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Top picture: A population of barley grass (Hordeurn spp.) with matured spikes.

Bottompicture: Capeweed (Arctotheca calendula [L.] Levyns) in full bloom.
Both populations had survived diquat-paraquat applied at75-125 g active ingredient ha-l

in

a

luceme (Medicago sativa L.) crop.
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ABSTRACT
region of Australia to determine the
Field surveys were undertaken in the south-eastern
(Hordeum
paraquat resistance in barley grass
occurrence and distribution of diquat and
weed of pastures in Australia' using
glaucumsteud.), an important and widespread
resistance' it was shown that diquat
laboratory and glasshouse techniques to determine
(4'97o of the
in this species has occurred in only a small number
and paraquat fesistance

frelds within the Ararat-Willaura
total fields surveyed) of lucerne (Medicago sdava|-')
paraquat occurred in this species primarily
region of Victoria. Resistance to diquat and
as a consequence

use of
of intense selection pressure from the once annual

these

periods ranging from 15 to 24 years'
herbicides as the sole means of weed control over
paraquat-resistant populations of two
The survey led to the discovery of diquat and
a species of barley grass closely related
other annual weeds: Hordcum leporinumlink ,
(L.) Levyns (capeweed), a dicotyledonous
to H. glaucurn, and Arctothecø calendula

field, diquat and paraquat-resistant
weed also common in pastures. In one lucerne
This is the f,lrst known instance in
populati,ons of aII three species were discovered.
resistant in a single field as a result of
which more than one weed species has become
glasshouse and simulated field
selection pressure from one herbicide. Tests under
three species were susceptible to a
conditions showed that the resistant biotypes of all
that H. Ieporinum is the most
number of other herbicides. The survey also revealed

Ararat-willaura region'
widespread species of Hordeumgrasses within the
Field. experiments to compale

productivity and competitiveness of the resistant and

and paraquat' revealed that the resistant
susceptible H. glaucwnin the absence of diquat

and was less competitive
biotype had significantly reduced overall productivity
productivity and lower competitive
compared to the susceptible biotype. This reduced
ability in the absence of

a

unsprayed
herbicide supports the observation that in a normal

population, resistant individuals,
susceptible individuals.

if

to the
present, are at very low frequencies compared

glaucum
A similar field experiment between theresistant H'

XI

and susceptible

fI. leporinum also revealed that the resistant

biotype had reduced

productivity both in the absence of competition and under competition. The results from
these experiments indicate that in the absence of any paraquat or diquat application

competition from both the susceptible H. glaucum and susceptible 11. leporinum should
resulr in a significant shift in population (in the long term) in favour of the susceptible
biotype/species.

Growth room and glasshouse experiments were caried out in an attempt to establish the
basis of differences in productivity and competitive ability benveen diquat and paraquat-

resistant and susceptible biotypes of I/. glaucurn. Resistant and susceptible seeds of

glaucum produced under identical conditions in the field were used in

f/.

these

experiments. Although the resistant biotype produced significantly lower dry matter,
numbers of tillers, number of leaves and total leaf area at successive days after planting,

plant growth analysis showed no significant differences in relative growth rate leaf area

ratio and net assimilation rate between the two biotypes. In both the presence and
absence of competition the two biotypes showed no significant differences in quantum

yield of photosynthetic oxygen evolution. These results could not establish the basis of
the differences in growth, productivity and competitive ability observed between the
resistant and susceptible biotypes

Experiments relating to the practical implications of diquat and paraquat-resistance in

Hordeum spp. and A. calendula were carried out in a held and glasshouse study at the
Waite Institute and on a field infested with populations of these species. It was shown
that seeds of the resistant and susceptible

É1.

glaucum stored over summer under field

conditions ofbare soil, under crop stubbles and 2cm below soil surface, did not differ
in their periods of dormancy or patterns of germination.

Using glyphosate to prevent the addition of new seeds to the seedbank, it was shown
that soil seed reserve of the resistant Hordeum spp. can be reduced by up to98 Eo over
a two year period and that of

A. calendula,by

gOVo over a

similar period. Cultivation

did not have a significant effect on the rate of depletion of seed reserve of either species.

It was also demonstrated on the same field that significant yield increases of wheat can
be obtained using either conventional tillage prior to sowing or sowing with minimum

tillage (using glyphosate for control of resistant Hordeum spp.). Both treatments
resulted in significant control of the resistant Hordewn spp-
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CHAPTER

1.

GENERAL INTRODUCTION
The great success of synthetic organic pesticides is now under challenge from an

increasing number

of resistant species of

insects, plant pathogens and weeds

(Georghiou, 1986). The possibility of weeds becoming resistant to herbicides was
expressed soon after the use

of

herbicides

in agriculture became widespread

(Blaclcnan,1950; Abel, 1954; Harper, 1956). The first published evidence of resistance
to a herbicide in a weed species was a biotype of senecio vulgarís resistant to simazine

in a nursery in Washington, in the United States of America (Ryan, 1970). Resistance
occurred after several years of application

of t:ranne herbicide as the sole means of

weed control. There has been a rapid increase in the number

of

species becoming

resistant to various herbicides world-wide. Currently, worldwide, there are some 100
weed species with biotypes confirmed as resistant to various herbicides (LeBaron and

McFarland, 1989). The majority of these have occured in the northern hemisphere and
involve specific resistance to the tiazlne herbicides in areas where these herbicides have
been extensively used.

Weed resistance to herbicides is of considerable scientif,rc and practical significance due

to the reliance of modern agriculture on the efficacy of herbicides. In a practical sense

however, herbicide resistance has so far not caused the adverse economic impact that
has resulted from insecticide and fungicide resistance. This is due

partly to the fact that

there are fewer populations developing resistance and once identified,

resistant populations is usually possible by options such as the use

control of

of

alternate

herbicides, cultivation, crop rotations and selective gtazing.

A number of weed species with resistance to various herbicides have also appeared in
Ausrralia (Powles and Howat, 1989). Diquat and paraquat resistance has been
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documented in the important and widespread annual grass weed, Hordeum glaucum
Steud. commonly called barley grass (Warner and Mackie, 1983). Over a fifteen year

period, the non-selective, contact herbicides diquat and paraquat were used successfully

on a mixed cereal cropping and sheep grazlng enterprise at Willaura, Victoria for the

control of H. glaucum and a number of other winter weeds in lucerne. In 1981,
following the application of the recommended dose of these herbicides, poor control of
barley grass was evident in one of four fields sown to lucerne. Poor control was again

observed

in

1982 and

in

1983, two applications

of slightly higher than

the

recommended rates proved ineffective. Samples of H. glaucum collected from this
population was shown to have 250 fold- resistance to paraquat compared to the normal
susceptible biotype (Powles, 1936). The appearance of the diquat and paraquat-resistant

H. glaucum population within the cereal growing region of southern Australia is of
serious practical and scientific concern. Studies reported

in this thesis were caried out

to address the following aspects of diquat and paraquat resistancen H. glaucum;

I. Determine the occurrence and distribution of diquat

and paraquat-resistant

É1

glaucum biotype in areas where diquat and paraquat are used in southern Australia.

tr. Determine whether diquat and paraquat resistance has occurred in other annual weed
species found

within the same cropping system

as the

initial diquat-paraquat resistant 11.

glaucum population.

III. Examine growth

and competitiveness of the p¿ìraquat-resistant H. glaucum relative

to the susceptible biotype and relative to H. leporinum,a closely related species (in the
absence of diquat and paraquat).

IV. Examine aspects of the biology, ecology and physiology of the resistant and
susceptible

H. glaucum

competitiveness.

biotypes which may influence their productivity and
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V. Examine three aspects of field infestation by resistantH. glaucurn which are likely to
be of immediate concern in a farming situation. The aspects examined were:

over suntmer.
ä. the numberof years a seed bank ofviable resistant H. glaucurn is maintained

in the soil.
iä. ttre effect of conventional and minimum tillage on resistant H. glaucutn in a
wheat crop.
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CHAPTER

2

LITERATURE REVIEW.

2. 1. BARLEY GRASS (¡TORDEUM SPECIES)

2. L. L. Introduction
family
The term barley grass is generally used to describe wild plants in the Gramineae
and is
which belong to the genus Hordeum. The genus has a world-wide distribution
genera such as
noted for the wide range of species it contains compafed to other other

Triticum, Secale ¡¡nd Avena all of which provide food grains (Smith, 1972)'

H'

vulgare, common barley is well known as an agriculturally important clop' Other
important as
members of the Hordewn genus are wild types which can be economically
components

of

grasslands as

well as weeds. In 'The Flora of South Australia'l

flat leaf blade;
members of the Hord.eum genus are described as annuals or perennials;
ligule short, truncate; inflorescence

a dense spike; spikelets

l-flowered, sub-cylindrical'

spikelets
arranged side by side in 3's in the alternate notches of the rachis; central

of

bristles and
each triad bisexual; glumes 2, persistent, nalrow, resembling awns or
placed side by side in front of the spikelet; lemma convex' 5-nerved and long-awned'

2. L. 2. Origin of the genus Hordeum
The

Hordeum

spp

is generally believed to have originated in Asia minor' Bowden

(1959) considers the centre of origin to be Eurasia with migration to the Americas by

different
way of the Bering Straits before the Tertiary period. During migration through
habitats and through the passage of time, speciation occurred.

lFlora of South Australia: Part IV. (eds. J. P. Jessop and H. R' Toelken), Adelaide'
South Australia (1984).
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H. spontaneum is thought to represent the original wild species, an assertion supported

by its wide natural

occurrence from the eastern Meditenanean to Central Asia and its

sonsiderable variation through a rangc of forms (Bowden, 1959). There has been
considerable evolution in this genus into species and sub-species. As the genus has
achieved world-wide distribution, considerable confusion over its taxonomy has arisen.

However various cytogenetic studies on the genus (Morrison 1959; Rajhathy and
Morrison, lg62),allow the use of chromosome numbers in addition to morphological
characters to differentiate among individual species.

Z. 1. 3. Occurrence and world-wide distribution of the uncultivated
members of the Hordeum genus
Table 2. 1 shows the world-wide distribution of the non-cultivated members of the
genus Hordetan.Due to similarities

in morphology and other taxonomic characteristics,

members of this genus have been classed into four main groups comprising a total of
about twelve species and a further thirteen species which are not related to any of the

groups and are therefore classed as 'ungrouped' (Smith, 1972).It is seen from these

groupings that the area

of

greatest abundance

of

species are the USSR and the

Americas. Of the twenty-one known species, nine occur within the USSR, seven in the

U.S.A, ten in South America, two in South Africa, five in Australia and four in New
Znaland.

Table 2. 1. World-wide occurrence and distribution of the non-cultivated members of

Hordeum speciesl.
peci es

Area of occurrence

Group

S

I- secalinutn

H. secalínum

Islands off south-west France

:

H. secalinumvar

Tibetan Himalaya, China, Asiatic

brevisubulatwn

Meadows of Baraba in West Siberia

Russia
= H. brevísubulatum
Baikal

Siberian grasslands, east

of

Lake

6

Shores of Straits of Magellan

H. secalinum vaÍ

pubiflorum

2.

jubaturn

H. secalinum

Northem Afghanistan

H. secalinum

Azerbaidzhan

H. secalinum

South

:

Australia

H. nodosum

H. jubatum

Africa

Kansas, on saline areas

New Zealand
H. jubatum

Alberta rangeland
Saskatchewan saline areas

= H. brachyantherum

Alaska, Aleutians, eastern Asia, Pacihc
coast of USA and Canada

Oregon and California, Aleutians,

= H. cahfornicurn

widespread elsewhere in IISA
=H . j ubatum vaÍ. breviaristatum

Alaska

H. caespftorum
=H. j ubatum var. caespitotum

Alaska

H. monta.nense

hairies of Montana

H.lechleri

Sweden, eastern Europe, southern

and WYoming

parts of South America

3. marinu¡n

H. hexaploídium

Argentina

H. hystrix

New Zealand, California rangeland,
Western States of USA, New
England, Afghanistan

= H.

marinum

Argentina

= H. marinumvar. gussoneanum Turkey

ot H. gussoneanum

maritimum
H. murinum
= H.

4- murinwn

Australia

North-west India and westward to

Atlantic, North-west EuroPe, Great
ritain, New Zealand, France,
Uruguay, Oregon ( USA),
ca.

South

H. murinumvar.

Ieporinum

H.leporinum

Semi-arid pampas of Argentina
Caucasian USSR, Southern and

south-eastern EuroPe, Chile,
Ausralia
H. leporínum = H.

rubens

Western USA and Canada
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= H. ambiguum
= H. pseudomurinum
=

H. stebbinsii

H. glaucum

Western USA
V/estern USA
Western USA

North-west India to Mediterranean

region,
Australia
5. Ungrouped H. turkestanicum

H. bogdanü

Turkey
India, South-eastern Europe, Southeastern part of west Siberia,
Eastern Turkestan to Mongolia.

H. geniculatutn

South-eastern Caucasus

H.violaceum

Caucasus

H.laguniculiþrme
H. chílense
H. spontaneum

South-eastern Caucasus

Chile

USSR, South-west KoPet-dag,
Middle east, through Iran to India

H. pusillum

All overUSA, but less in Atlantic
states, South America, saline stream

banks

H. stenostachys

Argentine pampas

H. compressum
H. comosum

Argentine pampas

H. arizonicum

Arizona and Califomia

H. depressum

Califomia, Idaho, Washington

Patagonia

lAdapted from Smith (1972)

2. L. 4. Origin and distribution of Hordezm species in Australia

2.

l. 4. 1. Introduction.

The 'Flora of South Australia'l lists five species betonging to the genus Hordeum,
occurring in South Ausüalia as well as the other mainland states in Australia. These are
the cultivated barley crop, H. vulgare and four species, generally referred to as the

barley grasses: Hordeum glaucum, H. Ieporinum, H. hystríx and 11. marínum- A fifth

barley grass species, H. murinum has been recorded only near Hobart, Tasmania
(Cocks et a1.,1976). H. murinuffi, H. glaucum, and 11. Ieporinum have very similar
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morphological characteristics and comprise what is generally referred to as the Hordewn

murinum complex (Covas, 1949; Monison, 1958). They constitute the commonest
members of the Hordeum genus in Australia (Cocks et

H. leporinum

and

H. glaucum occur in all

states

al.,1976). Within the complex

in mainland Australia. As a group

they are readily recognised in the vegetative stage by the large auricles; leaves rolled in
the bud; shiny leaf and sheath with scattered soft hairs. In the reproductive stage, the

newly emerged inflorescence resembles that of barley with long, scabrid awns. The key
to the Australian representaúves of H. murinum complex is given in Appendix 2- 1.

The complex is native to Europe, western Asia and North Africa and the three species

have been introduccd into many parts

of the world, ospecially countries with

mediterranean-type climate. According

to Cocks

et al. (1976), the origin

of

the

Australian representatives of the H. murinum complex and possibly other members of
this genus are, England, the western Mediterranean including the Canary Islands and
Madeira, the eastem Mediterranean, South Africa and north-west India and Pakistan.

2. 1. 4.2. Members of the genus Hordeum present

H.

in Australia.

Ieporinum

H. Ieporinum was named as a new species in 1834 (Link Linnaea 9:133, cited by
Jessop and Toelken, 1986). Cytological studies by Morrison (1959) reveal that

retraploid (2N = 28). It is a native of Europe and Asia where

it a

it is restricted to the

Mediterranean margin and the western parts of Asia. It is now introduced into most
parts of the world (Smith, 1972). Until recently H. leporinwn was the only species of

barley grass recorded in Australia (Cocks et al.,

197

6). It is believed to have been

introduced into Australia as a contaminant of fleece soon after settlement (Milthorpe,
L943, cited by Kloot, 1936) and is currently found

in all the States (Jessop and

Toelken, 1986). Early collectors found H.leporinum mainly in Victoria and Tasmania.
The earliest was reported to have been found at Southport, Tasmania in 1856 and two
specinrens were fgund in the arid western region of New South Wales (Cocks et al,
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1976).

H. leporinum geîerally

Ausfalia with

appears to be restricted to the southern regions

a Mediterranean-type environment.

having rainfall in excess

of

of

It tends to grcws in the wetter regions

425 mm.and is found as far north as Sydney

in New South

Wales and in South Australia and Victoria. The occurrence in the Northern Territory is
noted as being very

H.

rare (Cocks et al. 1976).

glaucum.

H. glaucum was named in 1854 (Steudel: Synops. Pl. glumac. l:352, cited by Jessop
and Toelken, 1986). Chromosome counts by Morrison (1959) revealed

that H.

glaucwn is a diploid (2N = l4). It is a native of the eastern Mediterranean region (Bor,
1960). Like É1. leporinum

it

has been introduced in many pafts

of the world including

Australia where it is believed to have been introduced as a contaminant in fleece around
the time of early settlement (Milthorpe, 1943, cited by Kloot, 1986). H. glaucum is

found in all the states in Australia, more commonly in semiarid regions of southern
Australia with less than 425 mm of rain although

it grows in the wetter

areas

of the

northern parts of New South Wales and southern Queensland (Cocks et al., 1976)-

H. murínum
H. murinum was first named in 1753 (Linnaeus : Sp. Pl. cited by Jessop and Toelken,
1986). It is a ter,raploid, 2N = 28, (Morrison, 1959). According to floras and species

lists,

it grows widely in Europe, western Asia and North Africa (Smith,

1953 this species

was incorrectty identified

as

Il.

1972). Until

Ieporinurn in Australia. It has been

found only near Hobart in Tasmania (Cocks et al.,1976).

H.

marínum

H. marinum was named in 1778 (Hudson: Fl. Angl. edn2,I:57, L778 cited by Jessop
and Toelken, 1986).

It is a tetraploid, 2N =28, (Morrison, 1959) and a native of Europe

where it is resuicted to coastal areas (Smith,1972). H. marinum was first recorded in

New South Wales in 1906 and may have been introduced in Australia as a contaminant
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of ballast (Perkins 1883, cited by Kloot, 1986). It is found in South Australia'
It tends to occur in pastures and
Queensland, New South Wales and Victoria.
Toelken, 1986)'
wastelands especially in salty areas subject to inundation (Jessop and

H.

hystrix

H. hystrixwas
1986).

named

in 1797 (Roth: Catal.

bot. l:23, cited by Jessop and Toelken'

It is Mediteffanean in origin and was first recorded in South Australia in 1900'

lands and
The means of introduction in Australia is unknown. It is a weed of disturbed
and can
is found in all mainland states except the Northern Territory. It is widespread
as sole components
become an important component of pastures and has been observed

(Smith,
of pastures in waterlogged soils in some seasons in south-eastern Australia
1912).

weed spocies
Considerable diffrculties still exist in distinguishing between the various

in

'barley grass' when used
the Hordeuru genus. For ease of reference therefore, the term

in this thesis, will, unless otherwise stated, refer to a mixture of some of the various
species described above.

2.

l. 5.

Biotogy and Ecology of Hordeum spp'

2. L. 5. 1. Introduction
Within
Hordeumspp. are associated mainly with pastures and wasteland in Australia.
component and
the arable regions of southern Australia, they can be the major pasture
some cases,

in late spring, they comprise 40 to75

Vo

in

on a dry matter basis' (Squires'

more
1963; Smith, 1968; Myers and Squires, 1970). Hordeum spp. often comprise
than 50Vo

of sward dry matter and in one grazing experiment, this was increased to

They make
more than 907o whenclose continuous grazing was imposed (Smith, 1968).
valuable contributions towards animal feed requirement especially

if

the soil nitrogen

areas
level is high (Smith, 1967). This has been particularly noted in the semi-arid

where

it

was found that sheep preferentialty grazed Hordeum spp' such that they
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comprised a major part of their winter diet (Leigh and Mulham, 1966). However, in

mid to late spring Hordeum spp. become unpalatable with maturity (Whittet, 1968;
Smith, 1967; Tickner, 1968). Additionally, the awned seeds produced cause mechanical

injury to sheep and reduce their productivity (Whittet, 1966; Boyer, 1968, Tickner,
1968).

2. 1. 5. 2. Factors influencing distribution and

success

of Hordeunt

species.
Climatic factors. The most significant effect of climatic factors on the barley

grasses

is the influence on species distribution. H. glaucum and H. leporinurn are generally
restricted by the amount of rainfall with

H. leporinum

tends to be

É1.

glaucum growing in the drier areas whereas

in wetter areas with 425mmrainfall isohyet dividing their

habitats (Cocks et aI.,1976); H. hystix is prevalent in seasons when waterlogging
occurs (Smith, 1972); H. marinum is more commonly found in saline areas subjected

to inundations and H murinum is dominant in areas with high rainfall in summer
(Allen, 1973).In southern Australia (Cocks et al.,1976), New Zealand (Allen, 1973)
and in Europe (Davidson, l97O),

H. glaucum, H. leporinum,

and

H. murinum appear

to form a graded sequence of morphological differences associated with climate

Soil factors. Soil conditions such as high nutrient status (particularly nitrogen), have
been found to promote high incidence of Hordeum spp. (Saxby, 1956; Rumball 1970.).

Rumball (1970) found that the frequency of Hordeum plants within a pasture
community tended to be greater under lower levels of soil moisture indicating that soil
moisture influences the potential for invasion by Hordeum spp. Popay and Sanders
(1976) also found that very wet soil inhibits the growth of Hordeutn spp. However they

found no correlation between other soil factors such as soil salinity and pH and
frequency of occurren ce of H orde um.

Seed characteristics and seed production. Seeds of Hordeu¡?? spp. are carried
in florets which break frorn the rachis in groups of three:

a

central fertile floret and two

T2

lateral sterile florets. The seeds are large relative to most other grass weeds (Smith,
1968). The seeds have a sharp point and each of the florets have a sharp awn. The awns

provide an efficient dispersal system by adhering to the fleece of grazing sheep which
enable the dispersal unit (the barbed awns) to be particularly effective. Seed dispersal to

new sites as components of pasture hay is also effective. The awns aid in adherance at
the soil surface compared

to other annual plants such as subterranean clover or ryegrass

and they also protect the maturing seed head

from foraging by grazing animals (Smith,

1968). The larger seed size protects the seeds from removal to seed stores by ants,

which prefer the smaller seeds of Lolium rigidum (McGowan, 1967). Seed production
is copious during the spring (Grant and Rumball, 1971) and in one study, as much

as

43,000 seeds m-2 were recorded (Meektah,1964).

Dormancy, germination and seedling establishment. As an annual, Hordeum
spp. depend on seed for survival from one season to the next.

A number of factors

combine to make this very efficient in Hordeum. Freshly matured seeds do not
germinate readily during the first summer (Laude, 1956; Rossiter, 1966; Smith, 1968)
and although they rapidly lose innate dormancy they remain dormant (enforced) at the

high temperatures operative on the soil surface during late summer to early autumn

(Smith, 1963). This factor is important

in southern Australia where

germination

following summer rains can result in seed wastage of many pasture species. It is
significant that there is very little seed carry-over from one season to the next
(McGowan, 1970; Smith, 1963). Thus the success of barley gtass lies in its ability to
produce large numbers of seed in one season followed by a high percentage germination

in the following season.
Once established, seedlings are relatively drought resistant (Smith, 1968). Frost damage

to seedlings of Hordeum species may occur in late spring but damage is minimised by

high nitrogen levels in the foliage (Smith, 1963). Close grazing by animals has been
shown to increase tillering without significant damage to shoot apex (Burt, 1966)
although at early stages of growth it has been showlt to reduce the Hordcwn content of

r3

pasrures (Myers and Squires, 1970). Thus the

life cycle of Hordeum is generally well

adapted to the climatic and biotytic factors prevailing over much

of the southern

Australian region.

2.

1.5.3. Hordeurn

species as weed

in field

crops.

Hordeymspecies generally grow from May through October. They are listed among the
weeds which are recognised as problems in field crops in southern Australia (Poole,
1986). Infestations of Hordeum spp. can cause significant reductions in numbers

of

fertile tillers as well grain yield of wheat (Poole et al ,1986). In New South Wales
Hordeum spp. are listed as common in oats and early sown wheat where they cause

yield reducrions at high densities (Leys and Dellow, 1986). Hordeum spp. are also
listed

as one

of the weeds in annual crops in Tasmania (Smith, 1986) and in Western

Australia barley grass is ranked with ryegrass in competitive ability in crops. (Poole,
1986). Barley grasses are not considered a serious weed in crops in South Australia
except in drier areas and in situations in which pre-sowing cultivation is poor (Heap and

Stephenson, 1986). Barley grass is also not considered as an important ánnual grass
weed in winter crops in Queensland (Wilson, 1986) or Victoria (Code, 1986).

2.

I. 5. 4. Hordeum

species as weeds

in pastures.

Hordeum species are ubiquitous as weeds of pastures and are very prevalent in lucerne

(Smith, 1968). Over 15 million hectares of pastures are infested with barley grass @.

D. Carter, personal communication). Lucerne is grown for grazing, hay and seed
production in many a¡eas in southern Australia. When lucerne is grown primarily for
grazing

it is sometimes sown with

subterranean clover (Triþlíum subterraneumL.).

These pastures are often infested with various species of

glaucum

and,

Hordeun particularly H.

H. leporinum. They are prevalent from May to October and reduce the

monetary and feeding value of lucerne hay produced during the spring months (Whittet,
1968; Tickner, 1968).
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2. L. 6. Control of Hordeum species

2. l. 6. 1. Effect of Management practices
A number of non-chemical management practices are available for the control of
Hordeum species. However these have had limited success and in some cases have
enhanced the productivity of various Hordeum species (Smith 1968). Hordewn content

of pasture was reduced following mowing for hay in the south-east of South Australia
(Crocker and Tiver, 1949). However Smith (1968) found mowing only moderately

effective and seed production as well as tillering were found to increase following
cutting. Grazing also did not signif,rcantly affect seed set. Other management practices
that have been tried include oversowing with other pasture species

that are highly

competitive. However although this may supress vegetative growth of the Hordeum
species, seed set is usally not significantly affected (Henderson and Grant, 1974).

2.

l.

6. 2. Chemical control of Hordeum species

Control of Hordezrz species in cereal crops
There is currently no herbicide registered for post-emergent barley gtass control in
cereals. However control

of barley grass in a pasture phase (in the year before

cropping) can be carried out using the technique known as spray topping (also variously

known as pasture topping and chemical topping). The technique involves the application

of sub-lethal doses of gtyphosate or pamquat to weeds (mainly annuals) during seed
formation to reduce the production of viable seeds (Jones et a1.,1984; Blowes et al.,
1984). In one trial glyphosate resulted in the highest reduction of Hordeurn species in
the

following season (Smart, 1986).
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2. 1.6.3. Control of Hordeum species in lucerne and other pasture
plants.

Use

of selective herbicides. A range of new

aryloxyphenoxypropionate

(haloxyfop, fluazifop and quizalafop) and cyclohexanedione (sethoxydim) herbicides
are effective

in removing grasses, including Hordeum spp. from dicot crops and

pastures. These new graminicides are starting to be used in lucerne fields. When lucerne
is in the seedling stage, fluazifop at 100 to 212 g ha-l or carbetamide at 1.7 to 2.7

kgha

1is recommended for effective control of Hordeum species (Dellow and McDonald,
1989). In trials conducted in Victoria., post-emergent application of haloxyfop was

effective in the control of several grass weeds including Hordeum species in lupins

(Phimister, 1986). Southwood (1971) found that diuron, linuron and atrazine
effectively controlled Hordewn species in dryland lucerne resulting in yietd increases of
lucerne. However all three herbicides severely affected subterranean clover and burr

medic thus precluding their use

in situations where

these legumes are desirable for

grazing. In New Zealand and Australla, Hordeum species have been selectively
controlled with dalapon in white clover (Lynch, 1955; Merry, 1959; Squires, 1963).

However when used in subterranean clover, dalapon caused severe damage to the
clover at rates which controlled Hordeum species (Squires, 1963, Cuthbertson,1964).
Dalapon has also been successfully used to selectively control Hordeum species in
medic (Campbell, 1961) white clover (Lynch, 1955; Merry, 1959; Squires, 1963) and
subterranean clover (Squires, 1963; Cuthbertson, 1964) although

in each case

signihcant crop damage followed at the rates required to control the grass.

Use

of non-selective herbicides. A common practice in the control of Hordeum

species (and other annual weed species) in established lucerne involves the application

of the contact non-selective, non-residual herbicides diquat and paraquat in winter
(during this time the lucerne is dormant and little injury is caused to the lucerne)
coinciding with the time of growth of Hordeum species as well as other annual weed
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species. Diquat and paraquat have been reported to give satisfactory conüol of Hordewn

species in a number of lucerne pastures (Cuthbertson,1964; Squires and Rogers, 1964;

Tickner, 1968).
The effectiveness of paraquat in the control of Hordeum species in lucerne has resulted

in the widespread use of paraquat (and diquat) in the control of Hordeum and other
various other annual weeds in lucerne production. The herbicides a¡e applied in the
form of a cornmercial formulation of pilaquat and diquat (175 and 75 g active ingredient

ha-l respectively) in late autumn to early winter. These herbicides belong to the
herbicide group known as the bipyridylium herbicides.

2. 2. TIIE BIPYRIDYLIUM HERBICIDES

2.2.I.

