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ABSTRACT 

Evolution in two genetically diverse sown populations of subterranean clover (Trifolium 

subterraneum L.) was examined over 16 years at Mt Barker, a long growing season 

site, and at Nabawa, a short growing season site, in south-west Western Australia.  

One population consisted of a mixture of 40 strains sown in equal proportions, while 

the other was a bulk-hybrid population consisting of F2 seed from 253 crosses.  Seed 

harvested annually and kept in cold storage was grown in an irrigated common garden 

at the University of Western Australia Field Station at Shenton Park, along with 

samples of the ancestral mixtures, to examine changes within these populations. 

Evolution in the strain mixture populations was measured by changes in strain 

frequency; strains were considered ecologically successful if their relative contribution 

was maintained or increased from that at sowing.  Mixtures containing an additional 

12 cultivars were also sown at each site to examine short-term population changes.  

The relative importance of 38 attributes measured in single-strain swards and spaced 

plants at Nabawa and Mt Barker was then related to strain success in mixtures at each 

site.  Evolution in the bulk hybrid populations was measured in spaced plants at 

Shenton Park by changes in mean values and variability of 26 attributes. 

The ancestral populations evolved into markedly different populations at each site.  

Most evolution occurred within three years of sowing, due to elimination of poorly 

adapted genotypes.  Within sites, the direction of selection was similar for both 

mixtures.  In the strain mixture populations, different strains became dominant at each 

site.  Divergent strains, those not identical to the sown strains, were significant 

components of the populations, particularly at Mt Barker, but their frequency did not 

increase.  In the bulk hybrid populations, changes occurred in the means of 

20 characters and variability declined in 11 characters at one or both sites.   

Appropriate flowering time was fundamental for success in both environments.  At 

Nabawa, early flowering was crucial, while successful genotypes at Mt Barker were 

midseason and late flowering.  Flowering time in both environments was a compromise 

between sufficient earliness for adequate seed production prior to the onset of summer 

drought, and deferment for as long as possible to allow plants to develop maximum 

size to compete for light in spring.  The balance between these two competing forces 

differed in response to length of the growing season at each site. 
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The characters governing evolutionary success differed between environments.  At 

Mt Barker, the main trend was towards greater competitiveness for light in spring.  

Here, tall swards (manifested by large leaves with long and thick petioles at flowering) 

and high herbage production in spring were very important.  Directional selection was 

also towards large plant diameter at maturity, thick stems with long internodes, weak 

burr burial from long, thin peduncles with high burial angle, large seeds, high seeds per 

burr, short flowering duration, low hardseededness and high biochanin A and total 

isoflavone contents. 

In contrast, evolution was towards greater persistence at Nabawa.  In this case, high 

seed production capacity (with high seeds per burr, large seeds and high harvest 

index), high hardseededness and strong burr burial (manifested by thick peduncles of 

medium length and low burial angle) were very important for success.  Directional 

selection was also towards small plant diameter at maturity with long flowering 

duration, small leaves with short and thin petioles at flowering and thin stems with short 

internodes. 

There was evidence of substitutability for several reproductive traits.  The latest 

flowering plants at both sites had smaller seeds and shorter flowering durations.  Seed 

size and seeds per burr were negatively correlated at Mt Barker.  High 

hardseededness substituted for early flowering at Nabawa and for small seed size at 

Mt Barker.  There was also evidence of both co-evolution between some characters 

and conservation of relationships between others. 

Strain success after 3 years in mixtures was a good predictor of long-term success.  

Strain seedbanks after one year identified poorly adapted strains and were reasonable 

predictors of strain success at Nabawa, but not at Mt Barker.  The success or failure of 

12 cultivars released since 1978 was able to be predicted on the basis of their 

morphological characteristics.  Appropriate flowering time is the biggest indicator of 

likely success or failure.  Long-term strain success in mixtures was correlated with Year 

1 monoculture seed production and burr burying ability at Nabawa and with spring 

herbage production at Mt Barker.  However, it is suggested that annual legume variety 

evaluation is conducted for at least 3 years to identify the best adapted genotypes. 

Finally, the use of strain mixture and bulk hybrid populations for breeding and selecting 

well-adapted genotypes of self-fertilising annual pasture legumes is proposed.  The 

applicability of material selected from such populations will depend on similarities in 

climate, soils and farm management practices with target environments. 
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CHAPTER 1.  INTRODUCTION 

Mediterranean-type climates, such as that experienced by much of southern Australia 

and the Mediterranean basin itself, (Aschmann 1973) pose significant challenges to 

plant growth.  Not only do plants need to cope with summer drought and highly variable 

rainfall, grassland plants are also subjected to further disturbance by grazing animals, 

and in many cases cropping.  Of the native species found in Mediterranean grasslands 

annual plants dominate (Davis 1970; Aronson et al. 1993).  These follow a classic 

ruderal life history pattern (Grime 1977) and have evolved a suite of reproductive 

strategies that allow them to persist in such environments (Ehrman and Cocks 1996; 

Norman et al. 1998).  It is because of these strategies that such species have been 

able to colonise other areas of the world with mediterranean climates, including 

Australia (Rossiter 1966a) and California (Allard 1965). 

Role of annual pasture legumes in Australian agriculture 
The constraints posed by the Mediterranean-type climate and the inherently low soil 

fertility (McDonald 1989) of southern Australia have resulted in development of farming 

systems incorporating annual pasture legumes, particularly Trifolium, Medicago and 

Ornithopus species native to the Mediterranean basin (Howieson et al. 2000).  While 

the value of legumes as nutritious forage and for soil improvement has been 

recognised for thousands of years, their use in rotations with cereal crops is a 

development specific to southern Australia (Puckridge and French 1983).  Together 

with the use of superphosphate, pasture legumes have led to improved soil fertility, 

increased crop yields (Puckridge and French 1983) and greater animal production 

(Kenny 1984; Doyle et al. 1993).  Howieson et al. (2000) list a range of benefits for 

incorporating pasture legumes into farming systems.  These include their ability to fix 

atmospheric nitrogen (with benefits to companion species in pasture and to subsequent 

crops), ability to increase soil fertility and structure with consequent decreased erosion 

risk, and capacity to break disease and pest life cycles of crops when grown in rotation. 

Ley farming has been the traditional crop rotation system in Western Australia 

(Underwood and Gladstones 1979) and South Australia (Puckridge and French 1983).  

Here the pasture phase is reliant on self-regeneration of annual legumes from 

hardseeds which remain dormant during a cropping phase of one or two years.  In 

much of eastern Australia (but increasingly more so in Western Australia) phase 

farming  is the more common crop rotation system, whereby 3-6 successive crops are 

followed by a period of legume-dominated pasture (Reeves and Ewing 1993; Norman  
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et al. 2000; Wolfe and Dear 2001).  In this system farmers must resow the pasture after 

each cropping sequence (Norman et al. 2000).  In higher rainfall areas pastures tend to 

be permanent or semi-permanent.  Annual legumes still form the basis of most of these 

pastures, although perennials are often included in the most favoured rainfall 

environments (Wolfe and Dear 2001). 

Subterranean clover – the most widely sown pasture legume 
Subterranean clover (Trifolium subterraneum L.) is the most widely sown annual 

pasture legume species in southern Australia, having been sown over an estimated 

area of 22 million ha (Sandral et al. 1997).  There are two keys to its widespread use.  

One is its tolerance of heavy grazing, largely attributable to its prostrate growth habit 

and its ability to protect against seed predation by burial of its burrs.  The other is a 

range of cultivars which differ in flowering time, enabling it to be grown in environments 

with a wide range of growing season lengths.  To date 40 cultivars have been released 

(Nichols et al. 1996; Nichols, unpub. data).  A large genetic resource of over 7,700 

strains1 (R.S. Snowball, personal communication), either collected from the 

Mediterranean or naturalised in Australia since European settlement, has made major 

contributions to breeding and selection programs. 

Rossiter (1977) defines success of a subterranean clover strain as its long-term mean 

quantity of dry matter produced per annum and suggests it can be estimated by the 

size of its seed bank at the end of each growing season.  Thus, success is directly 

related to long-term persistence.  However, ecological success does not always equate 

to agronomic success, as the latter also includes consideration of pasture quality and 

quantity and freedom from toxic and anti-nutritional compounds (Rossiter 1977).  Any 

reference to success in this thesis will refer to ecological success, unless indicated 

otherwise. 

Although subterranean clover can be regarded as a successful species in southern 

Australia, its persistence in individual paddocks is often sub-optimal.  Other than 

inappropriate flowering time, characters known to affect persistence include:  

(i) inadequate dormancy mechanisms to protect against seedling losses from out-of- 

                                                 
1 This thesis uses the terminology of Cocks (1992).  The term genotype is used to describe 

plants apparently breeding true to type.  Strains represent populations found within Australia, 
which may or may not be true breeding.  Cultivars are strains or genotypes that are sold 
commercially.  The term variety is avoided, due to its confusion with the botanical taxon of 
the same name. 
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season germination events (Smith et al. 1996; Evans and Smith 1999; Chapman and 

Asseng 2001);  (ii) insufficient hardseededness to maintain a dense seedbank through 

regular cropping phases and in areas with unreliable spring rainfall (Taylor et al. 1984; 

Taylor et al. 1991); and  (iii) susceptibility to pests (Allen 1987, Ridsdill-Smith and 

Nichols 1998) and to diseases (Barbetti and Sivasithamparam 1986; Johnstone and 

Barbetti 1987; Barbetti 1989).  In addition some strains contain high levels of the 

oestrogenic isoflavones, formononetin, genistein and biochanin A (Beck 1964; Francis 

and Millington 1965b; Morley and Francis 1968; Gladstones and Collins 1984), which 

can reduce ewe fertility (Beck and Gardiner 1965; Cox and Braden 1974; Collins and 

Cox 1984).  However, little is known about the relative importance of these characters 

for success in different environments.  Furthermore, little is known about other 

characters affecting the success of subterranean clover. 

Evolution in sown mixtures of subterranean clover 
A powerful tool for gaining an understanding of the characters important for success is 

the study of evolution in genetically variable populations.  According to Darwinian 

principles natural selection will favour the fittest genotype(s) under the conditions 

prevailing.  Thus the most successful genotype is the one best adapted to its 

environment.  Examination of successful genotypes can therefore, provide clues about 

the requirements for success.  Most evolutionary studies have been conducted in the 

absence of data from ancestral populations; evolutionary trends in such cases can only 

be inferred.  Studies of subterranean clover ecotypes in native grasslands (Piano 1984; 

Piano et al. 1993; Piano et al. 1996; Pecetti and Piano 2002) and of naturalised strains 

(Aitken and Drake 1941; Gladstones 1967) are examples of this.  However, the sowing 

of genetically diverse populations provides a means for measuring evolutionary change 

directly. 

Mixed populations of subterranean clover strains have been studied previously at 

single sites.  Mixtures of multiple strains (Rossiter 1966b; Rossiter 1977; Cocks et al. 

1982) and binary mixtures (Rossiter 1974; Rossiter and Pack 1972; Rossiter and 

Palmer 1981; Hill and Gleeson 1991) have shown that population composition can 

change rapidly and that some strains are more successful than others at each site.  

However, apart from the study of Cocks et al. (1982), strain characteristics contributing 

to success were not measured.  Cocks and Phillips (1979) and Cocks (1992a) 

measured a range of variables in divergent strains in old subterranean clover pastures, 

but here genetic variation at sowing was restricted to one or a few strains and 

information on both strain proportions at sowing and subsequent ingression by other 
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genotypes was imprecise.  The outcomes from each of these single-site studies are 

specific to the experimental sites and may only be transferable to similar sites. 

Morley et al. (1962) and Dear et al. (2001) examined composition changes in a 

common mixture sown at more than one site.  Both studies demonstrated that different 

strains can dominate different sites.  Flowering time, in relation to soil moisture 

availability in spring, was the most sensitive character to environmental change.  

However, neither experiment measured other characters that may have contributed to 

success in different environments. 

Bulk-hybrid populations, consisting of a mixture of segregating genotypes from one or 

several crosses (Allard 1965; 1988) provide the greatest opportunity for natural 

selection to act and for measurement of evolutionary change.  In contrast to the rather 

restricted range of variability in strain mixtures, such populations contain a continuum 

of variability.  Changes in population means over time are, therefore, able to provide a 

precise measure of the importance of those characters in the test environments.  To 

date, no bulk-hybrid population studies have been conducted with subterranean clover 

or any other pasture legume, although their use has been proposed by Cocks et al. 

(1982) and Gladstones (1983).  Furthermore, no bulk hybrid studies of the same 

ancestral population at more than one site have been reported for any species. 

Most pasture germplasm evaluation is conducted in pure swards, whereas commercial 

pastures generally contain a mixture of genotypes (and species).  Of interest to pasture 

plant breeders is the question of whether long-term strain success in mixtures can be 

predicted from short-term agronomic performance in monocultures.  

This thesis examines evolution over 16 years in two genetically diverse populations of 

subterranean clover sown in two contrasting mediterranean environments in Western 

Australia.  The first population consists of a mixture of 40 strains, with the second being 

a bulk-hybrid F2 population derived from 253 crosses.  Rates of change within these 

populations and the characters upon which natural selection acts are examined to 

determine those required for success in each environment.  Subterranean clover is 

used here as a model plant for mediterranean annual pasture legumes in general. 



CHAPTER 2.  LITERATURE REVIEW 

 

Phil Nichols 5 

CHAPTER 2.  TABLE OF CONTENTS 

Page 
CHAPTER 2.  LITERATURE REVIEW  ...............................................................................  7 
1. INTRODUCTION  .................................................................................................................  7 

2. THE MEDITERRANEAN ENVIRONMENT  .................................................................................  7 

Climate of southern Australia  .........................................................................  9 

Soils of southern Australia  ..............................................................................  9 

3. ECOLOGY OF ANNUAL MEDITERRANEAN PLANTS  .................................................................  10 

Genetic diversity of Mediterranean grasslands  ..............................................  10 

Life history patterns  ........................................................................................  11 
r-and K-selection  ...................................................................................................  11 

R-, C-, and S-selected species  ..............................................................................  12 

Variation within species  –  the ecotype concept  ............................................  13 

Colonisation of new environments  .................................................................  14 

Genetic structure of wild and colonising populations  .....................................  15 

Reproductive strategies of Mediterranean annual legumes  ...........................  17 
Flowering time  .......................................................................................................  17 

Seed dormancy – distribution in time  .....................................................................  19 

Hardseededness  ...................................................................................................  20 

Embryo dormancy  .................................................................................................  25 

Seed dispersal – distribution in space  ...................................................................  25 

Non-dispersal mechanisms  ...................................................................................  26 

Adaptive significance of dispersal  ..........................................................................  27 

Seed size  ...............................................................................................................  28 

Co-adaptivity and substitutability of reproductive traits  ..........................................  29 

Characters affecting selective grazing  ...........................................................  31 

4. GENETIC VARIATION IN SUBTERRANEAN CLOVER  .................................................................  32 

Taxonomy  .......................................................................................................  32 
Infra-specific taxonomy  ..........................................................................................  32 

Breeding system  ....................................................................................................  33 

Centre of origin  ...............................................................................................  34 

Naturalised strains in Australia  .......................................................................  35 
Modes of introduction to Australia  .........................................................................  37 

Distribution of subterranean clover in Australia  ..............................................  38 

Genetic variation  .............................................................................................  39 
Morphological markers  ..........................................................................................  39 

Flowering time and seed maturation  ......................................................................  39 

Oestrogenic isoflavones  ........................................................................................  40 

Hardseededness  ...................................................................................................  43 

Embryo dormancy  .................................................................................................  44 

Burr burial  –  a defining characteristic of subterranean clover  ..............................  45 



CHAPTER 2.  LITERATURE REVIEW 

 

6 Phil Nichols 

Page 
Disease resistance  ................................................................................................. 46 

Pest resistance  ...................................................................................................... 47 

Breeding and selection programs  ...................................................................  47 
Registered cultivars in Australia  ............................................................................. 48 

Divergent strains  .............................................................................................  48 

5. EVOLUTION IN SOWN POPULATIONS  ....................................................................................  50 

Measurement of evolution  ...............................................................................  51 

The nature of competition  ...............................................................................  52 

Allochronic evolutionary studies of sown populations  .....................................  53 
Bulk-hybrid mixtures  ............................................................................................... 53 

Mixed homozygous genotype studies  .................................................................... 55 

Competition within homozygous monocultures  ..............................................  55 
Competition-density effect  ...................................................................................... 56 

Variation in plant size  –  competition for light  ........................................................ 56 

Self-thinning  ........................................................................................................... 56 

Competition within genotype mixtures  ............................................................  57 

Strain mixtures of subterranean clover  ...........................................................  58 
Composition changes at single sites  ...................................................................... 58 

Site effects on mixture composition  ....................................................................... 59 

Co-existence in mixtures  ........................................................................................ 60 

Factors important for strain success in mixtures  .............................................  62 
Seed producing capacity (SPC)  ............................................................................. 63 

Petiole length  -  competitiveness for light  .............................................................. 63 

Flowering time  ........................................................................................................ 64 

Hardseededness  .................................................................................................... 65 

Seed and seedling characters  ................................................................................ 66 

Burr burial  .............................................................................................................. 66 

Oestrogenic isoflavones  ......................................................................................... 66 

Nutrient uptake  ....................................................................................................... 67 

Other characters  .................................................................................................... 67 

6. CONCLUSIONS  ..................................................................................................................  67 

Scope of thesis and hypotheses  .....................................................................  69 



CHAPTER 2.  LITERATURE REVIEW 

 

Phil Nichols 7 

CHAPTER 2.  LITERATURE REVIEW 

1. Introduction 
The aim of this review is to gain an understanding of the factors important for survival 

and reproduction of annual pasture legumes in a mediterranean climate and how 

evolution towards ecologically successful plant types occurs in mixed genotype 

populations.  Subterranean clover (Trifolium subterraneum) is used here as a model 

mediterranean annual legume. 

The review is in four parts.  The characteristics of mediterranean environments are 

discussed initially, with particular reference to southern Australia.  The second part 

discusses the ecology of mediterranean annual legumes.  It examines the genetic 

structure and diversity of annual legume populations native to the Mediterranean basin 

and compares them with colonised populations in other mediterranean areas.  The 

suite of reproductive strategies used by different annual legumes and their variation 

with environment are also discussed in this section.  The third section discusses 

genetic diversity in subterranean clover and examines its naturalisation in southern 

Australia.  The final section examines evolution in genetically diverse populations, with 

particular reference to mixed-strain populations of subterranean clover.  This concludes 

with a discussion on the factors leading to ecological success of subterranean clover. 

2. The mediterranean environment 
A mediterranean climate is characterised as one with mild, wet winters and hot dry 

summers.  More specifically, Buddenhagen (1990) defines a mediterranean climate as 

one where annual precipitation ranges from 275-900 mm, with at least 65 per cent 

falling during the winter months.  Aschmann (1973) also claims at least one month 

should have mean temperature below 15oC but hours below 0oC should not be more 

than 3 per cent of the annual total. 

Five parts of the world have mediterranean climates:  the Mediterranean basin itself, 

southern Australia, the southern tip of South Africa, California and central Chile 

(di Castri et al. 1981; Dallman 1998).  These are shown in Figure 2.1.  Mediterranean 

climates occur within the latitudes 30o and 45o and are essentially transition zones 

between temperate and dry tropical climates (Dallman 1998).  They are the result of 

marine weather patterns which occur on the western side of continents where warm 

ocean currents pass over the land.  A mediterranean climate occurs on about 
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2 per cent of the world’s total land area (Thrower and Bradbury 1973).  The 

Mediterranean basin occupies about 60 per cent of this area, with southern Australia, 

California, Chile and South Africa occupying 22 per cent, 10 per cent, 5 per cent and 

3 per cent of the area, respectively (di Castri et al. 1981).  

 

Figure 2.1. Regions of the world with mediterranean climates (shown in black) (from di Castri 
et al. 1981). 

Mediterranean climates pose significant challenges to plant growth.  Plants must cope 

with summer drought coupled with high solar radiation levels, cool winter temperatures 

during the growing season, and highly sporadic and variable rainfall.  Germination-

inducing rainfall events followed by periods of drought, referred to as false breaks 

(Chapman and Asseng 2001), are common and result in widespread death of 

establishing seedlings. 

The original climax vegetation in the five mediterranean regions is remarkably similar 

(Cody and Mooney 1978).  This is despite their isolation and indicates a high degree of 

co-evolution.  In the Mediterranean basin this is called marquis, in South Africa it is 

fynbos, in Chile matorral and in California chaparral (Cody and Mooney 1978).  In the 

semi-arid regions of eastern Australia, South Australia and the south-eastern region of 

Western Australia the native climax vegetation is known as mallee, after the mallee 

Eucalyptus species associated with them (Puckridge and French 1983).  In south-

western Western Australia it is known as kwongan (Beard 1990).  The climax 

vegetation in each of these environments features short, deep-rooted evergreen shrubs 

whose leaves are usually small with high specific leaf weights (Cody and Mooney 

1978).  Summer fires occur regularly and the majority of climax species have evolved  



CHAPTER 2.  LITERATURE REVIEW 

 

Phil Nichols 9 

mechanisms to regenerate after fire (Bell et al. 1984).  Ephemeral annuals are not 

widespread and tend to appear as successional species following fires (Bell et al. 

1993). 

The growth of human and domestic animal population, however, has resulted in much 

of the climax vegetation of mediterranean areas giving way to grasslands, which now 

consist primarily of annual species (Aronson et al. 1993).  This is particularly the case 

in the Mediterranean basin itself, where human disturbance over the past 10,000 years 

has gradually intensified, resulting in significant degradation through over-grazing and 

cultivation (Mannion 1995; Thompson 1999).  The annual species that now dominate 

mediterranean grasslands have evolved a suite of survival strategies to enable them to 

tolerate the constraints of the mediterranean climate and to human disturbance.  It is 

for this reason that species from the Mediterranean basin have invaded the 

mediterranean areas of the new world, such as Australia (Rossiter 1966a) and 

California (Allard 1965). 

Climate of southern Australia 
True Mediterranean climates within Australia are found in the southern regions of 

Western Australia and South Australia, with quasi-Mediterranean climates occurring in 

the western part of Victoria and south-western New South Wales (Gentili 1971).  

Annual rainfall varies from about 250-1000 mm, with corresponding growing season 

lengths ranging from 3 to 10 months.  Western Australia has the most mediterranean 

climate.  Rainfall tends to become more evenly distributed throughout the year from 

west to east, so that eastern Victoria, New South Wales and Tasmania have much 

more temperate climates.  In eastern Australia the incidence of summer rainfall also 

increases with distance northwards, so that northern New South Wales and southern 

Queensland have sub-tropical climates. 

The date of opening rains to the winter growing season and the onset of the summer 

drought period tend to be more predictable in regions with a true mediterranean climate 

(Cornish 1985).  However, even in the relatively stable rainfall environment of the 

Western Australian cropping zone, Chapman and Asseng (2001) have shown that false 

breaks occur in 61-72 per cent of years. 
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Soils of southern Australia 
The soils of southern Australia are highly weathered and inherently infertile.  Most are 

low in nitrogen (McDonald 1989) and phosphorus (Rossiter 1964; Kohn 1974) and 

need additional fertilisers to grow crops successfully (Osborne et al. 1977). 

In Western Australia, much of the agricultural soils are sands or sandy loams, 

characterised by low pH and low organic matter, total nitrogen and phosphorus levels 

and deficient in trace elements such as Zn, Cu and Mo (Quinlivan et al. 1973; 

Puckridge and French 1983).  They also tend to have poor water-holding capacity.  In 

the higher rainfall regions of eastern Australia the most dominant soils are the red-

brown earths.  These generally have acid to neutral surface pH and can store 

appreciable amounts of water (Puckridge and French 1983).  The semi-arid mallee 

regions of eastern Australia, South Australia and the south-eastern region of Western 

Australia are dominated by alkaline solonized brown soils (Puckridge and French 

1983). 

3. Ecology of annual Mediterranean plants 
As the majority of plants present in southern Australian pastures are native to the 

grasslands of the Mediterranean basin, it is pertinent to examine the ecology of these 

plants both in their native habitat and in areas subsequently colonised by them.  Most 

of this discussion will focus on legumes, but other plant types will be discussed where 

appropriate. 

Genetic diversity of Mediterranean grasslands 
The grasslands of the Mediterranean basin have immense floristic diversity, particularly 

of legumes.  This diversity is far greater than in Australia.  For example, Davis (1970) 

lists 925 legume species in 60 genera from Turkey alone, with most being herbaceous 

annuals.  In contrast, Marchant et al. (1987) list 187 legume species, including 55 

exotic legumes, in the Perth region of Western Australia, while Black (1948) lists 187 

legumes, including 66 exotic legumes, in South Australia.  Very few of the Australian 

native legumes are herbaceous and many are toxic (Cocks 2001).  Within individual 

localities, species diversity is also lower in Australia.  In a high rainfall region of South 

Australia Cocks (1994) found just seven legumes in a volunteer pasture.  In 

comparison, at a much drier site in Syria, Osman et al. (1991) found 44 legume 

species.  This difference is even more notable, as it might be expected on first 

principles that greater diversity would exist at higher rainfall sites. 
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Infra-specific genetic diversity is also lower in Australian pastures.  Most legume 

populations in the Mediterranean basin have considerable variation both between and 

within sites (Piano 1984, 1996; Ehrman and Cocks 1990; Piano et al. 1993; Bennett 

1998; Norman et al. 2002a, 2002b).  In contrast, naturalised Australian populations of 

Trifolium tomentosum (Bennett 1998), T. glomeratum (Smith et al. 1995; Bennett 

1997), Medicago laciniata (Young et al. 1992) and M. minima (Fresnillo Federenko 

2000) show little variation.  Among the pasture legumes present in Australia, 

subterranean clover is the only species with a genetic diversity approaching that of 

Mediterranean populations (Cocks 1992a). 

The dominance of annuals in Mediterranean grasslands is due to evolution of a suite of 

survival strategies that allows them to persist in environments characterised by annual 

drought, unpredictable weather and a high level of disturbance.  Furthermore, these 

strategies have enabled such species to colonise other mediterranean areas of the 

new world, including Australia (Rossiter 1966a) and California (Allard 1965).  In order 

to understand why such plants are so well adapted to the mediterranean environment, 

it is necessary to briefly review ecological selection theory. 

Life history patterns 
The success of plants in their environment relies on their ability to allocate a finite 

quantity of resources to growth, maintenance and reproduction in appropriate 

proportions.  Such strategies have evolved through natural selection and can be 

termed life history patterns (Barbour et al. 1999).  It is apparent that a successful life 

history pattern is the product of both short-term success and long-term persistence. 

r-and K-selection 

r-K selection, first described by MacArthur and Wilson (1967), was the first ecological 

theory to attempt an explanation of the influence of environment on selection.  This 

theory places organisms on a spectrum between the extremes of allocation to 

reproduction.  At one extreme, r-selection acts to maximise the rate of population 

increase, while at the other extreme, K-selection results in selection of individuals 

adapted to compete in dense populations. 

Pianka (1970) lists several characters possessed by plants at the extremes of the r-K 

spectrum (Table 2.1).  It is readily apparent that most mediterranean annual plants fit a 

classic r-selection life history pattern, with resource allocation focused on reproduction 

and the importance of a seed bank.  On the other hand, typical K-selection plants are 
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more likely to be long-lived trees and shrubs, subject to considerable competition from 

other plants. 

Table 2.1. Some traits correlated with typical r- and K-selected species (from Pianka 1970) 

Trait type r-selection K-selection 
Climate Variable, unpredictable Constant, predictable 
Mortality Density independent Density dependent 
Population size Variable Almost constant, near carrying capacity 
Effects of competition Often lax Strong 
Development time Short Long 
Life span Short (< 2 years) Long (> 5 years) 
Seed bank Yes No 
Resource allocation Reproductive focus Survivorship, delayed reproduction 
Reproductive mode Monocarpic Polycarpic 
Overall Productivity Efficiency 

R-, C-, and S-selected species 

Grime (1977, 1979) expanded on the r-K concept of life history classification to include 

types of habitat.  He argues that stress and disturbance are the external factors limiting 

plant biomass.  Here, stress is defined as a set of conditions that restrict production 

and include shortages of light, water or mineral nutrients and sub-optimal 

temperatures.  Disturbance is defined as the partial or total destruction of plant 

biomass arising from the activities of herbivores, pathogens, man (trampling, mowing, 

and ploughing) and from phenomena such as wind damage, frosts, desiccation, soil 

erosion and fire. 

Table 2.2. Grime’s basis for the evolution of three life history patterns in plants (after Grime (1977) 

Intensity of stress 
Intensity of disturbance 

Low High 
Low Competitive strategy Stress-tolerant strategy 
High Ruderal strategy No viable strategy 

On the basis of this 2-way classification, three of the four possible habitat permutations 

are associated with evolution of distinct life history patterns Table 2.2.  The fourth 

(highly disturbed – severe stress) is not considered viable, as severe stress prevents 

re-establishment of vegetation following disturbance.  Grime (1977) suggests 

environments with abundant resources, low stress and low disturbance favour 

competitors (C-species) that compete well for available resources.  Environments with 

high levels of disturbance, but with otherwise abundant resources, select rapidly 

colonising ruderals (R-species).  Finally resource-stressed environments favour stress-

tolerators (S-species).  These are shown diagrammatically in Figure 2.2.  Here, 
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different plants can be placed at different locations within this triangle according to the 

nature of their habitat. 
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Figure 2.2. Grime’s R, C and S-life history triangle.  Highly stress-tolerant species occupy the S 
apex, highly competitive species occupy the C apex and highly ruderal species 
occupy the R apex.  Species with intermediate life history patterns occupy CS, CR, SR 
and CSR positions. 

Mediterranean annual plants fit the classic mould of ruderals.  Grazing animals 

regularly disturb their habitats and plant death occurs during the summer drought.  

Additional disturbance by cultivation occurs in ley and phase farming systems.  Ruderal 

plants are short-lived, typically with an annual habit that allows them to grow and 

mature rapidly while conditions are favourable and with a high proportion of effort 

devoted to reproduction Grime (1977, 1980).  They also generally build up a bank of 

seeds, typically with some dormancy mechanism, which lies in wait to exploit the next 

favourable episode.  Wolfe and Dear (2001), however, argue that annual legumes with 

specific adaptations to stress can be located away from the R apex of the R, C and S 

triangle.  One example they use is Trifolium michelianum, which is tolerant of 

waterlogging and mild salinity stresses. 

Stearns (1977) and Tilman (1987) have criticised the r- and K- selection and R-, C-, 

and S-selected species classifications as being overly simplistic.  Stearns (1977) 

suggests they are potentially misleading because they equate natural selection, which 

works on the individual, with processes that regulate populations.  Nevertheless, their 

generality and simplicity have an appeal in the case of mediterranean annual plants, 

even if they do not describe the mechanisms involved. 
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Variation within species  –  the ecotype concept 
The Swedish botanist, Turesson (1922, 1925, 1930), was the first to consider that 

taxonomic species were composed of ecologically important subunits, which he called 

ecotypes.  He collected seed of a range of plants from different habitats across 

Sweden and grew them in a common test garden.  He noted that many morphological 

or phenological differences were retained in the test garden and that they were 

heritable.  There are six elements to Turesson’s ecotype:  (a) they are genetically 

based;  (b) their distinctiveness can be morphological, physiological, phenological, or a 

combination of all three;  (c) they occur in distinct habitats;  (d) the genetic differences 

are adaptations to the different habitats;  (e) they are potentially interfertile with other 

ecotypes of the same species; and  (f) they are discrete entities, with clear differences 

separating one ecotype from another.  However, this concept of an ecotype has its 

limitations, particularly the assumption of ecotypes being discrete entities. 

Langlet (1959) and Quinn (1987) both showed that while habitats at the extremes of a 

species range produce large differences, a continuum of variation connects the 

extremes.  Barbour et al. (1999) refer to such gradual variation with distance as an 

ecocline.  Habitats typically intergrade and plant populations tend to vary with the same 

subtlety.  Ecotypes can, therefore, be regarded as arbitrary segments of an ecocline.  

Exceptions do occur where habitats are discrete or isolated from each other, such as 

steep terrain.  Inbreeding species are also more likely than outcrossing species to 

develop distinct populations (Briggs and Walters 1997).  Quinn (1987) suggests the 

term ‘ecotype’ be regarded merely as a synonym for any one population.  This loose 

definition of ecotype will be used in this thesis. 

Ecotypic variation has been demonstrated in many mediterranean grassland species.  

(Ehrman and Cocks 1990, 1996) found variation in 89 annual legume species along an 

aridity gradient in Syria.  Variation was found for flowering time, seeds per pod, 

dormancy levels and seed size.  Ecotypic variation has also been demonstrated for the 

annual legumes Trifolium subterraneum (Gladstones 1967; Piano et al. 1993, 1996; 

Piano 1984; Pecetti and Piano 2002), T. glomeratum (Bennett 1997), T. tomentosum 

(Bennett 1998), Biserrula pelecinus (Loi et al. 1999) and the annual herb Arctotheca 

calendula (Dunbabin and Cocks 1999). 

Many ecotypes of a species exist in its centre of origin.  However, only a proportion of 

these have been introduced to other parts of the world.  Some attention will now be 

given to the processes of colonisation and the development of new ecotypes, 

particularly as they relate to mediterranean grassland species. 
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Colonisation of new environments 
The process of colonisation has been divided by Groves (1986a) into three stages.  

The first stage, introduction, is the movement of a plant to a new habitat from its 

original one.  Transfer is most commonly by means of seed, although vegetative 

material such as tubers, stolons or rhizomes is sometimes involved.  Common 

transport vectors are wind, water, animals and birds.  Human beings have also been 

responsible for long distance transport of many colonising species.  The second stage 

is colonisation itself, defined as the successful establishment, growth and reproduction 

of the species at the site of introduction.  The final stage is naturalisation, which 

involves the formation of a self-sustaining population and the subsequent spread of the 

species beyond the site of introduction.  Widespread weeds are good examples of 

successful colonisers (Brown and Marshall 1981) and successful pasture species 

share many of their characteristics. 

For successful colonisation, the plant needs to be adapted to the site of introduction 

(Barrett and Richardson 1986; Clegg 1983).  For this reason, successful colonisers 

tend to colonise similar environments to those from which they originate (Groves 

1986b).  For the species to become naturalised, it needs to be sufficiently well adapted 

to a range of environments within the new locality.  Many species native to the 

Mediterranean grasslands have since become naturalised in mediterranean climatic 

zones of Australia and other areas of the world.  Examples of this include Trifolium 

subterraneum (Morley and Katznelson 1965; Gladstones 1966; Cocks and Phillips 

1979), annual Medicago species (Reed et al. 1989), T. glomeratum (Smith et al. 1995), 

T. tomentosum (Bennett 1999), Avena fatua and Bromus mollis (Allard 1965). 

Genetic structure of wild and colonising populations 
There are two mechanisms, phenotypic plasticity and genetic variation, by which a 

colonising species can cope with variable environments.  Phenotypic plasticity 

describes the production of different phenotypes by a single genotype, depending on 

the environment in which the plant is growing (Barrett and Richardson 1986).  An 

example is the weed sour sob (Oxalis pes-caprae) in south-eastern Australia, which is 

believed to consist of a single genotype (Michael 1964).  However, plasticity is likely to 

limit species distribution to a relatively narrow range of environments (Clegg and Brown 

1983).  Genetic variation provides a much greater opportunity for adaption to new and 

variable environments.  This occurs by natural selection acting on ecotypes previously 

selected in their original habitats and by the evolution of new genotypes. 
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When genetic variation of the founding population is limited or non-existent (the 

so-called genetic bottleneck effect), the scope for both ecotypic differentiation and 

evolution of new ecotypes is limited (Barrett 1988; Warwick 1990; Thompson 1999).  

Bennett (1999) attributed the lack of diversity in naturalised Trifolium tomentosum 

populations in Western Australia to a genetic bottleneck. 

Inbreeding colonisers tend to have more pronounced genetic bottlenecks than 

outcrossing species, as they contain less of the overall genetic diversity of the species 

(Barrett 1988; Warwick 1990).  A predominantly inbreeding system is advantageous for 

colonising species, as adapted genotypes are passed onto subsequent generations 

(Stebbins 1957; Allard 1965, 1975).  The majority of British naturalised weeds are 

predominantly inbreeding (Price and Jain 1981), as are most naturalised 

mediterranean annual species in Australia (Cocks 1999).  However, there are 

exceptions in southern Australia, notably annual ryegrass Lolium rigidum, capeweed 

Arctotheca calendula, and Patterson’s curse Echium plantagineum (Brown and Burdon 

1983), which are all widespread outcrossing weeds. 

Most self-pollinated species are not truly cleistogamous, in which outcrossing is not 

possible.  Rather, limited outcrossing occurs in many predominantly self-pollinating 

species.  Examples of this include Trifolium subterraneum, with outcrossing rates of 

0.15 per cent (Marshall and Broue 1973), Avena barbata, with 2 per cent (Allard 1975), 

and T. tomentosum (Bennett 1999).  Allard (1975) postulates that low levels of 

outcrossing are crucial to naturalisation of a species.  Outcrossing creates genetic 

diversity on which natural selection can act.  Adapted genotypes are then consolidated 

by self-pollination.  Furthermore, self-pollination acts as a barrier to gene flow between 

neighbouring populations in different habitats, so that favourable gene combinations 

conferring adaptation can be maintained in each case. 

Variability is also important for maintaining population fitness.  High variability within 

Italian populations of Trifolium subterraneum is an adaptive response to different 

localised micro-niches (Piano 1984; Piano et al. 1993, 1996; Pecetti and Piano 2002).  

More favourable environments, in terms of rainfall and winter temperature, also have 

greater within-population diversity.  Bennett (1999) claims that a variable habitat is 

required for maintenance of genetic variation within populations of self-pollinating 

species.  However, habitat variability is reduced at the limits of species distribution 

(Venable and Brown 1988). 

Isozyme studies (Hamrick 1979, Hamrick and Godt 1990) have shown little difference 

in the total amount of variation between inbreeders and outbreeders.  However, 
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inbreeding species tend to have a greater proportion of their variation between sites 

(populations), while outbreeders tend to contain more within-site variation.  Recent 

studies using DNA techniques (Andrews et al. 1998; Pakniyat et al. 1997; Thompson 

1999) support these conclusions, although Bennett and Mathews (2003) found high 

levels of within-population variation in both outbreeding and inbreeding Trifolium 

species. 

While natural selection is the main driving force behind ecotype evolution, random 

chance, through founder effects, genetic drift, linkage and pleiotropy, can also have an 

influence.  Founder effects arise from differences between sites in the genetic material 

introduced to them (Baker 1974; Solbrig 1979; Thompson 1999).  Genetic drift occurs 

when the population frequency of an allele changes between generations by random 

chance (Solbrig 1979; Ellstrand and Elam 1993).  It generally affects alleles under 

weak or no selection (selectively neutral genes) and occurs most readily in small 

isolated populations, such those in the early stages of colonisation (Hendick 1983; 

Hartl 1988).  In this way, an allele can be lost completely from a population if its 

frequency is very low.  Linkage can favour particular alleles if they are linked to a gene 

on the same chromosome for which selection is occurring.  Similarly pleiotropy, where 

one gene has multiple phenotypic effects, can also result in a change in one trait due to 

selection for a pleiotropic trait (Bradshaw 1991). 

Reproductive strategies of Mediterranean annual legumes 
Because an annual plant reproduces in the year it grows, a successful reproductive 

strategy is crucial to its persistence.  The main function of the annual life cycle is to 

produce a sufficient quantity of seed for reliable regeneration in subsequent years.  

However, a range of strategies are used by different species to achieve this end and 

there is no single pathway to success (Ehrman and Cocks 1996; Norman et al. 1998, 

2002a; Cocks 1999).  These strategies are discussed in more detail. 

Flowering time 

Mediterranean annual legumes are long-day plants, with both vernalisation 

requirements and flower initiation being promoted by increased day length (Evans 

1959; Aitken 1974).  Different species and genotypes differ in their response to both 

temperature and photo-period (Morley and Davern 1956; Evans 1959; Clarkson and 

Russell 1975).  Evans (1959) also showed that flowering is promoted by high 

temperatures once the vernalisation requirement has been met.  From these 

processes, it is apparent that early flowering varieties tend to have low requirements for 

both vernalisation and long days and the capacity to initiate flowering at low 



CHAPTER 2.  LITERATURE REVIEW 

 

18 Phil Nichols 

temperatures.  Conversely, lateness is conferred by one or more requirements for 

extended vernalisation, long days or high post-vernalisation temperatures. 

Flowering time is the most responsive to environmental change of all reproductive 

strategies practiced by mediterranean annual plants (Ehrman and Cocks 1996).  The 

timing of flowering is of crucial importance.  For successful reproduction the plant 

needs to remain vegetative for long enough to maximise accumulation of biomass, 

while still enabling it to produce seeds prior to the onset of the summer drought.  

Models (Cohen 1976) indicate that species from unpredictable environments tend to 

flower earlier than those from more stable environments.  If aridity is considered as a 

measure of environmental unpredictability, it follows that plants from short growing 

season environments will tend to flower earlier than those from long growing season 

environments. 

Correlations between days to first flowering (DFF) and annual rainfall have been widely 

documented.  Ehrman and Cocks (1996) demonstrated a shift from late to early 

flowering in Syrian annual legumes along an aridity gradient stretching from the mesic 

coast to the arid interior.  Similar results have also been reported for Ornithopus 

compressus (Loi et al. 1999), Trifolium glomeratum (Woodward and Morley 1974; 

Smith et al. 1995) and T. subterraneum (Gladstones 1966; Piano 1984; Piano et al. 

1993, 1996; Pecetti and Piano 2002).  DFF also increases with altitude (Piano 1984; 

Cocks 1992a; Piano et al. 1993, 1996; Loi et al. 1997), but this is generally coincident 

with increasing rainfall.  While mean annual rainfall is commonly used as an indicator of 

relative aridity, mean growing season length or mean date of onset of spring moisture 

stress are likely to be more sensitive environmental factors influencing DFF. 

Within-population variability for DFF occurs in natural populations.  Large within-

population variation for DFF has been found among Italian populations of 

T. subterraneum (Piano 1984; Piano et al. 1993, 1996).  This variation was also higher 

in populations from wetter areas.  Similar observations have been found in Syrian 

annual legume populations (Ehrman and Cocks 1996). 

Time to production of first viable seeds is of much greater ecological importance for 

persistence of mediterranean annuals than DFF.  However, because of the difficulty in 

measuring time to seed maturity, DFF is commonly used as a surrogate measure 

(Nichols et al. 1996).  In general, small seeds tend to mature more rapidly than large 

seeds (Francis and Gladstones 1974; Pecetti and Piano 1994).  Consequently, small 

seed size can substitute to some extent for early flowering.  However, differences in 

seed maturation rates also occur within a species (Tennant 1965; Pecetti and Piano  
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1994).  Therefore, ecological inferences between species and ecotypes on the basis of 

comparative DFF alone must be made with caution. 

DFF determines the node of first flowering along the main stem (Aitken and Drake 

1941).  This in turn determines the capacity for branching (and ultimately the number of 

flowering nodes), as lateral branches only develop from nodes prior to the first 

flowering node (Aitken and Drake 1941).  Thus spaced plants of later flowering 

genotypes have the capacity for both greater herbage and seed production than earlier 

flowering ones (Rossiter 1959).  In swards, however, the relationship between 

flowering time and seed production depends on the match between time to 

development of mature seed and growing season length, as determined by soil 

moisture availability (Rossiter 1959, 1966b; Piano 1984; Piano et al. 1993; Pecetti and 

Piano 2002).  In short growing season environments seed production is generally 

curtailed in late flowering strains, whereas in long growing season environments, both 

early and late flowering strains are able to produce seed (Piano 1984; Piano et al. 

1993, 1996). 

Seed dormancy – distribution in time 

Seed dormancy is the state in which a viable seed will not germinate under adequate 

conditions of moisture and temperature (Bewley and Black 1994).  It provides a means 

by which germination is delayed until conditions are likely to be favourable for seedling 

establishment and spreads the risk of germination over time.  Annual plants invest 

much of their energy into seed production.  It is, therefore, not surprising that many 

species have evolved mechanisms for regulating germination.  Indeed, Norman et al. 

(1998, 2002a) demonstrated that all mediterranean annual legumes employ some form 

of mechanism to protect seeds from out-of-season rainfall.  Seed dormancy is also an 

important factor for success of the annual herb Arctotheca calendula as a weed in 

southern Australian (Dunbabin and Cocks 1999).  It is also noteworthy that much of the 

native floras of the mediterranean zones of south-western Australia and California have 

seed dormancy mechanisms (Bell et al. 1993). 

Bewley and Black (1994) describe two types of dormancy:  coat-imposed dormancy 

and embryo dormancy.  One form of coat-imposed dormancy commonly found in 

legumes is hardseededness (Aitken 1939; Quinlivan 1971a, 1971c), in which an 

impermeable seed coat prevents imbibition by water.  Embryo dormancy, on the other 

hand, is imposed by the seed embryo and is the failure of the naked embryo to 

germinate under conditions normally favourable for germination (Bewley and Black  
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1994).  Both types of dormancy may occur in the same seed, although the effects of 

embryo dormancy are only apparent in seeds with permeable seed coats. 

Hardseededness 

Hardseededness is widely recognised as the most ecologically important form of 

dormancy in mediterranean annual legumes (Quinlivan 1971a; Collins and Gladstones 

1984; Ehrman and Cocks 1996).  Newly ripened seeds of most annual legumes contain 

a high proportion of hard (impermeable) seeds.  Some of these hard seeds soften 

(become permeable) over the summer-autumn period under the influence of high and 

fluctuating soil surface temperatures (Quinlivan 1961; Taylor 1981).  These soft seeds 

are available for germination to re-establish the species, while the residual hard seeds 

form a seed bank and soften over subsequent summers.  Hardseededness is, 

therefore, a long-term dormancy mechanism that maintains the seed bank from one 

year to another. 

Physiological basis of hardseededness 

Several detailed descriptions of the anatomy of legume seeds have been published 

(Gunn 1981; Bhalla and Slattery 1984; van Staden et al. 1989), in addition to a specific 

study of subterranean clover by Aitken (1939).  The legume testa (seed coat) 

surrounding the embryo consists of several cell layers and an outermost waxy layer 

known as the cuticle.  Deposition of water repellent substances in the macrosclereid 

cell layer beneath the cuticle during the later stages of testa development is believed to 

be the main barrier to water movement into the seed (van Staden et al. 1989).  When 

physiological development of the testa is curtailed, impermeability fails to fully develop 

(Aitken 1939), presumably due to insufficient deposition of these substances. 

The development of hardseededness coincides with seed dehydration (Quinlivan 

1971a).  This process is controlled by the hilum, a specialised seed coat structure that 

acts as a hygroscopic one-way valve (Hyde 1954).  It opens to permit dehydration as 

seeds mature but closes whenever atmospheric humidity increases.  Moisture content 

of hard seeds, therefore, tends to be in equilibrium with the lowest relative humidity to 

which they have been exposed (Hyde 1954).  Quinlivan (1971a) showed that a critical 

species-specific seed moisture content (typically 8-10 per cent) was required, below 

which maximum impermeability occurred. 

Once the seed is fully impermeable, subsequent permeability to water is believed to 

occur through rupture of the lens, a zone of weakness in the seed coat (Aitken 1939,  
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Hagon and Ballard 1970; Ballard 1973).  Seed softening in nature is widely attributed to 

fluctuating temperatures over the summer months (Aitken 1939; Quinlivan 1961, 

1968b; Smith et al. 1996; Norman et al. 1998; Revell et al. 1998).  Zeng (2002) found 

the concentration of lipids in the seed coat fell away during seed softening.  He 

suggests changes in the chemical bonds between lipids and phenols occur in response 

to alternating temperatures to increase susceptibility to hydrolysis.  Physical evidence 

suggests temperature fluctuations cause rupture of the lens by a process of expansion 

and contraction (Ballard 1976).  However, this cause and effect relationship has yet to 

be proven conclusively. 

Taylor (1981) showed that seed softening was a two-stage process.  The first stage 

relies on high temperatures to precondition the seed and predispose it to subsequent 

breakdown.  The second stage relies on fluctuating temperatures to actually break 

impermeability.  Taylor showed that once preconditioned by high temperatures, only a 

few cycles (as little as 1-3) of fluctuating temperature were required to break down 

impermeability.  In much of the early literature these two processes are confounded, 

with the upper limit of the alternating temperature range also acting to precondition the 

seed for subsequent breakdown.  Different species have different fluctuating 

temperature requirements for second stage softening (Taylor 1981; Revell et al. 1998).  

For example, Trifolium subterraneum requires an alternating 24 hour period 

temperature regime of 60/15oC (Quinlivan 1961), Medicago polymorpha requires 

35/15oC (Taylor 1993) and Ornithopus compressus requires 47/15oC (Revell et al. 

1998). 

