the continued use and reliance on sulfonylurea herbicides for wild radish control in WA crop 
production systems.  
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Table 1. Number of wild radish populations with resistance and developing resistance to chlorsulfuron 
across the agronomic regions of the WA wheatbelt. (Modified from Walsh et al. 2005). 

Resistant1 Developing Resistance2 
Populations 

with resistant 
plants Region Populations 

collected 
Number % Number % % 

H1 12 9 75 1 8 84 

M1 10 8 80 2 20 100 

L1 10 5 50 2 20 70 

H2 7 1 14 2 28 42 

M2 5 2 40 2 40 80 

L2 9 3 33 4 44 77 

H3 7 1 14 1 14 28 

M3 6 0 0 2 33 33 

L3 7 0 0 3 43 43 

H4 2 0 0 0 0 0 

M4 3 0 0 1 33 33 

L4 3 0 0 0 0 0 

H5 0 0 0 0 0 0 

M5 3 0 0 0 0 0 

L5 1 0 0 0 0 0 

Total 85 29  20   

1 Resistance defined as ≥ 20% population survival. 
2 Developing resistance defined as between 1 and 19% population survival. 

RESISTANCE MECHANISMS 

Target site resistance 
Resistance to ALS inhibiting herbicides has previously been documented for several wild 
radish populations from WA (Hashem et al. 2001; Walsh et al. 2001; Hashem and Dhammu 
2002).  Studies on a number of these wild radish populations determined that resistance is 
due to an altered target site.  The most common change in these populations occurred at 
amino acid position 197 (relative to Arabidopsis) of the ALS enzyme, which in susceptible 
plants is a proline but in resistant wild radish has been changed to any of serine, histidine, 
threonine, or alanine (Tan and Medd 2002; Yu et al. 2003); Friesen and Powles, unpublished 
results).  Tan and Medd (2002) also reported a change at position 574 of tryptophan to 
leucine.  These substitutions have been reported before for other weeds (reviewed in Tranel 
and Wright 2002) and so their presence in wild radish is not unexpected. 

Recently we have identified a resistance mutation leading to a change of aspartate to 
glutamate at position 376 (Friesen and Powles unpublished results).  This is a very 
interesting case of resistance because this mutation is very rare in higher plants.  In fact only 
one report (Tardif et al. 2006) has suggested its occurrence in a naturally selected resistant 
weed population.  Normally wild radish plants that are resistant to ALS inhibiting herbicides 
due to an altered target site have a robust level of resistance which allows them to survive, 
seemingly unaffected, very high (16 times the recommended rate) application rates of these 
herbicides (Yu et al. 2003; Walsh et al. 2004).  This is not true of the substitution of aspartate 



Proceedings of the Wild Radish and other Cruciferous Weeds Symposium 

 

22 

for glutamate.  This change appears to make the plants much less resistant to chlorsulfuron 
than substitutions of proline, for example (Friesen and Powles Unpublished results).  

CROSS-RESISTANCE 
Although only a few wild radish populations have been screened across available Group B 
herbicides the cross resistance pattern was found to be similar.  Four wild radish populations 
identified as being resistant to chlorsulfuron had the same pattern of cross-resistance across 
herbicides from imidazolinine and sulphonamide classes of herbicide chemistry (Walsh et al. 
2004).  These populations were all susceptible to the sulphonamide herbicides and resistant 
to some of the imidazolinone herbicides.  However, more recent work has identified different 
cross-resistance patterns in other chlorsulfuron resistant populations. 

CONCLUDING REMARKS AND FUTURE RESEARCH 
The evolution of Group B resistance and in particular resistance to the sulfonylurea chemistry 
of herbicides is continuing at a rapid rate within WA wild radish populations.  Resistance 
continues to be a major problem in the northern region of the wheatbelt, however, the 2003 
survey also identified Group B resistance in the southern regions.  

Future research will investigate the cross resistance patterns in a large number of wild radish 
populations.  The aim of this research will be to explore the short term options for group B 
herbicide use on WA wild radish populations.  
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Wild radish – Group C resistance 
Michael Walsh 

WAHRI, School of Plant Biology, University of Western Australia, WA 6009 

ABSTRACT 
Wild radish resistance has continued to evolve with occurrence of new resistance 
mechanisms and the accumulation of multiple resistance mechanisms in individual 
populations.  However, in contrast to other herbicides the frequency of resistance to the 
photosystem II inhibiting herbicides remains comparatively rare.  Therefore, indications are 
that the use of at least some herbicides from this group will likely remain effective on wild 
radish populations in WA for some time into the future.  

RESISTANCE FREQUENCY AND DISTRIBUTION 
The frequency of triazine resistance across the WA wheatbelt is currently very low when 
compared with resistance to ALS inhibiting, auxin analogue herbicides and diflufenican.  
Results from the 2003 survey have confirmed only 3 populations with resistance to atrazine 
(Table 1. Walsh et al. unpublished).  In contrast between 40 to 60 per cent of these same 
populations were found to be resistant to chlorsulfuron, 2,4-D amine or diflufenican 
(Walsh et al. 2005).  The identification of only two developing resistance populations in the 
2003 survey is also surprising because of fact that two resistant populations were previously 
identified and documented several years earlier (Hashem et al. 2001; Walsh et al. 2004).  
Therefore, the evolution of triazine resistance has apparently not continued in wild radish in 
the same manner that other resistance mechanisms have. 

Table 1. Number of wild radish populations with resistance and developing resistance to 2,4-D amine 
across the agronomic regions of the WA wheatbelt.  (Modified from (Walsh et al. 2005.) 

1 Resistance defined as ≥20% population survival. 
2 Developing resistance defined as between 1 and 19% population survival. 

Resistant1 Developing Resistance2 Populations with resistant plantsRegion Populations 
collected Number % Number % % 

H1 12 0 0 0 0 0 
M1 10 0 0 1 10 10 
L1 10 0 0 1 10 10 
H2 7 0 0 0 0 0 
M2 5 0 0 0 0 0 
L2 9 0 0 0 0 0 
H3 7 0 0 0 0 0 
M3 6 0 0 0 0 0 
L3 7 0 0 1 14 14 
H4 2 0 0 0 0 0 
M4 3 0 0 0 0 0 
L4 3 0 0 0 0 0 
H5 0 0 0 0 0 0 
M5 3 0 0 0 0 0 
L5 1 0 0 0 0 0 
Total 85 0  52   
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RESISTANCE MECHANISMS 
Triazine resistance in a wild radish population from WA has previously been documented 
(Hashem et al. 2001a; Walsh et al. 2004).  Resistance in this population was caused by an 
altered target site protein, i.e. the D1 protein of photosystem II, but the exact change was not 
identified.  We have recently studied atrazine resistance in a different wild radish population 
to that examined by Hashem et al. (2001a) and have established that resistance is caused 
by a mutation leading to the substitution of serine at position 264 (relative to Arabidopsis) to 
glycine (Friesen and Powles unpublished).  This mutation is very common and is almost 
always the mechanism for atrazine resistance in weed populations worldwide.   

An interesting feature of this type of resistance is that it will not be readily transferred via 
pollen because it is encoded in the chloroplast genome and not the nucleus.  This means 
that its main method of spread is via seed dispersal, as opposed to other types of resistance, 
which can be spread by seed and pollen flow.  This may explain why triazine resistance is 
still relatively rare despite the many years of selection in lupin and canola crops with the 
photosystem II inhibiting herbicides simazine and atrazine respectively (Table 1). 

CROSS-RESISTANCE  
A mutation at the herbicide binding site on the D1 protein is nearly always the mechanism 
responsible for the occurrence of atrazine resistance in weed species (Gronwald 1994).  
Additionally, although there are a number of mutations that may confer resistance one in 
particular substitution dominates all others.  The substitution of serine at position 264 to 
glycine on the D 1 protein is by far the most common and typically ensures that the plant is 
resistant to all triazine and triazinone herbicides (Fuerst et al. 1986).  This resistance 
mechanism has been identified in at least one wild radish population from WA (Friesen and 
Powles unpublished) and based on the frequency of this mutation it is likely that the other 
resistant populations also contain this mechanism.  The typical pattern of cross resistance for 
populations with this mutation is that they will be resistant to both the triazine and triazinone 
chemistry of herbicides but susceptible to all other photosystem II inhibiting chemistries that 
are typically used for the control of wild radish.  
The urea and nitrile chemistries of photosystem II inhibiting herbicides contain a number of 
herbicides that are highly effective in wild radish populations.  Given that target site 
mutations dominate as the most common form of mechanism in weed species and that the 
mutation responsible for conferring resistance to these herbicides is rare then it is likely that 
they will remain effective on wild radish populations for some time.  

CONCLUDING REMARKS AND FUTURE RESEARCH 
The low incidence of resistance to the photosystem II inhibiting herbicides indicates that this 
group of herbicides will remain effective in controlling wild radish populations in the short-
term.  Despite a long history of triazine usage in WA there are currently only low frequencies 
of wild radish populations with resistance to these herbicides.  Additionally the rarity of 
particular target site mutations and chloroplast encoding of the genes responsible indicates 
that at least some chemistries of photosystem II inhibiting herbicides will remain effective for 
some time. 
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Wild radish - Group F resistance 
Aik Cheam1,2 and Siew Lee2 
1CRC for Australian Weed Management 
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Centre, WA 6983 

ABSTRACT 
This paper reports on the discovery and extent of diflufenican resistance in wild radish in 
Western Australia.  Since our documentation of the first resistant population in 1999, at least 
20 Western Australian wild radish populations have been confirmed resistant to diflufenican, 
a Group F herbicide that targets the enzyme phytoene desaturase.  It is highly likely that 
there are more wild radish populations already resistant or developing resistance to 
diflufenican that have not yet been detected.  The presence or absence of cross resistance 
to picolinafen and isoxaflutole, two other Group F herbicides currently recommended for use 
against wild radish is also discussed.  Finally, the paper considers the challenges ahead as a 
result of this resistance and how growers can confront these challenges. 

INTRODUCTION 
Diflufenican, picolinafen and isoxaflutole are three Group F herbicides currently 
recommended for wild radish control.  They are better known as Brodal®, Sniper® and 
Balance®, respectively.  Under the Australian herbicide classification system, all three 
herbicides have been placed under the general grouping F because they inhibit carotenoid 
biosynthesis and indirectly interfere with photosynthesis.  In contrast, both diflufenican and 
picolinafen have been placed under Group F1 and isoxaflutole under Group F2, under the 
international Herbicide Resistance Action Committee (HRAC) classification system 
(Schmidt 2002).  Unlike the Australian system, the HRAC system classifies herbicides not 
only according to their modes of action and similarity of symptoms or chemical classes, but 
also according to their site(s) of action. 

Diflufenican and picolinafen target the same enzyme phytoene desaturase (PDS), whereas 
isoxaflutole inhibits the enzyme 4-hydroxyphenyl-pyruvate-dioxygenase (4-HPPD) in the 
carotenoid biosynthesis pathway.  The carotenoid biosynthesis pathway is well characterised 
and a complete review can be found in Cunningham and Gantt (1988).  Although carotenoid 
biosynthesis is an excellent target for herbicide action, to date few commercial products 
exist.  The main reason is that most derivatives have shown inadequate crop selectivity 
(Hess 2000). 

Of the three Group F herbicides, diflufenican has the longest history of use in Western 
Australia for the control of wild radish.  It is the herbicide of choice as a selective in lupin 
crops and in mixtures as a cereal herbicide.  It is therefore not surprising that wild radish is 
the first higher plant that has developed resistance to diflufenican. 

This paper summarises what we know about diflufenican resistance in wild radish in Western 
Australia together with the key results obtained so far. 
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DIFLUFENICAN AND CONFIRMATION OF RESISTANCE 
A total of 17 diflufenican products are presently available across Australia.  The recent 
increase in diflufenican products has resulted from the expiry of the diflufenican patent in 
November 2001.  Eleven of the diflufenican products are pure diflufenican and six are 
mixtures containing diflufenican and another herbicide, such as MCPA (Group I) or 
bromoxynil (Group C). 

The first population of wild radish resistant to diflufenican was confirmed in 1999, before the 
expiry of the diflufenican patent.  This was the world’s first diflufenican-resistant weed 
identified.  The population was collected from a farm in the northern agricultural region of 
Western Australia.  Checking the history of herbicide use on this farm revealed that the wild 
radish population had been exposed to only four applications of diflufenican.  When this 
population was sprayed with Brodal® at 200 mL/ha in the field where 2 L/ha simazine had 
been applied pre-emergent, the population was effectively controlled.  However, where no 
simazine was applied pre-emergent there was a high survival rate of the population following 
Brodal® application.  This implied that Brodal® + simazine would give adequate control of 
Group F resistant wild radish, if the population was still susceptible to Group C herbicides. 

In studies involving diflufenican and triazines, triazine compounds have been shown to widen 
the window of application of diflufenican and increase the level of efficacy (Sermon 1998; 
Burgess 1999).  Synergistic interactions between PS II and carotenoid inhibitors have been 
clearly demonstrated by Vidal et al. (2000).  It is this synergism that probably masks the 
detection of Group F resistance in the field.  However, if the population eventually becomes 
resistant to triazines, the Group F resistance will become more apparent, as noted in one 
population discovered at a later date in 2000. 

To date, more than 20 populations of wild radish have been confirmed to be resistant to 
diflufenican in Western Australia.  This makes diflufenican resistance the second most 
common resistance in wild radish after Group B resistance.  As in Group B resistance, most 
of the resistant weed populations came from the northern agricultural region with only four 
applications of diflufenican needed for resistance to develop in some populations.  Apart from 
these confirmed cases, it is likely that there are populations out in the field that are 
developing resistance to this herbicide.  This resistance problem is likely to be exacerbated 
by the recent spate of diflufenican products available on the market following the expiry of 
the diflufenican patent. 

CROSS RESISTANCE TO OTHER GROUP F HERBICIDES 
As mentioned earlier, apart from diflufenican, two other Group F herbicides currently 
recommended for wild radish control are picolinafen and isoxaflutole.   The former is mainly 
for use in lupins and the latter in chickpea.  Experiments with known diflufenican-resistant 
wild radish populations have confirmed cross resistance to picolinafen (Cheam and Lee 
2002a; Cheam and Lee 2002b).  For example, picolinafen at 37.5 g a.i.ha-1, the highest 
recommended label rate, readily killed the susceptible population with few survivors.  No 
survivors were recorded at 112.5 g a.i. ha-1, which is three times the highest recommended 
rate.  In contrast, at 37.5 g a.i.ha-1, 82 per cent of the resistant population survived and at 
112.5 g a.i.ha-1, there was still 27 per cent survival in the resistant population.  Based on the 
LD50 ratio, the resistant population was 3.4-fold more resistant to picolinafen than the 
susceptible population (Table 1). 

This is the first documented case of cross resistance of diflufenican resistant wild radish to 
picolinfen.  Therefore, it is essential to test for cross-resistance to picolinafen in all cases of 
diflufenican resistant wild radish in order to avoid unnecessary control failures. 

As expected, there was no cross resistance to isoxaflutole. 
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Table 1. The concentration of picolinafen required to kill 50 per cent (LD50) of the resistant and 
susceptible populations of wild radish 

LD50 (g a.i.ha-1) 

Resistant (R) Susceptible (S) 
R/S 

114.3 33.7 3.4 

MULTIPLE RESISTANCE ACROSS OTHER HERBICIDE GROUPS 
The challenge ahead for the control of wild radish lies in our ability to control populations that 
have developed multiple herbicide-resistance across several modes of action.  The first 
documented wild radish population resistant to diflufenican was also resistant to the Group B 
herbicides, the acetolactate synthase-inhibiting herbicides (Cheam et al. 2000a).  This 
particular population had been exposed to only five applications of Group B herbicides.  
Determination of the resistance status of other diflufenican resistant populations in our 
collection revealed that the most common combination involved Groups F and B.  Another 
population collected by Walsh et al. (2004), besides being resistant to Groups F and B, was 
also resistant to 2,4-D amine (Group I).  A recent confirmation in our collection involved 
resistance to diflufenican (Group F), Eclipse (Group B) and 2,4-D ester (Group I).  
Fortunately, to date, no population has been found with resistance to all the four groups of 
herbicides (Groups F, B, C and I).  Of the different combinations, the one that poses the 
greatest threat to lupin growers is multiple-resistance to Groups F and C.  One population in 
our collection had multiple--resistance to diflufenican and triazines.  Walsh et al. (2004) also 
collected one population resistant to diflufenican, metribuzin and 2,4-D. 

CHALLENGES TO THE GRAINS INDUSTRY 

The lupin industry 
Some believe that it is not possible to grow current varieties of lupins in a paddock that 
contains wild radish resistant to both Group F and Group C herbicides because of the lack of 
alternative herbicides.  All three herbicides, diflufenican, picolinfen and simazine (on their 
own and in mixtures) that are currently recommended for wild radish control in lupins are no 
longer effective against the resistant population (Cheam et al. 2003).  The common mixture 
diflufenican and metribuzin has also failed to control the resistant population (R), compared 
with the susceptible (S) (Table 2). 
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Table 2. Response of susceptible S and multiple resistant R (diflufenican and triazines) populations of 
wild radish to herbicides commonly used in the lupin phase 

% Survival 
Herbicide and rate (g a.i.ha-1) 

R S 

Diflufenican (100) 55.1 0 

Diflufenican + simazine (50 + 500) 47.9 0 

Diflufenican + metribuzin (50 + 75) 22.0 0 

Picolinafen (37.5) 60.2 0 

Picolinafen + simazine (18.7 + 500) 52.3 0 

Picolinafen + metribuzin (18.8 + 75) 44.0 0 

Atrazine (1000) + 1% Ulvapron 100 0 

Nevertheless, the Group B herbicide metosulam (Eclipse®) is still available for use in lupins if 
the resistant wild radish population is susceptible to the ALS inhibitors.  Field observations of 
the application of metosulam + picolinafen by the farmer whose paddock was infested with 
wild radish resistant to both diflufenican and triazines revealed that the mixture was quite 
effective on the population with no damage to his lupin crop.  Nevertheless, caution is 
needed when using metosulam in lupins because there is variable tolerance of lupin varieties 
to metosulam (Dixon, 1999).  However over dependence on metosulam will eventually result 
in the wild radish population building up resistance to the herbicide.  Using herbicides in a 
sustainable way is a real challenge.   

With the expiry of the diflufenican patent and the prolonged use of triazines for the control of 
wild radish in lupins and TT-canola, it is highly likely that more populations of wild radish will 
evolve multiple-resistance to diflufenican and triazines.  In areas where wild radish is still 
susceptible to both herbicides, preserving the herbicides’ effectiveness should be given high 
priority.  It is advisable to avoid using products containing diflufenican in the wheat phase of 
the lupin-wheat rotation because of our current dependence on this herbicide in the lupin 
phase.  Likewise, because of simazine use in the lupin phase, the lupin/TT-canola rotation 
should be avoided to prevent the use of triazines in successive years.  Any attempt to breed 
lupin varieties with tolerance to herbicides with a different mode of action and which are 
effective on wild radish would be most welcome.  The Department of Agriculture and Food 
and the University of Western Australia are currently involved in a project of this nature. 

The cereal industry 
In the wheat cropping phase, there is still a good range of herbicides against wild radish.  
Even if the wild radish population is resistant to all four groups of herbicides (B, C, F, and I), 
the use of carfentrazone-ethyl (Affinity®), a Group G herbicide commonly used as a mixture 
with MCPA amine (Group I), is likely to control the population.  In one of our glasshouse 
screenings involving Affinity® + MCPA amine on a wild radish population resistant to Group 
B, F and I herbicides, the wild radish was controlled effectively. 

Other results of interest involved the wild radish population with multiple-resistance to 
diflufenican and triazines.  Jaguar® and Barracuda®, both containing diflufenican + 
bromoxynil, effectively controlled the resistant population.  Since diflufenican and bromoxynil 
are classified as Group F and Group C respectively, under the present Australian herbicide 
classification system, one would be tempted to think that both Jaguar® and Barracuda® are 
unlikely to be effective on the population.  However, under the international Herbicide 
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Resistance Action Committee (HRAC) classification system, bromoxynil is placed under 
Group C3 and the triazines and metribuzin under C1.  Unlike the triazines, bromoxynil acts 
on a different site at the binding protein D1 in photosystem II.  This protein is also called the 
QB binding protein (Pfister et al. 1981; Kyle 1985) 

Trebst (1987) grouped herbicides that bind in the QB niche into two families based on their 
interaction with amino acids at this site:  the triazine/urea family which shows a strong 
interaction with Ser 264 and the phenol family that interacts strongly with His 215.  
Bromoxynil, being a nitrile, belongs to the phenol family.  According to Trebst (1991), 
mutations in triazine resistance lead to an increased sensitivity to phenol-type herbicides.  
This, together with the fact that bromoxynil has an additional mode of action involving 
membrane disruption (Schmidt 2002) probably accounts for the effectiveness of the 
bromoxynil + diflufenican mixture. 

Another significant result was the effectiveness of the mixtures diflufenican + MCPA and 
picolinafen + MCPA, despite the resistance of the population to one of the components in the 
mixture.  This was clearly evident in the suppression of the wild radish biomass rather than 
plant mortality.  Therefore, once a herbicide is no longer effective on a population due to 
resistance, mixing it with the appropriate herbicide having a different mode of action may 
result in control of the resistant population, as shown in this study.  This approach should be 
taken seriously, since it allows the continuous use of the herbicide to which the population 
has evolved resistance. 

CONCLUDING REMARKS AND FUTURE RESEARCH 
The Group F herbicide resistance problem in wild radish poses a greater threat to the lupin 
than the cereal industry because of the lack of alternative herbicides for its control in the 
lupin phase of a cropping rotation.  This problem is likely to reduce the area of lupin sown, 
especially in Western Australia, if farmers continue to practise a wheat/lupin rotation with the 
persistent application of diflufenican.  To prevent further development of diflufenican 
resistance, it is imperative that farmers follow the best herbicide resistance management 
practices, in order to reduce the selection for resistance to the herbicide. 

Future research should focus on finding a wider range of herbicides, both old and new, for 
the control of wild radish in the lupin phase.  The development of genetically modified crops 
to combat the problem should not be ignored.  Finally, studies of herbicide mixtures, to 
prolong the use of diflufenican even though it is no longer effective on its own, should be 
taken more seriously.  Our work on diflufenican resistant wild radish with diflufenican + 
bromoxynil and diflufenican + MCPA clearly supports this approach. 
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Wild radish – Group I resistance 
Michael Walsh1 and Peter Newman2 
1WAHRI, School of Plant Biology, University of Western Australia, WA 6009 

2 Department of Agriculture and Food, Western Australia, Geraldton, WA 6530 

ABSTRACT 
The evolution of herbicide resistance within wild radish populations is currently continuing at 
an ever increasing rate with many wild radish populations now displaying resistance to the 
Group I phenoxy herbicides.  Phenoxy herbicides are currently the cornerstone for selective 
wild radish control in cereal crops and the evolution of resistance to this herbicide chemistry 
by wild radish is a real impediment to continued successful crop production.  Common 
practice in areas where wild radish is prevalent is to apply a mix including MCPA at the 3 to 
5 leaf stage of a cereal crop followed by an application of 2,4-D just prior to flag leaf 
emergence of the cereal.  In many cases, phenoxy herbicide is included in the knockdown as 
a spike to improve control of broadleaf weeds. 

Despite the long term and extensive use of 2,4-D amine in WA cropping systems for the in-
crop control of wild radish the first reported case of resistance to herbicide was not 
documented until 2004 (Walsh et al. 2004).  Until recently only a few examples of 
2,4-D resistance in other weed species had been noted (reviewed 
by(Coupland 1994a; Coupland 1994b; Sterling and Hall 1997).  Currently there are now 
24 weed species that have been documented as exhibiting resistance to auxin analog 
herbicides (Heap 2006). 

RESISTANCE FREQUENCY AND DISTRIBUTION 
Despite the long term and extensive use of 2,4-D amine in WA cropping systems for the 
in-crop control of wild radish the first reported case of resistance to herbicide was not 
documented until 2004 (Walsh et al. 2004).  The first cases of phenoxy resistant wild radish 
were observed in the field in WA in 2002.  A screen of 18 populations in 2003 revealed that 
9 populations contained plants that demonstrated resistance to 2,4-D Amine (Newman 
unpublished data).  Until recently only a few examples of 2,4-D resistance in other weed 
species had been noted (reviewed by(Coupland 1994a; Coupland 1994b; Sterling and Hall 
1997).  Currently there are now 24 weed species that have been documented as exhibiting 
resistance to auxin analog herbicides (Heap 2006).  Across WA there are now over 60 per 
cent of wild radish populations exhibiting some level of resistance to 2,4-D amine 
(Walsh et al. 2005).  Given the extensive and very high frequencies of resistance it is highly 
likely that resistance to this auxin analog herbicide has been present in WA wild radish 
populations for some time. 

Phenoxy herbicide resistance is widely distributed across the WA wheatbelt but currently at 
low population densities.  Screening of the wild radish populations collected as part of the 
2003 seed collection survey revealed a high frequency of wild radish populations that had 
evolved resistance to 2,4-D amine (Table 1).  A large number of populations were found to 
have plants that survived and reproduced following the application of 2,4-D amine at 
500 gai/ha at the 2-3 leaf stage.  Generally though the frequency of resistant plants within 
populations was low resulting in the majority of populations with resistant plants being 
classified as developing resistance.  Additionally resistance was not concentrated in the 
northern region of the wheatbelt with resistance to 2,4-D amine being identified in 
populations from across the wheatbelt.  Over five hundred paddocks were visited during this 
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random survey resulting in 85 populations of wild radish being sampled.  Therefore, good 
wild radish control was achieved in 83 per cent of paddocks in the random survey. 

Four populations tested as resistant (i.e. greater than 19% survivors) and 52 populations 
tested as developing resistance to 2,4-D Amine (Table 1).  Therefore, approximately 1 per 
cent of paddocks have resistant radish and appoximately 10 per cent of paddocks have 
developing resistant wild radish. 

Table 1. Number of wild radish populations with resistance and developing resistance to 2,4-D amine 
across the agronomic regions of the WA wheatbelt.  (Modified from Walsh et al. 2005.) 

Resistant1 Developing Resistance2 
Region Populations 

collected Number % Number % % 

H1 12 1 8 7 58 75 

M1 10 0 0 7 70 70 

L1 10 1 10 8 80 90 

H2 7 1 14 3 42 57 

M2 5 1 20 3 60 80 

L2 9 0 0 8 89 89 

H3 7 0 0 4 57 57 

M3 6 0 0 2 33 33 

L3 7 0 0 5 71 71 

H4 2 0 0 1 50 50 

M4 3 0 0 1 33 33 

L4 3 0 0 2 66 66 

H5 0 0 0 0 0 0 

M5 3 0 0 1 33 33 

L5 1 0 0 0 0 0 

Total 85 4  52   

1 Resistance defined as ≥ 20% population survival. 
2 Developing resistance defined as between 1 and 19% population survival. 

CROSS-RESISTANCE  
Wild radish populations that are resistant to 2,4-D amine are also resistant to the other Group 
I phenoxy herbicides used for the control of this weed in WA cropping systems.  Cross 
resistance screens of 2,4-D amine resistant wild radish populations with a range of phenoxy 
herbicides has determined that these populations are resistant to ester and amine 
formulations of 2,4-D and MCPA.  Although there are slight differences in the levels of 
population survival between phenoxy resistant populations following treatment with these 
different formulations these differences are slight in terms of population survival.  Visual 
observations though are that the ester formulations are more effective in reducing the 
biomass of phenoxy resistant plants than the amine formulations.  As phenoxy resistant 
plants are still severely affected by the application of phenoxy herbicides the observed 
differences between formulations reflects the increased uptake of ester formulations 
compared with the amine formulations. 
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RESISTANCE MECHANISMS 
Of those cases of auxinic resistance in weeds that have been studied worldwide, an altered 
target site has been clearly demonstrated in several unique weeds and weed populations 
(e.g. Peniuk et al. 1993; Goss and Dyer 2003; Abdallah et al. 2006).  Non-target-site auxinic 
resistance in weeds has also been demonstrated (e.g. Barnwell and Cobb 1989; 
Coupland et al. 1990; Lutman and Heath 1990; Coupland et al. 1991; Weinberg and Hall 
2004).  The mechanisms of auxinic resistance in wild radish have not yet been identified. 

CONCLUDING REMARKS AND FUTURE RESEARCH 
Resistance to the Group I phenoxy herbicides is having a dramatic impact on the ability of 
WA crop producers to effectively control wild radish in their cropping systems.  The loss of 
the use of the phenoxy herbicides due to the evolution of resistance is causing substantially 
more problems than the resistance related loss of any other herbicide chemistry.  

Current research is investigating the reduced competitive ability of phenoxy resistant wild 
radish populations in wheat cropping systems following treatment with 2,4-D amine.  It is 
possible that in the short term increased seeding rates may overcome phenoxy resistant wild 
radish populations following phenoxy herbicide treatment.  The use of weed seed 
destruction/removal at harvest is viewed as being of importance to manage phenoxy 
resistant wild radish due to the resistant survivors generally being stunted and later 
developing which facilitates the removal of wild radish pods at harvest. 

Anecdotally, most growers and agronomists now agree that 2,4-D Ester 80 is by far the most 
efficacious and cost effective of the phenoxy herbicides for the control of wild radish.  
Recently, the APVMA has commented that 2,4-D Ester 80 may be de-registered in Australia.  
This represents a major set back to WA grain growers for the cost effective management of 
wild radish. 
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Herbicide resistance in brassicaceous weeds other 
than wild radish (Raphanus raphanistrum)  
– what, where and why? 
Andrew Storrie, CRC Australian Weed Management and NSW Department of Primary 
Industries, 4 Marsden Park Road, Calala, 2340 

ABSTRACT 
Australian cropping systems currently have 12 to 15 species in the family Brassicaceae that 
can be considered weeds.  Wild radish (Raphanus raphanistrum) is the most important weed 
for southern systems while charlock (Sinapis arvensis) has the potential to be a major weed 
species for northern farming systems.  Indian hedge mustard (Sisymbrium orientale) and 
turnip weed (Rapistrum rugosum) are the most widespread.  Muskweed (Myagrum 
perfoliatum) has the potential to expand its range across all areas with heavy textured soils.  
Six brassicaceous species have developed resistance to herbicides outside Australia.  
S. arvensis is the most widespread and important of these.  Seven brassicaceous weeds 
have developed resistance to herbicides in Australia, with R. raphanistrum with the largest 
number of resistant populations and mode-of-action groups.  Resistance to acetolactate 
synthase inhibitor (ALS) (Group B) herbicides is the most common due to high initial 
frequency of the mutation, widespread use of the herbicides and high levels of efficacy.  
Resistance to photosystem II inhibitors (Group C) is the next most common both in the 
northern hemisphere, and only found in R. raphanistrum to date in Australia, as is the case 
with resistance to the auxinic herbicides (Group I).  Target site resistance appears to be the 
main mechanism by which resistance is conferred, however increased metabolism of 
herbicides has been found in S. arvensis and the crop species Brassica napus and 
Brassica juncea.  
To prevent the development of more populations of brassicaceous weed populations 
developing resistance a concerted effort is required to convince farmers and their advisers of 
the benefits of adopting an integrated weed management approach using competitive crops 
and stopping weed seed set.  Better designed wiper technology is required to reduce crop 
damage and improve the seed set control on escapes and late germinations in pulse crops. 