Introduction

Diquat and paraquat are the two most important members of the herbicide group known
as the

bipyridylium herbicides, first described by Brian et al. (1958). They are available

commercially as salts; diquat as the dibromide (marketed as Reglone@) and pamquat as
the dichloride (marketed as Gramoxone@). They are non-selective with rapid herbicidal

action and are rapidly inactivated by irreversible adsorption on contact with soil, a
characteristic that makes them generally ineffective against perennial weeds.

2.2.2. History

of the bipyridylium

herbicides

The bipyridilium herbicides were discovered following work ca¡ried out at the Jealotts

Hill

Resea¡ch Station of the Imperial Chemical Industries Ltd in England (Brian et al.,

1953). Diquat, (1,l'-ethylene-2,2'-dipyridylium dibromide), was the first to be
synthesized and subsequently shown by Brian et aI. (1958) to have exceptional
herbicidat activity as a contact herbicide. Following the correct deduction of its chemical

structure, a range of related bipyridyl quaternary salts were synthesised which on
testing, established a correlation between the structure and herbicidal activity of these
compounds. The structures of diquat and paraquat are shown in Figure 2. 1. Paraquat
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(1,1'-dimethyl-4,4'-bipyridylium ion) emerged as one of the most active members of
these salts and

its superior herbicidal property on

grasses over diquat was soon

established (Jeater, 1964).It was soon realized that paraquat was capable of killing all
vegetation quickly and completely without leaving a residue. Thus one of the earliest

herbicidal uses envisaged for paraquat was that crops could be drilled directly into
paraquat-sprayed weeds

with a minimum of cultivation. This was successfully

demonstrated by Hood (1965).

A third

member

of the bipyridyl group of herbicides, morfamquat (1,1'-di-(3'5-

dimethylmorpholinocarbonyl-methyt)-4,4'-bipyridyldiylium), is sufficiently selective
against dicots to allow its r¡se in post-emergence weed control

in cereals (Fox and

Beech, 1964). However due to erratic herbicidal performance morfamquat is no longer
commercially available.

2. 2.

3

Physical and chemical properties

Diquat dibromide and paraquat dichloride are quaternary ammonium salts. They are
non-volatile and completely soluble in water. Solubility in other hydroxylic solvents is

limited and they are completely insoluble in nonpolar organic solvents. Paraquat
dichloride is hygroscopic whereas diquat dibromide forms well-defined crystalline
hydrates. The diquat and paraquat ions are flat and highly polarizable hence their rapid

and complete adsorption onto soil particles. This property means that the bipyridyl
herbicides do not have any residual activity in the soil and a.re therefore unavailable to
plant roots and other soil organisms (Burns and Audus 1970).
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Figure 2. 1. Chemical Structures of the two common bipyridyl
herbicides
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2.2,4.

Degradation

The ultraviolet component of sunlight can induce rapid photochemical degradation

of

paraquat (Slade, L966) and cliquat (Summers, 1980). Degradation is much more rapid

with diquat than paraquat. In sunny conditions very little paraquat or diquat remains on

plants after a week (Summers, 1980). This is because

in daylight, significant

photochemical degradation of paraquat and diquat occurs on plant surfaces (Slade,
1966; Funderburk er al.

,1966)

Paraquat has not been shown to be metabolized
1968; Harvey et

in any species investigated (Calderbank,

a\.1978). This is supported by observations that radioactivity moves

identically in plants treated with laC paraquat labeled either on the methyl or the ring

goups (Slade and Bell, 1966). There is also no evidence for metabolism of diquat in
the plant (Calderbank, 1968; Summers, 1980).

2. 2. 5. Mode of herbicidal action
2. 2. 5. 1. Uptake and movement in the plant
Diquat and paraquat are rapidly adsorbed on to leaves and uptake into the leaf is very

fast, and is largely complete within a few hours of application (Brian, 1967). In
addition, Brian (1967) found that uptake of diquat and paraquat is faster in darkness
than in the light, indicating cuticular rather than stomatal uptake. There is evidence that

the bipyridyl herbicides can act in pafrs of the plant other than the area of application
suggesting that there is movement within plants (Brian et a1.,1958; Homer et a|.,1960;

Summers, 1980). However there is little movement from the shoot to the roots although

movement into the shoot from roots dipped

in the herbicide solution

has been

demonstrated in some plants (Summers, 1980).

Movement of bipyridyls in the plant is affected by illumination. Homer et al. (1960)
found that

if part of a plant

was Eeated with diquat and kept in the da¡k, death of the

whole plant was extremely rapid when it was brought into the light indicating that diquat
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is absorbed and transported within the plant in the dark. Using autoradiography to study
movement of diquat in plants, Baldwin (1963) showed that the herbicide is transported

in the xylem and this transport is reduced in the dark because transpiration is then
limited by stomatal closure. Data from Thrower et al. (1965) demonstrated that
movement of diquat and paraquat was not in the phloem.

Smith and Sagar (1966) showed that a period of darkness is necessary for the adequate
penetration and local movement of diquat in a treated leaflet, but that light is necessary

for longer-distance transport. They also showed that stomatal aperture is not the major
facror in this requirement for light. Diquat moved equally in the light or dark

if it was

applied to the exposed vascular tissue of a petiole where a leaf had been excised. The
conclusion was that diquat is not significantly transported from a source leaflet under
constant illumination because of damage induced by the herbicide in the treated leaflet.

Darkness allows diffusion throughout the source leaflet and hence the presence of

diquat in the xylem. On subsequent illumination the treated leaflet rapidly dies,
allowing a reversal of xylem flow in the petiole, just as if the leaflet had been excised.
The "transpirational pull" of the rest of the plant causes this reversal and results in longdistance transport of diquat, no\¡/ essentially independent of light or dark conditions.

High humidity and low soil moisture has been found to increase the movement of diquat
and paraquat in leaves (Brian, 1966).

2. 2. 5. 2. Mechanism of action
Early studies with bipyridyt compounds revealed that herbicidal activity was confined to
the quaternary salts of 2,2'-and4,4,'-bipyridyl with the two pyridine rings in the same
plane and possessing redox potentials [E'g] between -33 and -500 mV and which can be
reduced to water-soluble free radicals by the addition of one electron (Homet et al.
1960). Paraquat, diquat and morfamquat with [Eg] values of -466, -349 and -305mV

respectively, all shared these properties which enabled them to compete for electron

flow from the primary electron acceptor of photosystem I in photosynthetic elecfton
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transport (Figure 2. 2) within the thylakoid membrane (Zwelg and Avron, t965;
Black,1966). The primary electron acceptor of photosystem

I

has sufficient reducing

power to reduce the bipyridylium ion to a bipyridylium free radical by the addition of
one electron This results in decreased electron

flow to NADP+, and hence an inhibition

of the carbon-reduction reactions. Total inhibition of net carbon dioxide fixation

has

been observed one hour after bipyridyl application (Harvey and Fraser, 1980). As a
result of the stability of the bipyridylium ion, the bipyridylium free radical is instantly

reoxidized by molecular oxygen. This creates the potential for a chain reaction that can
greatly amplify the damage caused by the initiating radical (Rabinowitch and Fridovich,
1983). Such chain reactions can result in peroxidation of unsaturated fatty acids which
are essential constituents of cell membranes. The reoxidation

of the bipyridylium free

radical (Bl*.¡ results in the recycling of the herbicide ion and also the formation of the
superoxide radical anion thus:

Superoxide can dismutate to oxygen and hydrogen peroxide, a reaction that is catalysed

by superoxide dismutase (SOD) an enzyme normally present in the chloroplast
(Shimabukuro, 1985):

Oz-

+

o'2-

+ 2Il+

->

HzOz

+

Oz

Superoxide and other oxygen radicals resulting from electron transport to paraquat
cause peroxidation

of unsaturated fatty acids within cell membranes which result in loss

of membrane integrity and subsequent disruption of cellular processes, bleaching of
chlorophyll and dessication, leading to rapid death. Damage has been observed to the
plasmalemma (cell membrane), tonoplast (bounding the vacuole), mitochondria, nuclei,
chloroplast envelope, and thylakoid membranes (Harvey and Fraser, 1980; Harvey and

Harper, 1982).
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The rapid acrion of the bipyridyl herbicides only occurs in photosynthetic tissue in the

light, and in the presence of oxygen. The requirement for oxygen was first noted by
Mees (1960), who found that herbicidal action was almost completely inhibited in a
nitrogen atmosphere and increased as the oxygen pressure increased.

2. 2. 5. 3. Other effects on Plants.
Several other effects of the bipyridyl herbicides on plants have been investigated- Mecs

(1960) showed that diquat can exhibit a herbicidal effect in the dark through

a

mechanism probably associated with respiration. The bipyridyl herbicides have also

been generally found to be toxic

in the absence of photosynthetic tissue, light or

oxygen, but this effect is slower and poorly understood (Jordan et al., L966; Hughes er

at., 1984). This secondary herbicidal action is generally believed to be chemically
similar to the primary herbicidal action, but with the respiratory electron transport chain
as the site

of reducing power (Summers, 1980; Harvey and Harpet, 1982). There is

some evidence for reduction of diquat and paraquat to free radicals
and

in barley root tips

in yeast and bacterial cultures (Calderbank, 1964). Ultrastructural studies of flax

treated with paraquat showed that gradual disruption of chloroplasts, occurred after 30

hours darkness (Harris and Dodge,1972). Stokes and Turner (1971) suggested that

bipyridyls may not in fact penetrate mitochondria, but could be reduced by pyridine
nucleotides (PN) associated with the mitochondria or in the cytoplasm. This would lead
to toxic production of hydrogen peroxide:
PN(re¿.)

+

zBP+.

2BP2+

+

ZIH+

->

+ Oz

2BP+.

+ 2}l+ + PN1ox.)

2BP2+

+

}J2O2

There is however some doubt whether this mechanism could operate because diquat and
pataquat have more negative redox potentials than the pyridine nucleotides (Eo' = -320

mv).
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The bipyridyls have also been shown to inhibit germination of some seeds and can
cause surviving seedlings to develop abnormally (Steckó, 1974). Powles (1986)
reported severe reduction in shoot growth in paraquat-sensitive Hordeum glaucum

following dark incubation of seeds in low paraquat solutions. Germination is
particularly inhibited in monocotyledons (Summers, 1980; Faulkner and Harvey,

l9S1). These observations may be due to interference with respiration, or related to
observations that bipyridyls inhibit cr-amylase production in the aleurone of barley and
wheat (Summers, 1980).

The bipyridyls also appear to be capable of some effect on chlorophyll synthesis'
Etiolated wheat seedlings treatecl with diquat fail to devclop chlorophyll when brought

into the light, and regrowth from plants treated with sub-lethal doses of paraquat is
often chlorotic (Calderbank, 1968).

2. 2. 6. Herbicidal

uses.

2. 2. 6. 1. Introduction
The bipyridyl herbicides act very quickly on illuminated plants causing chlorosis
(bleaching) of green tissue within a few hours, followed by dessication and death- This
action can be delayed by cold and cloudy conditions (Summers, 1980). Evidence from
spraying tobacco plants show that older leaves are affected more severely than younger
leaves (Hughes et a1.,1984). Diquat and paraquat are very rapidly adsorbed to leaves,
so that rainfall soon after application has little effect on their efficacy (Brian, 1967;

Calderbank,1968). Uptake into the leaf is largely complete within a few hours (Brian,
1967; Summers, 1980). Paraquat is more effective against monocotyledonous weeds

whilst diquat is slightly more effective against dicotyledonous weeds (Boon, 1965;
Summers, 1980). The reasons for the difference in activity of diquat and paraquat in the

two classes of angiospenns are not known. To ensure a broad spectrum of activity, a
commercial formulation combining diquat and paraquat is frequently used. Diquat and
paraquat are applied at rates between 0.1 and 2.2kg active ingredient (a.i.) per hcctare,
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range of doses for effective
depending on the pafiiculil weed control use. The normal

weed conrrol is between 0.2 and 1.1 kg a.i.

ha-l (Summers, 1980). Surfactants

those with leaves that are
increase pafaquat efficacy on most plants, particularly

difficult

may reduce paraquat movement
to wet, although there is some evidence that they
the plant

within

for weed
(Brian, lglz).The more important uses of the bipyridyl herbicides

control involve the following;

in certain
2. 2. 6.2. Use of bipyridyl herbicides as selective herbicides
crops.
control can be achieved by
Although generally non-selective in plants, selective weed
has been shown to be strongly
the bipyridyl herbicides in some situations. Paraquat
where it is deactivated (tlill et al''
adsorbed ro rhe lignifred outer leaf sheaths of maize
post-emergent weed
lg(3).This property allows the the use of paraquat for selective
also causes inactivation of
control in maize. The strong adsorption to lignihed tissues
careful
it comes in contact with mature tree bark (Boon' 1965)' With
pafaquat when

used to eliminate
manipulation of spray nozzles, the bipyridyls can be successfully
forests'
weeds between rows of orchards, plantation crops and
paraquat and diquat are used for weed control in established stands of lucerne during

control Arctotheca
winter when lucerne is dormant. Diquat can be used to selectively
is more susceptible than
calendula(capeweed) in seedling pastures because capeweed
other pasture species (Cuthbertson, 1961)'

2. 2. 6. 3. Use of bipyridyl herbicides in minimum and no'tillage
cropping.
is their complete
one of the most useful properties of the bipyridyl herbicides
(Brian et al',1958)' The bipyridyl
adsorption and inactivation on contact with soil
immediately before sowing a
herbicides can therefore be safely used for weed control
important world-wide uses
crop or before crop emergence. Thus one of the most

of

the
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bipyridyl herbicides is in minimum tillage in which the herbicides are used to kill all
emerged weeds prior to seeding. The bipyridyl herbicides can also be used in no-tillage

operations in which no land cultivation occurs. In this practice, the herbicide is used to

kill vegetation before direct drilling

2. 2. 6. 4. Other herbicidal

crops.

uses.

Pasture renovation. This is the practice of destroying foliage to provide a noncompetitive environment for the growth of seedlings of sown pasture species. The
bipyridyl herbicides have been shown to be very effective in pasture renovation (Ross,
1963; Ross and Cocks, 1964\. Due to the lack

of soil activity or root translocation,

control of perennials is not effective. However this is an advantage where the perennial
is a desired species (e.g. perennial ryegrass, Lolium perenne), but a disadvantage where
the perennial is a weed (e.g. Rumex spp., Holcus lanatus).

Crop dessicant. An important use of bipyridyl herbicides is in dessicating crops
(cotton, canola) prior to harvest. Diquat is often used for potato haulm destruction.
Foliage surrounding inflorescences can be destroyed which aids in the harvest of seed
crops such as clover, trefoil and lucerne (Calderbank, 1968).

Spray-topping. This practice, also known

as pasture-topping,

is the application of

a

non-selective, 'knock-down' herbicide in pastures at the time of seed development.

Viable seed set, particularly of grasses is reduced, lowering the grass weed problem in
the subsequent crop or pasture. Paraquat and glyphosate are the herbicides commonly
used

for this technique.

Weed control in non-cropping. The non-selective quality of bipyridyl herbicides
makes them particularly useful in total weed control. This includes weed control along

railway lines, right of ways etc. In such situations paraquat is often mixed with

a

persistent herbicide such as monuron or simazine to provide season-long control
(Summers, 1980).
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Aquatic weed control. The bipyridyl herbicides are suited to aquaúc weed control
because they are water soluble and active at

low concentrations. Adsorption to soil

particles soon removes them from the water (Summers, 1980).
Other uses of the bipyridyls are listed by Summers (1980).

2. 3. HERBICIDE RESISTANCE.
2. 3. L. General Introduction
Research workers in the fields of medicine, bacteriology and applied entomology have

long learned that the introduction of a chemical for the control of a parasite or pest is
almost inevitably followed by the development of a strain of the target organism which

is resistant or immune to the action of the chemical. Resistance to pesticides now
include insecticides, fungicides, bactericides, rodenticides, nematicides and herbicides.

A recent review reveals that fietd resistance to one or more classes of insecticides

has

occurred in M7 species of insects and mites and at least 100 species of plant pathogens,

2 species of nematodes and 5 species of rodents have become resistant to pesticides
(Georghiou, 1986). About 100 weed species have biotypes resistant to herbicides
(LeBaron and McFa¡land, 1989).

2. 3. 2. Definitions
Resistance and tolerance. Several definitions of resistance and tolerance as applied
to herbicide resistance in weeds have been proposed.
Gressel (1979) defined a resistant weed population as one that is completely tolerant to a

concentration of a herbicide that kills the'wild' type.
Bachthaler et al. (1984) def,rne resistance as the complete tolerance to ttrat concentration

of a herbicide which normally successfully control the wild plant species in a crop. In
this case resistance is presented as the extreme form of tolerance.
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previously susceptible weed
Holiday et al. (1976) refer to resistance as the case where a
of a herbicide) is
population within a species (which has received repeated applications
no longer controlled by the herbicide.

in which used' it
while each of these defrnitions are adequate depending on the context
There are also a
is obvious that there cannot be a singular definition of resistance'
herbicides'
of instances where one weed species is resistant to a number of
number

giving rise to the terms'cross-resistance' and'multiple-resistance"
multiple-resistance
In this thesis, the terms resistance, tolerance, cross-resistance and

will

be used

with the following meaning

a herbicide in a weed
Resistance. The genetically endowed change in sensitivity to
species resulting from repeated use

of

a herbicide'

effect of a herbicide
Tolerance. The natural ability of a weed species to withstand the
at normal rates

of aPPlication.

of selection pressufe
Cross resistance. Resistance to dissimilar herbicides as a result
from one herbicide.

result of
Multiple-resistance. The resistance to more than one herbicide as a
been used in combination or
selection pressure from each of the herbicides either having
sequentiallY.

2. 3. 3. Factors influencing

appearance

of herbicide-resistant weed

biotypes.
Resistance to herbicides has appeared largely

in mono-culture : mono-herbicide

up in a weed
practices. Several factors influence the rate at which resistance builds

of genes for
population. These include genetic factors such as the initial frequency
and the extent of the
herbicide resistance in unsprayed populations; the type of herbicide

selection pressure f¡om its usc, aspects of the biology

of the weed seeds such as
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dormancy, seed bank dynamics and interpollination by susceptible plants and relative

competitiveness and fitness

of the resistant and

susceptible individuals

in the

population.

2. 3. 3. 1. Initial gene frequency
The initial frequency of genes for resistance before selection occurs, is of fundamental

importance to the rate at which herbicide resistance

population as it is highly unlikely that resistance
completely new gene (Gressel and Segel, 1982).

will

will

arise in a particular weed

arise from the synthesis of a

It has however

been suggested that

sub-lethal doses of herbicides could cause mutations (Ahrens and Stoller, 1983). These

mutations (though they may be random) when combined with selection pressure from

herbicide application could increase the chances of resistant individuals appearing
(Hammerton, 1968). Nance and Grove (1972) estimate that chemical mutagens can
increase the frequency of herbicide-resistant individuals from

Fewer genes are necessary for resistance

I x 104 to I x l0

if it is controlled by dominant

-2.

alleles rather

than recessive alleles. Without selection, monogenic dominant phenotypes are generally
present at a frequency

of lQ-s to

10-6, compared

with monogenic recessive phenotypes

which would be expected to be present at 10-9 to 10-10, but may in fact be present at
higher frequency (Gressel and Segel, 1982). The initial gene frequency for resistance is
much lower if more than one gene controls resistance since phenotypic frequencies
be multiples

will

of those for monogenic resistance (assuming that such genes have no effect

when in isolation). More than one gene may be necessary for resistance to a herbicide

(or mixture of herbicides) that has multiple sites of action in the plant, such as the
phenoxy acid herbicides (e.g. 2,4-D).In polyploid plants, the initial gene frequency for
resistance can be higher since the number of mutations in a population is increased and

fewer of these mutations are lethal. This allows more rapid adaptation to many factors
(including herbicides), and is hence a characteristic of many common weeds (Haas and

Streibig, 1982).
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2. 3. 3. 2. Type of herbicides and extent of selection pressure
If

an unsprayed population contains individuals

with genes for resistance, the selection

pressure from repeated application of the same herbicide

will

then result in the gradual

enrichment of the resistant population. This enrichment process is influenced by the
type of herbicide and the intensity with which

it is

used in the weed population. A

number of factors operate to effect the selection pressure for herbicide resistance in
weeds:

Type of herbicide. Selection pressure on weeds is greatest when the herbicide is
residual and soil active because once applied, the herbicide may affect germinating
seedlings throughout the growing season. Thus herbicide resistance has occurred
mainly to the soil active triazine herbicides (for a review see I-eBaron and McFarland,
1939). Resistance to other herbicides which lack soil activity has only occurred

following repeated applications several times during the growth season or once ayear
for

a prolonged

period of time as is evident with resistance to the bipyridyl herbicides.

Both situations reduce the number of susceptible plants which escape the herbicide
through poor coverage or late germination.

Effective

kill by the herbicide.

Selection pressure for resistance is increased

when a very high percentage of target weeds are kilted. This reduces their contribution

to future generations in the population through reduced total contribution to the
seedbank.

If only resistant individuals survive the herbicide treatment, the greater the

rate of enrichment of resistant individuals in the total population. Selection pressure

resistance could be reduced

if herbicides

for

weakened weeds without totally preventing

seedset (Conrad and Radosevich, 1979). The weakened plants would compete

with any

resistant plants present in the population, interpollinate and thereby reduce the rate of
genetic shift.
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(in
LeBaron and McFarland (1989) list the following characteristics of herbicides
approximate order of importance) which contribute to a high risk of resistance;

i.

a single target site and specific mode

of action

ü. extremely active and effective in killing a wide range of weed species

iü. provide long soil residual and season-long control of germinating weeds

iv. applied frequently and over several growing

seasons without rotating, combining

with other types of herbicides-

2. 3. 3. 3. Effect of the soil seed bank.
effect on
The soil seed bank of susceptible individuals in the population has a buffering
seed
the rate of enrichment for resistance. This occurs particularly in plants with

the
characteristics such as dormancy and asynchronous germination which allow
the seed
susceptible individuals to escape herbicide application and eventually replenish

of resistance
bank of the susceptible biotype. In this way the time frame of development

is slowed (Hotliday et aI.,Ig76). Some annual weeds, such
seeds most

as

Hordeum spp' produce

of which readily germinate in response to autumn rains leaving few to

level
germinate in the winter or spring (Popay, 1981). Such early germination and low

of

seed carryover would together result

in a significant proportion of the population

the rate
exposed to selection pressure from herbicide application and therefore increase

of enrichment for resistance.

2. 3. 3. 4. Relative fitness of resistant biotypes'
In general the fitness of an individual is regarded

as

its capacity to produce viable

fitness
offspring (Hickney and McNeilly,1974). Gressel and Segel, (1978) also define
(as apptied to herbicide-resistanr weeds) as 'the ability of a resistant strain to compete

with the sensitive wild type under non-selective conditions, that is, without the
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herbicide'.

In the absence of the pesticide, lower fitness of resistant individuals

compared to the susceptible biotypes of the same species has been observed

in

a

number of cases of pesticide resistance. Thus resistant biotypes of bacteria (Jones,
1982), fungi (Dekker and Georgopolous, 1982), insects (Keiding, 1967; Ferrari and

Georghiou, 19S1) and plants ( for example, Conrad and Radosevich, 1979; Ahrens and

Stoller, 1983; Holt, 1988) have all been found to be less fit than the susceptible wild
types in the absence of the particular pesticide. The result is that in plants, the resistant

biotype produces less seed than would be expected relative to its proportion in the
population. Studies to determine fitness differences between herbicide-resistant and
susceptible weed biotypes are usually carried out by planting different ratios of the

biotypes with constant total plant number and area and determining biomass and
reproductive output. To date, these studies have been done only with weeds resistant to
the triazine herbicides. Conrad and Radosevich, (1979) showed that triazine-resistant
biotypes of senecio vulgaris were less productive and less competitive compared to the
susceptible biotype and in non competitive planting the resistant biotype was shorter,
produced fewer leaves and displayed a smaller leaf area than the susceptible biotype.

Similar studies with other triazine resistant weeds also reveal that resistant biotypes
were less fit compared to susceptible biotypes (Warwick and Black, 1981; Weaver and
Vy'arwick, 1982; Ahrens and Stoller, 1983; Holt, 1988). It has been suggested that the
reduced fitness in these resistant weed biotypes could be due to a pleiotropic effect
associated with the

initial substitution of a resistant allele for its susceptible alternative

or, alternatively, to variation in other traits that a¡e under nuclear control and not under

chloroplastic control (Ort et al. 1983). The implication of reduced fitness in herbicideresistant biotypes is that
genes The rate

if use of the herbicide is discontinued, the ratio of resistant

of enrichment for resistance genes in the absence of herbicide can be

reduced as a result of the reduced fitness of the resistant individuals.
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2. 3. 3. 5. Pattern of inheritance.
The mode of inheritance of resistance

will govern the initial frequency of resistant genes

in the population or the starting point for enrichment although it will hardly affect the

rate

of enrichment

(Gressel and Segel, 1978). Also the rate

of development of

resistance to a herbicide depends on the degree of dominance and the number of genes

which determine resistance (Harper, 1956). Studies with uiazine-resistant weeds have
shown that triazine resistance is controlled by major genes that are maternally inherited

such as in Senecio vulgaris (Scott and Putwain, 1981), Brassica campestris (Souza

Machado et al. 1978) and Poa annua (Darmency and Gasquez,

I98l).

Paraquat

resistance in Hordeum glaucum was found to be controlled by a single nuclear gene

with incomplete dominance (Islam and Powles, 1988). However polygenic control of
resistance has been suggested

for

simazine resistance

in Senecio vulgaris,

Chenopodium album and Capsella bursa-pasroris (Holliday and Putwain 1974).

2. 3. 4. Interrelationship between the various factors
Gressel and Segel (1973) developed a mathematical model to evaluate the relative effect

of the factors influencing the rate of appearance of resistant weed biotypes. This model
depicts that, the initial frequency of resistant genes in the population has a relatively
small effect in enriching for resistance where high-selection-pressure herbicides (such
as soil active herbicides) are used and

with low-selection-pressure herbicides the initial

frequency has a greater effect. The level of the selection pressure (the effective herbicide

kill) is considered to have the greatest effect on the rate of enrichment for herbicide
resistance. The effect and cha¡acteristics of the seed bank is also considered a major

factor in buffering the rate of enrichment whilst the f,rtness differential between the
resistant and susceptible biotypes was considered less important. It was predicted from

this model that resistance to the triazine herbicides (high-selection-pressure herbicide
due to soil residual acwity) would be rapid and a simila¡ effect can be expected with

low-selection-pressure herbicides (contact, no soil activity herbicides) which have a
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high kill rate and are applied frequently or over prolonged periods. This latter case has
been the situation

with

paraquat resistance.

2. 3. 5. Discovery and distribution of weeds resistant to herbicides other
than the bipyridylium herbicides.
Following the introduction of herbicides into commercial use in the late 40s, it was
predicted that increased herbicide usage would result in the evolution of genetically
resistant populations (Blackman, 1950; Abel, 1954; Harper, 1956). These predictions
were realised with the first case of herbicide resistance observed in the mid-1960's

in

a

conifer nursery in western Washington, U.S.A. It was noted that Senecio vulgarís was
no longer controlled by frequent large doses of a triazine herbicide, simazine. By 1968
there was a heavy infestation of pure stands of the resistant biotype.

It was later shown

that a biotype of this species was resistant to simazine (Ryan, 1970). Reports soon
followed of other weeds also resistant to triazine herbicides. The resistant biotypes were
not known to exist prior to their selection by the use of herbicides. Cases of herbicide
resistance have now been documented in many countries including U.S.A., Canada,

most countries

in

western Europe, Hungary, Egypt, Japan, Israel and Australia

(LeBaron and McFarland, 1989). Weeds in which resistance has evolved tend to be
annuals and are species
characters

in which individuals have a highly variable expression of

(Hill, 1982). Resistance

has occurred most commonly where monoculture is

practiced, particularly of maize in Europe and North America, and where the same
herbicide has been used exclusively for several successive yeils. As initially expected
the first cases of herbicide resistance were all toward the triazine herbicides, and triazine

resistance still make up the majority of cases of herbicide resistance. LeBaron and

McFarland (1989) list 55 species resistant to triazines and 33 species resistant to all
other herbicides (including 11 resistant to the bipyridylium herbicides lsection 2- 3.
6.1).

A number of species a¡e resistant to more than one herbicide group in different

localities. In almost all cases resistance is only towards a single herbicide or class of
closely related herbicides. However, Lolium rígidum at sites in Australia has become
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resistant not only to diclofop-methyl, to which

it was exposed, but also to a range of

other chemicalty unrelated herbicides to which it had never been exposed (Heap and

Knight, 1936).

A similar situation has arisen in England,

where populations of

Alopecurus myosuroídes have developed resistance not only to the urea herbicides used

for control, but also to members of other herbicide classes to which the population had

not been exposed (Moss, 1987). These are the first cases of cross-resistance to
herbicides in plants.