Seed coat impermeability can be broken down manually by several means, all of which 

damage the seed coat.  These have been reviewed by Rolston (1978) and Tran and 

Cavanagh (1984) and include the use of sulphuric acid or alcohol, hemicellulase or 

pectinase enzymes, application of high pressure, vigorous shaking, scarification 

(abrasion), freezing, heating (dry heat and boiling water), fluctuating temperatures, and 

various forms of electromagnetic radiation.  Seed softening can also occur biotically 

through enzymic and acidic intestinal activity in herbivores, abrasion in the gizzards of 

birds and degradation by soil micro-organisms (Tran and Cavanagh 1984). 

Environment effects on hardseededness 

Environmental conditions play a role in both development of impermeability and rate of 

seed softening.  The development of hardseededness is hindered on the one hand by 

factors that prevent physiological maturity, such as insufficient moisture (Quinlivan and  
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Millington 1962; Quinlivan 1965) and application of herbicides (Wallace et al. 1998) 

during seed maturation.  On the other hand, excess soil moisture during the latter 

stages of seed maturation also prevents full development of hardseededness, due to 

insufficient dehydration of the seed (Quinlivan 1971a; Collins and Quinlivan 1980).  

Defoliation during seed production acts to increase initial hardseededness (Collins 

et al. 1976), presumably by reducing humidity levels in the canopy and allowing seed 

dehydration. 

Rate of seed softening is affected by both site of seed production and site of seed 

softening (Quinlivan 1965; Evans and Smith 1999).  Factors affecting development of 

hardseededness also affect the rate at which hard seeds soften.  Both physiologically 

immature seeds and those produced under excess moisture conditions tend to soften 

more rapidly than those produced under ideal conditions (Quinlivan 1971a). 

The temperature regime experienced by seeds during the summer-autumn period has 

a major influence on the extent of seed softening.  Reductions in both maximum 

temperature and amplitude of diurnal fluctuations reduce softening rates (Quinlivan 

1961).  All subterranean clovers soften relatively slowly in cooler environments (Evans 

and Hall 1995; Evans and Smith 1999).  Insulation of seed from temperature extremes 

through high dry matter residues (Quinlivan 1965; Lodge et al. 1990), seed burial 

(Collins et al. 1976; Taylor 1984; Slattery 1986; Taylor and Ewing 1988) and cultivation 

(Taylor and Ewing 1992) also reduce seed softening rates.  Defoliation during seed 

production (Collins et al. 1976) also increases the rate of seed softening, presumably 

due to the early removal of excess vegetation. 

Adaptive significance of hardseededness 

Hardseededness in mediterranean annual pasture legumes has two ecologically 

significant roles (Cocks et al. 1979).  Firstly, between-season softening spreads 

germination of the seed pool over several seasons, allowing the species to persist in 

risky or uncertain environments.  In natural grasslands and permanent pastures it 

ensures survival of the species in the absence of seed production, such as may occur 

during severe cases of drought, flooding, insect attack, disease infection or 

overgrazing.  The long term survival of clover and medic seeds in a Mediterranean 

seed bank is dependent on hardseededness (Russi et al. 1992b).  In ley farming 

systems, hardseededness also ensures regeneration after the cropping phase (Taylor 

et al. 1991; Cocks 1992b).  Secondly, within-season softening prevents germination of  
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the seed bank outside the normal autumn-winter growing season of the mediterranean 

environment. 

Between-season seed softening 

Hardseededness is the only mechanism in annual legumes responsible for the 

regulation of germination over more than one growing season (Quinlivan 1971b).  All 

imbibed seeds eventually germinate or die during the winter growing season.  Hence, 

only hard seeds contribute to the establishment and maintenance of a seed bank. 

Hardseededness can be regarded as a bet-hedging adaptation to environmental 

uncertainty and has the effect of reducing the variance of fitness across several years 

(Kemp 1989; Philippi 1993).  Plants with such mechanisms can be regarded as 

conservative strategists, in that they tend to be specialised towards favourable seasons 

(Brown and Venable 1988).  In temporally varying environments, hardseededness acts 

as an escape from crowding, particularly by siblings, by taking seeds to times of lower 

seed density (Ellner and Schmida 1981; Venable and Brown 1988).  However, there is 

a cost involved, whereby many potentially productive plants will not germinate in 

favourable seasons.  Ellner (1986) suggests that although between-season seed 

dormancy favours fitness of the mother plant, it does not favour the embryo itself, 

whose fitness would otherwise be favoured by immediate germination. 

Theoretical models (Cohen 1967; Venable and Brown 1988) indicate that as the level 

of environmental uncertainty increases, the requirement for long-term dormancy 

increases.  In mediterranean climates, aridity can be regarded as a major determinant 

of seasonal uncertainty.  Such models imply that long-term dormancy is likely to be 

more important in low rainfall, short growing season environments than in more 

favourable rainfall areas.  This has been shown in populations of T. subterraneum 

(Gladstones 1967; Piano et al. 1996), T. glomeratum (Smith et al. 1995) and the annual 

herb Arctotheca calendula (Dunbabin and Cocks 1999).  Ehrman and Cocks (1996) 

also found this for Syrian annual legumes, although some populations from wetter 

environments were also hardseeded.  In contrast, Norman et al. (2002a) found no 

relationship between hardseededness and annual rainfall in several Trifolium species.  

However, a closer match may have been found had they used growing season length 

as the aridity parameter. 
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Within-season seed softening 

Smith et al. (1996) refer to a hardseed half life as the time from seed maturity for half 

the hard seed population that is going to soften in any year to actually soften.  

Differences in the timing of seed softening occur between species and are largely 

related to different temperature requirements for the two-stage seed softening process 

(Taylor 1981).  For species with short half lives, such as subterranean clover (Taylor 

et al. 1984; Taylor and Ewing 1992; Evans and Smith 1999; Chapman and Asseng 

2001) and Trifolium cherleri (Norman et al. 1998), most seeds are in a position to 

imbibe following rains from early autumn onwards.  Such plants are well adapted to 

mesic environments, where germinating rains commonly occur in early-mid-autumn 

and the frequency of false breaks is relatively low (Evans and Smith 1999).  However, 

in harsher climates such plants are exposed to a high risk of seed losses through false 

breaks.  This is illustrated by Chapman and Asseng (2001), who showed that false 

breaks occur in 61-72 per cent of years in the Western Australian wheatbelt with the 

period of greatest risk in early autumn. 

By delaying their seed softening until later in the autumn, annual legumes with long 

hardseed half lives suffer few seed losses from false breaks early in the season.  Such 

plants are, therefore, well adapted to persist in more risky environments where the 

frequency of false breaks is high.  They are advantaged in seasons where early season 

rainfall is delayed, but are potentially disadvantaged by competition from older plants in 

seasons where early rains are effective.  Species known to have delayed seed 

softening include Trifolium glanduliferum, T. purpureum, T. clusii, T. lappaceum, 

T. nigrescens and T. argutum (Norman et al. 1998), T. glomeratum (Smith et al. 1996; 

Norman et al. 2002a), T. tomentosum (Norman et al. 2002a), T. dasyurum (A. Loi, 

pers. comm.), Ornithopus compressus (Revell et al. 1998), Biserrula pelecinus (Loi 

et al. 1999) and Medicago polymorpha (Taylor and Ewing 1992; Smith et al. 1996). 

Infra-specific differences for hardseed half lives have also been demonstrated.  

Norman et al. (2002a) found ecotypic differences between populations of several 

Trifolium species.  Variation for rate of seed softening was also found within individual 

populations of T. stellatum, T. tomentosum, T. campestre and T. dasyurum (Norman 

et al. 2002b).  Smith et al. (1996) also found genetic variation for hardseed half lives in 

T. subterraneum. 
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Embryo dormancy 

Embryo dormancy is a transient character that mainly serves to protect seeds from 

premature germination before newly matured seeds have fully dehydrated and 

developed their hardseededness (Loftus Hills 1942, 1944a-e).  It is highest at harvest 

ripeness and thereafter declines with age at rates which differ with genotype and with 

the prevailing environmental conditions (Loftus Hills 1942; Taylor 1970; Gladstones 

1987). 

High temperature-induced embryo dormancy is the form found in mediterranean annual 

legumes.  It is reversed when seeds encounter cooler temperatures (Loftus Hills 

1944a; Taylor 1970; Gladstones 1987).  Differences in threshold temperatures for 

dormancy activity have been shown both between species (Espigares and Peco 1993; 

Jansen and Ison 1994; Norman et al. 1998) and within species (Gladstones 1987).  In 

practical terms high temperature dormancy permits germination of soft seeds only 

when temperatures are sufficiently mild.  Thus, germination is prevented over summer 

when temperatures are high and the chances of successful establishment are low.  As 

the summer-autumn period progresses, mean temperatures decline until they reach the 

threshold temperature at which embryo dormancy no longer acts.  Soft seeds are then 

capable of germination. 

There are conflicting views about the importance of embryo dormancy as a germination 

regulating mechanism in annual pasture legumes.  Ehrman and Cocks (1996) believe it 

is of minor importance in west Asian annual legumes.  Quinlivan (1971b) also argues 

that it has little role to play in the harsh wheatbelt environment of Western Australia.  

However, Taylor (1970) and Gladstones (1985, 1987) consider it has some importance 

in preventing germination following summer and early autumn rains that are only 

marginal for germination.  Gladstones (1985) suggests that embryo dormancy may be 

an important germination regulator in uniform or summer-rainfall environments, while 

Evans and Smith (1999) suggest it may also be important in long growing season 

environments. 

Seed dispersal – distribution in space 

Dispersal is the mechanism whereby seeds are distributed spatially by the mother 

plant.  Different species employ different methods.  Animals are the most common 

seed dispersal agents of mediterranean annual legumes (Ehrman and Cocks 1996).  

Epizoochory occurs when seed heads contain hooks, barbs, bristles or spines that 

catch in fur or wool (Ellner and Schmida 1981).  Examples in southern Australian  
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pastures include the spiny pods of most annual Medicago species, the barbed awns on 

barley grass (Hordeum leporinum), the ‘corkscrew’ of Erodium spp. and the spines of 

doublegee (Emex australis).  Seeds can be spread anywhere within the animal’s range 

as it moves.  Among mediterranean annual legumes, Ehrman and Cocks (1996) found 

epizoochory more common in species with large seeds. 

Seeds of some species are dispersed by means of ingestion and excretion by animals, 

a process termed endozoochory.  In some species the fruit is attractive to animals and 

consumption is a reward for spreading the seeds (Wilson 1983).  In other species 

seeds are ingested as part of the diet, but a proportion of them pass unscathed through 

the digestive tract.  This mode of dispersal is quite common among mediterranean 

annual legumes, but is more advantageous to small-seeded species.  Thomson et al. 

(1990) found that legume seeds larger than 2 mg commonly have a survival rate 

following passage through ruminant animals of less than 5 per cent, but up to 60 per 

cent of seeds smaller than 1 mg can survive ingestion and remain viable.  Similar 

results have been reported by Carter et al. (1989) and Russi et al. (1992b). 

Grazing animals have been important vectors in the colonisation of naturalised annual 

pasture species in southern Australia (Morley and Katznelson 1965; Gladstones 1966; 

Cocks and Phillips 1979; Groves 1986b; Cocks 1994).  Ghassali et al. (1998) suggests 

this process can be used as a cheap method for rehabilitating degraded Mediterranean 

grasslands, whereby sheep grazing legume-rich pastures are then transported to other 

areas to disperse seed.  This method has also been proposed by Suckling (1952) to 

disperse white clover seeds to inaccessible hills in New Zealand. 

Other seed dispersal agents used by various plants are wind, water and ballistic 

shattering of pods to eject seeds, but these are not common in Mediterranean annual 

legumes (Ehrman and Cocks 1996).  Notable exceptions are Trifolium tomentosum and 

other members of the Vesicaria section of Trifolium, which have fluffy seed heads 

dispersed by wind (Cocks 1999), and members of the Vicieae tribe (Leguminosae), 

which employ ballistic pod shattering to disperse seed (Ehrman and Maxted 1989). 

Non-dispersal mechanisms 

Some species have adaptations preventing seed dispersal.  Selection for antitelechory, 

whereby seeds are retained on the plant, has long been conducted by farmers and 

plant breeders to enable ease of seed harvesting.  Two special cases of antitelochoric 

adaptations are geocarpy, in which the fruit is partially or completely buried (Zohary  
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and Heller 1984) and amphicarpy, in which both aerial and buried fruits are formed 

(Ehrman and Cocks 1996).  Trifolium subterraneum is the most well-known geocarpic 

annual legume.  Its peduncles are geocarpic, bending towards the soil following 

pollination and burying its burrs as they develop.  Vicia sativa subsp. amphicarpa is an 

example of an amphicarpic annual legume.  It has a dual reproductive system, 

producing a large number of small seeds above the ground and a smaller number of 

large seeds below the ground (Street 1999).  Seeds produced below ground remain at 

the site of the mother plant in the same manner as geocarpy. 

Adaptive significance of dispersal 

Given the wide array of adaptations that plants have evolved to disperse seeds, it can 

be assumed that dispersal (or non-dispersal) is an integral part of their survival 

strategy.  Whereas dormancy permits escape from unfavourable conditions in time, 

dispersal permits escape from unfavourable conditions in space.  Dispersal, therefore, 

acts as a form of risk reduction to allow plants to average their success spatially 

(Venable and Brown 1988).  In this way they escape the risk of low success in any one 

site, while sacrificing the chance of having all seeds in favourable sites occupied by 

mother plants.  Colonising species are particularly reliant on suitable dispersal 

mechanisms to allow them to spread to new environments (Barrett and Richardson 

1986). 

For dispersal to offer fitness advantages there must be spatial variability, whereby 

some patches are more favourable than others.  Optimum dispersal and environmental 

variability are correlated, with the spatial scale of variability determining optimum 

dispersal distance (Ellner and Schmida 1981; Levin et al. 1984).  Dispersal also allows 

plants to escape crowding (Venable and Brown 1988).  With no dispersal all seeds 

remain close to the site of the mother plant, resulting in patches of high density.  

Dispersal, therefore, results in a net flow to areas of lower density.  It is favoured by 

natural selection in a spatially varying environment if fitness is higher in areas of low 

density (Venable and Brown 1988).  Another closely related function of dispersal is 

escape from sib-sib competition, thereby increasing the fitness of the mother plant. 

What are the ecological advantages of the non-dispersal mechanisms found in some 

plants?  The reasons are not entirely clear.  Most studies have focussed on plant 

adaptation to arid environments, where dispersal-promoting mechanisms are rare 

(Ellner and Schmida 1981).  The mother-site theory (Zohary 1937) implies that if a site 

is favourable to the mother plant, then it should also be favourable to her progeny.  In 
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deserts, where spatial variability is low, restricted dispersal concentrates progeny in the 

vicinity of the favourable ‘mother site’, thus conferring a selective advantage.  However, 

Ellner and Schmida (1981) and Venable and Brown (1988) argue that dispersal-

promoting mechanisms are not favoured in such environments due to their relative 

homogeneity over large distances, and that superior sites are only available in time, 

rather than space. 

Dispersal commonly interacts with grazing.  Thus, if seeds are not dispersed and 

remain at the base of the mother plant site, there needs to be some mechanism by 

which they are protected from grazing (Cocks 1999).  This is particularly the case with 

large-seeded species, the seeds of which tend not to survive after ingestion by sheep 

(Thomson et al. 1990).  Geocarpic and amphicarpic species are afforded protection by 

burying their seeds.  However, many annual Medicago species, with no such 

protection, are vulnerable to grazing (Cocks 1988). 

It is noteworthy that both the geocarpic T. subterraneum and the amphicarpic V. sativa 

subsp. amphicarpa species have dispersal and non-dispersal mechanisms.  Aerially 

produced seeds in the latter species are dispersed ballistically (Ehrman and Maxted 

1989), while the spininess of T. subterraneum burrs enables epizoochoric transport to 

other areas once they are lying on the soil surface.  These dual dispersal systems are 

presumably bet-hedging adaptations that allow the plant to take advantage of 

favourable local conditions and to spread to new areas. 

Seed size 

For a given reproductive yield, plants can produce many small seeds or fewer large 

seeds (Venable and Brown 1988).  Seed size varies considerably between 

mediterranean annual legume species (Norman et al. 1998).  Although variation for 

seed size within species is relatively conservative (Turnbull et al. 1999), variation 

between annual legume ecotypes has been found (Pecetti and Piano 1994; Piano et al. 

1996; Pecetti and Piano 2002). 

There are advantages and disadvantages associated with large or small seeds.  On the 

one hand, large seeds result in large seedlings (Black 1956, 1957b) with rapid root 

development (Mott and Groves 1981).  They, therefore, improve the chances of 

establishment under conditions of intermittent moisture stress (Baker 1972).  Large 

seeds also have a better chance of establishment from deep burial or shading under 

litter (Baker 1972; Gross 1984) and can survival longer under nutrient stress (Gross  
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1984).  They also tend to germinate more slowly (Levin et al. 1984, Norman et al. 

1998), thereby reducing the risks of germination from potential false breaks. 

On the other hand, small seeds are more readily dispersed, due to their lighter mass 

(Fenner 1985), and are better able to survive ingestion by grazing animals (Thomson 

et al. 1990).  Small seeds mature more rapidly and have an advantage in environments 

with hot, dry springs (Francis and Gladstones 1974; Pecetti and Piano 1994).  They 

also germinate more readily, enabling them to take advantage of favourable 

establishment conditions (Pecetti and Piano 1994). 

There is limited but conflicting information on the relationship between seed size and 

aridity in annual species.  Ehrman and Cocks (1996) found no general trends for seed 

size between annual legume ecotypes along an aridity gradient.  However, Baker 

(1972) found large seeds were favoured in the arid zone of California.  Bennett (1997) 

also found this for naturalised Trifolium glomeratum populations in Western Australia.  

However, Piano et al. (1996) observed the opposite effect in Trifolium subterraneum, 

with mean seed weight decreasing with increasing aridity.  One reason for this 

discrepancy may lie with the timing of drought conditions.  In environments where 

intermittent moisture stress frequently occurs during seedling establishment, large 

seeds are likely to be favoured, whereas if drought is more likely during seed set, small 

seeds are likely to be favoured. 

Co-adaptivity and substitutability of reproductive traits 

The overall reproductive strategy used by a plant is a combination of elements of the 

individual strategies discussed above.  The emphasis placed on particular traits differs 

between species (Ehrman and Cocks 1996; Norman et al. 1998, 2002a) and to a lesser 

extent within species (Rossiter 1977; Piano et al. 1996; Pecetti and Piano 2002; 

Norman et al. 2002b).  Given that natural selection acts upon a phenotype comprised 

of multiple traits, examination of individual traits in isolation is clearly too simplistic.  

Inter-relationships between reproductive traits have been examined theoretically 

(Venable and Brown 1988) and in the field (Ehrman and Cocks 1996; Norman et al. 

1998, 2002a, 2002b).  Two main themes emerge.  Firstly, co-adaptation tends to occur, 

with particular combinations of traits tending to be favoured in similar environments and 

secondly, that in many cases these traits can substitute for each other to produce the 

same adaptive outcome. 
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Early flowering tends to be the predominant trait in short growing season environments 

(Ehrman and Cocks 1996; Piano et al. 1996).  However, it is not the only solution for 

combating aridity.  Small seed size can substitute for early flowering, due to a more 

rapid maturation time (Francis and Gladstones 1974; Pecetti and Piano 1994; Norman 

et al. 1998).  In effect the plant is able to buy time with smaller seeds.  Drought 

tolerance can also substitute for early flowering.  Loi et al. (1999) found the 

deep-rootedness of Biserrula pelecinus allows it to exploit subsoil moisture at deeper 

levels than other species with similar flowering times.  Here, deep-rootedness 

substituted for early flowering. 

Long-term dormancy can also substitute for early flowering (Ehrman and Cocks 1996; 

Cocks 1999).  Later flowering annual plants can persist in short-growing season 

environments if they have some between-season dormancy mechanism.  Plants with 

high levels of dormancy will produce seed in the most favourable seasons and the 

seed bank of mainly dormant seeds will spread the risk over several seasons, by which 

time it is likely that another favourable season for seed production will have been 

encountered.  However, within-season germination strategies, such as delayed seed 

softening, embryo dormancy and extended imbibition times do not substitute for 

between-season dormancy (Norman et al. 2002a).  This presumably arises because 

between-season dormancy has a much greater effect on reducing temporal variance. 

Trade-offs occur between seed size, seeds per floret and fecundity (total seed 

number).  In Trifolium glomeratum these characters are highly correlated with each 

other (Bennett 1997).  Increases in any of them result in reductions in the others.  

Ehrman and Cocks (1996) also found a strong relationship between seed size and 

fecundity among a range of Syrian annual legumes; if the mother plant produced larger 

seeds, there tended to be fewer of them.  This trade-off can be explained in terms of 

constraints governing resource allocation. 

Long-term dormancy can substitute for fecundity and seed size (Venable and Brown 

1988; Ehrman and Cocks 1996).  Models (Cohen 1966, 1967, 1968) predict that the 

optimum level of dormancy increases as the variability of seed yield increases.  As 

aridity increases, fecundity (as a function of biomass) decreases and so the need for 

dormancy increases. 

Small seeds are correlated with persistent seed banks (Grime 1979).  In annual 

legumes relations between seed size and hardseededness are governed to some  
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extent by mechanical constraints.  Seed coat strength is proportional to the cube root of 

seed size (Cook 1980).  Therefore, a proportional decrease in seed size will greatly 

increase seed coat strength, and hence hardseededness.  Negative correlations 

between seed size and hardseededness have been found in Trifolium subterraneum 

(Piano et al. 1996; Pecetti and Piano 2002) and T. glomeratum (Smith et al. 1996, 

1998).  Co-selection for hardseededness and small seed size is likely to occur under 

heavy grazing, as small seeds will tend to survive passage through the animal 

(Thomson et al. 1990), but only if the seed is impermeable to gastric juices. 

Venable and Brown (1988) demonstrated that dispersal, long-term dormancy and seed 

size can substitute for each other.  Different environmental changes preferentially 

select for one or other trait, with the remaining traits adjusting according to their fitness 

trade-offs.  For example, the models of Venable and Lawlor (1980) and Levin et al. 

(1984) and field data of Ehrman and Cocks (1996) show that as dispersal increases, 

dormancy and seed size are both reduced.  Seed size is particularly sensitive due to its 

effect on dispersability.  However, once dispersal increases beyond an optimum level 

dormancy tends to increase, even if seed size is held constant.  This is because the 

negative correlation between seed size and dormancy tends to dampen one another 

with increasing dispersal. 

Ehrman and Cocks (1996) showed that increasing aridity leads to greater homogeneity 

of reproductive patterns among annual legumes.  In arid environments a subset of 

patterns predominates, notably high levels of seed dormancy, high seed to pod ratios, 

limited dispersability, and early flowering.  Widespread species also tend to show 

‘arid-type’ patterns, particularly for dormancy.  Similar trends have been found for 

Sardinian populations of subterranean clover (Piano et al. 1996).  However, Norman 

et al. (2002a) found that seed softening strategies of clovers from dry sites were just as 

variable as those from wetter sites.  However, their study did not examine the 

interactions of dormancy with other reproductive traits.  Further field studies are 

needed to test the veracity of models predicting plant reproductive strategies in varying 

environments. 

Characters affecting selective grazing 
Herbivores graze selectively, so that composition of consumed herbage does not 

reflect composition of available plant material (Doyle et al. 1993; Chen et al. 2002).  

Four main factors affect diet selection of grazing animals (Colebrook et al. 1990):  

(i) ease of eating, which is correlated with feed particle length (Kenney and Black 
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1984);  (ii) palatability factors such as taste, texture and odour;  (iii) water content of 

herbage; and  (iv) sward architecture, reflecting accessibility of different pasture 

components to the animal (Black and Kenney 1984).  Thus, selective grazing has 

ramifications on pasture composition and the persistence of individual pasture 

components. 

4. Genetic variation in subterranean clover 

Taxonomy 
Subterranean clover was included by Linnaeus in the genus Trifolium in his 1753 plant 

classification ‘Species Plantarum’.  In the most recent taxonomic revision of the genus 

Trifolium, Zohary and Heller (1984) categorise subterranean clover as follows: 

Family: Fabacae 

Tribe: Trifolieae 

Genus: Trifolium 

Section: Trichocephalum (T. subterraneum is the lectotype for this Section) 

Species: subterraneum 

An abbreviated description of Zohary and Heller (1984) giving the most important 

features of T. subterraneum L. is: 

Annual.  Stems few, prostrate, sparingly branched.  Leaves long-petioled; stipules 

ovate, acute; leaflets mostly obcordate with cuneate base, denticulate and notched at 

apex.  Heads long-peduncled, obovoid.  Corollate flowers with sterile flowers 

developing after anthesis of fertile ones.  Calyces of corollate flowers glabrous, tube 

cylindrical, growing in fruit; teeth almost twice as long as tube.  Corolla almost twice as 

long as calyx, white, pinkish-striped; standard elliptical.  Calyces of sterile flowers with 

solid, stalk-like tube and linear teeth.  Fruiting heads deflexed, ripening underground.  

Pod somewhat exserting from split calyx, membranous, obovoid or obtriangular.  Seed 

1 per pod.  Fruiting heads with few seed-bearing calyces and many wire-like, sterile 

ones deflexed to cover fertile ones.  2n = 16. 

Infra-specific taxonomy 

The infra-specific taxonomy of T. subterraneum is in dispute.  Hutton and Peak (1954) 

and Morley et al. (1956) first observed fertility differences in crosses between some 

subterranean clover genotype combinations.  Katznelson and Morley (1965a, 1965b) 

subsequently described three subspecies, subterraneum, yanninicum and 

brachycalycinum, on the basis of plant morphology, genetic and cytogenetic data.  

Katznelson (1974) later suggested the taxa subterraneum, yanninicum and  
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brachycalycinum were separate species, on the basis of their morphological distinction 

and apparent genetic isolation from strong sterility barriers.  However, in the most 

recent revision of the genus Trifolium, Zohary and Heller (1984) classify 

T. subterraneum as a single species containing eight varieties; var. subterraneum, var. 

yanninicum, var. brachycalycinum, var. brachycladum, var. majurculum, var. graecum, 

var. oxalaides and var. flagelliforme. 

In this thesis, we have chosen not to follow the classification of Zohary and Heller 

(1984).  Their subdivision of the subterranean clovers into eight varieties appears to be 

based largely on quantitative, rather than qualitative differences.  There is also the 

potential for confusion, as ‘variety’ is a common term for ‘genotype’ in agronomic 

literature.  Neither does classification into three separate species seem appropriate, as 

the hybridisation data of Hutton and Peak (1954), Katznelson and Morley (1965a) and 

Gladstones (1983) indicate they are not completely reproductively isolated.  Rather, we 

have opted to follow the original classification of Katznelson and Morley (1965b), in 

which the taxa subterraneum, yanninicum and brachycalycinum are considered 

separate subspecies.  Several other recent authors, including Cocks (1992a), Nichols 

et al. (1996), Piano et al. (1996) and Pecetti et al. (2002) have also adopted this 

convention. 

Katznelson and Morley (1965b) distinguish the three subspecies of subterranean clover 

using the following key: 

 1. Calyx covering all or most of the ripe pod. 

  a. Plants usually pubescent:  calyx longitudinally veined.  –  ssp. 

subterraneum. 

  b. Plants glabrous, seldom florescent; calyx longitudinally veined, 

wrinkled transversely  –  ssp. yanninicum. 

 2. Calyx covering only base to lower third (rarely half) of pod. 

  a. Peduncles thin, sarmentous, seeds longer than broad, free in the 

relatively thin pod, corolla up to twice as long as calyx – ssp. 

brachycalycinum. 

Breeding system 

Subterranean clover is predominantly self-pollinated (Hutton and Peak 1954; Morley 

1961).  The flowers are essentially cleistogamous (Katznelson 1974) but are commonly 

visited by bees (Morley 1961; Morley and Katznelson 1965).  Some out-crossing does  
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occur.  Marshall and Broue (1973) estimated outcrossing rates of 0.15 per cent, while 

Frankel and Williams (1958) estimated rates of 0.28 per cent.  Piano (1984) and Piano 

et al. (1993) found greater variation within ssp. subterraneum than ssp. 

brachycalycinum and ssp. yanninicum and suggest it may be due to higher outcrossing 

rates. 

Centre of origin 
Subterranean clover is native to the Mediterranean basin and along the Atlantic coast 

of Western Europe (Gladstones and Collins 1983).  This is illustrated in Figure 2.3.  

According to Morley and Katznelson (1965) and Katznelson (1974), it is generally 

found on acid soils, on open grazing country, or areas which have been cleared for 

grazing or cultivation.  The three subspecies often occur sympatrically but have 

different boundaries.  Subspecies subterraneum is the most common and has the 

widest distribution.  Subspecies brachycalycinum tends to be confined to areas 

adjacent to the Mediterranean Sea and on more neutral to alkaline soils, while ssp. 

yanninicum is restricted to parts of Greece, Albania and Balkan countries and tends to 

occupy winter-wet areas. 

 

Figure 2.3. Centre of origin of subterranean clover (shaded).  From Collins et al. (1984). 

Subterranean clovers have been systematically collected from the Mediterranean Basin 

since 1951 (Francis and Gladstones 1983).  Currently the Australian Trifolium Genetic 

Resource Centre in Perth, Western Australia, holds over 7,700 genotypes of 

subterranean clover collected from 20 Mediterranean nations (R.S. Snowball, pers. 

comm.).  The majority (68.5 per cent) belong to ssp. subterraneum, with 29.8 per cent  
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ssp. brachycalycinum and only 1.9 per cent ssp. yanninicum (Snowball et al. 1992).  

Eleven cultivars registered in Australia (Antas, Campeda, Denmark, Goulburn, Izmir, 

Larisa, Leura, Losa, Meteora, Rosedale, and York) are introductions from the 

Mediterranean region (Table 2.1). 

Naturalised strains in Australia 
The first record of subterranean clover in Australia was made by Baron von Meuller in 

1887 (Audas 1921).  The species first came into prominence in 1889 after Amos 

Howard, a farmer in the Mt Barker district of South Australia, noticed it growing on his 

property (Hill 1936).  He noted that pasture production was much greater and that 

companion grasses and other forbs were more vigorous and healthy wherever 

subterranean clover was growing.  Howard subsequently marketed seed of his ‘Mt 

Barker’ strain to other farmers, making it the first subterranean clover cultivar (Morley 

and Katznelson 1965).  Subterranean clover gradually spread through higher rainfall 

districts during the early 1900s and was popularly thought to be native (Harrison 1964). 

The existence of strains visibly different to cv. Mt Barker was first described in the early 

1920s in both Western Australia (Adams 1924) and Victoria (Aitken and Drake 1941).  

Several strains were collected soon after in Western Australia, particularly in the 

Northam district (Adams 1929a, 1929b, 1937), including the strain subsequently 

released in 1972 as cv. Northam (Gladstones and Collins 1983).  Naturalised strains 

were also collected in Victoria at this time (Aitken and Drake 1941), including the 

strains Bacchus Marsh, Nangeela and Tallarook, which were later released as cultivars 

(Gladstones and Collins 1983). 

The commercial success of cv. Mt Barker and discovery of new strains resulted in early 

commercialisation of other naturalised strains.  In 1929 P.D. Forrest began marketing 

cv. Dwalganup, an early flowering strain believed to have been naturalised since the 

1880s on his property ‘Dwalganup’, near Boyup Brook, Western Australia (Gladstones 

and Collins 1983).  Meanwhile, A.J. Monger, attempted small-scale commercialisation 

of another early flowering strain found as early as 1918 on his property ‘Daliak’ near 

York, Western Australia.  However, it was not until its release as cv. Daliak in 1967 

(Quinlivan 1968a) that this strain gained prominence.  Also of note during this period 

was the discovery by H.C. Trumble in 1929 of the strain ‘Seaton Park’ growing on the 

Royal Adelaide Golf Course at Seaton, South Australia (Gladstones and Collins 1983).  

This strain was subsequently commercialised in 1967 as cv. Seaton Park (Quinlivan 

1968a). 
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Between 1935 and 1956 a further seven naturalised strains were discovered (Quinlivan 

1957).  Five of these (Yarloop, Clare, Geraldton, Dinninup and Woogenellup) 

eventually became cultivars.  Yarloop, the first ssp. yanninicum cultivar, was 

discovered in 1935 near the town of Yarloop, Western Australia and commercial seed 

was first certified in 1947 (Gladstones and Collins 1983).  The Clare strain was found in 

1941 near Clare, South Australia, but was most probably present 20 years earlier 

(Walker and Neal-Smith 1959).  It was certified in 1949 as the first ssp. 

brachycalycinum cultivar.  The Geraldton strain was discovered in 1950 alongside the 

Geraldton-Mullewa road at Moonyoonooka, Western Australia (Millington 1960) and 

was subsequently certified in 1959.  Dinninup was discovered in 1956 at Boyup Brook, 

Western Australia and first certified in 1962 (Quinlivan 1962). 

Cultivar Woogenellup has a particularly interesting history.  The strain was first 

observed growing at Benger, Western Australia, in 1948 but was subsequently found 

on other farms at Mt Barker, Manjimup, Greenbushes and Capel in Western Australia 

(Quinlivan 1957).  It was later commercialised by farmers in the Woogenellup district of 

Western Australia and first certified in 1959.  However, Woogenellup appears to be 

identical to both the Burnley stain, collected in Victoria in 1928/29, and to the Marrar 

strain from New South Wales (Gladstones and Collins 1983).  It is likely that all three 

were originally contaminants in commercial seed of cv. Mt Barker (Gladstones and 

Collins 1983). 

The observation in 1960 of cv. Geraldton growing in several localities in the Perth 

metropolitan area just one year after its commercialisation prompted Gladstones (1966) 

to search for other naturalised strains in Perth and surrounding districts.  He concluded 

there had been insufficient time for an escape from cultivation and that the strain had 

been present in a range of locations for many years.  Therefore, for an ecotype to have 

survived for many generations, it must already have at least some degree of adaption 

to local conditions (Gladstones 1966, 1967).  As a result, 109 naturalised strains were 

collected (Gladstones and Collins 1984).  Of note among these was a strain collected 

adjacent to the Dalkeith Bowling Club, since released as cv. Dalkeith (Gladstones and 

Collins 1984). 

Further collections of naturalised strains have been made in eastern Australia.  A 

collection trip in Victoria by G.M. Halloran and colleagues in 1973 led to release in 

1982 of cv. Enfield, originally found by the roadside near Kilmore (Hotton 1985).  

Collections were also made in New South Wales during the 1970s (Gladstones and  
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Collins 1983).  None of these have been commercialised, although some have been 

used as parents in breeding programs (Nichols et al. 1994). 

The rationale for collecting naturalised strains has been based on the assumption that 

natural selection has acted in a direction relevant to farming practices.  However, this 

assumption is somewhat tenuous as most strains have been collected from reserves 

and roadsides (Gladstones and Collins 1984), away from grazing animals and cropping 

practices.  The most relevant selection is likely to have been for appropriate flowering 

time, as this is important for persistence at both naturalisation sites and farm paddocks. 

Modes of introduction to Australia 

Introduction of subterranean clover into Australia appears to have been both accidental 

and repeated many times.  Morley and Katznelson (1965), Gladstones (1966) and 

Underwood and Gladstones (1979) suggest the likely role of burr transport in fleeces, 

forage or packing brought to Australia by early settlers from England.  Harrison (1964), 

however, considered that subterranean clover came into Victoria principally as a 

contaminant of agricultural seeds imported from England and continental Europe, 

particularly with red and crimson clovers.  This view was subsequently supported by 

Gladstones and Collins (1983), who argued that areas surrounding major ports of 

disembarkation would be the major sites of naturalisation, had contamination within 

fodder been the primary source of seed. 

Gladstones and Collins (1983) observed that strains naturalised in Victoria were very 

similar to those collected from England and from western and south-western France, 

both in their morphological characters and late maturity.  On this basis, they argue that 

at least a substantial element of the Victorian naturalised strains originate from these 

areas.  However, the naturalised strains in Western Australia tend to be much earlier 

maturing and have different morphological characteristics.  Gladstones (1966) 

suggests these strains are probably highly selected remnants of much larger numbers 

originally introduced, with late flowering strains failing to persist in the short-growing 

seasons of Western Australia.  These strains have stronger similarities with those 

collected from Spain, Portugal, Greece, western Turkey, Tunisia and the Canary 

Islands (Gladstones and Collins 1983), suggesting their origins from these locations. 

Gladstones and Collins (1983) found evidence that following initial colonisation, many 

strains were subsequently transported by stock or as contaminants of hay or seed to 

colonise secondary sites.  They define primary naturalised strains as those of the same 
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genotype as original introductions and secondary naturalised strains as those having 

arisen from primary naturalised strains by mutation or outcrossing.  They regard 

evidence for primary naturalisation as relative uniformity over a significant area or 

multiple areas, together with the local absence of possible putative parents.  Although 

this distinction is rather subjective, they suggest that 80 of the 115 strains naturalised in 

Western Australia (Gladstones and Collins 1984) are primary naturalised.  This high 

proportion is hardly surprising, as a criterion for inclusion in their collection required 

strains to be morphologically distinct from existing strains. 

Distribution of subterranean clover in Australia 
Sandral et al. (1997) estimate the current area sown to subterranean clover in Australia 

as 22 million ha.  Both soils and climate impact on its distribution.  The species grows 

predominantly on acid soils, with only ssp. brachycalycinum extending into alkaline 

soils (Cocks et al. 1979; Cocks and Phillips 1979).  The area of subterranean clover 

could be substantially increased if earlier flowering ssp. brachycalycinum cultivars were 

available for lower rainfall alkaline soils of northern New South Wales (Gladstones and 

Collins 1983; Wolfe 1985; Archer et al. 1987; de Koning et al. 1996) and South 

Australia (Cocks and Phillips 1979).  Indeed, Hill (1996) estimates the potential area of 

adaptation of subterranean clover to be over 80 million ha. 

Donald (1960) proposed three climatic boundaries limiting the distribution of 

subterranean clover in Australia; an arid boundary, beyond which the available growing 

season is too short; a warm boundary, beyond which insufficient vernalisation prevents 

flower initiation; and a cold boundary, beyond which low temperatures and frosts limit 

flower induction and suppress seed set. 

Donald (1960) attributed major significance to the arid boundary in the mediterranean 

climates of Western Australia and South Australia, where the species persists largely 

through avoidance of summer drought.  However, this is confounded in South Australia 

by its coincidence with the transition from acidic to alkaline soils (Cocks et al. 1979; 

Cocks and Phillips 1979).  In Western Australia subterranean clover is suited 

climatically to the entire south-western agricultural zone (Nichols et al. 1996).  With the 

majority of soils being acidic, the main limitations to its distribution are deep infertile 

sands and alkaline soils present in some inland valleys.  Fortune et al. (1995) found 

subterranean clover present in 53 per cent of sites in low and medium rainfall areas of 

Western Australia but no recent surveys have been conducted in higher rainfall 

regions. 
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The warm boundary in inland areas is confounded with rainfall distribution, as more 

northern (and hence warmer regions) tend to have winters too dry for subterranean 

clover (Donald 1960).  In New South Wales, subterranean clover is concentrated in the 

southern half, where winter rainfall is dominant, but it also extends to the cool, 

extended growing seasons of the northern slopes and tablelands and into southern 

Queensland (McMaster and Walker 1966; Walker and McMaster 1966, 1970).  

However, in warm coastal sub-tropical areas, later flowering strains fail to flower or set 

little seed (Aitken 1974). 

The cold boundary appears to only be present in alpine regions above 1500 m (Donald 

1960) and is manifested largely through out-competition by other spring and summer-

growing species (Morley 1961). 

Genetic variation 

Morphological markers 

Aitken and Drake (1941) first described heritable polymorphisms for morphological 

characters in subterranean clover, including size and shape of leaf marks, colour of leaf 

lamina, position and extent of anthocyanin on the leaf, stipule and calyx, pubescence of 

leaves, petioles and stems, and seed colour.  Leaf marks are the most distinctive and 

variable and are described in terms of crescents, bands and arms (Nichols et al. 1996).  

Variation exists in the size, shape, colour and position of each and their absence or 

presence (Tan and Collins 1987; Nichols et al. 1996).  Several other clovers, including 

Trifolium hirtum (Jain 1977) and T. repens (Carnahan et al. 1955), also have leaf 

marks, but the range in subterranean clover is more elaborate (Tan and Collins 1987).  

Each leaf mark is controlled by a single allele at a single locus with more than 30 

different alleles (Hutton and Peak 1954; Tan and Collins 1987).  However, their 

ecological significance is not understood. 

Flowering time and seed maturation 

The wide range in flowering time among strains of subterranean clover has been 

recognised for many years (Aitken and Drake 1941).  Among the registered cultivars, 

days to first flowering (DFF) from an early May sowing in Perth, Western Australia, 

ranges from 77 for cv. Nungarin to 163 days for cv. Tallarook (Nichols et al. 1996).  

Strains both earlier (Rossiter and Millington 1961) and later flowering (Aitken and 

Drake 1941) are also known.  It is this diversity that enables subterranean clover to 

grow in environments with growing seasons ranging from 4 to 10 months. 
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Rate of seed maturation also differs between genotypes.  Tennant (1965) showed that 

cv. Geraldton produced viable seeds up to 6-9 days before cv. Dwalganup from the 

same date of flowering.  Pecetti and Piano (1994) showed that rate of seed 

development was related to seed size; with smaller seeded genotypes having more 

rapid maturity.  Such differences may be ecologically significant between genotypes of 

similar flowering time. 

DFF of an individual plant is typically measured as the number of days from sowing to 

anthesis of the first flower (Tan 1985).  Anthesis in each floret occurs when its corolla 

and calyx lobes are about equal in length, about a day earlier than full corolla extension 

(Aitken and Drake 1941; Hutton and Peak 1954; Tan 1985).  There is some evidence 

for subspecies differences for timing of anthesis in relation to corolla extension.  Hutton 

and Peak (1954) observed anthesis occurring later in cv. Clare (ssp. brachycalycinum) 

and slightly earlier in cv. Yarloop (ssp. yanninicum) compared to the ssp. subterraneum 

strains in their study. 

DFF for a given genotype at a given location is relatively constant between seasons 

when sown at a similar time (Aitken and Drake 1941; Davern et al. 1957; Salisbury 

et al. 1987; Pecetti and Piano 2002).  However, significant genotype x site, genotype x 

latitude and genotype x sowing date interactions occur (Aitken and Drake 1941; Devitt 

et al. 1978; Archer et al. 1987; Evans et al. 1992).  This arises from the physiological 

effects of photoperiod and temperature on flowering behaviour (Aitken 1974; Morley 

and Davern 1956; Evans 1959).  At warmer and lower latitudes, early flowering 

genotypes flower earlier and later flowering plants flower later.  Within sites, DFF is 

reduced from later sowing dates but at different rates for different genotypes. 

Flowering time in subterranean clover is highly heritable and polygenically determined, 

with additive effects accounting for most of the variance (Davern et al. 1957; Tan 1985; 

Salisbury et al. 1987).  Dominance for earliness was observed in the studies of Tan 

(1985) and Salisbury et al. (1987), while transgressive segregation towards earlier 

flowering was reported by Millington (1956) and Francis and Gladstones (1983).  

Salisbury et al. (1987) investigated the inheritance of factors controlling DFF.  They 

suggested photoperiod response was simply inherited, probably under the control of 

two or three genes, while vernalisation response was more suggestive of polygenic 

control.  Dominance for earliness was found for both responses. 
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Oestrogenic isoflavones 

Fresh leaves of subterranean clover contain the isoflavone compounds formononetin, 

genistein and biochanin A.  These are oestrogenically active and the causal agents of 

cystic glandular hyperplasia (Cox and Braden 1974), more commonly termed clover 

disease.  Detailed symptoms are described by Beck and Gardiner (1965), Cox and 

Braden (1974) and Collins and Cox (1984).  In summary, ewes grazing oestrogenic 

pastures have progressively declining fertility due to impaired sperm transport through 

the cervical mucus, with associated clinical symptoms of uterine prolapse, dystokia and 

post-natal lamb mortality.  Permanent infertility results from continued exposure to 

oestrogenic pastures, while temporary infertility occurs when ewes graze highly 

oestrogenic pastures at the time of mating.  Other signs of oestrogenic pastures 

include lactation in wethers and virgin ewes and enlargement of the bulbo-urethral 

gland in wethers.  Ram infertility is unaffected and the disease is not a problem in 

cattle. 

Formononetin is the main cause of clover disease, with genistein and biochanin A 

being of lesser importance (Millington et al. 1964; Lloyd Davies et al. 1970).  

Paradoxically, formononetin is not oestrogenic itself but is rapidly broken down in the 

rumen to oestrogenic compounds, particularly equol (Braden et al. 1967; Shutt and 

Braden 1968).  Conversely, genistein and biochanin A are themselves oestrogenic, but 

are readily degraded in the rumen primarily to p-ethylphenol, a non-oestrogenic 

compound (Braden et al. 1967; Lloyd Davies et al. 1970). 

Isoflavone levels are highest in newly opened leaves and tend to diminish with both 

leaf age and plant age (Rossiter and Beck 1967; Morley and Francis 1968; Smith et al. 

1986).  During the seed production phase isoflavone levels decline in all strains to very 

low levels at senescence (Collins and Cox 1984).  Levels of all three isoflavones 

increase in response to environmental stresses, including deficiencies in phosphate 

(Rossiter and Beck 1966; Neil and Marshall 1970; Rossiter 1970; Schoo and Rains 

1971), sulphur (Schoo and Rains 1971) and nitrogen (Rossiter 1969), waterlogging 

(Francis and Devitt 1969), low temperature (Rossiter and Beck 1966; Rossiter 1970) 

and high light intensity (Rossiter and Beck 1967; Rossiter 1972).  However, grazing 

regime has no effect on isoflavone content (Rossiter 1969). 

Genetic variation exists for the levels of each isoflavone and for the relative proportions 

between them (Beck 1964; Francis and Millington 1965b; Francis 1968; Gladstones 

and Collins 1984; Piano et al. 1993).  Although total isoflavone levels vary with  
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environmental factors, the ratio of the three isoflavones is relatively constant for each 

strain (Beck 1964).  They vary independently between strains, although genistein and 

biochanin A levels are negatively correlated (Morley and Francis 1968).  Members of 

ssp. brachycalycinum differ from the other two subspecies by their distinctive pattern of 

low formononetin, biochanin A and total isoflavone contents and high genistein content 

(Morley and Francis 1968; Francis and Devitt 1969; Piano and Spanu 1987; Piano 

et al. 1993). 

The oestrogenic potency of high formononetin strains has been demonstrated on the 

basis of clinical symptoms (Lloyd Davies and Bennett 1962; McKeown 1962; Millington 

et al. 1964; Adams 1988) and their effects on sheep reproduction (Lloyd Davies 1970; 

Marshall 1974; Neil et al. 1974; Rossiter and Marshall 1974; Croker et al. 1989).  

Collins and Cox (1984) and Lloyd Davies (1986) suggest formononetin levels below 

0.3 per cent (on a leaf dry weight basis) are ‘safe’ for sheep reproduction, while 

subterranean clover breeding programs aim to select genotypes with less than 0.2 per 

cent (Nichols et al. 1994).  However, the safe level of formononetin has not been 

determined precisely.  Indeed, Lloyd Davies (1986) and Adams (1988) found 

histological symptoms of clover disease in ewes grazing low formononetin cultivars. 

There is scant information on isoflavone inheritance.  Using chemically-induced 

mutants, Francis and Millington (1965a) found simple Mendelian inheritance of the 

genes controlling enzymic reactions along the biochemical pathway for isoflavone 

synthesis.  Crosses between low formononetin parents generally produce low 

formononetin progeny and low formononetin segregants generally breed true 

(Gladstones 1985).  This implies that formononetin is simply inherited, involving a few 

genes at most.  There is no information on genistein or biochanin A inheritance. 

There is conjecture as to the ecological significance of isoflavones.  Nicholas (1972) 

and Rossiter (1974) observed low formononetin strains preferentially grazed by sheep.  

This led several authors (Morley and Francis 1968; Quinlivan and Francis 1977; 

Rossiter 1978; Cocks et al. 1982; Dunlop and Thorn 1984) to suggest high 

formononetin levels may reduce palatability and thereby increase plant 

competitiveness.  The results of pen feeding studies with sheep are conflicting.  In the 

study of Francis (1973) plants with high total isoflavones levels were less palatable, 

although the effect of formononetin itself was not established.  However, Dunlop (1986) 

and Colebrook et al. (1990) showed no relationship between preference rankings and  
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formononetin content, implying that other factors are involved in determining 

palatability. 

Both genistein and biochanin A have been implicated with phytoalexin activity (a 

substance produced by plants to activate latent enzyme defence systems (Bell 1981)) 

against invertebrate pests.  Cocks (1992a) suggested this for genistein on the basis of 

directional selection for higher genistein content among divergent strains in old pasture 

paddocks.  However, this claim has yet to be substantiated.  More recently biochanin-A 

has been implicated in conferring tolerance to redlegged earth mites in subterranean 

clover (Wang et al. 1998a, 1998b, 1999). 