INTRODUCTION 
Dellow et al. (2006) investigated the distribution and importance of brassicaceous weeds in 
Australia and of the 160 species present about 40 could be considered weedy and 12 to 
15 could be considered a problem in Australian cropping areas.  Of these charlock (Sinapis 
arvensis) and wild radish (Raphanus raphanistrum) are the most problematic.  Indian hedge 
mustard (Sisymbrium orientale) and turnip weed (Rapistrum rugosum) are the most 
widespread.  A number of species have probably not reached the limit of their spread, such 
as muskweed (Myagrum perfoliatum).  The importance of various species is likely to change 
as Australian farming systems continue to evolve. 
Currently there are at least 110 dicotyledonous weed species resistant to one or more 
herbicides around the world (Heap 2006).  At the time of writing there are 15 dicotyledonous 
weed species resistant to one or more herbicide classes in Australia (Hashem et al. 2006), 
with nearly half being from the family Brassicaceae. 

This paper will review the current state of resistance in brassicaceous weeds (with the 
exception of wild radish) around the world with particular emphasis of the likely trends in 
Australia. 
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RESISTANCE  

World Scene  
Currently there are 6 brassicaceous species resistant to herbicides outside of Australia 
(Table 1). They are mainly found in broadacre cropping systems.  However, resistance in 
Capsella bursa-pastoris and Lepidium virginicum developed in orchards. 

The most common herbicide mode-of-action in which brassicaceous weeds developed 
resistance was the acetolactate synthase inhibitor (ALS) (Group B) herbicides, followed by 
photosystem II inhibitors (Group C).  There were a few cases of auxinic herbicide resistance 
(Group I) occurring in Canada and one instance of bipyridilium (Group L) resistance in 
orchards in Ontario, Canada. 

S. arvensis is the species with the greatest number of resistant populations.  This is due to it 
being the main broadleaf weed of crops in Canada and north-central United States of 
America (USA) (Warwick et al. 2000).  S. arvensis is also a major weed of cropping in 
western Europe (Bond and Turner 2004). 

Table 1. Extent of herbicide resistance in brassicaceous weeds in countries other than Australia 
(Heap 2006) 

Weed Species Herbicide Group Example herbicide 
Countries with 

confirmed  
resistant 

populations 
Situation 

Neslia paniculata 
(Ball mustard) 

B – sulfonylureas e.g. metsulfuron-
methyl 

Canada - Alberta wheat, fallow 

Brassica campestris  
(Birdsrape mustard) 

C – triazines e.g. atrazine Canada  - Quebec maize 

Capsella bursa-pastoris
(Shepherd’s purse) 

C – triazines e.g. simazine Poland  orchards 

Lepidium virginicum 
(Virginian peppercress)  

L - bipyridiliums e.g. paraquat Canada - Ontario stone fruit 

Raphanus sativus 
(radish) 

B – sulfonylureas 
 
B – imidazolinones 

e.g. metsulfuron 
methyl 
e.g. imazethapyr 

Brazil wheat 

Sinapis arvensis  
(charlock)  

 
B -  imidazolinones 
 
 
B – sulfonylureas 
 
 
C – triazines 
 
C – triazinone 
 
I – phenoxys 
 
I – pyridine 
 
I – benzoic acids 
 

 
e.g. imazethapyr 
 
 
e.g. chlorsulfuron, 
metsulfuron 
 
e.g. atrazine 
 
e.g. metribuzin 
 
e.g. 2,4-D 
 
e.g. picloram 
 
e.g. dicamba 

 
Canada – Manitoba 
& Alberta 
 
USA – North Dakota 
Turkey 
 
Canada – Ontario 
 
Canada – Manitoba 
 
Canada – Manitoba 
 
Canada – Manitoba 
 
Canada - Manitoba 

 
maize, winter 
cereals, fallow 
 
soybean 
wheat 
 
maize 
 
wheat, lentils, fallow 
 
winter cereals, fallow
 
winter cereals, fallow
 
winter cereals, fallow
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AUSTRALIA 
Seven brassicaceous weeds have developed resistance to herbicides in Australia (Table 2).  
Boutsalis and Powles (1995) reported S. orientale as the first brassicaceous weed to develop 
resistance in Australia in 1992, following 8 annual applications of sulfonylurea herbicide.  The 
biotype from North Star, NSW, was strongly cross resistant to all Group B classes, while the 
South Australian biotype was strongly resistant to chlorsulfuron and moderately cross 
resistant to imidazolinones and sulfonamides. 

A series of surveys of southern Queensland and northern NSW commencing in 1993 failed 
to find resistant brassicaceous populations until 1995, and by 2004 there had been 41 
broadleaf populations identified (Widderick and Galea 2005).  All populations identified were 
resistant to Group B herbicides alone. 

In a survey of poorly controlled brassicaceous weeds in the northern grain region in 1995 
Adkins et al. (1997) found 2 populations of R. rugosum resistant to Group B herbicides 
following 3 to 6 herbicide applications, 6 populations of S. orientale resistant after 5 to 
10 applications and 1 population of S. thellungii resistant after 5 applications.  

The first field cases of S. arvensis resistant to Group B herbicides were observed in northern 
NSW in 1996.  At this time there was confusion in the drier western areas of the cropping belt 
with the extensive use of chlorsulfuron as a pre emergent herbicide targeting R. rugosum. 
However brassicaceous weeds were emerging through the herbicide.  Storrie (unpublished) 
found that the emerging plants were S. arvensis, which are more tolerant of pre emergent 
applications of sulfonylurea herbicides than R. rugosum. 

O’Donnell (2004) conducted a random survey in the northern grain region and found 
R. rugosum, S. thellungii and S. arvensis resistant to Group B herbicides.  The low numbers 
collected were due to the random nature and timing of the survey and the increased use of 
auxinic (Group I) herbicides used in this region since the late 1990s.  

Table 2. Known herbicide resistance in brassicaceous species in Australia by state (including 
R. raphanistrum) (Hashem et al. 2006) 

States with confirmed resistant populations 
Weed Species Herbicide Group Example herbicide 

WA SA Vic NSW Tas QLD 

 
Brassica 
tournefortii (wild 
turnip) 

 
B – sulfonylureas 
 
B – sulfonamides 

e.g. chlorsulfuron 
e.g. metosulam 

 
X 

X 
X 

    

Diplotaxis 
tenuifolia (sand 
rocket) 

B – sulfonylureas  e.g. chlorsulfuron  X     

Rapistrum 
rugosum (turnip 
weed) 

B – sulfonylureas e.g. chlorsulfuron    X  X 

Raphanus 
raphanistrum  
(wild radish) 

B – sulfonyl ureas 
B – sulfonamides 
B – imidazolinones 
C – triazines 
F – nicotinanalides 
I – phenoxies 
 

e.g. chlorsulfuron 
 
e.g. metosulam 
e.g. imazapic, 
imazapyr 
e.g. simazine, 
atrazine 
e.g. diflufenican 
e.g. 2,4-D 

X 
X 
X 
X 
X 
X 

X 
X 
X 

X X   
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Table 2 continued … 

Weed Species Herbicide Group Example herbicide States with confirmed resistant populations 

Sinapis arvensis 
(charlock) 
 

B – sulfonylureas e.g. chlorsulfuron    X  X 

Sisymbrium 
orientale (Indian 
hedge mustard) 

B – sulfonylureas 
B – sulfonamides 
B – imidazolinones 
 

e.g. chlorsulfuron 
e.g. metosulam 
e.g. imazethapyr 

X 
X 

X 
X 
X 

 X 
X 

 X 
X 

Sisymbrium 
thellungii (African 
turnip weed) 
 

B – sulfonylureas e.g. chlorsulfuron      X 

R. raphanistrum is a major broadleaf weed of southern farming systems, where populations 
have developed resistance to herbicide groups B, C, F and I, either singly or as multiple 
resistance (Walsh et al. 2004). 

RESISTANCE MECHANISMS 
Tables 1 and 2 illustrate that resistance to Group B (ALS inhibitors) herbicides is the most 
common form, followed by Group C (photosystem II inhibitors), with a few cases of Group I 
(auxinic) herbicides and one of Group L (bipyridilium) herbicides.  This follows trends in 
herbicide resistance with non-brassicaceous species showing the more effective and 
widespread the herbicide mode-of-action groups are used, the more likely resistance is to 
develop. 

Group B resistance 
Resistance to Group B herbicides in S. arvensis was first noted in Manitoba, Canada, in 
1992 (Morrison and Devine 2004).  Two populations of resistant S. orientale were found in 
eastern Australia in the same year (Boutsalis and Powles 1995).  

Group B resistance has developed in brassicaceous weeds after as few as 2 applications of 
herbicide (Jeffers et al. 1996).  This would indicate a target site mechanism of resistance. 
Preston (unpublished) demonstrated that in populations of Hirschfeldia incana (Buchan weed 
– family Brassicaceae) unexposed to Group B herbicides already had a high initial frequency 
of the gene for target site resistance averaging 1 in 15,000.  Therefore it is likely many 
brassicaceous weeds have high initial frequencies of the ALS mutation. 

Large weed populations and wide use of Group B herbicides also means frequent exposure 
to these highly efficacious herbicides.  The introduction of Clearfield™ crops has increased 
the frequency of Group B use in Australian farming systems.  The low cost of many of these 
herbicides has also seen an increase in their use in fallows. 

Christoffers et al. (2006) studied a population of S. arvensis from soybeans in North Dakota 
that was cross resistant to all Group B herbicide classes and found the resistance was due to 
a point mutation at the trp-to-leu amino acid substitution. 

Other researchers have found that non-target site resistance also exists within the family 
Brassicaceae.  Veldhuis et al. (2000) studied a resistant biotype of S. arvensis from Alberta, 
Canada, and found no differences in absorption or translocation of ethametsulfuron-methyl 
between resistant and susceptible biotypes.  ALS extracted from both biotypes was equally 
sensitive to the herbicide but the rate of herbicide metabolism was higher in the resistant 
biotype.  Hall et al. (1992) demonstrated that resistance to ethametsulfuron-methyl in 
Brassica juncea (culinary mustard) was due to enhanced metabolism and the dilution effect 
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as the plants grew.  Lichtner et al. (1995) also demonstrated increased herbicide metabolism 
as the mechanism giving oilseed rape resistance to ethametsulfuron-methyl. 

Group C resistance 
In the northern hemisphere brassicaceous weeds are exposed to higher levels of Group C 
herbicides because all cropping, and therefore weeds, are grown or mature in summer.  
Brassicaceous weeds are exposed to Group C herbicides in maize, sorghum, soybeans and 
canola.  
Brassicaceous weeds in Australia, are most likely to be exposed to Group C herbicides in 
lupin, chickpea and triazine-tolerant (TT) canola.  This is a moderate risk in eastern states 
due to extended rotations, however the wheat-lupin rotation practiced in some parts of 
Western Australia have led to major resistance problems.  
The introduction of TT canola in Australia has significantly increased the risk of developing 
resistant biotypes through the increased use of triazine herbicides in areas where they have 
not previously been used.  

Table 2 shows that R. raphanistrum is the only brassicaceous weed in Australia resistant to 
Group C herbicides. 

Group C resistance is conferred by a target-site mutation (Stanek and Lipecki 1991, Devine 
and Shukla 2000).  Biotypes resistant to Group C herbicides are generally less fit than 
susceptible biotypes as demonstrated by the 10 to 15 per cent yield penalty in TT canola 
compared with normal or Clearfield™ lines. 

Group I resistance 
Brassicaceous weeds tend to be highly susceptible to the phenoxyacetic acid class of Group 
I herbicides such as 2,4-D and MCPA.  R. raphanistrum and M. perfoliatum however are 
more tolerant of these herbicides than most other brassicaceous weeds.  Field evidence in 
Australia shows most species in the family Brassicaceae are more tolerant of benzoic acid 
(e.g. dicamba) and pyridine (e.g. clopyralid, fluroxypyr and picloram) classes of Group I 
herbicides.  Webb and Hall (1995) found that mecoprop and MCPA were more potent on 
resistant S. arvensis biotypes than either dicamba or picloram. 

Storrie and Cook (unpublished) found in a herbicide tolerance experiment with Brassica 
napus at Tamworth, NSW, that there were a significant number of individuals that were 
completely resistant to dicamba up to 1 kg a.i. ha-1.  Most individuals grew out of symptoms 
when dicamba was applied up to 280 g a.i. ha-1. 

A number of studies have shown there were no differences in absorption, translocation or 
metabolism between the resistant and susceptible S. arvensis biotypes (Peniuk et al. 1993; 
Jasienuick et al. 1995).  S. arvensis biotypes resistant to 2,4-D, dicamba and picloram 
produced up to 6 times less ethylene than the susceptible biotype following herbicide 
treatment (Peniuk et al. 1993).  Jasienuick et al. (1995) showed in back-crossing study with 
S. arvensis that was highly resistant to dicamba and moderately resistant to 2,4-D and 
MCPA, that the resistance was conferred by a single dominant gene. In a review of Group I 
resistance in S.arvensis, Zheng and Hall (2001) concluded that the principle mechanism of 
Group I resistance is target site resistance through an altered auxin-binding protein. 

Despite target site resistance being the main resistance mechanism, there are considerable 
morphological differences between resistant and susceptible biotypes.  Hall and Romano 
(1995) found that resistant S. arvensis was shorter, more branched and possessed smaller 
root systems than the susceptible biotype.  Resistant biotypes also had smaller and darker 
green leaves, were more cold tolerant and had higher germination levels.  If this is true of all 
Group I resistant biotypes the growing of more competitive crops would significantly slow the 
development and impact of resistant populations in Australian farming systems. 
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Group L resistance 
No cases of Group L (bipyridylium) resistance have been identified in brassicaceous weeds 
of crops and are likely to remain a low risk in Australian cropping systems.  However the 
increased use of Group L herbicides in some areas to combat other resistant weeds in 
minimum tillage cropping systems needs to be closely monitored. 

CONCLUDING REMARKS AND FUTURE RESEARCH 
In Australia herbicide resistance in brassicaceous weeds is expanding and likely to continue 
on this path unless integrated weed management strategies are implemented by farmers, 
focussing on seed bank management.  The relatively long lived seed bank and high seed 
production of many brassicaceous weeds makes seed bank management a difficult, yet even 
more important task. 

Group B herbicides are under the greatest pressure due to their overuse that results from 
their relatively low cost and high efficacy.  The introduction of Clearfield™ crops further 
increases the level of selection pressure for Group B resistance because it is now possible to 
use this mode-of-action group in every part of the rotation.  Controlling brassicaceous weeds 
in cereal crops and fallows with phenoxy (Group I) herbicides, either alone or as a tank-mix 
partner at a sufficiently high rate, could easily prevent the development of Group B 
resistance. 

Group I resistant brassicaceous weeds are relatively rare and appear to have reduced fitness 
so the use of competitive crops will assist in the prevention and management of these 
biotypes.  

Group C resistant biotypes also carry a fitness penalty so maximising the competitiveness of 
crops is paramount. 

Preventing seed set of brassicaceous weeds in broadleaf crops remains an issue and is 
likely to be solved by the development of better wiper technologies matched with shorter 
cultivars. 

Convincing growers of the importance of making their crops more competitive with weeds 
and preventing seed set is an important ongoing challenge for agricultural scientists. 
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ABSTRACT 
A review of relevant literature highlighted the need for research on seed set control of wild 
radish in lupins.  To address this deficiency, several experiments were carried out to 
investigate this aspect of wild radish management.  The success of crop topping is 
dependent on its timing.  For example, when using the desiccants paraquat and glyphosate 
to crop top wild radish in lupin crops, by the time it is safe to spray the crops it is generally 
too late to obtain effective seed set control of wild radish.  Despite glyphosate being more 
effective than paraquat, significant crop damage has been recorded when glyphosate is used 
as a crop topping treatment.  Despite the indeterminate flowering habit of wild radish, a 
reduction of up to 98 per cent of viable wild radish seed numbers was achieved using the 
acetolactate synthase inhibitors, triasulfuron and metosulam.  The best time to apply 
triasulfuron is during the late-development stage of wild radish and lupin, as this results in 
little or no damage to the lupin crop.  Metosulam has been effectively used as a selective 
spray topping treatment when lupin has just finished flowering.  Research with blanket wiping 
using, in particular, the translocated herbicides, was effective at controlling wild radish seed 
set despite some crop yield losses due to the herbicide damage.  Weed wiping allowed 
greater flexibility than crop topping when attempting to select the most effective wild radish 
growth stage during which to apply the herbicides.  However, because of the staggered 
germination of wild radish, up to 26 per cent of the wild radish plants escaped the weed-
wiping treatment.  

INTRODUCTION 
The limited in-crop herbicide choices in relation to grain legume crops has been partly 
responsible for the recent increases in cruciferous weeds in various parts of Australia.  Wild 
radish is one such weed, which is believed to be still spreading (Cousens et al. 1993).  It is 
now considered a threat to the lupin industry in Western Australia. 

Lupin plantings are increasing with about 850,000 hectares of lupins planted in Western 
Australia during the 2005 season.  Where lupin is grown in Western Australia, especially in 
the northern agricultural region, many farmers are still practising a wheat-lupin rotation.  It is 
during the lupin phase that the population size of wild radish builds up very quickly 
(Bowran 2001).  This increase in wild radish numbers is partly related to the biology of the 
weed with its prolific seed production and seed dormancy resulting in staggered germination 
and a long-lasting and large seedbank.  More recently, herbicide resistance has become a 
significant issue in wild radish control.  Other factors that contribute to the build up of wild 
radish in the lupin phase include the lower competitive ability of lupin compared to wheat; the 
lack of in-crop herbicides available in the lupin phase and; possibly the use of reduced rates 
of herbicides in combination with the dry seasons. 

As part of an integrated weed management strategy, it is therefore critical to control seed set 
of wild radish plants that escape early control measures.  Seed set control provides an 
opportunity to reduce the weed population through the reduction of the weed seedbank.  This 
is especially critical if farmers are to continue cropping in areas now infested with resistant 
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weeds.  In addition, in areas without resistant weeds, controlling seed set will help delay the 
build up of resistance. 

This paper provides an overview of what we already know about the control of wild radish 
seed set in lupins based on the results of our recent research and the work of past 
researchers. 

THE TIMING OF CONTROL MEASURES 
The three most common tactics considered by growers to control the seed set of any weed, 
are crop topping, weed wiping and swathing.  However, for seed set control to be effective it 
is critical to match the timing of the control measure with the weed’s most vulnerable growth 
stage.  As part of the Weeds CRC project on cruciferous weeds, we have established the 
optimum growth stage of wild radish for seed set control.  Initial testing of the various criteria 
currently in use, such as time of flowering, pod thickness and the visibility of constrictions 
between seeds in the pods, found that they are too ambiguous for use in the field.  By 
studying wild radish plants of different growth stages growing in the field we have found that 
the presence or absence of an embryo in the developing seed is the most reliable criterion 
for determining the best time to control wild radish seed set.  The pre-embryo stage generally 
lasts about one month from the time of first flower, which usually occurs almost 
simultaneously in most plants within a population.  The window of opportunity for applying 
seed set control measures is therefore quite favourable. 

The pre-embryo stage corresponds with the first two stages of wild radish development, 
based on a new rating system (see Table 1).  The new rating system identifies four growth 
stages of wild radish based on embryo development in the developing seed and it can be 
used to match the timing of control measures to the sensitive growth stage to maximise seed 
set control. 

Table 1. Stages of wild radish development 

Development stage Description of wild radish Time from first flowering 

Stage 1 Early flowering and pod development; newly 
formed thin pods.  Ideal time for blanket 
wiping, slashing, green or brown manuring 
but not crop-topping because of crop 
damage. 

The pre-embryo stage lasts about 21 days 
from the time of first wild radish flower. 

Stage 2 Mid-flowering and pod fill; well-formed pods 
are still squashy and watery when pressed 
between the finger and thumb.  Seed 
development at ovule stage with no embryo.

 

 Critical time  

Stage 3 Embryo formed; pods still squashy and 
watery but newly-formed embryo already 
present. 

Embryo forms about 21 days after wild 
radish flowers. 

Stage 4 Late flowering and pod development; pods 
turned woody.  Green well-developed 
embryos present when pods are crushed. 

 

Up to 100 per cent seed set control can be achieved at the pre-embryo stage.  However, this 
stage can be too early relative to lupin crop development and significant lupin yield losses 
could occur when desiccant herbicides are applied as a crop topping treatment.  Selective 
herbicides, however, can be used as a selective spray-topping treatment at this stage.  In 
addition, mechanical slashing, blanket wiping and green or brown manuring applied at the 
pre-embryo stage have also resulted in effective seed set control. 
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CROP TOPPING WITH DESICCANTS 
Crop topping involves applying (usually) a non-selective herbicide to a mature crop to 
sterilise weed seeds.  To date, paraquat (Gramoxone 250®) is registered for crop topping use 
in lupins and other legume crops such as chickpeas, faba beans, field peas and lentils to 
reduce seed set of annual ryegrass (Holding and Bowcher 2004), but not wild radish.  
Glyphosate (Roundup PowerMax®), is also registered for crop topping, but only in field pea 
and faba bean, and again for annual ryegrass but not for wild radish. 

Based on our work with desiccant herbicides, we have established that, at the currently 
recommended timing of 80 per cent lupin leaf fall, using Gramoxone® at 800 mL/ha achieved 
only a 63 per cent reduction in the level of viable wild radish seeds (Table 2).  This is 
consistent with previous research (Llewellyn and Walsh 2003).  At the time of Gramoxone® 
application, most of the wild radish plants had already formed viable seeds (wild radish 
stages 3 and 4).  As a contact herbicide, Gramoxone® had little effect on the viability of seeds 
with developed embryos (15.5% reduction in viability) but was effective at preventing viable 
seeds being formed in existing flowers and newly developed pods.  In contrast, the 
translocated herbicide glyphosate (Roundup CT®) resulted in an 85 per cent reduction in 
viable seed when wild radish was sprayed at 1.0 L/ha at 80 per cent lupin leaf drop (Table 2).  
As much as 100 per cent seed set control was achieved when both Gramoxone® and 
Roundup® were used before lupin leaf drop and when wild radish was at its early flowering 
and podding stage (wild radish stage 1).  

Although the earlier herbicide applications produced a greater reduction in the numbers of 
viable wild radish seed, they also resulted in greater lupin yield losses (Table 2).  Yield 
losses ranged from 65 to 100 per cent for the earliest spray application when there was no 
leaf drop in lupin.  At 100 per cent leaf drop, yield losses ranged from 0 to 8 per cent. 

Table 2. Proportion of viable seed reduction (%) of wild radish per plant compared with untreated 
control in lupins following crop topping of lupins at various maturity stages.  In brackets are 
per cent yield loss of lupins compared with untreated control 

Lupin stages at spraying time 
Treatment 

No leaf drop 50% leaf drop 80% leaf drop 100% leaf drop 

Gramoxone ® 800 mL 100 (65) 64 (7) 63 (4) 40 (0) 

Gramoxone ® 4 L 100 (92) 81 (14) 84 (9) 42 (2) 

Roundup CT® 1 L 100 (100) 90 (15) 85 (12) 52 (1) 

Roundup CT® 5 L 100 (100) 97 (19) 85 (9) 77 (8) 

Walsh (2003) using other desiccants, namely Reglone ® (1.5 L/ha), Spray.Seed ® (1.5 L/ha) 
and Liberty ® (2.0 L/ha), achieved 59, 60 and 54 per cent pod reduction of wild radish in 
lupins, respectively.  With glyphosate at 1.5 L/ha, he achieved only 64 per cent wild radish 
pod reduction. 

CROP TOPPING WITH TRANSLOCATED HERBICIDES 
As evident from earlier discussions, relying solely on Gramoxone® or Roundup® to control 
wild radish seed set in lupins is not an effective option.  Viable radish seed numbers were 
reduced by only about 63 per cent with Gramoxone®.  While Roundup® was more effective 
than Gramoxone®, it caused greater damage to the lupin crop.   
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Given that a translocated herbicide gave better wild radish control than a contact herbicide, 
we screened several translocated herbicides and their mixtures to see how they impacted on 
embryo development and seed viability of wild radish.  The herbicides were applied late in 
the season when wild radish was at the post-embryo stage (stages 3 and 4). 

Table 3 shows the 2004 season results of the treatments that reduced the amount of viable 
wild radish seed by more than 80 per cent when applied at the post-embryo stage, with lupin 
stages ranging from 50 to 90 per cent leaf fall.  Two of the most promising treatments, 
Logran® and Reglone®, were selected for further evaluation in 2005. 

Table 3. Wild radish viable seed reduction as per cent of control following crop topping.  Lupin yield, 
as per cent of control, is shown within brackets for the 2005 results 

% viable seed reduction of wild radish 
Treatment 

2004 2005 

Logran® 15 g + oil 96.9 93.9 (126.4) 

Logran® 10 g + MCPA amine 1 L 86.2 - 

Glean® 10 g + MCPA amine 1 L 89.3 - 

Eclipse® 5 g + MCPA amine 1 L 80.6 - 

Hammer® 75 mL + MCPA amine 0.5 L 85.6 - 

Reglone® 2.0 L 88.0 61.2 (88.2) 

Broadstrike® 25 g + MCPA amine 0.5 L - 89.6 (129.2) 

Logran® in particular gave excellent seed set control of wild radish with consistently high 
results in 2004 and 2005; 97 per cent in 2004 and 94 per cent in 2005.  Logran® was also 
found to be very effective in reducing seed production of wild radish when used as a 
selective spray-topping treatment in wheat (Madafiglio et al. 2006).  The tolerance of lupin to 
Logran® in both years was very encouraging despite the difference in lupin variety; Belara in 
2004 and Mandelup in 2005.  This is the first report of a crop-topping treatment that has 
provided such effective seed set control of wild radish in a lupin crop and further testing is 
planned for this season to confirm the result. 

The mixtures Logran® + MCPA, Glean® + MCPA, Eclipse® + MCPA and Broadstrike® + 
MCPA, all of which contained a Group B and a Group I herbicide, also gave effective seed 
set reduction of wild radish, ranging from 80–90 per cent.  However, these mixtures affected 
the harvested lupin seed by causing a severe reduction in the seedling vigour and increased 
swelling of the radicle.  Hammer® + MCPA, which gave about 86 per cent seed set reduction, 
also reduced the lupin seedling vigour with increased swelling in the radicle.  The effect of 
Reglone® on wild radish appeared inconsistent. 

SELECTIVE SPRAY TOPPING 
Selective spray topping was carried out to improve crop-topping efficacy.  Selective spray 
topping refers to the spraying of weeds in crops with selective herbicides during their early 
reproductive stages of development.  This technique has been found to be very effective at 
controlling broad-leaved weeds (Maun and Cavers 1969; McCarty and Hatting 1975; 
Andersson 1995; Madafiglio et al. 2006) and grasses (Medd et al. 1992; Cook et al. 1999).  
In our work, various herbicides known to be effective on wild radish at the seedling stages of 
growth were evaluated on their own and in combinations.  The results appeared promising 
(Table 4). 
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Table 4. Wild radish viable seed reduction as per cent of control following selective spray topping.  
Crop damage was based on visual rating (0 = no effect and 1 = slight effect) 

Treatment % viable seed reduction Crop damage 

Eclipse® 10 g 97.5 0 

Eclipse® 10 g + Brodal Options® 100 mL 88.2 0 

Eclipse® 10 g + Sniper® 33 g 88.0 1 

Balance® 100 g 72.1 1 

Metribuzin 200 g 39.8 1 

Brodal Options® 100 mL + Lexone® 100 g 34.7 0 

Brodal Options® 200 mL 0 0 

Sniper® 50 g 0 0 

Eclipse® on its own or in a mixture with Brodal Options® or Sniper®, resulted in a 88 to 
97.5 per cent reduction in seed set of wild radish in the lupin crop with little or no damage to 
the crop.  The wild radish population in this case was not resistant to Eclipse®, Brodal 
Options® or Sniper®.  In a separate experiment involving a population of wild radish resistant 
to Eclipse®, the results confirmed that Eclipse® was no longer effective at controlling wild 
radish.  Thus, once wild radish has evolved resistance to a particular herbicide, the herbicide 
in question is no longer effective even as a selective spray topping treatment.  Further work 
will confirm this in a resistant versus susceptible population during the 2006 season. 

Brodal Options® or Sniper® on its own, or Brodal Options® + Lexone®, had little effect when 
applied to wild radish during the early reproductive stage of development.  Metribuzin was 
also not effective.  Balance®, a herbicide currently recommended for wild radish control in 
chickpea, was found to be reasonably effective with 72 per cent seed set reduction of wild 
radish and with little to no effect on the harvested lupin seed. 

From the results obtained, the technique of spray topping appears promising with up to 
98 per cent seed set reduction of wild radish achievable in the lupin crop. 

WEED WIPING 
Weed wiping is a technique used to apply herbicides by wiping them directly onto weeds 
growing above the crop to control seed set.  The wiping is usually undertaken in spring when 
the height difference between weed and crop is at its maximum.  In most years, there is 
sufficient height difference between wild radish and lupin to allow weed wiping.  The 
recommended height difference is 20 to 30 cm with wiper at 10 cm above the crop canopy. 

During the 2005 season, we determined the proportion of wild radish plants above and below 
the crop canopy in two lupin varieties at Beverley, Western Australia.  The results showed 
that 26 per cent and 10 per cent of the wild radish plants were below the crop canopy of 
Belara and Mandelup lupin, respectively (Table 5). 

Table 5. Per cent of wild radish plants grouped according to their heights above or below two lupin 
varieties at Beverley, Western Australia at optimum time for wiping in early spring of 2005 

Lupin variety 
Wild radish height 

Mandelup Belara 

20–30 cm above crop 58 46 

< 20 cm above crop 32 28 

Below crop 10 26 
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The results suggest that up to 26 per cent of the wild radish plants would escape the weed 
wiping treatment in Belara and complete their life cycle and set seed.  Another setback is the 
inevitable damage to the crop by the herbicide with yield-losses of 10 to 20 per cent 
common.  Nevertheless, weed wiping still has a place in the integrated management of wild 
radish in lupins.  Unlike crop topping, weed wiping provides greater flexibility to select the 
most effective stage of wild radish growth to apply the herbicides. 

Results of the blanket wiping work showed that Roundup® is generally more effective than 
Gramoxone® (Table 6). 

Table 6. Impact of Gramoxone® and Roundup® on wild radish viable seed reduction as per cent of 
control following blanket wiping 

Wild radish stage 
Herbicide Pre-embryo 

(Stage 2) 
Post-embryo 

(Stage 3 and 4) 

Gramoxone 250® (800 mL/ha) 94.2 11.4 

Roundup CT® (1 L/ha) 97.2 33.0 

In a separate study using translocated herbicide mixtures to blanket-wipe wild radish at post-
embryo stages 3 and 4, viable seed reduction ranged from 85 to 96 per cent (Table 7). 

Table 7. Wild radish viable seed production per plant and viable seed reduction as percentage of 
control following blanket wiping wild radish at post-embryo stage 

Treatment Viable seed per plant % viable seed reduction 

Roundup CT® 1 L + Glean® 10 g 53 95.7 

Glean® 20 g + 2,4-D amine 1 L 148 88.1 

Roundup CT® 1 L + Eclipse® 10 g 153 87.7 

SpraySeed® 1 L + Glean® 10 g 175 85.9 

Reglone® 1 L + Glean® 10 g 182 85.3 

Control untreated 1238 0 

A survey of weed wiping has revealed that several factors determine the technique’s success 
rate.  The major factors include:  the height difference between the weed and the crop; weed 
density; type of machine; type of herbicide used; timing of the herbicide application and; 
operator skill.  Because crop damage is inevitable, in the majority of cases growers must be 
prepared to accept yield losses of between 10 to 20 per cent.  However, up to a 20 per cent 
loss of crop yield could be acceptable especially in situations where wild radish seed set 
would be high otherwise, making control a greater problem for future years. 