It is of interest that several

cases

of herbicide resistance in Europe have occurred in the

same species (e.g. Senecio vulgaris, Amaranthus retroflexus andChenopodium album)
as

in North America, andvice versa. This common occurrence is taken as an indication

that these are species in which genes for resistance are at a higher frequency than in
other species

-

that is, parallel evolution has occurred (Gressel et aI.,1982). There does

not appear to be any phylogenetic connections or evolutionary relationships between the
species

in which herbicide resistances have arisen. The genes for resistance thus appear

to be widespread in plants, but at very low frequency. The history of development of
resistance however, indicates that there are many other common features between cases

of resistance.

2. 3. 6. Resistance to the bipyridylium herbicides
Field resistance to the bipyridyl herbicides has been documented in six annual species.
The first case of resistance to paraquat appeared in a population of Poa annua in an
English market garden in 1978 following pamquat application 2 to3 times a yea.r for 10

years (Parham [unpublished], quoted by Gressel et a1.,1982). Studies showed that
more than 0.8 kg a.i. ha-l was required to

kill

the resistant biotype compared to 0.1-0.2

kg a.i. ha-l required to kill the susceptible biotype (Gressel et al.,1982).

A paraquat resistant biotype of Conyza bonariensis (synonymous with C. lineþlia and
C. lateþlia) also appeared in vine and citrus crops in the Tahrir inigation area in Egypt.

This followed paraquat use for more than 5 times a yeil over a period of 9 years. The
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value (i.e. the application rate at which

5OVo

of plants are injured) for the resistant

biotype was found to range from 5 times (Harvey and Harper 1982) to 100 times that

for the susceptible biotype (Shaaltiel and Gressel 1986). The resistant biotype of C.
bonariensis was also resistant to the other bipyridyl herbicides, diquat and triquat (1,1'propylene- 2,2' -bipyndylium) (Fuerst et al., I 985). Several species of

E

ri gero n hav e

developed resistance to paraquat following several years of paraquat use. These include

Erigeron philadelphicas found in mulberry fields (Watanabe et al 1982) and E.
canadensís in a vineyard (Kato et al.,1982) both cases following paraquat application 2

to 3 times a year for more than 10 years and in E. sumatrensis andYoungia iaponica
also following repeated paraquat applications over a number of years (Hanioka, 1987).

The resistant biotypes of these weeds were in each case, also found to be resistant to

diquat. Faraquat resistance has been reported in Epilobium ciliatun growing in

a

Belgian orcha¡d intensively treated with paraquat annually for more than 10 years. The
I5s value

for the resistant biotype is approximately 10-fold higher than for the normal

susceptible biotype (Bulcke et a|.,1986).

The first case of paraquat resistance in Australia appeared in a population of Hordeurn
glaucum, a common weed of pastures (Warner and Mackie, 1983). Resistance appeared

following more than 10 years of once annual application of paraquat in

a lucerne

field in

Willaura, Victoria. Studies showed that the LD5s (i.e. the application rate at which 507o
of plants are killed) for the resistant biotype from this field is about 250 times that for
the susceptible biotype. The paraquat resistant H. glaucum is also resistant to diquat but

normally affected by other herbicides (Powles, 1986).
Multiple-resistance involving paraquat has been reported in only one weed species to
date. This involved resistance to paraquat and atrazine in Conyza bonariensis in a

vineyard in Hungary following repeated application of these herbicides (Polos and
Mikulas, 1987).
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Resistance to the bipyridyl herbicides can be summa¡ised as follows

i. resistance has occurred following once annual application for over ten years or

ii. following applications several times a year for a number of years

iii.

paraquat was the only herbicide used during these periods; there was little or no

cultivation or crop rotation.
Paraquat and diquat tolerance are highly conelated in plants (Hughes et a1.,1984) and
because they both belong to the same herbicide group, the

bipyridylium herbicides and

have identical mclde of action, resistance to the two herbicides in the same species is not
being treated as multiple- or cross-resistance.

2. 3.7. Mechanism of resistance to paraquat
Several studies have been undertaken to elucidate the mechanism of paraquat resistance.

In all cases studied so far, the following possibilities have been examined
1. Resistance

is due to a cuticular barrier at the leaf surface leading to reduced amounts

of paraquat absorbed through the leaf surface. Evidence from studies with Lolium
perenne (Harvey et a1.,1978), Conyza bonaríensis (Fuerst et al., 1985) and Hordeum

glaucwn (Bishop et a1.,1987), show that this does not appear to be the mechanism of
resistance in these species.

2. Resistance is due to a modification of the paraquat active site, photosystem I such
that paraquat no longer accepts electrons efficiently. Paraquat-resistant biotypes of C.

bonaríensts (Fuerst et al., 1985), C. canadercsis (Polos et al., 1988), L. perenne
(Harvey and Harper, 1982) and H. glaucurn (Powles and Cornic, 1987) examined to
date does not indicate any such modif,rcation. PS¡ in both resistant and susceptible
biotypes were found to be equally effected by paraquat.
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3. Resistance could be due to rapid metabolism leading to detoxification of p¿ìraquat

in

the resistant biotype. However there is no evidence that plants metabolise paraquat

(Slade, L966; Funderburk and Bozarth, 1967; Summers, 1980; Harvey and Harper,
1982) and studies with paraquat-resistant L. perenne indicate that metabolism is not the

mechanism of resistance to paraquat in this biotype (Harvey and Harper,1982).

4. Resistance is due to rapid detoxification of superoxide radical, hydroxyl radical,
hydrogen peroxide and possibly singlet oxygen
increased levels

in the resistant biotype

through

of superoxide dismutase (SOD), catalase, peroxidase ascorbate

peroxidase, glutathione reductase and possibly dehydroascorbate reductase enzymes

which protect the plant from damage. This detoxification pathway has been called the

Halliwell-Asada system and is considered by Lewinsohn and Gressel, (1984); Shaaltiel
and Gressel, (1986, 1937) to be the primary mode of paraquat resistance

in C.

bonariensis. Youngman and Dodge (19S1) also found that superoxide dismutase (SOD)

activity in crude extracts from leaf tissue was 2.9 times higher in the resistant biotype
than the susceptible biotype, and that the resistant biotype had two SOD isozymes not

normally present, distinguished by the presence of manganese and iron groups.
However, Vaughn and Fuerst (1985) showed that these differences could be due to

normal genetic variation and were not correlated with paraquat resistance. It is also
argued that the differences in levels of these enzymes in the two biorypes are not enough

to account for the difference in the level of resistance between the resistant and
susceptible biotypes of these weeds (Fuerst and Vaughn, 1989). In other paraquatresistant and susceptible weed biotypes studied so fal, no differences were found in the

level of these enzymes. SOD activity and isozyme pattern was found to be the same in
the resistant and susceptible biotypes of E. canadensis (Hirata and Matsunaka, 1985)
and H. glaucum (Powles and

Cornic, 1987).

5. Resistance is due to the inability of paraquat to reach the active site in the chloroplast
due to rapid sequestration. Restricted paraquat mobility has been observed in paraquat-

resistant biotypes of C. bonariensis (Fuerst et al., 198.5), Erígeron philadelphic¡rs and

39

E.

canadensis (Tanaka et

al., 1986)

and,

H. glaucum (Bishop et al., 1987)' The

restricted movement of paraquat in the resistant biotype suggests that exclusion of
paraquat from the active site is due

to sequestation in the apoplast (such as by

adso¡ption to cell walls) rather than due to an impermeability barrier. Extracted cell
walls of the resistant and susceptible biotypes of Conyza bonariensis have not shown
any differences in paraquat binding, but this may be due to loss of a soluble component

(Fuerst et a1.,1985). Other experiments with C. bonarier¡sis indicate that resistance is

primarily due to exclusion of paraquat from the chloroplast.(Fuerst et aI- 1985).
Resistance of E. phitadelphicus to pafaquat appears to be due to prevention of the
herbicide from reaching the active site because paraquat has no effect on carbon fixation

(Saka and Chisaka, 1983, cited by Tanaka et

al., 1986). Furthermore, paraquat

movement in the vascular system and apoplast is strongly inhibited in the resistant
biotypes of both E. philadetphicus and, E. canadensis (Tanaka et a1.,1986)' Evidence

for the mechanism of resistance to paraquat in these species is therefore heavily
weighted in favour of a sequestration mechanism (Fuerst and Vaughn, 1989). In
Hordeum glaucum it was shown that paraquat movement in the vascular tissue and
apoplast is much reduced in the resistant biotype. The most likely mechanism of
paraquat resistance \n H. glaucrzrn is therefore sequestration of paraquat in the apoplast

(Bishop et a1.,1987).

2. 3. 8. Strategies for delaying or preventing resistance'
Herbicide resistance has occurred in the majority of cases in a mono-crop - monoherbicide situation. Strategies to delay or prevent herbicide resistance in weeds must
therefore be based on the modification of these practices. With knowledge of the factors

influencing the evolution of herbicide-resistant weed populations, a number of general
strategies could be adopted which may prevent or delay the appearance of resistant
populations

40

1. The use

of combinations of herbicides with different mode of action or target site

should be encouraged.
2. Crop and herbicide rotation should be used wherever possible
3. Use of long residual herbicides should be avoided or minimised.

4. Use the lowest rate possible and minimise the number of times of herbicide
application per season
grazing
5. Cuttivation and other mechanical weed conüol options together with selective
should be used wherever applicableHerbicide resistance in weeds is often of limited importance in the short term because an

alternative herbicide or alternative means of weed control is generally available,
although often at a higher cost. Herbicide resistance is much more threatening in the
long term however if the rate at which herbicides become ineffective due to resistance is
greater than the rate at which new herbicides can be developed. The almost prohibitive
cost of developing new herbicides

will contribute

to this.

Herbicide resistance is also likely to make a positive contribution to agriculture in the

futue, in the form of herbicide tolerant crops. These may be obtainable with present or
furure technology through classical breeding (e.g. Faulkner, 1974), induced mutation

(e.g. Mitler and Hughes, lgTg) or genetic engineering (e.g. Comai et al., 1985)'
Reduced yield of tolerant varieties has hindered their use to date (e.g. Grant and
Beversdorf, 1985; Forcella, 1987).

2. 3.

9.

Summary and conclusion

This review has examined the world-wide occuffence of the Hordeum species, their
introduction and distribution in Australia. The ecology of the various species was also
examined. Control of the Hordewnspp. is usually effected in established lucerne by the
use of diquat and paraquat. The characteristics, mode

of action and herbicidal uses of

4t

these herbicides were examined. Resistance to diquat and paraquat has occuned

in an

important and widespread member of the barley grasses, Hordeum glaucwn, following
repeated use of these herbicides over a prolonged period of time in established luceme

fields. Ilerbicide resistance was examined within the context of world-wide incidence
and incidence in Australia; factors influencing the rate

of appearance of herbicide-

resistant weeds and strategies to delay or prevent them were highlighted.

Paraquat resistance in H. glaucurn was first detected in Victoria, an area within the
cereal cropping region of southern Australia. This thesis describes studies undertaken to

address aspects of resistance of

H. glaucum to paraquat and diquat that are both of

scientific as well as practical çenÇçrn.
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CHAPTER 3.

THE OCCURRENCE AND DISTRIBUTION OF PARAQUATRESISTANT ¡I. GLAUCUM

IN

SOUTH.EASTERN AUSTRALIA

3. 1. Introduction.
A paraquat-resistant biotype of the grass weed Hordeum glaucum Steud., became
evident in 1982 in a lucerne field at Willaura, Victoria, following several years of once

yearly application of diquat and paraquat (Warner & Mackie, 1982). Over a fifteen year

period these herbicides were used on this field to successfully control a number of
winter-growing annual weeds including the widespread and important grass weeds
collectively referred to as barley grass (H. glaucun, H. leporinum and H. murínum)
which occur in mainland Australia. In 1981 and again in 1982 the application of the
usual recommended dose of 200 grams active ingredient per hectare (g a.i ¡u-1) of
paraquat failed to control barley grass on one of four lucerne fields on this farm
(personal communication). Two sequential applications of slightly higher rates of
p¿ìraquat

in 1983 also failed to control the barley

grass population on the one

freld. It

was established that the resistant barley grass on this field was Hordeurn glarrcum Steud

(V/arner and Mackie, 1982). More detailed studies on this population showed that the
resistant biotype had an LDso of 6.4kg a.i ha-l of paraquat; the normal sensitive biotype
had an LDSo of 25g a.i ha-l corresponding to a250 fold difference in sensitivity. This

biotype was also resistant to diquat (Powles, 1986).
The appearance of the diquat and paraquat-resistant H. glaucum population within the
southern region of Australia, an important cereal cropping zone, is of considerable

practical and scientifîc concern. Diquat and paraquat are widely used in southern
Australia for broad-spectrum weed control prior to crop seeding. 'lhe Hordeutn grass
weeds are ubiquitous 'rveeds of southern Australia and are a major target weed of
pamquat. For these reasons, one of the immediate questions that needed to be addressed
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was an investigation into the extent to which resistance to paraquat in H. glaucum had

occurred. A study was therefore undertaken to identify areas in south-eastern Ausralia

(especially the immediate area of the'Willaura population), where paraquat resistant
populations of É1. glaucum might occur and to identify factors associated with the
appearance of such resistant populations.

It was considered logical to conduct

a a non-

random survey. Thus lucerne fields with a history of diquat and/or paraquat use were
given priority.

The usual method of weed control in lucerne is application of diquat and paraquat
during late winter following winter grazing. At this time the lucerne is dormant and
diquat-paraquat causes no long-tefm crop injury. Fields under lucerne production and

with a history of diquat-paraquat use were considered most likely to have weeds
resistant to diquat and paraquat as they are more likely to have had a prolonged period

of spraying with these herbicides. In addition, H. glaucurn

seeds were also collected

wherever large populations were found.

3. 2. Materials and Methods.

3. 2. l. Method of field selection
Preliminary information on the main lucerne growing areas in Victoria was compiled

with the assistance of the District Agronomist in the Department of Agriculture and
Rural Affairs in Ararat. From this information the survey area was divided into four
main regions based on ease of accessibility. In South Australia, the lucerne producing
areas were divided into two regions. In each region, precise information on the location

of fields so\ryn to lucerne was compiled from both regional agricultural field officers and
records from local pesticide retail agents.

A list of the fields was then compiled and

visits were made to the various fields within each region.
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3. 2. 2. Regions in which survey was carried out.
The survey was conducted in the main lucerne producing areas in the states of Victoria

A map of south-eastern Australia showing the principal towns

and South Australia.

within the regions covered in the survey is presented in Figure 3. 1. The number of
fields surveyed each region, including the number of years of diquat-paraquat use is
presented in Table 3.

I

Table 3. 1. Number of fields surveyed in Victoria and South Australia
Number of
Region

Lucerne

fields

Diouat-Paraouat use

Othersl

l-5years

>5 years

Victoria
Willaura

81

18

60

2l

99

Ararat

22

10

20

2

32

8

0

7

1

8

10

0

9

1

10

2

0

2

0

2

Keith-Bordertown

23

0

23

0

23

Langhorne creek

t0

0

10

0

10

156

28

135

Bendigo

Boort
Casterton
South Australia

Total

25

184

l. Includes wastelands and pastures.

3. 2. 2. 1. Victoria
Willaura region. The epicentre of the survey in this region was the lucerne field at
Willaura in which the first population of paraquat-resistant H. glaucum was found.
Within a 100 kilometre radius of this held,

2l

a

total of 99 fields were surveyed. Of these,

were lucerne fields with a history of once annual use of diquat and paraquat for

periods ranging from 5

to 15 years; 60 were lucerne fields established during the

previous two to five years and on which diquat or paraquat had not been used for more
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than two to three years and

l8 were wastelands

and pasture fields not sown to lucerne

but on which large H. glaucum populations were found (Table 3. 1).

Ararat region. The survey in this region was conducted on farms along the Pyrenees
Highway, between Ararat and Avoca and near or adjacent to the Avoca river (Figure 3.

l). Most of the lucerne fields in this region

are located in these areas.

A total of 32 frelds

were surveyed" Twenty of these were lucerne fields which had been sown only within
the previous

two to five years and on which diquat and paraquat had been used for one

or two of these years; one field had lucerne sown for twenty-four years and had diquat
and paraquat applied once a year throughout this period; one field had lucerne for

twenty years, ploughed up and sown to oats for three years and resown with lucerne in
the fourth year. The remaining

l0 fields were waste

lands and pastures with populations

of H. glaucum or H. leporinum.

Bendigo region. Seeds were collected from 8 lucerne fields within the Bendigo
region. One field was 8 years in lucerne and had diquat and paraquat applied every year

during this period. The other 7 fields were two to three years old and also had diquat
and paraquat each year for this period.

Boort region. Ten lucerne fields were suryeyed within the area around Boort. Only
one freld had lucerne on which diquat and paraquat had been regularly used for over 5
years. The remaining 9 fields were newly sown to lucerne and had diquat or paraquat
used for only one year.

Casterton. Samples were collected from two lucerne fields around Casterton near the
South Australian border with Victoria. Both fields were newly established luceme fields
and had received diquat and paraquat during one season only.

Figure 3. 1. A map of the south-eastern region of Australia showing principal towns
within the regions surveyed.
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3. 2. 2. 2. South Australia
Keith and Bordertown region.
areas around

Seeds were collected

from 23 lucerne fields in the

Keith and Bordertown. All samples were collected from lucerne fields

only. None of the fields had diquat or paraquat use on

a

regular basis.

Langhorne Creek. Seed collection was made from l0lucerne fields around this area.
The history of diquat and paraquat use on all the f,relds was sketchy but none was
regular or had periods of application exceeding three years.

3. 2. 3. Seed sample collection.
Seed collection

was carried out in November and December of 1984 and 1985. For

each field visited, information on the age

observable problems with control

of lucerne, herbicide history and any

of H. glaucum were obtained from the farm

owner/operator. Seed collections were made prior to the first lucerne harvests so that

mature spikes could be obtained before they were shed or harvested with the lucerne.
On each field, matured spikes of H- glaucum (provisionally identified in the field as
described below), were randomly collected from a minimum of 50 individual plants.
Fields in which only 11. leporinum or H. marinum were present were recorded and the
seeds

of these species were then discarded.

3. 2. 3. Methods of identification of Hordeum

species

3. 2. 3. 1. Field identification
The species of Hordeum occuring on mainland Australia
and

(É1.

glaucum, H. leporínum

I/. marinum) are difficult to distinguish from field inspection, particularly

at the

vegetative stage. Examination of the mature inflorescence can sometimes reveal the
probable species under observation

.ln H. marinum,

the lemmas of the lateral spikelet

(including the awns) are much shorter than the glumes (including the awns). This
character readily distinguishes it from either H. glaucum or H. Ieporínumboth of which
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have the lemmas of the glumes, including the awns, shorter than those of the lateral

spikelets. H. glaucum retains dark coloured anthers within the mature florets. In H.

leporinum, the anthers are exerted. Therefore in field identification the lemmas of
matured florets a¡e carefully peeled back and the presence of dark coloured anthers at

the tip of the caryopsis indicates that the species being examined is very likely

11.

glaucum. The complete absence of these anthers would suggest that the species under
examination is most likely H.leporinurn. These characters are not always evident and
serve only as provisional identification. The collected seeds are labelled according to
this visual identihcation pending conf,rrmation from chromosome counts.

3. 2. 3. 2. Chromosome counts.
The chromosome number allows the clearest distinction between H. glaucum

and

H.

Ieporinum (the commonest of the barley grasses in mainland Australia). Hordeum
glaucum is a diploid, 2N=14, and 11. leporinum is a tetraploid, 2N = 28 (Morrison,
1959). Chromosome counts are made from examination of somatic chromosomes in the

root tips of young seedlings. The method used in these studies is modified from
Morrison (1959) and is described below.
Selection of root tips. Seeds collected from the field and provisionally identified as
above were stored under laboratory conditions

for at least six weeks to allow for relief

of innate seed dormancy. Seeds from each field sample were then germinated in petri
dishes and sown in pots

(23!5"C;'10

Vo

(l

plant per pot) and grown under glasshouse conditions

humidity; natural light conditions). At the 4-5 tiller stage, root tips (from

roots that were between 1-2cm length) were carefully excised from individual plants and

immediately placed in vials containing distilled water. The vials were placed in a beaker

of crushed ice and placed in

a

refrigerator (4"C) for 24 hou¡s.

Fixation. The water was decanted from the vials and replaced with freshly mixed 3 : I
absolute methanol : glacial acetic acid. The vials were tightly corked and kept at room
temperature for 24 hours.
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Hydrolysis and Staining. The root tips were removed from the fixative, placed in
test tube containing

a

I N hydrochloric acid and placed in an oven (60" C) for L2 minutes

for hydrolysis. The test tubes were uncorked during this process. The hydrochloric acid
was then decanted and replaced

with leucobasic fuchsin (Feulgen) stain. The test tube

was again corked and the staining allowed to proceed for 30 min. Root tips were then
examined under a microscope and chromosome numbers determined.

3. 2. 4. Determination of resistance.
Effect of paraquat on germinating seedlings. A seedling bioassay test was
used to provide an

initial evaluation of the response of the samples to paraquat. At low

pataquat concentration (1.5 pM) primary shoot elongation of germinated seedlings is

geatly inhibited in susceptible biotypes of

^F1.

glaucum while shoot elongation of the

resistant biotype was found to be unaffected (Powles, 1986). Fifty randomly selected
seeds

from each sample were incubated in complete darkness a¡.20oC in 9 cm petri

dishes given 5ml of 5 ttM paraquat solution. H. glaucum seeds collected from the same

region and previously tested and found to be susceptible to paraquat, and seeds from
parent plants known to be paraquat resistant, were used as controls.

All

samples were

also incubated in distilled water under the same conditions. Germinated seedlings were

examined after 10 days incubation. Samples were then classed as resistant or
susceptible on the basis of the inhibition of shoot growrh (Plate 3. 1).

Plate 1. The effect of paraquat (5ttM concentration) on root (A) and shoot (B)
elongation in paraquat-resistant and susceptible biotypos of H. glaucum following 10
days of dark incubation. In both resistant and susceptible biotypes, root elongation is

greatly inhibited.

RESISTANT

SUSCEPTIBLE

WATER

A

B
PARAQUAT
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Effect of foliar application of paraquat to established plants. Paraquat at
2009 active ingredient (a.i) ha-l withO.27o surfactant was sprayed onto intact plants at

the2-3 tiller stage using a wheel-mounted sprayer described below. Control plants were
as described

in the seedling bioassay test. For each set of samples, twenty seedlings of

each biotype were raised

in l5cm-diameter

pots containing 1 litre of potting soil.

Resistance or susceptibility was determined on the basis of plant survival 10 days after
üeatment.
Unless otherwise stated, the soil used in all pot experiments was made up as follow:

Bulk ingredient:

807o recyc\ed

soil and2OVo peat hand-mixed and sterilized; pH

7

Added nutrient per 0.5m3:
Btood meal

K2S0a:

:

5009
2O0g

Superphosphate: 1009

CaC03:

9009

\{heel mounted sprayer. The wheel-mounted sprayer comprises a spray boom
mounted in front

of two 50 cm diameter bicycle wheels. Four flat-fan hydraulic

nozzles (Tee-Jet@, 110o) are mounted 50 cm apart on the boom giving a spray width

of 2 mat a boom height of 40 cm above the spraying surface. The sprayer is fitted with
a

filter and variable pressure regulator. The spray mixture is supplied to the nozzles at a

constant pressure of 250 kPa from a pressurized tank using the variable pressure
regulator to maintain uniform output. The height of the boom was always maintained at
40 cm above the foliage.

Before each herbicide application the total output of the sprayer is determined

as

follows:

i. the spray tank is filled with water and pressurized to approximately 400 kPa. The
tank is then connected to the spray system.
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ii. output of individual nozzles (ml

sec-1¡ is measured at 250 kPa pressure (this

pressure is used as the standard for all spraying); this measurement is repeated five
times for eachnozzle and the mean output per nozzle is computed. Output of all four
nozzles is then added

:r

together.

iv. using a walking speed of

1

metre sec-l (used as a standard and obtained in actual

spraying situation with the use of a metronome) and a spray width of 2 metres, the area
sprayed per second is 2

rû. Using

the total output (ml secl) of all four nozzles in (ü.)

above the output in litres per hectare is computed. A patternator is used to ascertain the
even distribution of spray over the spray width.

The amount of product required to be mixed with water for each corresponding rate

of

application is calculated based on the sprayer ouqput.

3. 3.

Results.

The chromosome counts carried out on randomly selected plants from each population

confirmed the field identification of H. glaucum (2N

=

14) in all cases. Foliar

application of paraquat at 2009 active ingredient ha-l (the recommended rate of
application) also conf,rrmed pilaquat-resistance/susceptibility of plants from the various
populations.

A map of Australia showing the region within which the survey was caried out and the
area in which resistant populations were found is presented in Figure 3. 2.

3. 3. 1. Victoria
Willaura region. The survey confirmed that populations of H. glaucum infesting six
lucerne fields on three separate farms were resistant to paraquat. On one farm,
'Edgarley', four lucerne fields were severely infested with H. glaucum. This survey
established that the populations on these four fields were paraquat-resistant H. glaucun

populations. This number includes the field in which the resistant H. glaucutn was first
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discovered by Warner and Mackie in 1982. In 1982 the closely adjacent three lucerne

fields did not exhibit a paraquat resistance problem. The appearance of resistant
biotypes on these adjacent lucerne fields at the time of this survey is likely due to an

introduction from the originally infested field as there had been considerable movement

of stock, hay and machinery between the fields. The two other farms with the resistant
population in this region are separated from'Edgarley' and from each other by over 50
kilometers. The three farms are independently owned and operated enterprises. It is
therefore not likely that resistant biotypes could have been transfered from'Edgarley'to
these farms or from one to the other. Therefore paraquat resistance in H. glaucumhas
developed independently in the three separate farms.

Ararat region. The survey revealed that H. glaucum collected from populations on
three fields were resistant to paraquat. Two of the fields were not lucerne fields.

It

was

established that resistance on these fields was due to the introduction of the resistant

biotype from 'Edgarley'. Lucerne hay contaminated with Hordeum spp. (containing
matured seeds) which had survived paraquat application at'Edgarley' in 1982, had been
brought to these fields and fed to livestock. It was therefore concluded ttrat this was not
an in

sítu

case of resistance. The third held was a lucerne

field with a24-year history of

paraquat application, independently owned and operated and well separated from the
other populations. Resistance, in this case, appeared to have developed in sítu.

Bendigo and Boort regions. The resistant biotype was not found in any of the
fields surveyed in these two regions. Only lucerne fields with a history of paraquat
and/or diquat use were surveyed

in

these Íìreas.

3. 3. 2. South Australia.
The resistant biotype was not found in any of the fields surveyed in South Australia.
Only lucerne fields with a history of paraquat and/or diquat use were surveyed in South

Ausralia.
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Thus the survey revealed that the paraquat-resistant biotype of the grass weed

É1.

glaucwn was present in populations of barley grass only on a small number of lucerne
fields in the Willaura - Ararat region of Victoria and on two fields in the Ara¡at region
that had received infested lucerne hay. There was no reason to suspect that movement

of

seed of the resistant biotype from 'Edgarley' could explain the infestations on the other

three enterprises. Thus, the paraquat resistant biotype was evident at four independent
locations.

Table 3. 2. Occurrence of various species/ biotypes of Hordeum in fields surveyed.

All fields contained Hordeum leporinum.
No. of fields
surveyed
Region

No. of fields with
Resistant

Susceptible

H.leporinum

H. plaucum

H.plaucwn

only.

Victoria
Willaura

99

6

11

82

Ararat

32

3

23

6

8

0

2

6

10

0

1

9

2

0

0

2

Bendigo

Boort
Casterton
South Australia

Langhorne Creek

10

0

8

2

Bordertown/Keith

23

0

7

16

184

9

52

r23

Total

Figure 3.2. A map of Australia showing the survey region (hatched area) and the
in which paraquat-resistant H. glaucum was found (solid area).
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3. 4.

Discussion'

of H
paraquat-resistant biotype population
a
of
presence
the
The survey reveared

'

glaucumonnineofthelS4f,reldssurveyed(Table3.2).Thisismadeupfourlucerne
fields
owned and operated lucerne
sepamtely
two
on
and
on one farm,'Edgarley'

frelds

sown to lucerne in the
and two frelds that were not
field
lucerne
one
ffea;
in the willaura
in the
populations were from fields surveyed
resistant
the
of
all
Thus
Ararat area.