Hardseededness 

Genetic variation for hardseededness in subterranean clover has been widely reported 

(Aitken 1939; Loftus Hills 1944c; Quinlivan 1961; Gladstones 1967; Bolland 1987a; 

Evans and Hall 1995; Nichols et al. 1996; Piano et al. 1996; Evans and Smith 1999; 

Pecetti and Piano 2002).  Later flowering genotypes tend to be softer seeded than 

earlier flowering ones.  However, even the most hardseeded genotypes of 

subterranean clover are relatively soft-seeded compared to most other annual legumes 

(Russi et al. 1992a; Norman et al. 2002a).  Indeed, Taylor et al. (1991) suggest 

hardseed levels of current cultivars are inadequate for reliable persistence in 1:1 crop:  

pasture rotations. 

Subterranean clover conforms to the two-stage seed softening process of Taylor 

(1981).  Here, an alternating 24 hour temperature regime of 60/15oC both preconditions 

the seed for softening and breaks impermeability of the seed coat.  Quinlivan (1961) 

developed a laboratory procedure using this temperature regime for 4 months to 

compare relative hardseededness of subterranean clover strains.  This procedure has 

since been adopted in breeding programs (Nichols et al. 1994).  Laboratory rankings 

correlate well with field hardseed levels at the end of the summer-autumn period, 

although absolute levels differ (Taylor et al. 1984; Taylor and Ewing 1992). 

The greatest proportion of seed softens over the first summer-autumn following seed 

maturation, with ever decreasing proportions in subsequent years (Taylor et al. 1984; 

Bolland and Collins 1987; Taylor and Ewing 1988, 1992; Evans and Hall 1995).  Rate 

of seed softening is dependent on summer-autumn temperatures.  Field experiments 

show that under harsh summer conditions in Western Australia almost all seed softens 

of relatively soft-seeded cultivars within 3 years (Taylor et al. 1984; Bolland and Collins 
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1987), while even the hard-seeded cultivar, Nungarin, has less than 10 per cent hard 

seed remaining after 4 years (Taylor and Ewing 1992).  In the mild Tasmanian 

environment, Evans and Hall (1995) found no hardseed differences among seven 

cultivars, with all having more than 12 per cent of the original seed set after 6 years.  

However, moist spring conditions during seed maturation in this environment would 

have prevented full development of hardseededness in earlier flowering strains. 

Within-season seed softening 

Subterranean clover has a short hardseed half life (Smith et al. 1996), with the second 

stage of seed softening (Taylor 1981) requiring high temperature fluctuations.  Most 

seeds are in a position to imbibe following rains from early autumn onwards (Taylor 

et al. 1984; Taylor and Ewing 1992; Evans and Smith 1999; Chapman and Asseng 

2001).  The species is, therefore, well-adapted to environments where false break 

frequency is low (Evans and Smith 1999).  However, Chapman and Asseng (2001) 

showed that false breaks occur in 61-72 per cent of years in the wheatbelt of Western 

Australian, with the period of greatest risk in early autumn.  In such environments 

subterranean clover seeds are exposed to a high risk of losses. 

Smith et al. (1996) and Evans and Smith (1999) have measured genetic differences for 

seed softening patterns in subterranean clover.  However, even the longest half lives 

are far less than those of some other pasture legume species (Taylor and Ewing 1992; 

Smith et al. 1996; Norman et al. 1998). 

Inheritance of hardseededness 

Environmental effects appear important for initial hardseeded levels, while genotype is 

very important for rate of hardseed breakdown.  Slattery (1981) made heritability 

estimates of 19 per cent and 55 per cent for initial hardseededness and rate of 

hardseed breakdown in the laboratory, respectively.  Salisbury and Halloran (1983) 

also found rate of softening to be of medium to high heritability, but did not calculate 

heritabilities for either initial hardseed levels or residual hardseed levels after 16 weeks. 

Hardseededness is mainly controlled by additive gene effects (Salisbury and Halloran 

1983).  However, Slattery (1981) and Gladstones (1985) both report substantial 

transgressive segregation and showed that hardseededness could be modified 

significantly in just one generation.  Francis and Hume (1971) found a recessive gene 

for increased seed coat permeability associated with reduced lignification in a study 

involving a chemically-derived mutant of cv. Geraldton. 
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Embryo dormancy 

Genetic variation for embryo dormancy in subterranean clover has been reported by 

Loftus Hill (1944), Morley (1958), Taylor (1970) and Gladstones (1987).  Dormancy 

ratings for the registered cultivars are published in Nichols et al. (1996) but these are 

largely based on observations and anecdotes.  Among the cultivars, Dinninup is noted 

as having high levels of dormancy, while Woogenellup, Clare, Bacchus Marsh and 

Enfield are noted as having low levels.  Evans and Smith (1999) also found cv. Leura 

to have high levels of embryo dormancy for up to 6 weeks in a cool temperate 

environment. 

Dormancy is genetically controlled; with extreme dormancy being dominant (Morley 

1958).  Gladstones (1985) also observed dormancy in progeny from crosses involving 

cv. Dinninup. 

Burr burial  –  a defining characteristic of subterranean clover 

The ability to bury its seeds is the most distinctive feature of subterranean clover.  Burr 

burial is particularly strong in ssp. subterraneum and ssp. yanninicum, which actively 

bury their burrs.  Subspecies brachycalycinum differs by having long, thin sarmentous 

peduncles which meander until they find a dark habitat, such as cracks in the soil or 

under stones suitable for burr and seed development (Katznelson and Morley 1965b; 

Katznelson 1974). 

Burr burial is essential for the normal development of seeds in subterranean clover.  

The mechanics of burial in ssp. subterraneum are described by Barley and England 

(1970).  Florets deflex following anthesis and the peduncle turns downward (geotrophy) 

and elongates.  This process normally takes place within 7 days of anthesis.  Burial 

itself involves both a downward push on the developing burr by the elongating 

peduncle and the pulling action of the sequential whorls of sterile calyces as they 

develop around the burr.  Burr development is normally completed about 21 days after 

anthesis (Pecetti and Piano 1994), although seed maturation continues beyond this. 

Prevention of burr burial markedly reduces the yield of viable seeds through reductions 

in total burrs per plant, seeds per burr, individual seed weight and seed viability (Aitken 

1939; Yates 1957, 1958; Collins et al. 1976; Bolland and Collins 1986; Lodge 1995).  

Unburied burrs also tend to have lower initial levels of hardseededness (Collins et al. 

1976; Slattery 1986) and faster rates of seed softening (Quinlivan and Francis 1971; 

Collins et al. 1976; Taylor 1984; Slattery 1986; Taylor and Ewing 1988).  However,  



CHAPTER 2.  LITERATURE REVIEW 

 

46 Phil Nichols 

limited testing suggests higher embryo dormancy levels in seed from unburied burrs 

(Collins et al. 1976). 

Burr and seed development are reduced by lack of burr burial, as a result of exposure 

of peduncle tips to light (Taylor 1976, 1980; Taylor and Palmer 1979).  Soil texture and 

moisture both influence burr burial (Taylor and Rossiter 1969; Quinlivan and Francis 

1971).  On sandy soils all strains are able to achieve some penetration.  Burial is also 

stronger when soils are moist.  Heavier soils or compaction by grazing animals may 

render the soil surface too hard for burr penetration (Collins et al. 1976).  Burr burial is 

increased with defoliation up until flowering (Rossiter and Pack 1972), but decreased 

during flowering (Collins et al. 1976). 

Visual observations indicate late flowering cultivars, such as Mt Barker and 

Woogenellup, have poorer burying ability than early flowering cultivars, such as 

Nungarin and Dalkeith (Gladstones 1985; Nichols et al. 1996).  Pecetti and Piano 

(1994) also noted genetic differences, but found no relationship between flowering time 

and depth of burial.  Gladstones (1985) suggests strong burr burial is ‘associated with a 

vertical or near-vertical peduncle angle and with robust peduncles of medium length’.  

However, no measurements have been made to correlate peduncle length, thickness 

or angle of burial with burial strength.  Genetic differences for seed production ability 

following burr burial prevention have also been noted (Yates 1958; Collins et al. 1976).  

Late flowering strains appear more efficient at above-ground seed production. 

Disease resistance 

Diseases of subterranean clover are reviewed by Barbetti and Sivasithamparam 

(1986), Johnstone and Barbetti (1987) and Barbetti (1989) and will not be dealt with in 

detail here.  They occur most commonly in long growing season areas, particularly in 

humid coastal areas. 

Clover scorch, caused by the fungal pathogen Kabatiella caulivora (Kirchn.) Karak, is 

the most important foliar disease.  Wide variation exists for resistance to the disease 

(Chatel et al. 1973; Chatel and Francis 1974a, 1974b, 1975, 1977, 1978; Beale and 

Thurling 1979; Barbetti et al. 1991; Barbetti 1995) and several resistant cultivars have 

been developed (Nichols et al. 1996).  Resistance to K. caulivora is highly heritable 

(Beale and Thurling 1980a, 1980b; Chandrashekar and Halloran 1990) and controlled 

by dominant genes (Beale and Thurling 1980a). 
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Other fungal leaf diseases include rust (Uromyces trifolii-repentis (Hedw. f.) Lev), 

Cercospora leafspot (Cercospora zebrina Pass.), powdery mildew (Erysiphe polygonii 

DC.) and Pseudopeziza leaf spot (Pseudopeziza trifolii (Fr.) Fuckel) (Barbetti and 

Sivasithamparam 1986; Johnstone and Barbetti 1987; Barbetti 1989).  Genetic 

variation has been found for resistance to clover rust (Latter 1952, 1953; Barbetti and 

Nichols 1991a, 1991c, 1994, 1995), to cercospora leafspot (Barbetti 1985, 1987, 1991; 

Barbetti and Nichols 1994), to powdery mildew (Barbetti and Nichols 1991b) and to 

P. trifolii (Barbetti 1987). 

Barbetti et al. (1986b) list 29 fungal species causing root rots on subterranean clover in 

Australia, with the five main pathogens being Pythium irregulare Buisman, 

Phytophthora clandestina Taylor, Pascoe and Greenhalgh, Fusarium avanaceum (Fr.) 

Sacc., Aphanomyces eutiches Drechsl. and Rhizoctonia solani Kühn.  Genetic 

differences have been noted for susceptibility to each disease (Gillespie 1983; Barbetti 

et al. 1986a, 1986b; Taylor and Greenhalgh 1987).  However, no genotypes have been 

reported with resistance to all of them (Barbetti et al. 1986).  The existence of different 

races (Dear et al. 1994) further confounds the situation. 

Johnstone and McLean (1987) list nine viruses of subterranean clover pastures.  

Subterranean Clover Mottle Virus (SCMoV) and Bean Yellow Mosaic Virus (BYMV) are 

the most important in Western Australia (Johnstone and McLean 1987, Wroth and 

Jones 1991, 1992a, 1992b; Ferris and Jones 1994; McKirdy et al. 1994).  Genetic 

differences have been measured for susceptibility to SCMoV (Wroth and Jones 1992a, 

1992b) and to BYMV (Ferris et al. 1996). 

Pest resistance 

Pests of subterranean clover are reviewed by Allen (1987) and will not be dealt with in 

detail here.  The most important pests are the red-legged earth mite (RLEM), 

Halotydeus destructor (Tucker) (Acarina:  Penthaliidae), the blue-green aphid (BGA), 

Acythosiphon kondoi and the lucerne flea, Sminthurus viridis (Linnaeus) (Collembola:  

Sminthuridae).  These species often occur together and their effect is proportionally 

more damaging than if they occurred singly (Allen 1987). 

All cultivars are susceptible to RLEM (Nichols et al. 1996), although genetic variation 

for seedling resistance has been found (Gillespie 1991, 1994; Ridsdill-Smith et al. 

1994a, 1994b; Jiang and Ridsdill-Smith 1996, Jiang et al. 1996).  No studies on the 

inheritance of RLEM resistance have been published, although polygenic inheritance of 
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RLEM resistance is suspected (Ridsdill-Smith and Nichols 1998).  Limited studies 

indicate genetic differences for resistance to BGA (Gillespie 1983), although all 

cultivars have some susceptibility.  No genetic differences for resistance to lucerne flea 

have been reported. 

Breeding and selection programs 
Breeding of subterranean clover was first attempted in Australia in the 1930s (Donald 

and Neal-Smith 1937) but no cultivars were produced.  Three other programs have 

produced crossbred cultivars.  CSIRO in Canberra released cv. Howard in 1961 

(Morley and Peak 1961), while cv. Gosse was released by the South Australian 

Department of Agriculture in 1992 (Oram 1992d).  The most successful breeding 

program commenced at the University of Western Australia in 1949 (Millington 1956, 

Stern 1981).  This has gradually evolved into a component of the National Annual 

Pasture Legume Improvement Program (NAPLIP) (Ewing 1999).  Here, breeding and 

selection is conducted in Western Australia, with evaluation of advanced lines 

conducted in each State.  To date the Perth-based program has released 20 

subterranean clover cultivars (Geraldton, Uniwager, Trikkala, Larisa, Nungarin, 

Esperance, Meteora, Dalkeith, Junee, Green Range, Karridale, Denmark, Leura, 

Goulburn, York, Riverina, Urana, Napier, Coolamon and Izmir) (Nichols et al. 1996, 

Nichols unpublished data). 

Current NAPLIP breeding objectives are described by Nichols et al. (1994, 1996).  

These include low formononetin content and seedling resistance to redlegged earth 

mite for all breeding material.  Hardseededness is sought for early flowering and 

midseason material.  For midseason and particularly late flowering material, resistance 

to diseases, notably clover scorch, leaf rust and Phytophthora root rot is sought.  

Breeding methods are described in Nichols (1993) and Nichols et al. (1994). 

Registered cultivars in Australia 

Currently 40 cultivars of subterranean clover are registered in Australia (Table 2.1).  Of 

these, 29 belong to ssp. subterraneum, seven belong to ssp. yanninicum and four 

belong to ssp. brachycalycinum.  Eleven are introductions from the Mediterranean 

region, 15 are naturalised strains (eight from Western Australia, four from Victoria and 

three from South Australia), 13 are crossbreds, while cv. Uniwager is the result of 

mutagenesis.  Table 2.1 lists the cultivars with details of their origins and their main 

agronomic attributes. 
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Divergent strains 
Morley and Katznelson (1965) asserted that subterranean clover has remained 

relatively unchanged since its introduction to Australia.  There is much evidence to 

dispute this.  Aitken and Drake (1941) first noted variants of cultivar Mt Barker in their 

strain collection from Victoria.  In an extensive survey of South Australian pastures, 

Cocks and Phillips (1979) found 25 per cent of all subterranean clover samples were 

divergent strains, which they defined as genotypes that differ from commercial cultivars 

in one or more ways.  In another study Cocks et al. (1982) found 31 per cent 

divergence.  Divergent strains have subsequently been reported in other old pasture 

populations in Western Australian (Rossiter et al. 1985a; Rossiter and Collins 1988a, 

1988b), South Australia (Cocks 1992a) and New South Wales (Lodge 1994).  Cocks 

et al. (1982) calculated the rate of divergence in South Australia to be 1.5 per cent per 

year, while Cocks (1992a) calculated a rate of 1.2 per cent per year. 

The above studies used morphological and flowering time differences as the basis for 

classification.  It is likely that an even greater proportion of samples would have been 

found to be divergent, had isozyme or gene sequence differences been examined.  

Rossiter and Collins (1988b) in fact suggested that reliance on morphological data 

alone may under-estimate the proportion of divergent types by 35-40 per cent. 

The most common source of divergent strains appears to be from out-crossing and 

subsequent recombination between strains sown either deliberately or introduced as 

contaminants of seed or wool (Cocks and Phillips 1979; Rossiter and Collins 1988a, 

1988b; Cocks 1992a).  Rossiter et al. (1985b) argue that mutation is likely to have 

played only a limited role in population diversity.  However, Lodge (1994) demonstrated 

variability within morphologically identical plants of cv. Clare, with the extent of diversity 

increasing with pasture age.  He argues this variability may have originated from 

mutation, but also suggests the original seed sown may have contained genetic 

variants. 

The proportion of divergent strains is smaller in low rainfall pastures (Rossiter and 

Collins 1988a; Cocks 1992a).  Possible reasons suggested by Rossiter and Collins 

(1988a) are:  (i) the younger age in general of lower rainfall pastures, and hence the 

reduced opportunity for change;  (ii) the lack of alternative cultivars to Dwalganup, prior 

to release of cv. Geraldton, for any hybridisation to occur with;  (iii) the less favourable  
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Table 2.1. Registered subterranean clover cultivars in Australia.  Data for flowering time, formononetin content, hardseededness and clover scorch resistance from Nichols et al. 
(1996), unless otherwise shown 

Cultivar Subspeciesa Origin 
Days to 

first 
floweringb 

Formononetin 
(% dry matter) 

Relative 
hardseedednessf 

Clover scorch
resistanceg 

Year 
commercialised Cultivar description 

Antas B Introduction (Sardinia) 135c 0.1c 6d Sd 2000 Piano et al. (1998) 
Bacchus Marsh S Naturalised strain (Victoria) 132 0.1 1 MS 1937 Oram (1990) 
Campeda S Introduction (Sardinia) 129c 0.1c 5c Rd 2000 Piano et al. (1998) 
Clare B Naturalised strain (South Australia) 130 0.1 2 MS 1950 Oram (1990) 
Coolamon S Crossbred 133d Traced 6d Rd 2003 P. Nichols (unpub. data) 
Daliak S Naturalised strain (Western Australia) 98 0.2 7 HR 1967 Oram (1990) 
Dalkeith S Naturalised strain (Western Australia) 97 Tracee 9 HS 1983 Oram (1990) 
Denmark S Introduction (Sardinia) 142 Trace 2 R 1992 Oram (1992a) 
Dinninup S Naturalised strain (Western Australia) 114 1.6 7 S 1962 Oram (1990) 
Dwalganup S Naturalised strain (Western Australia) 83 1.2 7 S 1929 Oram (1990) 
Enfield S Naturalised strain (Victoria) 118 0.3 1 MR 1982 Oram (1990) 
Esperance S Cross-bred 120 0.4 5 HR 1978 Oram (1990) 
Geraldton S Naturalised strain (Western Australia) 93 1.0 8 HS 1959 Oram (1990) 
Gosse Y Cross-bred 126 0.1 4 R 1992 Oram (1992d) 
Goulburn S Introduction (Sardinia) 143 Trace 6 R 1992 Oram (1992b) 
Green Range S Cross-bred 128 Trace 4 R 1985 Oram (1990) 
Howard S Cross-bred 93-135 0.6 4 HS 1964 Oram (1990) 
Izmir S Introduction (Turkey) 78d 0.1d 10d Sd 2003 P. Nichols (unpub. data) 
Junee S Cross-bred 126 0.1 6 R 1985 Oram (1990) 
Karridale S Cross-bred 139 0.2 2 MR 1985 Oram (1990) 
Larisa Y Introduction (Greece) 140 0.1 2 MR 1975 Oram (1990) 
Leura S Introduction (Sardinia) 147 Trace 2 MS 1992 Oram (1992c) 
Losa S Introduction (Sardinia) 93d 0.1d 7d Sd 2002 Piano et al. (1998) 
Meteora Y Introduction (Greece) 148 0.5 6 R 1981 Oram (1990) 
Mt Barker S Naturalised strain (South Australia) 137 0.1 1 MR 1889 Oram (1990) 
Nangeela S Naturalised strain (Victoria) 144 0.2 1 S 1961 Oram (1990) 
Napier Y Cross-bred 140d 0.1d 6d Rd 2002 Nichols 2002 
Northam S Naturalised strain (Western Australia) 78 0.1 7 HS 1972 Oram (1990) 
Nuba B Cross-bred 146 0.1 4 S 1991 Nungesser (1990) 
Nungarin S Cross-bred 77 0.1 10 HS 1976 Oram (1990) 
Riverina Y Cross-bred 119 0.1 4 MR 1995 Dear et al. (1996) 
Rosedale B Introduction (Turkey) 114 0.1 8 MR 1988 Oram (1990) 
Seaton Park S Naturalised strain (South Australia) 110 0.1 6 HS 1967 Oram (1990) 
Tallarook S Naturalised strain (Victoria) 163 1.6 1 MR 1935 Oram (1990) 
Trikkala Y Cross-bred 112 0.2 2 MR 1975 Oram (1990) 
Uniwager S Chemically-induced mutant 105 0.1 6 HS 1967 Oram (1990) 
Urana S Cross-bred 103d Traced 10d Sd 2001 Nichols (2000) 
Woogenellup S Naturalised strain (Western Australia) 130 0.2 1 S 1959 Oram (1990) 
Yarloop Y Naturalised strain (Western Australia) 110 1.7 2 HS 1947 Oram (1990) 
York S Introduction (Sardinia) 110 Trace 9 S 1995 Nichols et al. (1995) 

aB = brachycalycinum, S = subterraneum, Y = yanninicum;  Bsown in Perth in early May;  c Data from Trifolium Genetic Resource Centre;  dP. Nichols (unpub. data);  e< 0.5 per cent of dry weight;  
f1 = least hard, 10 = most hard;  g Resistance ratings for Race 1 only; HS = highly susceptible, S = susceptible, MS = moderately susceptible, MR = moderately resistant, R = resistant, HR = highly 
resistant. 
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environmental conditions of lower rainfall environments for hybridisation, due to 

increased aridity (Hutton and Peak 1954); and  (iv) lower pollen vectors or pollinator 

activity.  A further possibility is the lower floral density of lower rainfall pastures, 

providing fewer opportunities for hybridisation. 

The extensive nature of divergent strains led Cocks (1992a) to claim that Australian 

subterranean clover populations in old paddocks are as diverse as Mediterranean 

populations.  While such Australian populations are clearly variable, they are likely to 

have been derived from a fairly narrow genetic base, with most genes having been 

contributed by a few sown cultivars.  Recombination among these will only have 

changed gene combinations, rather than provided new genes into the population.  In 

contrast populations across the Mediterranean basin have a broad genetic base, with a 

wide range of local ecotypes (Piano 1984; Piano et al. 1993, 1996; Pecetti and Piano 

2002). 

The observation of divergent strains indicates that evolution is proceeding in 

subterranean clover paddocks.  The next section looks at evolution in more detail and 

he factors upon which natural selection acts. 

5. Evolution in sown populations 
Evolution is the process whereby populations change over time, due to the influence of 

natural selection.  Endler (1986) defines natural selection as a process that occurs 

when three conditions are met:  (i) phenotypic variation exists among individuals within 

a population for some character;  (ii) at least some of this variation is independent of 

environmental effects and can be transmitted genetically from a parent to its offspring; 

and  (iii) variation among individuals affects survival and reproduction and ultimately 

affects fitness, the relative number of offspring contributed to the next generation.  Most 

natural populations contain heritable genetic variation upon which natural selection can 

act.  Time is also necessary for evolution to proceed.  The longer the time period, the 

greater is the opportunity for natural selection to act. 

Evolutionary studies have two main uses.  They provide an opportunity to study the 

mechanisms and characters upon which natural selection acts.  They also provide an 

insight to the adaptation of genotypes or populations to particular environments.  Of 

particular interest to agriculturalists is whether a relationship exists between fitness and 

agronomic merit. 
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Measurement of evolution 
In order to measure evolutionary change, information is needed on the ancestral and 

descendent populations.  Most evolutionary studies are synchronic (Hendry and 

Kinnison 1999), in which measurements of ancestral populations are lacking.  Here, 

evolutionary change can only be inferred.  Examples are plant populations which have 

developed tolerances to mine tailings, such as Anthoxanthum odoratum to zinc and 

Agrostis tenuis to both copper and lead (Jain and Bradshaw 1966).  Such studies 

assume plants growing in surrounding non-contaminated areas are a true reflection of 

the ancestral population.  Where data on the ancestral population is known, the study 

is referred to as allochronic and the differences between it and the descendent 

population closely reflect evolutionary change (Hendry and Kinnison 1999). 

In a survey of the literature, Bone and Farres (2001) concluded that physiological traits, 

such as tolerance to toxic soil factors and herbicide resistance evolved faster than 

morphological traits, such as leaf size or biomass.  This is not surprising as selection 

pressures for the physiological traits are likely to be much greater than those for 

morphological ones.  They also concluded there were no differences in rate of 

evolution between annuals and perennials.  However, their database was small and 

annuals were under-represented. 

Evolution in genetically diverse populations is to a large extent, the outcome of 

competitive and non-competitive interactions between population components.  

Accordingly, some account of competition theory is required to explain some of the 

dynamics of evolution.  Most theories have been devised for interspecific competition, 

although many of the principles appear equally applicable to infraspecific competition. 

The nature of competition 
Begon et al. (1986) define competition as an “interaction between individuals brought 

about by a shared requirement for a resource in limited supply and leading to a 

reduction in the survivorship, growth, and/or reproduction of the individuals concerned”.  

If two individuals compete for the same resources at the same time, they are said to 

occupy the same ecological niche (Barbour et al. 1999).  In fact Gause’s competitive 

exclusion principle (Gause 1934) asserts that if species are competing, they must have 

overlapping niches  –  in simple terms one niche, one species.  Gause’s theory can 

also be extended to mixed populations of strains or genotypes. 
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The environmental resources for which plants compete are principally the light, water 

and soil nutrient supplies necessary for growth (Donald 1963; Trenbath 1974).  

Competition for CO2 in most situations is generally absent in plant communities, as the 

air within the canopy is well mixed (Trenbath 1974).  Competition for oxygen is also not 

likely to be important, except in waterlogged soils, as its diffusion is usually sufficient to 

maintain adequate supplies to all roots (Trenbath 1974). 

There are two schools of thought regarding the nature of competition.  Grime (1977) 

hypothesises that competition declines in importance and intensity in habitats with 

increasing stress or disturbance and that competitive ability is correlated with maximum 

growth rate.  Tilman (1982), however, takes the position that individuals compete for 

finite resources and have different abilities in their tolerance of low resource levels.  

Each species has a critical resource level, below which the population is unable to 

maintain itself.  Tilman predicts the superior competitor to be the one with the minimum 

resource requirement, while Grime predicts it will be the one best able to capture 

resources.  Grace (1990) suggests both theories are largely compatible, with 

differences attributable to different definitions of competition. 

There are three different categories of competition (Connell 1990; Barbour et al. 1999).  

Interference is a competitive interaction whereby one plant is directly harmed by 

another, such as allelopathy or mechanical abrasion caused by wind currents.  This 

form will not be considered further here.  The traditional concept of competition is 

exploitative, an indirect interaction manifested through the sharing of limited resources, 

notably light, water and nutrients.  When exploitative competition is acting, one 

individual tends to experience significantly more deleterious effects of the interaction 

than the other.  Apparent competition can also arise from interactions with natural 

enemies, such as herbivores and pathogens and its isolation from real competition is 

sometimes difficult.  Apparent competition has relevance to annual pasture legumes, 

where selective grazing by herbivores may confound other competitive effects. It 

should be noted that none of these categories encompass the concepts of stress and 

disturbance which feature in Grime’s (1977) model. 

Allochronic evolutionary studies of sown populations 
Sown populations of genetically diverse material provide an opportunity to conduct 

allochronic evolutionary studies, from which changes over time can be measured 

directly.  Evolution within such populations can be studied at both the genotype and  
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phenotype level.  Genotypic evolutionary studies measure composition changes in 

mixed homozygous genotype populations and will be discussed later.  Phenotypic 

evolutionary studies measure changes in mean values of particular traits in a 

population.  Bulk-hybrid populations have proved very useful for this purpose and are 

discussed in detail here. 

Bulk-hybrid mixtures 

Bulk-hybrid populations consist of a mixture of segregating genotypes from one or 

several crosses (Allard 1965, 1988).  They are much more genetically diverse than 

genotype mixtures and so natural selection can be expected to act with greater 

precision to favour adapted genotypes.  No bulk hybrid studies have been conducted 

with any pasture legumes.  However, extensive studies have been conducted with 

barley. 

Bulk-hybrid studies with barley  –  Composite Cross II 

The most comprehensive bulk-hybrid study has involved a barley population known as 

Composite Cross II (CCII) (Allard 1988).  This originated in 1928 at Davis California 

and consisted of 378 barley hybrids from 28 parents derived from different geographic 

origins (Harlan and Martini 1929).  Changes in CCII over 60 generations are described 

by Allard (1988).  Visual observations suggested the general appearance of CCII 

changed little over time, remaining much more variable than landraces or modern 

cultivars.  However, evolution occurred to dramatically improve its ability to survive and 

reproduce in the Davis environment.  These changes were of three main types:  

(i) directional changes in quantitative character expression;  (ii) cumulative directional 

changes in allelic frequencies for discretely inherited characters; and  (iii) incorporation 

of specific alleles into multilocus complexes involving larger and larger gene loci 

numbers. 

Quantitative changes 

CCII remained highly variable for each trait, although variances decreased over 

generations.  Quantitative changes generally favoured phenotypes associated with 

high agricultural performance (Rasmussen 1987).  Directional change was towards 

higher reproductive capacity overall, with greater seeds per spike being the major 

contributor.  This increase was most rapid in the earlier generations (up to about F20), 

but subsequent rates of increase were slower.  Spikes also tended to become heavier 

and more compact.  Seasonal variability of yields over time was also reduced.  This  
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implies that natural selection favoured genotypes stable in reproductive capacity and 

able to produce high yields under a range of seasonal conditions. 

Smaller directional changes resulted in larger leaves, thicker stems (giving greater 

lodging resistance) and longer awns.  Changes in heading date and plant height were 

more erratic but there was a net shift towards later heading and taller plants.  This 

suggests selection for greater competitiveness for light. 

Effects of individual gene loci 

Individual marker genes for 20 polymorphic loci in CCII were found to be under strong 

directional selection.  None of these characters appeared directly related to increased 

fitness.  Rather, marker locus alleles either had a direct pleiotropic effect on high 

reproductive capacity and/or were tightly linked to other loci that had a direct effect.  It 

was also apparent that both genetic recombination and outcrossing rates increased 

with advancing generations (Kahler et al. 1975), suggesting that evolution favoured the 

ability to form novel gametic types. 

Multilocus associations 

Increases in adaptedness of CCII were correlated with the development of clusters of 

alleles of polymorphic loci affecting many different traits and the gradual coalescence 

of clusters into a few large, synergistically interacting complexes.  Although 

observations were based on a limited number of alleles, Allard (1988) suggests that 

such structures would occur across all loci in the genome, arising from the 'super gene' 

effect (Allard 1975), whereby continued selfing causes all loci, including loci on different 

chromosomes, to behave as if they are closely linked.  Artificial directional selection for 

any single trait almost always led to lower reproductive capacity, presumably because 

selecting for only one component disrupted the cohesive structure of the adapted 

multilocus system. 

Suitability of subterranean clover for bulk-hybrid studies 

No bulk-hybrid population studies have been published for subterranean clover or any 

other pasture legume species.  Morley et al. (1962) refer to work in progress with a 

mixture comprised of hybrids from 13 strains but no results were published.  The hybrid 

bulk population breeding method for subterranean clover improvement has previously 

been proposed by Cocks et al. (1982) and Gladstones (1983).  Snaydon (1978) 

suggests the value of natural selection as a pasture plant breeding tool in general has 

been under-estimated. 
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Subterranean clover is an ideal candidate for bulk-hybrid evolutionary studies.  It is an 

annual, a diploid with n = 7 chromosomes, is predominantly self-pollinated and has 

considerable genetic variation for important agronomic characters.  These are all 

characters in common with barley, which Allard (1988) claims is ideally suited to bulk 

hybrid studies. 

Mixed homozygous genotype studies 

Mixed homozygous genotype studies measure composition changes in populations of 

homozygous genotypes of self-pollinated species.  Evolution is measured by changes 

in genotype frequency and inferences can then be made about relative genotype 

adaptation. 

Suitability of subterranean clover for genotypic evolutionary studies 

Subterranean clover is also an ideal candidate for genotypic evolutionary studies.  Its 

wide array of stable characters, including leaf markings, calyx pigmentation, 

formononetin content and time to first flowering, enable homozygous genotypes 

(strains) to be readily distinguished from each other.  Specific studies of subterranean 

clover strain mixtures will be discussed in detail presently.  However, in order to 

examine the complex competitive interactions within homozygous genotype mixtures, it 

is important to understand inter-plant interactions in simple homozygous monocultures. 

Competition within homozygous monocultures 
All plants occupy the same niche in homozygous monocultures (by definition), so all 

inter-plant interactions under conditions of limited resources are competitive.  There are 

three major, often inter-linked, effects of competition (Firbank and Watkinson 1990).  

These are a competition-density effect, self-thinning and variation in plant size.  These 

are discussed with specific reference to annual pasture legumes. 

Competition-density effect 

Increasing plant density results in reduced weight of individual plants.  Donald (1951) 

showed in subterranean clover that a linear relationship occurs between plant density 

and dry weight immediately following germination.  Competition first becomes operative 

at the highest densities and then progressively, with advancing stage of growth, at 

lower and lower densities.  Consequently, herbage production at lower densities 

progressively approaches that at the higher densities.  This effect has also been 

observed in other species including soybeans (Kira et al. 1953) and Bromus sterilis 

(Firbank and Watkinson 1990). 
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Variation in plant size  –  competition for light 

Swards derived from small seeds of subterranean clover have small seedlings and 

produce less herbage initially than those from large seeds (Black 1956, 1957b, 1958; 

Lawson and Rossiter 1958).  Initial growth rates are dependent on seed size (Black 

1956, 1957b).  However, once a critical leaf area index (LAI) has been reached, 

typically increasing from 4 to 7 as the sward develops (Black 1957a, 1958, 1960), 

growth rates slow (Black 1958; Lawson and Rossiter 1958).  Swards derived from 

larger seeds reach this critical LAI sooner than those from smaller seeds and so a 

reduction in growth rates commences sooner.  The net effect is that provided neither 

moisture nor nutrients are limiting, undefoliated swards derived from small seeds will 

eventually catch up to those from large seeds (Black 1957b; Lawson and Rossiter 

1958). 

Subterranean clover plants of different size compete unequally in mixtures.  In 

monocultures sown to mixtures of different seed sizes or to seeds with different times 

of emergence, large plants out-compete smaller ones once canopy closure has 

occurred (Black 1958; Black and Wilkinson 1963).  Plant height, or specifically petiole 

length, is the critical factor determining competitive success.  Plants with long petioles 

tend to intercept most of the incident light and shade out those with shorter petioles.  Of 

paramount importance is the position of leaves in the sward, rather than leaf number.  

Competition is in effect between different leaves (Donald 1963).  Leaf size and petiole 

length are highly correlated (Black 1958; Gladstones 1967; Pecetti and Piano 1998), 

and the combination of both acts to intercept light and shade out smaller plants. 

Self-thinning 

Plant density declines as mean plant size increases, even in the absence of other 

factors (Firbank and Watkinson 1990).  This effect has been demonstrated in over 100 

species (White 1985), including subterranean clover (Black 1958; Westoby 1976).  

Westoby (1981) formulated the self-thinning rule of B = cN-1/2, where B is biomass per 

unit area, N is the density of survivors and c is a constant.  Characteristically it is the 

smaller (Black 1958) and later germinating (Black and Wilkinson 1963) plants that die.  

Larger plants out-compete smaller ones for light.  Positive feedback further 

disadvantages smaller plants.  Once shaded, root growth slows and the ability to take 

up moisture and nutrients is reduced, further weakening the plant (Black 1958; Donald 

1963). 
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Competition within genotype mixtures 
In mixed genotype populations interactions can occur between individuals of different 

genotypes as well as between different individuals of the same genotype.  Goldberg 

and Werner (1983) suggest that competition between different genotypes should be no 

more important or likely than between individuals of the same genotype, particularly 

where mixtures comprise many genotypes.  This is because the possible neighbour 

interactions for any one genotype are manifold, thereby lessening the selection 

pressure between any one pair of genotypes.  Secondly, most plants require similar 

levels of resources, limiting the possibilities for niche separation.  Thirdly, plant size 

typically confers superiority, regardless of genotype identity. 

de Wit (1960) developed experimental designs known as replacement series for 

determining whether two species or genotypes are in competition.  Central to his theory 

is the concept of relative reproductive rate, which is the ability of one component to 

reproduce itself relative to the other component.  If total density remains constant, there 

are three long-term population outcomes.  Firstly, if there is no competition for 

resources and both components have the same reproductive rate, the population will 

remain in equilibrium and both components will co-exist.  Secondly, if there is no 

competition and component A has a higher reproductive rate than component B, then A 

will dominate B. Thirdly, if A is a better competitor for resources than B, it will 

eventually dominate, regardless of relative reproductive rates. 

It follows that in multi-genotype mixtures, some genotype interactions may be 

competitive and some not.  However, unless relative reproductive rates are the same 

and there is no competition between genotypes, the net effect will be changes in 

population composition and hence, evolution.  From a practical sense, it is the outcome 

of relative genotype performance over time that is important, rather than the 

mechanisms involved. 

Strain mixtures of subterranean clover 
Rossiter (1977) defines success of a subterranean clover strain as the long-term mean 

quantity of dry matter produced per annum as a pasture component.  This definition 

approximates that of fitness (Endler 1986).  For single strain swards success can be 

readily determined by summing the total seasonal herbage and clover burr yields.  

Where swards have been grazed, this can include an estimate of feed intake.  For 

mixed-strain swards measurements of success are more difficult.  Rossiter (1977) 

suggests it can be imprecisely measured by ‘long-term mean frequency of seed’ at the  
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end of the growing season.  In this case success directly relates to long-term 

persistence. 

It should be noted that ecological and agronomic success are not necessarily the 

same.  Agronomic success involves additional considerations including ability to 

increase soil N and pasture quality (Rossiter 1977).  Notable exceptions to the nexus 

between ecological and agronomic success are oestrogenicity and disease and pest 

susceptibility.  Thus while a strain may be well adapted to its environment, possession 

of these deficiencies may limit its agronomic worth.  In this thesis success will refer to 

ecological success, unless otherwise stated. 

Composition changes at single sites 

The most extensive strain mixture study was conducted by Rossiter (1966b, 1977).  He 

examined composition changes in a 51-strain mixture over 22 years at Kojonup, 

Western Australia, a site of intermediate growing season length.  The most notable 

observation was that poorly adapted strains were rapidly eliminated from the 

population.  After 22 years, only four strains (each moderately early flowering) existed 

with a frequency of more than 5 per cent.  Of the original 51 strains, only 25 were 

present in seed samples.  The remaining strains, predominantly late maturing, had 

either disappeared or were present in frequencies too low to detect.  Rapid changes in 

population composition and dominance by particular strains have also been observed 

in other multi-strain mixtures (Morley et al. 1962; Rossiter 1977; Cocks et al. 1982; Hill 

and Gleeson 1991; Dear et al. 2001). 

Several binary mixture studies have compared relative success of individual strains.  At 

Kojonup and Bakers Hill, Western Australia, Rossiter (1974) found that both cv. 

Northam and cv. Daliak were more successful than cv. Dwalganup in binary mixtures, 

while cv. Dwalganup was more successful in mixtures than the slow-growing cv. 

Uniwager.  In other mixtures cultivars Daliak and Seaton Park both dominated cv. 

Yarloop over time, with the rate of suppression being much greater with Daliak than 

Seaton Park.  Cultivar Woogenellup also dominated cv. Geraldton (Rossiter and Pack 

1972).  In northern New South Wales Hill and Gleeson (1991) found cv. Clare to 

dominate binary mixtures with both cv. Daliak and cv. Seaton Park. 

There is little information about the relative success of subterranean clover strains in 

mixed populations in short growing season areas.  Dear et al. (2001) found cv. Dalkeith 

more successful than the later flowering cultivars Seaton Park and Goulburn in a three- 
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strain mixture in a low rainfall New South Wales environment.  In binary mixtures with 

the very early flowering strain Carnamah, both Northam and Geraldton were more 

successful (Taylor and Rossiter 1967).  These two cultivars also co-exist successfully 

on wheatbelt farms in Western Australia (Rossiter 1977).  Co-existence between 

cultivars Dwalganup and Geraldton is also common throughout the Western Australian 

wheatbelt (Rossiter 1977). 

Site effects on mixture composition 

The classic study of Morley et al. (1962) demonstrated that different strains dominate 

the same mixture when sown at different sites.  Mixtures of 13 subterranean clover 

strains were sown in a range of environments in New South Wales and monitored over 

4 years.  Population composition changed rapidly at each site with a trend towards 

dominance by a single strain, which differed between sites.  Dear et al. (2001) also 

found that cv. Goulburn dominated a mixture with cvs. Seaton Park and Dalkeith at a 

high rainfall site, while Dalkeith dominated the mixture at a lower rainfall site.  Similar 

results in comparable multi-site mixture experiments have been found with barley 

(Harlan and Martini 1938; Suneson and Wiebe 1942) and with wheat (Khalifa and 

Qualset 1974).  These experiments clearly indicate the outcomes of strain mixture 

experiments are site specific. 

Effect of growing season length  –  relationship to flowering time 

Morley et al. (1962) and Dear et al. (2001) concluded that climate, particularly soil 

moisture availability in spring, was the major factor in determining population 

composition.  The proportion of later and midseason genotypes was greater at sites 

with long growing seasons, while the proportion of early flowering genotypes was 

greater at short growing season sites.  Similar observations have been found by Piano 

(1984) and Piano et al. (1993, 1996) for Italian ecotypes of subterranean clover.  In 

short growing season environments early flowering strains have a distinct advantage, 

as they have greater time to produce sufficient seed for regeneration than later 

flowering strains. 

Effect of soil type 

Conflicting results have been shown for soil type effects on mixture composition.  On 

the one hand Rossiter (1977) found differences in relative strain performance in a 

10-strain mixture when grown on four different soil types at Bakers Hill, Western 

Australia.  The competitive relations between Geraldton and Woogenellup in binary 

mixtures were also altered on different soil types (Rossiter and Pack 1972).  However,  
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Morley et al. (1962) found that soil type within locations generally had little effect on 

population composition.  Cocks et al. (1982) also found no relationship between strain 

success and any soil attributes. 

Interactions occur between subspecies success and soil factors.  At waterlogged sites, 

members of subspecies yanninicum contribute a much higher proportion to mixtures 

with ssp. subterraneum strains than at corresponding free-draining sites (Morley et al. 

1962; Rossiter 1977; Cocks 1994).  This is not unexpected due to the tolerance of this 

subspecies to waterlogging (Francis and Devitt 1969).  In the experiment of Morley 

et al. (1962) cv. Clare, the only member of subspecies brachycalycinum in their 

mixture, occurred in higher proportions on a heavier, moderately alkaline site than at a 

more acidic granitic site close by.  Hill and Gleeson (1991) also noted that cv. Clare 

was more successful on a clay soil than cultivars Daliak and Seaton Park.  These 

observations confirm that ssp. brachycalycinum is better adapted to these soil types 

(Katznelson and Morley 1965b, Bolland 1987b) than the other subspecies. 

Co-existence in mixtures 

Rossiter (1966b) argues three cases, metastable equilibrium, spurious cohabitation 

and stable equilibrium, in which several strains can co-exist indefinitely.  For this to 

happen, the de Wit (1960) situation of no inter-strain competition must occur and 

strains, by definition, must occupy different micro-niches. 

Spurious cohabitation occurs when strains become associated with specialised micro-

habitats Harper (1980).  There is evidence that this occurs at the subspecies level 

within subterranean clover.  In particular, ssp. subterraneum and ssp. yanninicum 

occupy different micro-niches within the same paddock related to localised soil 

moisture effects.  Cocks (1994) found spatial heterogeneity with elevation above the 

zone of winter waterlogging.  Here, the proportion of ssp. subterraneum increased with 

elevation, while that of ssp. yanninicum decreased.  Rossiter and Palmer (1981) 

observed the classic de Wit (1960) situation of equal competition for seed production in 

binary mixtures of the ssp. subterraneum strain Seaton Park with that of ssp. 

yanninicum strain Yarloop, implying they occupy different micro-niches.  In native 

Mediterranean pastures, sympatric populations of ssp. subterraneum with both ssp. 

yanninicum and ssp. brachycalycinum are also common (Katznelson 1974; Piano 

1984; Piano et al. 1993). 
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There is limited information about spatial distribution trends of strains within a paddock.  

Cocks (1992a) found negative correlations between flowering time and elevation 

among naturalised strains within a paddock.  Here natural selection acted to favour 

plants with flowering times appropriate to different micro-environments.  Earlier 

flowering genotypes were favoured on the drier hilltops, while later flowering types 

were favoured in the valleys where soil moisture availability was longer.  However, 

Rossiter (1966b) found no spatial distribution trends among strains in his 51-strain 

mixture. 

Metastable equilibrium arises from fluctuating selection intensities.  Morley et al. (1962) 

found changes in population composition over 4 years corresponding to seasonal 

fluctuations in New South Wales.  At relatively stable sites, such as spring irrigated 

plots, composition fluctuated less widely between seasons than in less stable dryland 

sites and the drift towards strain purity was stronger.  Such large fluctuations were not 

noted by Rossiter (1966b), presumably because of the greater stability of the 

mediterranean climate at his Western Australian sites (Cornish 1985).  It is quite 

possible the fluctuations in the population compositions of Morley et al. (1962) merely 

delayed the approach to strain purity and they in fact were not in equilibrium.  If they 

are in equilibrium, it implies that strains occupy different temporal micro-niches.  

Longer-term studies are required to determine this. 

Rossiter (1966b) suggests stable equilibrium is another situation of indefinite 

co-existence, arising from strains having different controlling factors.  While this may 

well occur at the species level, where each occupies a different niche, it is difficult to 

see how this would operate between strains.  Rossiter (1966b) gives the example of 

temporal sharing of the light environment.  However, several studies (Black 1960, 

1963; Rossiter and Pack 1972; Rossiter 1974; Burch and Andrews 1976; Cocks et al. 

1982; Hill and Gleeson 1991; Cocks 1992a; Dear et al. 2001) have shown that 

temporal light sharing does not occur and that long-petioled strains tend to shade out 

and suppress growth of shorter-petioled strains.  Similarly, all strains are likely to have 

similar requirements for moisture and nutrients at the same time. 

Factors important for strain success in mixtures 
Rossiter (1977) lists 34 characteristics with possible importance for success in mixtures 

(Table 2.2).  Some of these have been examined, but in many cases trends are 

inconsistent between studies. 
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Table 2.2. Plant characteristics listed by Rossiter (1977) with a possible role in determining 
success of subterranean clover strains in strain mixtures 

Reproductive stage characters 
Seed production capacity 
Flowering time 
Rate of flowering 
No. seeds/burr 
Hardseededness 
Embryo dormancy 
Rate of seed development 
Reliability of seed production 
Seed size 
Above-ground seed-setting ability 
Capacity for burr burial 
Over-summering seed losses 
Internode length 
Runner thickness 
Compactness of growth 
Recovery from stress during seed development 
Coarseness of burrs 
Quality of dry summer feed 

Vegetative stage characters 
Seedling establishment capacity 
Leaf size 
Petiole length 
Petiole thickness 
Tolerance to low nutrient supply (e.g. P and K) 
Winter growth rate 
Frost tolerance 
Waterlogging tolerance 
Palatability 
Grazing tolerance 
Oestrogenic activity (% formononetin) 

Disease and pest resistance 
Clover stunt virus 
Red leaf virus 
Clover scorch (Kabatiella caulivora) 
Root rots 
Redlegged earth mite 

Seed producing capacity (SPC) 

Rossiter (1966b) initially proposed that success of a subterranean clover strain in a 

mixed pasture was determined by its seed producing capacity (SPC) when grown in a 

pure sward.  He inferred that high seed producing strains will be the most successful 

when mixed with those of lower seed production.  His views were later modified 

(Rossiter 1977) to suggest that provided a threshold is reached, below which a strain  
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fails, SPC is of no great importance.  For medium rainfall environments Rossiter (1977) 

proposed a threshold SPC in the order of 600 kg/ha.  He noted, however, that some 

strains with high success in pure swards often failed in mixed-strain swards.  For 

example, the strains Daliak, Seaton Park, Yarloop and Dinninup all exceeded the 

critical SPC when grown in pure swards at Bakers Hill, Western Australia.  However, in 

a mixture of these strains only Dinninup was successful after eight years.  Cocks et al. 

(1982) also found SPC was not an important determinant of success in mixtures in a 

high rainfall environment.  Clearly other factors also affect relative strain success. 

The concept of a critical SPC is rather simplistic as it is likely to vary between locations, 

seasons and farming systems.  For example, a late flowering strain may produce 

above the critical SPC in a long growing season environment, but below it in a shorter 

season environment.  Critical SPC is also likely to be lower where frequent cropping is 

practiced.  It can be argued that it is the relative difference in seed production between 

strains, rather than absolute amounts produced in pure swards that is important for 

success in mixed populations.  These relative differences will vary according to climatic 

and environmental conditions.  Consequently the term ‘relative reproductive rate’, as 

used by de Wit (1960), may be preferable to SPC. 

Petiole length  -  competitiveness for light 

In much the same way that large plants out-compete smaller ones in strain 

monocultures (Black 1958; Black and Wilkinson 1963), strains with the longest petioles 

tend to suppress growth of other strains, a process referred to as over-topping 

(Rossiter and Pack 1972).  This was first illustrated by Black (1960), who showed the 

long-petioled Yarloop strain strongly suppressed growth of the shorter-petioled 

Tallarook strain in undefoliated binary mixtures.  There was also a significant loss of 

Tallarook plants due to shading effects.  Black (1961) showed that even very low 

proportions of Yarloop were sufficient for suppression of Tallarook.  Over-topping has 

also been demonstrated in other binary mixtures by Rossiter and Pack (1972), Rossiter 

(1974), Burch and Andrews (1976) and Hill and Gleeson (1991).  The key to success is 

the position of leaves above the canopy of the alternative strain to intercept the majority 

of light. 