SWATHING AND GREEN AND BROWN MANURING 
The use of swathing to reduce wild radish seed set will be discussed in a separate paper in 
this symposium.  Suffice to say that there has been interest in swathing lupin crops to reduce 
seed set of wild radish.  However, it should be considered an option only in those crops from 
which there are reasonable yield returns.  In lupin crops with very low yield potential due to 
heavy wild radish infestations, green or brown manuring should instead be considered. 

CONCLUDING REMARKS AND FUTURE RESEARCH 
When lupins were crop topped at the currently recommended timing of 80 per cent leaf drop 
using paraquat, the efficacy of seed set reduction of wild radish did not exceed 65 per cent.  
However, the ALS-inhibitors, triasulfuron and metosulam showed great potential for late and 
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early crop-topping of lupins, resulting in up to a 98 per cent reduction in numbers of viable 
wild radish seeds with little to no effect on lupin yield.  Further evaluations are needed before 
any recommendations can be made to growers.  But with blanket wiping, provided growers 
are prepared to accept some yield losses, a wide range of translocated herbicides have been 
found to be effective at controlling wild radish seed set. 
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Seed set control of wild radish in field peas 
Eric Koetz 

NSW Department of Primary Industries, Wagga Wagga Agricultural Institute, NSW 2650 

ABSTRACT 
This paper reviews research carried out at Wagga Wagga Agricultural Institute during 
2003-2005 on cruciferous weeds in pulse crops.  The research was conducted using a 
natural population of wild radish and because of this distribution across treatments was not 
uniform.  A brief review of work conducted on wild radish in south-eastern Australia is also 
presented to identify areas for future research. 

INTRODUCTION 
Wild radish (Raphanus raphanistrum L.) is a very competitive broad-leaved weed that can 
reduce the growth, grain size and grain yield of winter pulse crops.  In a Victorian survey of 
seed boxes during 1996-97, wild radish was found to be one of the five major contaminants 
of pulse crops (Moerkerk, 2002).  Studies conducted in southern NSW found that pulse crops 
such as lupins and field peas are poor competitors with weeds (Lemerle et al. 1995).  This 
poor competitive ability of pulse crops is considered by many to be the weak link in the fight 
against difficult-to-control weeds such as wild radish.  A survey of weeds in the sub-tropical 
grain regions of Australia found wild radish in all regions, indicating that the weed is now 
spreading into new crop growing zones (Rew et al. 2005). 

Wild radish regenerates from large seed bank reserves with strong seed dormancy and 
staggered germination (Cheam and Code 1995).  With limited in-crop herbicide options, this 
potent combination of survival mechanisms makes controlling wild radish in pulses difficult.  
Wild radish is developing herbicide resistance across herbicide groups (Hashem and Wilkins 
2002) and as a result, control measures need to target wild radish early in its growth cycle to 
reduce seed bank replenishment. 

Studies with canola have found that as few as four wild radish plants per square metre can 
reduce canola yields by up to 11 per cent (Blackshaw et al. 2002).  As pulse crops are 
normally the poorest of competitors new control techniques for wild radish need to be 
identified. 

THE TIMING OF CONTROL MEASURES 
Farmers attempting to control wild radish in southern NSW rely heavily on crop rotations and 
pasture phases, as options for in-crop herbicide control in pulse crops are limited.  In field 
experiments conducted with wheat in the central west of NSW, Madafiglio et al. 2006 found 
that herbicides applied in the reproductive stage of wild radish reduced seed set by between 
80-100 per cent.  Cheam et al. (2004) developed a more accurate method of identifying the 
key growth stages for optimum wild radish control as part of a Weeds CRC project on 
cruciferous weeds.  This was developed because of ambiguity and confusion with previous 
assessments.  These growth stages (Table 1) are reported in another paper in these 
proceedings and are reproduced below.  The four distinct stages of development pinpoint the 
crucial windows of opportunity for herbicide application to control wild radish seed set.  As 
part of a CRC experiment to control cruciferous weeds in pulses two growth stages and three 
application techniques were evaluated:  
1. Weed wiping with carpet roller; 
2. Spray topping desiccant and selective herbicides (early wild radish growth stage); and 
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3. Crop topping desiccant and selective herbicides (late wild radish growth stage). 

Table 1. Stages of wild radish development 

Development stage Description of wild radish Time from first flowering 

Stage 1 Early flowering and pod development; newly 
formed thin pods.  Ideal time for blanket 
wiping, slashing, green or brown manuring 
but not crop-topping because of crop 
damage. 

The pre-embryo stage lasts about 21 days 
from the time of first wild radish flower. 

Stage 2 Mid-flowering and pod fill; well-formed pods 
are still squashy and watery when pressed 
between the finger and thumb.  Seed 
development at ovule stage with no embryo. 

 

 Critical time  

Stage 3 Embryo formed; pods still squashy and 
watery but newly formed embryo already 
present. 

Embryo forms about 21 days after wild 
radish flowers. 

Stage 4 Late flowering and pod development; pods 
turned woody.  Green well developed 
embryos present when pods are crushed. 

 

Table from Cheam et al. 2004. 

WEED WIPING 
Applying desiccant herbicides using a weed wiper to muskweed in pulse crops has controlled 
these difficult-to-control weeds in Victoria (Holding and Bowcher 2004).  The aim of weed 
wiping is to reduce weed seed set by targeting the weeds when they grow above the crop 
canopy.  The technique has been very successful in lentils and chickpeas.  In experiments 
during 2003-2004, a Rotowiper® was used to apply desiccant herbicides and translocated 
herbicides onto field peas in an effort to control seed set in wild radish.  Gramoxone® was 
applied at 800 mL ha-1 and 4 litres ha-1 and Touchdown® at 1 litre ha-1 and 4 litres ha-1.  
Herbicide amounts were applied after calibrating the Rotowiper® to determine the amount of 
water applied per hectare.  The key to success with this technique is having a large 
differential between weed height and the crop canopy (20-30cm).  Unfortunately in the two 
growing seasons in the Wagga Wagga experiments, crop height and wild radish height were 
almost identical.  In field peas only 10-20 per cent of the wild radish was above the crop 
canopy.  This resulted in a large proportion of the wild radish receiving little or no chemical 
and major damage to the field pea crop.  Wild radish was able to regenerate from below the 
crop canopy and produce significant amounts of seed. 

The late breaks to the growing season in southern Australia do not allow paddock 
preparation, pre-sowing knockdown herbicide applications or timely crop sowing.  Sowing 
rains in the last five seasons have not occurred until early June, well past the ideal sowing 
window for lupins and canola.  These delayed starts to the season have placed extreme 
pressure on poorly competitive crops to compete with weeds such as wild radish. 
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Table 2. Reduction in wild radish germination, crop yield and field pea vigour expressed as per cent of 
control following weed wiping in 2004 

Treatment Wild radish 
germination 

Crop 
yield 

Field Pea 
germination 

Field Pea 
shoot vigour 

Glean® 20 g+ 2-4D Amine1 L 47 80 72 71 

Reglone® 1 L+ Glean®10 g - * 24 95 107 

Roundup Power Max™ 1 L + Glean® 10 g 45 84 70 80 

Amitrole T® 5.6 L 0 44 80 69 

Roundup Power Max™ 1 L+ Sprayseed® 250 1 L 5 67 86 74 

* No wild radish in treatments. 

The similar height of the crop and weed canopies resulted in poor herbicide efficacy for the 
target weed and caused major damage to the non-target field pea crop.  Wild radish plants 
below the crop canopy produced large amounts of seed with only the herbicide mixtures of 
Glean®+ 24-D Amine and Roundup Power Max™ + Glean® reducing wild radish seed 
germination.  However, both these treatments caused significant damage to the field pea 
crops and reduced pea yields by substantial amounts.  All other treatments proved ineffective 
in reducing wild radish germination.  No wild radish pods were harvested from the Reglone®+ 
Glean® treatment to evaluate efficacy on wild radish germination.  This treatment had the 
smallest impact on crop yield and caused no reduction in field pea vigour or germination.  
These results indicate that Glean® could be worth using during late crop topping to reduce 
the impact on field pea yield.  However, as an adequate trial site was not available, the trial 
was not repeated in 2005.  Shoot vigour of field pea was measured by placing 50 seeds in 
germination papers for 10 days @ 20 degrees Celsius and measuring the combined length of 
roots and shoots. 

CROP TOPPING 
Applying herbicides to mature crops to sterilise weeds is a recognised management tactic in 
integrated weed management (IWM) of pulse crops such as field peas (Holding and Bowcher 
2004).  Desiccant herbicides such as Gramoxone® in chickpeas, faba beans, lentils, field 
peas and lupins and Roundup PowerMAX™ in field pea and faba beans are registered for 
crop topping.  As yet, these herbicides are only registered for control of annual ryegrass and 
not wild radish (Holding and Bowcher 2004). 

Experiments were conducted to compare the relative efficacy of desiccant herbicides and 
selective herbicides to control wild radish at growth stages 3-4 (when embryos have formed).  
Selective herbicides proved more effective than desiccant herbicides at controlling wild 
radish in field peas. 

Table 3. Reduction in wild radish germination, field pea yield and field pea shoot vigour as a per cent 
of control following crop topping in 2004 

Treatment Wild radish germination Field pea yield Field pea shoot vigour 

Logran® 15 g + oil 70 69 76 

Reglone® 2 L 64 55 127 

Balance® 50 g + MCPA Amine 
1 L 

46 63 147 

Roundup CT® 500 mL+ 
MCPA Ester 500 mL 

42 58 119 

Logran®10 g + MCPA 1 L 8 76 59 
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Logran® provided the most effective wild radish control - reducing wild radish germination by 
70 per cent relative to the control, although there was a negative impact of Logran® on the 
seedling vigour of the field peas.  The addition of MCPA and a reduction in the rate of 
Logran® had little impact on wild radish germination and showed a major effect on field pea 
shoot vigour.  Herbicide tolerance trials at Wagga Wagga have shown that Logran® causes 
significant reductions in the yield of field peas. 

Table 4. Reduction in wild radish germination, field pea yield and field pea shoot vigour as per cent of 
control following crop topping in 2005 

Treatment Wild radish germination Crop yield Field pea shoot vigour 

Logran® 15 g + oil 29 124 84 

Eclipse® 7 g 37 89 89 

Igran® 750 mL 38 102 91 

Gramoxone ® 400 mL+ MCPA 1 L 39 116 72 

Raptor® 45 g 35 111 68 

Results from herbicide trials in 2005 were not as promising as those during 2004 with 
herbicides reducing wild radish germination by only 30-40 per cent (Table 4).  Wild radish 
populations were higher in the 2005 crop topping experiment and this reduced field pea 
yields, especially in the control plots.  Samples of wild radish pods will be collected this 
season to investigate if the population is developing herbicide resistance, especially to group 
B herbicides.  Herbicide was applied during pod filling and this may have caused more 
damage to field pea yield. 

SELECTIVE SPRAY TOPPING 
Field peas were sprayed with a range of herbicides including selective and desiccant 
mixtures during the wild radish growth stages 1-2 (early reproductive stages of 
development).  Herbicides were evaluated on their own and in various mixtures.  In 2003, 
early use of desiccant herbicides Gramoxone® and Roundup CT® on lupin plots resulted in 
complete crop death while wild radish plants regenerated and produced viable seed (data not 
presented).  Similar results were recorded in 2004 with no yield of field pea following 
Roundup CT® + Hammer® application and a yield reduction of 80 per cent following 
application of Gramoxone® + Hammer® (Table 5).  Hammer® was more effective on its own 
than when combined with Roundup CT® and Gramoxone®. 

Table 5. Reduction in wild radish germination, field pea yield, and field pea shoot vigour as per cent of 
control following spray topping in 2004 

Treatment Wild radish germination Crop yield  Field pea shoot vigour 

Sniper® 50 g 86 49 100 
MCPA Amine 500 mL 84 36 110 
Broadstrike® 15 g + 
Roundup CT® 500 mL 

82 100 NA 

Hammer® 75 mL 81 61 81 
Broadstrike® 25 g + Brodal 
Optionsl® 150 mL 

79 55 89 

Broadstrike® 15 g + 
Gramoxone® 400 mL 

62 65 97 

Roundup CT® 500 mL+ 
Hammer® 75 mL 

70 100 NA 

Gramoxone® 400 mL + 
Hammer® 75 mL 

43 80 NA 
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Sniper® and MCPA reduced wild radish but also reduced the yield of field pea significantly 
(Table 5).  This may have been because the herbicide was applied during field pea flowering, 
which could also explain the reduction in crop yield following Brodal Options® and 
Broadstrike®.  More attention needs to be paid to the growth stage of the field peas and wild 
radish at the time of herbicide application.  Delaying herbicide application until after flowering 
or the four to six node stages may improve crop yield.  Combining Broadstrike® with 
Roundup CT® and Brodal Options® provided similar wild radish control but resulted in greater 
loss of field pea yield.  During heavy wild radish infestations such yield penalties may be 
acceptable if no other control options are available.   

Table 6. Reduction in wild radish germination, field pea yield and field pea shoot vigour as per cent of 
control following spray topping in 2005 

Treatment Wild radish germination Crop yield Field pea shoot vigour 

Brodal Options® 200 mL 25 106 85 

Broadstrike® 25 g + Brodal 
Options® 150 mL + oil 

20 126 96 

MCPA Amine 350 mL + 
Broadstrike® 25 g + oil 

19 116 79 

In 2005, knockdown herbicides did not reduce wild radish germination but did reduce crop 
yields by 20-30 per cent when the majority of treatments improved yield in comparison to the 
controls.  Of the selective herbicides, Brodal Options® was the most successful at reducing 
wild radish germination however the results were poor compared to the previous year 
(Table 6). 

CONCLUDING REMARKS AND FUTURE RESEARCH 
Without weed-free controls the impact of herbicides on field pea growth and yield can only be 
evaluated as herbicide tolerance on a range of registered and off-label chemicals.  Research 
in this project was conducted through an extended period of prolonged drought in eastern 
Australia that impacted on sowing time, crop and weed biomass and crop yields.  Efficacy of 
some herbicides was affected due to dry and dusty conditions and fast finishing short 
seasons. 

Spray topping with selective herbicides such as Sniper® and MCPA reduced wild radish 
germination but incurred a significant yield penalty for field peas.  The application of Sniper® 
and MCPA during field pea flowering played a major role in reducing crop yields.  As the 
window of opportunity for spraying at wild radish growth stages one and two lasts for 
approximately three weeks, the opportunity exists to coordinate field pea growth stage with 
herbicide application.  In heavy infestations, a higher yield penalty may make reducing weed 
seed set economical.  

Crop topping with Logran® was the most effective treatment in 2004 with good control of wild 
radish.  The poor results in 2005 are difficult to explain and the wild radish population will be 
investigated for herbicide resistance. 
Clearly more detailed investigation is needed into the interaction of different crop and weed 
populations and the implications these may have for seed production, viability and fitness.  
As yet, reports of herbicide resistance in wild radish populations in south-eastern Australia 
are rare leaving farmers with chemical control options in crop.  This option, combined with 3-
4 year pasture phases in the majority of the south east grain regions, allows farmers to adopt 
IWM tactics to control wild radish. 
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ABSTRACT 
Growing profitable pulse crops is essential for sustainable cropping systems.  In northern 
NSW chickpea is the main pulse crop grown.  Weeds are one of the major limiting factors in 
growing chickpeas in this area.  Surveys have shown that the brassicaceous weeds turnip 
weed (Rapistrum rugosum) and charlock (Sinapis arvensis) are two of the most important 
weeds.  Increasing incidence of herbicide resistance makes managing weed populations 
more difficult, and it is therefore essential that weed seed banks are managed to prevent 
weeds from setting seed in chickpea crops.  The suitability of crop topping was investigated 
in a series of trials in 2003 and 2004 and wiping was investigated in 2004 and 2005. 
Crop topping significantly reduced yield of the crop when used at the pre-embryo stage of the 
weeds and was ineffective when used at the post–embryo stage.  Wiping was found to 
reduce weed pod production by up to 95 per cent and reduce weed seed germination by up 
to 90 per cent.  Altering the time of herbicide wiping did not increase the effectiveness of the 
weed wiping.  Crop damage remains a problem with wiping with up to 35 per cent yield loss 
occurring in some situations.  Improved wiper technology will reduce the risk of crop damage. 

INTRODUCTION 
Northern New South Wales (NSW) is a major region in Australia for chickpea production.  
From 1995 to 2005 the area sown to chickpeas almost doubled to 54,300 ha (Scott 2006).  
Chickpeas play an important role in northern farming systems in helping break cereal 
disease cycles, do not require additional nitrogen and are well suited to wide planting-rows 
that have been introduced to facilitate no-till systems (Felton et al. 1996). 
Weeds remain a major production constraint for chickpeas, which are poor competitors 
(Whish 2002) and there are currently no herbicides registered for the post-emergent control 
of broadleaf weeds in chickpeas (Brooke et al. 2006).  All the currently registered herbicides 
are pre-emergent, which have inherent efficacy problems in seasons with low or variable 
rainfall.  

Surveys of agronomists, farmers and chickpea crops in 1996 and 1997 showed that 
brassicaceous weeds were the main group of weeds causing problems in chickpeas with 
turnip weed (Rapistrum rugosum) the most common and charlock (Sinapis arvensis) 
increasing in the western areas (Storrie and Rew unpublished).  

Turnip weed and charlock continue to be a problem in chickpeas due to their high seed 
production and seed dormancy.  Wilson (1981) found that turnip weed will produce up to 
78,000 seeds m-2 with no competition and germinating in June.  Charlock growing in 
chickpeas near Walgett, NSW, has been measured at 30,000 seeds per plant and 8,000 
seed m-2.  These species have variable requirements for germination therefore resulting in 
sporadic germinations from autumn to spring.  Walker et al. (2006) found that on the Darling 
Downs of southern Queensland turnip weed seed banks lasted almost six years without 
replenishment.  Studies of charlock seed bank dynamics in the northern hemisphere show 
variable emergence and a large variation in seed dormancy between populations 
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(Warwick et al. 2000).  This corresponds with a study of dormancy in various turnip weed 
populations from NSW (Cousens et al. 1994). 

Therefore it is critical to reduce or prevent seed set in these weeds, particularly with the 
increased incidence of Group B herbicide resistance throughout the cropping zone of eastern 
Australia. 

This paper presents work conducted on the control of brassicaceous weed seed set in 
chickpeas between 2003 and 2005. 

THE TIMING OF CONTROL MEASURES 
The timing of treatments conducted in northern NSW followed that developed by Cheam 
(2006) on wild radish in Western Australia.  The application timings based on the absence or 
presence of an embryo in the seed determine the level of seed set control obtained from later 
herbicide applications.  Embryo development in turnip weed and charlock closely match that 
of wild radish.  

The highest level of seed set control (up to 100%) is achieved when the herbicide is applied 
at the pre-embryo stage.  This stage can last for 21 days after the first flower in wild radish 
(Cheam 2006).  This may be too early in the development of the crop and unacceptable 
levels of crop damage could occur, particularly in favourable springs when chickpeas keep 
growing and flowering.  Selective herbicides were applied as either selective crop topping or 
wiping in an attempt to overcome this problem. 

CROP TOPPING (SPRAY-TOPPING) 
Crop topping of brassicaceous weeds in chickpeas with the aim to prevent seed set showed 
promise if timing and herbicide rate could be managed to minimise loss of chickpea yield.  

A preliminary trial in 2003 demonstrated that when knockdown herbicides, such as 
glyphosate and paraquat, were applied to chickpeas when the charlock or turnip weed was at 
the pre-embryo stage (Stage 1-2) it effectively acted as a brown manure treatment with no 
grain yield achieved.  Therefore knockdown herbicides were eliminated from early crop 
topping applications.  Chickpeas needed to be close to physiological maturity to minimise 
yield loss.  Table 1 shows that minimal yield was lost in 2004 when knockdown herbicides 
were applied at the post embryo stage, which corresponded to 80 per cent chickpea pods 
brown in this season. 

Problems will arise in mild, wet springs as experienced in 2005, as the chickpeas, being 
indeterminate, will continue to flower and grow while there is available soil moisture and the 
temperatures are mild.  Much larger yield losses would be anticipated by crop topping in 
these conditions. 
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Table 1. Effect of crop topping charlock at pre and post embryo stages on chickpea yield loss, 
Walgett, 2004 

Chickpea yield loss % 

Treatment (ha-1) Charlock 
Pre embryo 

22.9.04 

Charlock 
Post embryo 

20.10.04 

glyphosate (450 g/L) 1 L* - 4 bc 

paraquat (250 g/L) 2 L - 3 abc 

metsulfuron 10 g* - 4 bc 

isoxaflutole 100 g* 21 a - 

acifluorfen 1 L 27 b - 

MCPA amine 500 mL 92 b 5 cd 

MCPA amine 1 L - 5 cd 

2,4-D dma 1 L 97 b 8 d 

imazethapyr 200 mL* 98 c - 

chlorsulfuron 10 g* 99 cd - 

chlorsulfuron 5 g* 99 cd - 

flumetsulam 25 g*  99 d 1 a 

isoxaflutole 50 g + chlorsulfuron 10 g*  99 d - 

flumetsulam 15 g + chlorsulfuron 5 g*  99 d - 

chlorsulfuron 20 g*  100 d - 

Untreated yield (t ha-1) 2.55 2.91 

Note:  Means with the same letter are not significantly different (P < 0.05). 
* = 0.1 per cent v/v non ionic surfactant. 

The use of a range of selective herbicides at pre embryo stage resulted in large yield losses 
as this coincided with early pod set stage in the chickpeas.  Isoxaflutole (Balance®) and 
acifluorfen (Blazer®) gave 21 per cent and 27 per cent chickpea yield loss respectively.  All 
other treatments gave 90 to 100 per cent yield loss. 

The use of crop topping at post embryo stage reduced chickpea yield loss to between 1 and 
8 per cent.  The chickpeas were at 80 per cent pods brown, thus close to physiological 
maturity.  

Without the development of a safer post emergent herbicide for chickpeas crop topping will 
be limited to the situations where the crop reaches physiological maturity before the weeds.  
This is most likely to occur in springs that are hot and dry. 

Reduction in weed seed production 
Spray-topping at the pre-embryo stage gave variable results on charlock seed production.  
Table 2 shows that chlorsulfuron is highly active on charlock, when applied as a post 
emergent herbicide.  Even 5 g ha-1 chlorsulfuron halved the number of seeds per pod and 
reduced seed size by nearly 7 times when compared with unsprayed treatment.  
Flumetsulam gave 100 per cent control, as did chlorsulfuron at 10 and 20 g ha-1 and 
imazethapyr.  Isoxaflutole, acifluorfen and the phenoxy herbicides, MCPA and 2,4-D, had 
little effect on seed number and size.  



Proceedings of the Wild Radish and other Cruciferous Weeds Symposium 

 

60 

Table 2. Effect of spray-topping at the pre-embryo stage on charlock  
seed production and size, Walgett, NSW, 2004 

Herbicide Treatment (ha-1) Seeds pod-1 Seeds g-1

Nil 11.8 742 

Flumetsulam 25 g* 0 - 

chlorsulfuron 5 g* 6.8 5000 

chlorsulfuron 10 g* 0 - 

chlorsulfuron 20 g* 0 - 

isoxaflutole 100 g* 12 724 

isoxaflutole 50 g+ chlorsulfuron 10 g* 9 1666 

flumetsulam 15 g + chlorsulfuron 5 g* 1 8333 

acifluorfen 1 L* 9 649 

MCPA amine 500 mL 10 1020 

2,4-D amine 1 L 13 540 

imazethapyr 200 mL* 0 - 

* = 0.1 per cent v/v non ionic surfactant. 

Isoxaflutole may not have worked due to the lack of rain following application.  This herbicide 
requires rainfall to transform the isoxaflutole into the ‘active’ compound which is then 
absorbed through the weed roots. 

Crop topping at charlock post embryo stage resulted in no differences in number of seeds 
per pod or seed size compared with untreated (data not presented). 

Seed was tested for viability the following autumn using petri dishes and tetrazolium tests, 
however very low levels of germination were achieved from all treatments and no significant 
differences were obtained.  This seed was not tested until 2006 using pots exposed to 
diurnal fluctuations. 

WEED WIPING 
Due to the lack of safe post emergent herbicides for crop topping in chickpeas wiping 
herbicides directly onto the weeds, without touching the crop, was the logical solution.  Wiper 
technology has improved dramatically in the last 25 years with a range of designs 
commercially available. 

In this series of trials a 3 m wide Weed Swiper™ was used.  This machine was towed behind 
a Toyota Hilux 4 x 4.  The Weed Swiper™ is a hinged 3-section wiper lined with a special 
industrial carpet.  The machine has moisture sensors controlling a 12 volt pump.  The system 
automatically keeps the pads at a pre-determined wetness.  

A series of wiper trials were conducted in 2003, 2004 and 2005.  Weed control data from 
2005 will be presented with crop damage data from 2004 and 2005. 

Turnip weed was equally affected by wiping as charlock.  Chlorsulfuron was highly effective 
at the pre embryo stage, whereas its effectiveness in reducing pod number decline 
dramatically at the later timing (Figure 1).  Flumetsulam follows the same pattern as 
chlorsulfuron, indicating that Group B herbicides were most effective when applied at the pre-
embryo stage.  Glyphosate resulted in similar levels of control at both timings indicating it is a 
fast acting herbicide. 2,4-D gave little control at pre embryo stage  in this trial because there 



Proceedings of the Wild Radish and other Cruciferous Weeds Symposium 

 

61 

was insufficient 2,4-D being translocated, either allowing some regrowth from lower shoots or 
2,4-D doesn’t work as well at lower rates on stressed plants.  The turnip weed was very 
dense and possibly stressing for moisture. 2.4-D however gave an equivalent level of control 
to glyphosate at post embryo stage, possibly because the turnip weed would have not had 
time to recover as the season ended. 

Herbicide treatment
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expressed as a percentage reduction of the untreated.
Means with the same letter are not significantly different (P<0.001)  

Figure 1. Effect on turnip weed pod number by wiping 4 herbicides at the  
pre and post embryo stages.  Piallaway, NSW, 2005. 

Northern NSW experienced a mild spring in 2005 producing a number of weed germinations.  
In the experiment at Walgett (Figure 2) there were many charlock plants below the crop 
canopy when the older charlock plants were at the pre-embryo stage.  This necessitated the 
testing of treatments that were wiped at both pre and post embryo stages.  The double-
wiping resulted in the most consistent control across the four herbicides.  Glyphosate in 
particular benefited from the double application.  Chlorsulfuron, flumetsulam and 2,4-D all 
gave greater than 80 per cent reductions in pod formation at both pre and pre plus post 
embryo stages.  The post embryo stage application of 2,4-D gave an increase in pods 
number over the untreated control, which was likely a random effect.  
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Figure 2. Effect of wiping 4 herbicides on charlock at pre and post embryo stages in chickpeas.  

Walgett, NSW, 2005. 

Differences in performance of the same herbicides in 2005 on turnip weed (Figure 1) and 
charlock (Figure 2) are more likely due to poor herbicide coverage due to high plant density 
and available soil moisture than a species effect.  The turnip weed experiment was 
conducted in a weedy pasture and had an average of 50 plants m-2 (5-200 plants m-2) on a 
hard red clay, while the charlock experiment was in a chickpea crop, and had individual 
plants averaging a density of 1 plant per 2 m2.  Each charlock plant would have received a 
higher rate of herbicide than the turnip weed plants at the higher density.  The soil was also a 
self mulching vertisol. 

Charlock and turnip weed seed viability 
Charlock and turnip weed seed do not respond to any particular stimuli.  The most reliable 
method found was planting the seeds in pots and exposing them to diurnal fluctuations of 
temperature and moisture.  Pods were also watered with a solution of urea to stimulate 
germination as discussed by Goudey et al.(1988). 

There were no significant differences between the effects of herbicide wiper treatments and 
timings on charlock seed viability for 2004.  This may have resulted from the fact that the 
initial treatment targeted at the pre-embryo stage was too late, and embryos had already 
formed in many of the seeds. 

There were no significant differences between timing of wiping on seed viability, however 
there were significant herbicide treatment effects (Table 3).  Chlorsulfuron gave the greatest 
reduction in viability overall, however the difference between herbicides was not significant in 
the turnip weed experiment in 2005. 
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Table 3. Effect of wiper treatment on reducing germination of charlock and turnip weed seeds. 2005 

Average daily emergence of plants 
(Reduction in germination as % of untreated in 

brackets) Herbicide Treatment 

Charlock Turnip weed 

Glyphosate 3.60 b (38)  0.73 b (82)  

Chlorsulfuron 2.43 c (58)  0.41 b (90)  

Flumetsulam 3.74 b (35)  1.49 b (63)  

2,4-D dma  4.08 b (30)  0.93 b (77)  

Untreated 5.79 a 4.1 a 

LSD P < 0.001 1.0 0.92 

Crop Yield Effects 
Despite using wipers there is normally some damage to the crop when the weed treatments 
are at the pre-embryo stage.  Normally 20-30 cm difference in height between the weeds and 
the crop is ideal, although not always possible.  Dripping from the pads is part of the problem 
and as application ground speed increases the greater the likelihood of dripping and some 
‘dipping’ of the wiper into the crop. 

Wiping of charlock concentrated on using glyphosate, flumetsulam or 2,4-D d.ma at late pre 
embryo and post embryo stages in 2004 and chlorsulfuron was also used in 2005.   

The first wiping application targeting the pre-embryo stage was late due to high temperatures 
speeding weed and crop development.  Table 4 shows that level of chickpea yield loss was 
acceptable for glyphosate (2-8%), however flumetsulam and 2,4-D resulted in unacceptable 
losses, most likely due to dripping from the wiper and an uneven soil surface causing the 
wiper to tilt occasionally.  

It is interesting to note that although flumetsulam is registered for early post emergent 
application to chickpeas, it causes significant yield loss when chickpeas are flowering. 

Table 4. Effect of wiping charlock at pre and post embryo stages on chickpea yield loss.  Walgett 2004 

Chickpea yield loss % 
Treatment 

charlock pre embryo 
(7.10.04) 

charlock post embryo 
(15.10.04) 

glyphosate (450 g/L) 1 L:4 L water* 2 +8 

flumetsulam 25 g:5 L water*   18 6 

2,4-D amine (500 g/L) 1 L:4 L water*  22 +1 

Untreated Yield (t ha-1) 1.26 t 1.13 t 

Chickpea growth stage late flower, all pods green 20% pods brown 

* = 0.1 per cent non ionic surfactant; A ‘+’ denotes a yield increase. 

The 2005 experiment (Table 5) shows similar trends for the earlier application stage.  
Chlorsulfuron is highly toxic to chickpeas during flowering with a 35 per cent yield loss 
recorded.  Chickpea plants adjacent to chlorsulfuron-treated charlock plants showed typical 
sulfonylurea damage symptoms following application at the pre-embryo stage.  Rainfall 
following this treatment may have washed chlorsulfuron into the soil to be absorbed by the 
chickpeas.  The other hypothesis is the wiper pushed charlock plants wet with chlorsulfuron 
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onto the chickpea plants during application, however if this was the cause similar effects 
would have been expected with the three other herbicide treatments. 