WillauraandAraratregionofVictoria(Figure3,z).Thenumberoffieldswiththe
.g%oofthetotalnumberoffields
resistantH.glaucul,ltpopulationslepresents

fields infested by the
that, with the exception of
revealed
also
survey
The
surveyed.

resistantH.glaucumbiotype,H.leporinulrtisthedominantHordeumspeciespresent
was found
paraquat-sensitive H' glaucum
Normal
2)3(Table
surveyed
on the fields
as prevalent as 'lll'
fields but was not found to be
of
number
large
a
on
present
to be

leporinum.Lessthan5voofthelucernefieldssurveyedhadH.marinum.Ít\s
emphasisedthatH.glaucum(exceptfortheresistantbiotype),H.leporinuma¡dH.
to paraquat'
marinumare normally susceptible

common factors associated

with the appearance of paraquat resistance'

fields on
infestation at'Edgarley'' the lucerne
original
the
including
fields,
lucerne
The
Ararat region' had
region and the luceme freld in the
willaura
the
in
farms
two
other
the
had a once-yearly
exceeding 10 years' They all
periods
for
lucerne
to
sown
been
all
control during all or
as the sole method of weed
diquat
and/or
paraquat
of
application
factors can be summarised as:
much of this period' The common

l.Allfreldscontainedthesameperennialcropforaperiodinexcessofl0years.
used once-yearly'
2. Paraquat and/or diquat was

this period'
of weed control, were used during
forms
other
or
herbicides,
3. No other
for at least 10 years'
4. No cultivation had occurred

provided
of the abovementioned factors
combination
long-term
the
that
obvious
It is
with herbicide
paraquat resistant biotype' Studies
the
for
pressure
selective
positive
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identify
hemisphere have also been able to
resistant weed species in the northern
aI'
of herbicide resistance (Holliday et
common factors associated with the appearance
1976

et a\" 1984)'
:Gressel and Segel, 1982; Bachthaler

use of
operating (consistent and prolonged
Despite the positive selection pressure
only a
on a perennial crop) it was found that
pafaquat as the sole means of weed control
If
were infested with the resistant biotype'
small percentage of lucerne fields surveyed
in the bartey grass population at a suffrciently
the resistant biotype occurs randomly
on
that the resistant biotype would appeaf
high gene frequency, it would be expected
However the survey revealed the paraquat
many lucerne fields at several locations.
rilillaura - Ararat area' This is an indication of both the
resistant biotype only in the
effect Of
H. glaucarø populations' as well as an
rarity of genes for paraquat-resistance in
with
resistant genes through which individuals
the randomness in distribution of the
It
in areas of frequent palaquat application'
genes for paraquat resistance may be absent
following a mutation after
is also possible that the resistant biotype appeared
found
However, resistânt populations were
commencement of pafaquat use in this area.
been
that the resistant biotype could have
at four distinct sites. There is no evidence
paraquat
not possible to identify whether
introduced from a single site. It is, therefore,
occurred as
the barley gfass population or has
resistance was originally present within
the result of mutations

3. 5.

following paraquat use'

Conclusion.

of the weed H ' glaucum ts
reveals that a paraquat-resistant biotype
use of
lucerne fields with a long and consistent
presently confined to a small number of
occllfrence
common factors associated with the
paraquat in the Ararat area A number of

The survey

ofthisresistantbiotypehavebeenidentifred.Thereexiststhepotentialforthisbiotype
movement of
areas through such means as
to be transferred and established in othel
stock, machinery and haY'
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CHAPTER

4

THE EFFICACY OF DIQUAT AND PARAQUAT ON ANNUAL WEED

A LUCERNE FIELD WITH A
HISTORY OF ONCE ANNUAL APPLICATION OF

SPECIES INFESTING

24.YEAR

DIQUAT.

PARAQUAT.

4. 1. Introduction.
A farm enterprise at Elmhurst, Victoria, (latitude 37o 11' S, longitude 1430

11' E)

visited during the field survey for paraquat-resistant H. glaucum (Chapter 3) conducted
pasture and wheat cropping activities. This farm includes a field sown to lucerne and
sprayed over a tong period with diquat-paraquat.

It was obvious from the population of

Hord.eum species infesting this field that H. glaucurn, had not been controlled by the
diquat-paraquat. It was established from freld inspection of the matured spikelets, that
this field contained H. glaucum and, to a much lesser extent, H.leporirutrn It was also
evident that capew eed, (Arctotheca calendula) was present at high frequencies on this

field despite the freld having been sprayed with diquat-paraquat earlier in the year.
A. calendula andthe Hordeun species are important and widespread weeds of pastures
and crops

in southern Australia. In lucerne, these and otheÍ annual weeds are normally

controlled by a commercial mixture of diquat (75 g ai 1-t) and pafaquat (125 g ai l-1),
applied at}to 3 litres product ha-l during winter when the lucerne is dormant. The field
mentioned above was sown to lucerne in 1958 and had been in continuous production

for 29 years. From 1963 to 1986 it had been treated yearly (except for 1965 and 1982)

with diquat

and paraquat as the sole method of weed control. The herbicide use history

of this field is presented in Table 4.

l.

Based on my observations during the

field survey,

I

decided to systematically

investigate the effect of diquat and paraquat on the populations of Hordewn species and
A. calendul¿ on this freld.
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Table 4. 1. Herbicide use record for the lucerne field at Elmhurst, Victoria.

Bipyridyl herbicidea

YEAR

Diquat

Paraquat

glha
1963

150

0

1964

150

0

1965b

0

0

1966

150

0

1967

150

1968

150

150

1969

150

150

r970

150

150

T97L

150

150

r972

150

150

1973

300

300

r974

300

300

r975

300

300

t976

300

300

1977

300

300

r978

300

300

r979

300

300

1980

300

300

1981

75

r25

1982

0

0

1983

75

r25

1984

75

125

1985

r50

250

r986

75

125

a Applied

b

Rate

as a

mixture.

of simazine unknown.
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Although only A. calendula and Hordewn species appeared to have survived the diquatparaquat application I also examined the effect of diquat and paraquat on a number of
other annual grass weeds present on this field. Those examined were annual bluegrass
(Poa annua L.), soft brome grass (Bromus mollis L.), wild oats (Avena fatun L.), and

silver

grass

(Vutpia bromoides [L.] Gray). Because A. calendulawas present at high

levels and was uniformly disrributed throughout the field, the effect of diquat on this
species was investigated in field experiments. In contrast, the distribution of Hordeum
species as

well as other grass weeds on the field were patchy and uneven, hence pot

experiments were used to determine the effect of diquat and paraquat. In a separate pot

experiment, the effect of diquat and paraquat on H. glaucum, H. leporinum and A.
calendula from this freld was compared.

4. 2. EFFECT OF DTQUAT AND PARAQUAT ON

4. 2.

l.

¡r.

LEPORINUM

Materials and Methods

Seed material. Forty randomly selected Hordeum spp. plants surviving a field
application of diquat-paraquat mixture (150 g a.i ha-l plus 2509 a.i ha-l respectively),
were collected (June 1987) from the lucerne field referred to above (Section 4. 1). The

plants were at the 6-8 tiller stage at the time of collection and had been sprayed four
weeks ea¡lier. The plants were individually transplanted into 15 cm pots and placed in a

glasshouse (2ûL5'C

;70

7o

relative humidity; natural light conditions) at the Waite

Agricultural Research Institute. When these plants were again growing normally, they
were again sprayed with paraquat at 20O g ai ha-l.

All plants survived this second

application and produced seeds. These seeds were collected and stored for three months

under normal laboratory conditions. Chromosome counts on plants grown from
randomly selected seeds from this population enabled the separation of H. leporinum
from H. glaucum. The H. leporinum were then grown to maturity for seed production

under glass house conditions (20+5oC

;70

conditions). Plants grown from thcse sccds

Vo relative humidity; natural light

will hereinafter be referred to

as the
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resistant population

A

second sample

of barley grass

seeds

was collected from

pasture fîeld 50 m outside the perimeter of the lucerne field. This area had no history

a

of

bipyridyl herbicide application. From the results of chromosome counts H. leporinum
was identified from this collection and used as the control, hereinafter referred to as the
susceptible population.

Response

to diquat and paraquat application.

Experiments to determine the

response of H. leporínumbiotypes from the resistant and susceptible populations to

diquat and paraquat were caried out in July 1988. This is the normal growing season
(cool, wet, winter conditions) for this weed. Individuals from the two populations were
separately

glown in

15 cm pots

containing2litre of potting soil. There were four plants

per pot. For response to either diquat or paraquat, the experiment was alranged as a

factorial with biotypes as main treatments and rates of application as sub-treatments.
There were ten replicates, each made up of four plants of each biotype at each rate of

0,25,50, 100,200,400,800, and 1600 and
and 0, 25,50,100,200,400, and 800 g ai ha I diquat. Plants

application. Rates of application were
3200 g ai ha I paraquat

were sprayed at the 2-3 tiller stage using the laboratory sprayer described earlier
(Chapter 3.2. 4.). Plants were sprayed at dusk and kept indoors overnight (in the dark)

in order to maximise the effect of the herbicides. The next morning the plants were
placed outdoors under the prevailing field conditions. The number of plants of each

biotype surviving treatments at each rate were recorded 28 days after spraying. All
surviving plants were then harvested by removing the above-ground green tiller and leaf
tissues. Number of healthy tillers i.e those producing healthy green leaves were counted
and plants were oven-dried at 80'

C for 24 hours. Total dry matter for each plant was

then recorded. An analysis of variance was caried out on tiller numbers and dry weight

of the two biotypes as affected by the various rates.
Response to other herbicides. Three herbicides belonging to chemical groups and
having modes of action different from the bipyridyl herbicides were tested for their

effect on the

H. Ieporinum from the resistant and susceptible

populations. The
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herbicides tested were, fluazifop-butyl at 2009 a.i. ha-l, glyphosate at 3609 a.i. ha-1
and sethoxydim at 1879 a.i. ha-l. Diquat and paraquat applied at 175 and 2009 a.i. ha-l,

respectively were used as controls. For each herbicide, forty plants of each biotype
were sprayed (at the 2-3 tiller stage) using the laboratory sprayer previously described
(Chapter 3. 2. 4).

All plants were grown outdoors under the prevailing environmental

conditions. The number of plants surviving each herbicide treatment were recorded 28
days after spraying.

4. 2. 2.

Results

General effect

of diquat and paraquat on II.

leporínum. Symptoms of

damage by diquat and paraquat were evident within 24 hours of treatment. With the
susceptible population, there was massive bleaching of most of the foliage following
paraquat application and plant death occurred in three to four days. Similar symptoms
were observed with ttre diquat treated plants although rates required to give complete

kill

were higher than required with paraquat. It is important to note that paraquat is more
active on monocotyledonous plants whereas diquat is more active on dicotyledonous

plants. With the plants from the lucerne field, only the older leaves were partially
bleached along the edges and leaf tips whereas the young emerging leaves were
unaffected. These plants continued to grow normally. The observed effects of paraquat

application on H. leporinum are similar to those described for paraquat-resistant

Ë1.

glaucum (Powles, 1986).

Effect of paraquat rates on plant mortality. Figure 4. 1 shows the effect of the
various rates of paraquat application on the survival of H. leporinumfromthe resistant
and susceptible populations. The resistant populations when treated at the re¡ommended
rate of application, 200 g ai ha-l, and

all

rates up to 800 g ai ha-l, showed no mortality.

Even at 1600 g ai ha-I, a substantial number of plants (67Vo) survived and grew
normally. In contrast, all the plants from the susceptible population died at paraquat
application rates of 100 g a. i ha-l and above. From Figure 4. 1, the LD5s (the rate of
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fifty percent of the population sprayed) for this

paraquat application at which caused

susceptible population is 56.8 g ai ha-I.

Fig.4. 1. Effectofparaquat(gaiha-l)onsurvivalof H. leporinumfromresistant
(a) and susceptible (o) populations. Each point is the 7o survival of 40 plants.
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Effect of paraquat rates on tiller numbers and dry matter product¡on.
Figure 4. 2 shows the effect of increasing rate of paraquat application on tiller and dry
matter production in the biotypes from the two populations. Paraquat did not affect

tiller

numbers in the resistant biotype at the recorrìmended rate of application and only at

much higher rates (800 to 3200 g ai ha-t¡ did a significant reduction in tiller number
occur. In the susceptible biotype there was a significant reduction in tiller production at

very low rates. For each rate

at

which there were survivors of both biotypes, the

resistant biotype produced significantly higher number

of tillers compared to

the

susceptible biotype.

There was significant reduction in dry weight of both biotypes with increasing rate of
pataquat application (Figure 4. 2). However, the resistant biotype yielded signif,rcantly
more than the susceptible biotype for each rate of application.
response

in tiller

A clear herbicide dose

and dry matter production is evident in both biotypes.

Figure 4. 2. Effect of paraquat application on tiller production and dry weight of
resistant (Â) and susceptible (O) biotypes of H. leporinum. Enor bars show * 2x
standard error.
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Effect of diquat rates on plant mortality. Figure 4. 3 shows the effect of
increasing rates

of diquat application on H- leporinum from the resistant

and

susceptible populations.

Fig. 4. 3. Effect of diquat (g ai h¿-l¡ on survival of H. Ieporínum from resistant (A)
and susceptible (o) populations. Each point is the

Vo

survival of 40 plants.
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These results show

that diquat did not cause mortality in the resistant H.leporinum at

any of the rates used.

In contrast, a clear dose -mortality

response is evident in the

susceptible population, with an LD5s of 160 g a.i. ha-l.

Effect of diquat rates on tiller numbers and dry matter production. The
effects of diquat on tiller and dry matter production in the two biotypes are presented in
Figure 4. 4. Diquat did not affect tiller production in the resistant population at any of
the rates used. Only at much higher rates of application (above 400 g a.i. ha

I ) was dry

matter production significantly affected. Tiller numbers and dry weight in plants from
the susceptible population were significantly reduced with increasing rates of diquat
application. A clea¡ response to increasing diquat rates on dry weight and tiller numbers

in the susceptible plants was observed.

Figure 4. 4.Effect of diquat application on tiller production and dry weight of resistant
(Â) and susceptible (O) biotypes of É/. leporinum. Error bars show

t

2x standard error.
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Effect of other herbicides. The results of application of alternate herbicides to
diquat and paraquat are presented in Table 4. 2. Plants from both the resistant and
susceprible populations were

killed by glyphosate, sethoxydim and fluazifop-butyl

apptied at the normal recommended rates. Plants from the resistant population survived
the recommended rates of application of diquat and paraquat whereas these rates caused

a I007o mortality of plants from the susceptible population.

Tabte 4.2.Effect of five herbicides on the survival of H. leporinum from resistant
and susceptible populations.

7o

Rate

(s ai ha

Herbicide

1)

survival
Susceptible

Resistant

paraquat

200

100

0

diquat

175

100

0

fluazifop-butyl

200

0

0

glyphosate

360

0

0

sethoxydim

187

0

0

It appears from

these results that resistance in

H.leporinum is confined to the bipyridyl

herbicides, with no evidence of cross-resistance.

4. 3. EFFECT OF DTQUAT ON

A. CALENDULA.

4. 3. 1. Materials and Methods.
Field experimental site. Trials were conducted in 1986 and 1987 at Elmhurst
within the lucerne freld previously described. Plots were established on an area within
the lucerne field with a heavy, uniform
established

A. calendula

infestation. Plots were also

in an adjacent pasture field that had never been treated with diquat or

paraquat. These plots were sited 50 m from the plots in the lucerne field and were
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heavily infested with A. calendula. (10m x 3m, 4 replications, randomized block
design)

Experimental design ând treatments1986 field experiment. The experiment within the lucerne field was laid out in

a

diquat
randomized block design with 4 replications. Plot sizes were 10m x 3m. Rates of
herbicide
application were: 0, 100, 200,400, and 800 g ai ha-l. A commercial bipyridyl

(200 g diquat/L plus 0.2Vo surfactant), hereafter referred to as diquat, was used'

plot
Herbicide was applied by walking through the plots with the wheel-mounted
sprayer described

in Chapter 3. Plots were established and sprayed on June 13' at

x
which time the A. calend.u/a was at the 12 to l1leaf rosette stage. Five plots, 10m
3m, were established within the adjacent pasture plots. These plots were

all

sprayed at

200 gdiquat ha-l.
20
The plots (except the control) within the lucerne field were resprayed on August

with 200 g diquat ha-l. The surviving A. calendulø on ten 0.1-m2 quadrats/plot were
1-m2
counted thirty days after the first spray treatment. Additional counts on ten

quadrats were made on the

400

and 800 g ha-l fteatments because fewer plants

20'
survived at these rates. Thirty days after the second diquat treatment, on August
counts of survivin g A. calendula were made on ten 1-t¡2 quadrats/plot.

the
1987 field experiments. Plots (10m x 3m ) were again laid out in an area within
lucerne field and the adjoining pasture field, on areas with a dense uniformly distributed

population of A. calendula.ln both fields the plots were established in a randomised
200 g
block design with 4 replications. On June 27,lg8':-, diquat at0,25,50, 100 and

ha-l was applied to plots within the pasture field. Plots within the lucerne field were
sprayed at 0, 100, 200, 400, 800 and 1600 g

tra-l. AU lucerne plots were resprayed

freld
with 200 g ha 1 of diquat on July 7. The A. calendulø infesting plots in the pasture

were counted before spray application. Forty-one days after the first treatment,
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surviving plants were counted on all plots. A final A. calendul¿ count was made sixty
days after the first treatment.

Transplant of treated plants from field to glasshouse. About 100 plants that
had survived the two applications of diquat in the lucerne field were transplanted to pots

and transported to the Waite Institute. When these plants were healthy and growing

vigorously in the glasshouse they were again sprayed with 200 g diquat ha-l, using the
plot sprayer described above.

4. 3. 2.

Results

Within the pasrure fietd (no history of bipyridyl herbicide use) diquat at 100 or 200

g

ha-l almost eliminated the heavy A. calendula infestation (Table 4. 3). In 1987
significant mortality occured at rates as low as 25 g ha-l. Clearly the A. calendula
population infesting this pasture was normally susceptible to diquat herbicide.

Table 4. 3. Diquar conrrol of A. calendula in a pasture field with no history of
bipyridyl herbicide use, evaluated 41 days after treatrnentl.

Percentage survival

Surviving plants
Diquat

1986

1987

1987

(%)

(plants m-2)

(g ha=t)
550

580 a

25

*

260 ab

50

*

I20 cb

100

*

5d

200

0

1c

0

1986

100

100

*(

44

*

20

d<

1

0

0

I Means followed by different letters are significantly different (P=0-05)
Scheffe's statistic (1959).

using

70

*Not sprayed.
A. calendulø infesting the lucerne freld (Table 4.4), was much more resistant to diquat
than A. calendula in the adjacent pasture (Table 4.

3). Diquat at 100 g/ha reduced

the

A. calendula density from 400 plants m-2 to 100plants m-2 in the 1986 experiment and
from 670 plants m-2 to 300 plants m-2 in the 1987 experiment (Table 4. 4).

Table 4. 4. Diquat control of A. calendula in a luceme field
bipyridyl herbicide

Dþat

with a24

year history

use 1.

Percentage survival

Surviving plants

1986
(g/ha)

1987

1986

plants m-2

0

400a

100

100b

200

1987

{ge)

670a

100

100

300ab

24

44

80bc

140cb

19

2L

400

47c

50c

t2

7

800

20d

10d

4

I

1600

0e

0e

0

0

1

of

Means followed by different letters are significantly different (P=0.05) level using

Scheffe's statistic

Although there was substantial mortality from 100 g ha-l there were many survivors at
a rate

that killed the susceptible population in the adjacent pasture (Table 4. 4) It

should be noted that the surviving plants showed effects of the herbicide; there was

some death

of

older leaves and necrosis on the tips of some of the younger leaves.

However, these effects were temporary and the plants recovered, grew vigorously and
set viable seed. There was increased

mortality of A. calendul¿ with higher rates of

7l

diquat (Table 4. 4).However, there was substantial survival following treatment at
rates up to 400 g/ha diquat.

All plants

were killed by application

of 1600

g ha

1.

It is clear from these experiments that there were many diquat-resistant A. calendula
plants presont in the lucerne freld but also there were still many susceptible plants. A.
calendula is an outcrossing diploid species with considerable genetic variation. Studies
to be presented later (Chapter 7)

will

show that seeds of A. calendula are residual in the

soil seed bank for a number of years. Thus, there is a very substantial soil seedbank
reserve of susceptible seed. The surviving plants in the lucerne field were resprayed

with diquat at 200 g diquat ha-l to determine whether the diquat resistant survivors
could survive a second treatment. The second treatment with diquat caused substantial
mortality of plants which had survived the first treatment (Table 4. 5).

Table 4. 5. Effect of a second application of diquat

(2OO

g ha-l) on resistant A

calendula which survived the initial treatment.

Suwiv\ngA. calendula

Tnitial

G

freâtment

After first

After second

application

aoolication

1

1

qR7

1qR6

1gR7

(%

(plants m-2)

ha=L)

100

100

300

70

150

30**

50*

200

80

140

60

40

25**

7l

400

50

50

20

10

60**

80x

ROO

')î

6

10

5

<o**

17

The significance of the differences between the lst and 2nd sprayings was determined

by Students t test. * and **

indicate that the differences are significant at the 0.025

and 0.05 levels respectively.

However, many plants survived both treatments and continued to grow vigorously.

It

was not evident why some plants succumbed to the second application of diquat. The
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100

A.

calendula plants rransplanted into pots that had survived the two field

applications of diquar were sprayed with 200 g ha-l diquat. Of these plants 807o
survived this third ffeatment, flowered normally and set viable seed.

4. 4. COMPARISON OF THE EFFECT OF DIQUAT AND PARAQUAT
ON 11. GLAUCUM,

H.

LEPORINUM, AND A. CALENDULA FROM

THE ONE FIELD.
4. 4.

l.

Materials and Methods

Seed collection and seedling production selection.

Hordeum spp. Matured

seeds

of Hordeum spp. were collected randomly from

plants growing within the lucerne field described previously. These will hereinafter be

referred to as the resistant population. Hordeum spp. were also collected from the
adjacent pasture field with no previous history of diquat or paraquat use. Seeds
collected from this field will hereinafter be referred to as the susceptible population.
Chromosome counts using the method previously described were carried out on plants
raised from these two set of seeds. From these counts, H. glaucum and H. leporinum
were identified in both the lucerne and pasture fields. Twenty plants from randomly
selected seeds of each of the purported resistant species were raised each in 20cm pots

in the glasshouse under natural light conditions and 20fr" C. At the seedling stage (2-3

tillers) the plants were exposed to diquat and paraquat (100 and 2009 a.i. ha-l
respectively).

All the plants of both species survived this treatment, developed

normally and set viable seed (data not shown). The experiments reported here were
conducted with seeds from these glasshouse grown plants.

A. calendulø. Matured

seeds

of A. calendula were collected randomly from plants

growing within the lucerne field described above. These will hereinafter be referred to
as the resistant population.

A. calendal¿

seeds were also collected

from the same

pasture freld. This pasture has never been sprayed with paraquat or diquat and the seed
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material collected represent the susceptible population. Twenty seedlings from
randomly selected seeds from the resistant population were individually raised in 10cm
pots under glasshouse conditions exposed to diquat and paraqu at (2W and 1009 a.i.
ha-l respectively). All plants survived this treatment and produced viable seeds. These
seeds were used in the

Response

following experiments.

to diquat and paraquat. Experiments were conducted at the Waite

Agricultural Research Institute during the winter months of July-August, 1988. This
period is the normal vegetative phase for these weeds. Seedlings of H. glaucum and
H . leporinurn were raised

in 15 cm pots ( 1 litre potting soil) at a density of 4 plants per

pot and those of A. calendula in 10 cm pots ( 0.75 litre potting soil) at I plant per pot.

All

plants were maintained outdoors under the prevailing cool and wet weather

conditions so that they closely resembled field populations. H. glaucum and H.
leporinum were sprayed at the 2-3 tlller stage and A. calendula was sprayed at the 6to -8 leaf rosette stage. Commercial formulations of the bipyridyl herbicides were used

(Reglone@, 200 g l-1 diquat and Gramoxone@, 2O0 gl-l paraquat ). Herbicides were
sprayed using the field plot sprayer previously described. Rates

of

application of each

herbicide were, O ,25,50, 100, 2O0,400,800 g ai ha-I. Additionally, A. calendula
plants were sprayed at 1600 g ai ha-l diquat andH. glaucum andIl. leporinum at
1600 g ai ha-l paraquat. For the A. calendula and Hordeum spp., 40 plants of each
species from the resistant population and 40 from the susceptible population were
treated at each rate. Plants were sprayed at dusk and kept in the dark overnight

for 8 h

to maximise the effect of the herbicides. They were then returned outdoors for the
remainder of the experiment. The number of plants surviving each rate of application
was recorded after 28 days.

Response

to other herbicides. Four other herbicides dissimilar to the bipyridyl

herbicides were tested for their effect on the

H. glaucuffi,H. leporinum andA.

calendula from the resistant and susceptible populations. The herbicides tested were
the recommended monocot weed herbicides fluazifop-butyl at

2ffi g a.i. ha-l and
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sethoxydim at 187 g a.i. ha-l and the non-selective herbicide glyphosate at 360 g a.i.

ha-l for their effect on H. glaucum and H. leporinum. A recommended dicot weed
herbicide dicamba at 100 g a.i ha-l and the non-selective herbicide glyphosate at 360 g
a.i. ha-l \¡/ere tested for their effect on A. calendula.The rates of the he¡bicides tested
are the normal rates recommended

for the control of the respective weedsl. Diquat and

paraquat applied at 175 and 200 g a.i. ha-l respectively were used as controls. For
each herbicide, forty plants of each

biotype were sprayed (at the 2-3 tiller stage of H.

glaucum and H. leporinum and at the 8 leaf rosette stage of A. calendula) using the

field sprayer previously described (Chapter 3). All

plants. were grown outdoors under

the prevailing environmental conditions. The number of plants surviving each
herbicide treatment were recorded 28 days after spraying.

4. 4. 2.

Results

Figures 4. 5 (Ð, (ii) and (iii), show the survivat of A. calendula , H. glaucutn and H.

leporinurn respectively following treatment at the various rates of paraquat. All plants
of the three species from the susceptible population in the pasture field died at less than
commercially recommended rates (200 g ai ha-l¡ of application. However, plants from
the resistant population were unaffected by paraquat at the commercial rate and only
at very high rates was there any

Figures 4. 6.(Ð,

mortality [Figures 4. 5 (Ð, (ii) and (üi)]

(ii) and (iii) show survival of A. calendula, H. glaucum

and

H.

leporinum respectively following treatment at the various rates of diquat. There was a
clear dose response to diquat in each of the three species from the susceptible
populations with the greatest activity on A. calendula

(it

is emphasised that diquat and

paraquat are each more effective on dicot and monocot weeds respectively).

lAustralian Weed Control Handbook (8th Edition) Inkata Press, Victoria 1987.

Figure 4. 5. Effect of paraquat on survival of (i) A. calendula, (ii) H. glauatrn and (iii)
H.leporinum from lucerne (A) and pasture (O) populations 28 days after spraying. Each
point is the percentage survival of 40 plants.

75

i. A. calendula
100

80

4

.Ë
È
(t)
ñ

60

40

20

0
0

ä.

H.

200

400

I

glaucum

600

800

ai ha-l

100

80

E60
Ë
u)

\e

40

20
0
0

iii.

ã.

400

800

1

200

1

600

1

200

1

600

B ai ha-l

leporinum
100

80

E60
E

=
u)
ñ

40

20

0

0

400

800
g ai ha-l

Figure 4. 6. Effect of diquat on survival of (i) A. calendula, (iÐ ¿1. glaucum and (iii)
H.leporinumfrom lucerne (Â) and pasture (O) populations 28 days after spraying. Each
point is the percentage survival of 40 plants.
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The lowest rare of diquat which caused IOOVo mortality of A. calendula from the
susceptible population (100 g ai ha-l), caused no mortality in plants from the resistant

population. Both Hordeum species from the resistant population showed no mortality
at any rate of diquat tested.

These results clearly show that H. glaucum, H.

leporinwn

and

A. calendula infesting

this lucerne field have become resistant concurrently to the bipyridyl herbicides diquat
and paraquat.

The results of application of other herbicides to the three species from the resistant and
susceptible populations are presented in Table 4. 6.

Table 4. 6. Effect of six herbicides on the survival of H. glaucum (H. Ð H
leporinum (/1. /) and A. calendula (A. c) from resistant and susceptible populations.

7o

Survival
Susceptible

Resistant

Rate

Herbicide

G¡¡a=ll

paraquat

200

100

100

92

diquat

175

100

100

89

fluazifop-butyl

200

0

0

d(

glyphosate

360

0

0

0

sethoxydim

187

0

0

*

dicamba

100

d<

:t

0

H.g H.l
000
000
00*
000
00:t'
:1.

¡k

A.

c

0

*Not sprayed with this herbicide.
As expected, diquat and paraquat caused no mortality

H.leporinwn from

in

biotypes

of I/. glaucum

the resistant population. Significant numbers of A.

and

calendùaftom

the resistant population also survived the diquat and paraquat application (89 and927o

respectively). Biotypes of all three species from the susceptible population were killed
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by both herbicides. However when sprayed with either fluazifop-butyl, sethoxydim or

glyphosate,therewasa T}O%omortality of H.glaucum andH.leporinwn plantsfrom
both the resisrant and susceptible populations. Similarly dicamba and glyphosate
caused

l\\fto mortality of A. calendula

plants from both the resistant and susceptible

populations (Table 4. 6).

4. 5. EFFECT OF PARAQUAT ON OTHER ANNUAL

WEED

SPECIES.