Defoliation or grazing regimes can have a major influence on competitive relations 

between sward components, by modifying the light environment in the sward.  Rossiter 

and Pack (1972) demonstrated that over-topping of cv. Geraldton by the long-petioled 

cv. Woogenellup was reduced by grazing.  If defoliation intervals are of sufficient  
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duration, long-petioled strains are still able to over-top shorter-petioled strains (Black 

1963).  If a small proportion of leaves of an initially suppressed type are able to 

intercept some light, reversal of dominance is also possible later in the season 

(Williams 1963).  Black (1963), Rossiter (1976) and Rossiter and Collins (1980) also 

showed inverse relationships between petiole length and rate of recovery following 

defoliation.  Rossiter (1966b) concluded that under moderately high stocking rates, 

petiole length in fact plays no apparent role in strain success. 

Multi-strain mixtures have provided conflicting evidence for the importance of petiole 

length for long-term success.  Cocks et al. (1982) found long petioles and high herbage 

production in winter important for success.  However, neither Rossiter (1966b) nor 

Cocks (1992a) found winter petiole length important.  Neither did they find petiole 

length in spring important for success.  However, in the latter case, the late flowering 

strains failed in their studies, not because they had long petioles in spring, but because 

they flowered too late for reliable seed production at their sites of intermediate growing 

season length.  Cocks et al. (1982) did not measure petiole length in spring, but found 

that leaf area in spring was unimportant for success in a long growing season 

environment.  However, all strains in their trial were late maturing and leaf size 

differences were small.  Rossiter (1977) subsequently concluded that over-topping was 

important during seed set in spring. 

It is apparent these studies have not adequately distinguished between differences in 

the importance of petiole length in winter or spring.  Furthermore, sites were grazed in 

each study, negating any possible advantage of longer-petioled types. 

Flowering time 

Flowering time is the most important determinant of SPC (or relative reproductive rate) 

in any given environment (Rossiter 1977).  In intermediate growing season 

environments, early flowering and midseason strains are often able to reach their 

critical SPCs, whereas later flowering ones have insufficient time prior to the onset of 

summer drought to maximise seed production Rossiter (1959, 1966b, 1977) Thus, 

early and midseason strains are more successful in these environments in both 

monocultures and mixtures.  Similarly, in low rainfall environments only early flowering 

strains are able to reach their critical SPC (Taylor and Rossiter 1967).  Success is still 

possible in strains which flower a little late for maximum seed production (Rossiter 

1977).  This may occur because later strains inhabit moist micro-environments (Cocks  
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1992a) or have higher dormancy levels (Venable and Brown 1988) and build up seeds 

in years of above average rainfall. 

Flowering time also determines maximum petiole length and, therefore, the ability to 

compete for light.  Provided moisture and nutrients are non-limiting, petiole length 

increases with each successive node along a stem, reaching a maximum at early 

flowering and then becoming progressively shorter (Gladstones 1967).  Therefore, later 

flowering strains tend to have longer and thicker petioles and correspondingly larger 

leaves at flowering than earlier flowering strains (Gladstones 1967; Rossiter 1977; 

Pecetti and Piano 1998).  Root weight is related to maturity (Lawson and Rossiter 

1958) and the ability to take up moisture late in the season further compounds the 

greater competitiveness of later flowering strains when moisture is non-limiting. 

Natural selection acts strongly in mixtures to favour strains with an appropriate 

flowering time for their environment (Morley et al. 1962; Rossiter 1966b, 1977; Cocks 

and Phillips 1979; Cocks 1992a; Dear et al. 2001).  Thus on average, early flowering 

strains are the most successful in short season environments, early and midseason 

strains are the most successful in intermediate environments, and midseason and later 

flowering strains are the most successful in long season environments.  However, even 

in long growing season environments some strains can flower too late for success 

(Cocks et al. 1982). 

Hardseededness 

There is some evidence from strain mixtures that high hardseededness is important for 

success in low rainfall areas.  The poor performance of the Carnamah strain in binary 

mixtures with cultivars Northam and Dwalganup was attributed to its soft-seededness 

(Taylor and Rossiter 1967).  Ecotypic studies (Gladstones 1967; Piano 1984; Piano et 

al. 1993, 1996; Ehrman and Cocks 1996) also support this.  Lodge (1994) also showed 

selection for higher hardseededness within variants of cv. Clare in a summer-dominant 

rainfall environment.  However, high hardseededness is not important for success in 

long growing season areas (Cocks et al. 1982).  Neither does it appear very important 

in intermediate rainfall environments (Rossiter 1966b, 1977; Cocks 1992a).  However, 

Rossiter (1977) notes that extremely soft-seeded strains tend not to be successful in 

such environments. 
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There is no information on the effects of natural selection on the patterns of hardseed 

breakdown or any of the other germination regulating mechanisms in subterranean 

clover. 

Seed and seedling characters 

There is conjecture on the significance of seed and seedling size on the relative 

success of subterranean clover strains.  Rossiter (1966b) found no evidence that seed 

size was related to success.  Cocks et al. (1982) on the other hand, found successful 

ssp. brachycalycinum and ssp. yanninicum strains had large seeds, while successful 

ssp. subterraneum strains had small seeds.  They suggested small ssp. subterraneum 

seedlings might be favoured through escape from grazing.  However, Cocks (1992a) 

and Lodge (1994) found selection pressure towards higher seed weights among 

divergent strains of ssp. subterraneum and ssp. brachycalycinum, respectively.  

Clearly, further research is needed to clarify the ecological importance of seed size. 

Burr burial 

There is little information on the importance of burr burying ability for success in 

mixtures.  Cocks et al. (1982) found it was generally important in a long growing 

season environment.  Contrary to expectations, the most successful ssp. subterraneum 

strains tended to have poor burr burial, while the most successful ssp. brachycalycinum 

strains tended to have reasonable burr burial.  Although Cocks (1992a) did not 

measure burr burying ability itself, he noted there was no directional selection for 

peduncle length among divergent strains.  No studies have been conducted to examine 

the importance of burr burying ability for strain success in low rainfall environments. 

Oestrogenic isoflavones 

There is considerable speculation about the importance of oestrogenic isoflavones for 

strain success.  Among divergent strains Rossiter and Collins (1988b) found no 

selective advantage for high formononetin content, while Cocks (1992a) found 

selection towards low formononetin.  In contrast, Cocks et al. (1982) found strain 

success was related to high formononetin content.  Cocks (1992a) found a trend 

towards higher genistein content among divergent strains and suggests it has greater 

evolutionary importance than formononetin.  However, neither Biochanin A nor total 

isoflavone contents were subject to directional selection in his study.  Cocks et al. 

(1982) found subspecies differences for genistein and biochanin A contents.  

Successful ssp. subterraneum strains had low genistein and high biochanin A, while 

successful ssp. brachycalycinum strains had high genistein and low biochanin A.  
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However, no evolutionary conclusions can be made for ssp. brachycalycinum, as all 

strains had this isoflavone pattern. 

Nutrient uptake 

Cocks et al. (1982) found successful ssp. subterraneum strains had relatively high 

phosphorus and sulphur uptake ability, whereas successful ssp. brachycalycinum and 

ssp. yanninicum strains had low uptakes.  However, these observations may well be 

related to rooting depth, with ssp. subterraneum having deeper roots than ssp. 

yanninicum (Francis and Devitt 1969) (and probably of ssp. brachycalycinum) strains of 

similar maturity. 

Other characters 

The other 26 characters listed by Rossiter (1977) as possibly having importance for 

strain success (Table 2.2) have not been examined.  He notes that several strains are 

successful despite some conventionally bad attributes, but the reasons for their 

success are not known.  Clearly there is a need to examine the importance of a wide 

range of characters, in addition to more detailed studies of the importance of petiole 

length, hardseededness, seed and seedling size, burr burial, isoflavone contents and 

nutrient uptake.  Furthermore, a greater understanding of the relative importance of 

each of these characters in different environments is required. 

6. Conclusions 
Most evolutionary studies have been conducted in the absence of data from ancestral 

populations; evolutionary trends in such cases can only be inferred.  Allochronic 

evolutionary studies, whereby data is obtained from both ancestral and derivative 

populations, provide the opportunity to measure evolutionary change directly.  The 

sowing of genetically diverse populations provides a means to conduct these studies. 

Subterranean clover is an ideal species for studying evolution in diverse populations of 

mediterranean annual legumes.  It has features characteristic of many mediterranean 

annual species, has a wide range of diversity for both qualitative and quantitative 

characters and there is considerable literature concerning its agronomy and ecology.  

Being predominantly self-pollinated, the fate of individual strains over time can be 

followed.  It can also be readily hybridised to produce genetically diverse segregating 

mixtures for bulk-hybrid population studies. 

Evolution in has been demonstrated in several strain mixtures of subterranean clover 

(Morley et al. 1962; Rossiter 1966b, 1977; Cocks et al. 1982; Dear et al. 2001).  In 
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each case population composition changed rapidly to favour particular strains.  While 

the studies of Rossiter (1966b, 1977), Cocks et al. (1982) and Cocks (1992a) identified 

some factors important for strain success at individual sites, their results are only 

applicable to their particular experimental sites and to other similar environments.  

Furthermore, no strain mixture studies have been conducted in short growing season 

environments.  The multi-site strain mixture experiments of Morley et al. (1962) and 

Dear et al. (2001) demonstrated that different strains dominate each site.  Flowering 

time and its relationship to soil moisture availability in spring was the main factor 

determining population composition.  However, neither experiment measured other 

characters that may have contributed to success in each environment. 

To date no bulk-hybrid population studies have been conducted with subterranean 

clover or any other pasture legume.  These provide a greater opportunity for natural 

selection to act and for measurement of evolutionary change.  In contrast to the 

restricted diversity in strain mixtures, bulk-hybrid populations contain a continuum of 

variability.  Phenotypic changes over time can, therefore, provide a more precise 

measure of the importance of those characters. 

Flowering time is the most important determinant of strain success.  This relationship is 

well understood as a compromise between the plant remaining vegetative for long 

enough to maximise its competitive ability for light on the one hand (Black 1958, 1960, 

1961), and maximising seed production prior to the onset of the summer drought on the 

other (Rossiter 1959, 1966b, 1977).  Early flowering is favoured in short growing 

season areas, while late flowering is favoured in long growing season environments 

(Morley et al. 1962; Piano 1984; Piano et al. 1993, 1996; Ehrman and Cocks 1996).  

Population variability also declines with increasing aridity (Ehrman and Cocks 1996; 

Piano et al. 1996; Norman et al. 2002a). 

Hardseededness in annual legumes tends to increase with increasing aridity (Smith 

et al. 1996; Ehrman and Cocks 1996; Piano et al. 1996) as a means of spreading risks 

over several seasons.  However, the relative importance of hardseededness for 

success of subterranean clover in different environments is poorly understood. 

The relative importance of oestrogenic isoflavones, petiole length, hardseededness, 

seed and seedling size and burr burial for ecological success is in dispute.  A further 26 

characters listed by Rossiter (1977) as possibly having importance for strain success 

have not been examined.  Clearly there is a need to examine a wide range of 
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characters of potential agronomic significance.  This should also be conducted in 

contrasting environments to determine their relative importance in each case. 

It is apparent that two competing processes act in the evolution of genetically diverse 

sown populations of self-pollinated annuals.  On the one hand, there is an initial 

reduction in diversity during the colonisation process, as the least fit genotypes are 

eliminated from the population.  This is in accordance with the Darwinian theme of 

survival of the fittest.  The subterranean clover mixture studies of Morley et al. (1962), 

Rossiter (1966b, 1977) and Cocks et al. (1982) and the barley studies of Harlan and 

Martini (1938) and Suneson and Weibe (1942) demonstrate this.  On the other hand, 

there is the development of new variability through outcrossing between successful 

genotypes, upon which natural selection can act, and the fixing of adaptive multigene 

complexes through continued self-pollination (Allard 1975).  Divergent strains in old 

sown pastures (Cocks and Phillips 1979; Cocks et al. 1982; Rossiter and Collins 

1988a, 1988b; Cocks 1992a; Lodge 1994) are evidence of this process. 

The long-term outcome of evolution within mixed subterranean clover populations is 

beyond the scope of this thesis.  However, it is tempting to speculate that similar 

population structures to those of native populations in the Mediterranean region will 

eventually evolve.  Here the opposing forces of survival of the fittest and generation of 

new diversity have presumably operated for millennia.  Such native populations are 

typically diverse (Piano 1984; Piano et al. 1993, 1996; Pecetti and Piano 2002), able to 

occupy different micro-niches both spatially and temporally.  In this way population 

fitness as a whole is maximised. 

Scope of thesis and hypotheses 
This thesis will examine evolution over 16 years in two genetically diverse populations 

of subterranean clover sown at a long and a short growing season site in south-west 

Western Australia.  The first population consists of a mixture of 40 strains.  The other is 

a bulk-hybrid population consisting of F2 seed from 253 crosses.  The following general 

hypotheses are posed: 

1. Natural selection on an initially diverse population will result in evolution of 
different populations in contrasting environments. 

2. The rate of evolution will be greatest in the initial stages. 

3. Mean population flowering time will differ in contrasting environments in 
response to natural selection. 
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4. Factors leading to persistence will be more important in the more arid 
environment. 

5. Factors leading to productivity will be more important in the more favoured 
environment. 

6. Greater population diversity will be maintained in the more favourable 
environment. 
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CHAPTER 3.  LONG-TERM CHANGES IN STRAIN FREQUENCIES 

OF MIXED STRAIN SWARDS OF SUBTERRANEAN CLOVER 

Abstract 
Strain frequencies were measured over 17 years in a subterranean clover population 

consisting of 40 diverse strains sown at Mt Barker (mean annual rainfall 743 mm) and 

Nabawa (454 mm).  Seed that had been harvested annually was grown in a common 

garden at Shenton Park for strain identification. 

Three different measures were used to determine the relative ecological success of 

strains:  (i) time to elimination of strains from the population;  (ii) relative seed bank 

contribution; and  (iii) a Success Index, which took into account apparent seed 

proportion differences in the original mixture.  Both relative seed bank contribution and 

the Success Index procedures identified the most successful strains.  However, time 

for strain elimination only identified poorly adapted strains. 

Changes in population composition were rapid at both sites due to elimination of poorly 

adapted strains.  Different strains also became dominant at each site.  After 16 years of 

near-continuous pasture at the wet Mt Barker site, only five strains (Trikkala, Dinninup, 

Midland-B, Woogenellup and Yarloop) were considered successful using each method.  

At the more arid site of Nabawa, five strains (Northam-E, Gingin Brook, Nungarin, 

Bellevue and Northam) were successful using each method.  The main impetus for 

strain success was the matching of flowering time to growing season length.  Thus the 

most successful strains at Nabawa were early flowering, while those at Mt Barker were 

midseason and late flowering.  Short-term success was also a reasonable predictor of 

long-term success; strains that were successful after 16 years had also been 

successful 3 years after sowing. 

Divergent strains, those not identical to any of the sown strains, made up a significant 

proportion of the population at Mt Barker and to a lesser extent at Nabawa.  There was 

no evidence for continuing evolution of new divergent strains at Mt Barker with the 

dominant types being found in the surrounding paddock. 
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Introduction 
Subterranean clover (Trifolium subterraneum L.) is the most important pasture legume 

species in southern Australia, having been sown over more than 22 million ha (Sandral 

et al. 1997).  A native of the Mediterranean basin and surrounding areas, it was 

accidentally introduced into Australia in the 19th century (Gladstones 1966) and was 

subsequently commercialised from the early 1900s (Adams 1924).  To date 40 cultivars 

have been commercialised.  Together with the use of superphosphate and trace 

elements, subterranean clover has been a key factor in improving and maintaining soil 

fertility, with consequent benefits to both cropping and livestock industries. 

In the early days of its cultivation, most sowings of subterranean clover were on newly 

cleared land and used one or perhaps two cultivars.  However, with little land now 

being cleared in southern Australia, most new sowings are into existing pastures and 

new cultivars generally have to compete with existing ones.  Little attention has been 

devoted to genotype selection in competition with existing strains.  Cocks (1992a) 

highlights the need for a better understanding of the genetics of mixtures and how it 

interacts with environmental variation. 

Rossiter (1966b) defines ecological 'success' as ‘the long-term mean quantity of dry 

matter produced per annum by a given strain as a pasture component’.  For single 

strain swards this can be readily determined by summing the total seasonal herbage 

and clover burr yields.  For mixed-strain swards, where direct measurements of strain 

success are not feasible, Rossiter suggests that the long-term mean frequency of seed 

at the end of the growing season is a less precise but satisfactory measure of success.  

Gladstones (1983) states that “Given satisfactorily low oestrogen content, the best 

cultivar for an environment will be the latest maturing (and therefore potentially the 

most productive) which will reliably compete and persist as a dense sward over the 

required life of the pasture within the rotation practised”. 

Morley et al. (1962) were the first to publish results of field experiments with mixtures of 

subterranean clover strains.  Their experiments involved a mixture of 13 strains sown in 

a range of environments in New South Wales.  They found that moisture availability in 

spring was the main factor determining population composition and that the proportions 

of early flowering strains decreased with increasing length of growing season.  Similar 

results were found by Dear et al. (2001) using a 3-strain mixture.  However, these 

studies only monitored population composition over three to four years and did not  
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examine characters relating to success at each site.  Rossiter (1966b) monitored the 

population composition of a 51-strain mixture at Kojonup, Western Australia over 10 

years.  He concluded that the main determinant for strain success under grazing was 

its seed producing capacity when grown in a pure sward.  His views were later modified 

after a further 12 years of observations to suggest that, provided a threshold is reached 

below which a strain fails, seed production capacity is of no great importance (Rossiter 

1977).  Several other studies (Cocks and Phillips 1979; Cocks et al. 1982; Cocks 

1992a) examined factors affecting success of subterranean clover.  However, these 

studies did not compare strain performance in contrasting environments. 

This chapter reports on the results of an experiment where 40 strains of subterranean 

clover were sown at two sites and the change in composition studied over 17 years.  

An index of ecological success was calculated for each strain at each site and the 

performance of the strains compared.  Subsequent chapters will examine the 

characteristics of the successful strains. 

Materials and Methods 

Mixture sites 
The mixtures were sown at Mount Barker Research Station (34o 38’S, 117o 33’E), 

350 km south of Perth and Chapman Research Station, Nabawa (28o 30’S, 114o 47’E), 

470 km north of Perth (Figure 3.1), chosen to represent long and short growing 

seasons respectively.  The long-term mean annual rainfall at Nabawa is 454 mm, and 

at Mt Barker is 743 mm.  Mean maximum and minimum temperatures at both sites are 

shown in Figure 3.2. 

 

Figure 3.1. Location of the experimental sites in south-west Western Australia. 



CHAPTER 3 

 

76 Phil Nichols 

Month

Jan Feb March April May June July Aug Sept Oct Nov Dec

Te
m

pe
ra

tu
re

 (o C
)

0

5

10

15

20

25

30

35

40

Nabawa maximum 
Mt Barker maximum 
Nabawa minimum 
Mt Barker minimum 

 
Figure 3.2. Mean long-term monthly maximum and minimum temperatures for Nabawa and 

Mt Barker (data from the Australian Bureau of Meteorology). 

A soil moisture balance model, using weekly rainfall recordings and long-term mean 

weekly evaporation (Epan) levels, was constructed for Nabawa and Mt Barker to 

estimate growing season length and time to onset of soil water deficit in spring.  A 

maximum soil water holding capacity of 75 mm was used for both sites.  Weekly soil 

moisture balance was calculated as the cumulative difference between rainfall input 

and an indexed evaporative loss of 1.21 x Epan0.75 (Prescott 1934). 

The Mt Barker site was cleared in the early 1950s.  It was originally sown to 

subterranean clover cv. Mt Barker and had been over-sown to cv. Woogenellup prior to 

1974.  The site remained as pasture until 1977, when it was sown to oats.  Few records 

have been kept of the early history of the Nabawa site.  It is known that the paddock 

was sown to cv. Geraldton in 1972 and remained in pasture until it was sown to wheat 

in 1976 and lupins in 1977.  Both sites were selected on the basis of low background 

clover seed banks but actual levels were not measured prior to commencement of 

experiments. 

Both strain mixture trials were sown in 1978 and occupied 0.4 ha.  Alongside each trial, 

separated by a gap of 2 m, was sown a bulk-hybrid trial consisting of a mixture of 

segregating F2 seed (discussed in Chapter 7).  These also occupied 0.4 ha.  The trials  
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within each site were managed in common.  The Mt Barker site was sown on 17 May, 

while the Nabawa site was sown on 1 June.  Seed was drilled in by combine seeder at 

a rate of 25 kg/ha with 165 kg/ha of plain superphosphate.  Plain superphosphate was 

also applied each successive autumn at a rate of 100 kg/ha.  Trial blocks were fenced 

off but were grazed by sheep in conjunction with the surrounding paddock in each 

case.  Grazing by cattle also occurred sometimes at Mt Barker.  Plate 3.1 shows the 

mixture block at Mt Barker.  

Accurate grazing records were not kept, but management approximated local district 

practices, consisting of a mixture of set stocking and rotational grazing.  Grazing 

pressures were low to moderate during the growing season but all plant residues were 

removed by heavy grazing in early summer.  In 1991 and 1994 the Nabawa site was 

cropped to wheat and the Mt Barker site was cropped to oats.  Subterranean clover 

germinating in these years was killed by cultivation and herbicides.  In 1979 the 

surrounding Mt Barker paddock was over-sown to subterranean clover cv. Trikkala and 

in 1985 to a mixture of subterranean clover cvs Esperance, Karridale and Junee.  

Subterranean clover was not sown adjacent to the Nabawa site during the experiment. 

 

Plate 3.1. The mixture site at Mt Barker.  The 40-strain mixture was located in the foreground, with 
the bulk hybrid mixture located behind it. 
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Soils at both sites were sampled in January 1994 in a grid pattern, by taking ten 

0.50 dm2 cores to an approximate depth of 10 cm.  Soils were analysed by CSBP and 

Farmers Ltd, Perth and the results are presented in Table 3.1. 

Table 3.1. Soil characteristics of the top 10 cm of soil of the Nabawa and Mt Barker mixture sites 
sown in 1978.  Data from Wesfarmers CSBP Ltd, Perth, Western Australia 

 Texture Gravel 
% 

Phosph-
orous1 

mg/kg 
Nitrate2 

mg/kg 
Amm-
onium2 

mg/kg 

Potass-
ium1 

mg/kg 
Sulphur3 

mg/kg 
Organic 
carbon4 

% 
Iron5 

mg/kg 
Cond-

uctivity6 

dS/m 
pH6 

CaCl2 

Nabawa Loam 0 13 5 20 340 5.44 0.87 410 0.0526 4.81 

Mt Barker Loamy 
sand 30-35 36 10 14 45 4.0 4.60 1024 0.0458 4.29 

1  Colwell (1963). 
2  Searle (1984). 
3  Blair et al. (1991). 
4  Walkley and Black (1934). 
5  Soils tumbled with Tamm’s reagent for 1 hour in a soil:solution ratio of 1:33.  Iron concentration is  
    determined using a flame atomic absorption spectrophotometer at 248.3 nm. 
6  Rayment and Higginson (1992). 

Table 3.2 gives the identity, the subspecies of Trifolium subterraneum to which they 

belong, and the origin of the 40 strains in the original mixture.  Although the majority of 

strains belong to ssp. subterraneum, cv. Clare and CPI 15080B belong to ssp. 

brachycalycinum and cvs Trikkala, Yabba North and Yarloop belong to ssp. 

yanninicum.  The naturalised strains from Western Australia have been described by 

Gladstones (1967) and Gladstones and Collins (1983, 1984), and those from eastern 

Australia by Aitken and Drake (1941).  Seven genotypes, identified here by their 

Commonwealth Plant Introduction (CPI) numbers, were collected from the 

Mediterranean region.  Thirteen of the 40 strains are registered cultivars in Australia 

(Oram 1990). 

All seed for the mixture was produced in 1977 at Medina Research Station, 40 km 

south of Perth.  Each strain was grown in individual single rows that were weeded, 

fertilised and irrigated to maximise seed production.  Seed of all varieties was mixed in 

equal proportions by weight.  A sample was retained and stored at 4oC. 
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Table 3.2. Identity, subspecies and origin of the 40 strains sown in the Original mixture at Nabawa 
and Mt Barker 

Strain Subspecies Origin 
Bacchus Marsh* subterraneum Naturalised strain (Victoria) 
Baulkamaugh subterraneum Naturalised strain (Victoria) 
Bellevue subterraneum Naturalised strain (Western Australia) 
Blackwood subterraneum Naturalised strain (Western Australia) 
Clare* brachycalycinum Naturalised strain (South Australia) 
Collie-A subterraneum Naturalised strain (Western Australia) 
CPI 12709 subterraneum Introduction (Greece) 
CPI 15080B brachycalycinum Introduction (Turkey) 
CPI 15259C subterraneum Introduction (Spain) 
CPI 19447A subterraneum Introduction (Cyprus) 
CPI 47308C subterraneum Introduction (Italy) 
CPI 65321B subterraneum Introduction (Morocco) 
CPI 65332A subterraneum Introduction (Morocco) 
Crawley subterraneum Naturalised strain (Western Australia) 
Daliak* subterraneum Naturalised strain (Western Australia) 
Dinninup* subterraneum Naturalised strain (Western Australia) 
Geraldton* subterraneum Naturalised strain (Western Australia) 
Gingin subterraneum Naturalised strain (Western Australia) 
Gingin Brook subterraneum Naturalised strain (Western Australia) 
Horsham subterraneum Naturalised strain (Victoria) 
Lake Claremont subterraneum Naturalised strain (Western Australia) 
Marradong subterraneum Naturalised strain (Western Australia) 
Midland-B subterraneum Naturalised strain (Western Australia) 
Mt Barker* subterraneum Naturalised strain (South Australia) 
Mt Helena-A subterraneum Naturalised strain (Western Australia) 
Mulwala subterraneum Naturalised strain (New South Wales) 
Nangeela* subterraneum Naturalised strain (Victoria) 
Northam* subterraneum Naturalised strain (Western Australia) 
Northam-C subterraneum Naturalised strain (Western Australia) 
Northam-E subterraneum Naturalised strain (Western Australia) 
Northam-F subterraneum Naturalised strain (Western Australia) 
Nungarin* subterraneum Cross-bred cultivar 
Seaton Park* subterraneum Naturalised strain (South Australia) 
Shenton Park-A subterraneum Naturalised strain (Western Australia) 
Toodyay-B subterraneum Naturalised strain (Western Australia) 
Trikkala* yanninicum Cross-bred cultivar 
Walebing subterraneum Naturalised strain (Western Australia) 
Woogenellup* subterraneum Naturalised strain (Western Australia) 
Yabba North yanninicum Naturalised strain (Victoria) 
Yarloop* yanninicum Naturalised strain (Western Australia) 

*  Registered cultivar in Australia. 
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Seed sampling and storage 
Seed samples were collected in 1978-1994, except the cropped year of 1991 each 

summer in December or January.  Samples were also taken from Mt Barker in 1995.  

Each sample consisted of 20 quadrats, each of 20 dm2, to a depth of approximately 

5 cm and taken in a grid fashion across each site.  Edges of the trial blocks were 

avoided so as to limit contamination from the adjacent bulk hybrid trial and from the 

surrounding paddock. 

Samples were sieved in a 1.5 mm sieve to remove excess soil, bulked and brought 

back to Perth where seed was threshed from burrs mechanically.  For samples 

collected from the 1978 and 1979 seasons, debris was removed by soaking seed in 

perchlorethylene.  This practice was discontinued upon realisation that it destroyed 

seed viability.  In later years debris was removed by hand-sorting.  Clean seed samples 

were weighed and total seed yields determined.  Samples were then sealed in 

aluminium foil packets and stored at 4oC. 

Identification of strains 
Seed samples from 1978-1993 were examined in 1994 at the University of Western 

Australia Field Station at Shenton Park (31o57’S, 115o50’E), located 7 km west of Perth 

(Figure 3.1).  For samples from 1980-1992 a random sub-sample of 432 seeds from 

each site was sown, two per pot, into 216 fully hydrated Jiffy-9 peat pots (Jiffy Products 

Ltd, Norway).  Jiffy pots were in turn placed into sterilised seedling trays.  For samples 

from 1993, 1,080 randomly chosen seeds were sown into 540 jiffy pots.  A random 

sample of 432 seeds of the original mixture was also sown into 216 jiffy pots.  In 

addition, 18 seeds of each of the original 40 mixture components were sown and used 

as controls.  Seeds of these were obtained from the Australian Trifolium Genetic 

Resource Centre, Department of Agriculture Western Australia. 

All seeds were sown on 29 June in the glasshouse.  Prior to sowing, seed coats were 

scarified for 5 seconds in a small hand–held brass cylinder coated with fine sand paper 

into which compressed air was passed.  Group C Rhizobium inoculum (Nitrogerm 100) 

was sprinkled onto jiffy pots on 1 July and watered in gently.  Jiffy pots were watered 

daily.  Liquid fertiliser (Aquasol) was watered on weekly.  On 20 July, jiffy pots were 

randomly thinned to one healthy seedling per pot.  Plate 3.2 shows seedlings in jiffy 

pots prior to transplanting to the field. 
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Plate 3.2. Seedlings from the Nabawa and Mt Barker strain mixture populations in jiffy pots in the 

glasshouse prior to transplanting to the field for identification. 

Seedlings were transplanted on 27-29 July directly from the glasshouse into a moist, 

weed-free seedbed, into which 250 kg/ha of 3:1 superphosphate-potash fertiliser had 

been drilled.  Seedlings were planted in rows, one for each year and site of origin, and 

spaced 25 cm apart.  Components of the 40 strain mixture were transplanted into 

adjacent randomised rows of six seedlings and replicated three times.  Supplementary 

irrigation was applied by overhead sprinklers when required.  A further application of 

100 kg/ha of 3:1 superphosphate-potash fertiliser was applied on 20 September.  Plots 

were hand-weeded. 

Additional samples were grown for identification in 1995 and 1996.  This included 

239 seedlings from the 1994 Mt Barker seed sample, 217 seedlings from the 1994 

Nabawa seed sample and an additional 314 seedlings of the original strain mixture.  

Seeds were sown into jiffy pots in the glasshouse on 19 June and transplanted to the 

field on 2 August.  In 1996, 389 plants from the 1995 Mt Barker seed sample were 

grown.  These were sown in jiffy pots on 6 May and transplanted to the field on 10 

June.  The 40-strain mixture components were again sown as controls in both years, 

two plants of each in 1995 and six plants of each in 1996. 
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Plants from Mt Barker, Nabawa and seed of the original mixture were identified by 

comparison with the control strains.  Morphological descriptions (leaf markings, stipule 

and calyx pigmentation and stem, petiole, upper leaf surface and peduncle hairiness) 

of each strain were obtained from Gladstones and Collins (1984), Nichols et al. (1996) 

or from the Australian Trifolium Genetic Resource Centre and recorded for each plant.  

The front cover plate illustrates the distinctiveness of the leaf markings for each strain. 

Sample and control plants were observed every 2-3 days to determine the number of 

days from sowing to first flowering.  To be classified as one of the 40 strains originally 

sown, plants had to be morphologically identical to and flower within the flowering 

range of control plants of that strain.  Those not considered identical with any strain in 

the sown mixture were classified as ‘divergent strains’, in accordance with Cocks and 

Phillips (1979), Rossiter and Collins (1988a, 1988b) and Cocks (1992a).  Plate 3.3 

shows plants being identified at Shenton Park. 

 

Plate 3.3. Identifying plants on the basis of flowering time and leaf, flower and stem characters. 

Measurements of success 
Three measurements of strain success were used:  (i) time to elimination of strains 

from the population;  (ii) relative seed bank contribution (kg/ha); and  (iii) a Success 

Index (SI), that took take into account any strain proportion differences in the original 

mixture.  The latter measurement was considered because although mixtures were  



CHAPTER 3 

 

Phil Nichols 83 

formed on the basis of equal seed weights, there may have been differences in seed 

viability.  To be considered successful in this experiment, a strain needed to be classed 

as successful in each of these measures. 

Seed bank contributions of each strain 

The seed bank (kg/ha) of strain i, t years after sowing is given by: 

yield(ti) = totyield(t) x f(ti) x seed wt(ti)/Σ( seed wt(ti ) x f(ti) ) 

where totyield(t) = total seed bank (kg/ha) t years after sowing; f(ti) = frequency of strain 

i in the sample, t years after sowing; and seed wt (ti) = seed weight of strain i, t years 

after sowing. 

Using this method a sown strain was considered 'successful' if it maintained or 

increased its proportion by weight from that in the original sown mixture (in this case 

2.5% of the population). 

Estimates of seed weights were obtained in the following manner: 

  (i) For samples derived from Mt Barker and Nabawa, seed weights from single 

genotype swards grown in situ at Nabawa or Mt Barker (see Chapter 5) were 

used (Table 3.7).  Seed weights of each genotype were assumed to be constant 

each year. 

 (ii) For the original mixture, seed weights of each strain were estimated from 

measurements on four irrigated spaced plants grown at Shenton Park in 1996 

(Table 3.5).  Growing conditions are likely to have been similar to those that 

produced the original seed at Medina in 1977. 

(iii) For divergent strains direct in situ seed weights could not be made.  Instead, 

these were estimated using seed weight data of strains from the 40-strain 

mixture.  This is illustrated for plants from Mt Barker.  Firstly, the mean seed 

weight when grown at Shenton Park of all Mt Barker divergent strains was 

calculated.  This figure was then multiplied by the ratio of the mean seed weights 

of all 40-strain mixture components when grown at Mt Barker (Table 3.7) by their 

mean seed weights when grown at Shenton Park (Table 3.5).  The same 

procedure was used for divergent strains from Nabawa.  In this procedure, 

divergent strains are considered collectively, whereas in reality they consisted of 

several genotypes. 
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Success index 

Table 3.5 suggests the strains may not have actually been sown in equal proportions 

by weight of viable seed at the mixture sites. To compare relative strain success, such 

differences in strain representation in the original mixture must be accounted for.  A 

Success Index (SI) was used for this purpose, based on Cocks (1992b), where: 

SI(ti) = log[(p(ti)/p(0i) +0.01], 

p(ti) = percentage composition t years after sowing of strain i, p(0i) = percentage 

composition in the original mixture of strain i, and percentage composition is based on 

plant numbers. 

The expression was converted to logarithms to normalise the data.  The additional 0.01 

takes into account situations where p(ti) = 0.  At the time of sowing, SI was 0.00 for all 

sown strains.  Any value of SI > 0 for a strain indicates an increase in its proportion 

over that in the original mixture, while SI < 0 indicates a reduced proportion.  A value of 

SI = –2 arises when that strain is not present in the seed sample.  In the case of 

divergent strains and background cultivars, SI was calculated on the basis of 

composition in Year 3.  In these cases, SI(3) =0.  Divergent strains are considered 

collectively, whereas in reality they consisted of several genotypes. 

Splines were fitted to the curves of SI over time to show the underlying trends and to 

smooth out individual seasonal or sampling effects.  The order of a spline ranges from 

1 to n, where n is the number of data points, and determines the extent of smoothing.  

For n data points, a spline order of 1 plots the same points as the original data, 

whereas an order of n plots a straight line.  Orders in between produce intermediate 

effects.  In this study, a spline order equal to half the number of data points was 

selected.  Some restrictions were imposed.  Splines were not fitted to data points once 

strains had disappeared completely, with smoothing ceasing at the year of 

disappearance.  Where samples contained only one plant of a strain after three or 

more consecutive seasons of no plants, it was ignored.  Missing values were 

estimated. 

Paddock survey at Mt Barker 
A survey of the paddock surrounding the strain mixture trial was conducted in February 

1995.  The main aim was to search for strains similar to the divergent strains found in 

the experimental mixture.  Quadrats (10 dm2) were sampled to a depth of 5 cm every 

15 m along transects both 10 m and 100 m away from the southern fence line of the  
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mixture.  One hundred seedlings from each transect were grown as spaced plants at 

Shenton Park in 1995 and compared with divergent strains from the mixture trial, 

components of the original mixture and other commercial cultivars. 

No measurements of background clover were taken at either site at the time of sowing 

and so the original extent of background strains is unknown.  In the analyses 

contaminants sown as part of the original mixture are considered as divergent strains. 

Statistical analyses 
All analyses were conducted using Genstat 5 release 4.1, 3rd edition (Lawes 

Agricultural Trust, IACR-Rothamsted).  Graphs were produced using SigmaPlot 4.0 for 

Windows (SPSS Inc.). 

Results 

Rainfall and growing season lengths 
Table 3.3 shows the annual rainfall at Nabawa and Mt Barker between 1978 and 1995, 

along with estimated growing season lengths.  Mean annual rainfall over this period 

was lower than the long-term average at both sites.  Mt Barker received a mean of 

669 mm annual rainfall with mean growing season length of 31.3 weeks.  This 

compares with 432 mm mean annual rainfall and 19.4 weeks mean growing season 

length at Nabawa. 

Table 3.3. Annual rainfall and estimates of growing season length and date of onset of spring soil 
moisture deficit from 1978 to 1994 at Nabawa and to 1995 at Mt Barker 

Nabawa Mt Barker 
Year Annual 

rainfall 
(mm) 

Growing 
season 
(weeks) 

Onset of soil 
moisture deficit 

Annual
rainfall
(mm) 

Growing 
season 
(weeks) 

Onset of soil 
moisture deficit 

1978 450 22   8 October 768 30 19 November  
1979 346 16   3 September 771 29   3 December 
1980 368 19 24 September 677 34   3 December 
1981 467 18 17 September  611 29   3 December 
1982 442 21 15 October  697 26 12 November  
1983 481 20   8 October  613 28   3 December 
1984 551 23   1 October  698 33 10 December  
1985 327 18   1 October  601 35   3 December  
1986 569 20 24 September  610 30 19 November  
1987 451 21 24 September  535 36   3 December 
1988 521 21   1 October 822 30 19 November  
1989 332 18 10 September 710 33   3 December 
1990 419 18 10 September  660 30   3 December 
1991 463 18 24 September  586 27 19 November  
1992 454 19 15 October  719 35 24 December  
1993 390 20   8 October 733 37 26 November  
1994 318 18 17 September 583 30 19 November  
1995 * *  645 31   3 December 
Mean 432 19.4 26 September 669 31.3 29 November 
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Total seed banks at Nabawa and Mt Barker 
Figure 3.3 shows the total subterranean clover seed bank at both sites for the duration 

of the experiment.  Seed production at both sites was low in the establishment year 

(1978), but subsequently increased.  Excluding the establishment year, seed banks at 

Mt Barker averaged 1059 kg/ha over the whole trial, compared with 117 kg/ha at 

Nabawa.  Apart from 1978, the highest seed bank for any year at Nabawa was lower 

than the lowest seed bank at Mt Barker.  There were no significant correlations within 

sites of seed bank size with either annual rainfall or growing season length. 
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Figure 3.3. Total seed bank of the 40-strain subterranean clover mixture sown at Nabawa and Mt 
Barker in 1978.  The sites were cropped in 1991 (Year 14) and 1994 (Year 17). Seed 
samples were not taken in 1991. 

Strain identification 
Seed collected in 1978 and 1979 was inviable, confirming the toxicity of the 

perchlorethylene used to float off debris.  All remaining populations had at least 85 per 

cent seed viability, while that of stored seed from the original sown mixture was 72 per 

cent. 
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Of all the seedlings transplanted to the experimental rows, 99.2 per cent survived to 

maturity and were able to be classified either as one of the 40 sown strains or as a 

divergent strain.  One strain, CPI 65332A, was found to be a mixture of two genotypes 

on the basis of leaf mark, one with a thicker crescent and more brown anthocyanin 

than the other.  Since they were similar in other respects including flowering time 

(Table 3.4) they are treated here as a single strain. 

Time of storage at 4oC had no effect on flowering time (Table 3.4).  The extremes of 

the flowering range for all strains at Nabawa, Mt Barker and in the original mixture 

were, in all but four cases, within 7 days of the control plant range.  The exceptions 

were:  Nungarin from Nabawa where the latest plant flowered after 84 days compared 

with 76 days for the control plants; Nangeela from Mt Barker (150 days for the latest 

flowering compared with 142 for the controls); and Yarloop from Mt Barker (102 days 

for the latest flowering compared with 93 days for the controls).  The fourth exception 

was Lake Claremont from Mt Barker, which was the only strain to have seedlings 

generally outside the flowering range of the control plants. 

Although 12 strains had ranges of seven days or less between the 18 control plants, 

there was a wide variation in flowering time of most strains, with the average range 

being 14.8 days.  Most notable were Mt Barker and Bacchus Marsh with ranges of 47 

and 46 days, similar to those found by Collins and Smith (1974).  Woogenellup, 

Nangeela and Walebing also had ranges of more than 28 days. 

Composition of the original mixture 
Strain frequencies in the original mixture confirmed that sowing rates (in kg/ha) of 

strains at the mixture sites were generally comparable (Table 3.5). However, 

Blackwood, Nangeela and Yarloop were under-represented, while Geraldton, 

Mt Helena-A, Shenton Park-A and Toodyay-B were over-represented.  With the viability 

of original mixture seeds, when grown in 1994 being only 72.0 per cent, it is possible 

that differential deterioration of strains may have occurred over time. 

There was a small proportion of contaminants (1.36%) in the original mixture 

(Table 3.5).  These comprised a range of genotypes and were presumably harvested 

during the original seed production.  These strains were in addition to background 

strains that may have been resident in the soil at each mixture site.  Plate 3.4 shows 

plants from the Original mixture being grown for strain identification at Shenton Park.  
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Table 3.4. Mean, range and standard deviation (Std D) of days to first flowering at Shenton Park in 
1994 of 40 strains identified from a strain mixture population sown at Nabawa and Mt 
Barker in 1978 and sampled annually between 1980 and 1993.  Data are also shown for 
control plants of each strain obtained from the Australian Genetic Resource Centre. 

Control seed Seed ex Nabawa Seed ex Mt Barker Seed ex original mixture 
Strain 

Range Mean Std D Range Mean Std D Range Mean Std D Range Mean Std D 
Bacchus Marsh 90-136 117.3 15.5 - - - 127-130 128.5 1.7 125-143 134.4 7.9 
Baulkamaugh 83-99 85.9 4.1 83-94 87.1 3.3 84-87 85.6 1.5 85-88 86.5 2.1 
Bellevue 74-78 75.9 1.4 72-84 78.3 2.3 74-76 75.0 1.0 77-83 79.6 2.1 
Blackwood 79-86 84.1 1.5 84 84.0 - - - - - - - 
Clare 101-112 107.3 3.1 - - - 105-115 109.4 3.3 105-109 107.0 2.8 
Collie-A 83-88 85.5 1.8 82-90 85.4 2.7 81-86 83.8 2.2 83-86 85.1 1.2 
CPI 12709 86-105 92.6 4.7 91-105 96.4 4.3 83-99 91.1 3.9 86-98 90.4 4.5 
CPI 15080B 94-113 106.4 4.3 - - - 100 100.0 - 105-111 108.0 4.2 
CPI 15259C 89-111 100.7 7.7 - - - 90-111 101.0 5.1 88-105 98.0 8.9 
CPI 19447A 76-84 79.4 2.2 78-88 81.7 2.3 80-85 82.0 1.9 76-86 82.3 4.3 
CPI 47308C 143-152 148.7 2.6 - - - 136-150 142.3 4.3 136-149 142.7 3.5 
CPI 65321B 87-101 91.9 3.7 - - - 88-99 93.2 4.2 88-105 95.7 5.2 
CPI 65332A (C2b)x 91-105 95.4 6.0 - - - - - - 100 100.0 - 
CPI 65332A (C3)X 86-104 94.9 4.9 - - - 88 88.0 - 91-98 95.0 3.6 
Crawley 75-78 76.2 0.8 75-82 77.2 1.3 75-81 78.1 2.3 78-83 80.4 2.3 
Daliak 78-100 84.2 6.0 72-90 76.9 5.6 78-88 83.5 2.1 82-87 84.0 2.2 
Dinninup 84-101 90.6 4.1 90-95 92.6 1.9 82-105 94.8 4.5 88-94 90.8 2.8 
Dwalganup - 77.5* - - 77.0 2.3 - - - - - - 
Geraldton 83-86 83.9 1.2 77-93 84.7 2.7 80-83 81.6 1.3 78-90 83.7 3.1 
Gingin 85-98 89.8 4.0 91-95 93.0 2.8 86-102 92.1 3.9 85-94 90.4 2.8 
Gingin Brook 68-79 71.5 2.6 70-82 74.2 1.7 72-83 77.3 4.0 71-79 75.7 2.7 
Horsham 93-111 100.0 5.5 - - - 102-107 104.7 2.5 97-106 101.0 4.2 
Lake Claremont 74-80 76.4 1.8 71-80 77.4 1.7 80-89 82.8 4.3 76-77 76.5 0.7 
Marradong 90-104 94.1 3.2 - - - 90-102 96.3 3.7 90-96 93.0 4.2 
Midland-B 91-114 103.1 6.3 - - - 89-115 101.1 5.1 95-109 102.6 5.0 
Mt Barker 94-141 110.1 13.2 - - - 102-143 127.3 9.3 128-139 131.7 6.4 
Mt Helena-A 75-82 79.3 3.3 76-89 81.4 2.8 77-86 81.0 2.6 77-86 83.2 2.5 
Mulwala 82-88 84.6 2.0 82-91 85.0 2.3 82-88 85.7 1.9 86-91 87.6 1.7 
Nangeela 113-142 128.3 10.2 - - - 130-150 139.5 4.6 146 146.0 - 
Northam 70-91 75.4 5.4 71-82 74.5 1.9 73-78 74.8 1.8 74-76 75.0 1.4 
Northam-C 78-85 82.1 2.8 72-91 81.0 3.4 78-85 80.9 2.0 78-83 80.4 2.1 
Northam-E 70-80 72.8 2.2 69-83 73.6 1.6 70-83 76.6 4.7 75-77 76.0 1.4 
Northam-F 75-81 78.6 1.7 73-86 78.9 3.9 72-85 80.0 3.7 83-83 83.0 0.0 
Nungarin 69-76 72.9 2.1 69-84 74.2 1.9 72 72.0 - 71-74 72.7 1.5 
Seaton Park 87-98 91.0 2.8 89 89.0 - 85-102 92.8 4.6 89-97 92.2 3.1 
Shenton Park-A 74-81 76.9 2.0 75-85 78.4 2.6 77-85 79.3 2.9 76-84 80.3 3.3 
Toodyay-B 76-87 80.6 3.2 77-88 82.4 2.3 78-85 82.4 1.7 82-87 85.1 1.5 
Trikkala 93-106 99.5 3.8 - - - 87-109 98.9 3.6 94-102 98.0 5.7 
Walebing 92-123 105.2 6.8 98-109 103.2 3.9 98-119 106.0 5.0 99-112 105.6 5.2 
Woogenellup 99-129 115.7 9.7 - - - 97-136 119.4 8.3 120-128 123.3 4.2 
Yabba North 86-101 91.6 4.3 - - - 87-101 94.6 3.6 94-105 98.8 4.3 
Yarloop 83-93 87.3 3.1 - - - 83-102 91.1 4.3 88 88.0 - 

*  Measured in 1995.  X CPI 65332A is a mixture of two genotypes. 
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Table 3.5. Strain composition, in terms of seedling proportion and sowing rate, of the initial strain 
mixture sown at Nabawa and Mt Barker.  Seed weights of each strain sown are 
estimated from seed grown at Shenton Park in 1996 

Strain Mixture composition
(% seedlings) 

Seed weight 
(mg) 

Sowing rate 
(kg/ha) 

Bacchus Marsh 2.14 10.9 0.6 
Baulkamaugh 1.36 9.4 0.3 
Bellevue 2.92 9.1 0.7 
Blackwood 0.58 10.2 0.2 
Clare 0.97 9.7 0.3 
Collie-A 3.50 8.7 0.8 
CPI 12709 2.92 9.5 0.8 
CPI 15080B 1.95 7.0 0.4 
CPI 15259C 3.70 7.0 0.7 
CPI 19447A 2.33 9.4 0.6 
CPI 47308C 3.11 8.5 0.7 
CPI 65321B 4.28 8.1 0.9 
CPI 65332A 2.14 11.9 0.7 
Crawley 3.50 9.9 0.9 
Daliak 3.31 8.4 0.8 
Dinninup 2.53 8.4 0.6 
Geraldton 5.25 8.5 1.2 
Gingin 2.72 11.5 0.8 
Gingin Brook 3.50 8.5 0.8 
Horsham 1.95 5.9 0.3 
Lake Claremont 1.36 10.7 0.4 
Marradong 1.56 10.9 0.5 
Midland-B 4.09 6.5 0.7 
Mt Barker 1.36 9.3 0.3 
Mt Helena-A 4.67 8.3 1.1 
Mulwala 3.31 9.2 0.8 
Nangeela 0.58 10.6 0.2 
Northam 2.53 9.2 0.6 
Northam-C 1.95 9.5 0.5 
Northam-E 1.36 8.7 0.3 
Northam-F 1.95 11.6 0.6 
Nungarin 1.95 11.3 0.6 
Seaton Park 2.14 10.0 0.6 
Shenton Park-A 3.70 10.0 1.0 
Toodyay-B 4.47 8.8 1.1 
Trikkala 0.97 10.6 0.3 
Walebing 2.33 9.5 0.6 
Woogenellup 1.75 13.8 0.7 
Yabba North 1.75 12.4 0.6 
Yarloop 0.19 11.5 0.1 
Contaminant sown strains 1.36   
Dwalganup - 11.3 - 
Divergent strains  9.9 0.4 
Total 100.00  25.0 
Mean 2.44 9.6 0.61 
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Elimination of strains 
Successful strains could be regarded as those that remained in the population.  A 

better suggestion is to consider the converse, in which unsuccessful strains can be 

regarded as those that had become extinct. 