Wiping at the post embryo stage had negligible effect on chickpea yield in 2004 and 2005 
(Tables 4 & 5). 

Table 5. Effect of wiping four herbicides on charlock at pre and post embryo timings on chickpea yield 
loss.  Walgett 2005 

Chickpea yield loss 
(% untreated) Treatment 

Pre embryo Pre & Post Post embryo 

Glyphosate* (450 g/L) 1 L:4 L 
water  

11 7 0 

Chlorsulfuron* 10 g/10 L water 35 16 2 

Flumetsulam* 20 g/ 5 L water 20 4 0 

2,4-D dma 1 L:4 L water* 22 4 0 

Chickpea growth stage Early flower  10% pods brown 

Chickpea yield (untreated) t/ha 2.17 

* = 0.2 per cent non-ionic surfactant. 

Flowering chickpeas are very sensitive to flumetsulam and 2,4-D as can be seen by the 18 
and 22 per cent yield reduction in Table 4 and the 20 and 22 per cent yield reduction in Table 
5, however these herbicides had little effect once the crop were getting close to physiological 
maturity. 

CONCLUDING REMARKS AND FUTURE RESEARCH 
Managing weed seed banks is essential if sustainable farming systems are to be developed.  
This will become more important as the incidence of herbicide resistance develops in weed 
populations.  Sustainable farming systems need legumes to create disease breaks and to 
help maintain soil nitrogen levels.  Broadleaf weeds remain a considerable impediment to the 
successful cultivation of pulse crops like chickpeas. 

This project has shown that there remains limited scope for crop topping brassicaceous 
weeds in chickpeas until a safer post-emergent herbicide is available.  This technique will be 
limited to glyphosate and paraquat when the crop is close to physiological maturity.  This 
means that the level of weed seed set control will always be limited. 

Wiping of emergent brassicaceous weeds to reduce weed seed entering the seed bank has 
potential.  Wiping has many environmental benefits such as reducing the amount of herbicide 
used per hectare and minimising the amount of herbicide reaching the crop or soil thus 
limiting minimum residue level issues and crop plant–backs.  This research has shown that 
wiping with translocated herbicides can reduce charlock and production of turnip weed pod 
by up to 95 per cent and the viability of the remaining seed can be reduced by as much as 
90 per cent. 

The main challenge is to reduce crop damage from early herbicide applications.  Minimising 
crop damage can be solved through engineering solutions of better-designed machines, 
better machine calibration and development of herbicides with greater chickpea tolerance. 
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ABSTRACT 
This paper describes research aimed at developing control technologies that target sexual 
reproduction in weeds.  The technologies that will be developed should differentiate between 
weeds and the surrounding crop by acting selectively on one of two aspects of plant 
reproduction:  self-incompatibility and the production of viable male gametes.  The 
cruciferous weed wild radish is the main target for this research because of its importance as 
a weed and because of its close taxonomic relationship to the widely used model species, 
Arabidopsis thaliana and Brassica oleracea. 

INTRODUCTION 
This paper examines two aspects of sexual reproduction in flowering plants and how current 
detailed understanding of these processes in other crucifers presents opportunities for 
developing new ways of controlling Raphanus raphanistrum.  After first briefly describing self-
incompatibility and the role of gibberellins in stamen development and seed set, this paper 
shows how this knowledge might be applied to wild radish control and the types of 
experiments that can be used to demonstrate the potential of this general approach.  The 
accompanying paper by Swain et al. also presented at this symposium, describes other 
areas of plant biology where recent advances could potentially be used to develop innovative 
approaches to weed control. 

Self-incompatibility (SI) is a genetically controlled mechanism that prevents self-fertilisation in 
many plant families.  SI in the Brassicaceae, the family to which Raphanus raphanistrum 
belongs, is of the sporophytic type and is controlled by a single highly allelic locus called the 
S locus.  Figure 1 illustrates how the different alleles of the S locus act to prevent self-
fertilisation.  Pollen grains (black balls) are deposited on the receptive surface (stigma) of the 
female reproductive tract (gynoecium).  The pollen parent has two different S alleles at its S 
locus (in this example, S1 and S2).  When an S allele in the pollen parent matches either S 
allele of the female parent (either S1 or S2), then the pollen does not germinate and 
fertilisation consequently cannot take place.  In the figure pollen from the S1S2 plant is 
rejected by both the S1S2 and S1S3 pistils and can only germinate to produce a pollen tube 
(indicated by the dark lines) when neither of the S alleles match, as on an S3S4 gynoecium.  
Complicating this simple genetic picture is the existence of S alleles that are dominant over 
other S alleles in either pollen or pistil (or both).  That is, if S2 is dominant over S1 in pollen, 
then pollen from an S1S2 plant will still be compatible on an S1S3 pistil, even though the 
recessive S1 alleles match. 
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Figure 1. Self-incompatibility in cruciferous plants is controlled by an S locus that acts sporophytically.  

A gynoecium rejects pollen expressing an S allele that matches one of its own. 

The cell and molecular biology of sporophytic SI (SSI) has been extensively studied in 
Brassica oleracea and its close relatives (Nasrallah 2002).  The essential features of this 
sophisticated recognition and rejection process are shown in Figure 2.  In Brassica the 
products of the S locus are a large membrane-bound receptor kinase called SRK and a small 
and highly soluble protein known variously as SCR or SP11.  Although SRK and SCR/SP11 
from different S alleles share certain conserved features, each S allele encodes uniquely 
different and co-evolved versions of these proteins.  SRK is found in the plasma membrane 
of the papilla cells that form the receptive surface of the stigma (Takayama et al. 2001); and 
SCR/SP11 is deposited on the surface of the pollen grain during pollen maturation 
(Schopfer et al. 1999).  When a pollen grain alights on a papilla cell it releases SCR/SP11, 
which binds to the external receptor domain of SRK when both proteins are products of the 
same S allele.  SCR/SP11 binding activates the SRK kinase domain and initiates a signaling 
pathway characterised by increased protein turnover and ultimately by highly localised 
changes to the papilla cell wall that prevent further development of the pollen grain 
(Dickinson 1995).   

 
Figure 2. Sporophytic self-incompatibility is mediated through an interaction between an S locus 

cysteine-rich protein (SCR or SP11) deposited on the pollen grain surface and an S locus 
receptor kinase (SRK) found in the plasma membrane of stigmatic papilla cells.  SCR/SP11 
and SRK interact when they are products of the same S allele. 
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Plant growth regulators (PGRs) include both naturally occurring plant hormones and 
chemical inhibitors of the biosynthetic pathways required for plants to produce these 
hormones.  One of the most agriculturally important group of PGRs are the gibberellins 
(GAs).  GAs are well known for their roles in regulating stem growth and seed germination 
across a wide range of plant species.  GAs, such as the active GA1 molecule (see Figure 3), 
also have important roles in plant reproductive development and are essential for functioning 
of the anther and for seed set (Swain and Singh 2005; Olszewski et al. 2002).  In all plants, 
GAs are produced by a well-studied biosynthetic pathway and the genes for essential 
enzymes in this pathway are known (Olszewski et al. 2002).  

The PGR component of the research program will examine whether pollen production is a 
suitable target for the development of ways to reduce seed set in weeds.  GAs are already 
known to have a role in anther function and seed set in Arabidopsis thaliana (Swain and 
Singh 2005; Olszewski et al. 2002), a close relative of wild radish (R. raphanistrum).  
Inhibitors that are based on modified GA structures will be identified that differentially affect 
monocots, like wheat and barley, and dicots, like wild radish, in one of two related but distinct 
ways:  the overall approach to identifying these inhibitors relies on knowledge of the genes 
and encoded proteins involved in GA action in the model plants Arabidopsis and Oryza 
sativa (rice).  The first target is a class of enzymes essential for the biosynthesis of active 
GAs and naturally occurring differences in protein structure of a particular class of GA 
biosynthesis enzymes, the GA 3-oxidases, will be exploited so that GA production, and 
hence anther development, is only affected in the weed species.  GA mimics that inhibit GA 
production to different extents in monocots and dicots (Zhou et al. 2004, King et al. 2004), or 
in different dicot species (Saito et al. 1992), have already been developed, suggesting that 
this is a feasible approach.  For example, while GA1 promotes anther development in 
Arabidopsis, the structurally related molecule 16, 17-dihydro-GA5 is an effective inhibitor of 
monocot GA 3-oxidase (Figure 3).  

The second approach is based on the recent identification of GA receptors from rice 
(OsGID1; Ueguchi-Tanaka et al. 2005) and Arabidopsis (AtGID1a,b,c; Nakajima et al. 2006), 
which opens up the possibility of using this protein as an additional target for selectively 
reducing seed set in Raphanus.  Since either decreased or increased GA activity in anthers 
can cause pollen sterility (Olszewski et al. 2002), both reducing and over-stimulating wild 
radish RrGID1 would potentially cause defects in anther function and reduced seed set.  This 
contrasts with the GA 3-oxidase strategy, which should only result in the development of 
inhibitors of enzyme activity.  As for the GA 3-oxidase, the aim is to exploit naturally 
occurring differences in the structure of the GA receptor that affect activity of different GA-
related molecules.  The chance of finding a molecule that distinguishes between monocots 
and wild radish is made more likely by the finding that different receptors from Arabidopsis 
differ by up to ten-fold in their affinity for active GAs (Nakajima et al. 2006).  For both 
strategies, a key advantage is that inhibitory GA-related molecules may reduce both seed set 
(by inhibiting anther development) and GA-promoted vegetative growth in the weed while 
having no or little effect on the crop plant.  
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Figure 3. Structures of the naturally occurring active gibberellin, GA1, and an artificial GA-related 

molecule that acts as a competitive inhibitor of the enzyme responsible for GA1 production 

TECHNOLOGY DEVELOPMENT  

Technologies that target the Raphanus SI mechanism 
The immediate goal of this project is to determine at the phenotypic and molecular levels the 
number and distribution of S alleles in Australian populations of R. raphanistrum.  The 
medium-term goal is to express the SCR/SP11 protein from different R. raphanistrum S 
alleles in bacteria and see whether it is capable of binding to SRK in vitro and activating SSI 
in vivo.  By preventing compatible pollinations, applying mixtures of SCR/SP11 from several 
R. raphanistrum S alleles could potentially reduce seed set.  In the future it should be 
possible to develop a single molecule based on SCR/SP11 that, by binding to SRK in a non-
allelic manner, will trigger an SI response in most Raphanus plants.  By targeting a pathway 
that is only found in self-incompatible members of the Brassicaceae, molecules that bind to 
SRK have the potential to reduce fecundity in a way that is both low in toxicity and highly 
specific to Raphanus and other self-incompatible cruciferous weeds. 

The number and distribution of Raphanus S alleles in Australia will initially be determined by 
performing reciprocal crosses between Raphanus plants grown from seeds collected at 
various locations across southern Australia and recording the results in a diallel.  Molecular 
biology investigations will begin with cloning SRK and SCR/SP11 from R. raphanistrum to 
confirm and better understand the different compatibility phenotypes the diallels have 
identified.  While S allele sequences have not yet been cloned from this species, they have 
been cloned from its close relative R. sativa and can be done using cDNA and genomic DNA 
templates and the primers described in Okamoto et al.(2004) and other similar papers.  
Confirmation that the amplified products are derived from S locus genes will be provided by 
genetic analysis of populations segregating for 3-4 S alleles. 

The cloned SRK and SCR/SP11 genes will be used in expression studies aimed at 
producing recombinant proteins suitable for in vitro binding studies and in planta bioassays.  
These assays are aimed at demonstrating whether the concept being tested is workable.  In 
this context, one of the critical experiments used to demonstrate SCR/SP11’s involvement in 
SSI was a bioassay in which a synthetic form of the protein was placed on a Brassica stigma 
and compatible pollen then added (Takayama et al. 2001).  Under normal circumstances the 
compatible pollen would germinate and fertilisation take place.  However, because the 
synthetic SCR/SP11 bound to and activated the SRK, the compatible pollen was unable to 
germinate and fertilization, and hence seed set, was prevented. 

Recombinant proteins can be made in Escherichia coli, with protein tags added at either the 
N- or C-terminal end to facilitate purification.  Because the tertiary structure of SCR/SP11 is 
stabilized by a number of disulphide bonds, the recombinant protein must first be oxidized in 
order for it to be functional (Takayama et al. 2001).  Functional activity of SCR/SP11 can be 
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determined by a bioassay, where the recombinant protein is placed on the stigma surface 
and its effect on a compatible pollination monitored by aniline blue staining and fluorescence 
microscopy.  Alternatively, functional activity can be studied through techniques that can 
measure the interaction of SRK and SCR/SP11 directly (Takayama et al. 2001).  This work 
could then lead to the production and testing of chimeric SCR/SP11 peptides that can 
activate SRK from more than one S allele (Sato et al. 2004). 

Technologies that target anther function in wild radish 
The immediate goal of this project is to develop in vitro assays to test various GA-related 
molecules for their differential effects on GA 3-oxidases and GA receptors from wild radish 
and selected monocots.  Based on this knowledge, the long-term goal is to develop novel 
chemical inhibitors that selectively inhibit only the weed GA 3-oxidase and/or GA receptor, 
and consequently only reduce seed set in wild radish.  

In vitro assays are an integral component of this strategy, and have been developed to 
measure both GA 3-oxidase activity and the binding of GAs to the GA receptor.  Compared 
with in vivo methods using intact plants, this approach allows far smaller amounts of 
candidate molecules to be used, an important advantage when complex chemical synthesis 
is often required.  Using the GA 3-oxidase assay, the aim is to identify biochemical 
differences between the enzymes from cereals and wild radish that allow the proteins to 
respond differently to some of the new GA biosynthesis inhibitors.  Numerous genes 
encoding GA 3-oxidases have already been cloned from cereals such as rice, wheat and 
barley (Sakamoto et al. 2004), as well as from various Brassica sp.  Wild radish genes 
encoding GA 3-oxidases expressed in anthers will be identified using degenerate primers 
and other standard molecular biology techniques.  The primers will be based on extensive 
publicly available sequence information for this class of enzymes from other dicot species, 
including other members of the Brassicaceae. 

The target molecules are based on natural GA structures and act as species-specific 
competitive inhibitors of the wild radish GA 3-oxidase(s).  A suitable recombinant expression 
system will be used to express the wild radish and wheat/barley enzymes so that the 
response to different GA inhibitors/mimics can be compared.  Ideally this will use the 
established E. coli system, combined with available radiolabelled GA substrates (Zhou et al. 
2004), to assay enzyme activity directly in the presence of potential inhibitors.  Conversion of 
an appropriate substrate into its product will be used to monitor functional activity of the GA 
3-oxidase.  This approach has previously been used to compare normal and defective 
versions of related GA enzymes and to determine substrate specificity, and has recently 
been extended to study inhibitor activity (Lester et al. 1999, King et al. 2004).  It is also 
possible to use a related in planta assay to compare the response to various GA inhibitors of 
GA-deficient pea mutants in which the enzyme targeted by one class of GA inhibitors is 
defective (Swain et al. 1997, 2005).  A collection of potential GA inhibitors/mimics is available 
from Professor Lew Mander, Australian National University, and from various international 
collaborators.  Any molecules that exhibit potential specificity for inhibiting wild radish GA 3-
oxidase will be further tested in vivo on wheat/barley and wild radish plants to confirm that 
they specifically target the weed GA pathway.  

The strategy for targeting the GA receptor is similar, except that in this case a yeast-based 
functional assay has been developed (Nakajima et al. 2006).  Wild radish genes encoding 
the GA receptor will be cloned using degenerate primers, as for the GA 3-oxidase, and 
recombinant receptor molecules assessed in vitro for binding to potential GA-related 
inhibitors or over-activators.  Again, promising molecules will be assessed in vivo to confirm 
that they specifically target the weed GA pathway. 
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CONCLUDING REMARKS AND FUTURE RESEARCH 
The experiments outlined here will test the practicability of the concept that differences in 
self-incompatibility, GA production and perception can be used as targets for developing 
novel ways of controlling wild radish populations.  These proposed control methods should 
not act by killing the plants to which they are applied, but by preventing seed production 
should reduce the number of individuals over the medium to long term.  By triggering a 
reduction in population density below some threshold, these methods share much in 
common with biological control as a way of managing weeds.  Host specificity is a key 
requirement of biological control, and potentially this can be achieved by targeting self-
incompatibility and by identifying GA mimics that affect Raphanus proteins but not proteins 
from graminaceous crop plants.  After this proof-of-concept stage has been completed, 
further improvements will be needed before the molecules that have been developed are 
suitable for use in an agricultural setting. 
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Management of herbicide-susceptible wild radish 
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ABSTRACT 
Wild radish (Raphanus raphanistrum L) can be controlled in the Australian cropping rotation 
by a diverse range of methods including herbicides.  Selective herbicides remain the primary 
method of controlling wild radish in the Australian cropping systems.  In Western Australia 
alone, more than 40 herbicides or mixtures of herbicides are currently used for radish control.  
Trials conducted at Merredin, WA showed that a combination of chemical and non-chemical 
options including sowing rate and sowing time in wheat-lupin rotation reduced radish 
biomass and density, increased yield of wheat and subsequent lupin crops.  Wild radish seed 
bank under wheat – lupin rotation was longer than five years in absence of fresh seed 
production.  Since there is an association of tolerance between crop species and crop 
cultivars and herbicides from various modes of action, rotation of crops and herbicides 
should be selected judiciously.  Most effective herbicides should control 95 per cent of 
susceptible wild radish populations in most situations.  However, herbicides or any product of 
herbicide with the same active ingredient should not be repeated in subsequent crops.  Case 
studies showed that five successive applications of ALS-inhibitors in a three-year period 
contributed to significant build-up of ALS-resistant radish population in a wheat-lupin-wheat 
population at Avondale, WA.  However, use of ALS-inhibitors followed by phenoxy in wheat 
phase provided 100 per cent control of the same population that was found to contain only 
1.3 per cent ALS-resistance initially.  Since wild radish is not the only weed species that 
growers are dealing with, a longer-term research to manage wild radish in Australian farming 
systems should be initiated.  Growers and community should be educated about the threat of 
wild radish and need for eradication of this species. 

INTRODUCTION 
Wild radish (Raphanus raphanistrum L) occurs in all states of Australia, causing significant 
losses in crop yield in some areas (Piggin et al. 1978; Panetta et al. 1988, Cheam and Code 
1995).  Wheat yield was reduced by about 50 per cent from competition of 200 plants m-2 of 
radish in Victoria (Code et al. 1978).  It reduced lupin growth and productivity by competing 
for light and nutrients (Hashem et al. 2004 and Pathan et al. 2006).  As few as 4 plants m-2 of 
wild radish reduced canola yield by 9 to 11 per cent and 64 plants m-2 reduced canola yield 
by 77 to 91 per cent (Blackshaw et al. 2002).  Its seed bank life can be longer than five years 
under continuous cropping systems such as a wheat-lupin rotation (Hashem and 
Wilkins 2002).  It has evolved resistance to acetolactate synthase-inhibiting herbicides 
(Hashem et al. 2001a, Walsh et al. 2001), photosystem II-inhibitors (Hashem et al. 2001b), 
carotenoid synthesis inhibitors (Cheam et al. 2000) and 2,4-D (Walsh et al. 2003) within the 
WA wheatbelt.  

Wild radish can be controlled in cropping rotation by a diverse range of methods including 
herbicides.  More than 20 herbicides or herbicide mixtures were available to control wild 
radish around 1995 but currently more than 40 herbicides or mixtures of herbicides are used 
in cereals, canola, pulses and pastures to control this weed in WA alone.  ALS-inhibiting 
herbicides (sulfonylurea, imidazolinone, and triazolopyrimidine) are widely used in cereal and 
legume crops as well as pasture situations.  Sulfonylurea herbicides are the most widely and 
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frequently used ALS-inhibiting herbicides in Australia to control many dicot weeds including 
wild radish in cereals (Boutsalis and Powles 1995). 

The increasing level of resistance to many common and cheap herbicides is posing real 
problems for its management.  There are still many effective management options available 
for this weed.  Most of the wild radish management strategies in southern Australia 
encompass control options that will prevent or delay development of herbicide resistance in 
wild radish.  This paper addresses the management principles in rotation with some case 
studies for wild radish management. 

MANAGEMENT PRACTICES AND ROTATION 
In continuous cropping systems, selective herbicides will remain the primary method to 
control wild radish.  More than 40 herbicides or herbicide mixtures are currently used for wild 
radish control in WA alone (Table 1).  Effective herbicides will control 95 per cent radish in 
most situations if the population is still susceptible to herbicides (Bowran 2001).  Crop 
species/cultivars, sowing methods, sowing rate, sowing time etc., can also play an important 
role in the control of wild radish.  For example, if lupin is sown dry, pre- emergence simazine 
will not be activated as long as the soil surface remains dry even though lupin plant has 
emerged utilising the sub-soil moisture. T he situation will be worse in a non-wetting soil type. 

Table 1 Herbicides or mixture of herbicides that are currently used to control wild radish in Western 
Australia (Source:  Department of Agriculture and Food Western Australia:  Bulletin 4674 and 
4675) 

Chemical names Trade names 
(examples only) Chemical names Trade names 

(examples only) 

2,4-D + diuron  Glyphosate  Roundup®  

2,4-D amine  Imazamox Raptor® 

2,4-D ester  Imazapic + imazapyr On-Duty® 

2,4-D ester LVE  Imazapic + imazapyr + MCPA Midas® 

Atrazine  Atradex® Imazethapyr Spinnaker® 

Bromoxynil + dicamba + MCPA Broadside® Isoxaflutole Balance® 

Bromoxynil + diflufenican  Jaguar® MCPA + diflufenican  Tigrex® 

Bromoxynil Bromicide® MCPA + Picloram Tordon® 

Bromoxynil + MCPA Buctril® MCPA amine  

Carfentrazone ethyl + MCPA Affinity + MCPA MCPA LVE  

Carfentrazone-ethyl Hammer® Metribuzin Lexone® 

Chlorsulfuron Glean® Metsufuron Methyl Ally® 

Cyanazine Bladex® Oxyfluorofen Goal® 

Dicamba + MCPA Banvel® Picolinafen Sniper® 

Diflufenican  Brodal® option Simazine   

Diflufenican + metribuzin Brodal® + Lexone® Paraquat + diquat Spray.Seed® 

Diuron  Sulfosulfuron Monza® 

Flumetsulam Broadstrike® Terbutryne Igran® 

Fluroxypyr Starane® Triasulfuron + carfentrazone 
ethyl 

Logran B-power® 
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Herbicides that can be used in lupin should be phased in rotations so that the modes of 
actions that are used in lupin are not repeated within the same season or in the subsequent 
crops.  For example, if simazine or atrazine is used in lupins, no other herbicides from Group 
C (e.g., diuron, bromoxynil, terbutryne) should be used in lupin within the same season.  If 
diflufenican is used in lupin to control wild radish, products such as Tigrex® and Jaguar® that 
contain diflufenican should not be used in cereals.  If Eclipse® is used in lupin to control 
radish, in theory sulfonylurea should not be used in cereals.  If radish plants treated with a 
mode of action in lupins did not produce seeds and alternative mode of action was effectively 
used before using the same mode of action, chances of developing resistance will be 
reduced. 

There are other weeds in the systems and growers would like to control them effectively with 
cheap herbicides.  If sulfonylurea that also kill other weeds such as doublegee, are removed 
from the crop after lupins, effective alternative herbicides (e.g., dicamba, alone or in 
mixtures) would be necessary.  In case of high radish burden, pastures should be combined 
with spray grazing, hay or silage cutting, green/brown manuring or even fallowing to prevent 
radish seed set by 100 per cent.  If growers can prevent radish seed set for two to three 
seasons, the seed bank will come down very low.  Once the seed bank has come down, it 
will be important to maintain the seed bank at a low level.  

WILD RADISH MANAGEMENT IN WHEAT – LUPIN ROTATION 
Control efficacy, population dynamics and seed bank dynamics of a susceptible population of 
wild radish were studied in a wheat-lupin rotation at Merredin, WA from 1997 to 2002 on 
sandy loam duplex soil (Hashem et al. 2001c).  A known density of wild radish was 
introduced in the trial site before sowing wheat in 1997.  The trial site was historically known 
to have very little seed bank of wild radish.  A range of chemical and non-chemical control 
options were employed in wheat and lupins during the trial period. 

Wild radish control in Wheat in 1997:  Autumn tickling stimulated emergence of 160 
seedlings m-2 of wild radish compared to 2.5 seedlings m-2 in untickled plots before sowing 
wheat.  This has resulted in the emergence of 66 radish seedlings m-2 of radish in tickled 
plots of the wheat crop as compared to 201 seedlings m-2 in the untickled plots.  In other 
words, autumn tickle reduced the weed burden in wheat crop by 67 per cent compared to the 
untreated control in 1997 (Hashem et al. 2001c). 
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Table 1. Effect of autumn tickling, sowing rates and sowing time in combination with herbicides on the 
dry biomass of wild radish, wheat yield and wheat screening in 1997. 
(Source:  Hashem et al. 2001c)a 

Wheat yield (kg ha-1) Screening of wheat seed 
(%) 

Dry radish biomass 
(g m-2) 

Treatments 
Normal 
sowing 

Late 
sowing 

Normal 
sowing Late sowing Normal 

sowing 
Late 

sowing 

1. SSR+ Nil 1438 1266 6.33 8.60 433.2 332.7 

2. SSR+brom+diflu Z12 2965 2031 - - 0 0 

3. SSR+ DiMCPA Z12 2763 2256 3.87 5.67 0 0 

4. SSR+ tria PS+ di PPPE+ 2,4-D 
Z31 

2942 1527 3.27 3.63 0 0 

5. HSR+ AT + 2,4-DE Z85 1833 1778 5.73 9.50 213.8 124.9 

6. HSR + AT+ DiMCPA Z12 3042 2434 3.17 5.20 0 1.1 

7. HSR+ AT+ tria PS 2669 2327 - - 24.7 4.3 

8. HSR+AT+ 2,4-D Z31 2173 2225 - - 0 0 

LSD (P=0.05) 1039.4 1.264 10.15 

a SSR = Standard sowing rate of wheat (60 kg ha-1), HSR = High sowing rate of  wheat (120 kg ha-1), 
Nil = Untreated control, di= Diuron (1.0 L), DiMCPA = Diuron + MCPA (300 mL + 400 mL), brom+diflu = 
Mixture of bromoxynil and diflufenican (600 mL), tria =  triasulfuron (35 g), 2,4-D = 2,4-D amine (1.5 L), 
2,4-DE = 2,4-D ester (1.0 L), AT = autumn tickle, PS= Pre-sowing, PPPE= Post-sowing pre-emergence, 
- = Not available.  

Table 2. Effect of radish control practices during wheat and lupin phases on the radish density and 
yield of lupin in a wheat - lupin rotation at Merredin, Western Australia. 
(Source:  Hashem et al. 2001c)a  

Treatments 1997  1998  

1997 1998 
Radish 

plants m-
2 at 

harvest 

Total radish 
plants-2 in 

lupin up to 10 
WAE 

Surviving 
radish plants 
m-2 at 10 WAE 

Lupin yield 
increase 

(%) 

1. SSR+ Nil Simazine 2 L 80.0 166.2 39.7 0 b 

2. SSR+brom+diflu Z12 Simazine 2 L 0 13.1 1.5 21 

3. SSR+ DiMCPA Z12 Simazine 2 L+AT 0.2 13.8 4.7 29 

4. SSR+ tria PS+ di PPPE+ 
2,4-D Z31 

Simazine 2 L 0 8 1.6 47 

5. HSR+ AT + 2,4-DE Z85 Simazine 2 L 37.2 32.2 7.8 12 

6. HSR + AT+ DiMCPA Z12 Simazine 2 L AT + 
met + diflu a 

0 6.4 0.5 61 

7. HSR+ AT+ tria PS Simazine 2 L 0.7 15.5 4.9 10 

8. HSR+AT+ 2,4-D Z31 Simazine 2 L 0 6.2 0.8 22 

LSD (P=0.05)  8.84 32.61 9.08  

a SSR = Standard sowing rate of wheat (60 kg ha-1), HSR = High sowing rate of  wheat (120 kg ha-1), 
Nil = Untreated control, di= Diuron (1.0 L), DiMCPA = Diuron + MCPA (300 ml + 400 ml), 
tria =  triasulfuron (35 g), 2,4-D = 2,4-D amine (1.5 L), 2,4-DE = 2,4-D ester (1.0 L), AT = autumn tickle, 
PS= Pre-sowing, PPPE= Post-sowing pre-emergence, met + diflu = metribuzin + diflufenican 
(100 g + 100 mL). 

b Lupin yield in SSR + Nil = 481 kg ha-1. 
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Wheat seed yield was higher at normal sowing time than late sowing (Table 1).  On average, 
late sowing reduced wheat yield by 20 per cent compared to normal sowing time.  Late 
sowing increased wheat screenings.  Within each sowing time, higher screening was related 
to higher radish density, not to higher wheat density.  On average, radish dry biomass at 
wheat anthesis was reduced by 31 per cent under late sowing conditions compared to 
normal sowing conditions.  Under normal sowing time, all herbicides sprayed up to Z31 stage 
of wheat controlled 94-100 per cent wild radish and produced significantly higher yield than 
untreated control except for sole application of 2,4-D in Treatment 8 (Table 2).  In absence of 
post-emergence control of radish in treatment 5, autumn tickle has led to two times cleaner 
crop than the control.  On average, autumn tickle and high seed rate in this treatment 
produced 33 per cent higher yield of wheat and reduced 56 per cent biomass of wild radish 
as compared to untreated control sown at 60 kg ha-1 (Table 2).  

Wild radish in lupin in 1998:  The total number of radish plants emerged after sowing of 
lupin (in-crop total radish m-2) as counted up to 10 weeks after emergence (WAE) varied from 
6.2 to 166.2 plants m-2 (Table 3).  Highest density of wild radish at maturity of wheat was 
found in the untreated control followed by HSR + AT+ 2,4-D ester sprayed at soft dough 
stage of wheat to prevent seed set of radish.  Total emergence of radish in lupin was high in 
plots where radish density at maturing stage of previous wheat was also high (Table 3).  The 
plots which had no or low radish density at maturity of wheat has resulted in 81 to 96 per 
cent lower radish emergence in the subsequent lupin crop than in untreated control.  In 1998 
season, 24 per cent of the radish plants survived simazine (1 kg a.i. ha-1) up to 10 WAE.  The 
number of these surviving radish plants was highly correlated (r2 = 0.75, p<.01) to the density 
of radish at maturity of wheat in 1997.  The plots which were tickled and sprayed with 2,4-D 
ester in wheat, had 80 per cent lower radish burden in lupins with 12 per cent higher yield of 
lupins than the untreated control (Table 3).  In the plots where radish seed production was 
totally prevented in previous wheat, 6.2 to 13.1 radish seedling m-2 had emerged in lupins.  