4. 5. 1. Materials and methods
Seed collection and treatment. Seeds of Poa annua, Bromus mollis, Avena fatua

andVulpia bromoides were collected randomly from matured plants within the lucerne

field and also from the adjacent pasture freld. Seedlings were raised from randomly
selected seeds from these collections
4 plants per pot.

in 15 cm pots (1 litre potting soil)

All plans were maintained outdoors under

at a density

of

the prevailing cool and wet

winter weather conditions so that they closely resembled field populations. Plants were
sprayed (0, 100 and 200 g ai ha-l paraquat) at the 2-3 tiller stage using the field plot
sprayer.

4. 5. 2.

Results

Biotypes of P. annua, B- sterilis, A. fatua and V. bromoides from both the lucerne
and pasture fields did not survive paraquat application at the normal recommended rate

of application (200

I ai ha-l¡ or at half this rate (Table 4. 7).
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Table 4.7.Effect of paraquat on annual grass weeds from lucerne (L) and pasture
(P) populations.

Percent survival
Paraquat

P. annun

(e ai ha-l)

LP

sterilis
LPLP
B.

A.Íatua

100 100 100 100 100 100 100

0

100

0

200

00

4. 6. General

0

0

0

0

00

0

0

0

0

100

0
0

0

Discussion

The results of spraying intact

H. leporinum

paraquat clearly show that a biotype of

plants with various rates of diquat and

H. kporinum infesting the lucerne field

at

Elmhurst has become resistant to the bipyridyl herbicides diquat and paraquat (Figures

4. 1 and 4. 2). Results of field application of diquat to A. calendulaplants on the same
field reveal also that

a biotype

of this species is resistant to diquat (Tables 4.3 and 4. 4)

and the result of testing the efficacy of diquat and paraquat on A. calendula, H. glaucurn

and 11. leporinum from this

field show that all three species have concurrently

developed a high level of resistance to the bipyridyl herbicides paraquat [Figures 4. 5

(Ð, (ii) and

(iii)l

and diquat [Figures 4. 6 (i), (ii) and (iii)]. This finding of diquat and

paraquat resistance concurently in three weed species on one field is the first incidence

of more than one weed species developing resistance concurrently on one field. Four
other annual weed species infesting this field showed no resistance to paraquat (Table 4.

7).
The development of resistance concurrently in three weed species on a single field is

unique within the current history of herbicide resistance. The herbicide use record of
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this lucerne field (Table

4.l),

reveals that for a continuous period of 24 years, diquat

and/or paraquat were the sole means of weed control. Throughout this period, there
was no cultivation, rotation of crops or pastures and except for one year, no other
herbicides were used to achieve weed control. Clearly, diquat-paraquat resistance in
the three weed species is in response to this persistent selection pressure.

It is not easy to identify the reason why diquat-paraquat resistance has occurred in A.
calendula (cross-pollinated) H. glaucum andIl. leporinum (self-pollinated) and yet
not in the other weed species tested from the same lucerne field. However, a number

of factors controlling the evolution of herbicide resistance in weeds could be involved.
These include the initial frequency of resistant genes in the population and the selection
pressure from the persistent herbicide use. The initial frequency of genes for herbicide

resistance in susceptible weed populations is generally estimated to be low (Gressel
and Segel 1978). Assurning that individuals with genes for resistance to a particular

herbicide are distributed randomly, resistant populations will then occur only

if

these

resistant individuals exist where that herbicide is in use. Following this, the nature and
extent of the selection pressure from the herbicide being used becomes important in

determining the dynamics

of the evolution of a dominant resistant population.

Herbicides with soil residual activity, such as the triazine herbicides, provide stronger
selection pressure because of their ability to exert season-long effect on weeds. Thus
resistance to the triazine herbicides constitute over half of the currently confirmed cases

of herbicide resistance (LeBaron and McFarland, 1989). The bipyridyl herbicides
diquat and paraquat on the other hand are non-selective foliar contact herbicides with

no soil residual activity. However on the lucerne field on which A. calendula, H.

glaucum and

H.

leporinum have become resistant, diquat and paraquat were

persistently applied over a Z|-year period thus clearly providing a strong selection
pressure. That resistance is not evident in the other four weed species tested on this

field suggests that genetic va¡iation for diqualparaquat resistance is possibly absent in
the populations of these species on this field. In addition, throughout

a

24 year
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period, diquat-paraquat was applied only once a year to this field, each time in winter,

following the initial flush of germination of most annual weeds. Because there is no
soil activity of these herbicides, weeds germinating after this application are able to
escape the selection pressure from these herbicides and carry on their normal

life cycle.

Therefore, even if there was genetic variability for diqualpamquat resistance present in

populations of Poa annua, B. mollis, A. fatua and V. bromoídes on this field,

it

is

possible that these species could have remained susceptible to the bipyridyl herbicides
and yet persisted over this 24 year period through an escape mechanisms that allow a

proportion of the soil seed bank to germinate at various intervals during the growing
season

providing a steady replenishment of the seed bank of susceptible individuals in

the population. Such seed characteristics as dormancy, late and/or asynchronous
germination which are important mechanisms for success of annuals a¡e well known in
annual weeds (Harper, 1957; Chancellor, 1982).

H. glaucum and H. leporinum biotypes with resistance to diquat and paraquat on this
freld were found to be sensitive to fluazifop-butyl, glyphosate and sethoxydim at their
normal recommended rates of application of 200, 360, 187 g a.i. ha-l respectively and

A. calendul¿ from this field was also found to be sensitive to glyphosate and dicamba
at the recommended rates

of application (360 and 100 g a.i ha-l respectively), Table 4.

9. This means that a change in management practice aimed at controlling these resistant

populations could have, as a component, these alternative herbicides. The fact that the

paraquat-resistant biotypes

of these weeds are controlled by other herbicides is

particularly signif,rcant in the light of recent reports in which biotypes of weeds have
developed multiple-resistance to other herbicides including paraquat-resistant Conyza
sp. which was found to be also resistant to atrazine (Polos et a1.,1988).

4. 7.

Conclusion

It is concluded from these studies that biotypes of H. bporinum, H. glaucum

and A.

calendula infesting a single field have become resistant to the bipyridyl herbicides as a
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consequence of intense selection pressure from the recurrent use of diquat and/or
paraquat over a 24 year period. The resistant biotypes have no cross-resistance to other

unrelated herbicides.

It is clear from

these results that

if

the likelihood of weeds

becoming resistant to herbicide is to be minimised or avoided weed control practices

that rely on the use of one herbicide over a long period of time must be avoided.
Integrated weed control practices involving herbicide and crop rotation, selective

grazing and appropriate tillage practices would,

in combination, minimise the

likelihood of weed species becoming resistant to herbicides.
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CHAPTER

5

PRODUCTIVITYANDCOMPETITIVENESSoFDIQUATAND
PARAQUAT.RESISTANT

H.

GLAUCUM.

5. 1. Introduction.
of resistant weed
One of the important factors determining the rate of appearance

of the susceptible
biotypes is the fitness of resistant individuals relative to that
reproductive success' that
individuals within the population. Fitness may be related to
(Hickney and McNeilly'
is, the capacity of an organism to produce viable offspring
dominate the gene
lg74).Thus the fitter organism is the one whose genes eventually

which has been
pool. Reduced fitness is often the penalty incurred by an organism
a number of triazine
selected for a particular trait. Thus, in the absence of triazine
reduced vigour, lower
herbicide-resistant weed biotypes have been found to exhibit

Chapter 2)' The
competivity and growth when compared to the susceptible biotypes
weeds has been recently
importance of frtness in the evolution of herbicide resistance in

reviewed by Holt (1989).

pafaquat' no previous
Although a number of weeds ale now known to be resistant to
studies

on growth and productivity

and competitiveness of the resistant and susceptible

between pilaquatweed biotypes have been undertaken. The outcome of competition

is therefore not
resistant and susceptible weed biotypes in unsprayed populations
on the relative
known for any of the weeds currently resistant to paraquat. Information
herbicide is important
fitness of resistant and susceptible biotypes in the absence of the
because

it gives

an indication

of trends in population shift between the two biotypes' In

the absence of the herbicide, the fitter, more competitive biotype

will be expected to

to determine
dominate the population. The present studies were therefore conducted
number of matured
productivity, competitiveness and relative fitness (measured by the
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heads produced per plant) of paraquat-resistant and susceptible

H. glaucum in

the

absence of paraquat.

A second field experiment was carried out to determine the outcome of competition
between paraquat-resistant H. glaucum and normal paraquat-sensitive H.leporinum-

The field survey reported in Chapter 3 revealed that H. leporinum is the dominant
Hordeum species in the region in which resistance to pamquat is at present confined in
Australia. The effect of competition on the resistant H. glaucurø would therefore be
expected from both the paraquat-susceptible É/. glaucum as well as the paraquat-

susceptible

H. leporinum. This would play an important role in the population

dynamics of the resistant biotype in the absence of paraquat.

5. 2. Materials and Methods
Experimental area. All experiments were conducted in the winter season in an
'Winter (May experimental field at the Waite Agricultural Research Institute.
September) is the normal growing season for the barley grasses in Australia and is
characterised by cool and wet conditions. The soil type on which the experiment was

conducted is a red-brown earth with 25 cm or more of top soil of fine sandy loam
texture, a prismatic stn¡ctured clay sub soil and a calcareous deep sub-soil. The specific

sites where the experiments were conducted

in 1985 and 1986 had been sown in

rotation to wheat, barley and oats in the previous three years.

Plant material.
population

in

Seeds

a lucerne

of resistant H. glaucum

were collected

in 1984 from a

(Medicago sativa L.'Hunter River') field at'Willaura, Victoria,

that had been treated once annually with paraquat for the previous 15 years. Plants were

grown from these seeds under glasshouse conditions (2015'C,

TOVo

rclative humidity,

narural light conditions), and at the 2-3 tiller stage they were sprayed with paraquat at

the recommended rate of 200 g a.i ha-l.

All plants survived this treatment (data not

shown) and went on to produce seeds. These seeds were used in both competition
experiments.
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Seeds

of susceptible fI. glaucum and susceptible H. Ieporinum were collected in 1986

from a pasture field within 500 metres of the f,reld from which the above resistant seeds

were collected. This field had no history

of paraquat use. Plants grorwn in

the

glasshouse (2015'C, 707o rclative humidity, natural light conditions) from randomly
selected seeds of both species from this population were sprayed with paraquat

g a.i ha

at 200

l. All plants sprayed at this rate died (data not shown). The remaining seeds

were used as the susceptible in the following experiments.

susceptible .ÉI. glaucum

with susceptible

II.

II.

in competition with
and resistant H. glaucum grown in competition

5. 2. L. Productivity of resistant

glaucum grown

leporínum.

Experimental design. The experiment was laid out in a de Wit (1960) replacement
series design.

In this design, plants are grown together in varying proportions of one to

the other at a fixed overall density. Seven plant combinations of resistant to susceptible

biotype/species were used, including 1007o resistant biotype, tOÙVo susceptible
biotype/species, and proportions of 90

:

10, 75

: 25, 50 : 50,25 ; 75

and 10 : 90

respectively. For both competition between resistant H. glaucum and susceptible

É1.

glaucum and between resistant 11. glaucum and susceptible Ë1. leporinum,
competitiveness was tested at two separate overall plant densities of 100 and 400 plants
m-2. In each case, treatments were arranged in a randomized block design with two
replications.

Seedling establishment. Seeds of both biotypes/species were sown separately in
wooden boxes filled with vermiculite, watered and placed
glasshouse was maintained at 20

t

5'C,

7O7o relative

in a glasshouse. The

humidity and natural light

conditions. At the 2-3 seedling leaf stage, the boxes were placed outdoors for three
days to acclimate the plants to field conditions.

Planting of seedlings in the field. Prior to planting in the field, permanent grid
meshes were laid over the soil to dclineate individual

plant positions. Mesh

sizes

of
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10cm2 and 5cm2 were used to give the respective plant densities

of 100 and 400 plants

m-2. Seedlings were then planted individually within the centres of each grid in the
various proportions. The positions of each species were determined by separate colours

which had been painted over the gnds.Each plot consisted of 100 plants surrounded by

four buffer rows of biotypes/species consistent with that in the plot. Plots were kept
weed-free throught the experiment by regular hand weeding.

Plant harvest and data obtained. Dates at which the first inflorescence emerged
were recorded for each biotype/species. Plants in the resistant H. glaucu¡?? versus
susceptible H. glaucum experiment were harvested individually, 167 days after

planting, by excising all above-ground material. Those in the resistant H. glaucum
versus susceptible H. Ieporinum expeiment were harvested 170 days after planting

using the same procedure. At the time of harvest, most of the seeds produced in the
heads were straw-coloured, indicating seed maturity. Number

of tillers and heads were

counted immediately after harvest and plants were oven-dried

at 80'C for 24 hours.

Dry weights were recorded individually for each biotype in the various proportions.
Data were subjected to a factorial analysis of variance and an L S D test was computed
to determine effects of biotype, proportion, dry matter, number of tillers and number of
heads produced.

5. 2. 2. Productivity of resistant and
susceptible

susceptible

H. leporinum in the absence of

H.

glaucum and

competition.

Productivity of the resistant and susceptible biotypes in the absence of all forms of

inter- or intra-biotype competition were examined in a separate field experiment.
Seedlings used were from the same lot as those used in the competition experiment
described above. A total of 100 plants of each biotype/species were planted at a spacing

of 50 x 50 cm to give a plant density of 4 plants m-2. Plants were grown to maturity and
harvested as the seed colour turned golden-yellow indicating seed maturity. Number

of

days to first inflorescence emergence was noted in each biotype. Data were obtained

for
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number of tillers, heads, and dry matter produced per plant and a one way analysis of
variance and the F-test was used to detect differences among means.

In both experiments, plots were kept free of other weeds by regular handweeding
throughout the duration of the experiments. The results of dry matter production,
number of tillers and number of heads produced per plant were plotted as replacement
series diagrams to illustrate the nature

of the competition occurring between the

biotypes/species. In these diagrams, relative yields of each biotype/species are plotted
against their relative frequencies in the mixture (de

Wit, 1960). The

shape

of the curves

in these plots gives an indication of the relative competitiveness of the biotypes/species.
Values for dry matter production and reproductive output (number of heads) were used
to plot these diagrams.

5. 3.

Results

5. 3. I. Paraquat-resistant versus paraquat-susceptible H. glaucum.
Number of days to heading. The number of days to emergence of first spike
inflorescence in the resistant and susceptible
a¡e presented

glaucum in the absence of competition

in Table 5. 1 and when grown in competition at 100 plants s¡-2 (Table 5.

2) and 400 plants
absence

É1.

--2

(Table 5. 3). The results show that both in competition and in the

of competition, the resistant and susceptible H. glaucum did not differ in the

number of days to emergence of first inflorescence. Similarly the number of days to

first emergence was not affected by the various planting proportions.

Productivity of resistant and susceptibte 11. glaucum in the absence of
competition. The results of dry matter production as well as number of tillers and
heads per plant for resistant and susceptible

competition are presented in Table 5.

1.

H. glaucum grown in the absence of
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Table 5. 1. Dry matrer production (g plant -1¡, number of tillers/plant, number of
headsþlant and number of days to emergence of first spike inflorescence (DTH) of
paraquat-resistant (R) and susceptible (S) biotypes of 11. glaucum grown in the absence
of competition (I) and paraquat resistant H. glaucum (R) and p¿ìraquat-susceptible 11.
leporinurn grown in the absence of competition (I!a.

Biotype/Species

Dry

I.

(g

matter

plantå

No.

Tillers No.Heads

(,planell

DTII

folant-l)

(Days)

H. glaucum (R)

24.3a

64.9a

29.La

tt2

H. glaucum (S)

30.1b

74.4b

36.8b

Lt2

H. glaucum(R)

19.6a

58.7a

19.9a

110

H.leporinutn (S)

29.9b

81.1b

30.8b

tt2

II.

aBetween species/biotypes, for each attribute, means followed by different letters are

significantly different. (P=0.05, F-test)
These results show that dry matter production and number

of tillers per plant were

significantly less for the resistant H. glaucum biotype than the susceptible biotype (P=
0.05). The resistant biotype also produced significantly less number of heads per plant
(P= 0.05) compared to the susceptible biotype.

Productivity of resistant and susceptible H. glaucum when grown in
competition.
Dry matter, number of tillers and number of heads produced by both biotypes in
monocultures and in the various proportions at the overall plant density of 100 plants

m-2 are presented in Table 5- 2- These figures show that as the proportion of each

biotype in the mixtures increased there was a corresponding increase in dry matter,
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number of tillers and number of heads of both biotypes. The dry matter yield, number

of tillers and heads of the resistant biotype was always significantly lower (P=0.05)
than those of the susceptible biotype at all proportions of the two biotypes. When
grown in equal proportions (50:50), the resistant biotype produced 40 and 38
total dry matter and number of heads respectively.

Vo

of the

90

Table 5. 2. Dry weight, number of tillers, number of heads and number of days to
emergence of first spike inflorescence (DTH) of paraquat-resistant (R) and -susceptible
(S) biotypes of H. glaucum in monocultures and mixtures at a constant plant density

of

100 plants m-2

Dry weight

Plant proportion

RS

(g. m-2)

No. Tillers
(m-2)

No. Heads
(m-2)

DTFI
(Days)

Resistant biotvpe

100:0
90:10
75:25
50:50
25:75
10:90
0 :100

722.8

2442

1566

111

644.7

2068

L319

111

532.6

1608

970

110

325.9

1104

663

rt2

143.8

474

297

110

58.6

192

Lt2

L12

0.0

0

0

110

0.0

0

0

110

to4.9

315

289

tL2

239.3

672

620

t12

488.9

1423

1082

111

655.1

2148

I 188

111

778.5

2474

t755

110

838.5

3047

2298

tt2

83.3

LOz

t44

lNS

Susceotible biotrroe

100:
90:10
75:25
50:50
25:75
10:90
0:100

0

LSD (0.05) between
proportions
of the two species.
lDifference

s

not

si

gnific ant

9t

Table 5. 3. Dry weight, number of tillers, number of heads and number of days to
emergence of first spike inflorescence (DTH) of paraquat-resistant (R) and -susceptible

(S) biotypes of I/. glaucum in monocultures and mixtures at a constant plant density

of

400 plants m-2

Plant proportion

RS

Dry weight

No. Tillers

No. Heads

DTH
(Davs)

(s. m-2)

(m-2)

(m-2)

238.0

tzt6

63r

LL2

226.7

988

481

111

178.5

805

4t9

111

t27.7

511

292

111

59.2

255

132

t12

24.7

95

53

110

0.0

0

0

Lt2

0.0

0

0

rt2

43.2

153

98

LL2

r09.4

380

226

111

2t7.4

682

567

111

269.7

1002

748

110

328.2

rt69

880

110

363.6

1467

911

111

22.2

54

33

Resistant biotype

100: 0
90:10
75:25
50:50
25:75
l0:90
0 :100
Susceotible biotvoe

100:
90:10
75:25
50:50
25:75
10:90
0:100

0

LSD (0.05) between
proportions

of the two species.
lDifferences not significant.

1NS
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At the higher overall plant density of 400 plants --2 lTable 5. 3), the resistant biotype
also yielded significantly (P=0.05) less dry matter, number of tillers and number
heads compared to the susceptible biotype. This occurred both

of

in their monoculture

yields and in the various planting proportions. At equal proportions of 50 plants m-2,
the resistant biotype produced 37 and367o percent respectively of the total dry matter
and number of heads.

The results of competition beween the resistant and susceptible H. glaucum are further

illustrated in replacement series diagrams to illustrate the nature of the competition
between the two biotypes (Figures 5. la-d). The dashed lines represent the theoretical
behavior of the two biotypes if they had equal competitive abilities. These figures show

that when grown in competition with the resistant biotype, the susceptible biotype
consistently produced amounts of dry matter and number of heads that exceeded the
amounrs predicted

if both biotypes were equally competitive

(hence the shape of the

curve is consistently convex). The resistant biotype consistently produced amounts
lower than the predicted values (hence the shape of the curve is consistently concave).
These results were the same at both plant densities studied.

5. 3. 2. Paraquat-resistant

fI.

glaucum versus paraquat-susceptible H.

leporinum

Number of days to heading. The number of days to emergence of first
inflorescence in the resistant H. glaucum and susceptible

of competition are presented in Table 5.

I

I/. leporinwn in the absence

and when grown

in competition at 100 plants

m-2 in Table 5. 4 and at 400 planrs m-2 in Table 5. 5. In the two experiments, the
resistant H. glaucum and the susceptible H.Ieporinum did not differ in the number of
days it took for the first inflorescence to emerge. This occurred irregularly within the

two species irrespective of plant proportion or the presence or absence of competition.
The number of days varied from

1

IO

- ILZ days after sowing.
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Productivity of resistant H. glaucum and susceptible II. leporínum in
absence of competition. The dry matter, number of tillers and number of heads per
plant produced by both species in the absence of competition are presented in Table 5.
1. The data show that the overall

productivity (determined by dry matter production,

number of tillers and number of heads

--2¡ of the paraquat-resistant H. glaucum was

significantly (P=0.05) less than that of the paraquat-susceptible H.leporinwn.

Productivity of resistant H. glaucum grown in competition with
susceptible

H. leporínum. The dry matter yield, number of tillers and number of

heads of the two species in monoculture and the va¡ious proportions, at the overall plant

density of 100 plants m-2 arepresented in Table 5. 4.
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Table 5. 4. Dry weight, number of tillers, number of heads and number of days to
emergence of

first spike inflorescence (DTH) of paraquat-resistant H. glaucwn (R) and

paraquat-susceptible H.leporinurn (S) in monocultures and mixtures at a constant plant
density of 100 plants m-2

Plant proportion

RS

Dry weight

No. Tillers

No. Heads

DTH
(Days)

(s. m-2)

(m-2)

(m-2\

35r.2

1340

677

110

289.1

940

522

110

250.2

633

456

111

151.3

524

250

110

48.7

208

101

rt2

14.4

92

4r

110

0.0

0

0

111

0.0

0

0

112

106.9

306

107

tt2

213.r

425

257

110

280.9

609

408

110

438.3

868

572

110

465.6

1020

642

111

506.6

1510

810

LL2

79.6

r46

56

Resistant H. plaucum

100: 0
90:10
75:25
50:50
25:75
10:90
0 :100
Susceotlble H . leo ori num

100:
90:10
75:25
50:50
25:75
10:90
0:100

0

LSD (0.05) between
proportions
of the two species
I Differences not significant

1NS
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Values at the overall plant density of 400 m-2 are presented in Table 5. 5. At both plant

densities, there was an increase in dry matter, number of tillers and heads for both
species with each increase in its proportion

in the mixture. The monoculture yields in

dry matter, tiller number and number of heads of the resistant H. glaucum were
significantly lower (P=0.05) than those of the susceptible H. leporinum rt the overall
plant density of 100 plants m-2 and except for the number of tillers, the results were the
same at the overall plant density of 400 plants m-2.
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Table 5. 5. Dry weight, number of tillers, number of heads and number of days to
emergence of first spike inflorescence (DTH) of paraquat-resistant H. glaucum (R) and

pamquat-susceptible H.leporinur?? (S) in monocultures and mixtures at a constant plant
density of 400 plants m-2

Plant proportion

Dry

weight

No.

Tillers

No.

Heads

DTH

RS
Resistant H. slaucum

100:0
90:10
75:25
50:50
25:75
10:90
0 :100

186.5

567

27r

110

r32.8

538

248

110

82.4

393

r69

111

6r.2

205

r09

111

38.6

130

65

111

17.7

48

25

TL2

0.0

0

0

rt2

0.0

0

0

111

s6.9

7T

58

111

85.5

r69

133

110

r42.8

263

22r

rt2

188.4

455

399

112

202.4

587

415

t12

224.9

61r

488

110

33.1

NSI

24

Susceptible H . lep orinum

100:
90:10
75:25
50:50
25:75
l0:90
0:100

0

LSD (0.05) between
proportions
of the two species
lDifferences not

si

gnificant

INS
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Within the various proportions, the resistant H- glaucum yielded significantly less
(P=0.05) dry matter, number of tillers and heads than the susceptible H. leporinum in

each corresponding proportion. V/ithin the equal proportion

of 50-50 plants,

the

resistant H. glaucum produced 35 and 38

Vo

of total dry matter and number of heads

respectively at an overall plant density

of

100 plants-2 and 30 and 33Vo percent

respectively at the overall plant density of 400 plants-2.
The results (dry matter and number of heads) of competition between the resistant

11.

glaucum and susceptible H. Ieporinum were also plotted in replacement series diagrams

(Figures 5.

2

a-d). These figures show that at both densities, when grown in

competition with the susceptible É1. leporinum the resistant H. glaucun consistently
produced amounts of dry matter and number of heads that were lower than the amounts

predicted

if

both biotypes were equally competitive (hence the shape of the curve is

consistently concave). The susceptible

I/.

Ieporinum consistently produced amounts

exceding the predicted values (hence the shape of the curve is consistently convex). The
shapes

of these curves a¡e similar to those obtained from competition between the

resistant and susceptible.Fl. glaucum biotypes (Figures 5. la-d).

Figure 5. 1. The proportion of total dry weight and total number of heads of paraquatresistant (O) and susceptible (a) H. glaucwn at an overall plant density of 100 plants m-

21la and lb) and at an overall plant density of 400 plants

^-2

(lcand

1d).
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Figure 5. 2. The proportion of totâl dry weight and total number of heads of paraquatresistant H. glaucum

(O)

and paraquat-susceptible

H.leporínum (O) at an overall plant

density of 100 plants m-2 (2aand 2b) and at an overall plant density of 400 plants m-2 (2c
and 2d).
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5. 4.

Discussion

The above results clearly show that, in the absence of paraquat, the paraquat-resistant
H. glaucum shows a significant loss in fitness (as measured by the reproductive oulput)
when grown in competition with the susceptible

H.leporinum from the

same region (Tables

É1.

glaucum biotype, or the susceptible

5.2. to 5. 5). Since reproductive

success

is very important in the process of natural selection, the greater the number of
offspring, the greater the chances of those genes dominating the gene pool. As a result

of the reduced

fitness, the paraquat-resistant genotype would therefore

be

disadvantaged by the fitter, more productive susceptible genotypes. Over a period of
time, in the absence of any paraquat treatment, the population of the paraquat-resistant

H. glaucurz will be significantly altered in favour of the fitter more competitive
susceptible H. glaucum biotypes.

As established in the field survey (Chapter 3), the distribution of the Hordewn species,

within the region where resistance to paraquat in Hordeum specles is at present
confined, is such that H. leporinum is the dominant species. This species is also
significantly more competitive than the paraquat-resistant H. glaucum. The combined
effect of intraspecific competition (between the less fit paraquat-resistant H. glaucum
and the competitively superior paraquat-susceptible H. glaucum) and interspecific
competition (between the less frt paraquat-resistant H. glaucum and the competitively
superior paraquat-susceptible H. leporim¿rn) should significantly alter the balance in

population in favour of these susceptible biotypes within the present region of
distribution. The less competitive resistant H. glaucum biotypes will only dominate
under conditions of repeated paraquat use. The basis of this reduced fitness in the
resistant H. glaucum could be the result of a metabolic penalty associated with the
mechanism of paraquat resistance in H. glaucum. Alternately, the reduced fitness could
be due to associated deleterious genetic traits. Growth analysis and quantum yield

of

photosynthetic oxygen evolution were measured to determine if differences in fitness

wÂtïr

01
between the resistant and susceptible H. glaucum is reflected in differences in these
processes. These studies are reported in Chapter 6.

5. 5.

Conclusion

These studies have clearly shown that there is reduced growth and competitiveness in
the paraquat-resistant H. glaucum compared to the susceptible biotype as well as the

normal paraquat-susceptible H. leporinum. H. Ieporinum is closely related to H.
glaucum and is the predominant Hordeøn species within the south-eastern region of
Australia where the paraquat-resistant H. glaucum is at present confined. In the absence
of any diquat or paraquat application therefore the combined effect of competition from
the susceptible H. leporinum as well as from the susceptible biotype of H. glaucum

should significantly shift the population of Hordeum species in favour of these
susceptible biotypes.

tiilsr¡ì rJiE
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CHAPTER 6
FACTORS INFLUENCING PRODUCTIVITY AND
COMPETITIVENESS OF RESISTANT AND SUSCEPTIBLE

11.

GLAUCU M.

6. 1. Introduction
Studies described in the previous chapter reveal that in the absence of paraquat, the

paraquat-susceptible H. glaucum has superior productivity over the resistant H.
glaucum, both in the absence of competition and when grown in competition. Similar
studies comparing growth, development and competitiveness of weeds resistant to the

triazine herbicides also show that in the absence of triazine herbicide, the susceptible

biotype has superior productivity compared to the resistant biotypes (Ahrens and

Stoller, 1983; 'Weaver and Warwick, 1982; Warwick and Black, 1981; Conrad and
Radosevich, L979; Holt, 1988). It is evident that herbicide resistance in weeds can be
associated with reduced productivity and competitiveness.