The rate of strain disappearance was greater at Nabawa than at Mt Barker (Table 3.6).  

Within 3 years, 16 of the original 40 strains had disappeared from the population at 

Nabawa, while Blackwood was the only strain to become extinct at Mt Barker.  After 

10 years, 22 strains had disappeared from Nabawa, while 13 had become extinct at 

Mt Barker.  Six strains (CPI 15080B, CPI 65332A, Bacchus Marsh, Horsham, 

Blackwood and CPI 47308C) had disappeared from both populations by this time.  A 

further four became extinct at Nabawa and six at Mt Barker over the following six 

seasons.  In short, after 16 years, only 14 of the original 40 strains could be found at 

Nabawa, while at Mt Barker, only 20 of the original 40 strains were present (Table 3.7).  

Just three strains (CPI 12709, Lake Claremont and Toodyay-B) were present at both 

sites, and then at low frequencies (0.5-1.4%).  Northam-F was present at Nabawa in 

Year 16 but not at Mt Barker.  It was, however, present at low levels in Years 17 and 

18 at Mt Barker (Table 3.7).  The different population compositions at each site after 

16 years can be readily seen in Plate 3.5. 

Change in strain frequency (by weight) of seed banks 

(i) After 16 years of near-continuous pasture 

On the basis of seed weights, only six strains were successful at Nabawa, having 

maintained or increased their initial sown proportion of 2.5%.  Northam-E (39.7% of the 

total) made by far the biggest contribution to the seed bank at Nabawa (Table 3.7).  

Gingin Brook and Nungarin can also be considered as highly successful (> 10%), while 

Bellevue, Northam and Geraldton were moderately successful.  Other sown strains 

with more than 1 per cent were Northam-C, Northam-F, CPI 19447A and Lake 

Claremont.  Dwalganup (3.9%), although not sown in the mixture, was present in Year 

3 and every year thereafter.  It was almost certainly present prior to sowing.  A range of 

divergent strains were also found, but they comprised only 1.4 per cent of the total 

seed bank. 
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Table 3.6. Number of years from sowing until the last recorded presence of each strain at Nabawa 
and Mt Barker.  Comparisons are made to Year 16 at both sites 

Strain Mt Barker Nabawa Mean over both sites 
Bacchus Marsh 6 0 3.0 
Baulkamaugh 16 6 11.0 
Bellevue 3 16 9.5 
Blackwood 0 8 4.0 
Clare 10 0 5.0 
Collie-A 16 8 12.0 
CPI 12709 16 16 16.0 
CPI 15080B 3 0 1.5 
CPI 15259C 16 0 8.0 
CPI 19447A 10 16 13.0 
CPI 47308C 8 0 4.0 
CPI 65321B 16 0 8.0 
CPI 65332A 4 0 2.0 
Crawley 10 13 11.5 
Daliak 9 7 8.0 
Dinninup 16 12 14.0 
Geraldton 8 16 12.0 
Gingin 16 12 14.0 
Gingin Brook 10 16 13.0 
Horsham 6 0 3.0 
Lake Claremont 16 16 16.0 
Marradong 16 0 8.0 
Midland-B 16 0 8.0 
Mt Barker 16 0 8.0 
Mt Helena-A 12 16 14.0 
Mulwala 16 10 13.0 
Nangeela 16 0 8.0 
Northam 8 16 12.0 
Northam-C 9 16 12.5 
Northam-E 12 16 14.0 
Northam-F 16 16 16.0 
Nungarin 5 16 10.5 
Seaton Park 16 7 11.5 
Shenton Park-A 9 16 12.5 
Toodyay-B 16 16 16.0 
Trikkala 16 0 8.0 
Walebing 16 6 11.0 
Woogenellup 16 0 8.0 
Yabba North 16 0 8.0 
Yarloop 16 0 8.0 
Mean of strains 12.0 7.8 9.9 
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Table 3.7. Estimated seed bank of mixture components after Years 16 and 17 at Nabawa and after 
Years 16, 17 and 18 at Mt Barker.  Seed weight data collected from single genotype 
swards at Nabawa and Mt Barker (Appendices 5.1 and 5.2) 

Nabawa Mt Barker 
Seed bank 

(kg/ha) 
Seed bank 

(kg/ha) Strain Seed 
weight 
(mg) Year 

16 
Year 17
(in crop) 

Seed 
weight 
(mg) Year 

16 
Year 17 
(in crop) 

Year 
18 

Bacchus Marsh 0.3 0.0 0.0 8.3 0.0 0.0 0.0 
Baulkamaugh 2.6 0.0 0.0 6.5 2.2 0.0 0.0 
Bellevue 3.0 17.7 6.1 6.2 0.0 0.0 0.0 
Blackwood 3.1 0.0 0.0 8.3 0.0 0.0 0.0 
Clare 1.5 0.0 0.0 9.2 0.0 0.0 0.0 
Collie-A 1.5 0.0 0.0 6.1 2.1 0.0 0.0 
CPI 12709 2.1 0.9 0.8 6.7 2.3 8.7 0.0 
CPI 15080B 3.6 0.0 0.0 8.1 0.0 0.0 0.0 
CPI 15259C 1.1 0.0 0.0 5.0 3.5 6.6 2.0 
CPI 19447A 3.8 5.5 2.1 5.9 0.0 0.0 0.0 
CPI 47308C - 0.0 0.0 6.5 0.0 0.0 0.0 
CPI 65321B 1.9 0.0 0.0 6.5 4.4 0.0 0.0 
CPI 65332A 4.0 0.0 0.0 8.7 0.0 0.0 0.0 
Crawley 3.0 0.0 0.6 8.2 0.0 0.0 0.0 
Daliak 2.0 0.0 0.0 6.7 0.0 0.0 0.0 
Dinninup 2.5 0.0 0.0 6.1 289.4 261.4 279.4 
Geraldton 2.2 10.1 2.1 6.6 0.0 0.0 0.0 
Gingin 3.4 0.0 0.0 8.8 12.1 0.0 6.9 
Gingin Brook 2.4 46.8 18.2 7.5 0.0 0.0 0.0 
Horsham 2.1 0.0 0.0 5.2 0.0 0.0 0.0 
Lake Claremont 3.2 3.9 0.0 8.4 5.8 0.0 0.0 
Marradong 3.8 0.0 0.0 8.9 6.1 11.6 0.0 
Midland-B 1.9 0.0 0.0 5.9 119.6 115.7 104.6 
Mt Barker - 0.0 0.0 7.6 18.2 9.9 11.9 
Mt Helena-A 1.8 1.1 0.3 6.6 0.0 0.0 0.0 
Mulwala 3.8 0.0 0.0 6.8 2.3 0.0 0.0 
Nangeela - 0.0 0.0 7.5 30.9 9.8 0.0 
Northam 2.7 11.6 11.6 6.8 0.0 0.0 0.0 
Northam-C 1.4 6.6 7.6 6.7 0.0 0.0 0.0 
Northam-E 2.4 108.4 24.4 6.4 0.0 0.0 0.0 
Northam-F 2.6 6.4 0.5 8.1 0.0 5.3 3.2 
Nungarin 3.6 37.5 21.2 7.3 0.0 0.0 0.0 
Seaton Park 1.5 0.0 0.0 6.6 2.3 0.0 0.0 
Shenton Park-A 3.7 1.5 0.0 7.2 0.0 0.0 0.0 
Toodyay-B 2.2 0.9 0.0 6.2 6.4 0.0 0.0 
Trikkala 2.9 0.0 0.0 8.4 390.7 319.3 342.0 
Walebing 1.5 0.0 0.0 6.2 12.9 4.1 0.0 
Woogenellup 3.1 0.0 0.0 10.2 63.1 33.3 64.4 
Yabba North 3.0 0.0 0.0 9.2 15.9 18.1 14.6 
Yarloop 3.2 0.0 0.0 10.2 49.0 33.3 24.1 
Dwalganup 2.3 10.6 3.5 - -  - 
Divergent strains 2.1 3.8 2.7 7.5 348.8 285.0 254.9 
Totals  273 102  1388 1122 1108 
Means 2.5   7.3    
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Five sown strains were successful on the basis of their relative seedbank contribution 

at Mt Barker (Table 3.7).  Trikkala and Dinninup were highly successful, with >20% of 

the total seedbank while Midland-B, Woogenellup and Yarloop were moderately 

successful.  The only other strains with more than 1 per cent were Nangeela, Mt Barker 

and Yabba North.  Of note at Mt Barker was the high proportion (25.1%) of divergent 

strains.   

(ii) After a year in crop 

At Nabawa, the crop in Year 17 had a much greater impact than at Mt Barker.  The 

total seed bank at Nabawa after crop was only 37 per cent of that in the previous 

season, while at Mt Barker it was 81 per cent (Table 3.7).  At Nabawa, the individual 

seed banks of all strains was reduced, except for Northam-C, Northam and CPI 12709, 

which remained similar, thus increasing the relative contribution of these strains to the 

seed bank.  Of the three dominant strains (Northam E, Gingin Brook and Nungarin), 

Nungarin was least affected by the crop year, with its seed bank reduced to 56.5 per 

cent of that prior to cropping.  The seed bank of Northam-E was reduced to 22.5 per 

cent of that prior to cropping.  Gingin Brook, although reducing the size of its seed 

bank, maintained its relative seed bank contribution.  The seed bank of divergent 

strains appeared to be affected less by the crop year than the sown strains, with the 

combined seed bank being 71 per cent of that prior to cropping. 

At Mt Barker, the seed banks of Trikkala and of the divergent strains were both 

reduced in Year 17 to 82 per cent of that prior to cropping, causing negligible change to 

their relative proportion of the total seed bank.  The seed banks of both Dinninup and 

Midland-B were even less affected by cropping.  Dinninup still had 90 per cent of its 

pre-crop seed bank, while Midland-B had 97 per cent.  The relative proportions of these 

strains increased accordingly to 23.3 per cent and 10.3 per cent of the total seed bank, 

respectively.  Yarloop, Mt Barker, Woogenellup and Nangeela recorded more 

substantial reductions (68%, 54%, 53% and 32%, respectively) of their pre-crop seed 

banks. 

In Year 18 a further four strains (CPI 12709, Marradong, Nangeela and Walebing) 

disappeared from the population at Mt Barker, leaving only 10 of the original 40 strains.  

Trikkala, Dinninup, Woogenellup and Mt Barker each increased their relative 

contribution to the seed bank, while Midland-B, Yarloop and Yabba North slightly 

decreased their relative contributions.  The proportion of divergent strains remained 

high (23.0%). 
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Change in strain frequency based on seed numbers 

(i) Long-term composition changes 

After 16 years at Nabawa, only six of the original strains had a positive Success Index 

(SI) (Table 3.8).  Five of these strains (Northam-E, Gingin Brook, Nungarin, Bellevue 

and Northam) were also considered successful using the seedbank contribution 

method.  Using this method, Geraldton was not considered successful, but Northam-C 

was.  SI was highest for Northam-E, in agreement with the seed bank data.  Nungarin, 

Gingin Brook, the divergent strains (compared to year 3), Northam-C, Bellevue and 

Northam followed in ranked order.  Following the year of crop (Year 17) Northam-E 

retained the highest SI, followed by Nungarin.  However, Northam-C was ranked third 

highest, slightly ahead of divergent strains and Gingin Brook.  The SI of Northam was 

much greater than in Year 16, while that of Bellevue was lower. 

After 16 years at Mt Barker, 6 strains had a positive SI (Table 3.9).  Five (Trikkala, 

Dinninup, Midland-B, Woogenellup and Yarloop) were also considered successful 

using the seedbank method.  Trikkala was ranked highest, followed by Yarloop, 

Dinninup, Nangeela, Midland-B and Woogenellup.  The collective of divergent strains 

had a slightly negative SI (compared to Year 3).  Compared with seed bank data, 

Trikkala remained the top ranked strain.  However, here Dinninup ranked third 

compared to second, while Yarloop increased to rank 2 from rank 6.  Nangeela also 

changed to rank 4 from rank 7, and divergent strains decreased from rank 2 to rank 8.  

The rankings for Midland-B and Woogenellup also increased by one. 

Following Year 18 at Mt Barker, only five strains had a positive SI, with Nangeela 

dropping from the list.  Trikkala was still ranked highest.  However, Dinninup changed 

rank with Yarloop, followed by Midland-B (4th) and Woogenellup (5th).  Divergent strains 

had the sixth highest SI ranking but it was again slightly negative. 

(ii) Prediction of long-term SI from short-term changes in SI 

It is apparent that positive SI values after just three years are good predictors of 

positive SI values in later years.  All strains at Nabawa with positive SI values in Years 

16 and 17 had positive SI values in Year 3 (Table 3.8). 
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Table 3.8. Spline adjusted Success Indices for strains at Nabawa 3, 10, 16 and 17 years after 
sowing 

Success Index 
Variety 

Year 3 Year 10 Year 16 Year 17 
(in crop) 

Bacchus Marsh -2.00 -2.00 -2.00 -2.00 
Baulkamaugh -0.35 -2.00 -2.00 -2.00 
Bellevue 0.03 0.27 0.36 0.22 
Blackwood -2.00 -2.00 -2.00 -2.00 
Clare -2.00 -2.00 -2.00 -2.00 
Collie-A -0.51 -2.00 -2.00 -2.00 
CPI 12709 -0.73 -0.73 -1.05 -0.43 
CPI 15080B -2.00 -2.00 -2.00 -2.00 
CPI 15259C -2.00 -2.00 -2.00 -2.00 
CPI 19447A 0.38 -0.53 -0.68 -0.11 
CPI 47308C -2.00 -2.00 -2.00 -2.00 
CPI 65321B -2.00 -2.00 -2.00 -2.00 
CPI 65332A -2.00 -2.00 -2.00 -2.00 
Crawley -0.25 -0.65 -1.84 -0.97 
Daliak -0.43 -2.00 -2.00 -2.00 
Dinninup -0.90 -0.92 -2.00 -2.00 
Geraldton 0.51 -0.20 -0.12 -0.33 
Gingin -1.98 -2.00 -2.00 -2.00 
Gingin Brook 0.48 0.77 0.75 0.72 
Horsham -2.00 -2.00 -2.00 -2.00 
Lake Claremont -1.70 0.11 -0.48 -1.80 
Marradong -2.00 -2.00 -2.00 -2.00 
Midland-B -2.00 -2.00 -2.00 -2.00 
Mt Barker -2.00 -2.00 -2.00 -2.00 
Mt Helena-A -0.14 -0.38 -1.17 -0.89 
Mulwala 0.13 -1.29 -2.00 -2.00 
Nangeela -2.00 -2.00 -2.00 -2.00 
Northam 0.64 0.22 0.16 0.61 
Northam-C 0.50 0.79 0.47 0.77 
Northam-E 0.29 1.05 1.40 1.31 
Northam-F 0.18 -0.86 -0.19 -0.50 
Nungarin 0.81 0.97 0.80 0.82 
Seaton Park -2.00 -2.00 -2.00 -2.00 
Shenton Park-A -0.46 -1.77 -1.36 -1.82 
Toodyay-B -0.25 -0.30 -1.44 -1.86 
Trikkala -2.00 -2.00 -2.00 -2.00 
Walebing -0.25 -2.00 -2.00 -2.00 
Woogenellup -2.00 -2.00 -2.00 -2.00 
Yabba North -2.00 -2.00 -2.00 -2.00 
Yarloop -2.00 -2.00 -2.00 -2.00 
Dwalganup 0.00 0.17 -0.12 -0.01 
Divergent strains 0.00 -0.79 0.57 0.76 
Mean -0.95 -1.19 -1.28  
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Table 3.9. Spline adjusted Success Indices for strains at Mt Barker 3, 10, 16 and 18 years after 
sowing 

Success Index 
Variety 

Year 3 Year 10 Year 16 
Year 18 
(after 
crop) 

Bacchus Marsh -0.52 -2.00 -2.00 -2.00 
Baulkamaugh -0.33 -2.00 -2.00 -2.00 
Bellevue -0.54 -2.00 -2.00 -2.00 
Blackwood -2.00 -2.00 -2.00 -2.00 
Clare 0.22 -2.00 -2.00 -2.00 
Collie-A -0.79 -2.00 -2.00 -2.00 
CPI 12709 -0.14 -0.23 -0.84 -1.85 
CPI 15080B -0.54 -2.00 -2.00 -2.00 
CPI 15259C -0.07 -0.70 -0.86 -1.04 
CPI 19447A -0.29 -0.96 -2.00 -2.00 
CPI 47308C -0.68 -2.00 -2.00 -2.00 
CPI 65321B -0.39 -0.90 -1.43 -2.00 
CPI 65332A -2.00 -2.00 -2.00 -2.00 
Crawley -1.73 -0.73 -2.00 -2.00 
Daliak -0.78 -1.86 -2.00 -2.00 
Dinninup 0.13 0.96 0.98 1.08 
Geraldton -1.09 -2.00 -2.00 -2.00 
Gingin -0.35 -1.30 -0.92 -0.90 
Gingin Brook -0.64 -1.00 -2.00 -2.00 
Horsham -0.48 -2.00 -2.00 -2.00 
Lake Claremont -1.59 -2.00 -1.12 -2.00 
Marradong 0.06 -0.11 -0.39 -1.84 
Midland-B 0.53 0.40 0.42 0.47 
Mt Barker 0.31 -0.31 -0.03 -0.13 
Mt Helena-A -0.16 -1.53 -2.00 -2.00 
Mulwala -0.29 -1.43 -2.00 -2.00 
Nangeela 0.46 -1.27 0.57 -1.85 
Northam -0.89 -2.00 -2.00 -2.00 
Northam-C -0.04 -1.94 -2.00 -2.00 
Northam-E -0.10 -2.00 -2.00 -2.00 
Northam-F -1.67 -1.63 -1.42 -0.77 
Nungarin -2.00 -2.00 -2.00 -2.00 
Seaton Park -1.50 -1.75 -1.09 -2.00 
Shenton Park-A -0.73 -1.92 -2.00 -2.00 
Toodyay-B -0.73 -1.77 -1.31 -2.00 
Trikkala 0.45 1.32 1.41 1.44 
Walebing -0.07 -0.63 -0.66 -1.89 
Woogenellup 0.73 0.26 0.25 0.34 
Yabba North -1.75 0.06 -0.62 -0.17 
Yarloop 1.09 1.42 1.15 0.91 
Divergent strains 0.00 -0.08 -0.04 -0.12 
Mean -0.51 -1.16 -1.22 -1.42 
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At Mt Barker, strains with positive SI values after 16 and 18 years also had positive SI 

values after three years (Table 3.9).  Of the nine successful strains after 3 years (Clare, 

Dinninup, Marradong, Midland-B, Mt Barker, Nangeela, Trikkala, Woogenellup and 

Yarloop), Clare, Marradong and Mt Barker had negative SI values by Year 10, and 

these remained negative for the duration of the trial.  Nangeela was positive until 

Year 7 and again from Years 13-17, but negative in other years, and was strongly 

negative in Year 18. 
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Figure 3.4. Success Index over time of the most successful strains at Nabawa.  Data have been 

smoothed. 

Details of year to year variation for the successful strains at Nabawa and Mt Barker are 

shown in Figures 3.4 and 3.5, respectively.  From Years 3 to 17 a linear regression of 

SI against time at Nabawa was significant for both Northam-E (r2 = 0.43, P < 0.01) and 

Gingin Brook (r2 = 0.24, P < 0.05), with slopes significantly greater than 0.  Linear 

regressions of SI against time from Year 3 to Year 17 were not significant for Bellevue,  
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Nungarin, Northam or Northam-C.  Bellevue and Northam, in particular, had SI values 

that fluctuated widely, with both having negative SI values for brief periods. 

At Mt Barker, linear regressions of SI against time from Year 3 to Year 18 were 

significant for Trikkala (r2 = 0.42, P < 0.01) and Dinninup (r2 = 0.32, P < 0.01), with both 

showing strong trends for increasing SI over time (Figure 3.5).  Linear regressions of SI 

against time from Year 3 to Year 18 were not significant for Woogenellup, Midland-B or 

Yarloop.  The SI value for Woogenellup peaked at Year 5, and from then onwards 

there was a significant linear trend with negative slope.  Yarloop, in particular, 

fluctuated widely. 
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Figure 3.5. Success Index  over time of the most successful strains at Mt Barker.  Data have been 

smoothed. 
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Examination of divergent strains at Mt Barker 
The extent and identity of background strains was unknown at the time of sowing.  

However, in Year 3, 29.7 per cent of the seed bank comprised divergent strains, which 

may have been present prior to the experiment.  This proportion fluctuated between a 

minimum of 18.5 per cent (Year 4) and a maximum of 35.9 per cent (Year 6). 

Divergent strains were classified into broad groups on the basis of leaf mark.  The 

proportions of these groups for Years 3, 10 and 16 are presented in Table 3.10.  The 

largest group, termed Dwalganup types, had the leaf mark and pale pink calyx tip 

typical of cultivar Dwalganup (Nichols et al. 1996).  Flowering times varied considerably 

but all were later flowering than control plants of true Dwalganup and appeared to 

conform with the purported hybrids between cultivars Mt Barker and Dwalganup, found 

throughout higher rainfall pastures of Western Australia (Rossiter and Collins 1988b) 

and South Australia (Cocks and Phillips 1979).  The proportion of Dwalganup types 

increased steadily from 38.3 per cent in Year 3 to 65.1 per cent of all divergent strains 

by Year 16. 

Table 3.10. Proportion of different types within the divergent strain population at Mt Barker 3, 
10 and 16 years after sowing 

Proportion (%) 
Non-sown strains 

Year 3 Year 10 Year 16 
C2A2 type 27.3 7.0 16.3 
Dwalganup type 38.2 65.1 60.7 
Mt Barker type 0.0 2.3 0.0 
Mt Helena-A type 0.0 0.0 6.7 
Woogenellup type 3.6 0.0 5.2 
Other divergent strains 30.9 25.6 4.5 
Esperance* 0.0 0.0 0.7 
Junee* 0.0 0.0 5.9 
Total 100.0 100.0 100.0 

  *  Cultivars sown in the paddock surrounding the trial. 

The second most common group were termed C2A2 types, on the basis of their leaf 

mark (Nichols et al. 1996).  They also had variable flowering times, but most were late 

flowering.  The proportion of C2A2 types fluctuated considerably, although the overall 

trend was a decrease from 27.3 per cent in Year 3 to 16.3 per cent in Year 16. 

The next two most frequent divergent strains in Year 16 were Mt Helena-A types and 

Woogenellup types.  All Mt Helena-A types appeared identical and were present in 

most years.  They were similar morphologically to Mt Helena-A, but flowered more than 

4 weeks later.  The proportion of Woogenellup types varied considerably between 
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years, ranging from 0.0 per cent in Years 9 and 10 to 15.4 per cent in Year 15.  They 

were similar to those described by Rossiter and Collins (1988b) in having the leaf mark 

of Woogenellup, but hairy stems and peduncles.  Some flowered considerably earlier 

than Woogenellup controls.  The collective proportion of other divergent strains (those 

not described above) had a large variety of types within it and as a whole fluctuated 

widely between seasons. 

In addition, low levels of what appeared to be Junee and Esperance were present.  

Both strains were sown in the surrounding paddock in 1985.  It is noteworthy that 

neither was found in the mixture prior to 1987 (Year 10). 

Comparison of surrounding pasture at Mt Barker 

The Mt Barker and Woogenellup strains originally sown were found in both transects, 

albeit at low frequencies (Table 3.11).  Trikkala, sown in 1979 and Junee, Karridale and 

Esperance, all sown in 1985, were also present.  Dinninup, even though it had never 

been deliberately sown, was also present in relatively high proportions.  Occasional 

plants of the cultivars Yarloop and Seaton Park were also found, as was a single plant 

of what appeared to be Midland B.  An average of 21 per cent divergent strains was 

found across the two transects. 

Table 3.11. Strain frequencies (by number) in the paddock at Mt Barker along 10 m and 100 m 
transects surrounding the strain mixture trial  

Strain 10 m transect 100 m transect 
Dinninup 16 4 
Esperance 4 5 
Junee 43 21 
Karridale 6 7 
Midland B 1  
Mt Barker 2 2 
Seaton Park  2 
Trikkala 8 33 
Woogenellup 1 1 
Yarloop 1 1 
C2A2 type 1  
Dwalganup type 9 10 
Mt Barker type  1 
Woogenellup type 1  
Other divergent strains 7 13 
Total 100 100 

An important observation was that the dominant divergent strains in the strain mixture 

trial were also present in the surrounding paddock.  Dwalganup types were found 

across both transects and made up the majority of all divergent strains.  Low levels of 
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C2A2 types and hairy-stemmed Woogenellup types were also found close to the 

mixture trial. 

 
Plate 3.4. Samples from the Original mixture grown out for strain identification at Shenton Park 

showing a range of plant maturities.  Photograph taken 140 days after sowing. 

 
Plate 3.5. Year 16 samples grown out for strain identification at Shenton Park.  All plants from 

Nabawa have senesced while the majority of plants from Mt Barker are actively 
growing.  Photograph taken 140 days after sowing. 
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Discussion 

Strain domination and co-existence 
Several studies have examined competitive interactions between binary mixture 

components (de Wit 1960; Rossiter and Palmer 1981; Collins et al. 1983; Hill and 

Gleeson 1991).  However, with 780 possible interactions between the 40 strains 

examined here, only generalities can be considered.  Figure 3.6 shows some of the 

possible interactions. 

 

Figure 3.6. Potential interactive relationships between strains in multi-strain mixtures. 

If strains are competing for the same resources, Gause’s competitive exclusion 

principle (Gause 1934) asserts they have overlapping ecological niches.  Conversely, if 

they do not compete, they occupy different niches.  de Wit (1960) showed that strain 

dominance can arise in two ways.  If there is competition for the same resources, the 

more competitive strain will out-compete and eventually eliminate the less competitive 

one.  If there is no direct competition, strain dominance can also be achieved due to a 

higher reproductive rate.  In this case the least fecund strain will eventually become 

swamped by the more fecund one. 

The competitive situation is more likely to arise between strains of similar morphology 

and flowering time.  For example Rossiter and Palmer (1981) showed that among early 

flowering strains, Northam out-competed Dwalganup for resources, while Collins et al. 

(1983) showed that among midseason strains, Midland-B could out-compete Seaton  
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Park.  The situation of no competition and large differences in relative reproductive 

rates was most likely important at Nabawa.  Here, the dominance of early flowering 

strains was largely due to their markedly higher reproductive rates than midseason and 

late flowering types.  This situation is likely to have occurred in a more subtle way at 

Mt Barker, due to midseason and late flowering strains having different temporal 

requirements for resources than early flowering strains. 

The principles espoused by Gause (1934) and de Wit (1960) imply that for strains to 

co-exist, they cannot compete for resources and must have similar reproductive rates.  

There are two possible cases for strain co-existence.  Firstly, there is metastable 

equilibrium (Rossiter 1966b), which arises from fluctuating selection intensities.  This 

was observed by Morley et al. (1962), who found population composition to fluctuate in 

accordance with seasonal factors in their New South Wales sites.  Such large 

fluctuations did not occur at Kojonup (Rossiter 1966b), nor were they generally 

apparent at Mt Barker or Nabawa. This can be exlained by the lower seasonal 

variability in the Western Australian environment compared to New South Wales 

(Cornish 1985).  A possible exception is the effect of cropping, illustrated at Nabawa by 

the more marked reduction in frequency of the soft-seeded strain Northam-E in 

comparison with more hardseeded strains, such as Nungarin.  The second possibility is 

spurious cohabitation (Harper et al. 1961), in which strains become associated with 

different microhabitats.  Whether the successful strains in these mixtures co-existed in 

a stable equilibrium or as spurious cohabitation cannot readily be determined. 

It is tempting to speculate that the co-existence of strains of ssp. yanninicum with those 

of ssp. subterraneum at Mt Barker was due to spurious cohabitation.  Evidence for this 

comes from Rossiter and Palmer (1981) who observed that, in terms of seed 

production in binary mixtures between the ssp. subterraneum strain Seaton Park and 

the ssp. yanninicum strain Yarloop, the outcome of competition was equal.  Cocks 

(1994) observed changes over small distances, whereby ssp. yanninicum dominated 

winter-flooded environments and ssp. subterraneum dominated well drained 

environments, resulting in no competition between them.  Although the paddock at 

Mt Barker was apparently uniform, the two subspecies are likely to occupy different 

micro-niches as the result of localised soil moisture effects.  The process of bulking 

samples at the time of seed sampling precluded examination of this aspect.  Sympatric 

populations of ssp. subterraneum with ssp. yanninicum regularly occur in native 

Mediterranean pastures (Katznelson 1974; Piano 1984; Piano et al. 1993), presumably 

for the same reasons. 
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A final consideration on factors affecting population composition is the possible effects 

of grazing management and apparent competition (Connell, 1990; Barbour et al. 1999), 

attributable to interactions arising from selective grazing.  Collins et al. (1983) showed 

that competitive relations between binary mixture components can change under 

different grazing regimes.  Grazing management of the mixtures in this experiment was 

not strictly controlled, consisting of a combination of set stocking and rotational grazing 

approximating common district practices.  It is possible that different population 

compositions may have arisen had different grazing management been imposed. 

Several studies (Nicholas 1972; Rossiter 1974; Dunlop 1986; Colebrook et al. 1990) 

have shown that sheep preferentially select different subterranean clover strains in 

choice situations.  Sheep also selectively graze mixed pastures (Doyle et al. 1993; 

Chen et al. 2002), so that the composition of herbage consumed does not reflect 

composition of the available plant material.  Colebrook et al. (1990) list four factors 

affecting diet selection, including ease of eating, palatability (taste, texture and odour), 

water content of herbage, and sward architecture.  It is likely that strain differences 

existed for each of these factors, resulting in some selective grazing and consequent 

ramifications for strain persistence. 

Comparison across environments 
The results of Rossiter’s 51-strain trial at Kojonup (Rossiter 1966b, 1977) can be 

compared with those from Nabawa and Mt Barker.  Kojonup has a growing season 

length of approximately 6.5 months (Rossiter 1966b), intermediate to that of Nabawa 

and Mt Barker.  Sixteen strains (Northam-C, Mulwala, Daliak, Baulkamaugh, Seaton 

Park, CPI 127091, Gingin, Yarloop, Yabba North, Woogenellup2, CPI 15080, Bacchus 

Marsh, Horsham, Clare, Mt Barker and Nangeela) were common to the three sites.  

Dwalganup, a presumed background contaminant at Nabawa, was also used at 

Kojonup. 

After 10 years at Kojonup, only seven strains (Dwalganup, Northam-C, Mulwala, Daliak 

Seaton Park, Gingin and Woogenellup) had increased their relative frequencies.  After 

a further 12 years, Daliak was the most successful (36%), with CPI 12709, Gingin and 

Northam-C being the only other strains with frequencies greater than 5 per cent.  

Northam-C was therefore successful at Kojonup after 22 years, was still present at  

                                                 
1 CPI 12709 is synonymous with the name CAN 454 A used in Rossiter’s studies. 
2 Rossiter used Burnley in his experiment.  However, it is considered to be the same strain as 

Woogenellup (Quinlivan 1962). 
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Nabawa after 16 years, but had disappeared after 9 years at Mt Barker.  Gingin was 

unsuccessful at Nabawa, and although ‘unsuccessful’ at Mt Barker, was still present 

after 16 years.  Daliak disappeared from both Nabawa and Mt Barker prior to Year 16.  

Of all the strains common to each site, CPI 12709 could be regarded as the most 

generally adapted strain, being successful at Kojonup and present at the other two 

sites after 16 years. 

Of note was the absence of Dinninup in the Kojonup mixture.  It is widespread 

throughout the Kojonup and surrounding districts (Rossiter and Collins 1988b) and is 

likely to have performed well had it been included in the mixture. 

These results support the hypothesis of Morley et al. (1962) that climate, particularly 

moisture availability in spring, is the main factor determining composition in mixed 

populations of subterranean clover.  Soil moisture deficit at Nabawa typically 

commenced from late September, compared with late October at Kojonup and late 

November at Mt Barker.  It is not surprising, therefore, that no strains were successful 

at both Mt Barker and Nabawa, the two most extreme sites, and that only three strains 

were still present at both sites after 16 years.  Flowering time, as measured at Shenton 

Park, was a major determinant of strain success in each environment.  The most 

successful strains at Nabawa were early flowering, those at Kojonup were early and 

midseason flowering, while those at Mt Barker were midseason and late flowering.  

This aspect will be discussed in more detail in Chapters 5 and 6. 

The rapid population changes in this study confirms the observations of Morley et al. 

(1962) and Rossiter (1966b).  Presumably, later flowering genotypes at Nabawa were 

so disadvantaged by the short time for seed setting that they were unable to compete 

with earlier flowering genotypes.  However, the failure of some earlier flowering strains 

at Nabawa and many midseason and late flowering strains at Mt Barker indicates that 

other factors are important in strain success or failure. 

The 19 per cent reduction in seed bank at Mt Barker following a year of crop was of 

similar magnitude to the 25 per cent estimated by Evans and Smith (1999) at a site in 

south-western Victoria with a similar cool climate.  The 63 per cent reduction in seed 

bank at Nabawa was also of similar magnitude to estimates by Taylor et al. (1984), 

Taylor and Ewing (1992) and Smith et al. (1996) in similar hot, dry wheatbelt 

environments. 
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Strain survival at Nabawa 
The finding that Northam-E was the most successful strain after 16 years was 

somewhat surprising.  Gladstones and Collins (1984) suggested on the basis of single 

plant studies that “its straggly growth, weak burr burial and lack of hardseededness 

would appear to preclude agronomic usefulness”.  This may well be the case in farming 

systems with regular cropping, such as that normally occurring in the Nabawa district 

and the remaining wheatbelt.  Its low hardseededness may not have been a 

disadvantage in this experiment, because of the semi-permanent nature of the pasture.  

Indeed, the crop in Year 17 resulted in a much greater reduction in the seed bank of 

Northam-E than all the other strains still present at the site.  The other two successful 

non-commercial strains (Gingin Brook and Bellevue) have previously been recognised 

as having agronomic potential and been used as parents to develop persistent varieties 

for the wheatbelt (Gladstones and Collins 1984).  This also applies to Northam-C. 

The results for the cultivars are consistent with most paddock observations in the 

Western Australian wheatbelt and with previous experiments with mixtures.  Nungarin, 

the most successful cultivar after 16 years, was released because it averaged 70 per 

cent greater seed yields than Geraldton over several trials in the wheatbelt (Francis 

1976a). 

Four other cultivars, Dwalganup, Geraldton, Northam and Daliak, have been 

recommended at some stage for the Nabawa district (Quinlivan and Francis 1976).  Of 

these only Northam was classed as successful (on the basis of both its SI and its 

relative seedbank contribution), and it was only moderately so.  Geraldton was 

considered successful on the basis of its relative seedbank contribution, but not its SI.  

It and Dwalganup were still present after 17 years, while Daliak had disappeared by 

Year 7.  The relative performances of Northam and Geraldton were similar to previous 

mixture studies (Taylor and Rossiter 1967) and commercial sowings (Rossiter 1977), 

both of which suggest they should co-exist successfully.  The greater persistence of 

Northam over Dwalganup also conforms with previous binary mixture studies (Rossiter 

1974).  The relatively poor persistence of Geraldton was at odds with the survey of 

Fortune et al. (1995), who found it to be the most abundant cultivar in the central 

wheatbelt of Western Australia.  However, its greater persistence than Dwalganup 

conforms with the single strain studies of Taylor and Rossiter (1967) and Millington 

(1960).  The poor persistence of Daliak in this trial conforms with its poor performance 

in other low rainfall environments (Quinlivan and Francis 1976). 
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Strain survival at Mt Barker 
The most striking result is the success of ssp. yanninicum.  By Year 16, Trikkala, 

Yarloop and Yabba North had increased to 43.8 per cent of the seed bank from 7.5 per 

cent at sowing.  The success of ssp. yanninicum may have been due to its well 

documented adaptation to waterlogging (Francis and Devitt 1969; Peak and Morley 

1973; Cocks 1994).  Although the site appeared uniform, the possibility of localised, 

waterlogged micro-sites within the paddock remains, and indeed is likely given the high 

rainfall at Mt Barker.  On the other hand several authors (Reed et al. 1985; Craig 1992; 

Nichols et al. 1996) suggest that ssp. yanninicum performs well in both well-drained 

and poorly drained paddocks, whereas ssp. subterraneum performs poorly in 

waterlogged areas.  In the absence of perceptible waterlogging, these results support 

the assertion of Reed et al. (1985) that “it may be more correct to emphasise the 

unsuitability of ssp. subterraneum on waterlogged sites, rather than emphasise the 

importance of ssp. yanninicum in waterlogged areas.” 

The dominance of Trikkala and Dinninup after 16 years is in accordance with both 

experimental and farmer experience in medium and higher rainfall areas.  Trikkala, 

released in 1976 as a low oestrogen replacement for the ssp. yanninicum cultivar 

Yarloop (Francis 1976b), rapidly gained popularity.  In a trial at Mt Barker 

(D.A. Nicholas, unpublished data) Trikkala persisted better than Yarloop in both single 

strain swards and mixtures over a 3-year period.  This is also true in eastern Australia 

(Reed et al. 1985; Little and Beale 1988; Clark et al. 1991).  Francis (1976b), Little and 

Beale (1988) and Nicholas (unpub. data) reported even greater persistence of Trikkala 

over Yarloop in the presence of clover scorch (Kabatiella caulivora (Kirchn.) Karak).  

Severe clover scorch epidemics were not noted in this trial, but the disease is common 

in the Mt Barker district (Bokor and Chatel 1973) and may have been a factor in some 

years. 

Dinninup is present in many pastures throughout the south west of Western Australia 

(Quinlivan and Francis 1977; Collins et al. 1984; Gladstones and Collins 1984; Rossiter 

and Collins 1988b; Nichols et al. 1996).  Cocks and Phillips (1979) also found Dinninup 

to be widespread in South Australia, in spite of limited deliberate sowings, and suggest 

its colonisation is due to ecological suitability.  Beck (1964) suggests its wide 

distribution may have been through sale of incorrectly labelled uncertified seed of 

Mt Barker.  Rossiter et al. (1985b) found Dinninup to rapidly dominate binary mixtures 

with either Geraldton or Daliak.  It also dominated a 5-strain mixture after 8 years 

(Rossiter 1977). 
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Four other cultivars, Mt Barker, Woogenellup, Yarloop, and Bacchus Marsh, have been 

recommended at some stage for the Mt Barker district (Quinlivan and Francis 1976).  

Mt Barker was the original cultivar sown throughout the district from the early 1900s 

(Adams 1924) and was still recommended for sowing up until 1984 (Collins et al. 

1984).  It was unsuccessful in this experiment, although it remained as a mixture 

component at a low level.  Its relatively poor performance is in accordance with single 

strain trial results at Mt Barker and other high rainfall sites in Western Australia (Nichols 

and Nicholas 1992; Nichols 1998), Victoria (Reed et al. 1985; Clark et al. 1991) and 

South Australia (Craig 1992).  Woogenellup and Yarloop were classed as successful, 

but were not major contributors to the seed pool.  Bacchus Marsh was unsuccessful in 

the trial and disappeared after only 6 years, a result consistent with past farmer 

experience (Quinlivan et al. 1968). 

Nangeela, released in the early 1960s, (Oram 1990) was perceived as having limited 

agronomic potential and has not been sown in the Mt Barker district (Quinlivan and 

Francis 1977).  It was not classed as successful in this experiment on the basis of its 

low relative seedbank contribution, even though it had a positive SI.  This conclusion 

was further justified when it disappeared from the mixture in Year 18. 

Midland-B was the only successful non-commercial strain.  Other evidence of its good 

adaptation comes from a series of variety trials in Western Australia where it was found 

to have superior seed production to Yarloop, Seaton Park and Dinninup (Collins 1978; 

Gladstones and Collins 1984).  Midland-B also performed well in trial plots in New 

South Wales and Victoria (Gladstones and Collins 1984) and was under consideration 

for commercial release in 1972.  It has been used extensively in cross-breeding and is 

a grandparent of cultivars Junee, Green Range and Karridale (Gladstones and Collins 

1984).  The results of this experiment, however, conflict with those of Rossiter et al. 

(1985b) where Midland-B performed similarly to Seaton Park in a binary mixture. 

Although Mt Barker is a very favourable site for subterranean clover, the latest 

flowering strain, CPI 47308C, appears to be too late flowering for success.  Cocks et al. 

(1982) also found very late flowering strains were unsuccessful at a similar high rainfall 

site in South Australia. 
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Divergent strains 
The low proportion of divergent strains at Nabawa and much larger proportion at 

Mt Barker was in accordance with the observations of Rossiter and Collins (1988a, 

1988b) that proportions of divergent strains are greater at high rainfall sites than at 

locations with less than 500 mm annual rainfall.  The 25 per cent divergent strain 

proportion after 16 years at Mt Barker was similar to measurements from other 

experiments.  Cocks et al. (1982) found 31 per cent of divergent strains in a population 

19 years after sowing 25 genotypes at a high rainfall site in South Australia.  In a 

survey of subterranean clover in South Australia, Cocks and Phillips (1979) found that 

25 per cent of all wool samples containing subterranean clover burrs had divergent 

strains. 

There was no evidence in this study for continuing evolution of new genotypes and no 

apparent trend for either an increase or decrease in seed bank proportion of divergent 

strains.  This apparent equilibrium differs from the expectations of Cocks et al. (1982) 

who calculated a rate of divergence at Kalangadoo of 1.5 per cent new strains per year 

and of Cocks (1992a) who calculated a rate of divergence of 1.2 per cent new strains 

per year.  However, neither of these studies followed changes in proportions over time 

and assumed that no variant strains existed at the time of sowing.  In Rossiter’s 

51-strain mixture trial at Kojonup (Rossiter 1966b, 1977) no mention is made of 

divergent strains.  His trial, however, was sown on newly cleared land and so no 

background contaminant clover would have been present.  It is also quite possible that 

divergent strains did evolve in his trial but were classified as the strain they most 

closely resembled. 

The finding that the proportion of divergent strains in the Mt Barker mixture did not 

increase is somewhat surprising.  There are two possible explanations.  The first one, 

previously discussed by Cocks and Phillips (1979), is that evolution did take place but 

strain identification, by means of morphological and flowering time differences, was not 

able to detect physiological or biochemical changes.  This would result in an 

underestimate of the true level of divergence.  Indeed Rossiter and Collins (1988b) 

found that electrophoretic patterns were able to further discriminate divergent strains 

that appeared to be morphologically similar to known strains. 

The second explanation concerns the changed interactive relationships between 

genotypes in the paddock upon sowing the mixture trial.  Given that the mixture was 

sown 25 years or so after the paddock was originally sown to cultivar Mt Barker, the  
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observations of similar divergent strains in the surrounding paddock and the studies of 

Rossiter and Collins (1988b) suggest it was highly likely that the trial site already 

contained a large proportion of divergent strains.  If so, these strains would have been 

interacting initially with Mt Barker and then later with Woogenellup.  Upon sowing the 

mixture trial, these background divergent strains then had to interact with many other 

strains.  It is possible that many divergent strains that were able to compete with 

Mt Barker and Woogenellup, were less able to compete with more successful strains, 

particularly Dinninup and Trikkala.  The increase in Dwalganup types over time 

indicates that this complex was very successful and that they were able to compete at 

the expense of less successful divergent strains. 

Comparison of methods 
The first measurement, that of time to elimination from populations, is a useful means 

of identifying poorly adapted strains.  However, it is less useful in identifying the best 

adapted strains, as it tends to exaggerate the persistence of strains present at low 

frequencies.  For example, at Nabawa, one plant each of both Seaton Park and 

Blackwood was found in the Year 7 and 8 samples, respectively.  Had these single 

seeds not been found, it would have been concluded that both strains had been 

eliminated prior to Year 3. 

Both the relative seed bank and plant number (SI) methods succeeded in identifying 

the most successful strains.  There were some minor discrepancies, however.  The 

SI method considered Northam-C successful at Nabawa and Nangeela successful at 

Mt Barker after 16 years, whereas they were not successful on the basis of relative 

seedbank contribution.  However, in both cases, they had only marginally successful 

SI values and Nangeela in fact was eliminated from the Mt Barker population in 

Year 18.  On the other hand, Geraldton was successful on the basis of its relative 

seedbank contribution, but not its SI value.  Its relative seedbank, however, was the 

lowest of the 6 successful strains. 

While the success index method has the advantage of adjusting for possible 

differences in sowing rates, the advantage of the seed bank method is in providing a 

‘snapshot’ of what is actually present at any one time.  However, it is apparent that 

either method can be used to identify the most successful strains. 
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CHAPTER 4.  PREDICTING LONG-TERM SUCCESS FROM INITIAL 

POPULATION CHANGES IN MIXED STRAIN SWARDS 

Abstract 
Short-term changes in population composition were examined in a mixture of 52 

subterranean clover strains sown at Nabawa and Mt Barker, two sites of contrasting 

growing season length in south-west Western Australia.  An additional sowing of the 

mixture was made at the longer growing season site of Mt Barker the following year, 

allowing an examination of sowing year effects on initial changes in population 

composition.  Mixtures comprised the same 40 strains used in the long-term mixtures 

described in Chapter 3 plus an additional 12 recently released cultivars. 

Changes in population composition of the first Mt Barker sowing were followed for four 

seasons, while changes after a single season only were followed in the Nabawa 

mixture and the second Mt Barker sowing.  Seed harvested each summer was grown 

in a common garden at Shenton Park for strain identification.  Population compositions 

in these short-term mixtures were compared with long-term compositions of the 

40-strain mixture sown at the same sites.  For a strain to be considered successful in 

this experiment it had to maintain or increase its sown proportion of the total seedbank. 

At Nabawa, success after just one year in a strain mixture was a reasonable predictor 

of long-term success in mixtures.  At Mt Barker, however, success after Year 1 was a 

less reliable predictor of long-term success, with Year 3 data being more reliable.  Year 

1 data, however, were able to identify poorly adapted strains at both sites.  At Mt 

Barker, sowing year effects were observed on population composition after one year, 

particularly in the proportions of ssp. yanninicum.  These differences became less 

important in subsequent generations, as their predictive power of long-term success 

increased. 

There was strong selection pressure for early flowering after a single year at the short 

growing season environment of Nabawa.  Here, 26 of the sown strains failed to set any 

seed.  The relationship between flowering time and success after one year was less 

apparent at Mt Barker.  Here, one mixture (Mt Barker 1995-sown) had a weak positive 

relationship, while the other did not.  Only two strains in each mixture experiment at Mt 

Barker failed to set seed. 
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The long-term success of the 12 recently released cultivars was predicted at both sites.  

At Nabawa, the early flowering cultivars Izmir and Dalkeith were considered likely to 

succeed, while at Mt Barker, the midseason cultivar Junee and the late flowering 

cultivars Denmark, Goulburn, Leura, and Karridale were predicted to succeed.  None of 

the ssp. yanninicum cultivars Larisa, Meteora or Gosse were considered likely to be 

more successful than Trikkala at Mt Barker. 

Introduction 
In Chapter 3 a 40-strain subterranean clover mixture sown at Nabawa and Mt Barker, 

two sites of contrasting growing season length, rapidly evolved into populations 

consisting of the strains best adapted to those sites.  It was concluded that the fit 

between the maturity of each strain and the pattern of moisture availability in spring 

was the main determinant of population composition, with early flowering strains being 

favoured in the short-season environment of Nabawa and later flowering strains in the 

long-season environment of Nabawa.  Similar results have been shown by Morley et al. 

(1962) and Dear et al. (2001). 

Although it is important to be able to identify strains capable of long-term persistence, 

an evaluation time-frame of 16 years is unlikely to be an option in most cases.  The 

question arises as to whether long-term success can be predicted from short-term 

success.  It was shown in Chapter 3 that success in Year 3 of a strain mixture was a 

good predictor of its long-term success in that mixture.  However, initial compositional 

changes were not measured until the third season after sowing.  By that time, many 

strains had already become extinct at each site, largely through the elimination of 

strains with inappropriate flowering times.  This raises two new questions.  Firstly, how 

reliably can long-term strain success be predicted from strain success within the first 

three seasons?  Secondly, how repeatable is the outcome of a mixture trial from 

different years of sowing?  This Chapter examines these issues. 