Wild radish seed bank:  Wild radish seed set was totally prevented in one treatment from 
1997 to 2002 in this wheat - lupin rotation.  In absence of any fresh seed production, about 
64 per cent of the original radish seed bank had emerged in 1997, 5 per cent in 1998, 16 per 
cent in 1999, 3 per cent in 2000, 9 per cent in 2001 and 0.5 per cent in 2002.  These results 
indicate that 97.5 per cent of the total seeds emerged over a six-year period under minimum 
or no-till continuous cropping systems.  The remaining 2.5 per cent seeds of wild radish have 
either decayed or some are still in the soil seed bank.  The trial was terminated in 2003.  
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Figure 1. Annual emergence, cumulative emergence and persistence of residual seed bank of wild 

radish as percentage of 350 pod fragments introduced in 1977 in a wheat-lupin-wheat-lupin-
wheat rotation at Merredin, Western Australia (Source:  Hashem and Wilkins 2002). 
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ROTATION AND HERBICIDE SHOULD PREVENT POPULATION 
EXPLOSION  
Rotation of crops allows for rotation of herbicides from different modes of actions.  However, 
judicious selection of herbicides is extremely important to keep the seed bank low and 
prevent development of herbicide resistance.  One trial was conducted at Avondale 
Research Station from 1998 to 2000 to examine the effect of rotation of crop and herbicides 
from various modes of action on the population dynamics of a wild radish population 
(Hashem and Wilkins 2002). 

Rotations 
(1) Crop rotation 1:  wheat-lupin-wheat (designated as CP).  
(2) Crop rotation 2:  wheat-TT canola-wheat (designated as AP). 

The rotations were initiated with wheat in 1998.  The treatments were as follows: 
CP-Conventional management option (CP-M1):  wheat (2 ALS)- lupin (1 PSII, 1 ALS)- wheat 
(2 ALS) 

CP-Alternative management option (CP-M2):  wheat (1 ALS, 1 phenoxy)- lupin (1 PS II)- 
wheat (1 ALS, 1 phenoxy). 

AP- Conventional management option (AP-M1):  wheat (2 ALS)- TT canola (2 PSII)- wheat 
(2 ALS) 

AP- Alternative management option (AP-M2):  wheat (1 ALS, 1 phenoxy)- lupin (2 PSII)- 
wheat (1 ALS, 1 phenoxy).  

The plots of the control treatments (CP-M1 and AP-M1) in both the rotations were treated 
with two applications of ALS-inhibitors in wheat.  In CP-M1, lupin received 1 application of 
ALS-inhibitor.  Thus, the control treatment in the CP rotation received 5 applications of Group 
B and that in the AP rotation received four applications of ALS-inhibitors in the three-year 
period.  Emergence after crop sowing and survival of radish at reproductive stage of wheat or 
lupins were recorded in each treatment in each year. 

Figure 2. Effect of different herbicide management systems in two rotations (wheat-lupin-wheat and 
wheat-TT canola-wheat) on the dynamics of a wild radish population in a three year period at 
Avondale, Western Australia.  CP=conventional rotation, AP= alternative rotation, 
M1=conventional management, M2= alternative management. (Source:  Hashem et al. 2001c). 
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Population dynamics in wheat-lupin-wheat rotation:  The population of radish in this 
rotation built up to 5 plants m-2 in the 2nd year after three applications of ALS-inhibitors in CP-
M1 and CP-M2.  This had risen to 29 plants m-2 in the 3rd year after five applications of ALS-
inhibitors in three crops (Figure 2).  This occurred even though simazine (PS-II) was applied 
once at pre-sowing in the lupin crop in 1999.  Such explosion of population did not occur in 
this rotation when one application of ALS-inhibitor was followed by one application of 
phenoxy in the same wheat crop and one application of simazine in lupin crop (e.g. CP-M2) 
(Figure 2).  

Population dynamics in wheat- TT canola- wheat rotation:  One application of ALS-
inhibitor followed by one application of phenoxy in the same wheat crop and two applications 
of triazines in TT canola also resulted in the total control of wild radish by 2000 season 
(AP-M2).  However, two applications of only ALS-inhibitors in the same wheat crop rotated 
by two applications of triazines (PS-II) in TT canola appear to build up resistant biotype 
population to 3 plants m-2 in wheat-TT canola- wheat rotation in 2000 season (AP-M1) 
(Figure 2).  

Subsequent resistance tests of the original seed lot of this population revealed that about 
1.3 per cent of this population was resistant to ALS-inhibiting herbicides.  These results 
clearly suggest that rotation of ALS-inhibitors with herbicides from a different mode of action 
such as phenoxy is essential to delay build up of a resistant population of wild radish in 
cropping rotations.  

CONCLUDING REMARKS AND FUTURE RESEARCH 
Wild radish poses a significant threat to the cropping rotation and, in particular, the wheat-
lupin rotation is at high risk from increasing weed burden and herbicide resistance point of 
views.  Herbicides should be chosen judiciously and be applied in combination with 
competitive crop cultivars, crop rotations, and other non-chemical weed control options.  
Herbicides such as ALS-inhibitors that are highly effective on wild radish should not be 
repeated within or between seasons.  Once the seed bank of wild radish has come down to a 
very low level, it should be maintained at low level.  Since wild radish is not the only weed 
species that growers are dealing with, a longer-term wholistic approach research (that will 
use model) to manage wild radish in Australian farming systems should be initiated.  
Grazing, seed set prevention, seed removal, seed bank manipulation and management, 
improved herbicide efficacy, farm hygiene, competitive crop variety, development of genetic 
barrier and crop-radish competition should be addressed.  Concerted effort must be taken to 
educate growers and community about the threat of wild radish and need for eradication of 
this species. 
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ABSTRACT 
The decline in the seedbank of a herbicide-resistant wild radish population at its original site 
of infestation was investigated over a six-year period.  Despite introducing longer term 
breaks without seed set by adopting effective measures to maximise the control of seed set, 
7 per cent of viable seeds were still present in the soil at the end of the experiment.  Based 
on a mean annual rate of 50 per cent seedbank decline, it was estimated it would take at 
least 12 years to deplete the wild radish seedbank to 1 seed/m2. 

INTRODUCTION 
When a population of wild radish evolves resistance to one or more herbicide groups, control 
efforts should focus on maximising population mortality and limiting the amount of seed 
produced.  High priority should also be given to increasing the rate of decline of the existing 
seedbank in the soil.  Although total elimination of a seedbank is impractical in large-scale 
agro-ecosystems, the goal of managing weed seedbanks and attempting to maintain them at 
controllable levels has gained support (Buhler 1999; Buhler et al. 1997).  It follows, that since 
seed is the source of infestations of wild radish it should also be the ultimate target of control 
efforts. 

Following the discovery of a biotype of wild radish that had evolved multiple-resistance to 
diflufenican and triazines, short- and long-term experiments were initiated to determine how 
to control and manage the resistant population.  The short-term experiments involved the 
screening of herbicides to determine those that were still effective at controlling the 
population.  Results of this work, already discussed in a separate paper, have been used in 
the long-term field experiment to diminish the wild radish seedbank as quickly as possible. 

In this paper we detail the results of a long-term experiment, which was focused on the 
dynamics of the wild radish seedbank in relation to various rotations.  The seedbank is a 
useful population parameter since it is buffered against annual variations in weather or 
experimental conditions and provides a good measure of long-term tendencies of weed 
population dynamics (Fernandez-Quintanilla 1988). 

DESIGNING THE ROTATIONS 
When designing crop rotations, one of the main goals is to introduce longer-term breaks 
without seed set (Bowran 2001).  To achieve this, it is important to know the resistance 
status of the wild radish population and, in the case of our research, its resistance to Groups 
F and C herbicides.  With this resistance combination, there is a lack of chemical options 
available for wild radish control in the grain legume phase. 
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The cropping programs and management practices of the six rotation systems (A to F) over 
the last six years of the experiment are shown in Table 1.  Due to the availability of effective 
wild radish control measures, wheat and Cadiz pasture have been used in most rotations 
over several years to reduce the size of the wild radish seedbank.  

Table 1. Cropping programs and management practices from 2000-2005 

Rotation 
Year 

A B C D E F 

2000 

Canola 
(Atrazine pre-
em. 2 L; post-
em. 2 L.) 

Wheat 
(Buctril MA 
1.4 L) 

Lupin 
(Simazine pre-
em. 2 L, Brodal 
100 mL + 
Lexone 100 g) 

Lupin 
(Simazine pre-
em. 2 L, Brodal 
200 mL) 

Lupin 
(Brodal only 
200 mL) 

Cadiz 
Serradella 
(mowed) 

2001 

Cadiz 
(Green 
manuring and 
glyphosate 
follow-up to kill 
survivors) 

Cadiz 
(Mowing once 
only) 

Cadiz 
(Hay greezing 
glyphosate, 
follow-up 
mowing of 
survivors) 

Cadiz 
(Hay freezing 
glyphosate) 

Cadiz 
(Green 
manuring with 
cultivation) 

Cadiz 
(Mowing twice) 

2002 As in 2001 As in 2001 As in 2001 As in 2001 As in 2001 As in 2001 

2003 

Wheat 
Glean 5 g + 
MCPA LVE 
500 mL 

Wheat 
Diuron 350 mL 
+ MCPA 
400 mL 

Wheat 
(MCPA amine 
500 mL + Ally 
3.5 g + Glean 
4 g) 

Wheat 
(Affinity 60 g + 
MCPA amine 
500 mL, 
Z13-25) 

Wheat 
(Giant 0.6 L) 

Wheat 
(Paragon 
375 mL) 

2004 

Wheat 
(Paragon 
375 mL) 

Wheat 
(Barrel 1.0 L) 

Wheat 
(Buctril MA 
1.4 L) 

Wheat 
(Giant 0.6 L) 

Wheat 
(Affinity 60 g + 
MCPA amine 
500 mL, 
Z13-25) 

Wheat 
Glean 5 g + 
MCPA LVE 
500 mL 

2005 
Cadiz 
(Hay freezing 
glyphosate) 

Cadiz 
(Hay freezing 
glyphosate) 

Cadiz 
(Hay freezing 
glyphosate) 

Cadiz 
(Hay freezing 
glyphosate) 

Cadiz 
(Hay freezing 
glyphosate) 

Cadiz 
(Hay freezing 
glyphosate) 

Increasing the level of cereal has enabled effective herbicide control of the wild radish 
population while also introducing a strong competitor (wheat) against the wild radish.  
Introducing a pasture phase has enabled the use of non-selective herbicides and 
management practices, such as green or brown manuring (hay freezing) or slashing, to 
control the seed production of wild radish during spring. 

The six rotation systems can be considered as components of sixteen basic treatments 
(Table 2). 
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Table 2. The sixteen basic treatments 

1 Canola  (Atrazine® pre-em 2 L; post-em 2 L) 
2 Lupin  (Simazine pre-em 2 L; Brodal® 100 mL + Lexone® 100 g) 
3 Lupin  (Simazine pre-em 2 L; Brodal® 200 mL) 
4 Lupin  (Brodal® 200 mL) 
5 Cadiz pasture  (Mowing) 
6 Cadiz pasture  (Green manuring) 
7 Cadiz pasture  (Hay freezing with glyphosate) 
8 Cadiz pasture  (Green manuring; glyphosate follow-up) 
9 Cadiz pasture  (Hay freezing with mowing follow-up) 

10 Wheat  (Affinity® 60 g + MCPA amine 0.5 L) 
11 Wheat  (Giant® 0.6 L) 
12 Wheat  (Buctril MA® 1.4 L) 
13 Wheat  (Glean® 5 g + MCPA LVE 0.5 L) 
14 Wheat  (Paragon® 375 mL) 
15 Wheat  (MCPA amine 0.5 L + Ally® 3.5 g + Glean® 4 g) 
16 Wheat  (Barrel® 1.0 L) 

THE SOIL SEED RESERVES 
The reserves of wild radish seed in the soil over the six-year period of the various rotations 
(A - F) are shown in Figure 1.  The basal seedbank of wild radish at the start of the 
experiment was about 5000 seeds m-2 to a soil depth of 10 cm. 
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Figure 1. The soil seed reserves of wild radish (as per cent of seed remaining at the start of each 

season) in the various rotations. 

From the data, it is evident that the wild radish seedbank level at the start of each season is 
a reflection of the efficacy of the wild radish control in the previous season.  As expected, 
rotations A, C, D and E all delivered an increase in the wild radish seedbank in 2001.  The 
failure of atrazine to control the triazine-resistant wild radish in 2000 was responsible for the 
increase in wild radish under rotation A.  In rotations C, D and E, the seedbank increases 
were due to the failure of diflufenican on its own or in combination with metribuzin to control 
the wild radish in 2000 because of its multiple resistance to diflufenican and triazines.  
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Similarly, the use of simazine as a pre-emergent treatment in rotations C and D was 
ineffective because of triazine resistance in the wild radish population. 

A single break year of very little seed set in 2000 had a dramatic impact on preventing 
enrichment of the wild radish seedbank in 2001, as seen in rotations B and F.  The higher 
seedbank during rotation F than rotation B, was the result of seed production from the 
regenerated wild radish after mowing.  Despite the increased seedbanks at the start of the 
2001 season in rotations A,C,D, and E, the seedbanks declined following the effective control 
of wild radish in subsequent years. 

The slowest decline was evident in rotation A, suggesting that controlling the wild radish 
population at the outset is crucial to preventing an enrichment of the seedbank.  Hence, the 
persistence of wild radish due to the input of new seed is just as important, if not more 
important, than seed longevity in the soil.  Consequently, any tactics that can reduce the 
production of wild radish seed will enable populations of wild radish to be better managed.  
Tactics such as green or brown manuring, mowing or slashing, and the use of herbicides that 
can still control the population, have been shown in this long-term experiment to play a major 
part in running down the wild radish seedbank. 

As little as 7 per cent of the original seedbank remained after six years of intensive seed set 
control in the most effective rotation treatment.  However, depending on the size of the 
original seedbank, 7 per cent is still likely to cause weed problems, as evidenced by the 35 
plants/m2 recorded on 11th July 2005.  To maintain or stimulate a continuous decline of the 
weed seedbank, effective control measures need to be applied each year.  It is important to 
remember that the seedbank of wild radish can increase dramatically when control measures 
are relaxed in any one-year. 

PREDICTION OF SEEDBANK DECLINE 
To predict decline of the wild radish seedbank, calculations were done to determine the 
annual rate of change of the seedbank (λ) for each basic treatment.  Figure 2 is the graphical 
presentation of the λ values. 
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Figure 2. Influence of cropping and various control measures on annual rate of change of wild radish 

seedbanks. 

The annual rate of change ranged from λ = 0.38 for Treatment 9 to λ = 2.7 for Treatment 1.  
As expected an annual decrease in seedbank was measured under pasture and wheat 
cropping, but not under canola and lupin.  The pasture phase resulted in a slightly better rate 
of seedbank decline than the wheat phase.  In any weed management program, the farmer 
should ultimately be concerned with the seedbank population.  If the population is increasing 
consistently under a particular management system however slowly, the control system is 
breaking down.  Conversely, if the population is declining, however slowly, there is hope that 
weed problem is being controlled. 

By combining the values of λ of the different treatments, the population movements within a 
particular cropping system can be predicted.  This makes it possible to evaluate different 
cropping sequences and to select the one that appears as the most useful with regard to wild 
radish control.  Working on an average value of λ = 0.5, predictions based on the data 
indicate that by incorporating pasture and wheat in the rotation, it would take at least twelve 
years to drive down the wild radish seedbank to 1 seed/m2.  Chancellor (1986), in a 20-yr 
study from 1963 to 1983, found that wild radish exhibited a mean annual decline of 33 per 
cent in the period 1963 to 1965, with one or two seeds still surviving into the period 1982-
1983.  This lower annual rate of decline compared to our data could be attributed to minimal 
soil disturbance in Chancellor’s experiment, which was done in a grassed over arable field 
involving periodic removal of wild radish seedlings from dug-out blocks of turf over the 20-yr 
period. 
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CONCLUDING REMARKS AND FUTURE RESEARCH 
Continuous decline in the seedbank of wild radish is feasible by adopting rotations involving 
wheat and pasture phases that allow the introduction of longer-term breaks with minimal 
seed set using the wide range of herbicides currently available (wheat phase) and the 
techniques of hay freezing, green manuring and mechanical mowing to prevent wild radish 
seed set (pasture phase).  However, the slow rate of seedbank decline despite the use of 
effective seed set control measures indicates more research on seed longevity in the 
seedbank is needed to increase the rate of seedbank decline. 
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ABSTRACT 
Wild radish is a facultative winter annual.  The seeds have physiological dormancy which is 
controlled predominantly by the seed coat.  The seeds are contained inside a pod which 
provides a protective barrier and delays germination.  

At maturity, wild radish requires a period of after-ripening before germination occurs.  Widely 
fluctuating temperatures and darkness after a period of light vernalisation reduces the after-
ripening period.  Subsequently, a shallow tillage operation which redistributes the seed to just 
below the surface stimulates emergence.  

The effect of tillage on wild radish germination is greater in the second and successive years 
after seed set.  It is likely that some of the pods require a year to break down in the soil 
before the tillage operation physically ruptures them.  These pods may be more immune to 
break down due to their thickness and time of production. 

A one-off mouldboard operation may bury wild radish to a depth below which germination 
and/or emergence can not occur.  

INTRODUCTION 
Factors affecting weed seed germination and subsequent seedling emergence include light, 
soil conditions such as temperature and moisture, the soil’s gaseous environment and 
nutrient status.  

Where the seed is situated within the soil profile will affect its germinability due to the 
differing soil conditions.  After a few years of conservation tillage, most weed seeds will be in 
the top few cm and over 60 per cent of all weed seed will be found in the top 1 cm 
(Yennish et al. 1992 and Mulgeta and Stoltenberg, 1997).  As depth increases, the 
concentration of weed seed will decline logarithmically.  In this circumstance, an autumn 
tickle will mix the first few cm of soil, burying those on the surface and bringing a few others 
up.  A mouldboard plough operation will invert the seed and place the majority of them below 
10 cm.  A disk plough will mix the seeds and place them at various depths.  Long term 
ploughing at depth (mouldboard or disk plough) will place the seeds evenly throughout the 
soil profile. 

This paper reviews the effect of cultivation on wild radish (Raphanus raphanistrum L.) by 
studying the effect of burial on dormancy and seedbank persistence. 

SEED DORMANCY AND CULTIVATION 

The pod versus naked seeds 
Wild radish seeds are defined as having physiological dormancy when the embryo doesn’t 
germinate even though conditions would be otherwise correct for germination. 
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The seeds of wild radish are enclosed in a hard pod which breaks into segments.  Each 
segment contains a single seed.  Although the pod is not responsible for dormancy, it does 
provide a protective layer from the environment which delays the rate of germination (Young 
and Cousens, 1998 and 1999).  When comparing water uptake, naked seeds took just 24 
hours to reach 60 per cent water content versus seeds enclosed in pods which took 10 days 
(Young and Steadman, 2004).  In South Australian studies, the removal of the pod increased 
germination by up to five-fold (Eslami et al. 2006). 

After extraction from the pod, intact wild radish seeds possess dormancy and the seed coat 
must be damaged for maximum germination to occur.  Seed coats control physiological 
dormancy by either controlling the movement of oxygen to the embryo or by mechanically 
restricting embryo growth, requiring the embryo to have greater ‘push-power’ to break 
through the seed coat (Baskin and Baskin, 2001).There was an increase in germination from 
10 to 62 per cent when the seed coat was marginally damaged (< 10%) compared to when 
there was no visible damage (Young and Steadman, 2004).  A similar increase in 
germination was measured after partial removal of the seed coat (Eslami et al. 2006) with a 
further increase (to 100%) measured after the addition of gibberelic acid.  This indicates 
further evidence of physiological dormancy.  

At maturity, wild radish does not germinate readily and requires a period of after-ripening 
(Mekenian and Willemsen, 1975).  Studies by Cheam (1986) and Panetta et al. (1988) 
suggest that wild radish germinate more readily when the pods are produced by late 
emerging plants and those grown under shorter and drier conditions.  In-depth studies in 
South Australia (Eslami et al. 2006), indicate that seeds within pods produced under water 
stressed conditions (in rain-out shelters) germinate considerably quicker than those 
produced under normal rainfall conditions.  The former took only 30 days after maturity 
compared to 90 days for 45 per cent to germinate. 
The thickness of the pod wall appears to play a role in seedling emergence.  Across a variety 
of experiments, seeds within thick pods took longer to 50 per cent emergence than those 
within thinner walls (Young and Steadman, 2004) and this was related to environmental 
stress.  Pod walls were thinner when produced by stressed plants and pod thickness was 
more variable when collected from low rainfall areas.  

Seed burial 
Where the seed is situated within the soil profile, affects dormancy (Egley, 1986) due to 
differences in the environment.  Darkness is the most obvious factor associated with burial 
as light only penetrates the top few millimetres.  The soil surface compared to at depth also 
differs in terms of moisture and temperature extremes and gaseous environment.  

The hjghest germinability of wild radish is under shallow burial conditions at 1 to 2 cm 
(Piggins et al. 1978, Reeves et al. 1981 and Young and Cousens, 1999).  Over double the 
number of wild radish (in pods) emerged at 1 cm compared to on the surface (Reeves et al. 
1981) and the numbers decreased as the depth of burial increased.  Very few (less than 
0.5%) emerged at depths greater than 10 cm.  The longevity of the seed however, increases 
with depth.  After 24 months, 54 per cent of seed buried at 10 cm was viable compared with 
16 per cent at 1 cm.  This correlates with studies by Code et al. (1987) where 43 per cent of 
seed buried at 10 cm was still viable compared with 3 per cent at 1 cm after 4 years.  

Wild radish germination is enhanced if it is vernalised in the light then shallow buried 
(Piggins et al, 1978).  A study by Young and Cousens (1999) where pods were buried in the 
soil or kept on top for one year under natural field conditions indicated that pods that had 
been buried had a preference for alternating light/dark condtions for germination.  Those kept 
at the surface preferred darkness.  Wild radish germination is also best under widely 
fluctuating temperatures (Piggins et al. 1978). 
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Wild radish is a facultative winter species and the seed (in pod) undergoes dormancy cycling 
with the peak of germination occurring in autumn and spring (Young and Steadman, 2004).  
Seedling emergence occurs in a flush with autumn rains and the numbers of new radish 
seedlings decrease with time (Reeves et al. 1987 and Panetta et al. 1988).  A greater 
proportion of dormant seed in the seedbank is found at late crop sowing times rather than at 
a normal sowing time in autumn (Cheam et al, 1998).  

Cultivation 
Cultivation can modify weed seed germination by redistributing the seed to a different profile.  
It can stimulate germination by placing it into more favourable moisture or temperature 
conditions and/or exposing the seed to light or dark.  It can also, in the case of a one-off 
mouldboard plough, bury weed seed too deeply for establishment to occur (Egley, 1986).  

An autumn tickle or a shallow cultivation event (such as scarification) usually stimulates wild 
radish emergence (Table 1 and Piggins et al, 1978, Reeves et al, 1981, Cheam et al. 1998, 
Peltzer and Matson, 2002).  After pasture or cropping under conservation tillage, much of the 
radish seed is situated on the surface, where it has been subjected to widely fluctuating 
temperatures.  A shallow tillage operation will relocate the seed to within the soil where it is 
dark and soil moisture is high.  A shallow cultivation does not always result in an increase in 
wild radish emergence and in a study by Code and Donaldson (1996), there were higher wild 
radish numbers in the direct drill treatment compared to the 5 cm scarification.  The 
cultivation effect may depend on previous cropping history and year of wild radish seed set, 
soil type and depth of cultivation.  

Under natural field conditions, the effect of cultivation on wild radish emergence is most 
profound the second and third years following seed set (Peltzer and Matson 2002, Table 1 
and Peltzer unpublished data).  It is likely that the many of the pods take longer than one 
season to decay sufficiently to allow germination.  A cultivation event may then physically 
rupture the pod and begin the process of germination.  This second year stimulation was not 
found in studies by Hashem et al. (2004) that used introduced seed populations and the 
majority of the wild radish emerged in year one after distribution (Table 1).  There was 
however, an increase in emergence in year 3 which may be correlated to an over-summering 
in the field  The radish for these studies was collected during the harvest process and 
consequently was subjected to a reasonable amount of physical scouring, possibly 
weakening the pod prior to distribution to the field.  Weed seedling emergence and seedbank 
depletion data using introduced populations may not be representative of natural seedbanks 
(Leon and Owen, 2004) 

It is also possible that the wild radish measured in the natural field conditions are the ones 
that have dropped from the plant prior to harvest.  These pods are produced earlier in the 
year under ample moisture conditions and are likely to have thicker pod walls and emerge 
less readily.  The pods collected at harvest for field distribution studies in the following year 
may have been produced later in the season under moisture-stress conditions and be more 
likely to emerge.  
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Table 1. The effect of cultivation on natural and introduced wild radish populations over several years 
(seedlings.m-2) 

 

Reeves et al. 1981 
(1976-79; natural field 

population, hand-weeded or 
cultivated, some seed set, NSW) 

Peltzer and Matson, 2002 
(1998-01, natural field population, 

no seed set, WA) 

Hashem et al. 2004 
1998-00, introduced 

population, 
No seed set, WA) 

Year Uncultivated Cultivated Uncultivated Cultivated Cultivated 

1 225 963 430 428 224 

2 12 279 318 841 17 

3 116 1523 100 212 56 

4   20 85 10 

Placing wild radish seed at depths greater than 10 cm markedly reduces wild radish seedling 
numbers (Piggins et al. 1978 and Code and Donaldson (1996).  By using a mouldboard 
plough after years of conservation tillage, it is possible to bury seed to a depth where it is 
unable to germinate and/or emerge (Douglas and Peltzer, 2004).  As seed longevity is high 
at soil depths greater than 10 cm, it is advisable when re-mouldboard ploughing, to take care 
not to raise the seeds to near the surface where they will germinate and establish easily.  

FUTURE RESEARCH 
It should be determined if the wild radish pods produced earlier in the season do in fact have 
thicker pods and are less likely to allow germination compared to those produced later in the 
season.  Genetic studies should be included to determine the diversity of pod thickness 
within biotypes.  From there, methods to delay or stop seed set of these pods should be 
investigated.  Alternatively, the removal of these pods from the field prior to their addition to 
the seedbank could also be studied.  

One way to reduce seedbank persistence may be to investigate novel ways to soften or 
damage the pod which should encourage germination at the break of the season prior to 
seeding. 

Research into the effect of wild radish burial by mouldboard plough needs to be initiated.  
The efficacy of the mouldboard plough on wild radish seedling numbers together with the 
effect of long-term burial and the likelihood of viable seed brought to the surface needs 
further investigation 
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ABSTRACT 
The recently developed technique of concentrating all residues into narrow windrows using a 
chute mounted to the rear of the grain harvester with the aim of targeting weed seeds in a 
subsequent burning operation has been widely adopted by WA crop producers.  This system 
enables the use of burning to destroy weed seeds while reducing the erosion potential 
associated with whole paddock stubble burning.  The effectiveness of burning narrow 
windrows of wheat, lupins and canola stubbles in killing annual ryegrass and wild radish seed 
was evaluated over four seasons in the northern wheatbelt region of Western Australia.  
Preliminary kiln studies determined that temperatures in excess of 400 oC for at least 10 sec 
was needed to guarantee the death of ryegrass seed while 500oC for the same duration was 
required to kill wild radish seed within their pod segments.  Temperature probes were used to 
record air temperatures at one to five second intervals on the soil surface beneath windrows 
during residue burning treatments.  For all crop types the temperatures achieved during the 
burning of the windrows ranged from 400 to 800oC and varied according to residue 
arrangement, residue amount and wind speed.  In all instances temperatures were high 
enough for long enough to expect that 100 per cent of ryegrass and wild radish seed present 
on the soil surface beneath these windrows would have been destroyed.  This was confirmed 
in several instances where annual ryegrass and wild radish seed placed beneath windrows 
prior to burning were no longer viable when recovered post-burning.  Although burning 
exposes the soil surface increasing the potential for erosion the strategic burning of narrow 
windrows significantly reduces the erosion risk with generally less than 10 per cent of 
paddock area being exposed by the burning of these windrows.  

INTRODUCTION 
Annual ryegrass (Lolium rigidum Gaud.) and wild radish (Raphanus raphanistrum L.) are the 
two most problematic weeds of Western Australian crop production systems 
(Alemseged et al. 2001).  They are highly competitive weeds causing substantial yield losses 
from relatively low densities (Reeves 1976; Cheam and Code 1995; Lemerle et al. 1996; 
Cousens and Mokhtari 1998; Hashem and Wilkins 2002) and their ability to establish large, 
long lived seedbanks ensures their persistence in crop production systems (Rerkasem et al. 
1980; Reeves et al. 1981).  As both of these annual weed species rely on a large seedbank 
for persistence in cropping systems preventing inputs to the seedbank is an effective means 
of reducing the impact of these weeds on subsequent crops.  Reduced capacity for herbicidal 
control due to the widespread evolution of herbicide resistance in annual ryegrass 
(Owen et al. 2005) and wild radish (Walsh et al. 2005) adds additional importance to 
reducing the input of seed from these species into the seedbank.  

Several techniques have been developed that allow the targeting of mature weed seed at the 
end of the growing season to effectively restrict inputs of these seed into the seedbank.  A 
number of systems have been developed allowing the collection and removal or destruction 
of the weed seed containing fraction of the harvest residue.  Both annual ryegrass and wild 
radish seed exit the harvest in the chaff fraction during harvest and the collection of this 
material in ‘chaff carts’ facilitates the removal of 75 to 85 per cent of ryegrass seed and 70 to 
80 per cent of wild radish seed that enters the harvester (Walsh and Parker 2002).  The 
baling of harvest residues is also practiced by some producers primarily for purpose of 
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generating income from the baled material but also for the collection of weed seeds.  Baling 
harvest residues collected from the soil surface or directly from the rear of the harvester has 
been shown to allow the collection of 50 and 95 per cent respectively of ryegrass seed 
entering the harvester (Unpublished data).  However, despite these results, chaff carts and 
baling systems are not widely adopted by Western Australian grain growers due to a number 
of limitations including reduced harvest capacity, machinery break downs and capital costs.  
For these reasons, a small number of growers began using the practice of burning narrow 
windrows in 2001.  These farmers used a chute mounted to the rear of the harvester to 
concentrate all of the straw and weed seed bearing chaff residue into a narrow (700 mm 
wide) windrow.  These windrows are burnt 4 to 5 months after harvest during the burning 
season that commences in mid to late March in most shires across the WA wheatbelt.  A 
recent survey in March 2005 of 72 growers in the Northern Agricultural Region of Western 
Australia revealed that 50 per cent of growers were using the practice of windrow burning to 
destroy weed seeds.  Of those practising windrow burning, 69 per cent used a chute 
mounted to the rear of the harvester to create narrow windrows (Newman unpublished data).   

If windrow burning generates temperatures high enough to destroy all weed seeds present, 
then similar levels of weed seed control can be expected from burning narrow windrows as 
chaff collection in a trailing cart or bailing residue directly from the harvester.  Stubble 
burning is probably the oldest form of weed seed control, however, there is very little 
information on the effectiveness of this practice as a means of destroying weeds seeds.  To 
establish the potential of this practice kiln studies were conducted to determine the 
temperature requirements for destroying ryegrass and wild radish seed.  These were then 
followed with field studies aimed at determining the temperatures achieved during the 
burning of standing wheat stubbles and narrow stubble windrows.  The effect of these 
burning treatments on the subsequent germination of annual ryegrass and wild radish seed 
was also investigated.  Finally the influence of wind direction and wind speed on the burning 
temperatures of narrow lupin, wheat and canola windrows was also examined. 