The mechanism conferring triazine resistance is, almost universally, a modification in
the 32-kD herbicide-binding polypeptide of photosystem

II which alters triazine binding

at the active site thereby endowing triazine resistance (Arntzen et al., 1982). Studies
have shown that photosynthetic efficiency is reduced in the resistant biotypes of a

number of triazine-resistant weed biotypes (Hobbs, 7987;

IIolt et al.,I9&I:' Ort et

a1.,1983; van Oorschot and van Leeuwen, 1983) and the lowered fitness of triazine

resistant weed biotypes has therefore been linked with this reduced photosynthetic

efficiency. However Holt and Goffner (1985) and Stowe and Holt, (1988) show that
other genetically endowed factors unrelated to modified photosystem II, in the resistant
biotype also contribute to the reduction in productivity.
Paraquat is also a herbicide which disrupts photosynthesis, by acting as a photosystem

I

electron acceptor. The electrons are transferred to oxygen, giving rise to highly reactive
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oxygen radicals that rapidly cause membrane damage due to lipoxidation (Merkle er

a1.,I965; Dodge, 1982; Vaughn and Duke, 1933). Studies on the mechanism(s)
conferring resistance to paraquat in H. glaucum have shown that there is no alteration
to the photosystem I active site in the resistant H. glaucwn biotype (Powles and Cornic,

1986) and that resisrance is likely due to exclusion of paraquat from the active site
(Bishop et a1.,1987).

Although the paraquat-resistant H. glaucum has reduced overall productivity in the
absence

of paraquat and is less competitive compared to the susceptible biotype we

know nothing as to the basis of this reduced productivity. The reduced productivity
could be as a result of some metabolic penalty associated with the mechanism of
paraquat resistance. It is also possible that the reduced productivity and competitiveness

are conferred by associated deleterious genetic traits. The present studies were
undertaken to examine some aspects of the biology and physiology of the paraquatsusceptible and -resistant biotypes of

gowth

and competitiveness

.F1.

glaucum that might account for the superior

of the susceptible biotype. Seed and seedling weight and

plant growth analysis in the absence of paraquat were caried out to determine early
patterns of growth and development which might account for ultimate differences in

productivity and competitiveness between the two biotypes.

Inorder to determine

if

differences exist in photosynthetic efficiency between the

resistant and susceptible É/. glaucum in the absence of paraquat, the two biotypes were

grown in the presence and absence of competition. The rate of photosynthetic oxygen

evolution was determined under these conditions and the quantum yield of the two
biotypes derived from these measurements. Dry matter production of the two biotypes
was also determined.

6. 2. Source of seeds. Seeds of both the resistant and susceptible 11. glaucum
biotypes were obtained from plants grown under field conditions in the absence of

competition (Chapter 5. 3.

l).

Thus seeds of both biotypes were produced under

to4

identical field conditions. The seeds were stored under normal room conditions and
were used in all the following experiments.

6. 3. Seed, seedling weight and growth analysis

6. 3. 1. Seed and seedling weight.
6. 3. 1. 1. Materials and Methods
Seeds

of the resistanr and susceptible biotypes wore initially cleaned by removing the

glumes and the sterile lateral florets and trimming the awns of the central fertile florets.

One thousand cleaned seeds

of each biotype were then randomly selected and

individually weighed. A further 500 seeds were cleaned and all 1500 seeds of each
biotype were place in 15 cm petri dishes at 100 seeds per petri dish. The petri dishes
containing the seeds were then placed in a germination cabinet at 20oC (day), 15"C
(night), with a thr photoperiod at a light flux density of 20 pmol quanta m-2 s-1. After
10 days, the petri dishes were removed from the cabinet and 1000 germinated seedlings

of each biotype were randomly selected and individually weighed. A one-way analysis
of variance and an F-test were used to compare mean seed and seedling weights of the
two biotypes.

6. 3. 2. Plant growth analysis.
6. 3. 2. 1. Materials and Methods
Seeds

of both the resistant and susceptible biotypes were germinated in 15 cm petri

dishes in a germinarion cabinet ar 20oC (day), 15oC inight),

a light flux density of 20 pmol quanta m-2 s-1.

with a thr photoperiod and

At the 2-3 leaf seedling

stage, the

seedlings were transplanted individually into pots containing 1 litre potting soil and

randomly placed in a growth room. Growth room conditions were: 12h photoperiod,
20"C day and 15oC night temperature and light flux density of approximately 500 ¡rmol

m-2 sec-l at the surface of the plant canopy. Plants were watered

as

required. Pots were
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of variation of environmental factors
repositioned every four days to minimise the effect
harvested at intervals of two
within the growth room. Ten plants of each biotype were
At each harvest, plant height
weeks, beginning four weeks after transplanting.
number of leaves and total leaf
(measured from the base of the plant to the tallest leaf),
area (measured

with

a Paton electronic planimeter [Paton Industries

Pty' Ltd']) were

materials' oven-dried at 80"C for 24
recorded. Plants were separated into root and shoot
plants of both biotypes began
hours and weighed. Ninety-eight days after sowing,
These signs included leaf and root
showing signs of stress from confinement in pots'
plants' Thus root weight' leaf area and
necrosis and overall chlorotic appealance of the

for the last harvest included number
leaf numbers were not recorded after this date. Data
per inflorescence' Means
of spike inflorescences on each plant and number of seeds
of harvest and one way analysis
were computed for all the above attributes at each date
means of the two
of variance and F-test were used to detect differences between
(NAR) and leaf
relative gfowth rate (RGR), net assimilation rate

biotypes. Values for
atea

harvest interval according
ratio (LAR) were computed for the two biotypes at each

to the following formulae

Tt -z'
Net assimilation rate (NAR). E. over time interval

1

,_rn =$.t"*"Ëti

tiffi t"o

(Hunt, 1978)
2.

l,eaf area ratio (LAR)- F. over time interval Tl -2'
l-2F =

L

+

(Hunt, 1978)
interval
3. Relative 8¡owth rate (RGR)' R' over time

l-2R

w2

-1

Tt -Tz

w
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(Hunt, 1978)
where in all cases
1ry

= phnt dry weight (using shoot dry weight only) at times 1

L4

= the

and2

total area of all leaves present on the plant

Time interval was measured in days. For NAR and LAR derivations total dry weight
(roots and shoot) was used and for RGR only shoot dry weight was used.

6. 4. Productivity and quantum yietd of photosynthetic oxygen evolution

of resistant and

susceptible .Éf. glaucum

in the presence and absence of

competition.

6. 4. 1. Productivity in the presence and

absence

of

competition

(glasshouse study).

Materials and Methods
Seedlings of the resistant and susceptible É1. glaucum were raised in petri-dishes in a
germination cabinet [20"C (day), 15'C (night), with a

thr photoperiod

and a

light flux

density of 20 pmol quanta m-2 s-11. At the two leaf stage, they were transplanted into

20 cm x 20 cm pots in varying proportions of resistant : susceptible biotype at

a

constant density (de Wit replacement se¡ies design ) of four plants per pot and 10 cm
spacing between plants. Proportions of resistant to susceptible were 4 : O,3 : L,2 : 2,

1'

: 3, 0 : 4. A no-competition treatment consisted of one plant of each biotype per pot.
The pots were then placed in a growth room (20"C and 15oC day and night temperature
and a light flux density of approximately 500 pmol m-2 sec-l at the surface of the plant

canopy). The treatments were replicated four times in a randomized complete block
design.

All plants were watered twice weekly. The pots were repositioned every four

days to minimise the effect of variation of environmental factors within the growth
room. Plants were individually harvested by excising all above-ground parts, dried at

80oC for twenty-four hours and weighed. For plants grown

in the competition

experiment, a factorial analysis of variance was carried out and the LSD test used to
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compare biotype, plant proportion and dry weight. For plants grown in the absence of

competition, a one way analysis of variance was carries out and T test used to compare
means of dry weight.

6. 4. 2. Quantum yield of photosynthetic 02 evolution.
Materials and methods

All

measurements of oxygen evolution in resistant and susceptible É1. glaucum were

carried out with plants grown under competition and in the absence of competition

(Section 6. 4. I). Oxygen evolution was determined using the leaf disc oxygen
electrode and procedure described below.

Oxygen evolution measurement.
Leaf disk oxygen electrode. A Hansatech (King's Lynn, United Kingdom) LD2
leaf disk oxygen electrode was used to measure rates of carbon-dioxide dependent
oxygen evolution. The unit comprises a chamber fitted with a silver-platinum electrode

which generates a current proportional to the oxygen pafüal pressure in the chamber
atmosphere. The current is digitised by a Hansatech

CBlD data unit

and recorded

with

a

Rikadenki pen recorder. The chamber is enclosed in a water jacket which allows the
temperature within the chamber to be maintained at a constant value.

All

measurements

were caried out at a chamber temperature of 30oC. This temperature was maintained

with a Haake FE2 water bath. Illumination was provided by a Volpi Intralux light
source connecred to the chamber by a fibre optic. The amount of light (photo flux
density-PFD) was varied from controls on the light source. Carbon dioxide-enriched air

(5.08Vo COZ;20.l%o C,2, N2 balance) was passed through the chamber from

a

pressurised gas cylinder.

Determination of O2 evolution. Light response data for plants growing in the
absence

of competition were obtained from the two biotypes grown individually.

Measurements were made using each plant in all four replications. Data for intra-biotype
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competition were obtained from plants in the 4 Resistant - 0 Susceptible proportion for
the resistant biotype and the 4 Susceptible-O Resistant proportion for the susceptible

biotype. One of the four plants in each pot was randomly selected in each replication.
Data for resistant and susceptible biotypes grown in competition were obtained from

plants grown in equal proportions of 2 Resistant - 2 Susceptible only. Measurements
were made on one resistant and one susceptible plants from each pot. Data was obtained

for plants from all four replications. In each case, two leaf segments from a single fully
expanded leaf were excised 20mm from the base of the leaf. Total area of the leaf

segments

for each measurement was 1.8 +0.2 cm-2. The leaf

segments were

immediatety placed alongside one another in a brass clip. The edges of the clip were
frtted with filter paper moistened with deionised water to prevent the leaf segments from
dessicating during measurements. The clip with the leaf segments was then placed in the

chamber and allowed to adjust to the chamber environment at a PFD of 1400 pmol m-2

s-l for 10 minutes
The flow of CO2-enriched air was then stopped and the chamber sealed by closing the

inlet and outlet valves. The subsequent increase in oxygen partiat pressure of the
chamber was recorded with the pen recorder, and the chamber was reopened when a
steady rate

of oxygen evolution was evident. This procedure was repeated at various

PFD values until the value at which the slope of the line on the recorder was negative.
The rate of oxygen evolution was calculated from the formula:

Oxygen evolution rate = (8.5SS5 x104 x V x R)/(C x LA x 60) pmot m-2 s-l
where

LA =total leaf

area of the two leaf segments (cm2)

C = calibration value (mm)

V = effective chambervolume (cm3)
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The calibration value, C (chamber volume) is the difference in pen recorder deflection

between when the empty chamber contains the same CO2-enriched air versus pure
nitrogen gas.
Effective chamber volume, V, was calculated from results of an experiment in which the
values R1 and R2 of the following formula were measured:

V = {Rr - [Rz x

(l

- Rr)

-

^V)]]/(Rz

where Rt = the oxygen partiat

pressure reading when the chamber is closed by

turning one of the valves and sealing the other outlet with a gas-úght
synnge;
R2 = the oxygen partial pressure reading after the chamber volume has been
reduced ÂV by pushing the plunger of the syringe.

In these measurements the chamber contained no leaf segment, but contained the brass
clip and hlter paper normally used to hold such

a

leaf segment. The effective chamber

volume without the leaf segment was determined to be 4.9 cm3 (mean of

9

measurements with standard deviation 0.15). The effective chamber volume used in the

calculation of oxygen evolution rates was this value less the fresh weight (g) of the leaf
(on the assumption that leaf density is approximately

I

g cm-3¡.

Quantum yield values.
For each treatment, the rate of oxygen evolution (pmol m-2 s-1) was plotted against the
PFD values for each replication and the slope of the portion of the curve where oxygen

evolution responds linearly with PFD was recorded as the quantum yield

(Ù). All

the

and
Q¡l values derived from these plots were subjected to a standard analysis of variance
the mean Qy values of the resistant and susceptible biotype for each reafrnent compared

using an F-test. For each treatment oxygen evolution for all the replications were then

plotted against their corresponding PFD values. Lines were fitted according to the
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appropriate equations and the slopes of each tine (=qy¡ as defined by the equations,
were recorded.

6. 5.

Results

6. 5. 1. Seed and seedling weight.
The results of seed and seedling weight are presented in Table 6. 1. They show that
seeds

of the resistant H. glaucum were significantly lighter that those of the susceptible

biotype. The seedlings of the resistant biotype were also significantly lighter than those

of the susceptible biotype. V/hen grown to maturity, the number of spike inflorescences
produced per plant by the resistant biotype was significantly lower (P=0.05) than the
susceptible biotype. There was no significant difference between the two biotypes in the

number of seeds per spike (Table 6. 1)

Tabte 6. 1. Seed and seedlingl characteristics and reproductive output of paraquatresistant and susceptible

Biotype

É1.

Seed weight

glaucwn2

Seedling weight

Inflorescence Seeds
(Spike. planrl) (No.per spike)

(me)

(me)

Resistant

5.05a

30.22a

21.8a

33.2

Susceptible

8.68 b

48.38 b

38.9 b

3t.9

lseedlings were weighed 10 days after initial imbibition of the seed.
2In each column, means followed by different letters are signifrcantly different (P=0.05,
F-test).
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6. 5. 2. Growth and growth analysisThe results of the various parameters measured over the period of growth of both
biotypes are presented in Table

6.2.'lhere were no significant differences in plant

height at any of the harvest dates. However the resistant biotype produced signif,rcantly

(p =.05, F-Test) less dry marter (root and shoot dry weights) than the susceptible
biotype at each of the harvest dates. Total number of leaves per plant and total leaf area
at each harvest date was also significantly lower

for the resistant biotype at each harvest

date.

Values for relative growth rate (RGR), net assimilation rate (NAR) and leaf area ratio

(LAR) were derived from dry matter and leaf area values for each harvest interval
according to the formulae in section

6.3.2.1. The results

are presented in Table 6. 3.

Values for relative growth rates (RGR) for the resistant and susceptible biotypes for the

period between 28 and 42 days after sowing are 0.125 and 0. 154 g g-1 day

-

1

respectively. Between 42 days after sowing and the time of harvest 112 days later, the
values for both biotypes had dropped by approximately 807o. This reduction in (RGR)
values is likely brought about by confinements of the plants in the small pots used in
these studies. The two biotypes did not significantly differ in RGR values at any of the
harvest intervals. The leaf area ratio (LAR) for both biotypes followed a similar pattern

of decline. There were no significant differences between the two biotype in the LAR
values at any of the harvest intervals. There were no significant differences between the
two biotypes in net assimilation rate (NAR) at any of the harvest intervals.

tt2
Table 6. 2. Growth and productivity of paraquat-resistant and susceptible biotypes of
H. glaucum (in the absence of paraquat) under non-competitive conditionsl.
Time after

Biotype

Shoot dry

Root dry

(cm)

weight
(e)

weight
(e)

(cm2)

sowing
(days)
28

42

56

70

84

98

tt2
lln

Total leaf

Height

No. leaves
per plant

atea

R

25.4

0.19a

0.09a

2O.9Oa

37a

S

25.2

0.33 b

o.24 b

43.20 b

68b

R

28.8

1.09a

L.62a

53.4Oa

96a

S

29.8

2.9t

2.81 b

89.10 b

159 b

R

34.3

5.90a

2.40a

126.00a

205a

S

3s.6

10.80 b

3.60 b

199.01 b

289b

R

36.2

11.90a

4.30a

2O4.3Oa

288a

S

39.4

19.90 b

7.20 b

313.20b

398 b

R

39.9

19.20a

5.7Oa

442.60a

4O6a

S

4t.6

32.40 b

10.70 b

rt.70

9t2b

R

40.8

31.10a

S

4r.9

50.90 b

R

36.9

44.38a

S

37.1

67.88 b

b

7

b

each column, means at the same days after sowing followed by different letters are

significantly different (P=0.05, F-test)
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Table 6. 3. Relative growth rate (RGR), net assimilation rate (NAR) and leaf area
ratio (LAR) of paraquat-resistant (R) and susceptible (S) biotypes of
over

lI2

^É1.

glaucum grown

days in the absence of competition.

Time after sowing
(Days)

Biotype

RGR
(g g-l

28

42

56

70

84

98

LT2

day-t¡

NAR
G dm-z

day-l)

I-AR
(cm2 g-t¡

R

0.0029

74.64

S

0.0034

75.78-

R

0.t25

0.00s0

47.14

S

0.154

0.0058

45.64

R

o.tzr

0.0048

17.44

S

0.094

0.0045

t4.66

R

0.052

0.0035

13.86

S

0.045

0.0038

t2.69

R

0.034

0.0025

15.19

S

0.03s

0.0023

14.o3

R

o.032

i<

*<

S

0.o32

*

:t<

R

0.025

S

0.026

*
*

*No measurements were made on these dates.

:*

*

1t4

6.5. 3. Productivity of resistant and susceptible H.
presence and absence

glaucum in the

of competition.

The results of dry matter produced by the resistant and susceptible

Il.

glaucum grown

in competition are presented in Table 6. 4. These results show that as the proportion of
each biotype increased in the mixture, there was a coffesponding increase in its dry

matter. The dry matter yield of the resistant biotype was always significantly lower
(P=0.05) than that of the susceprible biotype at all proportions of the two biotypes.

When grown

in the absence of competition, the resistant biotype also

yielded

signifrcantly less dry matter than the susceptible biotype (Table 6. 4).

Table 6. 4. Dry matter production and quantum yield of photosynthetic oxygen
evolution

in

resistant and susceptible H. glaucum grown in competition.

Dry weight
Plant proportion

R

(e

planrl

q
(mol Oz¡mol photon)

S

Resistant biotype

4

0

4.89

3

1

4.01

2

2

1.78

1

3

0.65

0

4

0.00

0.10796
0.10318

Susceptible biotype

4

0

0.00

-J

I

1.88

2

2

4.22

1

3

s.66

0

4

7.12

LSD (0.05) between
proportions of the two
biotypes

0.42

0.10310
0.10761

Not signifrcant
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6. 5. 4. Quantum yield of photosynthetic 02 evolution in resistant and
suscptible ÃI. glaucum.
Light response of photosynthesis of the resistant and susceptible biotypes in the absence

of competition as well as under inter and intra biotype competition are presented

_in

Figures 6. 1 to 6. 3. The Qy values derived from these plots for the resistant and
susceptible H. glaucum grown in intra-biotype competition (4 Resistant - 0 Susceptible

and

4 Susceptible - 0 Resistant) and inter-biotype competition (2 Resistant -

2

Susceptible) are presented in Table 6. 4. Qy values derived for the two biotypes grown

in the absence of all competition are presented in Table 6. 5. These results show no
significant differences between the resistant and susceptible biotypes either in
competition or in the absence of competition.

Table 6. 5. Dry matter production and quantum yield of photosynthetic oxygen

evolution

in

resistant and susceptible

Í1. glaucum grown in the absence of

competitionl.
Biotypes

Resistant

Susceptible

lln

Dry weight
(e plant-l)

ay
(mol Oz¡mol photon)

7.97a

0.t0221

1r.34 b

0.10045

each column, values followed by different letters are significantly different (P=0.05,

F-test)
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Figure 6. 1. Rate of O1evolution

(O)

and susceptible (O)

É1.

300

200

as a function

,"i1)

of light intensity in paraquat-resistant

glaucurn in the absence of competition. For each biotype,

each point is a measurement from a single plant. The lines were fitted according to the

following equations:
For resistant biotype:

For the susceptible

biotype:

y = -3.2516 + 0.t0221x (R2 = 0.963)
y = -2'6498 + 0'10045x (R2 = 0'95s)
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Figure 6. 2. Rate of O2evolution as a function of light intensity in paraquat-resistant

(O) and susceptible (O) H. glaucum in intra-biotype competition (4 Resistant - 0
Susceptible and 4 Susceptible - 0 Resistant). For each biotype, each point is a
measurement from a single plant in each replication. The lines were fitted according to
the following equations:

For resistant biotype:

For the susceptible

biotype:

y = -2.7512 + 0.10796x (R2 = 0.968)
y

=

-2'3613 + 0' 10310x (R2 = 0'980)
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Figure 6. 3. Rate of O2evolution as a function of light intensity in paraquat-resistant
(2 Resistant
H. glaucum(O) in competition with paraquat-susceptible H. glaucum (O)

- 2 Susceptible). Each point is a measurement from a single plant in each replicaúon'
The lines were fitted according to the following equations:

For resistant biotype:

For the susceptible

biotype:

y = -1.8555 + 0.10318x (R2 = 0.919)
y = -2'1217 + 0'10761x (R2 = 0'980)
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6. 6.

Discussion

A number of factors which contribute to plant productivity (seed size, plant growth and
photosynthetic performance) have been examined in the resistant and susceptible

^F1.

glaucumbiotypes. The seeds used in these studies were produced from plants grown in
the field under identical conditions so as to minimise environmental variability that could

have affected seed characteristics. There should have been little ecotypic variation
because the seed populations originate from two adjacent fields at Willaura, near

Ararat

(Figure 3. 1). Despite these precautions it is evident that seeds of the resistant biotype

weighed significantly less (P=0.05) than the susceptible biotype (Table 6. 1). The
importance of seed size in plant establishment has been extensively studied in a number

ofplant species (for

a

review

see

Harper tl977l). In general, the gleater the seed size,

the greater the ability to germinate and emerge from the soil. Few studies have been

caried out to compare seed and seedling weights of herbicide-lesistant weed biotypes
and how

it

affects

their growth

and competitive abilities. Mapplebeck et aI.(1982)

found significant differences in seed and germinated seedling weights of triazine=
resistantBrø ssica campestrís. The susceptible biotype germinated earlier, had an earlier

soil emergence and was able to emerge from greater soil depths than the resistant
biotype. Early emerging seedlings have a competitive growth inhibition over later
emerging seedlings.(Ha4)er, 1977). The larger seed and seedling size of the paraquatsusceptible H. glaucum therefore suggest that at the onset of germination and plant

establishment, the susceptible

H. glaucu¡n would have a faster rate of

seedling

emergence from the soil. This would provide a clear advantage that would allow the

susceptible biotypes to restrict the growth

of the smaller resistant plants and

subsequently give the susceptible plants a significant competitive advantage over the
resistant plants early in the growing season. It is again emphasised that the seeds used

in these experiments were originally from one location in the Ararat region, Victoria. It
would therefore be inappropriate to draw general conclusions regarding the role of seed
size

in the reduced fitness of the resistant H. glaucum found in the competition

t20

starting with biotypes having
experiments (Chapter 6). However one would expect that
seeds

of unequal weights, the biotype with larger

seeds

advantage over the biotype having smaller seeds early

would have a competitive

in the growth cycle' More

be sampled before a
resistant and susceptible H. glaucum populations need to
could be
benveen seed size and differences between the biotypes
conclusive relationship

drawn.
afeas were found to be higher
Shoot and root dry weight, leaf numbers and total leaf

for

analysis showed that there
the susceptible biotype at each harvest (Table 6. 2)' Growth
net assimilation rate (Table
were no differences in relative growth rate, leaf area ratio or

to measure the average
6. 3). The relative $owth rate (RGR) of a plant may be used
new dry matter
efficiency of each unit of dry matter in the fate of production of
period of growth of
(Causton and Venus, 1981). The values of RGR derived for each

the resistant and susceptible H. glaucun show

that the two biotypes are equally

from
efficient as producers of new plant material' Because NAR is derived
to time while they are
measurements made on samples of plants taken from time
(minus the loss due to
growing, it represents a long tefïn measure of photosynthesis
values of NAR for the
respiration), causton and venus, (1981). Therefore, the identical
and susceptible H'
two biotypes for each harvest interval indicates that the resistant
This was borne out
glaucum biotypes conducted photosynthesis with equal efficiency'

no differences
by the quantum yield derivations (Figures 6' 1 - 6. 3) which showed
ratio of
susceptible biotypes. The leaf area ratio (LAR) is the
between the resistant and

a measure of the plants'
the total leaf area to whole plant dry weight and is therefore

were again identical
leafiness. The LAR values for the resistant and susceptible biotypes

growth attributes show
over each harvest interval. Therefore, components of the three
high RGR either because
clearly that all three are interrelated. Thus a plant may have a
plant weight combined
of a high NAR or a high LAR. A high LAR in relation to overall
resistant and
with a moderate NAR can result in a highly efficient plant- In the
between the two biotypes
susceptible H. glaucwn biotypes there were no differences

in

t2l
any of these values. This indicates that although the amount of dry matter produced by

the resistant biotype was always lower than the susceptible biotype at each harvest,
there were no significant differences in the efficiency of productivity at the whole plant

level. In contrast, Holt (1988) found significant differences in LAR between triazine-

resistant and susceptible biotypes

of Senecio vulgaris. However there were

no

significant differences in RGR and NAR between the two biotypes indicating that the
efficiency of production was identical in the resistant and susceptible biotypes. These
growth parameters rue responsive to environmental conditions particularly

light (Hunt,

1978; Holt and Radosevich, 1983). This factor was not investigated in these studies.

Dry matter production

of

resistant and susceptible H. glaucum in the absence of

paraquat was also measured under competition as well as in the absence of competition

(Tables 6. 4 and 6. 5). Dry marrer production was significantly lower in the resistant

biotype. For each proportion of susceptible to resistant biotype planted, the resistant
biotype yielded less than it would have

if

the two biotypes were equally competitive.

The reduced competitiveness of the pamqaut resistant biotype observed in these glowth

toom studies are similar to those obtained in the field experiments (5. 3. 1). Results

from both these studies would reinforce the conclusion that in the absence of any
paraquat application, the reduced productivity and competitiveness of the paraquatresistant H. glaucumwould (in the long term) bring about a shift in population in favour

of the susceptible H. glaucum..

for resistant and
Quantum yield (Qy) of photosynthetic oxygen evolution was derived
susceptible H. glaucum growing in competition and in the absence of competition

(Tables 6. 3 and 6.

4).No significant differences were observed between the two

biotypes either in competition (2 : 2 proportion) or in the absence of competition. The

identical Qy values obtained under conditions of competiúon as well as non-competing

conditions indicate that ar any given time, photosynthesis is operating with equal
efficiency in the resistant and susceptible H. glaucum biotypes. The Qy values derived

for the resistant and susceptible biotypes indicate that photosynthetic efficiency is not

r22

affected by the ability to withstand paraquat. This conclusion supports that drawn from
the identical values of net assimilation rate as indications that both biorypes have equally

efficient mechanisms of productivity. Thus the reduced growth, productivity and
competitiveness

of the resistant biotype

cannot be attributed

to a reduction in

photosynthetic ability.

6. 7.

Conclusion

These studies have revealed that in the absence of paraquat, the resistant H. glaucum

exhibit significantly lower productivity and competitiveness than the susceptible
biotype. Using seeds obtained from a single location and with plants grown under

identical field conditions

it was shown that mean seed and seedling weight of the

resistant biotype were significantly less than those of the susceptible biotype- The
grearer seed weight

of the susceptible biotype would suggest that early in plant

establishment, the susceptible biotype has a distinct competitive advantage over the
resistant biotype. Although the susceptible biotype consistently produced greater dry
matter compared to the resistant biotype at various times after planting, the biotypes did

not differ in absolute efficiency of productivity as measured by relative growth rate, leaf
area ratio and net assimilation rate. Photosynthetic efficiency, as measured by Qy

of

photosynthetic oxygen evolution, was also identical in the two biotypes. The reduced
growth, productivity and competitiveness of the resistant H. glaucum in both field and
growth room studies is therefore not related to changes in photosynthetic performance.
From these studies, it is apparent that the reduced competivity of the paraquat-resistant
biotype evident in both f,reld (Chapter 5) and growth room studies (this chapter) is due,

at least in part, to a smaller seed size. Photosynthesis, per se, is not affected by the

ability to wirhstand paraquat. In addition to the reduced seed size, it is possible that the
reduced overall productivity and competitiveness is conferred by associated deleterious
genetic traits associated with paraquat resistance in H. glaucum.It has not been possible

t23

from the same
to examine this possibiliry because the two populations, while originating
locale and grown under identical freld conditions, are not isogenic.
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CHAPTER 7.
PRACTICAL IMPLICATIONS OF DIQUAT AND PARAQUATRESISTANCE

7. 1.

IN ¡IORDEUM

Seed dormancy

SPP AND ^4. CALENDULA

in resistant H. glaucum stored under field

conditions.

7. 1. 1. Introduction.
Seed dormancy (defrned as the failure of a seed to germinate under conditions normally

favourable for growth of the seedling [Amen, 1968]) is an important characteristic
particularly for annuals which depend on seed production for their survival and success.
Seeds may either be dormant when

they are shed (innate dormancy) or ready for

germination but have dormancy induced by secondary means or enforced by
environmental conditions (Harper 1957). Dormancy is important to weed seed survival
and remains a major barrier to advances

in weed control (Harper, 1957). Periods of

seed dormancy that extend into a number of years means that only a fraction

of

seeds

in

the seedbank germinate in one year. Control methods normally reach only those
seedlings emerging from germinated seeds leaving a pool of dormant but viable seeds

in

the seedbank to perpetuate the weed problem in later years. Management of weed
problems must therefore include total populations, including emerging seedlings as well
as the seedbank.