Materials and Methods 

Mixture components 
Mixtures comprised 52 subterranean clover strains sown in equal proportions by 

weight.  The same 40 entries as that sown in the long-term (1978-sown) mixtures at 

Nabawa and Mt Barker (see Chapter 3) were sown.  In addition 12 cultivars released 

since 1978 (Dalkeith, Denmark, Gosse, Goulburn, Junee, Meteora, Karridale, Larisa, 

Leura, Rosedale, York and Izmir) were sown.  The first 11 cultivars are described in 

Nichols et al. (1996).  Izmir is a new early flowering cultivar collected from Turkey 



CHAPTER 4 

 

Phil Nichols 113 

(Nichols unpub. data).  Gosse, Larisa and Meteora belong to ssp. yanninicum and 

Rosedale belongs to ssp. brachycalycinum. The remaining cultivars belong to ssp. 

subterraneum. 

Seed for experiments was grown in 1993 at the University of Western Australia Field 

Station at Shenton Park in irrigated, well-fertilised rows.  All seed lots had at least 

85 per cent viability.  A 52-strain mixture was made by mixing equal seed weights of 

each of strain.  Seed coats were scarified and inoculated with commercial 

subterranean clover Rhizobium inoculum (Nodulaid) and then lime pelleted prior to 

sowing. 

Mixture plots 
Mixture plots were located at Mount Barker Research Station, Mt Barker and Chapman 

Research Station, Nabawa near to the 1978-sown strain mixture sites described in 

Chapter 3.  Sites were selected on the basis of similarity in soil-type to the 1978-sown 

mixture plots and on their low levels of background subterranean clover.  Seed banks, 

however, were not measured prior to commencement of experiments.  Soils from each 

experiment were sampled by taking four 0.50 dm2 cores to an approximate depth of 

10 cm and bulked.  Soil characters were analysed by CSBP and Farmers Ltd, Perth 

and are presented in Table 4.1. 

Table 4.1. Soil characteristics of the top 10 cm of soil at the Nabawa and Mt Barker 1994- and 
1995-sown mixture sites.  Data from Wesfarmers CSBP Ltd, Perth, Western Australia 

 Texture Gravel 
% 

Phosph-
orous1 

mg/kg 
Nitrate2 

mg/kg 
Amm-
onium2 

mg/kg 

Potass-
ium1 

mg/kg 
Sulphur3 

mg/kg 
Organic 
carbon4 

% 
Iron5 

mg/kg 
Cond-

uctivity6 

dS/m 
pH6 

CaCl2 

Nabawa Loam 0 28 9 22 398 9.8 0.86 1144 0.0623 4.80 
Mt Barker 
(1995-
sown) 

Loamy 
sand 40-45 55 16 13 176 5.3 3.20 1184 0.0741 4.82 

Mt Barker 
(1994-
sown) 

Loamy 
sand 30-35 38 6 10 151 5.4 2.74 901 0.0429 4.46 

1  Colwell (1963) 
2  Searle (1984) 
3  Blair et al. (1991) 
4  Walkley and Black (1934) 
5  Soils tumbled with Tamm’s reagent for 1 hour in a soil:solution ratio of 1:33.  Iron concentration is determined using a  
   flame atomic absorption spectrophotometer at 248.3 nm. 
6 Rayment and Higginson (1992). 

The Nabawa site had been cropped for the three years prior to commencement of the 

experiment and had been sown to Geraldton and Northam subterranean clovers in the 

past.  The Mt Barker site had been cropped for several years and then fallowed for 

three years prior to 1994.  It had never been sown to clover. 
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Mixtures were sown in 1994 on 17 May at Mt Barker and on 9 June at Nabawa.  An 

additional mixture was sown at Mt Barker on 31 May in 1995.  Trial sites were prepared 

by cultivation and knock-down herbicides.  Wheat stubble was also burnt at Nabawa.  

Mixture plot dimensions were 2 m x 2.5 m.  Each 1994 mixture was sown in two plots, 

while the 1995 Mt Barker mixture consisted of a single plot.  Plots were raked to form a 

smooth seed bed and hand-sown at a rate of 26 kg/ha of germinable seed mixed with 

300 kg/ha of fertiliser (super-potash 3:1).  Plots were lightly hand-raked again to cover 

the seed.  Mixtures remained undefoliated during the first growing season but were 

grazed periodically by sheep in accordance with district practice from then on. 

Seed sampling 
Seed samples were collected in December or January, following pasture senescence.  

All samples consisted of 20 quadrats, each of 10 dm2, to a depth of approximately 5 

cm.  Samples from each plot were bulked.  Year 1 seed samples were taken along 

transects in both plots in the 1994-sown mixtures.  The Nabawa mixture was not 

sampled in subsequent years.  The 1994-sown Mt Barker mixture was sampled for a 

further three seasons but from only one plot, as the second plot was cropped.  The 

Year 1 sample from the 1995-sown Mt Barker mixture consisted of two transects along 

the plot, which were bulked separately.  This mixture was not sampled in subsequent 

years. 

Samples were sieved in the field through a 1.5 mm sieve to remove excess soil, bulked 

and brought back to Perth.  Seed was then threshed from burrs mechanically. 

Identification of strains 
Seed samples were examined at Shenton Park in the season following collection.  

Following seed scarification, seedlings were raised in the glasshouse, transplanted into 

rows and maintained as described in Chapter 3.  In 1995, 280 seeds of each plot from 

the 1994-sown Nabawa and Mt Barker mixtures were sown on 19 June and 

transplanted on 4 August.  In 1996, 245 seeds from each transect of the 1995-sown 

and 1994-sown (Year 2) Mt Barker mixtures were sown on 6 May and transplanted on 

10 June.  Year 3 samples from the 1994-sown Mt Barker mixture were sown on 10 May 

and transplanted on 15 June in 1997, while Year 4 samples were sown on 12 May and 

transplanted on 20 June in 1998.  Unlike the 40-strain mixture experiment in Chapter 3, 

a sample of the original mixture was not grown for identification, as all components in it 

were known to have high seed viability.  Each of the 52 mixture components were 

grown as controls.  In 1995 they were grown as single plots of two seedlings, in 1996  
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as six randomly scattered plants, while in both 1997 and 1998 they were grown as 

single plots of three seedlings. 

Sample and control plants were observed every 2-3 days to determine the time to first 

flowering.  Sample plants were identified by comparison with the controls as described 

in Chapter 3.  To be classified as one of the 52 mixture components, plants had to be 

morphologically identical to and flower within 7 days of the flowering range of control 

plants of that strain.  Those not considered identical with one of the strains were 

classified as ‘divergent strains’, in accordance with Cocks and Phillips (1979).  

Seed banks contributions of strain components 

For a strain to be considered successful in this experiment it had to maintain or 

increase its sown proportion of the total seedbank.  The seed banks (kg/ha) of each 

strain were calculated in the same manner as in Chapter 3.  Seed weights of each 

strain were estimated from seed weight measurements taken from single genotype 

swards sown at Nabawa in 1994 and at Mt Barker in 1995 (data given in 

Appendices 5.1 and 5.2).  Seed weights for the 40 strains in the 1978-sown mixtures 

are shown in Table 3.7.  Values for the additional 12 cultivars used in the 1994-sown 

and 1995-sown mixtures are given in Table 4.2. 

Table 4.2. Mean seed weight (mg) at Nabawa and Mt Barker of 12 cultivars released since 1978.  
Estimates derived from single genotype swards (Appendices 5.1 and 5.2) 

Strain Nabawa Mt Barker 
Dalkeith 4.6 10.1 
Denmark 4.5 7.0 
Gosse 2.0 9.1 
Goulburn 2.0 5.0 
Izmir 3.0 7.0 
Junee 1.7 6.5 
Karridale 2.4 6.9 
Larisa 4.3 9.7 
Leura 2.2 6.2 
Meteora  8.9 
Rosedale 4.9 9.9 
York 1.6 5.8 

Statistical analyses 
Analyses of variance were conducted using Genstat 5 release 4.1, 3rd edition (Lawes 

Agricultural Trust, IACR-Rothamsted).  Minitab release 13.1 (Minitab Inc.) was used to 

perform correlations. 
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Results 

Rainfall at mixture sites 
Table 4.3 shows the annual rainfall at Mt Barker between 1994 and 1997 and at 

Nabawa in 1994.  Growing season lengths and dates of the onset of spring soil 

moisture deficit, estimated by the weekly soil moisture balance model described in 

Chapter 3, are also shown.  Rainfall at both sites was lower than average in 1994.  Soil 

moisture level was estimated to be in deficit from 17 September at Nabawa and from 

19 November at Mt Barker, both dates being about 10 days earlier than average.  

Rainfall and growing season lengths at Mt Barker in 1995 and 1996 were close to 

average.  The onset of soil moisture deficit was close to the mean date in 1995 but 

more than 2 weeks later than it in 1996.  Rainfall and growing season length in 1997 

were both well below average and soil moisture deficit occurred nearly 3 weeks earlier 

than average. 

Table 4.3. Annual rainfall and estimates of growing season length and date of onset of spring soil 
moisture deficit at Nabawa in 1994 and at Mt Barker from 1994-1997 

Mt Barker Nabawa 
Year Annual 

rainfall 
(mm) 

Growing 
season 
(weeks) 

Onset of soil 
moisture 

deficit 

Annual 
rainfall 
(mm) 

Growing 
season 
(weeks) 

Onset of soil 
moisture 

deficit 
1994 583 30 19 November 318 18 17 September 
1995 645 31   3 December - -  
1996 612 30 17 December - -  
1997 469 26 12 November - -  
Mean 

(1978-1994) 635 31.0 29 November 432 19.4 26 September 

Strain identification 
Of all seedlings transplanted, 99.4 per cent survived to maturity and were classified as 

either one of the 52 sown strains or as a divergent strain.  Table 4.4 gives the mean 

flowering times for each strain in control rows at Shenton Park from 1995-1998.  

Control plants clearly expressed the leaf markings, other morphological characteristics 

and flowering times of the strains.  All strains could be distinguished from each other 

despite morphological similarities between some of them.  Larisa was identical 

morphologically to Trikkala, but was more than 5 weeks later in mean flowering time.  

Similarly, Gosse was morphologically identical to Meteora but its mean flowering time 

was more than 3 weeks earlier.  Karridale was only distinguishable from Nangeela by 

its more erect habit and deeper green leaves, with both having similar morphological  
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attributes and flowering times.  CPI 65332A, found in Chapter 3 to be a mixture of two 

genotypes with differing leafmarks, was again treated as a single strain.   

Table 4.4. Mean days to first flowering (1995-1998) at Shenton Park of the 52- strain mixture 
components 

Strain Days of first 
flowering Strain Days of first 

flowering 
Bacchus Marsh 124 Karridale 134 
Baulkamaugh 103 Lake Claremont 96 
Bellevue 95 Larisa 147 
Blackwood 102 Leura 146 
Clare 120 Marradong 115 
Collie-A 101 Meteora 154 
CPI 12709 105 Midland-B 116 
CPI 15080B 117 Mt Barker 121 
CPI 15259C 114 Mt Helena-A 97 
CPI 19447A 98 Mulwala 102 
CPI 47308C 160 Nangeela 140 
CPI 65321B 111 Northam 92 
CPI 65332A 112 Northam-C 98 
Crawley 93 Northam-E 83 
Daliak 102 Northam-F 95 
Dalkeith 104 Nungarin 84 
Denmark 142 Rosedale 102 
Dinninup 108 Seaton Park 106 
Geraldton 99 Shenton Park-A 89 
Gingin 106 Toodyay-B 99 
Gingin Brook 89 Trikkala 109 
Gosse 130 Walebing 116 
Goulburn 141 Woogenellup 128 
Horsham 116 Yabba North 109 
Izmir 90 Yarloop 107 
Junee 123 York 106 

Change in strain frequency 

Differences in population composition between sites just one year after sowing were 

clearly visible in the identification trial at Shenton Park. This is illustrated in Plate 4.1. 

Nabawa 

Total first year seed yield of the Nabawa mixture was 4.6 kg/ha (Table 4.5), which was 

only 17.5 per cent of the original sowing rate.  This seed yield compares with the 

corresponding first year seed set of the 1978-sown mixture at Nabawa of 27.4 kg/ha.  

This may have arisen from the estimated onset of soil moisture deficit occurring much 

earlier in 1994 (17 September) than 1978 (8 October).  In contrast to the 1978-sown 

mixture, where cv. Dwalganup was the main background contaminant, a very low level  
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(< 1 plant/m2) of background cv. Northam was found in the area adjacent to the plots in 

this experiment.  This is likely to have inflated the seed estimates of Northam slightly. 

Table 4.5. Mean seed bank (kg/ha) after one season at Nabawa of 52 sown strains and additional 
divergent strains 

Strain Seed bank Strain Seed bank 
Bacchus Marsh 0.00 Lake Claremont 0.20 
Baulkamaugh 0.00 Larisa 0.00 
Bellevue 0.13 Leura 0.00 
Blackwood 0.11 Marradong 0.03 
Clare 0.00 Meteora 0.00 
Collie-A 0.05 Midland-B 0.00 
CPI 12709 0.00 Mt Barker 0.00 
CPI 15080B 0.04 Mt Helena-A 0.01 
CPI 15259C 0.00 Mulwala 0.00 
CPI 19447A 0.21 Nangeela 0.00 
CPI 47308C 0.00 Northam 0.49 
CPI 65321B 0.00 Northam-C 0.03 
CPI 65332A 0.00 Northam-E 0.29 
Crawley 0.00 Northam-F 0.03 
Daliak 0.04 Nungarin 0.54 
Dalkeith 0.52 Rosedale 0.46 
Denmark 0.00 Seaton Park 0.01 
Dinninup 0.00 Shenton Park-A 0.06 
Geraldton 0.15 Toodyay-B 0.20 
Gingin 0.00 Trikkala 0.01 
Gingin Brook 0.25 Walebing 0.01 
Gosse 0.02 Woogenellup 0.00 
Goulburn 0.00 Yabba North 0.00 
Horsham 0.00 Yarloop 0.00 
Izmir 0.62 York 0.01 
Junee 0.00 Divergent strains 0.06 
Karridale 0.00   
Total yield   4.55 
Strain mean   0.09 
Significance level   P < 0.001 
Lsd   0.162 

There were highly significant strain differences for seed bank (Table 4.5).  Of the 

52 strains sown, 26 yielded no seed.  Thirteen strains (Izmir, Nungarin, Dalkeith, 

Northam, Rosedale, Northam-E, Gingin Brook, CPI 19447A, Toodyay-B, Lake 

Claremont, Geraldton, Bellevue and Blackwood) could be classed as successful after 

one year, having a seed bank proportion at least equivalent to that sown (1.9%).  Of 

these, only five strains (Izmir, Nungarin, Dalkeith, Northam and Rosedale) had a seed 

bank greater than or equal to that sown of each strain.  A low level (1.4% of the seed 

bank) of divergent strains was also found. 
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Earliness of flowering was very important for seed production.  There was a strong 

negative correlation (r = -0.50, P < 0.001) between strain seed bank at Nabawa and 

mean days to first flowering (DFF) at Shenton Park.  The 13 strains with highest seed 

production all had DFF less than 105 days at Shenton Park (Table 4.4).  However, 

eight other strains that also had DFF less than 105 days (Baulkamaugh, Collie-A, 

Crawley, Daliak, Mt Helena-A, Northam-C, Northam-F and Shenton Park-A) failed to 

produce seed in this experiment. 

Year 1 seed set was found to be a good predictor of longer term strain success at 

Nabawa.  The 40 strains used in the 1978-sown mixture made up 63 per cent of the 

seedbank in the 1994-sown mixture.  Year 1 seedbanks of these strains in the 1994-

sown mixture were strongly correlated with Year 3 seedbanks in the 1978-sown 

mixture (r = 0.78, P < 0.001).  Thirteen of the 16 strains (Bacchus Marsh, Clare, CPI 

15259C, CPI 47308C, CPI 65321B, CPI 65332A, Gingin, Horsham, Midland-B, 

Mt Barker, Nangeela, Woogenellup, Yabba North and Yarloop) that had disappeared 

from the 1978-sown mixture by Year 3 had already disappeared from the 1994-sown 

mixture after just one year.  Year 1 seedbanks of the 40 common strains in the 

1994-sown mixture were also strongly correlated (r = 0.59, P < 0.001) with Year 16 

seedbanks in the 1978-sown mixture.  The five strains classified as successful after 

16 years in the 1978-sown mixture (Nungarin, Northam, Northam-E, Gingin Brook and 

Bellevue) were all successful after one year in the 1994-sown mixture. 

Mt Barker 

Year 1 seed banks 

Total seed production in the first year of the 1995-sown mixture (765 kg/ha) was much 

greater than that in the 1994-sown mixture (129 kg/ha), with both mixtures markedly 

out-yielding first year seed production of the 1978-sown mixture (37 kg/ha).  The much 

higher yield in 1995 was most probably due to the later onset of soil moisture stress 

(Table 4.3).  The reason for the very low yield in 1978 is not known. 

There were highly significant strain seed bank differences in both mixtures and a highly 

significant sowing year x strain interaction (Table 4.6).  All strains set seed in the 

1994-sown mixture, except Horsham and Larisa.  In the 1995-sown mixture, Rosedale 

and Shenton Park-A set no seed.  Twenty strains were successful after Year 1 in the 

1994-sown mixture, having at least maintained their original sown proportions, while 15 

were successful in the 1995-sown mixture.  Nine strains (Bacchus Marsh, Dalkeith, 

Denmark, Dinninup, Goulburn, Midland-B, Mt Barker, Seaton Park and Woogenellup) 
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were successful in both mixtures after Year 1, while 25 strains were unsuccessful in 

both mixtures.  The seed bank of divergent strains was higher than all sown strains in 

the 1995 mixture and ranked second behind Seaton Park in the 1994-sown mixture. 

Table 4.6. Mean seed bank (kg/ha) after one season at Mt Barker of 52 sown strains and additional 
divergent strains from sowings made in 1994 and 1995 

Seed bank Seed bank 
Strain 

1994 1995 
Strain 

1994 1995 
Bacchus Marsh 3.9 14.4 Lake Claremont 3.2 8.7 
Baulkamaugh 0.5 6.0 Larisa 0.0 7.8 
Bellevue 2.9 5.7 Leura 2.9 11.7 
Blackwood 2.2 9.5 Marradong 2.0 13.7 
Clare 1.1 15.9 Meteora 2.4 8.2 
Collie-A 1.6 12.6 Midland-B 4.3 28.2 
CPI 12709 1.5 6.9 Mt Barker 2.9 26.1 
CPI 15080B 0.6 5.1 Mt Helena-A 3.6 6.5 
CPI 15259C 1.7 3.2 Mulwala 1.0 7.0 
CPI 19447A 0.9 3.8 Nangeela 6.1 12.5 
CPI 47308C 1.3 15.8 Northam 0.5 4.7 
CPI 65321B 2.0 5.6 Northam-C 1.3 11.3 
CPI 65332A 0.7 8.9 Northam-E 0.5 6.3 
Crawley 1.0 4.2 Northam-F 1.6 2.8 
Daliak 2.3 2.7 Nungarin 0.6 3.8 
Dalkeith 2.3 14.5 Rosedale 2.3 0.0 
Denmark 5.9 22.0 Seaton Park 13.0 27.4 
Dinninup 5.6 73.2 Shenton Park-A 0.3 0.0 
Geraldton 2.3 3.1 Toodyay-B 1.4 10.4 
Gingin 1.4 7.5 Trikkala 1.0 73.2 
Gingin Brook 0.3 3.5 Walebing 1.0 16.5 
Gosse 0.7 7.9 Woogenellup 4.7 61.5 
Goulburn 6.0 22.1 Yabba North 1.1 8.0 
Horsham 0.0 6.3 Yarloop 1.6 10.5 
Izmir 0.5 4.0 York 1.3 13.4 
Junee 3.5 9.3 Divergent strains 10.4 80.0 
Karridale 5.6 11.2    
Total yield    129 765 
Significance level (strains)   P < 0.001 P < 0.01 
lsd    4.9 33.8 
Significance level (years)   P < 0.001 
lsd    3.3 
Significance level (strain x year)   P < 0.01 
lsd    24.1 

The greatest discrepancy between years occurred for Trikkala, which was ranked 2nd in 

the 1995-sown mixture, but 37th in the 1994-sown mixture.  Other big discrepancies 

occurred for Geraldton, Daliak and Rosedale, which were ranked equal 18th in the 

1994-sown mixture, but ranked 49th, 51st and 52nd, respectively in the 1995-sown 

mixture.  Other strains for which ranking changes of more than 20 places occurred 
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included Walebing, Bellevue, Clare, Mt Helena-A, CPI 15259C and Larisa.  For the 

1994-sown mixture there was a weak correlation (r = 0.29, P < 0.05) between Year 1 

seed bank and DFF at Shenton Park (Table 4.4). However, there was no such 

correlation for the 1995-sown mixture. 

 

Plate 4.1. Year 1 samples at Shenton Park in 1995 of the 1994-sown Mt Barker (left hand side) and 
Nabawa (right hand side) mixtures grown out for strain identification. The photograph, 
taken 145 days after sowing, shows the early maturity of plants from Nabawa with many  
senescing, with Mt Barker plants still lush and actively growing.  

Short-term success 

The 1994-sown mixture at Mt Barker was monitored for a further three seasons (Table 

4.7).  Total seed bank increased from that of Year 1, but remained below those of the 

1978-sown mixture (Figure 3.3).  By Year 4, 14 of the 52 strains (Blackwood, Clare, 

CPI 15080B, Dalkeith, Geraldton, Horsham, Meteora, Northam, Northam-C, Northam-

F, Nungarin, Rosedale, Walebing and Yabba North) had become extinct.  Only nine 

strains (Denmark, Dinninup, Gingin, Junee, Karridale, Midland-B, Mt Barker, Nangeela 

and Woogenellup) could be considered successful, having increased their proportion 
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from that sown.  Denmark after 4 years was clearly the most successful strain, 

comprising 26.1 per cent of the total seed bank, while Woogenellup, Junee, Dinninup 

and Midland-B each contributed more than 5 per cent.  The divergent strain complex 

(10.1 %) also made a large contribution to the seed bank. 

Table 4.7. Per cent of total seed bank of 52 sown and divergent strains in the first 4 years of a 
mixture sown in 1994 at Mt Barker 

Seed bank Seed bank 
Strain Year 

1 
Year 

2 
Year 

3 
Year 

4 
Strain Year 

1 
Year 

2 
Year 

3 
Year 

4 
Bacchus Marsh 3.0 0.5 0.2 0.4 Lake Claremont 2.5 3.0 0.7 1.6 
Baulkamaugh 0.4 0.4 0.4 0.5 Larisa 0.0 0.0 1.7 1.0 
Bellevue 2.2 1.1 0.5 0.8 Leura 2.2 1.1 2.7 1.8 
Blackwood 1.7 0.5 0.0 0.0 Marradong 1.6 1.6 0.8 1.6 
Clare 0.8 2.4 0.3 0.0 Meteora 1.9 0.3 0.3 0.0 
Collie-A 1.3 2.1 0.3 0.3 Midland-B 3.3 5.5 6.6 5.0 
CPI 12709 1.2 1.4 0.0 0.7 Mt Barker 2.3 1.6 0.4 4.0 
CPI 15080B 0.5 1.7 0.2 0.0 Mt Helena-A 2.8 3.9 4.2 1.2 
CPI 15259C 1.4 1.0 1.7 0.7 Mulwala 0.8 0.0 0.0 0.2 
CPI 19447A 0.7 1.9 0.3 0.6 Nangeela 4.7 0.9 2.1 2.4 
CPI 47308C 1.0 0.4 0.6 0.5 Northam 0.4 1.0 0.2 0.0 
CPI 65321B 1.5 1.1 0.2 0.5 Northam-C 1.0 0.2 0.2 0.0 
CPI 65332A 0.5 0.3 0.2 0.2 Northam-E 0.4 0.9 0.0 0.3 
Crawley 0.7 0.5 0.2 0.4 Northam-F 1.2 2.4 1.9 0.0 
Daliak 1.8 1.6 0.6 1.1 Nungarin 0.4 1.3 0.0 0.0 
Dalkeith 1.8 3.0 0.9 0.0 Rosedale 1.8 0.6 0.3 0.0 
Denmark 4.6 4.5 13.4 26.1 Seaton Park 10.1 5.6 1.0 1.9 
Dinninup 4.3 8.9 11.8 5.6 Shenton Park-A 0.2 0.2 0.2 0.2 
Geraldton 1.8 1.2 1.7 0.0 Toodyay-B 1.1 1.8 1.8 0.5 
Gingin 1.0 3.1 2.3 3.9 Trikkala 0.8 1.0 0.0 0.9 
Gingin Brook 0.2 2.6 2.1 1.2 Walebing 0.7 1.1 1.8 0.0 
Gosse 0.5 1.3 0.5 0.7 Woogenellup 3.6 3.3 4.1 9.9 
Goulburn 4.6 5.4 6.6 1.9 Yabba North 0.8 0.3 0.0 0.0 
Horsham 0.0 0.0 0.3 0.0 Yarloop 1.2 0.9 2.6 0.5 
Izmir 0.4 0.8 0.6 0.2 York 1.0 2.6 0.7 0.2 
Junee 2.7 3.0 5.8 6.7 Divergent strains 8.1 6.4 9.5 10.1 
Karridale 4.4 2.0 4.6 3.7      
Total yield (kg/ha)      129 365 407 271 

Subspecies subterraneum was the most dominant subspecies in the 1994-sown 

mixture.  Of the sown strains, ssp. subterraneum comprised 96.5 per cent of the total 

seed bank after 4 years, compared to an original sown proportion of 82.7 per cent.  The 

six ssp. yanninicum strains (Gosse, Larisa, Meteora, Trikkala, Yabba North and 

Yarloop) only contributed 3.5 per cent to the total seed bank after 4 years, compared to 

the sown proportion of 11.5 per cent.  This is in contrast to both the 1978-sown and 

1995-sown mixtures (Year 1 only), where the proportion of ssp. yanninicum increased 
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over time.  The three ssp. brachycalycinum strains (Clare, CPI 15080B and Rosedale) 

were clearly not adapted; all had become extinct in the 1994-sown mixture by Year 4. 

Prediction of long-term success 

The ability to use short-term population changes to predict long-term success was 

investigated by comparing the seed banks of the 40 common strains in the 1994-sown 

and 1995-sown mixtures with those in the 1978-sown mixture of Chapter 3.  Year 3 

seedbanks of the 1994-sown and 1978-sown mixtures were strongly correlated 

(r = 0.64, P < 0.001), while an even stronger correlation (r = 0.92, P < 0.001) existed 

between Year 4 seed banks.  Longer-term success in the 1978-sown mixture was able 

to be predicted to some extent from the 1994-sown and 1995-sown mixtures.  Year 1 

strain seed banks in the 1994-sown mixture were weakly correlated (r = 0.39, P < 0.05) 

with those in Year 16 of the 1978-sown mixture, while those for the 1995-sown mixture 

were highly correlated (r = 0.90, P < 0.001).  This difference in the strength of the 

relationship was largely due to the Year 1 seed bank of the 1995-sown mixture having 

a much greater proportion of ssp. yanninicum. 

Of the five successful strains after 16 years in the 1978-sown mixture, Dinninup, 

Midland-B and Woogenellup were successful after Year 1 in both mixtures.  Trikkala 

was successful only in the 1995-sown mixture.  Yarloop, however, was unsuccessful 

after Year 1 in both mixture series, although only marginally so. 

Seed bank correlations of Year 2 (r = 0.54), Year 3 (r = 0.65) and Year 4 (r = 0.57) in 

the 1994-sown mixture with Year 16 of the 1978-sown mixture were all highly 

significant (P < 0.001) and greater than that for Year 1. 

Discussion 

Initial effects of sowing year 
Population composition after one year at Mt Barker depended on the year of sowing, 

with rankings for several strains differing between the 1994-sown and 1995-sown 

mixtures.  There were no differences between years in seed viability, as all strains had 

at least 85 per cent germinability in both mixtures.  Neither population was grazed or 

cut during the first year, so differential effects from defoliation can be ruled out.  Soil 

type differences between the 1994-sown and 1995-sown mixture sites also appear 

unlikely to have had an effect.  Although Rossiter (1977) found differences in a 

10-strain mixture when grown on four different soils in the same district, Morley et al. 

(1962) found little effect.  Cocks et al. (1982) also found no relationship between strain 
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success and any soil attributes.  In this experiment the 1994-sown and 1995-sown 

mixtures were located within 50 m of each other and the measured soil-type 

parameters (Table 4.1) were similar. 

There are two possible reasons for the differences in Mt Barker population composition 

after one year.  The first can be attributed to differences in the time to onset of spring 

moisture stress.  In 1994, soil water deficit was estimated to be about 10 days earlier 

than average, compared to about 4 days later than average in 1995.  Thus seed set 

was able to continue for 2 weeks longer in 1995, which resulted in a much higher total 

seed yield.  Although there were no consistent trends apparent in relative success of 

maturity groups between the two years, it was notable that the relatively early flowering 

Seaton Park strain made up a substantially higher proportion of the population in 1994 

(10.1%) than in 1995 (3.8%), while the later flowering Woogenellup made up a lower 

proportion in 1994 (3.6%) than in 1995 (8.4%). 

The second possibility is that the 1995-sown site was more waterlogged, or at least 

contained more waterlogged patches than the 1994-sown site.  This may explain why 

ssp. yanninicum and the strain Trikkala, in particular, had a very much lower 

representation after one year in the 1994-sown population (0.8%) compared to the 

1995-sown population (9.2%).  Waterlogging has previously been shown to favour ssp. 

yanninicum over the other two subspecies of subterranean clover (Francis and Devitt 

1969; Rossiter 1977; Reed et al. 1985; Little and Beale 1988; Clark et al. 1991; Cocks 

1994).  Although the two mixture sites were located near to each other, the 1995-sown 

mixture did occupy a site slightly down slope and may have accumulated more water. 

Prediction of long-term success 
In Chapter 3 success in Year 3 of a strain mixture was a good predictor of its long-term 

success in that mixture.  In this experiment, success after just one year in a strain 

mixture was found to be a reasonable predictor (for the strains common to both) of 

long-term success in mixtures at Nabawa, but was less reliable for predicting long-term 

success in mixtures at Mt Barker.  Year 1 data, however, were able to predict the 

elimination of poorly adapted strains at both sites.  Measuring changes in Year 1 

composition of mixed populations could, therefore, be used as a rapid screening 

technique to eliminate strains that are unlikely to have long-term success in similar 

environments.  A limitation to reliance on Year 1 data is that characters relating to 

persistence beyond the one growing season, such as hardseededness and embryo 

dormancy, are not accounted for. 
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Although the year of sowing was found to have an impact on initial seed bank 

composition, such differences appear to become less important in subsequent 

generations, as their predictive power of long-term success increased. 

Importance of flowering time 
Flowering time was a major factor in determining success of strains after just one year 

in the short growing-season environment at Nabawa.  Here, as was also demonstrated 

in Chapter 3, there was strong selection pressure for earliness of flowering.  Other 

studies involving strain mixtures (Morley et al. 1962; Dear et al. 2001) and natural 

populations (Piano 1984; Piano et al. 1993; 1996; Pecetti and Piano 2002) have also 

demonstrated strong selection for early flowering in short growing-season 

environments.  In such environments seed production of later flowering strains is 

severely curtailed by the early onset of the summer drought, giving earlier flowering 

strains a significant advantage. 

In the long growing season environment of Mt Barker, the relationship between Year 1 

seedbank and flowering time was less apparent, being weakly positive in one mixture 

experiment and not significant in the other.  Here all strains had a growing season of 

sufficient length for seed production.  Clearly other factors play an important role in 

determining strain success at Mt Barker. These will be discussed in Chapters 5 and 6. 

Predicting the success of new cultivars 
The mixtures used in these experiments provide an opportunity to speculate about the 

long-term success of the 12 recently released cultivars in the Nabawa and Mt Barker 

environments.  At Nabawa, only three of them (Izmir, Dalkeith and Rosedale) were 

successful after one year.  The newly released early flowering cultivar, Izmir, made the 

highest contribution to the Year 1 seedbank.  It has been recently released as a 

replacement for Nungarin for very short growing-season environments (Nichols unpub. 

data).  It is more hardseeded than Nungarin, suggesting that its advantage may 

become even greater in subsequent seasons.  The strong performance of Dalkeith at 

Nabawa is not surprising.  It is the recommended cultivar for the Nabawa district 

(Nicholas 2002) and has dominated certified seed sales in Western Australia (Nichols 

et al. 1996) since its release in 1983 (Oram 1990).  It has also persisted well in national 

variety evaluation trials conducted in low rainfall areas (Sandral et al. 1998). 

The success after Year 1 of the ssp. brachycalycinum cultivar Rosedale at Nabawa 

was surprising, as the subspecies as a whole has not been successful in Western 

Australia (Bolland 1987b; Nichols et al. 1996).  In its native habitat, this subspecies is 



CHAPTER 4 

 

126 Phil Nichols 

found on neutral-alkaline soils with cracks or stones which allow its long sarmentous 

peduncles to bury its burrs (Katznelson and Morley 1965b; Katznelson 1974).  The site 

at Nabawa had none of these features.  Seed production of Rosedale (tested as CPI 

70124B) was shown to be severely reduced when grazed at another Western 

Australian site (Bolland 1987b), whereas this trial remained undefoliated during the 

growing season.  Therefore, the prognosis for Rosedale at Nabawa is that it is unlikely 

to persist in the long-term.  The other nine new cultivars were all unsuccessful at 

Nabawa, presumably due to their midseason or late flowering. 

At Mt Barker, after 4 years in the 1994-sown mixture, five of the new cultivars 

(Denmark, Goulburn, Junee, Karridale and Leura) were successful (Table 4.7).  All of 

these belong to ssp. subterraneum, with Junee being classed as midseason and the 

others late flowering.  Their persistence at Mt Barker is not surprising and conforms to 

previous experience.  Junee was released in 1985 (Oram 1990) as a replacement for 

cv. Woogenellup, on the basis of its greater seed production and persistence (Nicholas 

1985a; Dear 1988) and until recently was still recommended for the Mt Barker district 

(Nicholas 2002).  Karridale was also released in 1985 as a replacement for cv. Mt 

Barker (Nicholas 1985b; Oram 1990), which has been widely sown in the Mt Barker 

district.  Its persistence in both Western Australia (Nichols 1998; Nichols et al. 1996) 

and New South Wales (Dear and Sandral 1997) has generally been superior to that of 

Mt Barker, although it is now no longer recommended in either State. 

The other three successful cultivars were collected from Sardinia and released in 1992 

(Oram 1992a, 1992b, 1992c).  Denmark was the outstanding strain after 4 years at Mt 

Barker, comprising 26 per cent of the total seedbank, while Goulburn and Leura were 

moderately successful.  Previous variety evaluation trials at Mt Barker found Denmark 

to be the most persistent cultivar after seven seasons, followed by Goulburn and then 

Leura (Nichols 1998).  Denmark and Goulburn are currently recommended for the Mt 

Barker district, while Leura is considered too late flowering for reliable persistence 

(Nichols and Nicholas 1992).  Nichols and Francis (1993) argue the superior adaptation 

of these cultivars to Western Australian conditions is due to their Sardinian sites of 

origin having similarities in climate and soil types and to natural selection for grazing 

tolerance under grazing by sheep.  The high in situ genetic variation of natural 

Sardinian subterranean clover pastures (Nichols and Francis 1993) suggests these 

cultivars have already been successful in long-term genotype mixtures.  This was 

borne out by Nichols (1998) who showed that these cultivars resisted invasion by 

contaminant strains over 7 years better than other cultivars. 
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None of the more recently released ssp. yanninicum cultivars (Larisa, Meteora or 

Gosse) were successful after 4 years in the 1994-sown mixture.  This is not surprising 

as no ssp. yanninicum cultivar was successful in this mixture.  However, they were also 

unsuccessful after one year in the 1995-sown mixture, in contrast to Trikkala which was 

very successful.  These results suggest that the more recent ssp. yanninicum cultivars 

are unlikely to be more successful than Trikkala in long-term mixtures at Mt Barker and 

similar environments. 

The early flowering cultivars, Izmir and Dalkeith, were unsuccessful at Mt Barker.  This 

conforms to the findings in Chapter 3 and with previous observations by Morley et al. 

(1962) and Dear et al. (2001) that early flowering strains are unsuccessful in high 

rainfall environments.  The ssp. brachycalycinum cultivar Rosedale was unsuccessful 

both after 4 years in the 1994-sown mixture and after one year in the 1995-sown 

mixture.  It was also unsuccessful at other sites in Western Australia (Bolland 1987b) 

and confirms the poor adaptation of the subspecies in general at Mt Barker shown in 

Chapter 3. 
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CHAPTER 5.  PREDICTING STRAIN SUCCESS IN MIXTURES 

FROM AGRONOMIC PERFORMANCE IN MONOCULTURES 

Abstract 
The relationships between performance of strains when grown in monocultures and 

their long-term success in mixtures were examined at Mt Barker, a long growing 

season site, and at Nabawa, a short growing season site in Western Australia.  Seed 

production and seed yield components were strongly related to early flowering time at 

Nabawa and were very important for strain success in mixtures.  This was attributed to 

curtailment of burr and seed development in later maturing strains, due to the early 

onset of soil moisture deficit.  In contrast, under near-optimal growing conditions at 

Mt Barker, these characters were unrelated to flowering time and were not important 

for long-term strain success.  Relative seed production capacity differences appear to 

be more important determinants of strain success than absolute or threshold levels, as 

suggested by Rossiter (1966b, 1977). 

At Mt Barker, sward height and herbage production in spring were correlated with 

flowering time and were important for strain success.  Here, later flowering strains were 

able to over-top earlier flowering, shorter-petioled strains.  At Nabawa, sward height 

was not related to flowering time and was not important for strain success.  The short 

growing season at this site precluded midseason and late flowering strains reaching 

their vegetative potential, thereby preventing over-topping of earlier flowering strains. 

Burr burial was much stronger at Mt Barker than Nabawa, but burial strength was 

associated with early flowering at both sites.  However, success at Nabawa was 

associated with strong burial, while success at Mt Barker was associated with weak 

burial.  It is suggested in the latter case that this was an artefact arising from the 

confounding of late maturity with poor burying ability. 

Hardseededness was associated with early flowering at both sites.  It was important for 

long-term success at Nabawa, but not at Mt Barker.  Seedling germination density 

following early summer rains at Mt Barker was also unrelated to long-term success.   

While data from a single season gave some indication of long-term success, evaluation 

for at least 3 years is suggested to fully take into account other factors affecting 

persistence.  
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Introduction 
Chapters 3 and 4 demonstrated that population composition of a sown mixture of 

subterranean clover strains changes rapidly and that some strains are ultimately more 

successful than others at different sites.  It was also shown that relative success after 

one year in a mixture is able to identify poorly adapted strains.  Flowering time was 

seen to be a very important factor influencing success.  In short growing season 

environments there is strong selection pressure for earliness, while in longer growing 

season environments, successful strains tend to be midseason and late flowering.  

Similar results were found by Morley et al. (1962) and Dear et al. (2001), who reasoned 

that soil moisture availability in spring was the determining factor. 

In his initial strain mixture paper Rossiter (1966b) suggested that success of a 

subterranean clover strain in a mixed pasture under grazing was determined by its 

seed producing capacity (SPC) when grown in a pure sward.  This in turn was strongly 

influenced by flowering time, whereby seed yield in swards declined with time to first 

flowering (Rossiter 1959).  Here, late maturing plants were unable to achieve their 

reproductive potential in the 6.5 month growing season of Kojonup.  His views were 

later modified (Rossiter 1977) to suggest that provided a threshold is reached, below 

which a strain fails, SPC is of no great importance.  Cocks et al. (1982) also found this 

to be the case in a long growing season environment.  This theory has not been 

examined in short growing season areas. 

Rossiter (1977) noted that some strains with high SPC in single strain swards fail in 

mixtures, presumably due to weaknesses in other characters.  However, such 

characters and their relative importance in different environments are little understood.  

Two studies have attempted to relate agronomic performance of strains to their relative 

success in mixtures.  At Kojonup, Rossiter (1966b) could find no characters, apart from 

flowering time and its effect on SPC, that were important for success.  In a long 

growing season environment Cocks et al. (1982) found high herbage production in 

winter and good burr burial related to long term success.  No such studies have been 

conducted in low rainfall environments. 

There is conflicting evidence for the relative importance of seed yield components on 

success or failure of subterranean clover strains.  Rossiter (1966b) found no evidence 

that seed size had any effect on success.  Studies of Italian ecotypes (Piano et al. 

1996) indicate that seed size increases with increasing rainfall, although Bennett 

(1997) found the opposite relationship for naturalised Western Australian populations of 
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Trifolium glomeratum.  Cocks et al. (1982) found the most successful ssp. 

brachycalycinum and ssp. yanninicum strains tended to have large seeds, while the 

most successful ssp. subterraneum strains tended to have small seeds.  Cocks 

(1992a), however, found just the opposite, whereby successful divergent strains of ssp. 

subterraneum had high burr and seed weights.  Limited data from Cocks (1992a) and 

Piano et al. (1996) suggest that seed number per burr is not important for success. 

Burr burial is essential for the normal development of seeds in subterranean clover 

(Quinlivan and Francis 1971; Collins et al. 1976; Bolland and Collins 1986; Pecetti and 

Piano 1994).  Active burial occurs after anthesis in ssp. subterraneum and ssp. 

yanninicum from a downward push by the elongating peduncle (Barley and England 

1970), whereas ssp. brachycalycinum differs by having long, thin sarmentous 

peduncles which meander until they find cracks in the soil or under stones (Katznelson 

and Morley 1965b; Katznelson 1974).  Genotypic variation has been observed between 

strains for burial (Pecetti and Piano 1994).  However, limited information is available on 

the importance of burr burying ability for success in different environments.  

Cocks et al. (1982) found it to be important for strain success in a long growing season 

environment.  Cocks (1992a) noted no directional selection for peduncle length among 

divergent strains, although he did not compare burr burial itself.  No studies to examine 

natural selection for burr burying ability in low rainfall environments have been 

undertaken. 

The importance of hardseededness in low rainfall areas is well documented (Quinlivan 

1971a; Taylor et al. 1991).  It acts to spread germination of the seed pool over several 

seasons, enabling persistence in the unreliable seed setting environments commonly 

encountered in low rainfall areas.  The poor performance of the strain Carnamah in 

binary mixtures with cvs. Northam and Dwalganup was attributed to its soft 

seededness (Taylor and Rossiter 1967).  The ecotypic studies of Gladstones (1967), 

Piano (1984), Piano et al. (1993, 1996) and Ehrman and Cocks (1996) also suggest 

that natural selection should favour hardseeded strains in short growing season areas.  

However, Rossiter (1966b) and Cocks et al. (1982) found that long-term success in 

mixtures was unrelated to hardseededness in intermediate and long growing season 

environments, respectively. 

Most pasture germplasm evaluation is conducted in pure swards, whereas commercial 

pastures generally contain a mixture of genotypes (and species).  Of interest to pasture 

plant breeders is the question of whether long-term strain success in mixtures can be 

predicted from short-term agronomic performance in monocultures. This Chapter, 
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therefore, compares strain performance in single-strain swards at Mt Barker and 

Nabawa with their long-term success in mixtures at those sites. 

Materials and Methods 

Trial sites 
Trials consisting of single strain swards were located at Mt Barker Research Station 

and Chapman Research Station, Nabawa (see Figure 3.1) adjacent to the 1994-sown 

and 1995-sown strain mixture trials described in Chapter 4.  These sites had previously 

been selected on the basis of similarity in soil-type to the 1978-sown mixture plots 

described in Table 3.1.  Soils in each experiment were sampled at the time of sowing in 

a grid pattern, by taking ten 0.50 dm2 cores to an approximate depth of 10 cm.  Soil 

characters were analysed by CSBP and Farmers Ltd, Perth and are presented in Table 

5.1.  Seed banks were not measured prior to commencement of experiments but sites 

were selected on the basis of low levels of background clover. 

Table 5.1. Soil characteristics of the top 10 cm of soil at the Nabawa and Mt Barker sward trial 
sites.  Data from Wesfarmers CSBP Ltd, Perth, Western Australia 

 Texture Gravel 
% 

Phosph-
orous1 

mg/kg 
Nitrate2 

mg/kg 
Amm-
onium2 

mg/kg 

Potass-
ium1 

mg/kg 
Sulphur3 

mg/kg 
Organic 
carbon4 

% 
Iron5 

mg/kg 
Cond-

uctivity6 

dS/m 
pH6 

CaCl2 

Nabawa Loam 0 23 10 15 318 7.4 0.75 1275 0.0560 4.60 

Mt Barker Loamy 
sand 25-30 47 9 17 131 3.8 3.43 990 0.0507 4.66 

1  Colwell (1963). 
2  Searle (1984). 
3  Blair et al. (1991). 
4  Walkley and Black (1934). 
5  Soils tumbled with Tamm’s reagent for 1 hour in a soil:solution ratio of 1:33.  Iron concentration is  
   determined using a flame atomic absorption spectrophotometer at 248.3 nm. 
6  Rayment and Higginson (1992). 

A soil moisture balance model, using weekly rainfall recordings and long-term mean 

weekly evaporation (Epan) levels, was constructed for Nabawa and Mt Barker to 

enable estimation of growing season length.  A maximum soil water holding capacity of 

75 mm was used for both sites.  Weekly soil moisture balance was calculated as the 

cumulative difference between rainfall input and an indexed evaporative loss of 1.21 x 

Epan0.75 (Prescott 1934). 
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Strains 
Trial entries consisted of the same 52 strains used in the 1994-sown and 1995-sown 

strain mixtures described in Chapter 4.  These comprised the 40 strains sown in the 

long-term (1978-sown) mixture experiments at Nabawa and Mt Barker (Table 3.2) plus 

an additional 12 cultivars released since 1978 (Table 4.2). 

Trial design and management 
Both sward trials had a randomised block design with three replicates of the 52 strains, 

and two blocks for each replicate.  Plot size at Nabawa was 4 m x 1 m with each plot 

surrounded by 1.5 m bare earth buffers, while at Mt Barker, plots were 4.5 m x 1 m with 

plots surrounded by 0.8 m bare earth buffers.  Trial sites were prepared by cultivation 

and knock-down herbicides, with wheat stubble also being burnt at Nabawa. 

The Nabawa site was sown on 9 June 1994, while the Mt Barker site was sown on 

31 May 1995.  The same seed source was used in the mixture trials described in 

Chapter 4.  Seed coats were scarified, inoculated with commercial subterranean clover 

Rhizobium inoculum (Nodulaid®) and lime-pelleted prior to sowing.  Plots were raked to 

form a smooth seed bed and hand-sown at a rate of 30 kg/ha of germinable seed 

mixed with 300 kg/ha of fertiliser (super-potash 3:1).  Plots were lightly hand-raked 

again to cover the seed. 

At Nabawa, Rogor® was applied at 500 mL/ha on 25 June to control redlegged earth 

mite, Halotydeus destructor (Tucker), and lucerne flea, Sminthurus viridis (L.), and 

again on 11 September to control aphids.  Plots were sprayed on 7 July with a mixture 

of 500 mL/ha of Jaguar® and 1 L/ha of Hoegrass® to control capeweed (Arctotheca 

calendula) and annual ryegrass (Lolium rigidum).  Ryegrass was successfully killed but 

capeweed growth was only suppressed.  Rogor® at a rate of 300 mL/ha was sprayed at 

Mt Barker on 12 June and again on 15 September to control redlegged earth mite.  

Weed control at Mt Barker was generally good, following an application of a mixture of 

Verdict® at 500 mL/ha and Igran® at 800 mL/ha to control annual ryegrass and fumitory 

(Fumaria muralis).  A second application of Verdict® was applied on 15 September to 

control two small pockets of ryegrass that survived the first spray.  However, these 

were not killed with the second application and were presumably herbicide tolerant.  

They remained in the trial at a moderately low density. 

At both sites the buffer strips surrounding each plot were carefully sprayed out with 

Roundup® at 4 L/ha in mid-winter using a hand-held dribble bar.  Plots remained 
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undefoliated at Mt Barker, but those at Nabawa were mowed to a height of 60 mm on 

10 September.  This was done to reduce leaf area for transpiration, as plants were 

experiencing moisture stress by this time.  Plate 5.1 shows the Nabawa site on 

9 September (92 days after sowing), while Plates 5.2 and 5.3 show the Mt Barker site 

on 8 September (100 days after sowing) and 16 October (138 days after sowing), 

respectively. 

 
Plate 5.1. Nabawa swards 92 days after sowing.  Plants were experiencing moisture stress by this 

time. 

 
Plate 5.2. Mt Barker swards 100 days after sowing. 
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Plate 5.3. Mt Barker swards 138 days after sowing showing large genotype differences for 

herbage production.  The plastic bags contained plant samples for analyses not 
presented in this thesis. 

Following seed harvesting, plots at both sites were grazed by sheep in common with 

the surrounding paddock over the ensuing summer and autumn period.  A change of 

land ownership resulted in the Nabawa site being unavailable for further measurements 

beyond autumn.  The Mt Barker trial, however, was grazed by sheep in common with 

the surrounding paddock for the following two seasons. 