RESULTS & DISCUSSION 

Kiln experiment 
The temperatures and durations required to kill annual ryegrass and wild radish seed were 
determined by placing 100 wild radish pod segments and 100 annual ryegrass seed in a kiln 
at predetermined temperatures at short durations.  It was identified that 400oC was required 
to kill annual ryegrass seed following the shortest exposure of 10 seconds.  Wild radish seed 
within their pod segments were more resilient to higher temperatures than ryegrass where a 
temperature of 500oC was required to kill all wild radish seed during a 10 second exposure 
period (Table 1).  

Table 1. Effect of temperature and duration of exposure, on the percentage germination of (A) annual 
ryegrass and (B) wild radish 

(A) Annual ryegrass Temperature (oC) 

Duration (seconds) 200 225 250 275 300 400 

10 - - - - 77 0 

20 92 70 55 57 5 0 

40 90 26 15 6 0 0 

60 89 1 0 0 0 0 

80 74 0 0 0 0 0 
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Temperature ( oC) 
(B) Wild radish 

300 350 400 450 500 

Duration (seconds) % Survival                    - 

10 89 88 85 22 0 

20 89 67 1 0 0 

60 1 1 0 0 0 

Standing stubble versus windrow stubble burning 
Temperatures recorded during burning of the conventional windrow treatment were much 
higher and the duration of the burn was substantially longer than for the standing stubble 
treatment.  The temperatures recorded by the above ground thermocouples were uniformly 
higher during burning of the conventional windrow treatment compared to those recorded 
during the burning of the standing stubble (Figure 1).  High temperatures recorded during the 
burning of the windrow treatment persisted for up to four times longer in the conventional 
windrow treatment than in the standing stubble treatment (Figure 1).  Elevated temperatures 
were still occurring 200 seconds after the narrow windrow started burning.  In contrast the 
thermocouple readings were almost back to ambient temperatures in just over 50 seconds in 
the standing stubble burning treatment.  

In the windrow treatment all above ground temperature recordings were high enough to have 
resulted in the death of annual ryegrass seed.  Therefore, any ryegrass seed, located above 
the soil surface, within the windrow, would have been destroyed during the burning of the 
conventional windrow.  In comparison it was only at the 10 and 20 cm heights in the standing 
stubble treatment that complete annual ryegrass seed kill is likely to have occurred.  

The temperatures recorded at the soil surface indicate that burning standing stubbles has a 
reduced potential for killing weed seeds when compared with burning windrowed stubble.  In 
March annual ryegrass seed are typically only found on the soil surface (Davidson 1992) in 
wheat stubble paddocks, therefore, the temperatures recorded at the soil surface during 
burning will provide the clearest indication of how effective in killing weed seeds a burning 
treatment is likely to be.  

(A) 

Time (seconds)

0 50 100 150 200 250

Te
m

pe
ra

tu
re

 (C
)

0

200

400

600

800

 

 



Proceedings of the Wild Radish and other Cruciferous Weeds Symposium 

 

96 

(B) 

Time (seconds)

0 50 100 150 200 250

Te
m

pe
ra

tu
re

 (C
)

0

200

400

600

800 1 cm below 
Soil surface 
10 cm above 
20 cm above 

 

 
Figure 1. Temperatures recorded at four heights during burning of a conventional windrow (A) and 

standing stubble (B) 

Windrow burning was more effective than standing stubble burning in reducing annual 
ryegrass seedling emergence at the start of the growing season.  Only 1.0 per cent of the 
ryegrass seed that was placed in the windrow at harvest subsequently emerged as seedlings 
after the burning treatment the following autumn (Figure 2).  In contrast the ryegrass counts 
in the stubble burning treatment revealed that 20 per cent of the ryegrass seed persisted 
through summer and survived burning.  Although it is possible that there may have been 
some ryegrass seed removal by predation over summer (Spafford Jacob et al. 2006) these 
results clearly indicate that the burn was not hot enough for long enough to give a total seed 
kill in the stubble burning treatment. 
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Figure 2.  Annual ryegrass emergence following burning of standing wheat stubble and conventional 

windrows at York in 2004.  Bars represent standard error values for three replicates. 
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Narrow versus conventional windrow burning 
When wheat stubble residues were concentrated in narrow or conventional windrows soil 
surface temperatures during stubble burning were hot enough for a sufficient period of time 
to kill the majority of wild radish seed present on the soil.  More than 96 per cent of wild 
radish seed within pod segments that were placed on the soil surface beneath the stubble 
treatments immediately prior to burning were destroyed during the burning of the windrow 
treatments (Figure 3).  In contrast only 10 per cent of the wild radish seed within pod 
segments on the soil surface beneath the standing stubble treatment was destroyed by the 
stubble burning.  The observed differences in wild radish seed viability were most likely due 
to the differences in the heat intensity of the burning treatments.  
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Figure 3. Wild radish seed survival following burning of standing wheat stubble and narrow windrows 

at Konongorring in 2004.  Bars represent standard error values for three replicates. 

The conventional windrow and narrow windrow treatments burnt at higher temperatures over 
a much longer period than the standing stubble (Figure 4).  As was observed earlier with 
annual ryegrass, concentrating harvest residues or fuel source into a windrow produced a 
much higher seed mortality of wild radish because of the higher burning intensity.  The 
concentration of harvest residues in the conventional and narrow windrows resulted in 4 and 
6.7 fold increases in the amount of biomass per unit area compared with the standing stubble 
treatment.  
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Figure 4. Temperatures recorded during burning of standing wheat stubble, stubble in a conventional 

windrow and a stubble in a concentrated windrow at Konongorring in 2004 

There was 16 t/ha more biomass in the narrow windrow compared to the conventional 
windrow.  This resulted in a much higher burning intensity in the narrow windrow treatment 
compared to the conventional windrow.  However, there was no difference in wild radish 
survival between these two treatments.  This indicates that the level of stubble in the 
conventional windrow and subsequent burning intensity achieved treatment was optimum 
and that higher stubble levels and burning intensities will not provide additional weed seed 
destruction. 

Harvest residue level and narrow windrow burning 
Increasing the amount of lupin harvest residue concentrated into a narrow windrow produced 
higher burning temperatures and increased the duration of the burning treatment.  Higher 
amounts of lupin residue led to higher temperatures as well as a longer durations of these 
higher temperatures during burning (Figure 5).  
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Figure 5. Burning temperatures of high (28 t/ha) and low (14 t/ha) levels of lupin harvest residue in 

narrow windrows 

Wind speed and residue type effects on narrow windrow burning 
Higher wind speeds during windrow burning increased the temperature of the burn but 
resulted in a quicker burning operation for lupin, wheat and canola stubbles.  Wind speed 
effects were the same across all crop types where there was no effect (P > 0.05) of crop 
residue type on the maximum burning temperature or burn duration.  Regardless of the type 
of residue in the narrow windrow the high wind speed treatment produced the highest 
burning temperatures and the shortest burning durations (Figure 6).  This also resulted in 
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lower (P < 0.05) HI values for the high wind speed treatment for wheat and lupin harvest 
residues.  

There appears to be less variation in burning temperature at the soil surface for high wind 
speeds compared to low wind speeds.  Burning during wind has the effect of feeding the fire 
with oxygen.  Observations made during burning were that in some instances, in low wind 
conditions, the layer of burnt ash from the initial burn smothered the chaff below, reducing 
the ability of the windrow to burn to the soil surface.  Wind blowing on this ash layer 
appeared to improve the burning of the chaff at the soil surface. 
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Figure 6. Effect of wind speed on the burning temperatures of stubble (average of lupin, wheat and 

canola stubbles) in narrow windrows 
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CONCLUDING REMARKS AND FUTURE RESEARCH 
The removal or destruction of weed seeds at harvest is an important IWM tool that is now 
widely adopted by growers.  This has the effect of minimizing the input of resistant weeds 
into the weed seed bank and serves as a second knock to minimize the development of 
resistant weeds (e.g. weed seeds from resistant plants that survive selective herbicides are 
removed at harvest).  The adoption of ‘chaff carts’ and the baling of straw as it exits the 
harvester has been limited due to financial and practical reasons.  However, growers have 
demonstrated a willingness to adopt weed seed removal at harvest by adopting the practice 
of burning narrow windrows resulting in research in this area. 

Burning windrows has shown in these studies and from farmer experience to be an effective 
means of destroying wild radish and annual ryegrass seed.  The temperatures achieved 
during windrow burning are sufficient to destroy wild radish and annual ryegrass seed 
present on the soil surface.  Future kiln studies on a range of weed species will be used to 
determine how effective windrow burning is likely to be for other common weed species.  
Burning standing stubble does not produce these same high temperatures for a prolonged 
period at the soil surface reducing the potential for killing weed seeds.  Burning standing 
stubble also increases the risk of wind erosion and is therefore not recommended.  Narrow 
windrows offer growers a number of benefits over conventional windrows including (i) 
reduced risk of wind erosion (approximately 5% to 7% of the paddock is burnt); (ii) increased 
fuel levels in the windrow to achieve a longer, more reliable burn to the soil surface; (iii) 
improved reliability in burning wheat windrows without burning the whole paddock; (iv) 
narrow windrows suffer less from disturbance by grazing livestock.  

There are, however, some pitfalls with burning windrows that growers may face including (i) 
summer rain reducing burning temperatures, (ii) low yielding crops producing insufficient 
biomass to attain a hot burn, (iii) the risk of burning the entire paddock leading to wind 
erosion issues and (iv) the redistribution of nutrients such as potassium into the windrow 
area and the loss of nutrients such as nitrogen and sulfur that go up in smoke.  With good 
management and attention to detail these pitfalls can be avoided.  However, an innovation 
that mechanically destroys weed seeds as they exit the harvester is likely to be one step 
better than burning windrows.  Such an innovation will do away with many of the pitfalls, 
particularly the loss of nutrients from the paddock, and removes weed seeds in one operation 
reducing the labour requirement that goes with burning windrows.  Windrow burning should 
be viewed as an effective but temporary means of removing weed seeds at harvest until a 
new innovation comes along. 
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ABSTRACT 
Wild radish (Raphanus raphanistrum L.) is a very competitive weed to cereals, lupins and 
other winter crops in southern Australia.  It can reduce crop growth and productivity by 
competing for light, soil water and nutrients.  Competition from 3 to 28 wild radish plants m-2 
in lupin crop reduced lupin plant growth by 2 to 44 per cent, grain yield by 15 to 49 per cent 
and grain size by 3 to 5 per cent.  Presence of 10 to 75 wild radish plants m-2 could reduce 
wheat yield by 7 to 56 per cent and lupin yield by 28 to 92 per cent.  Even 4 wild radish 
plants m-2 reduced canola yield by 9 to 11 per cent and 64 wild radish plants m-2 reduced 
canola yield 77 to 91 per cent.  Wild radish plants also grew significantly faster and their 
canopies were 35 to 50 cm taller than the crop canopy at the reproductive stage.  Thus, wild 
radish could significantly reduce photosynthetically active radiation (PAR) to crops.  It may 
also interfere with harvesting operations and reduces quality of the harvested grains.  Seeds 
produced by uncontrolled wild radish plants contribute to the weed seed bank.  To minimise 
competition and maximise crop yield, wild radish should be controlled at the vegetative 
stage.  

INTRODUCTION 
Crop-weed competition is a complex phenomenon, while seemingly not simple, is even more 
complex in the crop field.  But the most common is competition for available growth factors 
such as light, water, and nutrients.  Wild radish (Raphanus raphanistrum L.) is a very 
competitive weed to cereals, and other winter crops (Cheam and Code 1995) and it is a 
major threat to production of cereals, canola, lupins, and other pulses in southern Australia.  
Its seed bank life could be as long as seven years under continuous cropping systems such 
as a wheat-lupin rotation, and herbicide resistance is an increasing problem.  

Several studies were conducted on the competition of wheat and lupin within the Western 
Australia (WA) wheat belt.  Competition from 3 to 28 wild radish plants m-2 in lupin crop 
reduced lupin plant growth by 2 to 44 per cent, grain yield by 15 to 49 per cent and grain size 
by 3 to 5 per cent (Pathan et al. 2006).  Presence of 10 to 75 wild radish plants m-2 could 
reduce wheat yield by 7 to 56 per cent, lupin yield by 28 to 92 per cent and increase wheat 
screenings up to 9.5 per cent (Hashem and Wilkins 2002).  A study on the competition 
between wild radish and canola in New South Wales showed that densities of 4 wild radish 
plants m-2 reduced canola yield by 9 to 11 per cent and 64 wild radish m-2 reduced canola 
yield 77 to 91 per cent (Blackshaw et al. 2002).  This weed produces abundant seeds and 
leads to future weed problems.  Presence of 4 wild radish plants m-2 may produce 5,000 
seeds m-2 and 64 wild radish plants m-2 produce 24,183 to 32,167 seeds m-2 
(Blackshaw et al. 2002).  This competitive weed has also evolved widespread resistance to 
acetolactate synthase-inhibiting herbicides (Hashem et al. 2001a, Walsh et al. 2001), 
photosystem II-inhibitors such as simazine and atrazine (Hashem et al. 2001b), carotenoid 
synthesis inhibitors such as diflufenican (Cheam et al. 2000) and 2,4-D (Walsh et al. 2003) 
within the WA wheatbelt.  
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Although the consequences of wild radish competition on various crops in Australia have 
been reported by the studies mentioned above, information on the growth pattern of crop and 
wild radish and the fecundity of wild radish under competitive situations and their long-term 
effects on the cropping systems may enable the growers to identify potential weed 
management strategies.  

RADISH GROWTH AND REPRODUCTION 
Wild radish is an annual vigorous competitor with a high degree of plasticity in growth and 
reproduction.  This weed grew faster than lupin in mixtures and 35 to 50 cm taller than lupin 
canopy during reproductive stages even though lupin canopy was taller than radish during 
early vegetative stages (Figure 1).  Such dynamics in canopy heights in a mixture of wheat 
and radish was also reported by Cousens et al. (2001).  Taller wild radish plants were able to 
expand leaf area through the process of shade avoidance response to maximise capture of 
light, usually PAR (Ballaré et al. 1991).  Macronutrient concentrations (except N) in the 
aboveground tissue of wild radish plants were significantly higher than in lupin plants 
measured at different growth stages (Table 1).  This might explain its ability to maintain 
higher plant growth rates than lupin. 

Table 1. The concentrations of macronutrients (% of dry wt) in dry above ground tissues of wild radish 
and Mandelup lupin, measured at different growing stages at Merredin in 2005 (Pathan et al. 
2006) 

Vegetative stage Flowering stage Mature stage Nutrients 
(% of dry wt) 

Lupin Wild 
radish 

Lupin Wild 
radish 

Lupin Wild 
radish 

LSD 
(P=0.05) 

N 3.85 3.42 3.26 2.95 2.69 2.57 0.57 

P 0.35 0.53 0.21 0.36 0.14 0.17 0.04 

K 1.14 2.50 0.73 1.45 0.67 0.97 0.21 

S 0.26 0.88 0.24 0.83 0.22 0.69 0.14 

Ca 1.36 1.96 1.04 1.21 0.45 0.59 0.34 

Mg 0.35 0.39 0.31 0.46 0.31 0.37 0.08 
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Figure 1. Plant height and dry biomass of lupin and wild radish grown in mixtures with 10 wild radish 
plants m-² at Merredin in 2005.  Data for both species (averaged over 5 plants) were collected 
at 14 days intervals during the growing season at Merredin in 2005.  The vertical lines on the 
bars represent the standard error of the mean of 3 replicates (Pathan et al. 2006). 

Wild radish plants can produce flower at any time of the year.  Summer germinating plants 
will flower within 30 days whilst those germinating in winter may take over 100 days before 
flowering (Reeves et al. 1981).  The life cycle of the winter germinating wild radish plants can 
be as short as 134 days (Reeves et al. 1981).  This weed produces abundant seeds.  A 
single wild radish plant m-2 can produce ~300 seeds (Cheam 1986) and a dense stand can 
produce 32,913 seeds m-2 (Hashem et al. 2000) and up to 45,000 seed m-2 (Reeves et al. 
1981).  Time of emergence of the radish plant during the season determines the fecundity.  
As few as 4 wild radish plants m-2 emerging with canola produced 5,000 seeds m-2, whereas 
64 wild radish plants m-2 produced 24,183 to 32,167 seeds m-2 (Blackshaw et al. 2002).  In 
general the longer the duration of plant growth the more seeds are produced by the plant.  
For example, radish plants germinated in May produced 789 seeds plant-1 which was 4 times 
more seed than those germinated in June and over 100 times more seed than those 
germinating in September (Cheam 1986).  

Wild radish seed dormancy and germination patterns also differ markedly, causing 
differences in the potential for competition from year to year.  Seed coat and pod have both 
been implicated in dormancy (Cheam 1986, Piggin 1978).  Seed set from early emerged 
plants tends to have a higher proportion of dormant seed than later flowering plants 
(Cheam 1986).  Pod wall is a major factor however there is some level of dormancy in 
de-hulled seeds probably due to a chemical inhibitor most likely in the seed coat (Young 
1998).  

RADISH DENSITY AND CROP CULTIVARS 
Wild radish is highly competitive with lupins and reduces lupins plant growth, grain yield and 
quality.  Competition from 3 to 24 wild radish plants m-2 reduced lupin biomass by 12 to 
44 per cent, grain yield by 27 to 66 per cent and grain size by 2 to 7 per cent 
(Pathan et al. 2005).  Hashem et al. (2004) found up to 59 per cent yield loss of lupin grain in 
presence of 20 radish plants m-2 at Wongan Hills.  Presence of 10 to 75 wild radish plants m-2 
at the reproductive stage of the crop reduced lupin yields by 28 to 92 per cent (Hashem and 
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Wilkins 2002).  The degree of reduction in lupin grain yield was much higher than the 
reduction in biomass due to radish competition, suggesting that competition was more 
intense during the reproductive stages than during the vegetative stage (Hashem and 
Wilkins 2002, Pathan et al. 2006).  

Available PAR on lupin canopy was reduced to 16 to 54 per cent in the presence of 3 to 28 
radish plants m-2 (Figure 2).  This shows that competition from wild radish consistently 
reduced grain yield and biomass of lupins mainly by reducing available PAR on the lupin 
canopy during the reproductive stage.  Hashem et al. (2004) also showed that competition 
from wild radish can reduce lupin grain yield and biomass by reducing available PAR.  
Competition for light may be one of the most important factors in reducing yields 
(Blackshaw et al. 2002, Zimadahl 2004), especially with weeds such as wild radish that grow 
taller than the crop.  

Figure 2. Effect of achieved wild radish density on the available photosynthetically active radiation at 
the top of lupin canopy measured at mid-day on a sunny day at Merredin and Wongan Hills in 
2005 at the reproductive stage of lupin, averaged over all cultivars (Pathan et al. 2006). 

Nevertheless, more vigorous crop cultivars may be more competitive with wild radish.  A 
great variation in the competitive ability of lupin cultivars has been observed when grown in 
mixture with wild radish.  For example, lupin cultivar Mandelup produced 30 to 40 per cent 
more grain yield than Belara and Tanjil in the presence of 3 to 28 radish plants m-2 (Pathan et 
al. 2006).  Mandelup suffered less yield loss than other cultivars at the same density of 
radish (Figure 3a).  It also suppressed wild radish growth by 38 to 55 per cent compared with 
Belara and Tanjil in the presence of 3 to 28 radish plants m-2, indicating that this cultivar was 
a stronger competitor than Belara or Tanjil (Pathan et al. 2006).  
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Figure 3. Effect of achieved radish density on the grain yield loss (% of radish-free plots) (a) of three 
lupin cultivars, and (b) two sowing times averaged over cultivars at Wongan Hills in 2005 
(Pathan et al. 2006). 

Wild radish is also able to compete with other winter crops and causing yield reductions.  
Blackshaw et al. (2002) found that as few as 4 wild radish plants m-2 reduced the yield of 
canola by 9-11 per cent.  As wild radish plant numbers increased canola yield declined 
markedly from 77 to 91 per cent.  Presence of 10 to 200 wild radish plants m-2 reduced wheat 
yield by 10 to 50 per cent (Moore 1979).  The degree of reduction in lupin and canola yield is 
higher than the reduction in wheat yield, indicating that wild radish is more competitive to 
lupin or canola than wheat.  

TIME AND DURATION OF COMPETITION 
When the species of either weeds or crops are grown together, the behaviour of each 
species in the mixture is often different from when the species are grown separately.  Thus, 
time of initiation, duration and critical period of competition are important.  The critical period 
of competition is the point of time when weeds that emerge with the crop must be controlled 
to avoid potential crop yield loss.  The critical period varies widely with crop species, weed 
species, densities, environmental conditions and cultural practices.  

Cousens et al. (2001) found that wild radish that emerged after wheat had less growth and 
seed production than those emerged with the crop.  Wild radish plants emerging 10 weeks 
after wheat had no effect on wheat although these plants still produced seeds.  Competition 
from 4 wild radish plants m-2 that emerged with canola reduced canola yield by 9 to 11 per 
cent and 64 wild radish m-2 reduced canola yield 77 to 91 per cent (Blackshaw et al. 2002).  
Pathan et al. (2006) found that early wet sown lupins were more competitive and suffered 
less yield loss than late wet sown lupins (Figure 3b).  It has been widely reported that early 
emerging cohorts of wild radish significantly reduce the yield of canola (Blackshaw et al. 
2002), wheat (Cheam and Code 1995), lupin and wheat (Hashem and Wilkins 2002). 

CULTURAL PRACTICES 
Cultural practices may vary substantially in response to weed competition.  In row spacing 
experiments conducted at the Wagga Wagga Agricultural Institute during 2001-2003 wide 
row (46 cm) wheat and canola were less competitive than narrow row spacing (23 cm) 
although pulses showed no difference in weed competition.  In the patches of wild radish, 
emergence was the greatest in the 23 cm row spacings in both stubble retained and stubble 
burnt treatments.  This supports the view that soil disturbance from cultivation stimulates wild 
radish emergence (Murphy and Lemerle, 1998).  Wild radish emergence was the greatest in 
the crop rows and less in the inter-rows (Lemerle et al. 2002).  In the low herbicide input 
forage treatments, weed biomass was the greatest in canola and field pea compared with 
wheat leading to the greatest competition to crops.  This research highlights a change in 
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farming practices in recent years to sow with wide row seeders for ease of stubble handling.  
This may be inadvertently handing weeds back a competitive advantage over crops.  It is 
important when moving to wider rows that crop populations are maintained to maximise 
competition for light and nutrients (Lemerle et al. 2002). 

Experiments in southern NSW in 2000 and 2001 showed that crop competitive ability can be 
improved through strategic nitrogen application reducing weed biomass, limiting seed 
production and therefore the amount of weed seed returned to the seed bank.  By banding 
nitrogen below the crop row, wheat yields were reduced by 10 per cent compared to the 
30 per cent yield penalty suffered by broadcasting nitrogen at sowing (Koetz et al. 2002).  

Crop competition from higher seeding rates is recommended to farmers for combating 
difficult to control weeds.  Higher sowing rate of wheat increased wheat biomass and grain 
yield but had limited impact on wild radish density and biomass.  However, wild radish seed 
production was reduced by 33 and 35 per cent at Goomalling and Avondale when wheat 
sowing rate was increased from 60 to 180 kg ha-1 (Walsh and Minkey 2006).  Lemerle et al. 
(2004) found that increasing the sowing rate of wheat reduced the weed biomass of weeds 
and subsequent weed seed production.  This is a low cost strategy for controlling difficult 
weeds when herbicide options and efficacy are limited.  In order to improve the crop 
competitive ability against weeds, a number of good cultural practices need to be considered 
as part of an IWM strategy, especially when controlling difficult weeds such as wild radish.  
Selecting clean seed, correct varietal choice, optimising sowing time, sowing direction, 
fertiliser placement, sowing rate and effective weed control are essential to suppress weed 
growth and seed bank replenishment. 

CONCLUSION  
It is well demonstrated that wild radish is highly competitive to crops.  Crop varieties/cultivars 
may differ in competitiveness against wild radish.  However, to minimise competition and 
maximise crops yield it should be controlled at the vegetative stage.  This information has 
important implications for managing wild radish.  Thus, the knowledge from crop-weed 
competition studies can be helpful in making decisions about weed management strategies, 
as guidelines can be prepared indicating, in general, the relative competitive ability of various 
weeds at various densities in our major crops.  These studies may also provide guidelines for 
duration of weed-free conditions needed after crop emergence and for the time when weeds 
should be removed.  

FUTURE RESEARCH 
Crop yield and quality loss are not the only factors being considered by those making weed 
management decisions.  Some producers are concerned about harvest difficulties, while 
others may be concerned about leaving a few weeds that will contribute to the soil weed 
seed banks.  As lupins and pulse crops continue to play a key role in cropping rotations in 
the Australian agriculture, strategies need to be developed to overcome their poor 
competitive ability.  Thus, identifying the most competitive crops and the individual cultivars 
that are most competitive is an important tactic in an Integrated Weed Management (IWM) 
program.  It is also necessary to identify non-chemical IWM options (such as sowing direction 
and weed seed head trimming) to minimise competition, when herbicide options and efficacy 
are limited.  More research is needed to understand the dynamics of species interactions and 
elucidate the mechanisms of competition. 
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Suppression of turnip weed with crop competition 
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ABSTRACT 
The importance of high crop density and narrow row spacing in suppressing weed growth 
was investigated in six field experiments infested with turnip weed.  Weed growth was 
reduced by approximately half from increasing wheat density from 64 to 125 plants/m2, and 
weed biomass was reduced further by half by growing barley compared with wheat.  
Changing row spacing from 35 to 17.5cm had little impact. 

INTRODUCTION 
This paper reports on six field experiments that investigated the impact of crop species, crop 
population and row spacing on turnip weed (Rapistrum rugosum L.) competition in southern 
Queensland. 

METHODS 
Field experiments were conducted at two sites, each in three growing seasons.  One site 
experienced severe drought conditions and data are not included.  Weed-free sites were 
chosen and turnip weed seed were sown before the sowing rain.  

Design was factorial randomised blocks with three replications.  Barley and wheat were sown 
at two row spacings (17.5 and 35cm) at three sowing rates (25, 50 and 75 kg/ha).  The 
average established crop populations were 64, 125 and 188 plants/m2.  The average turnip 
weed populations were 38, 29, 27, 14 and 14 plants/m2 in sites one to five respectively, and 
these were not treated with any herbicides. 

The growing season rainfall was 240, 237, 206, 267 and 148 mm for sites one to five 
respectively. 

Weed shoot dry matter was measured at crop anthesis using two quadrats (0.5 m x 1.0 m) 
per plot, and these data were analysed using Genstat. 

RESULTS AND DISCUSSION 
Crop species (p < 0.001) and crop density (p < 0.001), but not row spacing (p = 0.24), had 
highly significant effects on turnip weed biomass.  There was a significant interaction for crop 
species x crop density (p = 0.013), site x crop species (p < 0.001) and site x crop density 
(p < 0.001).  All other interactions were not significant. 

Increasing crop density from 64 to 188 plants/m2 reduced turnip weed biomass by an 
average of 65 per cent (Figure 1).  Weed biomass was reduced significantly as crop density 
increased from 64 to 125 plants/m2.  The trend towards reduced weed biomass as crop 
density increased from 125 to 188 plants/m2 was not significant.  Barley reduced turnip weed 
biomass by on average 2.6 fold compared with wheat.  

The greater competitiveness of barley and higher wheat densities is consistent with similar 
research in same region with wild oat (Avena spp.) and paradoxa grass (Phalaris paradoxa) 
(Walker et al. 2001, 2002) and common sowthistle (Widderick 2002).  In contrast, the lack of 
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impact from different row spacing differs from that reported for common sowthistle, when 25 
and 50cm row spacings were compared (Widderick 2002).   

Figure 1. Effect of 17.5 cm (closed symbol) and 35cm (open symbol) row spacing, and crop density for 
wheat (square) and barley (circle) on turnip weed biomass as measured at crop anthesis 
(LSD 175). 

CONCLUDING REMARKS AND FUTURE RESEARCH 
Improved crop competition, by growing barley or wheat at high crop densities 
(> 100 plants/m2), suppressed turnip weed growth substantially.  Row spacing up to 35cm 
did not have a significant impact, although wider rows could have a detrimental effect on crop 
competition under growing conditions in southern Queensland.  This is an area that requires 
more research, to quantify the effect of wider row spacings to at least 50cm on crop 
competition for weeds such as turnip weed. 
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Shielded herbicide application in Western Australia 
Martin Harries and Peter Newman 

Department of Agriculture and Food, Western Australia, Geraldton, WA 6530 

ABSTRACT 
In recent years there has been growing interest in the use of shielded spraying equipment.  
The advancement of this technology coincides with the increase in area of Roundup ready 
crops (Burgis 2002, Burgis 2003), and advances in guidance systems for farm machinery.  
Research into shielded herbicide application commenced in Western Australia in 2000 and 
has focussed on testing herbicide mixtures on crop rows and between crop rows, different 
designs of shields and timings of application. 

INTRODUCTION 
Where possible growers are altering their farming practices to overcome the problems 
associated with the decreasing efficacy of selective herbicides.  There has been an 
increased emphasis on the better usage of herbicides and adoption of non chemical weed 
control measures.  Some growers have employed more diverse cropping rotations including 
larger areas of well managed pasture and a wider range of crops.  Others are keen to 
continue to crop the majority of their arable land, in the way they have become accustom to 
over the past two decades.  One method that could enable these growers to continue to crop 
heavily is shielded herbicide application.  Agronomic research investigating the growth of 
grain legumes on row spacings of 50 cm or wider has proceeded in tandem with the 
development of shielded spray technology.  Grain legume crops including beans, lupins, and 
chickpeas have been tested at wide row spacings of 50 cm or wider without a reduction in 
yield (Crabtree 2002, French 2004, Harries, 2005).  This makes these crops highly suited to 
shielded herbicide application and most of the research to date and information contained in 
this paper discusses shielded spraying of broad-leafed crops. 

HERBICIDES FOR USE IN SHIELDS 
The major benefit of using shielded spray applications is that non-selective herbicides can be 
used between rows of crop.  Any herbicides that will not cause damage to the crop through 
root uptake or off target activity of volatile active constituents, such as phenoxy herbicides 
can be applied through the shield to broadleaf crops.  To date glyphosate is the only 
herbicide registered for shielded application, in Roundup-ready crops.  While glyphosate is 
an ideal herbicide to use; cheap, systemic and safe it is widely acknowledged that increased 
frequency of glyphosate use has the potential to accelerate the development of weed 
resistance to this herbicide. 

With this in mind alternative herbicides other than glyphosate have been trialled.  For 
ryegrass control glyphosate (group M) mixed with chemicals such as oxyfluorofen (group G), 
glufosinate (group N), prometryn (group C), acifluorofen (group G), dalapon (group J) and 
sprayseed (group L) with amitrol (group F) have all proved effective.  Herbicides successfully 
applied between rows to control wild radish include, glyphosate, Spray.Seed®, Spray.seed® 
and carfentrazone and Spray.seed® with diuron. (Burgis 2002, Hashem 2005a). 

With further testing of tank mixes, timing and application techniques that take into account 
the current spectrum of herbicide resistance of target weeds it is highly likely that effective 
herbicide solutions can be developed for the inter-row area.  Many options are available and 
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the use of shielded sprayers could diversify the chemicals used on farm reducing the 
likelihood of weeds developing resistance to any one herbicide.  

HERBICIDES FOR USE ON THE ROW 

Lay-by nozzles 
Many shielded spray hoods are designed with the addition of lay-by nozzles that spray a 
band of herbicide onto the row, approximately 20 per cent of the paddock area.  Traditional 
selective herbicides such as group A, B, C and F chemicals for broad-leafed species can be 
applied through these nozzles.  This is a sound option if the weeds present have not 
developed resistance to these chemicals.  Increasingly however, these selective chemicals 
are becoming less efficacious. 