Most annual grass weeds produce large amounts of seed at the end of

their growing season. The presence of some degree of seed dormancy during this
period ensures that there is no germination immediately following seed maturity. Under

southern Australian conditions, dormancy during the summer drought period also
ensures that there is

little wastage of

seed through summer germination and subsequent

seedling mortality before the start of the next autumn growing season.

In general Hordeum species produce large amounts of seeds (Grant and Rumball,
1974). Most of these germinate the following year, Ieaving very little to add to a
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seedbank (Harris, 1961; Smith, 1968). This means that a program aimed at significant

control of

a

Hordeurn species, including the seedbank, might be successful

if conducted

over a few years. This would be successful for the pa.raquat-resistant biotype only

if the

dormancy characteristics of the resistant biotype of H- glaucum and therefore residual

life in the seedbank is similar to the susceptible biotype. Therefore experiments to
examine seed dormancy characteristics in the resistant and susceptible biotypes of

É1.

glaucum were undertaken. This study was caried out with seeds stored under field
conditions.

7. l. 2. Materials and methods
Source of seeds. Seeds used for these studies were harvested from resistant and
susceptible biotypes of H. glaucum grownin identical conditions in the field experiment

(in the absence of competition) described in Chapter 5. Mature seeds of the two
biotypes were collected on 16th December by removing loose seeds from the tips of the
spike inflorescence before the spikelets ruptured (pattern of seed maturity is from the tip

of the inflorescence to the base). Thus seeds of both biotypes were produced at one
location, under identical environmental conditions and harvested at the same time. Seeds
were immediately placed in paper bags and stored in a cupboard under normal room
conditions.

Treatments. Groups of fifty seeds of each biotype were loosely packed into
individual polypropytene fibre packets. This material allowed diffusion of gasses and
movement of water without seed loss. The packets were then placed under three field
storage conditions representative of the agricultural conditions which H. glaucum seeds
experience.
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The storage conditions were:

1. Seeds buried

2 cm below soil surface'

2. Seeds placed under a layer of wheat stubble (4 tons ha-l)
3. Seeds exposedon bare soil surface.

in each of the stofage
Sixty individual packets of seeds of each biotype were placed
per sample'
conditions. This enabled six sampling periods at ten packets

is a red-brown earth
The soil type and field on which the experiment was conducted
a prismatic
(Urrbrae loam) with 25 cm or more of top soil of frne sandy loam texture'

the same field used for
structured clay sub soil and a calcareous deep sub-soil. This was
the competition experiments described previously (chapter 5).

16th December 1987 the
Seed germination. Immediately following seed harvest on

tested for
freshly harvested seeds of both resistant and susceptible biotypes were
papel moistened with
germination. Fifty seeds of each biotype were placed on filter
deionised water and placed in a germination cabinet at 20"C,

light flux density of 20 pmol
seeds per replicate)

thllsh

photoperiod and

(at
quan ta m-2 s-1. Tests were replicated ten times

fifty

for each biotype.

twenty-six days
Germination tests on the samples stored in the field were commenced

(except in
after harvest and thereafter at intervals of approximately four weeks
seeds of each biotype
February) for the next trù/enty weeks. For each test, 10 packets of
Each lot of
were randomly selected from each of the storage conditions.

fifty

seeds were

according to the
removed from the packets and placed in a peni dish and incubated
at three day intervals
conditions and procedure described above. Seeds were examined

and discarded' For
over a 2O dayperiod. Germinated seeds were counted in each case

each harvest date a two-way analysis

of variance was carried out on the final
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germination percentage and differences between biotype and storage conditions
compared using an LSD test.

7.

l. 3. Results

The results of dormancy studies over a 124-day period of seed storage are presented in

Table 7. 1. Freshly matured seeds of both biotypes did not germinate. Clearly these
seed had strong innate dormancy

immediately following seed maturation. However after

27 days of field storage, between 33 and 41 percent of seeds of both biotypes
germinated and a significant percentage of the seeds were therefore out of innate
dormancy. There were no significant differences in percent germination between the
two biotypes stored under the three different storage conditions. Eighty-one days after
harvest, seeds of both biotypes were out of dormancy, irrespective of storage condition.

At this time, a very high rate of germination

(99Vo) was obtained

with seeds of both the

resistant and the susceptible biotypes. The percent germination at successive days after

incubation (rate of germination) for each of the sampling dates are presented in Figures
7

. la to 7. ld. For the first 27 days of storage, the rate of germination was similar for

both biotypes irrespective of storage conditions. However 81 days after storage, when
seeds

of both biotypes were out of innate dormancy,

seeds

of both biotypes stored

under the soil surface germinated at a slower rate compared to seeds stored under the

other conditions. Final germination percentages following different periods of field
storage are presented in Figure

7

.2.The results show that for

each number of days

of

field storage, the final percentage germination (following 20 days incubation) were
unaffected by the condition under which seeds were stored.
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Table 7. 1. Germination of paraquat-resistant and susceptible f/. glaucum stored over
summer on soil surface, under straw and 2cm below soil surface.

AII

seeds were

hanrested on 16 December, 1987. Percentages represent total germination 20 days after

incubation.

(Vo Germination)

Days after

Dec. 1987

0

12 Jan. 1988

27

16

condition Susceptible

ha¡vest

Test date

1988

14 March,

81

0

0

Soil surface

40

33

In soil

34

35

Soil surface

99

100

Under straw

99

100

100

100

Soil surface

89

82

Under straïv

88

83

In soil

99

86

Soil surface

85

87

Under straw

98

85

In soil

87

9L

I-aboratory

In soil
12th

16th

April,

May

1988

1988

L28

t52

Resistant

Figure 7. 1. Rate of germination of paraquat-resistant H. glaucum stored on soil
surface (O). under straw (Â) and 2 cm below soil surface (O). Closed symbols represent
corresponding values for the pamquat-susceptible biotype. Each point represents the mean
percent germination of 50 seeds.
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a. 27 days after seed storage.
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b. 81 days after seed storage
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c.128 days after seed storage
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d.152 days after seed storage
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Figure T.2.Totalpercentage germination of paraquat-resistant H. glaucutn following
successive days

soil

of field storage on soil surface (ú), under straw (Â) and 2 cm below

surface (O). Closed symbols represent corresponding values for the paraquat-
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7. 1. 4.

Discussion

These results show that there

is no fundamental difference in the dormancy

characteristics of the diquat and paraquat-resistant H. glaucum when compared with the

normal paraquat-sensitive H. glaucum.The failure of freshly matured seeds of H.
glaucum to germinate indicates that there is strong innate dormancy in seeds of H .
glaucum and that this dormancy characteristic is the same in the resistant biotype.
However this innate dormancy was short-lived: four weeks later, about 40 percent
germination occurred (Table 7. 1). Innate dormancy is a property of the ripe seed as it
leaves the parent plant. Seed germination

will occur only after undergoing an after-

ripening period [Harper, 1957]). The observation of short-term dormancy in H.
glaucum agrees with earlier findings on the dormancy properties of seeds of this and
related species (Popay, 1981). Along with innate dormancy there is enforced dormancy
(where seed germination is prevented through purely external environmental limitations

[Harper, I957)).Innate dormancy prevents seed germination before or immediately
following seed drop or dispersal and enforced dormancy keeps seed from germinating
during adverse environmental conditions. The combination of innate and enforced
dormancy prevents germination during the summer to early autumn drought and thereby
avoids any death of seedlings and a depletion of the seedbank for the following auturrìn-

winter growing season. The results show that innate dormancy in both biotypes
endured

for a period of about eight weeks (Table 7. l). Thereafter, a very high

germination percentage prevailed unde¡ the optimum incubation conditions. This hnding
agrees with that

of McGowan (1970) in which he found that a significantly high

proportion of the previous season's seeds produced seedlings following rains in April.
This germination characteristic of H. glaucum is important in the likelihood of success

of control measures whereby the aim is to have maximum number of individuals
exposed to a control measure at any given time.

A

second point is that because the

majority of seeds produced are capable of germination in the following season, there is
less likelihood

of an accumulation of

seeds

in the seedbank. Therefore control of the
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resistant population either by the use of other herbicides or cultivation or a combination

of the two would have a greater chance of

success.

This aspect is examined in the

following section.

7. 1. 5. Conclusion
The results from these studies have shown that the seeds of the resistant or susceptible

biotypes of H- glaucum do not have long term dormancy. Seed dormancy appears

identical

in the resistant and susceptible

biotypes. Seed storage under normal

agricultural conditions operative in the field does not differentially affect the dormancy
characteristics of the two biotypes.
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7. 2. SOIL SEED BANK OF DIQUAT AND PARAQUAT-RESISTANT
HORDEUM SPECIES AND .4. CALENDULA.

7. 2. 1. Introduction.
One of the challenges faced by farmers with fields infested with herbicide-resistant weeds

is the control or attempted eradication of the resistant populations. Control of weed
populations might be possible using integïated weed management practices including

selective grazing, cultivation, change of crop and the use of herbicides to which the
resistant biotype is susceptible. Any control program must address the dynamics of the
target species in the soil seedbank as the seed bank must be considered as an extension

the-wéedflora (Mãþr &-Pyott, 1966). Anyñõdifreæati-nof the aetu¿l weed flora

of

could-

bring about changes in this porential weed flora (the seedbank).
Buried seeds of many arable weeds remain viable but dormant for many years (Roberts,
1970).

A study of weed seeds in the soil is therefore essential for a complete knowledge

of the effects of changing cultural practices on weed populations. Under a program of
repeated herbicide application to prevent seed-set of standing weeds,

it is possible to

signifrcantly run down the soil seedbank of some weed species. \Workers have examined
the rate of depletion of the soil seedbank of arable weeds. Fernandez-Quintanilla er

at.(I986) showed that repeated herbicide application over

a four-year

period significantly

reduced the soil seedbank of Avena sterílis. Such control can be costly in terms of time
and effort to attain a significant decline

in the numbers of

seeds

in the seedbank if the

seeds possess long term dormancy characteristics. Another factor

fecundity of most weeds means

is that the high

that copious seed production from any individual

surviving plants inject substantial fresh seeds into the seedbank and thereby slow or
prevent the rate of depletion of the seedbank. In normal agricultural situations, the high

fecundity of surviving weeds means that seedbank numbers remain somewhat constant
despite yearly artempts to control the weeds. Thus despite four years

of herbicide

application to conüol the population of Avena ludoviciana, sedproduction by survivors
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of the
still maintained a high seedbank (Fernandez-Quintanilla et al- 1986). Knowledge
very important
biology of the soil seed reserves of the target weed population is therefore
in any confrol program.

It

has been shown that palaquat-susceptible or resistant

H' glaucu¡zz does not

possess

long term seed dormancy (Section 7. 1). Therefore, in the absence of seedset'

it is

in the
unlikely that there will be long-term maintenance of seeds of the resistant biotype
field previously
seedbank. However, this has not been previously examined. The lucerne
described (Chapter 4) has populations of three weed species H. glaucum,
and

H' leporinum

A. calendularesistant to the bipyridyl herbicides diquat and paraquat. An experiment

presented
reduce/exhaust the soil seedbank of these resistant weed seeds. Data to be

will

seedbank
show that at the start of a seedbank experiment, there was a very substantial
these three species. Beginning

using glyphosate to

in 1987

seed set

of

of all three species was prevented by

kill all emerged seedlings (resistant biotypes of the three

species are

killed by a number of alternate herbicides, including glyphosate)' Any seedlings
prior to
emerging after 1987 must then have originated from seed in the soil produced
19g7. Because

of the difficulty in accurately differentiating between H. glaucum

and

H'

will be used
Ieporinum from the seeds or at the seedling stages' the term Hordetttn spp'
portion of the
throughout this report and will refer to a mixture of the two species. The
study reported here was caried

out from April

1987 to May 1989.

7. 2. 2. Materials and Methods
Experimental site. The experiment was sited in an area within the Elmhurst lucerne
field referred to in Chapter 4. The experimental area displayed a uniformly distributed
sandy
population of Hordeum spp. and A. calendula. The soil consists of a brown fîne

pH 5'6' Mean
loam with weak sub-angular blocky structure; ZVo otflanic matter and
annual rainfall

in the study area is about 600mm distributed more or less evenly
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throughout the year (Appendix 1). The growing season for annuals is usually from May
to October.

Treatments. The experiment was laid out in a randomized block design with four
replications. Plot sizes were each 10m by 4 m.

All plots were rotary-hoed on

17th

1987 to allow removal of established lucerne plants from the experimental plots.

April,

At this

time, prior to the autumn rains, there was no emergence of any of the weed species under

study. The treatments used to remove germinated seedlings and hence deplete the
seedbank were:

i. Glyphosate at720I ha-l
ä. Glyphosate at 720 g¡u-l plus cultivation

äi. Diquat + paraquat at75 gha-l + 175 gha-l respectively

iv. No herbicide applied
The cultivation treatment was included to determine

if there was any enhancement of

germination due to soil disturbance. Cultivation for each year was carried out using a 7
HP hand operated tiller with a rotary hoe attached. Two passes were made over each of
the plots receiving this treatment. The calender dates on which the various treatments
were carried out are presented in Table 7. 2.
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Table 7. 2. Dates on which various field operations were carried out.
Year
1987

Field operation
Rotary-hoeing (all plots)

n -4-87

Herbicide application

28-5-87
8-7-87

Herbicide application

(fluazifop)

Disc harrow (Treaünent 2 only)

1988

27

-5-88

1989

1-5-89

12-10-88

15 - 8 - 87

2s-9-87

19-10-88

27 -7 - 87

11-3-88

L4-6-89

Herbicides were applied using an un-calibrated knapsack sprayer. The amount of
herbicides above are therefore approximations and the actual dosages are assumed to be

higher at all times. This was considered to be of little consequence since the use of
glyphosate in this experiment was to obtain complete weed kill. Additionally, glyphosate

is not known to have a residual effect on weed seeds in the soil and hence would not
affect subsequent germination. During the first year (1987), the owner of the farm
inadvertently sprayed the experimental area with Fusilade@ (fluazifop-butyl) in an attempt
to control the paraquat and diquat-resistant weeds within the rest of the field.

Determination of soil seed reserve (seedbank).
Sample collection. Soil samples were collected on 16th April 1987 from each of the
plots to determine the initial soil seed reserve in the experimental area. Further samples
were collected at the end of each season in Decemb er 1987 and again in December, 1988.

Samples were collected with a 1.9 cm diameter core sampler to a depth

of 9.5 cm.

Twenty randomly selected core samples were extracted from each plot at each sampling.
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Seed extraction

from soil samples.

Seeds were extracted using

a set of

4

1'0 and 0'5mm respectively' The
detachable metal sieves having pore sizes of 5.0, 2'8,
into the first sieve'(5mm pore
following procedure was used: Soil samples were emptied
process washed
size) and placed under running tap water. This
and most seeds of

all

seeds of

A' calendula

(2'8 mm pore)' seeds
Hordeum species through into the second sieve

plant materials and other
of Hordewn species that were still attached to one another,
were collected and other
detritus were retained in 5.0mm sieve. The Horden seeds
flooded through the 2.8mm sieve' This
extraneous materials discarded. water was again
present
sieve retained all remaining seeds of Hordeum species

in the sample' The third

Water was flooded through this
sieve (lmm) retained most of the A. calendula seeds'
y thosê
sieve into the 0.5mmsievewhichtrappedallremainingA.calendul¿seeds.onl
straw-coloured glumes enclosing a
extracted Hordeurnspp. seeds that were clean with
seeds of A' calendula were
firm, apparently healthy caryopsis were retained' Extracted
selected by eye, discarding broken or rotted seeds'

plot were bulked together
of each species from the separate core samples in each
A standard analysis of
and the mean number of seeds (m2) per plot was computed'

Seeds

(m2) per treatrnent over the three years'
variance was caried out on the number of seeds

compared using an LSD test'
The mean seed numbers in the various years were then
tests were carried out on
Seed germination. For each soil seed sample germination
following seed extraction'
both the Hordeum spp. and A. calendul¿ seeds immediately
(total seeds per plot) were used for the
In each test, all the extracted seeds in each sample
per petri dish' on moistened filter
germination tests. The seeds were incubated, 10 seeds

was maintained at 20ll5"C'
paper in petri dishes in a germination cabinet. The cabinet
quanta m-2 s-l' For each test' seeds
9V15h photoperiod and light flux density of 20 ¡rmot
Data for percentage germination
that failed to germinate after 21 days were discarded.
each year for the three years were
were subjected to an analysis of variance and means of

compared using an LSD test.
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Seedling emergence counts

- field experiment.

Emerged seedlings of Hordeum

species and A. calendula were counted in each of the treatments at various times during

the year for each of the three years. For the plots treated with glyphosate and diquatparaquat, counts of emerged seedlings were made before each herbicide application to
determine the number of emerged seedlings since the previous glyphosate application.
Seedling emergence in the plots with no herbicide treatrnent were determined only at the

time of first seedling emergence by May of each year. Counts of emerged seedlings were
made using twenty randomly selected 0.1 m-2 quadrat samples.

At

the end of each season (December of each year), plots treated
usin g

with glyphosate were

aìousehold:vaouum cleaner poweredìy-.an outdoor 2.5kV/

generator. This was done to remove any weed seeds that
-earefully:vacuumed

may have ingressed from

outtying areas. Dates of herbicide applications and tillage operations are given in Table 71.

An analysis of variance was carried out on a square root transformation of the weed
density data followed by partitioning of the üeatment sums of squares and followed by
orthogonal contrasts.

7. 2. 3.

Results

It is important to note that the seeds of the various species in the seedbank at the start of
this experiment were produced either prior to, or late in the 1986 growing season. Seed
set after this time was completely prevented.

Seed reserve

in soil samples

Seed reserve of Hordeum spp. Soil seedbank numbers for Hordeum spp. over the
three year period are presented in Table 7.

3. There was

an average seedbank population

of 987 seeds m-2 of Hordeum species at the start of the experiment in March 1987 with a
mean germination percentage

of 55 percent. Following control of all germinating

seedlings (by the use of glyphosate) during the 1987 growing season, the number

of
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seeds

in the soil seedbank dropped significantly (P=0.05) to 556 seeds m-2 in December

1987. There was also a

significant (P=0.05) decrease in the percentage germination. In

1988, following emergence of 3 plants m-2 and their subsequent control, there was a

further decline in soil seed numbers so that at the end of the 1988 season only 87 seeds
m-2 remained in the soil seedbank, a reduction of 91 percent over the original seed
population of Hordeum species. Concomitant with the reduction in seed numbers was a

reduction

in

seed germination capacity from 55 percent

in 1987 to 15 percent in

December 1988. When cultivation (scarifier) was used in an attempt to stimulate seed
germination the seed reserve declined by 55 percent at the end of 1987 and by a total of
927o

of the original population at the end of 1988. This compared w\th9l%o reduction

obtained when glyphosate alone was used to

kill the emerged seedlings (Table 7. 3).

Therefore cultivation did not appear to affect the rate of decline of Hordeutn seeds in the

soil seedbank. There was no significant change in percent seed germination between
December 1987 and December 1988 in either the plots treated with glyphosate alone or in
the plots treated

with glyphosate plus cultivation.

As Hordeurnspp and A. calendul¿ on this field are resistant to diquat-paraquat (Chapter

4), plots treated with diquat-paraquat in this experiment are regilded as controls.
Therefore the significant reduction (P=0.05) in soil seed population in December 1988
was due to the inadvertent fluazifop application

in

1987. In the plots treated with diquat-

paraquat and the plots with no herbicide treatments,there were no significant reductions
in percentage seed germination of the seeds in the soil over the three years.
Seed reserve of

A. calendula.Table 7.4 documents the A. calendula

seeds

in the

soil seedbank at various times of sampling over the three year period. At the start of the
experiment in 1987, there was a massive seedbank of 195,1 12 A. calendula seeds m-2.
Seedlings emerging from this seedbank were killed using glyphosate. This caused a

significant decline (P= 0.05) in the soil seed reserve of A. calendula in the

first

and

second years of treatment. By December 1987, there was a 38 percent reduction in seed

numbers. By December 1988, the seedbank population of A. calendula had declined by
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76 percent of the initial seedbank (using glyphosate alone). Cultivation did not have a

significant effect as also observed with Hordeum spp. (Table 7. 3). In the plots in which
diquat-paraquat was used, a signifrcant reduction (P=0.05) in soil seed reserve (down by
53 percent by December 1988) was also obtained. This reduction may have been due to
the effect of high rates of diquat plus paraquat which caused capeweed mortality

in 1987-

There was no significant change in germination percentage of A. calendula seeds from
the soil bank over the three years in any of the treatments. The untreated (control) plots
maintained a very high seedbank of around 240,000 seeds m-2.
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Table 7. 3. Soil seed reserve of diquat and

Glvohosate

Time

Seeds

of
Collection

March,
Dec.,

lNo. m-2

1987

1987

Germination
Vo

987ar

55a

566 b

22b

1988

87c

15b

uat -resistant Hordeum species at successive dates of soil sampling over three seasons.

Glyphosate + Cultivation

Seeds

Germination

1008a

456b
78

c

Seeds

means followed by

187

44

53

896

46

63

1001

52

6la

1077a

49

20b

906 b

I7b

1301 c

*Differences are not significant

letters are significantly different (P = 0.05)

Germination

lNo. m-2

NSX

l For each column

Seeds

Germination

lNo. m-2

No. m-2

Control

Diouat + Daraouat

1

NS*

NS*
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Table 7. 4. Soil seed reserve of diquat and

Glvohosate

Time

Seeds

of
Collection

Vo

Seeds

Seeds

Germination

Germination

Seeds

Germination

lNo. m-2

lNo. m-2

lNo. m-2

Control

Diquat + pafaqgat

Gl)'phosate + Cultivation

1987 l95ll2ar

34

176155a

40

29M66a

32

207165

41

1987 tLlz3l b

42

972rtb

39

376671ab

33

287098

37

35

68454 c

JJ

98213

37

252335

40

March,
Dec.,

lNo. m-2

Germination

-resistant A. calendulø at successive dates of soil sampling over three seasons.

1988

47112 c

NS*
I For each column means followed by
*Differences not significant

c

NS*

NS*
letters are significantly

different

(P

-

0.05).

NS*

NS*
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Seedling emergence
Emergence of Hordeum spp. The number of seedlings of Hordeum spp. emerglng
prior to each herbicide treatment from March 1987 to May 1989 are presented as a bar
chart in Figure 7. 1.

Figure 7. 3. Emergence of Hordeum spp. seedlings (m-2) prior to successive herbicide
treatments.
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Growth season

There was an initial uniform emergence of Hordeum seedlings in May, 1987 (Table 7.

5). Treatment with glyphosate ensured 100 percent mortality of these seedlings. Small
numbers of seedlings (less than 5 seedlings rn-2) emerged later in the growing season

(July and September 198?). In both cases, these emerged seedlings were also sprayed

with glyphosate (5th. Juty, 1987) again causing 100 percent mortality. The cultivation
plots were disc-harrowed on 27th July 1987 and the herbicide treatments again applied to

the seedlings that subsequently emerged (these were again controlled). Thus no fresh
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Hordeum seed entered the seedbank in the 1987 season. This same procedure was
repeated

in

1988 and 1989.

At the begining of the 1988

emerged and at the beginning

of the 1989

season

only 3 seedlings m-2

season, only 0.1 seedling m-2 emerged.

Therefore from a practical viewpoint, Hordeurn species had been controlled within two
years

(Table7.5).

Table 7. 5. Total number of seedlings m-2 of resistant Hordeum spp. emerging in
plots treated with glyphosate (G); glyphosate + cultivation (G + C) to
seedlings , and diquat plus paraquat (D-P) and Controt (no herbicide)

kill

emerged

in eachyearl'z.

Treatment
Year

G

G+C

D-P

Control

1987

173a

161a

l28a

153

1988

3b

3.3 b

36b

1989

0.1bc

I.4 bc

I25a

182

l For each column means followed by different letters are significantly different (P =
0.0s)
2Analysis was performed on data transformed by a square root transformation

Table 7. 5 shows the total seedling emergence for each growing season over the three
year period (1987- 1989 inclusive). Following

killing of

each emerging sets

of seedlings

(by either glyphosate alone or glyphosate plus cultivation), there were significant
reductions (P=0.05) in the number of Hordeum spp seedlings emerging from the soil by

the second season. At the beginning of the third year (1989), the number of seedlings
emerging from these plots was close to zero. Cultivation did not affect the rate of decline

in seedling emergence. There was a significant decline in seedling emergence in 1988 in
the plots treated with diquat-paraquat . This was due to mortality of Hordeum spp.
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seedlings in these plots caused by the inadvertent application by the farmer of fluazifop-

butyl in 1987. However the number of seedlings emerging again in 1989 were of the
same order as that

in

1987. The rate of decline

in seedling emergence in the three year

period is illustrated in Figure 7. 2.

Figure 7. 4. Seedling emergence of Hordeum spp. (m-2) over three years in plots
rreated with Glyphosate

(O) and Glyphosate with cultivation

(I)

to kill emerged

(Â).
seedlings and in plots treated with Diquat + paraquat (O), and no herbicide treatment
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Emergence of

A.

calendula. Seedling emergence of

A. calendula prior to each

herbicide application over the three year period is presented in Figure 7 .3. At the start of
the 1987 growing season there was uniform and substantial (greater than 1500 seedlings
m-2) emergence of A. calendula seedlings in the various plots

(Figute7.3). Following

their elimination by the first application of glyphosate, fewer than 5 A- calendula
seedlings m-2 emerged by July 1987.

A further 60 seedlings m-2 emerged in September.

Application of glyphosate resulted in 100 percent mortality of these seedlings. Thus with

149

total seedling mortality throughout 1987, there was no fresh seed added to the seedbank
at rhe end

of

1987. Despite this, between 330 and 560 seedlings m-2 emerged at the start

of the 1988 growing season (Table 7. 6). Since there was no seed set in 1987 the number
of seedlings emerging in May 1988 shows that there was a number of seeds still viable in
the soil that had been produced in the seasons up to and including 1986. The numbers of
seedlings emerging at the start of each of the three years are presented in Table 7. 6. The
rate of depletion of soil seed numbers of A. calendula is shown in Figure 7. 5.

Table 7.6.Total number of seedlings (m-2¡ of diquat-paraquat resistant A. calendula

emergingin plots:treated glyphosate (G);glyphosate +-cultivation-(G:+:C) ¡o-hill
emerged seedlings , and diquat plus paraquat (D-P) and control (no herbicide) in each

Yeatl'2"

Treatment
Year

G

G+C

D-P

Control

I654a

1653

195b

t7t0

l26c

r490

t987

1645a

1661a

1988

335b

553b

1989

28c

l82c

1

NS*
lFor each column means followed by the different letters are significantly different (P 0.0s).
2Analysis was performed on data transformed by a square root transformation
*Differences not significant
There were significant (P=0.05) reductions (80 percent using glyphosate alone and 67
percent using glyphosate plus cultivation) in seedling emergence of A. calendula \nthe

first year (1987). At the begining of 1989, only 28 and 182 seedling m2respectively
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emerged from the plots that had these treatments. These figures represent an overall

reduction of 98 and 89Vo respectively of the seedlings that emerged at the start of the
experiment in 198?. It appears from data presented in Table 7. 6 that treatments involving

cultivation succeeded in stimulating more germination of A. calendula. At the beginning

of the 1989 growing

season,

28 seedlings m-2 emerged from the plots in which

glyphosate alone was used compared to 182 seedlings m-2 emerging in the plots in which

cultivation was carried out in addition to the application of glyphosate. Significant
reduction in A. calendula seedling emergence in the plots treated with diquat-paraquat
was also observed

in 1988

and again

in

1989 (Figure 7. 6). This reduction is due both to

mortality of the resistant biotype caused by the high rates of diquat-paraquat applied

as

well as mortality of susceptible biotypes still present in the seedbank (It was shown in
Chapter 4 that there are very many susceptible A. calendula present on this field), no
doubt due to the longevity of the seedbank.

Figure 7. 5. Emergence of A. calendula seedlings (m-2) prior to successive herbicide
Eeatments.
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Figure 7. 6. Seedling emergence of A. calendula (m-2¡ over three years in plots treated
with Glyphosate (O) and Glyphosate with cultivation

in plots treared with Diquat +

(I)

to

kill emerged seedlings

and

paraquat (O), and no herbicide treatment (^).
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Year

1

1
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Discussion.