Spaced plant trials were located next to the sward trials at each site.  These are 

discussed in more detail in Chapter 6.  They are only considered here, as flowering 

time data obtained from them was used for statistical analyses.  In brief, these trials 

consisted of a randomised block design with three replicates of the same 52 entries 

used in the sward trials, and two blocks for each replicate.  Plots consisted of 3 m 

long rows comprised of six evenly spaced plants.  Preparation of sites and sowing 

dates were the same as for the sward trials, but the spaced plant trial was hand 

weeded. 

Measurements 
Plant establishment counts were conducted 35 days after sowing at Nabawa and 

41 days after sowing at Mt Barker using three 4 dm2 quadrats per plot.  Sward canopy 

height was measured at 5 places along each plot 91 days after sowing at Nabawa 

(9 September) and 138 days after sowing at Mt Barker (16 October).  This was 

conducted earlier than planned at Nabawa as plants were already experiencing 

moisture stress.  Measurements were conducted early in the morning while plants had 

maximum turgor.  Low winter growth rates at Mt Barker prevented sward height 

measurements being conducted at a comparable time. 
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Herbage measurements were conducted at Mt Barker on 18 October using an 

Ellinbank rising plate meter (Earle and McGowan 1979).  Five measurements were 

taken in transects along each plot.  To calibrate the plate meter, nine quadrats, 

spanning the range of readings, were cut to ground level.  These were placed in paper 

bags, dried at 60oC for 2 days and weighed.  At Nabawa, swards collapsed from 

moisture stress before corresponding mid-spring herbage measurements could be 

taken. 

Senescence ratings (on a 0-4 basis) were conducted at Nabawa on 7 October and 

20 October and at Mt Barker on 29 November and 14 December.  These consisted of 

visual estimates of the proportion of the plot with senesced leaves, where 0 = all leaves 

dead, 1 = more than 67 per cent of leaves dead, 2 = 33-67 per cent of leaves dead, 

3 = less than 33 per cent of leaves dead and 4 = no leaves dead.  These ratings were 

conducted early in the morning when plant turgor was greatest. 

Seed harvesting was conducted at Nabawa on 13-15 December and at Mt Barker on 

21-25 January.  Sampling area per plot was 0.1 m2 at Mt Barker but was increased to 

0.45 m2 at Nabawa, to account for high within-plot variability and much lower seed 

yields.  To estimate the proportion of burrs buried, separate samples were taken of 

surface and buried burrs.  Burrs were considered to be buried if they remained in 

position following a gentle raking of the soil surface with fingers.  Surface burrs were 

collected by hand.  Buried burrs were collected by digging to a depth of 5 cm and 

excess soil was removed in the field by sieving through a 1.5 mm sieve.  At Mt Barker, 

heavy rains 3 weeks prior to sampling resulted in some germination of seedlings.  

Germinated seedlings were counted and included in estimates of seed yield. 

Burrs were hand-sorted from soil and plant debris in both buried and non-buried 

samples.  The samples from Nabawa contained a high proportion of immature burrs.  

They were included in the sample if they showed any sign of swelling in the ovaries.  

Very few immature burrs were found at Mt Barker. 

Both sites had a small proportion of contaminant burrs that were present prior to 

sowing of the trial plots.  These were readily identified as being darker and more brittle 

than freshly set burrs and were removed from samples.  Burrs were counted, gently 

hand-rubbed to remove trapped soil and sieved through a 2 mm sieve prior to 

weighing.  Seed was removed from burrs by rubbing with a cork block on ribbed rubber 

matting.  Only seed not able to pass through a 0.71 mm sieve was retained.  Seeds 

extracted from buried and non-buried burrs were then weighed separately. 
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Hardseededness was determined in the laboratory using the procedure of Quinlivan 

(1961).  Buried and non-buried seed lots were combined and random samples formed 

of 400 seeds.  Several strains from Nabawa produced no seed while other samples 

had less than 400 seeds.  A germination test was conducted to determine initial 

hardseed levels.  Seeds were placed on filter paper (Whatman No. 3) moistened with 

deionised water in closed petri dishes.  These were in turn wrapped in sealed plastic 

bags, to reduce moisture loss, and placed in a cabinet with constant temperature of 

15oC.  Imbibed seeds were counted and removed after 5, 10 and 15 days.  Remaining 

hard seeds after 15 days were then placed in a cabinet programmed to produce a 

gradual diurnal temperature fluctuation of 15o/60oC for 16 weeks (Taylor 1981).  This 

temperature regime simulates summer bare soil temperatures in Western Australia and 

produces seed softening activity in subterranean clover similar to that observed in the 

field (Quinlivan 1961).  Samples with less than 20 initial hard seeds were not included 

in these tests.  Germination tests were again conducted using the same procedures as 

for the initial samples.  Hardseededness after 16 weeks was expressed as a 

percentage of the initial hardseed per cent. 

The density of regenerating seedlings in the following year (Year 2) was counted on 

25 May at Nabawa and on 31 July at Mt Barker.  At Nabawa, seedling counts were 

conducted on four quadrats (total of 20 dm2 per plot) while at Mt Barker six soil cores 

(125 mm diameter and 10 cm depth ) were taken per plot. 

Year 2 seed bank measurements were conducted at Mt Barker on 9 January using four 

soil cores per plot.  Seed processing was the same as for Year 1.  It was noted at the 

time of harvesting that differences in the extent of dry grass residue, predominantly 

annual ryegrass and silver grass (Vulpia spp.) existed between plots.  Accordingly, a 

visual rating on a 0-10 scale was conducted, where 0 = no grass stubble and 10 = very 

dense grass stubble.  Regeneration density the following year (Year 3) was also 

measured at Mt Barker on 31 July using four soil cores per plot. 

Flowering times were estimated on each spaced plant as the number of days from 

sowing to appearance of the first fully opened flower.  Plants were checked every 

10-12 days.  Flowering times of plants having flowered between visits were estimated 

by the stage of floral and burr development using the figures in Barley and England 

(1970).  Plants with florets in bud were also noted and the future date of flowering 

estimated.  Stage of development was then checked on the following visit. 
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Statistical analyses 
Two-dimensional spatial analysis (Cullis and Gleeson 1991) was conducted for each 

variable using Genstat 5 release 4.1, 3rd edition (Lawes Agricultural Trust, IACR-

Rothamsted).  This is an alternative procedure to analysis of variance of a randomised 

complete block design, with the major advantage being the partitioning of any apparent 

trends across the site and adjusting variety means accordingly.  It is now widely 

accepted that spatial methods of analysis provide more accurate estimates of 

treatment effects than does a traditional analysis of variance (Cullis and Gleeson 1991; 

Cullis et al. 1998).  Use of the procedure for pasture plant measurements is described 

in detail by Bennett and Galwey (2002).  Here, adjustments were made for effects of 

the rows and columns of plots, linear or curvilinear trends across the trial, and/or 

autocorrelation among neighbouring plots. 

Tests of normality and homogeneity of variance were made prior to analyses to 

determine whether transformations of the data were required.  Pearson correlation 

coefficients and associated tests of significance on spatially adjusted means were 

conducted using Minitab release 13.1 (Minitab Inc.). 

Results 

Site comparisons 
A comparison of the soils at both sites showed them to have similar pH, nitrate and 

ammonium levels and similar conductivity levels (Table 5.1).  However, the Mt Barker 

site had more gravel, higher phosphorous and organic carbon levels, but lower 

potassium, sulphur and iron levels.  Of greater importance was the similarity of soil 

attributes at each site with the corresponding sites used for the 1978-sown strain 

mixtures (Table 3.1) and the 1994-sown and 1995-sown mixtures (Table 4.1). 

The 1994 season at Nabawa was much drier than average (Table 5.2).  Total rainfall at 

Nabawa for 1994 (319 mm) was only 74 per cent of the mean annual rainfall from 

1978-1994, while growing season (May-October) rainfall was only 79 per cent of the 

mean.  Soil moisture level was estimated to be in deficit by 17 September, 1-2 weeks 

earlier than the 1978-1994 average.  However, this was similar to some of the drier 

seasons experienced by the 1978-sown mixture at Nabawa (Table 3.3).  The first 

germinating rainfall in 1995 occurred on the week of 7 May. 
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Table 5.2. Monthly rainfall (mm), estimates of growing season length (weeks) and date of onset of 
soil moisture deficit at Nabawa in 1994 and means from 1978-1994 

 Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Total Season 
length 

Onset of 
soil 

moisture 
deficit 

1994 0 0 32 0 47 116 34 65 17 9 0 0 319 18 17 Sept. 
Mean 
1978-94 5 15 13 19 57 110 71 77 32 15 15 4 432 19.4 26 Sept. 

Table 5.3. Monthly rainfall (mm), estimates of growing season length (weeks) and date of onset of 
soil moisture deficit at Mt Barker in 1995 and 1996 and means from 1978-1996 

 Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Total Season 
length 

Onset of 
soil 

moisture 
deficit 

1995 7 6 21 9 65 87 80 54 62 55 101 100 645 31 3 Dec. 
1996 2 8 21 10 32 83 110 89 116 61 46 37 612 30 17 Dec. 
Mean 
1978-96 24 22 33 31 66 101 86 92 60 54 50 18 636 31.2 29 Nov. 

The 1995 Mt Barker growing season was typical of those experienced during the period 

1978-1995 (Table 5.3).  Total rainfall was 645 mm, marginally above the average 

(636 mm) recorded in the period 1978-1996, while growing season (May-November) 

rainfall was 98 per cent of the mean.  Soil moisture was estimated to be in surplus until 

3 December, allowing even the latest maturing strains to maximise seed production.  

Unseasonally heavy rains in late December resulted in germination of some strains.  

The majority of these seedlings failed to survive through to the true break of season in 

late May.  The 1996 season also had close to average annual rainfall and slightly 

greater than average May-November rainfall (Table 5.3), with soil moisture deficit not 

occurring until mid-December.  The first germinating rains in 1997 arrived in mid-May. 

Table 5.4. Significant effects (P < 0.05) and spatial models fitted for each measurement at 
Nabawa.  See text for explanations 

Model of best fit Variable Significant fixed effects Row Column Spline 
Establishment density (pts/m2) Strain, Rep Identity Identity  
Sward height (mm) Strain Identity Identity Linear column 
Senescence 1 (0-4 rating) Strain, linear column ARa AR  
Senescence 2 (0-4 rating) Strain, linear column AR Identity  
Burr density (log (burrs/m2)) Strain, Rep Identity Identity  
% burrs buried Strain, Rep Identity Identity  
Mean burr weight (mg) Strain, Rep Identity Identity  
Seed density (log (seeds/m2)) Strain, Rep AR AR  
Seed yield year 1 (log (kg/ha)) Strain, Rep Identity Identity  
Mean seed weight (mg) Strain Identity Identity  
Mean seeds/burr Strain AR AR  
Initial hardseed % Strain, Rep, linear column Identity AR  
% hardseed after 4 months Strain, Rep, linear column AR Identity Linear column 
Regeneration density year 2 (log(pts/m2) Strain, Rep , linear column Identity Identity  

a  Autoregressive. 
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Spatial analysis 
Tables 5.4 and 5.5 show the spatial model fitted and significant effects for each 

measurement taken at Nabawa and Mt Barker, respectively.  The fixed effects 

considered for use in the analyses were Strain, Replicate and two linear effects over 

columns and rows (both trials had 26 columns and 6 rows).  These linear effects take 

into account any trends across the sitne, as evidenced in variograms and plots of 

residuals (Cullis and Gleeson 1991).  Similarly, splines on these linear effects were 

used to take into account any other apparent trend. 

An initial spatial model was fitted for each measurement assuming an autoregressive 

(AR) trend in the correlations across the columns and the rows, whereby 

measurements for plots one row or column apart were correlated.  Where an AR term 

was not significant, it indicated that this assumption was not true.  In such cases the 

AR term was replaced by the identity (no spatial adjustment).  Where no AR term was 

fitted for either row or column, the analysis was the equivalent of a Randomised 

Complete Block ANOVA, whereby raw means for each strain did not differ from 

adjusted means. 

Table 5.5. Significant effects (P < 0.05) and spatial models fitted for each measurement at 
Mt Barker.  See text for explanations 

Model of best fit Variable Significant fixed 
effects Row Column Spline 

Establishment density (pts/m2) Strain, Rep Identity Identity  

Sward height (mm) Strain, Rep, linear 
column Identity ARa  

Herbage dry weight (kg/ha) Strain, linear column Identity AR  

Senescence 1 (0-4 rating) Strain, Rep, linear 
column Identity AR  

Senescence 2 (0-4 rating) Strain, Rep Identity Identity  
Burr density (burrs/m2) Strain, Rep AR AR  

% burrs buried Strain, Rep. linear 
column Identity AR  

Mean burr weight (mg) Strain Identity AR  
Seed density (seeds/ 2) Strain AR AR  
Seed yield year 1 (kg/ha) Strain AR AR  

Mean seed weight (mg) Strain, Rep, linear 
column, linear row Identity Identity  

Mean seeds/burr Strain Identity Identity  
Initial hardseed % Strain, linear column Identity Identity  

% hardseed after 4 months Strain, Rep, linear 
column Identity Identity  

False break (ln (pts/m2)) Strain Identity AR  
Regeneration density year 2 (pts/m2) Strain AR AR  
Seed bank year 2 (kg/ha) Strain, linear column Identity AR  
Grass residue density after year 2 (0-10 
rating Strain, linear column AR AR  

Regeneration density year 3 (pts/m2) Strain, linear column AR AR Linear 
column 

a  Autoregressive. 
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Strain comparisons 
Highly significant strain differences were found for every character measured at both 

sites.  Specific strain comparisons will not be considered in detail here but spatially 

adjusted strain data and site means are presented as Appendices 5.1 and 5.2.  These 

adjusted values were used for statistical analyses. 

Trial establishment was good at both sites and dense canopies developed in all plots.  

Seedling density had no influence on sward height or seed yield at either site.  Plant 

growth was much more rapid at Nabawa under the warmer winter temperatures (Figure 

3.1).  This can be readily seen in Plates 5.1, 5.2 and 5.3.  Mean sward height of all 

strains at Nabawa was 136 mm 91 days after sowing, compared to 99 mm after 

138 days at Mt Barker.  Strain sward heights were correlated between sites (Table 5.6).  

At Mt Barker, there was also a strong correlation (r = 0.91, P < 0.001) between clover 

herbage production and sward height in spring.  Herbage production at Nabawa was 

not directly measured.  However, because of the strong relationship between herbage 

production and sward height at Mt Barker, sward height was used as an index of 

herbage production at Nabawa. 

Table 5.6. Pearson correlation coefficients and levels of significance between Mt Barker and 
Nabawa for common sward measurements (spatially adjusted) of 52 strains 

Measurement Significance levela Correlation coefficient 
Establishment density ns  
Sward height * 0.30 
Senescence 1 *** 0.46 
Senescence 2 ns  
Burr densityb ns  
% burrs buried ** 0.43 
Mean burr weight ** 0.39 
Seed densityb ns  
Seed yield year 1b ns  
Mean seed weight *** 0.51 
Mean seeds/burr ns  
Initial hardseed % * 0.39 
% hardseed after 4 months * 0.48 
Regeneration density year 2b ns  

a  ns = not significant;  * = probability P < 0 05;  ** = probability P < 0 01;  *** = probability P < 0.001. 
b  Log at Nabawa. 

The first senescence ratings conducted on 7 October (120 days after sowing) at 

Nabawa were significantly correlated with those conducted at Mt Barker on 

31 November (182 days after sowing) (Table 5.6), indicating similar strain rankings.  

However, ratings made during the more advanced stages of senescence were not 

correlated between sites. 
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Seed production in the first year at Mt Barker was very high for all strains, with a mean 

seed yield of 1,654 kg/ha and seed density of 23,051 seeds/m2.  This contrasted with a 

mean seed yield at Nabawa of only 16 kg/ha and seed density of 492 seeds/m2.  Here, 

four strains (CPI 47308C, Meteora, Mt Barker and Nangeela) failed to set any seed, 

while a further 24 produced less than 50 seeds/m2.  Only nine strains (Dalkeith, 

Nungarin, Northam-E, Izmir, Gingin Brook, Rosedale, Blackwood, Bellevue and 

Northam) produced a density of more than 1000 seeds/m2.  There were no correlations 

between sites for burr density, seed density or seed yield (Table 5.6). 

Mt Barker mean burr and seed weights were 3.2 and 2.7 times greater, respectively, 

than at Nabawa among the strains that set seed.  However, both characters were 

correlated between sites (Table 5.6).  Burrs at Mt Barker contained an average of 

3.0 seeds compared to 1.3 seeds at Nabawa, but strain differences between sites were 

not correlated (Table 5.6).  The proportion of burrs buried was also much higher at 

Mt Barker (71%) than at Nabawa (15%).  This time strain differences were correlated 

between sites.  Of note was the poor burial of some strains.  This is illustrated for 

Bacchus Marsh in Plate 5.4. 

 

Plate 5.4. Plot of cultivar Bacchus Marsh (an unsuccessful strain) at Mt Barker during the first 
summer after seed set. Note its poor burr burial and heavy seedling germination 
following late December rains.  Photograph taken on 8 February 1996. 
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Only 22 strains at Nabawa set sufficient seed for measurement of hardseededness, 

whereas all Mt Barker strains were measured.  Among the Nabawa strains, mean initial 

hardseed level was only 52 per cent and only 2 strains (CPI 19447A and Crawley) had 

more than 70 per cent hardseed.  Such low levels at maturity are indicative of poor 

seed maturation conditions.  On the other hand, only five strains (Clare, CPI 47308C, 

Denmark, Lake Claremont and Leura) at Mt Barker had less than 70 per cent hardseed 

at maturity.  The 22 Nabawa strains had a mean hardseed level of 47 per cent after 

16 weeks in a fluctuating temperature cabinet (as a proportion of the initial hardseed 

percentage).  This value compares with a mean of 40 per cent for all 52 strains at 

Mt Barker.  There were significant correlations between sites among the common 

22 strains for both initial and 16-week hardseed levels (Table 5.6).  Hardseed testing of 

strains from Mt Barker is illustrated in Plate 5.5. 

 
Plate 5.5. Hardseed testing of strains grown at Mt Barker.  Seeds are shown after four days in a 

15oC germination cabinet following four months in a 15/60oC alternating temperature 
cabinet.  Hard seeds (black) can be readily distinguished from purple swollen soft 
seeds. 

At Mt Barker, heavy rainfall in late December resulted in germination of all strains to 

varying degrees.  For the most part this was only slight, with 27 strains having a 

germination of less than 100 seedlings/m2.  However, Bacchus Marsh, Woogenellup 

and Nangeela had a germination of more than 1000 seedlings/m2 and Blackwood and 

CPI 47308C had more than 500 seedlings/m2.  This is illustrated for Bacchus Marsh in 

Plate 5.4.  As the vast majority of these seedlings failed to survive to the true break of 

season in mid-May this is referred to as a ‘false break’ (Chapman and Asseng 2001).  

No false break was encountered at Nabawa. 
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As expected on the basis of seed yields, mean regeneration density in the first autumn 

after seed set was much greater at Mt Barker (2,352 plants/m2) than at Nabawa 

(87 plants/m2).  Strain differences were not correlated between sites (Table 5.6). 

At Mt Barker strain performance was monitored for a further season.  Seed bank 

declined in all strains to a mean of 793 kg/ha.  The level of dry grass residue differed 

markedly between strains but Denmark had the purest plots while Karridale, Leura, and 

Nangeela also had low grass levels.  Mean seedling regeneration in the third season at 

2,656 plants/m2 was similar to that of Year 2.  Plots that had the most dry grass residue 

again had the highest weed burdens.  Denmark had the strongest regeneration 

(6,108 plants/m2) and Rosedale the least (1,347 plants/m2).  It was noted that strain 

purity had declined in many plots, with seedlings bearing the leaf marks of background 

clover or strains from neighbouring plots. 

Effect of flowering time 
DFF was highly correlated between sites (P < 0.001, r = 0.87).  Strain comparisons, 

discussed in detail in Chapter 6, are presented in Table 6.3 but will not be considered 

here.  Rather, the relationships between flowering time and a range of agronomic 

measures of performance are examined (Table 5.7).  Of particular interest was the 

contrast between sites of the relationships of most characters with DFF.  Indeed, of 

13 characters measured in common at both sites, only three had the same relationship 

with DFF. 

Table 5.7. Pearson correlation coefficients (r) and levels of significance (P) at Mt Barker and 
Nabawa between characters measured in single strain swards and days to first 
flowering 

Mt Barker Nabawa Measurement Pa r P r 
Sward height ** 0.39 ns  
Herbage production *** 0.47  
Senescence 1 *** 0.85 ns  
Senescence 2 *** 0.80 ns  
Burr densityb ns *** -0.87 
% burrs buried *** -0.66 *** -0.72 
Burr weight ns *** -0.62 
Seed densityb ns *** -0.86 
Seed yield year 1b ns *** -0.87 
Seed weight ns ns  
Seeds/burr ns *** -0.48 
Initial hardseed % *** -0.71 * -0.42 
% hardseed after 4 months *** -0.63 ns  
False break density year 2 * 0.35  
Regeneration density year 2b ** 0.38 ** -0.41 
Seed bank year 2 ns  
Grass residue year 2 *** -0.76  
Regeneration density year 3 *** 0.56  

a  ns = not significant;  * = probability P < 0 05;  ** = probability P < 0 01;  *** = probability P < 0.001. 
b  Log values at Nabawa. 
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At Mt Barker, lateness of flowering was highly correlated with sward height and 

herbage production, while at Nabawa there was no relationship between DFF and 

sward height.  DFF was strongly related to time to senescence for both rating periods 

at Mt Barker, but there was no relationship for either rating at Nabawa.  At Mt Barker, 

DFF was not related to Year 1 seed yield, burr density, burr weight, seed density, mean 

seed weight or seed number per burr.  However, at Nabawa high values for each of 

these attributes, with the exception of mean seed weight, was associated with earliness 

of flowering.  Strong burr burial was associated with earliness of flowering at both sites. 

High initial hardseeded levels and hardseededness after 4 months of seed softening 

were both strongly related to earliness of flowering time at Mt Barker.  False break 

seedling density was also lower in earlier flowering strains.  At Nabawa, there was also 

a weak relationship between initial hardseededness and DFF, but there was no 

relationship between DFF and hardseededness after 4 months of seed softening.  

However, this was a biased sample as hardseed breakdown could only be measured 

on 22 of the 52 strains.  Here, the midseason and late flowering strains that could not 

be measured had a tendency towards soft seededness, confirmed by the 

measurements at Mt Barker. 

Regeneration density in Year 2 was correlated with flowering time at both Nabawa and 

Mt Barker.  However, high seedling densities were associated with late flowering at Mt 

Barker and early flowering at Nabawa.  At Mt Barker, seed bank after the second year 

was not related to flowering time, but low dry grass residues and high Year 3 

regeneration densities were both strongly associated with later flowering. 

Does agronomic performance in monocultures relate to strain 
persistence in mixtures? 

Long-term persistence in a 40-strain mixture 

Correlations were conducted between a range of parameters measured in strains when 

grown in monocultures with their seedbanks when grown in mixtures.  Comparisons 

were made with seedbanks after 16 years in the 1978-sown mixture (for the 40 strains 

common to all measurements) shown in Table 3.7.  At Nabawa, 13 parameters were 

compared, while 18 were compared at Mt Barker (Table 5.8). 
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Table 5.8. Pearson correlation coefficients (r) and levels of significance (P) at Mt Barker and 
Nabawa between strain characters measured in monocultures and strain seedbanks in 
mixtures after either one year (52-strain mixtures) or 16 years (40-strain mixtures).  The 
52-strain mixtures were sown concurrently with the monocultures (1994 at Nabawa and 
1995 at Mt Barker) 

Log strain seedbank 
Mt Barker Nabawa 

1978-sown 
mix 

Year 16 

1995-sown 
mix 

Year 1 

1978-sown 
mix 

Year 16 

1994-sown 
mix 

Year 1 
Measurement 

P 
levela r P 

level r P 
level r P 

level r 

Sward height ** 0.42 *** 0.46 ns  ns  
Herbage production ** 0.48 *** 0.48     
Senescence 1 ** 0.42 *** 0.44 ns  ns  
Senescence 2 ns  * 0.33 * -0.38 ns  
Burr densityb ns  ns  *** 0.67 *** 0.71 
% burrs buried * -0.33 ** -0.37 *** 0.70 *** 0.74 
Mean burr weight ns  ns  ** 0.48 *** 0.61 
Seed densityb ns  ns  *** 0.68 *** 0.71 
Seed yield year 1b ns  ns  *** 0.66 *** 0.71 
Mean seed weight ns  ns  ns  * 0.36 
Seeds/burr ns  * 0.30 * 0.36 ** 0.39 
Initial hardseed %c ns  ** -0.40 * 0.34 ** 0.37 
% hardseed after 4 months c ns  ** -0.41 ** 0.43 *** 0.51 
False break density year 2 ns  ns      
Regeneration density year 2b ** 0.40 *** 0.47 *** 0.61 *** 0.62 
Seed bank year 2 * 0.36 ns      
Grass residue year 2 ** -0.48 *** -0.48     
Regeneration density year 3 ns  ** 0.40     

a  ns = not significant, * = probability P < 0 05, ** = probability P < 0 01, *** = probability P < 0.001. 
b  Log values at Nabawa. 
c  Values from Mt Barker used for Nabawa comparisons. 

Sward height at Nabawa was not correlated with strain seedbank after 16 years.  This 

contrasted with Mt Barker, where both sward height and herbage production in spring 

were strongly correlated with strain seedbank.  The early October senescence rating at 

Nabawa was not correlated with strain seedbank after 16 years, but there was a weak 

correlation between the late October rating and Year 16 seedbanks.  Here, long-term 

persistence was favoured by strains with early senescence.  On the other hand, the 

November senescence rating at Mt Barker was correlated with Year 16 seedbank, but 

the December rating was not. 

Monoculture seed yields in Year 1 at Nabawa were strongly correlated with Year 16 

seedbanks.  High values for mean burr weight, burr density and seeds number per burr 

were also related to high Year 16 seedbanks.  The situation was quite different for 
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strains at Mt Barker.  Here, there was no relationship between any of Year 1 seed 

yield, mean burr weight, burr density, mean seed weight or seed number per burr with 

Year 16 seedbank.  At neither site was there a relationship between mean seed weight 

and Year 16 seedbank. 

Marked differences occurred between the two sites in the relationship between burr 

burial ability in swards and Year 16 strain seedbank in mixtures.  At Nabawa, strong 

burial was strongly related to persistence in mixtures, whereas weak burial was related 

to persistence in mixtures at Mt Barker. 

There was no relationship at Mt Barker between either initial or 4-month hardseed 

levels and Year 16 strain seedbanks.  Seedling density following late December rain 

was also not related.  At Nabawa, measurements of hardseededness could only be 

conducted on 19 of the 40 strains in the 1978-sown mixture.  For these strains there 

was no correlation between either initial or 4-month hardseed levels and Year 16 

seedbanks.  However, when the hardseed measurements from Mt Barker for all 40 

strains were used, a different picture emerged.  This showed that long-term strain 

persistence at Nabawa was correlated with both high initial and 4-month hardseed 

levels. 

Regeneration density in Year 2 was strongly correlated with Year 16 seedbank at both 

sites.  Unlike Year 1 seed yield, seed bank in Year 2 monocultures at Mt Barker was 

related to Year 16 seedbank.  Strains with lower dry grass residues after two years also 

had higher long-term seedbanks.  Surprisingly, there was no relationship at Mt Barker 

between Year 3 regeneration density in monocultures and long-term seedbank in the 

1978-sown mixture. 

Short-term persistence in a concurrently sown 52-strain mixture 

The 52-strain mixtures were sown at the same time as monocultures of each of the 

mixture components (1994 at Nabawa and 1995 at Mt Barker).  This allows a direct 

comparison of strain performance in a monoculture with short-term performance in a 

mixture.  Here, the same parameters as used above are compared with the Year 1 

mixture seedbanks shown in Tables 4.5 and 4.6.  These relationships are shown in 

Table 5.8. 

Short-term trends for the most part were similar to the long-term trends.  At Nabawa, 

the late October senescence rating was not related to Year 1 seedbank in the 1994-

sown mixture, in contrast to the weak relationship between early flowering and Year 16 



CHAPTER 5  

 

148 Phil Nichols 

seedbank in the 1978-sown mixture.  At Mt Barker, the December senescence rating 

was weakly correlated with Year 1 seedbank in the 1995-sown mixture, in contrast to it 

being unrelated to Year 16 seedbank in the 1978-sown mixture.  With the November 

senescence rating being correlated to strain seedbank in both mixtures, the general 

trend at Mt Barker, therefore, was for later senescing strains to have higher mixture 

seedbanks. 

The trends for seed yield and seed yield components were generally similar to the 

long-term trends.  The only exceptions were mean seed weight at Nabawa and seed 

number per burr at Mt Barker.  In both cases, high values were related to high Year 1 

mixture seedbank, in contrast to the non-significant relationships between them and 

Year 16 seedbank in the 1978-sown mixtures. 

At Mt Barker, low initial hardseed levels and low hardseed levels after 4 months of 

seed softening were both related to high Year 1 mixture seedbank in the 1995-sown 

mixture.  This contrasts with the comparisons with Year 16 seedbank in the 1978-sown 

mixtures, in which there were no relationships with either hardseed measure. 

Year 1 strain mixture seedbanks at Mt Barker were able to be used in the converse 

manner to predict monoculture performance over the following two seasons.  Year 2 

monoculture seed yield was not correlated with Year 1 strain seedbank in the 1995-

sown mixture, although grass residue density and Year 3 seedling density were. 

Discussion 
Plant growth and reproduction at the two sites were markedly different.  As flowering 

times at the two sites were highly correlated and soil parameters were quite similar, 

most of the differences observed can be ascribed to seasonal differences at the sites, 

particularly growing season length and timing of the onset of soil moisture deficit.  In 

the relatively mesic environment of Mt Barker, the long growing season allowed all 

strains to complete their life cycle without moisture stress.  All strains here can be 

considered to have been grown under near-optimal moisture conditions.  On the other 

hand, in the relatively arid environment of Nabawa, the short growing season allowed 

only the earliest flowering strains to set significant quantities of seed.  Here, conditions 

for most strains equated to growth under spring drought conditions. 

Seed production capacity 
Monoculture seed yields in Year 1 equate to Rossiter’s (1977) definition of seed 

production capacity (SPC).  The term will also be used here.  The relative importance 
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of SPC to long-term success in mixtures differed markedly between the sites.  At 

Mt Barker, SPC was not related to success and there was no relationship between 

SPC and flowering time.  Cocks et al. (1982) also found seed production to be 

unimportant for success in mixtures at a high rainfall site in South Australia.  In 

contrast, SPC was critical for success at Nabawa and was strongly associated with 

earliness of flowering. 

The results of this experiment question Rossiter’s (1977) hypothesis of a threshold 

SPC (below which strains fail) being required for strain success in mixtures.  At 

Kojonup, Rossiter considered that about 600 kg/ha is the threshold SPC required for 

success in mixtures.  At Nabawa, there was some evidence of a threshold SPC, 

although there were insufficient data points to determine it.  Here, however, no strain 

had a SPC greater than 230 kg/ha, far below that suggested by Rossiter (1977) for 

success.  On the other hand at Mt Barker all strains had SPCs of more than 880 kg/ha 

and there was no evidence of any threshold SPC for success.  Here seed production 

was not a limiting factor for any strain.  Furthermore, strain SPC will vary between 

seasons at a site, due to both seasonal and management factors.  For example, seed 

production of cv.  Nungarin under the dry conditions at Nabawa in this experiment was 

only 98 kg/ha, whereas commercial seed production yields of more than 500 kg/ha are 

commonly achieved in this environment (M. Holland pers. comm.).  Thus, threshold 

SPCs do not appear to be important for success at all sites, and where they are 

important, they are site and season dependent. 

Rather than absolute SPC values per se, it is apparent that relative SPC differences 

are more important for long-term success.  Under the near-optimal seed setting 

conditions at Mt Barker, where all strains had high SPCs, there was a ratio of only 2.6 

between the highest and lowest SPC.  Here relative SPC differences were 

comparatively small and SPC was not related to long-term success.  On the other 

hand, in the arid environment of Nabawa this ratio was 10,228 (excluding the four 

strains that set no seed).  Here, relative SPC differences between strains were very 

large and SPC was strongly associated with long-term success.  In this case, failure of 

the midseason and late flowering strains at this site was due to their extremely low 

SPCs, relative to earlier flowering strains.  At the intermediate site of Kojonup, the ratio 

between the highest and lowest SPC was about 17 (estimated from Figure 5 of 

Rossiter (1966b)).  Here differences in relative SPCs were intermediate to those of the 

other two sites, but SPC was still important for success, as many of the later flowering 

strains failed due to their comparatively low SPCs for that environment.  Thus it 



CHAPTER 5  

 

150 Phil Nichols 

appears that as the length of growing season increases, relative differences in SPC 

become less pronounced and SPC becomes less important. 

Over-topping 
Sward height in spring was important for success at Mt Barker but not at Nabawa.  

Because of its prostrate habit, sward height essentially equates to petiole length in 

subterranean clover.  Several studies (Black 1960, 1963; Rossiter and Pack 1972; 

Rossiter 1974; Burch and Andrews 1976; Cocks et al. 1982; Hill and Gleeson 1991; 

Cocks 1992a; Dear et al. 2001) have shown that long-petioled strains tend to shade out 

and suppress growth of shorter-petioled strains - a process referred to as over-topping.  

Furthermore, later flowering strains on average tend to have longer petioles at 

flowering than earlier flowering strains (Gladstones 1967; Rossiter 1977; Pecetti and 

Piano 1998).  Thus at Mt Barker, where all strains were able to achieve their vegetative 

potential, later flowering and longer-petioled strains tended to over-top earlier flowering, 

shorter-petioled strains.  At Nabawa, however, midseason and late flowering strains 

were unable to reach their vegetative potential and so over-topping of early flowering 

strains did not occur. 

An alternative, but unlikely, explanation for these different site effects could lie in 

grazing management differences.  Defoliation has been shown to reduce the effects of 

over-topping through increasing light interception by shorter-petioled strains (Collins et 

al. 1983; Williams 1963; Rossiter and Pack 1972).  However, management at both 

sites approximated those of district practice and there was no systematic difference in 

grazing management.  Furthermore, grazing pressure in spring tended to be moderate 

at both sites, allowing long-petioled strains the opportunity to over-top shorter-petioled 

strains, as demonstrated by Black (1963). 

The findings at Mt Barker are in contrast to those of Cocks et al. (1982), who concluded 

that spring petiole length was not important for success at a high rainfall site in South 

Australia.  However, all strains in their trial were late maturing and petiole length 

differences were small.  The results from Nabawa can be compared with those of 

Rossiter (1966b) and Cocks (1992a) at two sites of intermediate growing season 

length.  In both these studies the authors inferred that spring petiole length was not 

related to success.  However, it is likely that late flowering strains were unable to reach 

their vegetative potential at these sites and hence, were not able to over-top early and 

midseason strains.  Furthermore, late flowering strains presumably failed at these sites, 
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not because they had long petioles in spring, but because they flowered too late for 

reliable seed production in such environments. 

Seed yield components 
The importance of seed yield components for long-term success at Nabawa is readily 

explained by the impact of the early onset of soil moisture deficit on burr and seed 

development.  Here all components were strongly influenced by flowering time, only 

approaching their potential in earlier maturing strains.  In contrast, the near-optimal 

growing conditions at Mt Barker allowed burr and seed development to reach their 

potential in all strains, regardless of flowering time.  In this case, seed yield 

components were not important for long-term success. 

Burr and seed weights were both correlated between sites, suggesting a strong genetic 

component to these characters.  However, the much smaller burr and seed weights at 

Nabawa are indicative of the effects of moisture stress.  Of note was the finding that 

seed size was not important for long-term success at either site.  This is in agreement 

with Rossiter (1966b).  However, Cocks (1992a) and Lodge (1994) found selection 

favoured higher seed weights, while Cocks et al. (1982) found successful ssp. 

subterraneum strains tended to have small seeds and successful ssp. brachycalycinum 

and ssp. yanninicum strains tended to have large seeds.  Clearly the relationship 

between seed size and ecological success in subterranean clover needs to be 

examined more closely.  Similarly, the relationship between optimum seed size and 

aridity needs further examination.  In this study, there was no advantage of small or 

large seeds at either a long or short growing season site.  Ehrman and Cocks (1996) 

also found this to be the case for a range of annual legumes.  However, Piano et al. 

(1996) found that seed size increased with increasing growing season length among 

Italian subterranean clover ecotypes, while Bennett (1997) found the opposite trend 

among naturalised Western Australian populations of Trifolium glomeratum. 

Seed number per burr was not correlated between sites, suggesting a large 

environmental influence on this character.  At Nabawa, high seeds per burr was 

strongly related to early flowering and was also important for success.  This may be 

related to a higher ovule abortion rate in later flowering strains, in response to moisture 

stress.  However, Ehrman and Cocks (1996) found a tendency for higher seed to pod 

ratios in annual legume ecotypes from arid environments.  Lodge (1994) also found 

directional selection for more seeds per pod in a summer-dominant rainfall 

environment.  At Mt Barker, seed number per burr was not related to flowering time and 

was not important for long-term success.  Cocks (1992a) also found this to be the case 
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among divergent strains at a site of intermediate growing season length.  Piano et al. 

(1996) also found no relationship between seed number per burr and flowering time 

among Sardinian ecotypes. 

Burr burial 
The correlation of burr burying ability between sites suggests a strong genetic 

component to this character.  It was related to flowering time in this study, in contrast to 

Pecetti and Piano (1994), who found no such relationship.  Burial was much stronger at 

Mt Barker than Nabawa, even for the earliest flowering strains and probably represents 

the maximum extent of burial for each strain on this soil type.  The relationship with 

success differed between sites.  At Nabawa, success was associated with strong burr 

burial, while at Mt Barker it was associated with weak burial.  However, the decreasing 

strength of burial with lateness of flowering suggests that success at Mt Barker may 

have had more to do with the importance of late flowering time, rather than poor burr 

burying ability itself.  Evidence for this comes from the study of Cocks et al. (1982), 

who found that burr burial was important for success among a range of late flowering 

strains in a similar long growing season environment. 

Poor burr burial at Nabawa is likely to have contributed to poor seed production.  

Several studies (Quinlivan and Francis 1971; Collins et al. 1976; Bolland and Collins 

1986; Slattery 1986; Pecetti and Piano 1994; Lodge 1995) have shown that prevention 

of burr burial markedly reduces the yield of viable seeds, through reductions in total 

burr number per plant, seed number per burr, individual seed weight and seed viability.  

The much lower values for each of these components at Nabawa support these results. 

Of note was the observation that ssp. brachycalycinum strains were able to bury the 

majority of their burrs at Mt Barker, in spite of a lack of soil cracks or stones, as 

deemed necessary by Katznelson (1974) and Bolland and Collins (1986).  This was 

also observed by Cocks et al. (1982) and Lodge (1995).  Lack of burial was not, 

therefore, a major factor in poor persistence of the ssp. brachycalycinum strains in this 

study. 

Hardseededness 
The correlation of both initial hardseed levels and hardseededness after 4-months of 

laboratory softening between sites is suggestive of a strong genetic component to 

these characters.  However, this may not be so for initial hardseededness.  High initial 

hardseed levels were associated with early flowering at both sites, but for different 

reasons.  Quinlivan and Millington (1962) showed that moisture stress during seed 
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maturation prevented seeds reaching physiological maturity, including development of 

seed coat impermeability.  This was the case for midseason and late flowering strains 

at Nabawa.  The inability of midseason and late flowering strains to bury their burrs 

further contributed to lower initial hardseed levels (Collins et al. 1976; Slattery 1986).  

High initial hardseed levels were, therefore, only important for success at Nabawa 

because successful strains were early flowering and their seeds were able to reach 

physiological maturity.  At Mt Barker, low initial hardseed levels among later maturing 

strains was more likely due to insufficient dehydration of seeds (Quinlivan 1971a) 

following unseasonal rains immediately following senescence.  In more typical 

summers at Mt Barker, dehydration of seeds from late maturing strains would occur 

and initial hardseed levels may not have been significantly different. 

Slow rate of hardseed breakdown was important for long-term success at Nabawa but 

not at Mt Barker.  This conforms with ecotypic studies of Gladstones (1967), Piano 

(1984), Piano et al. (1993, 1996) and Ehrman and Cocks (1996), who showed that 

hardseededness is more important in low rainfall, short growing season environments 

than in more favourable rainfall areas.  Mixture studies suggest failure of the strain 

Carnamah in a low rainfall environment was attributable to its soft seededness (Taylor 

and Rossiter 1967), while in intermediate and long growing season environments 

Rossiter (1966b) and Cocks et al. (1982) found that hardseededness was not important 

for long term success. 

Theoretical models (Cohen 1967; Venable and Brown 1988) suggest that as the level 

of environmental uncertainty increases, the requirement for some form of long-term 

dormancy, such as hardseededness, increases.  In the context of mediterranean 

climates, aridity can be regarded as a major determinant of seasonal uncertainty.  Here 

hardseededness acts to spread germination of the seed pool over several seasons, 

aiding persistence in such risky and uncertain environments.  Directional selection for 

increased hardseededness among divergent strains in the seasonally variable 

environment of northern New South Wales (Lodge 1994) adds support to this notion.  It 

should be noted, however, that had a greater frequency of cropping been employed, 

the importance of hardseededness at both sites is likely to have been greater. 

Delayed seed softening and embryo dormancy are two within-season germination 

regulation mechanisms found in pasture legumes that act to resist out of season 

germination.  The false break germination after Year 1 seed set at Mt Barker allows 

some consideration of the effects of these mechanisms, although it is not possible from 

this study to determine which one of them was more important.  Here, there was no 
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relationship between false break germination density and long-term success at 

Mt Barker.  This is in contrast to Evans and Smith (1999), who found that resistance to 

false breaks was important in a high rainfall environment in Victoria.  In this study it is 

possible that the strong association of false break density with flowering time may have 

masked the importance of within-season germination regulation mechanisms at Mt 

Barker.  In the harsh Western Australian wheatbelt Chapman and Asseng (2001) 

showed that false breaks occur in 61-72 per cent of years, with the period of greatest 

risk being early autumn.  It is therefore likely that resistance to false breaks would be 

even more important for success in the riskier environment of Nabawa. 

Implications for breeding and selection of new cultivars 

The best cultivar for an environment is the latest maturing (and therefore, potentially 

the most productive) able to persist as a dense sward (Gladstones 1983).  These 

results suggest that short-term monoculture performance can be used for determining 

strain adaptation to an environment.  Rossiter (1977) proposes a requirement for 

subterranean clover of about 70 days from first flowering for maximum seed 

production.  Matching flowering time to mean growing season length in the 

environment of interest will be the biggest indicator of likely success or failure.  DFF 

alone could, therefore, be used to cull poorly adapted strains from an evaluation 

program.   

For strains within a broadly adapted DFF range, additional measurements of Year 1 

seed production, spring herbage production and burr burying ability will provide further 

indication of strains most likely to persist.  In short growing season areas, seed 

production and burr burying ability will be more important measurements, while spring 

herbage production will be more important in long growing season areas.  This general 

approach has particular application to new species for which little adaptive information 

is available.  Further single plant characters which may aid breeding and selection of 

new cultivars are addressed in Chapter 6. 

While data from a single season can be suggestive of long-term success, evaluation for 

further years is required to fully take into account other factors affecting persistence, 

such as hardseededness and seed softening pattern, particularly in cropping systems.  