Targeting herbicides at the base of the lupin stem using a lay-by nozzle has been 
investigated as a method to increase post-emergent herbicide options.  By targeting the base 
of the lupin plant less herbicide is applied to the foliage and consequently crop tolerance is 
increased.  High rates of selective radish control herbicides such as diflufenican and 
metribuzin and some novel active constituents such as diuron have not caused significant 
yield reductions.  Mixtures of both broadleaf and grass control herbicides have also been 
successfully applied with one pass of the lay-by nozzles.  Many of these treatments applied 
as a blanket spray would cause unacceptable crop damage (Newman 2005). 

Lay-by nozzles have also been used to spray non-selective herbicides across lupin stems 
late in the season, after leaf drop.  Glyphosate at 1.0 L/ha and paraquat 2.0 L/ha were 
applied at Wongan Hills in 2000 (Collins 2001a, Collins 2001b) and Mullewa in 2005 
(Newman 2006).  Observations were that obvious damage could be seen at the base of the 
lupin plants and that in some cases this had resulted in complete ringbarking and plant 
death.  

There is no doubt that by targeting the lupin plant at the base of the stem with lay-by nozzles 
herbicide tolerance is improved.  This method of application offers a wide range of options for 
control of radish within the crop row.  Options for grass weeds are much more limited.  For 
lay-by nozzle application to be reliable effective early season control of weeds within the row 
with residual soil active herbicides will need to be obtained, to ensure that stem elongation of 
the crop occurs prior to stem elongation of target weed species. 

Banding of residual herbicides at sowing 
Banding of residual herbicides on the row at seeding is another method of increasing 
chemical weed control within the row.  Herbicides that have been traditionally too expensive 
for broadcast application, such as Kerb® (propyzamide) have been trialled.  This chemical 
was successfully band sprayed post-sowing pre-emergent to control group A resistant 
ryegrass (Collins 2001b and Hashem 2005b).  Kerb® at 1.5kg/ha and Dual Gold® (S-
metalochlor) at 1.0 L/ha applied as 15 cm bands on crop rows directly after seeding, using a 
nozzle mounted to the press wheel, controlled 70 per cent and 77 percent of group A 
resistant ryegrass within the row respectively (Hashem 2005).  The treatments were safe on 
the crop with no yield decline compared to standard industry grass control practice of 2.0 
litres of simazine pre-sowing with label rate of a group A herbicide post-emergent.  Cost of 
the control was $27.65/ha while the cost of using inter-row and intra-row herbicide options 
rather than simazine and group A herbicide ranged from $18.00 to $31.17.  It should be 
noted that if press wheel mounted nozzles are used to apply the band of herbicide they need 
to maintain a constant height above the ground.  If the press wheel depth changes across 
soils with different texture or soil moisture content the height of the banding nozzles will be 
variable.  The application rate and width of the band will vary across the paddock.  This has 
resulted in unacceptable crop damage to commercial crops. 
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A CASE STUDY OF THE EFFECTIVE USE OF A SHIELDED SPRAYER 
In 2005 a paddock known to be carrying a large seed bank of group A resistant ryegrass was 
sown to a variety of crops.  In all of the crops except the wide row shielded sprayed lupins 
ryegrass was unable to be controlled.  As a result the wide row shielded sprayed lupin 
yielded the highest of all crops (Table 1) (Falconer 2006).  

Wide (50 cm) and narrow row (25 cm) lupins were managed differently.  Narrow rows were 
sprayed with traditional broadcast herbicide application; 1.5 L/ha simazine pre-sowing, 
250 mL/ha Select® and 150 g/ha Lexone ® post-emergent.  Total chemical cost per hectare 
of $37.51.  Wide row plots received 1.5 L/ha of simazine pre-sowing, 1.0 L/ha glyphosate on 
July 7, and 1.0 L/ha Spray.Seed® on August 17.  Selective herbicides applied through lay-by 
nozzles, 20 per cent of crop area, included; 500 mL/ha simazine on July 7 and 500 mL/ha 
Select® with 100 g/ha Lexone® on August 17.  Total chemical cost per hectare of $34.85. 

  
Figure 1. Weed burden in wide shield sprayed 

wide row lupins, 3 November 2005. 
Figure 2. Weed burden in conventionally 

sprayed narrow row lupins, 
3 November 2005. 

Table 1. Yield of various crops 

 Yield 
+Canola 1.15 
-Wheat 2.18 
+Lupin (25cm) 
Conventionally 
sprayed. 

2.28 

+Barley 2.42 
+Lupin (50cm) 
Shield sprayed 3.26 

  
LSD min rep 0.56 
LSD max-min 0.48 
LSD max rep 0.39 
CV% 11.3 

+ 4 replicates, -2 replicates. 
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CONCLUDING REMARKS AND FUTURE RESEARCH 
Many trials have demonstrated that by utilising shielded sprayers crops can be grown with 
less reliance on the narrow range of selective herbicides currently available.  There are many 
application techniques and herbicide combinations that show promise and it is a matter of 
refining the herbicides and timings to ensure crop safety and efficacy.  The major limitation to 
shielded spraying is the reduced capacity of the sprayer through reduced ground coverage 
compared to a conventional boom.  Realistically, a one pass post-emergent weed control 
operation needs to be developed for shielded sprayers to be a commercially attractive option. 
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Pulse tolerance and alternate herbicides 
Michael Walsh1 and Ping Si2 
1WAHRI, School of Plant Biology, University of Western Australia, 35 Stirling 
Highway, Crawley WA 6009 
2Clima, University of Western Australia, 35 Stirling Highway, Crawley WA, 6009 

ABSTRACT 
There is currently only a limited capacity for the selective herbicidal control of broadleaf 
weeds within pulse crops in WA.  This capacity is being further diminished by the continuing 
evolution of herbicide resistance in wild radish populations.  Current research is investigating 
if there is differential tolerance between a pulse crops and wild radish for a range of alternate 
herbicides.  Preliminary results indicate that there are a couple of herbicides that may 
potentially be valuable in providing selective control of wild radish within pulse crops 
following post-emergence application.  Isoxaben, a Group K herbicide, provided excellent 
control of wild radish with no apparent effect on lupin or chickpea cultivars when applied at 
the two leaf stage of wild radish.  Mesotrione, a Group F herbicide, adequately controlled wild 
radish whilst causing minimal crop damage when applied at the same growth stage of wild 
radish.  These and a range of other herbicides are being used in further screening trials with 
peas, faba beans, and lentils in 2006.  

INTRODUCTION 
Weed control in grain cropping systems remains of the highest priority for Australian crop 
producers.  The development of herbicide resistance in a number of major weed species has 
resulted in the need for a range of new approaches to integrated weed management.  The 
lupin-wheat rotation in WA has been an exceptionally successful rotation upon which to base 
long-term continuing cropping systems.  However, the heavy reliance on in-crop selective 
weed control within this system has contributed to the current herbicide resistance issues we 
now face.  Multiple herbicide resistance in annual ryegrass is widespread and pulse cropping 
phases are being relied upon to allow for the effective control of these populations with a 
limited number of herbicide options.  However, of greater concern to lupin and pulse growers 
in WA is the widespread emergence of multiple resistance in wild radish populations.  A 
recent survey conducted by WAHRI indicates that around 50 per cent of wild radish 
populations randomly collected from across the WA wheatbelt have multiple resistance 
across two or more herbicide groups (Walsh et al. 2005).  

Lupins are the largest and most important pulse crop in WA and the control of wild radish in 
lupins is heavily dependent on the use of simazine pre-emergent with post emergent 
diflufenican and metribuzin.  However, resistance to diflufenican, simazine and metribuzin 
has already been detected in many wild radish populations (Hashem et al. 2001; Walsh et al. 
2004).  Additionally, there are limited options for selective post-emergent broad leaf weed 
control in other pulse crops such as chickpeas, lentils, peas and faba beans.  Routine 
screening of advanced breeding lines to ensure new varieties have adequate tolerance to 
commonly used herbicides is planned as part of National Pulse Breeding or CVT programs.  
The longer term industry need is for improved tolerance in pulses to a wider range of 
herbicide chemistry than is currently available for use in Australia.  A newly established 
Clima project is seeking to identify germplasm of a range of pulse crops with tolerance to 
new herbicides that could be used to prevent and/or manage herbicide resistant weed 
populations in grain cropping systems.  
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HERBICIDE SCREENING  

Differential tolerance of lupins and chickpeas to herbicides that control wild 
radish  
In 2005, the first year of this project, we screened lupins and chickpeas as well as wild radish 
biotypes with a range of herbicides to see if we could identify any differential tolerance.  The 
herbicides we used were mesotrione, isoxaben, clomazone, carfentrazone, isoxaflutole, 
paraquat+diquat, flumioxazin, amitrole and triclopyr.  Isoxaflutole is registered for use on 
chickpeas for radish control and provided effective control of this weed as expected 
(Figure 1).  The only other acceptable result was with isoxaben (Figure 2) which also gave 
excellent control of radish without damaging chickpeas or lupins.  The rest all produced 
varying levels of lupin and chickpea damage.  Isoxaben is not registered for broad acre weed 
control in Australia and therefore we are currently working with Dow Agrosciences to 
investigate the potential of introducing Isoxaben into the Australian market.  There was some 
indication of a differential response between wild radish and lupins and chickpeas to 
Mesotrione.  At higher rates there was some level of control of wild radish and a slight 
reduction in the survival of the lupin and chickpeas.  However, there was significant damage 
to the lupins and chickpeas at these rates (Figure 2). 

Figure 1. Survival as a percent of untreated control of wild radish biotypes WARR 5 and WARR 7 and 
chickpea cultivars Sona and Sonali following increasing application rates of carfentrazone (A) 
and isoxaflutole (B). 
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Figure 2. Survival as a percent of untreated control of wild radish biotypes WARR 5 and WARR 7, 
chickpea cultivars, Sona and Sonali and lupin cultivars Tanjil and Tallerack following 
increasing application rates of isoxaben (A) and mesotrione (B). 

Lupin and chickpea germplasm screening 
Screening of representative accessions of diverse genetic collections of pulse crops (lupin, 
chickpea, field pea, lentils and faba beans) began in 2006.  To date we have screened 
100 accessions of chickpea germplasm against mesotrione, isoxaben, isoxaflutole and 
carfentrazone-ethyl and 100 lupin accessions against mesotrione and isoxaben.  Mesotrione 
and isoxaben provided the most promising results following post-emergence application of 
these herbicides to both chickpea and lupin lines.  Visual assessments determined that some 
commercial varieties of both chickpea and lupin had little plant damage at a high rate of 250 
g/ha whilst the wild radish populations were controlled (Table 1).  Further experiments to 
determine the degree of tolerance in the cultivars identified as tolerant in this study are 
planned for 2006.  All accessions of both chickpea and lupin were tolerant to isoxaben 
without any damage.  Chickpea accessions did not show phytotoxicity symptoms following 
the application of isoxaflutole, which is registered in chickpea.  Some chickpea accessions 
showed a clear differential tolerance to carfentrazone-ethyl over wild radish, but the most 
tolerant lines still displayed damage to foliage.  Further search for better tolerance to this 
herbicide is planned in chickpea mutated populations.   
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Table 1. Response of chickpea varieties and wild radish populations to mesotrione at 250 g/ha 

Plant score1 
Variety 

3 WAS 7 WAS 
Height (cm, 7WAS) 

Almaz 2 2 18 

Amethyst 1.7 0 20 

Barwon 3.1 3 18 

Bumper 0.2 1 28 

Desevic 2.4 1 19 

Desiray 2.6 0 15 

Genesis 090 2.1 2 20 

Genesis 508 2.9 2 18 

Genesis 836 0.2 0 28 

Heera 0.3 0 27 

Howzat 3.5 2 16 

Jimbour 1.3 2 27 

Kaniva  0.8 0 20 

Kimberley Large 0.8 1.5 25 

Kyabra 3.5 2 23 

Lasseter 3.9 2 29 

Macarena 2.9 1.5 24 

Moti 0.7 0 27 

Nafice 2.1 2 22 

Rupali 0.7 0 30 

Sona 3.2 4 12 

Sonali 2.9 2 16 

Tyson 2.0 0 10 

Yorker 3.1 2 18 

Wild radish (Warr 7) 5 5 0 

HR radish2 (Warr 5)  5 5 0 

1 Scores of plant: 0 = no symptom; 5 = plant dead.  A score is a mean of 25-40 plants per variety. 
2 Wild radish population resistant to diflufenican and triazine herbicides. 

We initiated a mutation breeding program in chickpea by treating 10 kg chickpea seed with 
EMS.  Mutated seeds (Sonali and FLIP94-509C, 5kg each) were sown in the field in Bolgart 
in June 2005 and the plants harvested in December 2005.  We obtained 6kg Sonali M2 and 
5 kg FLIP 94-509C M2 seeds for the screening of herbicide tolerance.  

We identified two Tanjil mutants (Tanjil-AZ-33 and Tanjil-AZ-55) highly tolerant to metribuzin 
in a study involving 7 doses during winter 2005.  This progress is a continuation of the project 
UWA 00042, completed in 30 June 2005.  The two mutants are valuable sources for the 
development of lupin cultivars with greater tolerance, which lead to greater safety margin and 
better weed control.  We expect that the two mutants are also resistant to anthracnose same 
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as Tanjil.  These two mutants have been delivered to the lupin breeding program for 
evaluation of seed yield and grain quality.   

CONCLUDING REMARKS AND FUTURE RESEARCH 
Further screening trials will be conducted in 2006 to quantify the results from 2005 and also 
to screen these herbicides across peas, faba beans and lentils in dose response and 
germplasm tolerance studies.  Additionally further dose response studies will be conducted 
to screen a new set of alternate herbicide chemistries.  Lines identified with some tolerance 
to herbicides in 2005 will undergo further screening and selection to potentially increase 
herbicide tolerance.  Field screening of lines that underwent mutation will be conducted in 
2006. 
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Biological control of wild radish 
John K. Scott and Aaron Maxwell 

 CSIRO Entomology, Private Bag 5, PO Wembley, WA 6913, Australia 

ABSTRACT 
Research towards the biological control of wild radish is summarised.  Wild radish was 
surveyed for potential agents, insects and pathogens, in the Mediterranean region and many 
of these organisms were tested for their potential host range.  Complementary surveys of 
pathogens, including soil bacteria, have been made in Australia to determine which 
organisms are already present and could be used in development of bioherbicides.  Studies 
in France and Australia show that ants have a significant impact on wild radish seed.  
Priorities for future research are identified. 

INTRODUCTION 
Wild radish (Raphanus raphanistrum L.) (Brassicaceae) is not an obvious target for biological 
control.  It is closely related to an important crop, canola, which implies that a particularly 
high level of host specificity will be needed of any biological control agent.  Any biological 
control agent will also need to be adapted to the annual lifecycle of the weed and may need 
a dormant stage to pass summer when the weed over-summers as seed.  The weed is found 
in highly disturbed habitats typical of cropping systems.  This implies that the biological 
control agent will need to be highly mobile so it can rapidly colonise new infestations.  
However, many organisms have these requirements in southern Australia; they are our well-
known pest species.  The challenge is to find biological control agents, likewise adapted to 
the lifecycle of wild radish, but with very high levels of host specificity (Scott et al. 2002).  

CSIRO, through the CRC for Australian Weed Management, started a search for potential 
biological control agents in 1997.  We explored two regions, the Mediterranean region for 
‘classical’ control agents and Australia for organisms that could be enhanced for their 
damaging effects on wild radish.  This work is complemented by studies in WA on soil 
bacteria and the impact of seed eating ants.  This paper summarises this research from two 
aspects, overseas studies and Australian-based studies.  A recent workshop on wild radish 
and biological control (Maxwell and Scott 2005a) gives pointers to future work and these are 
summarised in the concluding section.  

OVERSEAS EXPLORATION 

Identification of wild radish 
The phylogeny and origins of wild radish were investigated with the objective of confirming 
that wild radish from Australia belongs to the same population as wild radish from the 
overseas study areas (Jolivet 2002, Martin and Scott unpublished).  Seed collections were 
made in Australia and the Mediterranean region, including edible (commercial) radish 
(considered to be a separate species), and two subspecies of wild radish, R. r. raphanistrum 
and R. r. landra (Moretti ex DC.) Bonnier & Layens.  The study used two techniques, gene 
sequencing and AFLPs.  The results using gene sequencing did not distinguish between wild 
and edible (commercial) radish nor between the wild radish subspecies.  In contrast, the 
AFLP results showed that edible radish formed a group separate from wild radish.  The 
results for the two subspecies, raphanistrum and landra, indicated considerable gene flow 
between subspecies.  In the AFLP analysis wild radish from Australia was grouped with 
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populations from the Mediterranean region, indicating that this is the correct region for 
surveys for biological control agents.  

Surveys in Mediterranean regions 
The potential for classical biological control of this exotic weed in Australia was examined in 
the weed's original distribution, southern Europe and the circum-Mediterranean region 
concentrating on southern Portugal, northern Tunisia, the Mediterranean coast of France, 
and southern Greece (Scott et al. 2002).  While many of the circa 50 insect species found are 
specialists on the family Brassicaceae, most of these are not sufficiently host specific to 
exclude off-target risk to canola.  Four species groups were chosen for closer study, the gall 
midge, Gephraulus raphanistri Kieffer, sawflies Elinora spp., seed weevils Urodon spp. and 
the weevils Ceutorhynchus spp.  Aside from the gall-midge, further work on host range has 
been limited by the availability of sufficient numbers of insects to undertake experimental 
work. 

Scott et al. (2002) mentioned Gephyraulus raphanistri, a flower-gall midge as a potential 
agent because it is not a recorded pest of economic plants and by galling the flowers of wild 
radish has a direct impact on seed production.  It was also found in surveys on wild radish 
throughout the Mediterranean in a range of habitats including wheat fields.  Field and 
experimental studies (Vitou, Skuhravá, Scott and Sheppard unpublished) showed that this 
insect could develop on canola as long as wild radish and canola flowered at the same time.  
Thus it is unsuitable for use as a biological control agent because the risks would be high of 
transfer to canola in Australia. 

Wild radish from 107 populations from Greece, Spain, Portugal, Tunisia and France were 
examined for pathogens between 1997 to 2001.  Scott et al. (2005) summarise surveys from 
the Mediterranean region for pathogens against wild radish.  Twelve species were tested for 
host specificity and all were shown to attack canola and consequently are not being studied 
further.  Two biotrophic pathogens, Hyaloperonospora parasitica (downy mildew) and Albugo 
candida (white rust) have not been tested for host range, although the latter is not likely to be 
host specific.  Downy mildew was the earliest pathogen to show disease symptoms on field 
populations of wild radish in the Mediterranean region.  Similar disease was not evident on 
neighbouring Brassicaceae plants making this species the highest priority for further study.  

Wild radish ecology 
Seed size can be influenced by stress on the plant, for example stress caused by herbivory.  
This makes it important to include seed size in the assessment of the impact of potential 
biological control agents on wild radish.  To establish a baseline for further research, Vitou 
and Scott (2002) assessed seeds of wild radish for germination in relation to segment 
position, seed size and silique size.  Seeds from small segments had poor germination and 
larger seeds germinated earlier.  Seeds in the first two proximal segments germinated earlier 
and had better overall germination.  There was no association between the total number of 
segments on a silique and the timing of germination of seeds within the silique (Vitou and 
Scott 2002).  There are sufficient differences in germination to make it important to include 
seed size in the assessment of the impact of potential biological control agents. 

Seed harvesting ants caused the greatest seed losses of maturing seeds in southern France 
(11-91% seed loss per unit area) (Vitou et al. 2004).  The ants consumed fresh seed by 
removing green siliquas from plants in spring, and harvested mature segments over summer.  
Trials in southern France (Vitou et al. 2004) indicate that ants are likely to have a significant 
impact on native wild radish populations.  While ants cannot be considered for introduction to 
Australia as potential biological control agents because they have a wide host range, their 
overriding effect relative to other seed predators in the native range suggests associations 
between ants and other generalist seed predators on wild radish in Australia may also be 
providing some form of natural control (Vitou et al. 2004). 
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EXPLORATION IN AUSTRALIA 

Surveys of associated organisms 
Wild radish was surveyed in south-western Australia during 2004 for pathogens as part of an 
assessment of the potential for biological control.  Twelve fungal species were isolated from 
diseased wild radish including a previously undescribed species of Mycosphaerella and 
Hyaloperonospora parasitica (Pers. ex Fr.)Fr. previously not recorded on wild radish in 
Western Australia.  Widespread pathogens on wild radish included Leptosphaeria biglobosa 
Shoemaker & Brun and L. maculans (Desmaz.) Ces. and De Not., indicating that wild radish 
may provide an inoculum source for blackleg disease on canola.  Hyaloperonospora 
parasitica appeared to be the most damaging pathogen of wild radish.  Phylogenetic analysis 
showed that the H. parasitica isolates from wild radish are genetically distinct from the 
isolates found on Brassica species including canola (Brassica napus L.).  This finding opens 
up the possibility of developing a conservation or augmentative approach to the biological 
control of wild radish using H. parasitica (Maxwell and Scott 2005b; Maxwell and Scott 
unpublished). 

Maxwell and Scott (2004, 2006) reviewed the pathogens found on wild radish in Australia 
that could be developed into mycoherbicides.  Potentially useful fungal pathogens included 
Alternaria alternata, Alternaria brassicae, Alternaria brassicicola, Alternaria japonica, Athelia 
rolfsii, Colletotrichum coccodes, Fusarium oxysporum and Hyaloperonospora parasitica.  The 
main research priorities identified in Maxwell and Scott (2006) were to improve the 
identification of pathogens associated with Brassicaceae, to better understand the 
epidemiology of pathogens on weeds such as wild radish and to investigate ways in which 
pathogens could be modified to improve their mycoherbicide potential. 

Interaction with ants 
Spafford Jacob et al. (2006) report on the loss of seeds due to post-dispersal weed seed 
predation by rodents, ants or other small invertebrates during the summer fallow period in 
south west Australian cropping regions.  Seed removal was very variable, but in general, 
highest near the edges and lowest in the centre of fields.  Annual ryegrass (Lolium rigidum 
Gaudin) seeds were preferred over wild oat (Avena fatua L.) seeds, followed by wild radish 
pod segments.  Similar to the situation in France (Vitou et al. 2004), the actions of seed 
harvesters, in particular ants, may play an important role in the ecology of wild radish.  

Soil bacteria 
Flores-Vargas and O'Hara (2002, 2006) investigated the potential of deleterious rhizosphere 
inhabiting bacteria (DRB) for control of weed species including wild radish found in vineyards 
near Perth, Western Australia.  Three strains, two of Pseudomonas fluorescens and one of 
Alcaligenes xylosoxidans, were identified from mature wild radish and found to inhibit growth 
of wild radish seedlings, but have no significant deleterious effects on either grapevine or 
subterranean clover.  Peltzer and Ash (2005) propose the research idea that the addition of a 
DRB to a competitive cereal crop at high seedling rates could have a synergistic effect 
causing reduction in weed growth. 

RESEARCH PRIORITIES 
Aspects of biological control potential of wild radish were reviewed and research priorities 
proposed in a workshop on wild radish in 2005 (Maxwell and Scott 2005b).  Thirty-one ideas, 
grouped into the four main approaches to biological control, were proposed and assessed for 
feasibility, potential impact on control of wild radish and time required to achieve a research 
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output.  The participants in the workshop were asked to select and rank their five highest 
preferences (Table 1).  

Table 1 High ranking research ideas for the biological control of wild radish (from Maxwell and Scott 
2005b).  Ranking categories start with A = ranked highest 

Rank CLASSICAL BIOLOGICAL CONTROL Feasib-ility Impact Time 

C Examine the molecular taxonomy of Hyaloperonospora species 
on wild radish and related brassicas.  Sequence the ITS rRNA 
gene of downy mildew isolates occurring on wild radish in 
Australia and in France and compare with isolates occurring on 
Brassica species worldwide.  Examine the potential for genetic 
exchange between populations on wild radish and canola in 
Australia to determine species boundary. 

High Low Short 

E Survey in other countries (middle east – Japan) for new 
association pathogens (new encounter diseases) of wild radish. 

Medium Low-High Medium 

 CONSERVATION APPROACH    

C Harvest canola stubble and incubate over summer to encourage 
pathogen development (esp. Leptosphaeria).  Sow this stubble 
into paddocks to be planted to wheat to encourage blackleg (and 
other disease) to kill wild radish (plot trials to look at crop yield v 
stubble x blackleg x water).  

High Medium Short 

D Examine whether Alternaria reduces wild radish seed 
development.  Experiments on infected siliquas and on dose-
yield of wild radish. 

High Low Short 

E Sample soil micro-organisms in areas where wild radish has low 
seed production versus areas where wild radish has high seed 
production.  Consider how the environment could be managed to 
promote the deleterious organisms (conservation) or grow and 
apply them in a bioherbicide or growth promoter formulation.  

High Low Short 

F Examine pH influence on soil micro-organisms (look at planting 
wild radish in high pH areas). 

High Low Short 

F Wild radish spends summer as seeds in segments/siliquas 
(canola in silos).  Determine whether this difference can be 
exploited by utilising pathogens that are present in summer.  
Investigate whether there are pathogens or herbicides that affect 
over-summering of wild radish.  This could avoid potential 
conflicts with canola. 

Low Low Long 

 BIOHERBICIDE    

A Research synergistic combinations of herbicides and pathogens 
of wild radish.  This may enable the use of a weak but host-
specific pathogen and also extend the life of herbicides for which 
wild radish has developed some resistance. 

High Medium-
High 

Long 

B Construct a matrix of pathogens of wild radish against their 
possession of traits desirable in a mycoherbicide.  In particular 
identify the Colletrotichum to see if there is a prospect for 
mycoherbicide (these fungi are well known, have been 
developed).  Need to confirm the pathogenicity of candidate 
organisms before proceeding to the next phase. 

High Low-
Medium 

Short-
Medium 

C Identify growth promoter rhizobacteria that have detrimental 
effects on wild radish 

Medium-
High 

Medium Medium 

D Research on infection processes to ensure maximum efficiency 
of spores.  This is basic research with wider implications in the 
field of plant pathology as well as weed control. 

Medium High Long 

E Identify a potential commercial partner to test the prospects for 
mycoherbicide for wild radish. 

Low High Long 
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Table 1 continued … 

Rank CLASSICAL BIOLOGICAL CONTROL Feasib-ility Impact Time 

F Further surveys in the Eastern Australia to find other pathogens 
on wild radish.  Complete the review of prospects for those 
pathogens to be used in conservation or genetic manipulation 
approaches to controlling wild radish.  This would involve 
formulating a matrix of pathogen against attributes required for 
each of these biological control strategies. 

High Low Short 

 GENETIC MANIPULATION    

E For proof of concept – work on a well known fungus such as 
Alternaria, Colletotrichum or Leptosphaeria to increase 
virulence, change host range, increase its capacity to infect 
under low moisture or to sporulate in an industrial process such 
as submerged culture.  Investigate transmission mitigator 
techniques to determine whether these traits will be confined to 
the modified fungus.  This is needed before approaching the 
regulators and public. 

Low Low-High Long 
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ABSTRACT 
A simplistic wild radish emergence model has been developed and is contained within the 
WEEDEM software program.  The wild radish emergence model was field tested in the 
Western Australian wheatbelt during the 2001 and 2002 growing seasons.  Wild radish 
emergence was recorded at these sites by counting emerging seedling every week 
throughout the growing season.  The predictive emergence curves based on local daily 
temperature and rainfall data were found to mirror the actual emergence curves at these 
locations across the northern region of the wheatbelt.  Although the WEEDEM software 
needs some refinement to make it more user-friendly the emergence model has sufficient 
accuracy to support weed management decisions at the commencement of the growing 
season. 

INTRODUCTION 
Timeliness is one of the most critical issues in weed management, particularly where weed 
control options are limited due to the development of herbicide resistant weeds.  Weed 
control efforts that occur too early or too late are less effective and lead to wasted time and 
expense.  Understanding the timing and extent of weed seedling emergence can improve 
timeliness of weed control efforts.  There has been considerable progress in our ability to 
predict weed seedling emergence (Forcella et al. 2000).  However, it is important to not only 
be able to predict seedling emergence, but to make the predictions quickly and easily, in a 
readily accessible form, for site-specific conditions, in real time.  It is with these goals in mind 
that the WEEDEM model is being developed. 

WEEDEM AND WILD RADISH EMERGENCE 
A simplistic model that predicts the cumulative emergence of wild radish (Raphanus 
raphanistrum) using daily rainfall and temperature data would be of great benefit in the 
management of this weed in cropping systems.  A predictive emergence model for annual 
ryegrass that uses daily rainfall and temperature data has been developed (Archer et al. 
2002; Forcella et al. 2002).  These are the two most troublesome weeds in southern 
Australian dryland farming systems and the accurate prediction of their emergence patterns 
would be extremely valuable in the planning and implementing of weed management 
practices.  In particular the ability to predict the initial emergence patterns of annual ryegrass 
and wild radish would be invaluable in the control of these weed species.  Because it is at 
this stage that weed management decisions are made in an attempt to provide crops a weed 
free environment during the critical early post-emergence period. 

The predictive emergence curves developed by WEEDEM allow the accurate prediction of 
the cumulative emergence of wild radish and annual ryegrass occurring during a Western 
Australian growing season (Figure 1).  The predicted emergence curves for wild radish in 
particular have been proven to closely mirror those derived from weed counts collected from 
a number of Western Australian cropping situations (Figure 2).  Therefore, given the 
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accuracy for predicting emergence, it is envisaged that the WEEDEM emergence models 
can be used in the planning and implementation of weed management practices.  In 
particular the ability to predict the occurrence and extent of emergence would be most 
valuable at the start of the growing season.  This is the critical period for the conduct of 
strategic weed control practices that specifically target annual ryegrass and wild radish.  
Feedback from the farmer users clearly indicated that the greatest use for the WEEDEM 
program would be in assisting farmers to plan weed control procedures over this period.   

As well as annual ryegrass and wild radish the WEEDEM model has the capacity to house 
emergence models for additional weeds.  The only constraint to the inclusion of other weeds 
is the availability of field emergence data.  In the near future an emergence model for wild 
oats is to be included in the program.  Therefore, the potential exists for the simultaneous 
emergence predictions of a range of weed species present in an individual paddock. 

 
Figure 1. Graphical display of predicted emergence curves. 

Figure 2. Comparison of actual versus predicted cumulative emergence.  
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CONCLUDING REMARKS AND FUTURE RESEARCH 
The wild radish emergence model allows the accurate prediction of wild radish emergence 
following the commencement of the growing season.  The accuracy of this model is sufficient 
to allow wild radish management decisions to be made on an individual paddock basis.  The 
longer-term planning of weed management options for particular paddocks will potentially be 
improved through the use of WEEDEM.  Long-term rainfall and temperature data can be 
used to predict average emergence patterns of annual ryegrass and wild radish for specific 
cropping regions.  These predictions would be valuable information in the whole farm 
planning of the timing of weed management strategies. 
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ABSTRACT 
Two models that deal with herbicide resistance in wild radish (Raphanus raphanistrum L.) 
and annual ryegrass (Lolium rigidum Gaudin) are discussed.  These models are multi-
species RIM (Monjardino et al. 2003) and SHREC (Diggle et al. 2003).  Both of these models 
have been used to assess the potential value of glyphosate-resistant canola in Western 
Australian cropping systems.  Both models found that returns would be higher for 
glyphosate-resistant canola than for triazine-resistant canola.  The analysis by the SHREC 
model also found that these increased returns require that glyphosate not be used as a pre-
plant non-selective (knockdown) herbicide in the glyphosate-resistant canola rotation.  There 
was found to be a high probability of glyphosate resistance developing in annual ryegrass 
where glyphosate was used both pre-planting and as a selective herbicide in canola. 