Depletion

of diquat and paraquat-resistant Hordeutn spp. seedbank. The

results of preventing Hordewn seed set in the seasons after 1986 show that the seedbank

of diquat and paraquat-resistant H. glaucum can be almost completely exhausted after
two years (Figure 7. 4). The number of seeds in the seedbank dropped by over 907o ln
two years (Table 7. 3). There was a concomitant decrease in the germination percentage

of seeds in the

seedbank over the same period. Seedling emergence declined by over

98Vo over the same period (Table
seed production

had made

7.5). Hordeum

spp

like all annuals, depend solely on

for survival from one season to the next. One of the characteristics that

Hordeum species so successful is the production of large numbers of

during late spring of each season (Grant and Rumball,

seeds

l97l). Most of the seeds
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produced in the spring germinate

in the following autumn (Harris, 196l; Rumball'

1971). In a study of patterns of field germination of a number of weeds, McGowan

(1970) found that 99 percent of each yeal's germination of Hordeum specles had
occurred by the end of June in the following year. McGowan (1970) also recorded
significantly lower viability in August indicating that there was limited carryover of viable
seed produced

in one year beyond July of the following yeil or from one

ye¿ìr

to the

next. Popay and Sander (1g74) showed that although seed burial may occur in Hordeum
species, this does not prolong seed

viability nor does it enforce dormancy' The studies

reported in this thesis and evidence from the literature suggest that there is no large-scale

from
accumulation of viable seeds of Hordeum species in the soil. The results obtained
this study confirm these germination and dormancy characteristics of Hordeum species
in the soil and also show that the diquat-paraquat resistant biotypes do not differ from the
that
susceptible biotypes in their seedbank longevity characteristics. It is therefore clear
the number of years required to attain almost complete removal of viable

Hordewn

seeds

in the seedbank would be in the order of two to three years'

Depletion

of diquat and paraquat-resistant A.

calendula seedbank' A '

calendula is an annual plant of the Compositae family. It relies solely on seed production

for survival. Seed production is copious and typically of the order of 4,000 seeds per
plant (McIv or,1972).The seed is dormant over summer but this dormancy is rapidly lost
ar rhe break

of the season in autumn (Smith, 1973). To my knowledge there has been no

study
studies of the seedbank characteristics of A. calendula. The results of the seedbank

in
conducted here show that preventing A. calendula seed set in 1987 and 1988 resulted
a significant depletion

of

seeds

the Hordeurn spp., there were

in the seedbank (Table 7. 4). However, in contrast with

still considerable numbers of viable A. calendula seeds in

the soil at the end of the third year (Table 7. 4). Despite preventing seed set over a two-

year period (1937 and 1988), at the end

58,000 seeds

--2

of

1988, there was still an average of about

(mean of plots treated with glyphosate and plots treated with

glyphosate plus cultivation) in the soil, with a mean getmination of 34 percent. Thus after
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two consecutive years of preventing seed set of A. calendula, there was still large
numbers of viable seeds from the soil seedbank (set prior to 1987) which were capable

of

germinating and contributing to the population. Additionally, the number of seedlings
emerging periodically, was poorly correlated with the amount of viable seeds in the soil.
There was only a small percentage of the seedbank germinating in each year (Figure 7.
5). This is an indication of the presence of innate dormancy in the seeds of A. calendula

in the seedbank. These

seeds remain capable

of germinating at a later date. Clearly A'

calendulais a species capable of accumulating
and viable

for

a number

a large seedbank

which remains residual

of years.

With the enormous:potential for seed-produetisnjn-A-ealend.ula -(Mclv.or,:191.2),:tbeamount of viable seeds remaining in the soil after two years of preventing seed set could

result in rapid build up of the seedbank
resumed.

if

diquat-paraquat application should be

It is therefore evident that depleting the seedbank of A. calendula would

require a much longer time than observed for H. glaucurn (Tables

practical viewpoint

it

7.3 and7. 4). From a

would be impossible to achieve control

of.

A. calendula by

attempting to control the seedbank.

7. 2. 5.

Conclusion.

These result have clearly demonstrated that by preventing the production of any new seed

over three successive years, the soil seedbank of the diquat and paraquat-resistant
Hordeum spp. could be dramatically reduced within a period of two years. Although the

soil seedbank of diquat and paraquat-resistant A. calendula was also signifrcantly
depleted over two years, a very large number of viable A. calendul¿ seeds remained in
the soil after this period. This suggests that attempting to control A. calendulø through
control of the seedbank would not be practicable.
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7. 3. THE EFFECT OF CONVENTIONAL CULTIVATION
MINIMUM TILLAGE ON DIQUAT AND

AND
PARAQUAT-RESISTANT

HORDEUM SPP. IN WHEAT.

7. 3.

I.

Introduction

Barley grasses (Hordeum spp.) in Australia are noted as important and widespread
components of annual pastures. Until recently, they have not generally been considered
as

important weeds in crops. However it has been reported in Western Australia that

there has been an increase in infestation of Hordeum species in cereals on heavy clay
loams as a result of reduction in populations of Lo liwn species and Avena fatua through

the use of trifluralin anddiclofop-methyl (Smart,J=L8é),tis dso cqqsi4g{94-44!-

Hordeum spp. are increasing as crop weeds with the adoption of minimum tillage
operations and because of the absence of any herbicide for their selective control in
standing cereal crops.
There is limited information on the effect of Hordcwn competition on cereal yietd. Thorn
and Perry (1983) showed that wheat yield can be significantly reduced by competition

from barley grass. Poole et al (1986) also showed that infestation with barley grass
caused signif,rcant reduction in grain yield of wheat with the sharpest yield decrease

occurring between 0-150 barley grass plants m-2. These studies establish that barley
grass infestation is capable

Paraquat resistance

of signifrcantly reducing yields in

a cereal crop.

in Hordeum species has occurred only in lucerne fields where

Hordewn species, as well

as other annual weeds are controlled by diquat and paraquat

(Chapter 4). These herbicides are widely used throughout southern Australia for
knockdown control of Hordeun species, A. calendula and other annual weeds in
cropping programs. The herbicides are used either alone or in combination with some

cultivation (minimum tillage) for weed control. The appearance of diquat-paraquat
resistance is therefore a threat to cropping systems which utilise a combination of

minimum tillage and diquat-paraquat to control weeds prior to cropping. Hordeum
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species have a pronounced flush

Figure

7.3).

of germination soon after the autumn rains (this chapter,

Therefore cultivation prior to and associated with seeding is often

successful in controlling emerged seedlings.

A change in cropping and management

of crop should
practices incorporating cultivation, use of a different herbicide and change

therefore provide adequate means

of controlling a diquat and paraquat-resistant

population. An experiment was designed to investigate the effect of conventional
cultivation (using a scarif,ier followed by seeding with

a

combine) and minimum tillage

(seeding using a tyned combine only following weed control by a non-selective
resistant
herbicide) on wheat productivity in a field infested with diquat - pafaquat
Hordeum spp.

7. 3. 2. Materials and method
Experimental site. The experiment was conducted on the lucerne field at Elmhurst
and
previously described (Chapter 4). The experimental area selected had a dense

uniform distribution of diquat-paraquat-resistant Hordeum spp.

Experimentat design and treatments. The experiment was laid out in

a randomized

block design with four replications. The following treatments were tested:

1.

Wheat (minimum tillage) following paraquat applied at 2009 ha-l.

2. Wheat (minimum tillage) following glyphosate applied

3. Wheat sown

rt230 g ha-l.

following conventional cultivation'

4. Conventional cultivation only (no crop)
5. Control plot with no cultivation or crop.

with a
Plot sizes were 3 m by 7 m. Cultivation (conventional) of the plots was achieved
made in each
tractor-mounted scarifier. Depth of cultivation was 5cm. Four passes were
case before seeding. Seeding

for all treatments was conducted with a tyned combine
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seeder. The combine seeder had two rows

of sowing tynes and

a

row of cultivating tynes

on either side of the sowing tynes. Spacing between the tynes was 18cm and between the
the rows of cultivating tynes and the sowing tynes was 30cm. Each tyne (point) was

I

cm wide . There were 15 seeding rows. Thus there was substantial soil disturbance
associated with seeding. This was the only cultivation conducted in the minimum tillage

operation.

Table 7. 7. Dates on which various field activities were ca¡ried out.

TreaÍnent

Rotary-hoe Disc-harrow

Cultivation

3. 5. 86

Herbicide

application

Seeding

16. 6. 86

10.6. 86

16. 6. 86

13. 6. 86

Minimum tillage

Prior to crop establishment, the exixting lucerne plants were individually dug out of all
other plots, taking care to cause minimum soil disturbance. Herbicides were applied
using the field plot sprayer previously described (Chapter 3.). Sprayer oulput was 125

L

ha-l at a walking speed of I m s-1. The dates on which various field operations were
carried out are presented in Table 7.

l.

In both minimum tillage and conventional

cultivation plots, wheat cultivar 'Millewa' was seeded at 75 kg seeds

hrl

and 5 cm

sowing depth using the tyned combine described above. Seeds were drilled with
superphosphate fertilizer at 90 kg P205 ha-l. Established wheat seedlings were counted

on 31 - 7

-

86. Hordeum spp. seedlings were counted

in all plots before cultivation and

six weeks after cultivation/herbicide treatments. Counts of wheat and Hordeum spp.
were made using ten 1-m2 in each plot.

All plots received a post-emergent application

(10th July 1986) of 136 g l-1 dicamba plus 578 g

l-l MCPA for control of dicot weeds,

particularly capeweed (Arctotheca calendula). Birds caused serious damage to the wheat
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crop during maruriry. Thus only spike count (frlled and empty added together) were used

to estimate treatment effect on yield of wheat. Effect of the various treatments on the
control of diquat-paraquat resistant Hordeum spp. was determined from counts of tillers
and spikes and total above-ground dry matter.

A

standard analysis of variance was

performed on densities and number of spikes of wheat and Hordeum spp. and on
numbers of tillers and dry weight of Hordeum spp. In all cases apart from wheat density,

the treatment sums of squares were found to be significant. Scheffe's test was used to
compafe treatment means.

7. 3. 3.
't .3;31

Results

. Xffect-õf treatmmts on ths establishment-of-wheat-and-the--

density ol Hordeurn spp. Numbers of wheat seedlings and Hordeum seedlings
following sowing of wheat in the various treatments are presented in Table 7. 8.
Table 7. 8. Densities (plants --2) of wheat and diquat-paraquat resistant Hordeum spp.

in wheat sown following conventional cultivation; wheat sown following paraquat
application (minimum tillage) and wheat sown following glyphosate application
(minimum tillage).

Trearnent

Wheat

Hordeum sppr

Plants m¿)
814.0a

Control (no crop, no cultivation)
Minimum tillage (paraquat) + wheat

105

454.0 b

Convenúonal cultivation + wheat

142

42.5 c
44.1 c

Conventional cultivation only

Minimun tillage (glwhosate) + wheat

t23

5.2

d

l.Means followed by different letters are significantly different (P=0.05) using Scheffe's
statrstlcs.
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The number of Hordeurø plants (814m2) in the control plots (no cultivation or herbicide
treatment) represent the population of Hordeum spp. in the experimental area emerging

over the period of the experiment. In the treatment in which wheat was sown following
conventional cultivation there was a significant reduction (P=0.05) in the density of
Hordeum spp. compared to the density in the control plot (Table 7. 8). When wheat was
sown following glyphosate application (minimum tillage), glyphosate significantly
reduced (P=0.05) the density of Hordeu¡n spp. This reduction was expected as the

Hordeum is not resistant to glyphosate. In the treatment where wheat was sown
following paraquat application (minimum tillage), the density of Hordeun spp. was
reduced by only 45Vo.Thisreduction was due to the cultivation associated with seeding,
as this rate

ofparaquat (200 g ha- ) causes no mortality of

resrstant

4. 5). There were no significant differences (P= 0.05) in the density of wheat sown in
the various treatment.

7.3.3.2. Effect of treatments on productivity of wheat and Hordeum
spp. The effect of the various cultivation treatments on the production of wheat spikes
and the number of Hordeum spp. tillers, spikes and dry matter are presented in Table 7.

9.
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Table 7. 9. Number of wheat spikes (m-2) and number of tillers, spikes and dry matter

(m-\ of Hordeum

spp. in wheat sown following conventional cultivation (CC); wheat

sown following paraquat application (minimum tillage, MT) and wheat sown following
glyphosate application (minimum tillage,

Mf¡ t.

Hordeum spp.

Wheat

Soike
Treaûnent

(N o.

m-2)

m-2)

IIlZa

Control

MT (Þa¡aquaÐ

76.5 b

CC onlY
CC + wheat

775.4a

MT (slyphosate)

114.6 c

1.

(N o.

(N o. m-2)
8

18a

G m-2)
266a

956a

-=689a-

21 +a

466b

276b

109 b

99c

81 c

48c

7d

4d

1d

In each column, means followed by different letters are signifrcantly different (P=0.05)

using Scheffe's statistics.
The results show that the number of wheat spikes (1754m-z¡ produced when wheat was
sown following conventional cultivation was significantly higher (P=0.05) than wheat
sown with minimum tillage either following glyphosate or paraquat applications. It is
emphasised that glyphosate was used in this experiment as a means of controlling the
diquat-paraquat resistant Hordeum spp. prior to seeding wheat. The number of wheat
spikes produced in the minimum tillage treatment with glyphosate was significantly
higher than the number produced with the minimum tillage treatment with paraquat.

All

treatments, except paraquat, signifrcantly reduced (P=0.05) the number of spikes, tillers
and dry matter of Hordeur?t spp. Glyphosate treatment caused the highest reduction
(99Vo)

in the number of tillers, spikes and dry matter production of Hordeum

spp.

Conventional cultivation prior to sowing wheat, significantly reduced the number of

tillers, spikes and dry matter of Hordeurn spp. compared to cultivation alone- As
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resistant to diquat-paraquat' the
expected, because the Hordeut?1 spp. on this field is
Hordeum spp. in the paraquat
number of tillers, spikes and dry matrer produced by the
rreated plot did not significantly

7. 3. 4.

differ from the control.

Discussion

this field have been shown
Two Hordeum specie s (H. glaucum and H. leporinum ) on

ha-l (Chapter 4)' Therefore' as
to be resistant to pafaquat at rates of up to 6.4kgpafaquat
the paraquat treatment
expected, a significant number of Hordeun species survived

Hordeun spp was
(Table 7. 8). However compared to the control plot, the density of
with minimum tillage
significantly reduced in the plots in which wheat was seeded
-Hordeam spp: in this
following paraquat applicatioi. This ieduction iñ déñsily of

--

by the cultivation associated
treatrnent can be pafily attributed to seedling mortality caused

conventional
with the tynes on the combine used for seeding. The treatment using
prior to sowing wheat resulted in si$nificant ¡eductions in tiller numbers'

cultivation

compaled to the treatment
number of spike and dry matter production of Hordeum spp'
had inhibited the
wirh conventional cultivation only (Tabl e7 .9). Both these treatments
extent at the start of the
establishment of seedlings of Hordeum species to an equal
numbers, number of spike
experiment (Table 7. g). The significant reducrions in tiller
and dry matter production in the wheat sowing

following cultivation treatments therefore

overall
suggests that competition from wheat also affected the

productivity of Hordeum

spp. Glyphosate, as expected, caused the greatest reduction

in establishment and

was significantly
productivit y of Hordeum spp.Wheat productivity from this treatment

therefore, the glyphosate
higher that that obtained from paraquat-treated plots. Clearly

(minimum tiltage) geatly
treatment to control diquat-paraquat resistan t Hordeum spp'
productivity'
reduced the weed burden and this resulted in increased wheat
competition on wheat
Only limited quantitative data exist on the effect of Hordeum spp'
a2l petcent yield loss
yield. Data from studies ca¡ried out with H.Ieporinum, showed
Poole et al (1986) also
of wheat yield with a H. leporinum density of 100 plants m-2.
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recorded significant reductions in fertile tillers and grain yield of wheat with increasing

H.leporinum density. Thus competition from weeds in this genera can potentially cause
serious yield losses in wheat. The benefits associated with reduced tillage farming in
southern Australia has been adequately reviewed (Poole, 1987). These include reduced

time and labour input, reduced range of equipment needed, fuel conservation and
greater

a

flexibility in farm operations. The results from this study show that wheat direcç

drilled following glyphosate application can significantly reduce infestation of diquatparaquat-resistant Hordeum spp. and promote signifîcant yield increases

of

wheat.

Although wheat sown following conventional cultivation did not produce the highest
reduction in Hordeutn spp productivity,

it did result in the highest number of wheat

spikes. Thus conventional cultivation alone can significantly reduce Hordeum
establishment and subsequent productivity in a cereal crop.

7. 3. 5. Conclusion
It has been demonstrated in this study that in a field infested with paraquat-resistant
Hordeum, the productivity of a wheat crop will be reduced in minimum tillage sowing

following diquat-paraquat application. The use of the alternative herbicide glyphosate,
significantly reduced the seedling establishment of diquat-paraquat-resistant H. glaucwn
as

well

as

tiller, spike and dry matter production (Tables 7.8 and 7. 9). There was

a

concomitant increase in the number of wheat spikes produced where Hordeum was
controlled. The number of seedlin gs of Hordeum species was significantly reduced by
conventional cultivation associated with sowing wheat. This also increased wheat spike

production equivalent to those in the glyphosate-treated plots. It is therefore concluded
that significant yield increases in wheat yield (measured by number of spikes produced)
a

field of paraquat resistant Hordeum species by controlling the

weeds when the wheat

is sown following conventional cultivation or following

can be obtained

within

glyphosate application (minimum tillage).
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CHAPTER 8.

GENERAL DISCUSSION

8. 1. Diquat-paraquat resistance in weeds in Australia'
Diquat-paraquat resistance has been documented in three weed species in Australia.
Prior to the work conducted in this thesis, diquat-paraquat resistance was known only

in Hordeum glaucum. The work conducted in this thesis shows that there is also a
diquat-paraquat resistant H.leporinurn and also one dicotyledonuos species, Arctotheca

calendula resistant to diquat-paraquat (Chapter 4). The following factors were found to
be common to all three cases

I. All three species are annual weeds commonly occurring in pastures. Resistance to
diquat-paraquat had in each case, occurred in lucerne frelds that had been in production

for periods in excess of 10 years (Chapter 3).

II. Diquat and/or paraquat was used once

a year

throughout the period the lucerne had

been in production.

trI. No other herbicide, or other forms of weed control were used during this period
IV. No cultivation had occurred during the period the lucerne had been in production
V. No evidence was found that any of the three species are resistant to herbicides other
than diquat-paraquat (chapter 4).

A field survey conducted over two years revealed that resistance of H. glaucwnhad
developed

in

situ

in four independently owned and operated farm enterprises in the

rü/illaura-Ararat region in Victoria. Only in one case was evidence found that resistance
(in I1. glaucum) had occurred as a result of contamination from another region (Chapter

3). On one particular field diquat-paraquat resistant biotypes of H. glaucum, H'
leporinum and A. calendula were present (Chapter 4). To my knowledge, this is the
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first documentation of herbicide resistance in more than one weed species on a single
f,reld.

It is clear that diquat-paraquat resistance in these weeds has developed in response to the
strong selection pressure from paraquat-diquat in combination with the abovementioned

factors.

If

the gene(s) for resistance to paraquat are present in a population, then

repeated paraquat application

will gradually enrich the population in favour of

the

resistant biotype until they become dominant. This factor has clearly been in operation

in these lucerne fields and has resulted in the dominance of three diquat-paraquat
resistant biotypes. However a number of annual weed species occurring on the same

-

fi-eld

weÍ-lested and found to be norm-ally sensitive to paraquat'(ehapter 4);Diquat-

paraquat application for annual weed control in established lucerne involves a single

application following weed germination in response to autumn rains. Since diquatparaquat do not have soil activity, weeds that have not germinated at the time of
application escape the herbicide effect and hence delay or avoid the selection pressure
imposed by diquat-paraquat. Thus weed species minimise the selection pressure on their

populations by seed characteristics such as staggered germination during the growing
season; having seeds deeply buried

in the the soil and still capable of germinating and

emerging after herbicide application. It is therefore possible that the weed species that

had remained sensitive to diquat-paraquat despite of the many years of persistent
exposure of the fields to these herbicides could have utilised these escape mechanisms.

Equally, it is possible that genes endowing paraquat resistance were not present in the
populations of these species in these fields (that is, there was not sufficient genetic
variation in the populations on these fields).

8. 2. Biology and ecology of diquat-paraquat resistant .EI. glaucum.
Field experiments undertaken to identify signihcant ecological differences between the
resistant and susceptibte biotypes reveal that in the absence of diquat-paraquat the
resistant H. glaucum biotype exhibited reduced growth and competitiveness compared
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ro the susceptible biotype (Chapter 5). Results comparing reproductive output (number

of spike inflorescence [and therefore seeds] per plant) both in the presence and absence

of competition clearly showed that the resistant biotype is less fit compared to the
susceptible biotype.(in the absence of paraquat). The resistant H. glaucum was also less

fit than normal diquat-paraquat sensitive H. leporinum,

a species occurring at gleater

frequencies in the region where resistance to diquat-pafaquat is at present confined
(Chapter 3). Reduced fitness of the resistant biotype has important implications for
management of resistant populations. The reduced fitness of the resistant H- glaucum

biotype compared to the susceptible

H.

glaucur?? suggests that when paraquat

application is withdrawn, the resistant population will, over a period of time, be
replaced by rhe fitter, susceptible biotypes. Additionally, competition from the fitter
diquat-paraquat sensitive H. leporinumwould increase the competitive pressure on the
resistant

H. glaucumwhich could increase

the rate at which the resistant H. glaucum\s

replaced in the population. To my knowledge, no studies comparing productivity and

competitiveness

of paraquat-resistant and susceptible weed biotypes have been

conducred. Itoh and Miyahara (1985) conducted field surveys on the relative
frequencies of paraquat-resistant and suscepnble Erígeron canadensis in mulberry f,relds

treated for various number

of years with paraquat. From the correlation between

number of years of paraquat use and the relative frequencies of resistant and susceptible

individuals, it was suggested that the resistant biotype is less competitive. It therefore
appears that diquat-paraquat resistance is associated with reduced fitness

of the resistant

biotype as has been found with most of the triazine-resistant weeds that have been
studied. Some biological and physiological factors influencing plant productivity were

examined in diquat-paraquat resistant and susceptible H. glaucum in an attempt to

identify the basis of the reduced fitness and competitiveness in the resistant biotype
(Chapter 6). Comparison of seed weight of resistant and susceptible seeds originating

from adjacent populations in Willaura, Victoria, and grown under identical conditions
revealed that the resistant seeds weighed significantly less than the susecptible seeds and

they also produced smaller seedlings.

It is known in general that larger seed and

165

seeds during early plant gowth
seedlings confer competitive advantage over smaller
studies, it was not possible to
and establishment (Harper, lg77). However in these

of the diquat-pafaquat
establish whether the reduced productivity and competitiveness
of smaller seed weight' Growth analysis and

resistant biotype was the result

and susceptible biotypes
photosynthesis measurements revealed that both the resistant
not possible to ascribe whether the
have equally eff,rcient photosynthesis. It is therefore
the paraquat-resistant biotype is
reduced productivity and reduced competitiveness of
by associated genes linked to the
the gene endowing paraquat resistance or is conferred
gene conferring pamquat resistance'

te

8. 3=-Management of diquat=Paraq

resistant weed population
practical aspects of herbicide resistance ale the control of the
at minimal cost and

initiating measures to avoid future occurrences' Herbicide-resistant

threat associated with
weeds have, to date, not posed the more serious economic
resistance to other pesticides.

It is usually

expected that a change in management

practices including a switch to a different herbicide

will control weeds resistant to a

showing cross-resistance
particular herbicide. However a number of weed species are
pafaquat-resistant
well as multiple resistance to other herbicides' These include a
atrazine (Polos and Mikulas'
biotype of Conyza canadensís which is also resistant to

as

both paraquat and simazine
1937) and a biotype of Poa a.nnua showing resistance to
resistant
(Clay and Hadleigh, 1989). My studies have shown that the diquat-paraquat
selective monocot herbicides
H. glaucurnand H. leporinum are sensitive to alternative

diquat-paraquat resistant A'
and also to rhe non-selective herbicide glyphosate. The
dicamba and also to the
calendulais normally sensitive to the selective dicot herbicide,

is no evidence of crossnon-selective herbicide, glyphosate (Chapter 4). Thus, there
resistance ro other herbicides

in these

diquat-paraquat resistant weed biotypes'

use of such herbicides
Therefore a change in management practice that includes the

will

resistant seed from the
control the resistant populations (although not eliminate the
seedbank.
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The persistence of the paraquat resistant biotypes in the short and long term depends on
the dormancy and longevity of the seeds in the soil seedbank. This determines whether

it is possible to eliminate the diquat-paraquat resistant biotypes from the seedbank and
thus enable a return to the use of diquat-paraquat. My studies have that there is a short

period of dormancy in both the resistant and susceptible biotypes of H. glaucum and

that seeds produced at the end of one season are capable

of lOÙVo germinating

the

following year. There was no significant difference between the resistant and
susceptible in this seed dormancy pattern. The absence of long term seed dormancy
indicates that there will be no large scale accumulation of seeds of the resistant biotype

in the soil (ChapterT). The importance of this finding was demonstrated in field
experiments in which

it was shown that when fresh seed set was totally prevented in

each year, the seedbank of resistant Hordeum species could be exhausted in two years.

It was also shown that the seedbank of resistant A. calendula could be significantly
depleted (though to a much lesser extent compared to Hordewn species) in two yeals

(Chapter 7). However attempting to control A. calendula through reduction of the
seedbank alone is impracticable because my study show that the combination of massive
seed reserves

in the seedbank (792,112 m-\ and long-term innate dormancy make it

impossible to reduce the seedbank to very low levels. In a second field experiment,

it

was shown that using glyphosate prior to seeding wheat (minimun úllage), field
infestation of paraquat-resistant Hordeum species was signif,rcantly reduced resulting in

significant increase in wheat yield. It was also shown in the same experiment that
conventional cultivation prior to sowing wheat significantly controlled diquat-paraquat
resistant Hordeutn species resulting

8. 4.

in significant wheat yield.

Conclusions

The work conducted in this thesis has identified many features of diquat-paraquat
resistance in weeds in Australia which can be summarised as follows

i. diquat-paraquat resist¿urce is at present only detectable in a small region in Victoria.
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ii. there is no evidence that the resistant biotypes are from one point, although

the

potential for introduction into new areas is high if infested lucerne hay tansfered.

iii. there are alternate herbicides which con¡ol the resistant biotypes.
iv. there is no long-term build up of seeds of the resistant Hordeum biotype in the soil.
However A. calendul¿ does maintain a large seedbank for long periods.

vi. cultivation or minimum tillage (using glyphosate) prior to sowing wheat controls the
resistant Hordeum species with significant increase in crop yield.

8. 5. Strategies for delaying or preventing herbicide resistance.
It is clear from these studies that the persistent use of diquat-paraquat has provided the
necessary selection pressure resulting

in the

appe¿ìrance

of weed biotypes resistant to

these herbicides. Therefore strategies that may prevent or delay the appearance of weeds

resistant to herbicides must include the following;

i. Use of the lowest herbicide rate possible to minimise the selection pressure on weeds.

ii. Rotation of herbicides with different modes of action. For example, glyphosate could
be alternated with diquat-paraquat.

iii.

Use of grazing animals. For example graze lucerne fields in rotation with hay

production to reduce the herbicide selection pressure.

iv. Rotation of crops. For example, lucerne with other crops that would allow the use of
other herbicides and management practices.

Paraquat-resistant weeds have been reported from other a¡eas in the world (see review

of the literature, Chapter 2. 3. 6) and, as shown in this thesis for the weeds I studied,
resistance has occurred following strong selection pressure from the persistent use
pÍìraquat. Only a small percentage of the areas with agricultural practices that are

of

likely

to lead to the appeatance of paraquat-resistant weed biotypes (use of paraquat and diquat
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in lucerne, a perenniat crop) had dominant populations of weed biotypes resistant to
paraquat (Chapter 3). However in one field three weed species had become resistant to
paraquat-diquat (Chapter 4). These results indicate that genes for paraquat resistance are
rare. The paraquat-resistant weeds were shown to be sensitive to alternative herbicides.

These factors show that paraquat resistance does not pose a significant threat to
agricultural productivity. Agricultural practices including the ones outlined above would
play an important role in keeping resistance to the bipyridyl herbicides in check.
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Appendix 2.

l.

complexl'
Key to the Ausnalian representatives of the H' murinum

lemma awns of the lateral spikelet shorter
Lateral spikelet no longer than the central spikelet;
spikelet sessile or shortly pedicellate
ttran that of the central spikelet; floret of the central

n.

mu, tn

awns of the lateral spikelet longer than
Lateral spikelet longer than the central spikelet; lemma

pedicellate
those of the central spikelet; floret of the central spikelet
pale, less than 0.6 mm long,
Anthers of the central floret usually black, sometimes

florets at least three times aslong as
remaining within ttre floret at manfity; anthers of lateral

those

of the central floret

.H. glaucum

brown' morc than 1 mm long'
Anthers of the cenual floret usually pale, sometimes
the same length as those of the
usually exserted at maturity; anthers of lateral florets about

central floret, sometimes twice as long

I From Cocks

et aL.1976.

.H. Ieporinum
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Appendix 7. 1. Rainfall (mm) at Eversley 1986-1
Month

Year Jan Feb.

June

Mar.

1986 16.4 4.4 3.6

54.4

Au

J

Oct. Nov.

Dec. Total

35.6 100.2 51.6 70.8 124.2 24.t 89.4

605.i

t987 77.4 36.6 28.2 2r,r

98

66.4

52.2 40.3 29.0 60.1 45.2 68.5

623.2

1988 81.4 r8.2 42.0 5.0

r34.

84.5

59.0 5r.2 110.8 33.0 54.6 41.6

715.6

87

103.4

1989

37.4

Mean 1986-1988

19.7 3r.6

78.6

70.9

647.9
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