INTRODUCTION 
There are several models of development of herbicide resistance that are reported in the 
literature (eg Gardner et al. 1998; Gressel and Segel 1978; Maxwell et al. 1990; 
Mortimer et al. 1993).  These models use a variety of approaches and are discussed in some 
detail by Diggle and Neve (2001).  These various modelling approaches have been used to 
simulate development of resistance in many weed species.  In principle, they could all be 
applied to simulation of herbicide resistance in cruciferous weeds, but for the most part this 
has not been done.  Two models have been reported that specifically model herbicide 
resistance in cruciferous weeds, and in both cases they deal with wild radish (Raphanus 
raphanistrum L.).  These are the Multi-species Resistance and Integrated Management 
(RIM) model (Monjardino et al. 2003), and a variant of the Simulating Herbicide Resistance 
Evolution in Cropping (SHREC) model (Diggle et al. 2003; Neve et al. 2003a; Neve et al. 
2003b) that was used to simulate simultaneous development of resistance to glyphosate and 
triazine herbicides in wild radish and annual ryegrass (Lolium rigidum Gaudin) (Diggle et al. 
2002).  In this paper the approaches that these two models take to simulating herbicide 
resistance in wild radish, some of their limitations, and some of the results that they have 
produced are discussed. 

THE MODELS 

Multi-species RIM model 
Multi-species RIM simulates the population dynamics of wild radish and annual ryegrass in a 
dryland Mediterranean-type farming system typical of the southern cropping region of 
Australia.  It is based on ryegrass RIM (Pannell et al. 2004).  The model can represent any 
20-year land use sequence comprising wheat, barley, canola, lupin, or pasture phases.  It 
accounts in detail for the costs and effects of a wide range of weed management practices.  
It also accounts for interactions between years on crop productivity, and for competitive 
effects between the two weed species and the crop species.  RIM does not simulate 
development of herbicide resistance.  Instead it allows a set number of uses, or shots, of 
each type of herbicide before resistance is declared to have occurred.  The number of shots 
can be adjusted for different types of herbicide and for the history of herbicide use in the 
paddock.  Some guidance can be found for choosing appropriate numbers of shots by 
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looking at herbicide use history in paddocks where resistance has already occurred.  RIM 
has very limited ability to account for factors that may influence the number of shots, such as 
import of resistant weed seed or pollen, or use of techniques like the double knockdown 
(Neve et al. 2003b; Weersink et al. 2005).  However, multi-species RIM does count each use 
of herbicides in mixtures that contain more than one active functional group, as one half of a 
shot, because it is assumed that selection pressure is lower in such cases (Monjardino et al. 
2003). 

The multi-species RIM model has been used to estimate the value of including phased 
pastures (Monjardino et al. 2004b), haying and green manuring (Monjardino et al. 2004a), 
and glyphosate-resistant canola (Monjardino et al. 2005) in Western Australian cropping 
systems.  Where high levels of herbicide resistance were present, inserting occasional 3-
year phases of French serradella (Ornithopus sativus Brot cv. Cadiz) into a barley (Hordeum 
vulgare L.)/lupin (Lupinus angustifolius L.)/wheat (Triticum aestivum L.)/wheat rotation was 
found to increase annual net profit over 20 years by around $18 ha-1.  In contrast, where 
herbicide resistance was at low levels annual net profit was slightly reduced when a 3-year 
French serradella pasture phase was included.  For this same crop rotation, either cutting the 
first barley crop for hay or ploughing in the first lupin crop before seed-set of the weeds was 
found to substantially reduce annual net profit.  Reduction in net profit was less where initial 
weed seed banks were higher or where herbicide resistance status was higher, but neither 
practice was profitable within the ranges tested, up to initial seed banks of 1600 m-2 for 
annual ryegrass and 400 m-2 for wild radish.   

Net profit was compared for a wheat/wheat/canola (Brassica napus L.)/wheat/lupin rotation 
where the canola was either a triazine-resistant (TT) variety or a glyphosate-resistant (RR) 
variety.  A sensitivity analysis was performed in which values of uncertain parameters of the 
model were varied according to Table 1.  The net value of RR canola was found to be 
positive in 70 per cent of these situations and the mean increase in net profit was $5.00 per 
year averaged over the entire rotation. 

Table 1. Values of uncertain parameters used in the sensitivity analysis of the RIM model and the 
probability of occurrence for each parameter value 

Levels 

Zero Minimum Standard Maximum Parameters 

Value Prob. Value Prob. Value Prob. Value Prob. 

Ryegrass initial seed density 
(seeds/m2) 

0 0.05 100 0.2 400 0.5 1600 0.25 

Radish initial seed density 
(seeds/m2) 

0 0.05 25 0.2 100 0.5 400 0.25 

Glyphosate control efficacy in-
crop (%) 

  80 0.4 95 0.5 100 0.1 

Canola weed-free yield 
(ton ha-1) 

    0.9 0.8 1.2 0.2 

RR-canola yield advantage (%) 0 0.05 +5 0.15 +10 0.5 +20 0.3 

RR-canola technology fee 
($ ha 1) 

    30 0.7 50 0.3 
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SHREC model 
The SHREC model differs from RIM principally in that it explicitly simulates development of 
herbicide resistance in the weeds.  There are also numerous differences in the detail of 
functions, and economics are less comprehensive.  SHREC calculates seed pool dynamics 
for annual ryegrass and wild radish and their effect on crop yield over a 30-year period.  The 
model accounts for inter-species competition, the effects of all commonly practiced weed 
control methods, the temporal pattern of germination of the weeds, and the density of the 
crop.  In the analysis presented here the evolution of herbicide resistance to triazines and 
glyphosate were explicitly simulated in both weeds.  Herbicides other than glyphosate and 
the triazines were presumed to have a fixed number of uses (or shots) before the weed 
populations became resistant to them, as is done in RIM. 

Explicit simulation of development of herbicide resistance requires an estimate of initial 
frequencies of the resistance genes in the weed populations.  There is typically uncertainty 
associated with these figures, but they can be inferred from historical information where 
resistance has been found.  Triazine resistance has been found in several cruciferous weeds 
including wild radish (Table 2), but to date there have been no instances of glyphosate 
resistance in these weeds.  It has been assumed here that glyphosate resistance is possible 
but less likely than triazine resistance.  

Table 2. Recorded instances of herbicide resistance in cruciferous weeds (Heap 2006) 

Species Mode of action Location 

Brassica tournefortii ALS inhibitors South Australa 
Western Australia 

Capsella bursa-pastoris Photosystem II inhibitors Poland 

Raphanus raphanistrum ALS inhibitors 
Carotenoid biosynthesis inhibitors 
Photosystem II inhibitors 

South Australia 
Western Australia 
South Africa 

Raphanus sativus ALS inhibitors Brazil 

Rapistrum rugosum ALS inhibitors Queensland) 

Sinapis arvensis ALS inhibitors 
Photosystem II inhibitors 
Synthetic Auxins 

New South Wales 
Canada 
Turkey 
USA 

Sisymbrium orientale ALS inhibitors New South Wales 
Queensland 
South Australia 
Western Australia 

Sisymbrium thellungii ALS inhibitors Queensland) 

Two crop rotations have been simulated here, they are wheat/lupin/wheat/triazine-resistant 
(TT) canola, and wheat/lupin/wheat/glyphosate-resistant (RR) canola, both located at 
Wongan Hills, Western Australia.  Within each of these rotations the effect of using 
glyphosate every year as a knockdown herbicide versus using Spray.Seed® (paraquat-
diquat) for the same purpose is examined.  Selective herbicides were applied as appropriate.  
Stubbles were always grazed.   

Current costs and grain prices were used for all crops and all management practices.  Grain 
prices were presumed to be the same for the RR and TT canola crops.  The technology cost 
that may be charged for use of RR canola is unknown.  A figure of $30 per hectare has been 
used in this analysis based on a hypothetical pricing policy that would result in a total 
herbicide cost for RR canola that was comparable to but somewhat less than that of a typical 
TT canola package. 
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Additional weed control practices were employed when weed numbers exceeded nominated 
thresholds.  These were: 
• crop-topping with paraquat in lupins; 
• 2,4-D for extra control of wild radish in wheat; 
• high seeding rates of all crops; 
• seed catching as part of the harvest operation. 

Monté Carlo based risk analysis techniques have been used to address the variability and 
uncertainty in model parameters.  Variability and uncertainty were represented by defining 
probability distributions for key uncertain and variable model parameters.  The model was 
run 9216 times, and in each run of the model parameter values were generated from the 
distributions.  Variable parameters were: 
• starting point for the crop sequence – first wheat, lupin, second wheat, or canola; 
• paddock size – minimum, most likely, and maximum paddock sizes were presumed to 

be 50, 100, and 200 ha, respectively.  These paddock sizes were multiplied by a factor 
of 1, 2 or 4 to reflect uncertainty about rates of movement of herbicide resistance 
genes; 

• initial seed bank for weeds – Initial annual ryegrass populations were assumed to vary 
between 0 and 3000 seeds m-2 with 1000 seeds m-2 being most likely.  For wild radish 
minimum, most likely and maximum populations were 0, 50, and 500 seeds m-2, 
respectively; 

• crop sowing rate – Minimum, most likely, and maximum crop densities were presumed 
to be 100, 175, and 300 plants m-2 for wheat; 40, 60 and 90 for lupin; 40, 50, and 70 for 
canola; 

• initial frequency of genes for herbicide resistance in weeds – Initial frequencies of 
Roundup resistance genes were presumed to vary between 10-9 and 10-5 for both 
annual ryegrass and wild radish, and between 10-7 and 10-3 for triazine resistance 
genes for both annual ryegrass and wild radish; 

• remaining applications of in-crop selective herbicides for both weed species – Number 
of remaining applications for annual ryegrass selective herbicides was presumed to 
vary between 0 and 8, with 4 being most likely.  For wild radish, the range was 0 to 15, 
with 6 being most likely; 

• whether tillage was used as part of the seeding operation – Full-cut tillage at seeding 
and zero tillage were equally likely. 

Seasonal variability in crop yield and competitiveness was represented using output from the 
APSIM crop growth model (Carberry et al. 1994).  The APSIM model was run for 40 historical 
seasons at Wongan Hills, WA, for all crops grown both in monoculture and in competition 
with weeds.  Crop yield and weed competition parameters for each year of each 30 year 
sequence were chosen at random from these 40 historical seasons.  Genes for triazine 
resistance carry a yield penalty, so RR canola is presumed to have a yield advantage in the 
order of 6 per cent.  This figure was also obtained using the APSIM model by comparing 
simulated yields for the best adapted TT and non-TT varieties. 

There is some uncertainty about the efficacy of post-emergent glyphosate against wild 
radish.  Concern has been expressed relating to difficulty in controlling wild radish pre-
planting with standard rates of glyphosate.  For this reason simulations have been done at 
two levels of efficacy of glyphosate, 0.75 controlled (low efficacy) and 0.9 controlled (high 
efficacy).  It may, however, be that post-emergent control would be more effective than this in 
practice due to competition by the crop. 
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Where Spray.Seed® is used as a knockdown herbicide and where the efficacy of post-
emergent glyphosate is assumed to be high, the net return for the RR rotation is similar to 
that from the TT rotation (Figure 1).  Net return is marginally higher in the early years in the 
RR rotation, so when discounting is applied the RR rotation is somewhat more profitable.  
Where glyphosate is used as the knockdown herbicide, however, the TT rotation has 
markedly higher returns in later years (Figure 2).  Figure 3 demonstrates that the use of 
glyphosate as a knockdown herbicide in an RR rotation would be slightly more profitable than 
using Spray.Seed® for a few years and substantially less profitable thereafter.   

 
Figure 1. Average net returns through time for the 3 rotations (TT canola, RR canola where the efficacy 

of post-emergent glyphosate against wild radish is presumed to be low (0.75), and RR canola 
where the efficacy of post-emergent glyphosate against wild radish is presumed to be high 
(0.9)) where Spray.Seed® has been used as the knockdown herbicide in all years. 

Where Spray.Seed® is used as a knockdown herbicide the net return is sensitive to the 
assumption of high or low efficacy of post-emergent glyphosate against wild radish (Fig 1).  
This difference results from a buildup of wild radish population through time (Fig 4).  This wild 
radish is, for the most part, not glyphosate resistant.  Rather it is glyphosate susceptible wild 
radish that becomes difficult to control following the loss of traditional selective herbicides 
from the system.  

Where glyphosate is used as a knockdown herbicide, in contrast, the net return is not as 
sensitive to the efficacy of post-emergent glyphosate against wild radish (Fig 2).  This occurs 
because substantial populations of glyphosate resistant annual ryegrass tend to build up 
from about year 10 where glyphosate is being used both pre and post-emergent (Fig 5).  
Incidentally, these large annual ryegrass populations have a somewhat inhibitory effect on 
wild radish population where efficacy of glyphosate is assumed to be low (Fig 6 versus Fig 
4).  Annual ryegrass is almost non-existent in the RR rotations where Spray.Seed® is used as 
a knockdown herbicide (Fig 7). 

As noted above it is quite possible that glyphosate used post-emergent will in fact have even 
higher efficacy than has been assumed for the high efficacy case presented here.  If so, 
where Spray.Seed is being used it is likely that the returns in an RR rotation would in fact be 
higher relative to TT than is indicated here.  Where glyphosate is used as a knockdown 
herbicide, however, the benefit from additional efficacy against wild radish would be smaller. 
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Figure 2. Average net returns through time for the 3 rotations (TT canola, RR canola where the efficacy 
of post-emergent glyphosate against wild radish is presumed to be low (0.75), and RR canola 
where the efficacy of post-emergent glyphosate against wild radish is presumed to be high 
(0.9)) where glyphosate has been used as the knockdown herbicide in all years. 

 

 
Figure 3. Average net returns through time for the RR canola rotation where the efficacy of post-

emergent glyphosate against wild radish is presumed to be high (0.9) where either glyphosate 
or Spray.Seed® has been used as the knockdown herbicide in all years. 
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Figure 4. Surviving wild radish population in the seed bank through time for the 3 rotations (TT canola, 

RR canola where the efficacy of post-emergent glyphosate against wild radish is presumed to 
be low (0.75), and RR canola where the efficacy of post-emergent glyphosate against wild 
radish is presumed to be high (0.9)) where Spray.Seed® has been used as the knockdown 
herbicide in all years. 

 

 
Figure 5. Surviving annual ryegrass population in the seed bank through time for the 3 rotations (TT 

canola, RR canola where the efficacy of post-emergent glyphosate against wild radish is 
presumed to be low (0.75), and RR canola where the efficacy of post-emergent glyphosate 
against wild radish is presumed to be high (0.9)) where Glyphosate has been used as the 
knockdown herbicide in all years. 
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Figure 6. Surviving wild radish population in the seed bank through time for the 3 rotations (TT canola, 

RR canola where the efficacy of post-emergent glyphosate against wild radish is presumed to 
be low (0.75), and RR canola where the efficacy of post-emergent glyphosate against wild 
radish is presumed to be high (0.9)) where glyphosate has been used as the knockdown 
herbicide in all years. 

 

 
Figure 7. Surviving ryegrass population in the seed bank through time for the 3 rotations (TT canola, 

RR canola where the efficacy of post-emergent glyphosate against wild radish is presumed to 
be low (0.75), and RR canola where the efficacy of post-emergent glyphosate against wild 
radish is presumed to be high (0.9)) where Spray.Seed® has been used as the knockdown 
herbicide in all years. 
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DISCUSSION 
The multi-species RIM model and the SHREC model, for the case of high efficacy of 
glyphosate against wild radish and use of Spray.Seed® as a knockdown herbicide, both find 
that returns from a glyphosate-resistant canola rotation are likely to be somewhat higher than 
for a triazine-resistant canola rotation.  RIM predicts a somewhat larger difference, probably 
largely because RIM assumes a larger yield difference between the two types of canola. 

The RIM model predicts that relatively low weed populations would be maintained in both 
rotations for the entire 20 years simulated.  In contrast, weed populations tend to increase in 
the SHREC model as the levels of glyphosate and triazine resistance build up in the weed 
populations and as the other selective herbicides fail.  There are three factors that contribute 
to this difference between the two models.  The SHREC model has assumed somewhat 
higher fecundity of the weed species, on the basis of predictions by the APSIM model.  
Secondly, increased levels of application of alternative weed control techniques are triggered 
in the SHREC model by increases in weed population in the individual runs, so such 
techniques tend not to be applied in the early years of the simulations.  In RIM the levels of 
application of additional techniques have been chosen to maximise the profits in all cases, 
and are often applied from the beginning.  Also the SHREC model simulates 30-year 
sequences while RIM uses 20-year sequences and loss of control of the weed populations is 
most marked in later years. 
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ABSTRACT 
Progress in plant biology has been substantial in recent years and there is now extensive 
information on many of the genes controlling key events in the plant lifecycle.  In particular, 
genes involved in the production of and response to mobile signals, such as those that 
promote flower production and all of the major plant hormones, are now known.  The proteins 
encoded by these genes are targets for the development of novel herbicides that are 
themselves mobile and can move from their site of application to perturb events during a 
specific stage of the lifecycle.  Perhaps more significantly, given the detailed and constantly 
improving molecular knowledge, it should soon be possible to take advantage of differences 
that exist between plant species to develop herbicides that are more specific and target one 
particular weed or taxonomic class of plants, and are less damaging to non-target species, 
such as crops and other organisms in the environment.  

INTRODUCTION 
Over the last two decades, huge strides have been taken in understanding plant biology at 
the genetic and molecular levels.  This progress has largely been through intensive study of 
a few model plants, and by advances in molecular biology in both plants and animals.  This 
research effort has yielded complete genome sequences of two plants (Arabidopsis thaliana 
and Oryza sativa or rice) and partial sequence information from a wide range of other 
species.  Complementing this effort is a range of high-throughput studies that are aimed at 
assigning function to all of the approximately 25,000 genes present in the Arabidopsis 
genome, and also at identifying and characterising members of a recently described class of 
non-coding RNA molecules that are important regulators of development and physiology. 

Sexual reproduction in plants, which includes the induction of flowering, floral organ 
formation, pollination, fertilization and seed and fruit development, has attracted considerable 
attention lately because of both its inherent biological interest as well as its role as a critical 
(and often limiting) component of virtually all plant-based agriculture.  Much of this work has 
used the model plant Arabidopsis to identify mechanisms (and ultimately the underlying 
genes) that control these processes, although the insights that have been gained are often 
applicable to all flowering plants.  Research in other model plants, such as rice, tobacco and 
snapdragon, has generally either built on what is known from Arabidopsis or has been used 
to investigate processes that do not occur in Arabidopsis (e.g., self-incompatibility). 

This article briefly overviews sexual development in plants and highlights areas where there 
has been significant recent progress.  Potentially, increasingly detailed knowledge of the 
molecular events that regulate plant function provides new opportunities for weed control.  In 
particular, plant hormones and other mobile signals that regulate development represent a 
starting point for the development of innovative weed control strategies.  Because the control 
of Raphanus raphanistrum (wild radish) is the topic of this symposium, this paper will focus 
on the model plant Arabidopsis which, like wild radish, is a member of the Brassicaceae 
(crucifers).  
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EMBRYO AND SEEDLING DEVELOPMENT 
As with most other flowering plants, Arabidopsis development begins with a double 
fertilisation event, resulting in the production of a diploid zygote and a triploid cell that gives 
rise to the endosperm (Reiser and Fischer 1993).  The initial apical-basal patterning of the 
embryo, as well as the establishment and formation of the root and shoot apical meristems 
and the cotyledons, is predominately determined by auxin fluxes and differential expression 
of numerous auxin-regulated genes and their downstream targets (reviewed in Jenik and 
Barton 2005).  Other hormones, including the gibberellins (GAs) and abscisic acid (ABA), are 
involved in the growth and maturation of seeds, respectively (Nambara and Marian-Poll 
2005).  Consequently, plant hormones are targets for herbicide design, and a number of 
existing compounds used for weed control, such as 2,4 D, act as artificial auxins.  However, 
the location of seeds within the fruit, combined with the absence of any direct vascular 
connection between the embryo/endosperm during much of seed development, make the 
delivery of mobile molecules to seeds difficult during this stage of the lifecycle. 

GA and ABA also have important roles during seed germination.  In Arabidopsis, GAs 
promote germination while ABA inhibits this process.  Consequently, seed germination has 
potential as a target for herbicides or for chemicals that promote germination and thereby 
diminish the number of weed seeds present in the seed bank (Flematti et al. 2004).  
However, access of applied chemical to seeds covered by soil and degradation by soil 
microbes may limit the efficacy of this approach. 

Plant hormones also have critical roles during later seedling and vegetative plant growth.  
Both GA and auxin are required for normal vegetative growth, with GA promoting shoot and 
leaf growth and auxin promoting growth (at appropriate levels) and regulating the early 
stages of leaf initiation.  Ethylene also regulates stem growth, and recent evidence suggests 
that these three hormones may share common downstream molecular targets (Swain and 
Singh 2005).  Similarly, the steroid-like plant hormone, brassinosteroid (BR), also promotes 
shoot and leaf growth (Bishop and Koncz 2002).  Auxins and cytokinins are also involved in 
bud dormancy and branching, and ABA has an important role in regulating stomatal opening, 
plant transpiration and responses to abiotic stress.  A number of plant growth regulators that 
block GA production are used commercially to manipulate crop stature (Rademacher 2000) 
and broad-spectrum herbicides that mimic auxin action are also commonly used.  However, 
the detailed understanding of the biosynthesis pathway involved in production of some of 
these hormones has not yet been exploited in herbicide development. 

FLOWERING 
The length of time taken from seed germination to the production of flowers depends on the 
action of a complex network of genes and proteins that monitors the developmental state of 
the plant as well as environmental conditions such as light and temperature (reviewed in 
Samach and Wigge 2005).  Depending on the species and genotype, two of the most 
important environmental regulators of flowering are daylength and exposure to an extended 
period of cold (vernalisation).  While daylength is perceived in leaves, the flowering response 
occurs some distance away at the shoot apex.  Communication between these two tissues is 
mediated by a mobile signal, often referred to as florigen, that has been the subject of many 
decades’ worth of intense and often frustrating research.  Recent work in Arabidopsis, 
however, indicates that products of the FLOWERING TIME (FT) gene may be at least part of 
this mobile signal (Abe et al. 2005, Huang et al. 2005, Wigge et al. 2005). 

Plant hormones have also been suggested to regulate flowering, with different hormones 
potentially involved in different species.  In Arabidopsis both GA (Olszewski et al. 2002) and 
ABA (Razem et al. 2006) have been implicated, while these and other hormones are 
suggested to regulate flowering in other species (Pharis and King 1985).  As is the case with 
seed development and germination, hormone-promoted flowering represents an unexploited 
opportunity for the development of new weed control measures. 
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Flowering in many angiosperms either requires or is promoted by vernalisation.  This is 
particularly true for plants growing at high latitudes, which will not flower until spring or early 
summer when longer days coupled with warmer temperatures favour sexual reproductive 
processes.  The vernalisation requirement appears to have evolved independently in many 
angiosperm lineages, and significant progress in understanding its molecular basis has been 
made in the brassicas (e.g. He and Amasino 2005, Michaels et al. 2005) and grasses such 
as wheat, barley and rye (e.g. Anderson et al. 2004, Murai et al. 2003, Trevaskis et al. 2003).  
While vernalisation in different plant families appears to share some similarities in terms of 
the types of genes involved, it appears that the exact molecular mechanisms are not 
necessarily the same.  

After inductive signals are received by the shoot apical meristem, production of inflorescence 
meristems occurs through a process that requires the combined action of several genes, 
some of which have already been mentioned.  Together with FT, the products of two 
additional genes, SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) and 
LEAFY (LFY), are responsible for activating the floral meristem identity genes that will 
regulate the process by which the familiar organs of the flower are made (reviewed in 
Samach and Wigge 2005).  Expression of these genes in the shoot apical meristem activates 
a hierarchical cascade of gene expression that brings about a transition from a vegetative 
state to a floral state and ultimately the production of flowers. 

FLOWER DEVELOPMENT 
Flowers are essentially highly modified and determinate shoots.  As a research area, the 
developmental biology of flower formation is at an exciting stage with many of the genes, and 
the relationships between them, now known.  After floral transition, the lateral organs 
produced by the shoot apical meristem consist primarily of floral meristems.  Initially the floral 
meristem begins as a small mound of meristematic cells, with the identity and concentric 
whorl patterning of the impending floral organs dependent on the differential expression of 
numerous transcription factor genes (Bowman et al. 1989).  The eventual structure of the 
wild type Arabidopsis flower is made up of an outer whorl of four sepals, followed by four 
petals, six stamens and a centrally located gynoecium.  The overlapping and differential 
expression of the transcription factor genes is not only responsible for dictating floral 
structure in Arabidopsis, but also determines floral structure in other species as well 
(reviewed in Irish and Litt 2005).  Variations in the expression domains of floral organ identity 
genes are in part responsible for the myriad forms taken by angiosperm flowers. 

Arabidopsis and wild radish both produce ‘perfect’ or hermaphrodite flowers, in which 
functional male (stamen) and female (gynoecium) organs develop.  These organs produce 
the gametes and are responsible for seed set and fruit formation.  Because of the complex 
biology of these processes, and the possible involvement of other organisms as pollinators, 
flower function is a potentially productive area to target in the development of new 
approaches to weed control. 
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Stamen development and pollen production 
Stamens are the floral organs responsible for the formation and release of pollen containing 
the male gametes.  The stamen is comprised of a filament and a distal anther in which 
microsporogenesis and pollen grain formation occurs prior to anther rupture and release of 
mature pollen (anthesis).  Pollen grains must physically interact with the receptive surface 
(stigma) of the female reproductive tract located in the gynoecium for fertilisation to occur.  In 
self-pollinating plants, such as most field crops, these processes can be initiated by direct 
contact between the pollen and stigma within the same flower.  In other plants, including 
some field and horticultural crops and many weeds, wind or insect pollinators are required to 
move pollen between different plants. 

Several plant hormones are known to play important roles in stamen development and pollen 
function.  GAs are essential for stamen and pollen development (Olszewski et al. 2002) and 
are also involved in the germination and growth of pollen tubes (Singh et al. 2002, 
Proels et al. 2006).  Auxins also function in stamen development and defects in auxin 
signalling inhibit stamen development and prevent pollen production (Nagpal et al. 2005).  
Finally, the hormones jasmonic acid (JA) and BR play an important role in pollen maturation 
and anther dehiscence (Ishiguro et al. 2001). 

Gynoecium development 
The gynoecium is a complex organ and many structural variations are seen (Endress and 
Igersheim 2000).  However, the basic function of housing and protecting ovules is universal 
and a defining character of angiosperms. 

In Arabidopsis, the gynoecium can be divided into four regions (Bowman et al. 1999), 
consisting of a stigma, a short style and the ovary, which sits on a short stalk called the 
gynophore.  Although the stigma is normally the only epidermal surface that allows for pollen 
germination, promiscuous growth of pollen tubes can occur on non-stigmatic surfaces (e.g., 
leaves) of Arabidopsis fiddlehead (fhd) mutants (Lolle et al. 1992).  The FDH gene encodes 
an enzyme required for the correct formation of the plant cuticle (Pruitt et al. 2000), and it is 
the altered cuticle composition that allows pollen grain germination to occur elsewhere on the 
plant (Lolle and Cheung 1993).  This cuticle defect also leads to abnormal fusion of adjacent 
plant tissues.  Interestingly, a herbicide has been developed that blocks the FDH pathway, 
but its mode of action is to prevent normal growth rather than to interfere with seed set 
directly (Lechelt-Kunze et al. 2003).  

In Arabidopsis germination only requires physical contact between a pollen grain and stigma.  
By contrast, in wild radish a sophisticated molecular recognition mechanism (sporophytic 
self-incompatibility or SSI) prevents germination of pollen grains produced by a related plant.  
SSI is absent from most field crops, which allows for self-pollination and efficient seed set, 

stamen (GAs)

stigma (auxin)stigma (auxin)

style (auxin)style (auxin)

ovary (auxin, C2H2)

pollen grain (GAs)pollen grain (GAs)

petal
(auxin, GAs)

sepal
(auxin, GAs)

seed (auxin, GAs, ABA)

Figure 1. Model of the Arabidopsis 
flower. 

The main parts of the flower are 
labelled, with hormones that affect 
the development or function 
indicated.  GA, gibberellin; JA, 
jasmonic acid; BR, brassinolide; 
C2H2, ethylene; ABA, abscisic acid 
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and consequently represents a potential target in weeds such as wild radish (see report by 
Newbigin et al. this workshop). 

Following successful germination, the pollen tube grows through the stigma towards the 
style, which contains a centrally located mass of transmitting tract tissue (Sessions and 
Zambryski 1995; Lennon et al. 1998), and then into the ovary, where each ovule is potentially 
fertilised by a single pollen tube.  The primary function of the ovary is to enclose, protect, and 
nurture the developing seed and embryo within.  At maturity the Arabidopsis ovary has 
differentiated into several main tissue types, including two valves that are separated by a 
replum or false septum, and placental tissue from which the ovules will develop (Sessions 
and Zambryski 1995).  In this respect wild radish differs from Arabidopsis, as there is no 
replum separating the valve tissues and siliques split transversely into seed-bearing sections 
called joints. 

GAs and auxin have important roles in development of the gynoecium.  Because both 
hormones are required for normal flower development, mutants deficient in GAs 
(Barendse et al. 1986, Goto and Pharis 1999) or with defects in auxin signalling (Nagpal et 
al. 2005) are unable to form a normal gynoecium.  Auxin gradients are also required for 
correct apical/basal patterning (Nemhauser, et al. 2000).  For example, mutant alleles of 
ETTIN (ETT), which encodes a member of the Auxin Response Factor (ARF) family 
(Sessions et al. 1997), exhibit an expansion of the stigma and style and increased gynophore 
development at the expense of the ovary (Sessions et al. 1995).  Auxin and ethylene (C2H2) 
have also been implicated in ovule and ovary maturation in response to pollination 
(Zhang and O'Neill 1993). 

CONCLUDING REMARKS AND FUTURE RESEARCH 
As this paper illustrates, enormous progress has been made in plant biology recently and 
there is now extensive and detailed information about many of the genes and proteins that 
control key events in the plant life cycle.  In particular, genes and proteins involved in the 
production and response to mobile signals, including florigen, a promoter of flowering, and 
several of the classical plant hormones, are now known.  Each of these pathways is 
potentially a target for the development of fresh approach to controlling weeds.  As an 
indication of how this might be done, consider that structure-based methods have for the 
past decade been the standard way in which the pharmaceutical industry has approached 
the task of designing drugs that specifically bind to a selected protein.  Despite the obvious 
need, these methods have not so far been tried by the agricultural industry to guide the 
design of new herbicides.  The research project described in the paper by Newbigin et al. 
aims to characterise two well-described pathways in plants, GA-regulated flower 
development and self-incompatibility, to test the suitability of this way of thinking in designing 
new methods of weed control. 
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