Clark et al. (1991) and Nichols (1998) showed that strain performance over a 3-year 

period was a good indicator of long-term persistence in high rainfall regions.  The 

results of this study suggest this time-frame is appropriate.  
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Appendix 5.1. Spatially adjusted means for sward characters measured at Nabawa 

Variable 

Strain 
Year 1 
estab 

density 
pts/m2 

Sward 
height 
mm 

Senes- 
cence1 

0-4 

Senes- 
cence2 

0-4 

Burr 
density 
burr/m2 

(log) 

Burr 
burial 

% 

Burr 
weight 

mg 

Seed 
density 
seed/m2 

(log) 

Year 1 
seed 
bank 
kg/ha 
(log) 

Seed 
weight 

mg 
Seeds/ 

burr 

Initial 
hard 
seed 

% 

4-mnth 
hard 
seed 

% 

Year 2 
regen 

density 
pts/m2 

(log) 
Bacchus Marsh 446 187 2.7 1.8 0.4 0.0 8.3 0.4 0.1 0.3 0.8   4.1 
Baulkamaugh 310 94 1.8 1.2 4.0 0.0 10.1 4.0 5.6 2.6 1.1 43.1 35.1 3.7 
Bellevue 404 136 2.1 1.4 6.3 12.7 28.7 6.3 8.9 3.0 2.1 69.2 46.1 4.8 
Blackwood 247 174 2.2 1.3 6.7 4.1 21.4 6.9 9.2 3.1 1.9 25.2 6.9 5.2 
Clare 266 176 2.9 1.9 2.1 0.0 16.2 2.3 2.6 1.5 1.0   3.6 
Collie-A 392 140 2.5 1.5 4.9 14.6 13.2 5.1 6.2 1.5 0.8 44.4 86.8 2.8 
CPI 12709 371 114 2.5 2.0 2.2 0.0 18.5 2.6 4.2 2.1 2.1 50.3 46.2 3.5 
CPI 15080B 259 148 2.5 1.8 2.1 0.0 20.4 2.3 4.0 3.6 1.2   3.9 
CPI 15259C 321 139 2.4 2.0 2.3 0.0 7.3 2.5 2.9 1.1 1.1   4.0 
CPI 19447A 646 139 2.3 1.6 6.3 26.8 26.6 6.4 9.0 3.8 1.7 87.5 61.6 4.5 
CPI 47308C 287 104 2.0 1.3 0.0   0.0 0.0     1.9 
CPI 65321B 311 118 2.3 1.9 0.6 2.0 2.3 0.4 0.6 1.9 0.8   3.6 
CPI 65332A 499 117 2.0 1.5 1.2 0.0 4.2 1.3 1.9 3.9 0.4   3.0 
Crawley 289 155 1.7 1.2 5.6 12.5 21.5 6.0 8.1 3.0 1.8 75.2 35.0 4.9 
Daliak 325 148 2.4 1.3 5.6 3.6 14.9 5.9 7.2 2.0 1.2 35.9 40.7 4.1 
Dalkeith 429 149 2.6 1.9 7.5 22.5 38.1 7.8 10.7 4.6 1.8 58.4 57.7 6.0 
Denmark 300 109 2.6 1.4 1.3 0.0 14.3 1.3 1.7 4.5 0.8   3.9 
Dinninup 353 142 2.5 1.5 3.9 3.6 15.7 4.7 5.9 2.5 1.2 42.7  3.4 
Geraldton 291 111 2.1 1.3 6.1 8.1 14.7 6.9 8.2 2.2 1.5 45.1 28.8 4.1 
Gingin 501 112 1.8 1.5 1.1 0.0 7.7 0.1 1.2 3.4 0.6   3.6 
Gingin Brook 348 109 2.2 1.3 6.7 14.5 19.8 7.3 9.2 2.4 2.1 56.6 67.2 4.4 
Gosse 394 150 2.9 1.8 4.0 1.0 17.1 3.3 5.2 2.0 0.7   3.5 
Goulburn 333 130 1.8 1.4 0.6 0.0 2.5 0.3 0.6 2.0 0.5   4.3 
Horsham 647 48 1.9 1.1 1.4 0.0 6.7 0.6 2.2 2.1 0.9   3.5 
Izmir 628 141 1.9 1.3 7.2 12.0 22.4 8.3 9.8 2.9 2.2 56.9 86.7 5.4 
Junee 701 134 2.8 1.7 0.9 0.0 3.4 1.0 0.8 1.7 1.2   4.9 
Karridale 306 135 2.9 1.8 1.4 0.0 9.9 1.6 1.7 2.4 1.0   4.1 
Lake Claremont 341 149 2.6 1.7 6.3 11.5 14.3 6.6 8.5 3.2 1.5 50.1 71.2 4.5 
Larisa 292 132 2.3 1.4 1.5 0.0 12.1 1.1 2.9 4.3 1.0   3.6 
Leura 350 122 2.7 2.0 0.8 0.0 5.7 1.0 1.3 2.2 1.8   4.6 
Marradong 374 133 2.2 1.6 1.3 0.0 4.9 0.1 0.8 3.8 0.1   3.9 
Meteora 435 176 2.3 1.1 0.0   0.0 0.0     3.9 
Midland-B 317 163 3.1 2.2 2.9 0.0 13.1 2.6 3.5 1.9 1.0   3.6 
Mt Barker 511 147 2.8 2.0 0.0   0.0 0.0     4.4 
Mt Helena-A 496 136 2.4 1.3 5.4 5.1 14.3 6.0 7.4 1.8 1.6 56.0 27.6 4.1 
Mulwala 228 87 1.4 1.2 2.4 5.6 35.4 3.6 5.5 3.8 3.5   3.7 
Nangeela 335 152 2.1 1.4 0.0   0.0 0.0     4.6 
Northam 364 125 2.0 1.3 6.5 13.1 22.1 6.4 8.9 2.7 1.4 51.1 60.7 4.0 
Northam-C 347 136 1.8 1.1 4.8 3.6 15.2 5.7 5.7 1.4 1.3 56.5 7.4 4.1 
Northam-E 387 152 2.0 1.0 7.3 20.5 20.6 7.9 9.6 2.4 1.9 49.1 46.4 6.1 
Northam-F 219 141 2.2 1.5 5.0 8.5 20.2 5.6 7.1 2.6 1.2 59.8 18.7 4.4 
Nungarin 415 116 2.2 1.0 7.3 21.9 26.9 7.9 10.1 3.6 1.9 62.8 61.0 6.0 
Rosedale 394 194 2.7 1.6 6.6 8.6 28.6 6.9 9.5 4.9 1.7 45.2 57.7 4.6 
Seaton Park 525 145 2.3 1.6 0.8 0.0 10.0 1.4 1.6 1.4 2.6   4.0 
Shenton Park-A 298 152 2.7 1.9 6.4 11.0 19.4 6.3 8.7 3.7 1.1 59.2 9.6 4.9 
Toodyay-B 404 145 2.3 1.2 6.5 22.3 13.0 6.6 8.3 2.2 1.3 55.8 67.2 4.5 
Trikkala 205 155 2.1 1.2 5.3 0.7 13.8 5.1 6.8 2.9 1.1 4.0  3.4 
Walebing 282 144 2.7 2.2 2.5 0.0 10.0 2.8 4.0 1.5 1.3   4.1 
Woogenellup 294 149 3.0 2.2 1.4 0.0 12.9 1.5 2.6 3.1 1.7   3.7 
Yabba North 219 118 2.2 1.4 3.4 0.0 16.0 2.8 4.8 3.0 0.8   3.1 
Yarloop 162 144 1.4 1.1 3.9 2.2 15.3 4.1 5.7 3.2 1.0 48.2  2.9 
York 402 119 1.7 1.5 4.4 0.0 10.8 4.9 5.8 1.6 1.2 54.6  3.5 
Site mean 369 136 2.3 1.5 3.6 5.7 15.4 3.7 5.4 2.7 1.3 51.9 47.4 4.1 
Significance levela ** *** *** *** *** *** *** *** *** *** *** *** *** *** 
Approx LSD 118.1 31.4 0.71 0.51 1.65 10.76 13.11 1.66 2.76 1.87 1.04 28.32 16.93 1.07 
Un-transformed  
ean     299   492 16.2     86.6 

a *** Probability P < 0.001.
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Appendix 5.2. Spatially adjusted means for sward characters measured at Mt Barker 

Variable 

Strain 
Year 1 
estab 

density 
pts/m2 

Sward 
height 
mm 

Herbage 
yield 
kg/ha 

Senes- 
cence1 

0-4 

Senes- 
cence2 

0-4 

Burr 
density 
burr/m2 

Burr 
burial 

% 

Burr 
wt 
mg 

Seed 
density 
seed/m2 

Year 1 
seed 
bank 

kg/ha 

Seed 
wt 
mg 

Seeds/ 
burr 

Initial 
hard 
seed 

% 

4-mnth 
hard 
seed 

% 

False 
break 
pts/m2 

(ln) 

Year2 
regen 

density 

pts/m2 

Year 2 
seed 
bank 

kg/ha 

Grass 
residue 

0-10 

Year 3 
regen 

density3 

pts/m2 
Bacchus Marsh 319 116 2682 3.3 0.8 8386 11.4 42.4 23117 1891 8.3 2.74 73.9 3.9 7.6 2671 729 3.2 3097 
Baulkamaugh 553 57 1335 1.4 0.0 8034 85.0 40.3 20861 1439 6.5 2.68 89.4 51.8 3.5 1537 918 6.6 2540 
Bellevue 286 93 2124 1.1 0.0 9278 84.2 53.6 28350 1826 6.2 3.10 96.4 48.9 4.0 1658 1072 6.8 2365 
Blackwood 297 88 2207 1.3 0.0 7773 53.5 43.1 21834 1779 8.3 2.77 71.7 5.5 6.2 2593 439 8.4 2343 
Clare 250 75 1624 3.5 1.3 4982 73.1 66.2 14305 1421 9.2 2.94 54.0 21.7 5.3 3197 394 5.3 2055 
Collie-A 378 63 1232 0.8 0.0 8870 79.8 38.3 24150 1518 6.1 2.67 83.5 52.3 4.6 1338 586 7.3 2243 
CPI 12709 375 92 2110 2.5 0.3 8022 71.0 52.7 25928 1741 6.7 3.25 88.8 59.8 3.7 2457 544 5.8 2531 
CPI 15080B 431 69 1614 2.4 0.3 7028 76.0 56.7 19119 1633 8.1 2.75 80.8 55.9 4.7 522 685 6.8 1743 
CPI 15259C 439 75 1456 2.2 0.0 8786 73.8 34.7 28636 1461 5.0 3.25 95.2 52.0 3.1 1680 736 7.1 2461 
CPI 19447A 567 79 1984 1.3 0.0 8372 87.3 44.6 23523 1410 5.9 2.79 92.1 69.6 4.3 1648 711 7.3 1913 
CPI 47308C 392 101 2748 2.9 1.8 4674 54.6 41.4 13649 886 6.5 3.11 37.0 3.6 6.3 2477 494 4.2 3887 
CPI 65321B 597 67 1821 2.3 0.0 8964 78.4 36.9 26466 1688 6.5 2.92 88.3 46.9 3.6 2373 824 6.1 1940 
CPI 65332A 456 58 1412 1.9 0.2 4129 89.7 50.8 12440 1069 8.7 3.06 89.2 49.5 3.5 2082 629 4.6 2175 
Crawley 292 107 2303 0.8 0.0 5461 80.8 62.2 16556 1439 8.2 3.09 84.2 43.9 5.0 1698 919 6.8 2724 
Daliak 250 101 2174 1.5 0.0 11949 71.6 38.2 33519 2239 6.7 2.86 90.5 46.3 5.6 2733 753 6.3 2995 
Dalkeith 408 142 2747 0.5 0.0 6720 89.8 75.0 20386 2102 10.1 3.06 93.7 64.6 4.7 1154 770 7.2 2278 
Denmark 283 152 3771 3.5 1.0 8044 49.5 54.0 27996 1935 7.0 3.48 59.8 12.9 5.9 4910 807 1.1 6108 
Dinninup 439 83 2182 3.3 0.7 9651 71.9 46.6 33463 2044 6.0 3.45 74.3 46.7 2.7 4385 1198 6.9 1993 
Geraldton 375 50 1222 0.4 0.0 7642 78.4 45.0 23472 1564 6.6 3.07 96.8 63.0 3.8 1469 602 5.9 2631 
Gingin 358 113 2524 2.4 0.3 5512 82.9 65.6 17802 1505 8.8 3.26 80.6 49.0 4.5 2808 818 6.6 2713 
Gingin Brook 300 70 1544 0.9 0.0 5268 87.0 58.4 15098 1171 7.5 2.92 87.3 58.9 4.2 2398 793 7.9 2117 
Gosse 342 149 3574 2.6 0.5 6808 69.6 49.9 18401 1550 9.1 2.67 72.0 34.9 4.5 2276 1133 5.6 2502 
Goulburn 381 151 3737 2.4 0.5 8879 57.2 39.4 33404 1633 5.0 3.78 70.5 50.1 4.0 3799 1010 4.1 4133 
Horsham 508 41 992 2.8 0.0 9846 82.2 29.8 28912 1406 5.2 2.91 79.0 5.4 4.4 3072 592 6.9 2585 
Izmir 425 75 1738 1.0 0.0 6216 84.6 55.7 19247 1398 7.0 3.04 90.1 57.4 5.1 1661 485 6.3 1587 
Junee 461 84 2271 2.6 0.2 7683 63.0 56.2 25574 1694 6.5 3.22 77.4 35.8 5.2 2602 940 4.6 3423 
Karridale 408 121 3277 3.6 1.3 8826 35.2 54.4 29879 2107 6.9 3.38 76.1 25.9 6.5 2891 918 2.3 3720 
Lake Claremont 256 117 2019 2.3 0.0 7480 77.7 53.1 20236 1727 8.4 2.80 66.3 47.1 5.1 2321 1021 6.1 2301 
Larisa 319 77 1588 2.7 0.7 4810 73.7 53.2 12602 1252 9.7 2.76 70.5 5.3 3.6 2553 676 3.4 2956 
Leura 456 176 3278 3.3 2.3 7764 29.5 48.8 24267 1497 6.2 3.16 52.4 12.9 5.7 2890 600 2.4 3684 
Marradong 475 108 2536 3.0 1.0 6148 63.3 58.4 18435 1716 8.9 3.03 80.1 24.7 5.2 2496 1019 5.6 2855 
Meteora 253 147 2939 3.4 1.2 5783 59.6 51.5 14915 1305 8.9 2.62 70.4 38.0 4.7 2130 827 3.6 2921 
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Appendix 5.2 continued … 

Variable 

Strain Estab 
density 
pts/m2 

Sward 
ht 

mm 

Herbage 
yield 
kg/ha 

Senes- 
cence1 

0-4 

Senes- 
cence2 

0-4 

Burr 
density 
burr/m2 

Burr 
burial 

% 

Burr 
wt 
mg 

Seed 
density 
seed/m2 

Seed 
yield1 

kg/ha 

Seed 
wt 
mg 

Seeds/ 
burr 

Initial 
hd seed 

% 

4 month 
hd seed 

% 

False 
break 
pts/m2 

(ln) 

Regen 
density2 

pts/m2 

Seed 
bank2 

kg/ha 

Grass 
residue 

0-10 

Regen 
density3 

pts/m2 

Midland-B 336 87 2101 2.7 0.2 7114 71.5 52.4 24992 1481 5.9 3.49 79.0 45.8 4.2 3321 1127 4.8 2718 
Mt Barker 367 99 2349 3.3 1.2 10599 25.1 39.8 30162 2294 7.6 2.85 73.1 10.4 5.7 2802 786 2.9 3555 
Mt Helena-A 311 105 2275 1.6 0.0 10791 90.1 46.8 30850 2038 6.6 2.83 84.4 58.0 4.2 2408 772 7.9 1519 
Mulwala 303 57 1599 1.5 0.0 8393 92.0 48.5 23986 1582 6.8 2.92 83.5 36.6 3.6 2023 754 6.7 2358 
Nangeela 375 124 2832 3.2 1.7 6208 34.6 41.3 17484 1365 7.5 2.78 74.8 5.0 7.1 2365 462 2.5 2944 
Northam 353 81 1732 0.7 0.0 7462 73.1 45.8 20858 1347 6.8 2.81 90.2 71.3 3.7 1105 640 6.7 2143 
Northam-C 281 117 2458 1.6 0.0 10486 84.3 50.5 34300 2258 6.7 3.29 85.5 55.5 4.3 2488 930 6.7 2543 
Northam-E 311 104 1996 0.7 0.0 8383 85.8 50.5 25190 1638 6.4 2.96 90.3 37.5 4.4 2558 803 7.1 2216 
Northam-F 450 91 1989 1.1 0.0 7657 87.1 58.0 22362 1761 8.1 2.94 82.1 39.0 3.3 2460 730 7.3 2726 
Nungarin 442 74 1617 0.5 0.0 7469 94.9 53.4 20396 1502 7.3 2.80 85.1 60.5 4.4 2563 691 6.0 1690 
Rosedale 256 65 1515 2.3 0.3 5884 66.7 58.5 16765 1493 9.9 2.79 87.0 80.4 4.5 1214 707 7.4 1347 
Seaton Park 419 86 2008 1.4 0.0 8308 88.1 48.4 26023 1813 6.6 3.16 88.6 48.3 3.6 2198 1270 6.6 3181 
Shenton Park-A 328 57 1489 1.3 0.0 7195 81.6 43.4 21111 1613 7.2 2.98 87.3 42.2 4.2 2021 994 6.8 2392 
Toodyay-B 372 147 2981 0.9 0.0 11632 71.2 36.4 33277 2060 6.2 2.93 93.7 51.0 3.4 1127 937 7.0 2354 
Trikkala 319 115 2743 2.1 0.0 6197 59.4 46.0 16102 1374 8.4 2.73 78.9 34.1 4.7 3332 756 3.3 2920 
Walebing 469 140 3265 1.8 0.0 10068 76.8 38.5 33164 2102 6.2 3.29 81.9 44.4 3.1 3831 676 5.0 3613 
Woogenellup 456 155 2695 3.1 0.8 5401 56.3 63.4 15142 1794 10.2 3.04 80.4 10.5 7.2 1215 762 3.7 2355 
Yabba North 264 87 2480 2.0 0.0 6646 66.6 50.7 17195 1589 9.2 2.66 81.0 25.5 5.9 2455 828 4.1 2512 
Yarloop 200 133 2997 1.0 0.0 6032 64.3 58.2 16023 1675 10.2 2.70 78.7 42.1 4.1 2349 1060 5.7 2683 
York 497 101 2507 1.8 0.0 12326 78.0 44.1 36719 2172 5.8 3.03 83.7 59.4 4.6 1981 899 5.9 2816 
Site mean 374 99 2238 2.0 0.4 7732 70.6 49.5 23051 1654 7.4 2.99 80.4 40.4 4.6 2352 793 5.6 2656 
Significance levela *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
Approx. LSD 184.2 18.5 721.2 0.65 0.52 2172.0 16.37 8.17 7144.0 546.8 0.76 0.188 13.93 10.29 0.67 1248.2 439.8 2.00 1055.6 
Un-transformed mean               215     

a** Probability P < 0 01;  *** Probability P < 0.001. 
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CHAPTER 6.  PREDICTING STRAIN SUCCESS IN MIXTURES 

FROM MORPHOLOGICAL AND ISOFLAVONE CHARACTERS 

Abstract 
A range of morphological and isoflavone characters were measured on spaced plants 

of 52 subterranean clover (Trifolium subterraneum L.) strains at Nabawa (a short 

growing season site) and at Mt Barker (a long growing season site) in Western 

Australia.  The relative importance of these characters for strain success in each 

environment was determined by their relationships to long-term strain seedbanks in 

strain mixtures.  Principal components analyses were also used to group successful 

strains on the basis of their attributes. This study has practical plant breeding 

implications for the selection of varieties adapted to long and short growing season 

environments. 

Successful strains tended to be early flowering at Nabawa and later flowering at 

Mt Barker.  Large leaves, long and thick petioles at flowering and thick stems were 

important for persistence at both sites, although the strains possessing these attributes 

differed at each site.  At Nabawa, long internodes, long and thick peduncles, low plant 

weight at flowering and large plant diameter at senescence were all related to 

persistence, while none of these characters were important at Mt Barker.  Seedling 

characters were generally not important for long-term success at either site, the only 

exception being petiole length at Mt Barker, where persistence was associated with 

shorter petioles, a trait that may assist seedlings to escape prehension.  The inclusion 

in multivariate analyses of some sward measurements from Chapter 5 confirmed that 

seed density was also important for success at Nabawa, while other seed yield 

components were unimportant at either site.  Soft-seededness and weak burr burial 

were also related to success at Mt Barker, but these characters were not important at 

Nabawa.  Levels of the oestrogenic isoflavones, formononetin, genistein and 

biochanin-A, were not related to success at either site.  However, total isoflavone 

content was weakly correlated with persistence at Mt Barker. 

Leaf, stem and peduncle measurements at flowering and mature plant diameter were 

generally positively correlated with flowering time at Mt Barker, but negatively 

correlated at Nabawa.  This is explained in terms of flowering time and the growing 

season length at each site.  Thus, all strains were able to reach their vegetative 
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potential at Mt Barker, whereas growth of midseason and late flowering strains at 

Nabawa was curtailed in response to spring moisture stress. 

Principal components analysis was effective in predicting the success at each site of 

12 cultivars released since 1978, on the basis of their attributes.  In the main, 

subterranean clover breeders have been successful in selecting cultivars adapted to 

long and short growing season target environments. A greater understanding of the 

characters leading to success in different environments will enable breeding and 

selection procedures to target better adapted genotypes. 

Introduction 
Chapters 3 and 4 showed that subterranean clover strains differ in their relative 

success when grown in mixtures and that the successful strains differ at different sites.  

Flowering time was a very important factor influencing strain success.  In the short 

growing season environment of Nabawa there was strong selection pressure for 

earliness, while in the longer growing season environment of Mt Barker, successful 

strains tended to be midseason and late flowering.  Similar results were found by 

Morley et al. (1962) and Dear et al. (2001). 

High seed production capacity in pure swards was shown in Chapter 5 to be critical for 

strain success at Nabawa, but was not important at Mt Barker.  At Nabawa, only early 

flowering strains were able to set sufficient seed for regeneration, whereas all strains 

were able to set high quantities of seed at Mt Barker.  High values for the seed yield 

components mean burr weight, burr density and seed number per burr were also 

important for long-term success at Nabawa but not at Mt Barker.  Conversely, sward 

height in spring was important for success at Mt Barker, but not at Nabawa.  Under the 

ideal growing conditions at Mt Barker, midseason and late flowering strains were able 

to over-top earlier maturing strains.  At Nabawa, midseason and late flowering strains 

were unable to reach their vegetative potential, due to the early onset of soil moisture 

deficit, and so were unable to over-top earlier flowering strains.  Strong burr burial was 

another factor related to success at Nabawa, whereas weak burial was associated with 

success at Mt Barker.  Hardseededness was also important for success at Nabawa but 

not at Mt Barker. 

Pasture plant breeders commonly conduct initial selections on the basis of spaced 

plant characters.  This chapter examines the importance of a range of morphological 

characters measured on spaced plants for success in short and long growing season 

environments.  The relative importance of the oestrogenic isoflavones formononetin, 
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genistein and biochanin A is also examined.  A greater understanding of the characters 

leading to success in different environments will enable breeding and selection 

procedures to target better adapted genotypes.  

Materials and Methods 

Strains 
Trial entries consisted of the same 52 strains used in the strain mixtures described in 

Chapter 4 (Table 4.4) and the sward monoculture studies in Chapter 5.  These 

comprised the 40 strains used in the 1978-sown mixture experiments at Nabawa and 

Mt Barker (see Chapter 3) plus an additional 12 cultivars released since 1978.  Seed 

source and pre-sowing treatments were the same as for swards (described in 

Chapter 5). 

Trial sites 
Trials consisted of spaced plants.  They were located at Mt Barker Research Station 

and Chapman Research Station, Nabawa (Figure 3.1) adjacent to the sward trials 

described in Chapter 5.  Soils in each experiment were sampled in a grid pattern at the 

time of sowing, by taking ten 0.50 dm2 cores to an approximate depth of 10 cm.  Soils 

were analysed by CSBP and Farmers Ltd., Perth (Table 6.1). 

Table 6.1. Soil characteristics of the top 10 cm of soil at the Nabawa and Mt Barker spaced plant 
trial sites.  Data from Wesfarmers CSBP Ltd, Perth, Western Australia 

 Texture Gravel 
% 

Phosph-
orous1 

mg/kg 
Nitrate2 

mg/kg 
Amm-
onium2 

mg/kg 

Potass-
ium1 

mg/kg 
Sulphur3 

mg/kg 
Organic 
carbon4 

% 
Iron5 

mg/kg 
Cond-

uctivity6 

dS/m 
pH6 

CaCl2 

Nabawa Loam 0 27 8 17 422 9.4 0.79 1270 0.0601 4.81 
Mt 
Barker 

Loamy 
sand 50-55 39 4 6 67 5.9 2.54 674 0.316 4.46 

1  Colwell (1963). 
2  Searle (1984). 
3   Blair et al. (1991). 
4   Walkley and Black (1934). 
5  Soils tumbled with Tamm’s reagent for 1 hour in a soil:solution ratio of 1:33.  Iron concentration is determined using a 
flame atomic absorption spectrophotometer at 248.3 nm. 
6  Rayment and Higginson (1992). 

Trials consisted of a randomised block design with three replicates of the 52 entries 

and two blocks for each replicate.  Plots consisted of 3 m long rows.  Distance between 

rows was 1.5 m at Nabawa and 1.25 m at Mt Barker.  Blocks were separated by 1 m 

gaps at both sites.  Preparation of sites was the same as for the sward trials (described 

in Chapter 5).  Prior to sowing, plots were raked smooth and furrows formed to a depth 

of 2 cm.  Plots were hand-sown with 20 evenly spaced seeds, raked over and 

compacted to ensure good soil contact.  Superphosphate- potash (3:1) fertiliser at a 
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rate of 300 kg/ha was hand-broadcast onto the soil surface.  Sowing dates were 9 June 

1994 at Nabawa and 1 June 1995 at Mt Barker (the same as for sward trials).  Plots 

were thinned to six evenly spaced, healthy plants on 2 August at Nabawa and 27 July 

at Mt Barker. 

Weeds were removed by hand around spaced plants while remaining strips between 

plots were sprayed out with Roundup at 4 L/ha in mid-winter.  Plants remained 

undefoliated throughout the season.  Pesticide applications were as for sward trials 

(Chapter 5).  Plate 6.1 shows the trial arrangement at Nabawa. 

 

Plate 6.1. Spaced plant trial at Nabawa 106 days after sowing showing rows of early maturing 
strains with extended runners and few stems in comparison with compact, late 
maturing strains.  Three plants of each strain were removed for examination of 
morphological characters following flowering. 

Measurements 
Days to first flowering (DFF) was estimated on each plant as the number of days from 

sowing to appearance of the first fully opened flower.  Plants were checked every 

10-12 days.  DFF of plants having flowered between visits was estimated by the stage 

of floral and burr development, using the figures of Barley and England (1970).  

Flowering dates of plants with florets in bud were estimated and then checked on the 

following visit. 
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All leaf area measurements were estimated semi-quantitatively using the leaf area 

plates of Williams et al. (1964).  Use of this procedure on plants at Mt Barker is 

illustrated in Plate 6.2.  Petiole, stem and peduncle diameters were measured using a 

Mitotoyu® thickness gauge with 0.01 mm intervals.  Plate 6.3 illustrates use of this 

method on plants at Mt Barker. 

 
Plate 6.2. Measuring leaf area on plants at Mt Barker by comparison with photographs from 

Williams et al. (1964).  

 
Plate 6.3. Measuring stem diameter of plants at Mt Barker. 
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Maximum plant diameter and area of the largest leaf were measured on all plants 

approximately 8 weeks after sowing (56 days at Nabawa and 59 days at Mt Barker).  

The number of opened trifoliate leaves was also counted at Mt Barker. 

To enable direct comparison of leaves at the same physiological stage, three plants per 

plot were removed within 10 days of flowering and examined in the laboratory.  The 

primary stem of each plant was first determined as that containing the flower or burr at 

the most advanced stage.  In most cases it was also the longest stem and had the 

greatest degree of branching.  The node of first flowering on the primary stem was 

determined as an alternative flowering index to DFF.  Leaf area, petiole length and 

petiole diameter were measured on the fifth leaf along the primary stem.  Maximum 

plant diameter at flowering was then recorded.  Plant dry weights were measured 

following oven drying for 2 days at 80oC. 

Morphological characters related to flowering time were measured in the field on the 

remaining three plants of each plot approximately 30 days after flowering.  Leaf area, 

petiole length and petiole diameter were measured on the leaf distended from the first 

flowering node on the primary stem.  Internode length and stem diameter were 

measured between the first and second flowering nodes on the primary stem.  

Peduncle characters were measured on the peduncle extending from the second 

flowering node on the primary stem. 

Mature plant characters were measured on senesced plants on 12 December at 

Nabawa and on 9 February at Mt Barker.  Maximum plant diameter was measured at 

both sites and flowering nodes along the primary stem were counted at Mt Barker. 

Leaf samples to determine levels of the oestrogenic isoflavones formononetin, 

genistein and biochanin-A were taken from two replicates 78 days after sowing at 

Nabawa and 126 days after sowing at Mt Barker.  Isoflavone contents were measured 

using thin layer chromatography, according to the technique of Francis and Millington 

(1965b).  Measurement using this technique is semi-quantitative, relying on 

comparison of sample spot intensity with the intensity of control spots of known 

concentration.  Isoflavone contents are expressed as a percentage of leaf dry matter.  

Samples for chemical extraction consisted of 6 mm diameter discs from healthy, newly 

opened leaves from each plant in the row.  These were then bulked.  Plate 6.4 

illustrates the leaf sampling procedure.  Duplicate samples for dry weight determination 

were also taken and oven dried at 60oC for 48 hours.  Specific leaf weight was 
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calculated from the dry weight samples.  It is defined here as the mass per unit area of 

leaf, expressed as mg/mm2. 

 

Plate 6.4. Taking leaf discs for determination of isoflavone content. 

Statistical analyses 
Plot values were calculated as the mean of single plant values in the plot.  Analyses of 

Variance (ANOVA) were conducted using Genstat 5 release 4.2, 5th edition (Genstat 

Committee 1992).  Tests of normality and homogeneity of variance were made prior to 

analysis to determine whether transformations of data were required.  Pearson 

correlation coefficients, regression analyses and associated tests of significance were 

conducted using Minitab release 13.1 (Minitab Inc.). 

Principal components analysis was used to group strains with similar characteristics.  

This analysis reduces the data to a smaller number of uncorrelated variables, termed 

principal components, which are linear combinations of the original variables (Manly 

1994).  The first principal component contains the maximum variation, with subsequent 

principal components containing successively less variation.  Principal components 

were generated using a correlation matrix to reduce the data to a common scale.  

Graphs were drawn using SigmaPlot 2002 for Windows Version 8.0 (SPSS Inc.). 
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Results 

Seasonal factors at Nabawa and Mt Barker 
Rainfall figures for 1994 at Nabawa and 1995 at Mt Barker are shown in Chapter 5 

(Tables 5.2 and 5.3, respectively).  Soil moisture conditions at sowing were good and 

seeds germinated readily at both sites.  At Mt Barker, all strains were able to complete 

their life cycle without moisture stress.  Here, the soil water balance model discussed in 

Chapter 5 estimated that soil water was not in deficit until 3 December.  In contrast to 

the sward trial in Chapter 5 and surrounding pastures, most plants were still green and 

actively flowering on 14 December, but all had completely senesced by 8 February 

1996. 

The situation was different at Nabawa.  Wilting was first evident in some plants on 

2 August (54 days from sowing) and intermittent moisture stress occurred until 

10 September (93 days after sowing).  After this date only 12 mm of rain fell for the 

remainder of the year.  The soil water balance model indicated soil moisture deficit 

from 17 September.  The initial effect of dry spring conditions was loss of turgor during 

the day, particularly noticeable in plants of the ssp. yanninicum strains.  As stress 

continued, plants became more stunted, flowering ceased and burr production aborted.  

Some plants of later flowering strains failed to flower and only the very earliest 

flowering plants set significant quantities of seed.  In contrast to Mt Barker, it was also 

noticeable that only the earliest set burrs were buried. 

Characterisation of strains at Nabawa and Mt Barker 
All seedling measurements were correlated between sites (Table 6.2), but there were 

highly significant strain effects for each seedling measurement within sites (Table 6.3).  

The warmer winter temperatures at Nabawa (Figure 3.1) resulted in much more rapid 

growth.  Eight weeks after sowing, seedlings at Nabawa were much larger, with a 

mean maximum diameter of 17.7 cm, compared to 3.9 cm at Mt Barker.  Mean area of 

the largest opened leaf over all strains was also greater at Nabawa (432 mm2 

compared to 120 mm2 at Mt Barker).  Leaf number on each plant was not directly 

measured at Nabawa, but 37 days after sowing 6-10 leaves per plant were observed.  

This compares with a mean of only 4.1 leaves per plant at Mt Barker measured after 

59 days.  Leaf area, petiole length and petiole diameter of the fifth leaf along the 

primary stem was also greater on seedlings from Nabawa.  Leaf area measurements 

taken on 8-week old seedlings were highly correlated with those on the fifth leaf on the 

primary stem (r = 0.84, P < 0.001 at Nabawa and r = 0.71, P < 0.001 at Mt Barker).  
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Strains differed within each site for specific leaf weights but there were no differences 

between sites (Table 6.7). 

Both days to first flowering (DFF) and node of first flowering were highly correlated 

between sites (Table 6.2), but there were highly significant strain differences for both 

characters within sites (Table 6.4).  Mean DFF was 100 at Nabawa, compared to 113 

at Mt Barker.  Nabawa also had a greater range of flowering times (70 to 155 days) 

than Mt Barker (89 to 140 days).  Nungarin was the earliest flowering strain at both 

sites, with Meteora being the latest flowering strain at Nabawa and CPI 47308C the 

latest at Mt Barker.  All plants flowered at Mt Barker.  However, some plants of later 

flowering stains failed to flower at Nabawa.  In particular, Meteora, Goulburn and CPI 

47308C had only 6 per cent, 33 per cent and 39 per cent of plants that flowered, 

respectively.  Consequently, mean DFF of these strains and the overall site mean at 

Nabawa are underestimated.  Although sites were highly correlated, analysis of 

variance showed highly significant strain x site interactions (Table 6.4), indicating 

changes in relative ranking.  Strains ranking 10 or more positions higher for DFF at 

Nabawa than Mt Barker were Rosedale, Trikkala, Shenton Park-A, Dinninup and CPI 

65332A, while strains ranking 10 or more positions higher at Mt Barker than Nabawa 

were York, Geraldton and Northam-F. 

Mean node of first flowering along the primary stem at Nabawa was 15.0 compared 

with 7.5 at Mt Barker.  The range for node of first flowering was also greater at 

Nabawa, ranging from 5.3 (Nungarin) to 27.0 (CPI 47308C).  This compares with 4.7 

(Nungarin) to 13.3 (Leura) at Mt Barker.  The range for Nabawa is also truncated, as 

node of first flowering could not be determined for Meteora and Goulburn, the two 

latest flowering strains.  As expected, flowering time and node of first flowering were 

highly correlated at both sites (r = 0.97, P < 0.001 at Nabawa and r = 0.95, P < 0.001 at 

Mt Barker), even though analysis of variance showed significant strain x site 

interactions (Table 6.4).  Strains ranking 10 or more positions higher at Nabawa than 

Mt Barker for node of first flowering were Trikkala, Rosedale, Clare, Dinninup and 

Northam-E, while those ranking 10 or more positions higher at Mt Barker than Nabawa 

were Gingin, York and Northam-C. 

Highly significant strain differences were found at both sites for all plant measurements 

at flowering and for leaf measurements on the first flowering node (Table 6.5).  Plants 

at Nabawa on average were heavier and had a greater diameter at first flowering than 

at Mt Barker.  Plant weight at flowering was strongly correlated between sites but plant 

diameter was not (Table 6.2).  There were strong negative strain correlations between 
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sites for leaf area, petiole length and petiole diameter (Table 6.2).  Thus, those plants 

with the largest leaves and petioles at Mt Barker tended to have the smallest leaves 

and petioles at Nabawa.  Mean length of petioles on the first flowering node was 

greater overall at Mt Barker, but there were no site differences for leaf area and petiole 

diameter on the first flowering node (Table 6.5). 

Table 6.2. Pearson correlation coefficients (r) and corresponding levels of significance (P) 
between Nabawa and Mt Barker for morphological and isoflavone characters of 
52 strains 

Character r Pa 
Seedling   
Plant diameter 8 weeks after sowing (log) 0.30 * 
Maximum leaf area 8 weeks after sowing 0.70 *** 
Area of leaf on 5th node (log) 0.67 *** 
Length of petiole on 5th node (sqrt) 0.50 *** 
Diameter of petiole on 5th node (sqrt) 0.42 * 
Specific leaf weight 0.42 ** 
Post-flowering   
Days to first flowering 0.87 *** 
Node of first flowering 0.82 *** 
Plant weight at flowering (log) 0.52 *** 
Plant diameter at flowering 0.24 ns 
Area of leaf on 1st flowering node -0.60 *** 
Length of petiole on 1st flowering node (sqrt) -0.74 *** 
Diameter of petiole on 1st flowering node -0.41 ** 
Internode length 0.07 ns 
Stem diameter -0.16 ns 
Peduncle length 0.04 ns 
Peduncle diameter 0.64 *** 
Mature plant diameter -0.02 ns 
Isoflavones   
Formononetin 0.90 *** 
Genistein 0.77 *** 
Biochanin A 0.91 *** 
Total Isoflavones 0.83 *** 

Strains differed significantly within each site for stem thickness and internode length 

(Table 6.6).  Primary stems were thicker on average at Mt Barker but internode length 

between the first and second flowering nodes was similar at both sites.  Neither 

character was correlated between sites (Table 6.2).  Peduncle length and diameter 

also differed significantly between strains at each site (Table 6.6).  Peduncles were 

longer on average at Mt Barker, but mean peduncle thickness was similar.  Peduncle 
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diameter was strongly correlated between sites, but peduncle length was not 

(Table 6.2). 

Mature plants were much bigger at Mt Barker than Nabawa and there were highly 

significant strain differences within each site (Table 6.6).  However, mature plant 

diameter was not correlated between sites (Table 6.2).  Strains differed significantly for 

number of flowering nodes at Mt Barker (Table 6.6).  Contrary to expectations, the 

earliest senescing plants at Mt Barker were not necessarily the earliest flowering.  

When recorded on 29 November, Shenton Park-A, Daliak, Junee and Crawley had the 

highest proportions of plants senescing with 78 per cent, 67 per cent, 44 per cent and 

44 per cent, respectively. 

Strain levels of formononetin, genistein and biochanin-A and total isoflavone content 

were each strongly correlated between sites (Table 6.2).  There was a very high 

coefficient of variation for each isoflavone, particularly formononetin, presumably 

reflecting the semi-quantitative nature of these measurements.  Nevertheless, there 

were highly significant strain differences for each isoflavone and for total isoflavones 

within each site (Table 6.7).  There were no site differences in overall mean 

formononetin levels.  At Nabawa, however, mean genistein, biochanin-A and total 

isoflavone levels were significantly higher than at Mt Barker, possibly due to the Mt 

Barker samples being taken later in the season. 

Effect of flowering time on plant growth 
The large number of strain x site interactions shown in Tables 6.3 to 6.7 warranted 

further investigation.  Given the large differences in seasonal conditions at Mt Barker 

and Nabawa and consequent effects on plant growth, relationships between flowering 

time and growth characters are further explored.  DFF is used in these analyses, as it 

produced marginally higher correlations with these characters than node of first 

flowering.  Among the seedling characters, there were weak negative correlations at 

both sites between DFF and area of the fifth leaf on the primary stem (r = -0.30, 

P < 0.05 at Nabawa and r = -0.36, P < 0.01 at Mt Barker).  This implies that earlier 

flowering strains tended to produce seedlings with larger leaves.  This relationship did 

not hold, however, when plants measured at 8 weeks after sowing were compared.  No 

other significant correlations of DFF with seedling characters were observed at either 

site.  Neither were there any correlations between DFF and isoflavone contents. 
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Table 6.3. Seedling characters at Nabawa and Mt Barker.  Least significant differences are given 
where all plants were measured.  Standard errors are shown in parentheses otherwise 

Seedling diameter 
(log) 
cm 

Leaf no.
at 8 

weeks 

Area of 5th leaf (log) 
mm2 

Petiole length of 5th 
leaf (sqrt) 

mm 

Petiole diameter of 5th 
leaf (sqrt) 

mm2 Strain 

Nabawa Mt Barker Mt Barker Nabawa Mt Barker Nabawa Mt Barker Nabawa Mt Barker 
Bacchus Marsh 1.36 0.67 3.94 2.80 (0.09) 2.13 11.7 (0.7) 6.4   
Baulkamaugh 1.11 0.52 3.56 2.46 (0.05) 2.09 8.9 (0.4) 5.2 1.04 (0.04)  
Bellevue 1.28 0.50 3.77 2.66 (0.05) 2.16 11.3 (0.4) 5.6 1.07 (0.04) 0.58 (0.03) 
Blackwood 1.36 0.77 3.28 2.87 (0.05) 2.57 12.1 (0.4) 6.9 1.25 (0.04) 0.59 (0.03) 
Clare 1.24 0.70 4.00 2.71 (0.05) 2.37 12.1 (0.4) 6.7 1.18 (0.05)  
Collie-A 1.20 0.54 4.40 2.54 (0.05) 1.99 10.4 (0.4) 5.2 1.02 (0.04) 0.52 (0.02) 
CPI 12709 1.34 0.59 5.06 2.53 (0.06) 2.11 10.6 (0.5) 6.4 1.21 (0.06)  
CPI 15080B 1.23 0.47 3.22 2.46 (0.06) 2.06 10.6 (0.5) 5.6 1.11 (0.05) 0.57 (0.03) 
CPI 15259C 1.26 0.55 3.94 2.50 (0.06) 2.02 10.3 (0.5) 5.4 1.08 (0.06) 0.47 (0.03) 
CPI 19447A 1.23 0.62 4.28 2.66 (0.05) 2.21 10.2 (0.4) 5.6 1.08 (0.04) 0.55 (0.03) 
CPI 47308C 1.30 0.54 3.61  1.93  5.7   
CPI 65321B 1.14 0.48 3.72 2.56 (0.06) 2.13 9.4 (0.5) 5.2 1.05 (0.05) 0.53 (0.03) 
CPI 65332A 1.22 0.51 3.22 2.74 (0.05) 2.30 10.2 (0.4) 5.4 1.00 (0.05)  
Crawley 1.25 0.61 4.37 2.67 (0.05) 2.28 11.5 (0.4) 6.3 1.19 (0.04) 0.63 (0.02) 
Daliak 1.23 0.56 5.33 2.35 (0.05) 1.91 9.7 (0.4) 5.5 0.93 (0.05) 0.49 (0.03) 
Dalkeith 1.28 0.53 4.72 2.53 (0.05) 2.07 10.1 (0.4) 5.5 1.03 (0.04)  
Denmark 1.20 0.64 4.72 2.40 (0.09) 1.99 9.3 (0.7) 5.4   
Dinninup 1.30 0.60 2.98 2.65 (0.05) 2.07 11.7 (0.4) 5.4 1.15 (0.04) 0.59 (0.03) 
Geraldton 1.16 0.59 4.61 2.31 (0.05) 2.14 8.6 (0.4) 5.9 0.96 (0.04) 0.54 (0.02) 
Gingin 1.16 0.60 3.96 2.46 (0.05) 2.11 9.9 (0.4) 5.5 1.01 (0.06)  
Gingin Brook 1.22 0.59 3.33 2.67 (0.05) 2.29 10.7 (0.4) 5.5 1.13 (0.04) 0.57 (0.02) 
Gosse 1.29 0.57 3.54 2.65 (0.06) 2.16 10.9 (0.5) 5.3 1.20 (0.06)  
Goulburn 1.09 0.61 4.61  1.94  5.4   
Horsham 1.09 0.48 3.89 2.13 (0.06) 1.69 8.3 (0.5) 4.3   
Izmir 1.27 0.62 3.88 2.60 (0.05) 2.04 10.9 (0.4) 5.2 1.04 (0.04) 0.53 (0.02) 
Junee 1.31 0.66 4.82 2.54 (0.06) 2.17 10.5 (0.5) 5.6   
Karridale 1.26 0.63 4.33 2.55 (0.06) 2.13 9.7 (0.5) 5.4 1.15 (0.06)  
Lake Claremont 1.29 0.55 4.00 2.62 (0.05) 2.26 11.0 (0.4) 6.6 1.10 (0.04) 0.53 (0.03) 
Larisa 1.21 0.45 4.78 2.15 (0.06) 1.72 8.5 (0.5) 3.7   
Leura 1.10 0.63 3.83 2.28 (0.05) 2.16 8.6 (0.4) 6.2   
Marradong 1.18 0.53 3.99 2.63 (0.06) 1.95 10.3 (0.5) 5.2 1.08 (0.06)  
Meteora 1.23 0.53 3.72  1.88  3.6   
Midland-B 1.29 0.63 4.33 2.60 (0.06) 2.01 10.0 (0.4) 5.1 1.01 (0.06) 0.50 (0.03) 
Mt Barker 1.24 0.58 3.13  2.15  6.0   
Mt Helena-A 1.24 0.64 3.33 2.75 (0.05) 2.20 11.0 (0.4) 6.1 1.17 (0.04) 0.58 (0.02) 
Mulwala 1.14 0.70 3.33 2.48 (0.05) 2.17 9.6 (0.4) 5.9 1.06 (0.05) 0.55 (0.02) 
Nangeela 1.27 0.66 4.33 2.65 (0.06) 2.10 11.7 (0.5) 5.7 1.12 (0.06)  
Northam 1.21 0.63 4.50 2.69 (0.05) 2.21 10.8 (0.4) 5.9 1.09 (0.04) 0.56 (0.02) 
Northam-C 1.20 0.55 4.38 2.52 (0.05) 2.31 10.5 (0.4) 5.5 1.01 (0.04) 0.63 (0.02) 
Northam-E 1.30 0.48 4.30 2.60 (0.05) 1.99 10.8 (0.4) 5.0 1.06 (0.04) 0.51 (0.02) 
Northam-F 1.27 0.74 4.22 2.54 (0.05) 2.24 10.9 (0.4) 6.2 1.03 (0.04) 0.58 (0.02) 
Nungarin 1.22 0.60 4.11 2.68 (0.05) 2.19 10.5 (0.4) 5.4 1.12 (0.04) 0.56 (0.02) 
Rosedale 1.31 0.63 4.00 2.77 (0.05) 2.28 11.1 (0.4) 6.6 1.07 (0.04) 0.51 (0.03) 
Seaton Park 1.29 0.55 3.76 2.71 (0.05) 2.05 11.4 (0.4) 5.2 1.14 (0.05)  
Shenton Park-A 1.17 0.39 4.11 2.41 (0.05) 1.97 9.9 (0.4) 5.0 1.00 (0.05)  
Toodyay-B 1.28 0.62 4.94 2.53 (0.05) 2.00 11.1 (0.4) 5.9 0.90 (0.04) 0.55 (0.03) 
Trikkala 1.26 0.55 4.67 2.48 (0.05) 1.89 9.9 (0.4) 4.7 1.00 (0.04)  
Walebing 1.32 0.56 4.54 2.58 (0.06) 2.01 11.1 (0.5) 4.9 1.07 (0.06) 0.50 (0.03) 
Woogenellup 1.35 0.58 5.07 2.70 (0.09) 2.15 10.1 (0.7) 5.3   
Yabba North 1.30 0.55 3.94 2.57 (0.09) 2.07 9.8 (0.7) 5.1  0.54 (0.02) 
Yarloop 1.34 0.66 4.11 2.53 (0.05) 2.13 10.7 (0.4) 4.9 1.06 (0.06)  
York 1.24 0.68 3.61 2.46 (0.06) 2.22 10.6 (0.5) 6.7 1.05 (0.05) 0.58 (0.02) 
Site means 1.24 0.59 4.08 2.56 2.10 10.4 5.5 1.08 0.55 
     (0.06) a  (0.3) a   
Probability b (strains) *** *** *** *** *** *** *** *** *** 
lsd (strains) 0.058 0.103 0.809 - 0.159 - 0.96 - - 
CV. (%) 5.9 16.1 17.2 6.4 8.3 10.0 15.1 8.5 7.9 
Probability b (sites) *** - *** *** *** 
Probability b *** - *** *** *** 
(strain x site)      
Variance components      
Strains 15.03 x 10-4 (±7.44 x 10-4)  15.99 x 10-3 (±4.06 x 10-3) 0.286 (±0.101) 11.17 x 10-4 (±6.47 x 10-4) 
Strain x site 27.29 x 10-4 (±7.18 x 10-4)  4.28 x 10-3 (±1.60 x 10-3) 0.203 (±0.073) 10.32 x 10-4 (±6.20 x 10-4) 

a  Standard error common to all strains;  b*** = P < 0.001;  ** = P < 0.01;  * = P < 0.05, ns = not significant. 
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Table 6.4. Days to first flowering and node of first flowering of strains at Nabawa and Mt Barker.  
Least significant differences are presented where all plants were measured.  Standard 
errors are shown in parentheses otherwise 

Days to first flowering Node of first flowering Strain Nabawa Mt Barker Nabawa Mt Barker 
Bacchus Marsh 124 120 24.7 (0.8) 8.8 
Baulkamaugh 95 110 12.3 (0.7) 6.4 
Bellevue 77 103 8.9 (0.7) 5.8 
Blackwood 89 105 13.9 (0.7) 6.2 
Clare 105 125 15.8 (0.7) 8.9 
Collie-A 89 102 12.6 (0.7) 6.1 
CPI 12709 101 112 17.7 (0.7) 7.1 
CPI 15080B 109 122 18.6 (0.7) 7.6 
CPI 15259C 107 115 19.0 (0.7) 7.4 
CPI 19447A 84 104 10.3 (0.7) 6.0 
CPI 47308C 146 140 27.0 (1.2) 13.1 
CPI 65321B 104 117 15.9 (0.7) 7.2 
CPI 65332A 97 119 14.9 (0.7) 6.8 
Crawley 74 100 7.7 (0.7) 5.6 
Daliak 90 105 13.2 (0.7) 6.7 
Dalkeith 86 103 12.8 (0.7) 6.1 
Denmark 124 136 21.7 (0.7) 12.3 
Dinninup 99 121 14.7 (0.7) 7.9 
Geraldton 90 101 12.7 (0.7) 6.2 
Gingin 104 110 16.8 (0.7) 6.2 
Gingin Brook 72 96 6.7 (0.7) 5.1 
Gosse 111 126 19.1 (0.7) 9.4 
Goulburn 147 123  9.6 
Horsham 113 116 18.4 (0.7) 7.7 
Izmir 72 95 7.0 (0.7) 5.3 
Junee 114 117 19.4 (0.7) 8.3 
Karridale 118 128 21.9 (0.7) 10.1 
Lake Claremont 81 105 10.4 (0.7) 6.0 
Larisa 123 135 22.3 (0.7) 11.0 
Leura 122 139 20.8 (0.7) 13.3 
Marradong 104 115 15.4 (0.7) 7.2 
Meteora 155 138  12.1 
Midland-B 106 114 19.9 (0.7) 8.1 
Mt Barker 131 123 23.7 (0.7) 8.4 
Mt Helena-A 81 100 9.0 (0.7) 6.0 
Mulwala 90 104 10.6 (0.7) 6.2 
Nangeela 129 130 21.0 (1.2) 10.7 
Northam 73 96 7.5 (0.7) 5.8 
Northam-C 89 103 12.7 (0.7) 5.8 
Northam-E 74 100 8.8 (0.7) 6.2 
Northam-F 87 99 11.3 (0.7) 5.9 
Nungarin 70 89 5.3 (0.7) 4.7 
Rosedale 86 116 12.2 (0.7) 7.3 
Seaton Park 98 109 16.0 (0.7) 6.5 
Shenton Park-A 80 109 9.1 (0.7) 6.1 
Toodyay-B 84 107 11.2 (0.7) 6.3 
Trikkala 91 122 14.0 (0.7) 8.6 
Walebing 101 112 18.4 (0.7) 7.5 
Woogenellup 116 120 19.7 (0.7) 8.1 
Yabba North 96 113 16.4 (0.7) 7.6 
Yarloop 95 113 16.4 (0.7) 6.9 
York 100 104 15.7 (0.7) 6.1 
Site means 100 113 15.0 7.5 
    (0.3)a 
Probability b (strains) *** *** *** *** 
lsd (strains) 4.7 3.5 - 0.91 
CV. (%) 18.9 10.9 33.8 27.7 
Probability b (sites) *** *** 
Probability b (strain x site) *** *** 
Variance components   
Strains 214.2 (±49.0) 7.90 (±2.33) 
Strain x site 60.2 (±12.5) 6.30 (±1.34) 

a  Standard error common to all strains;  b *** = P < 0.001;  ** = P < 0.01;  * = P < 0.05, ns = not significant. 
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Table 6.5. Plant and leaf characters in spaced plants at Nabawa and Mt Barker.  Measurements 
made on the 1st node of flowering along the primary stem.  Least significant 
differences are presented where all plants were measured.  Standard errors in 
parentheses otherwise 

Plant weight (log) 
grams 

Plant diameter 
cm 

Leaf area 
mm2 

Petiole length (sqrt)
mm 

Petiole diameter 
mm2 Variety 

Nabawa Mt 
Barker Nabawa Mt 

Barker Nabawa Mt 
Barker Nabawa Mt Barker Nabawa Mt 

Barker 
Bacchus Marsh 1.47 (0.08) 0.34 38.7 (2.7) 26.2 187 (65) 671 3.7 (0.7) 10.2 0.83 (0.08) 1.15 
Baulkamaugh 0.83 (0.07) 0.08 23.1 (2.2) 11.6 326 (54) 324 6.5 (0.5) 7.8 0.98 (0.06) 0.92 
Bellevue 0.75 (0.07) 0.12 30.8 (2.2) 14.0 665 (54) 213 10.1 (0.6) 6.6 1.12 (0.06) 0.82 
Blackwood 1.12 (0.07) 0.24 66.6 (2.2) 27.8 531 (54) 657 5.9 (0.6) 7.9 1.10 (0.06) 1.07 
Clare 0.98 (0.07) 0.35 43.3 (2.2) 31.3 272 (54) 855 4.8 (0.5) 10.6 0.99 (0.06) 1.31 
Collie-A 0.99 (0.07) 0.09 30.9 (2.2) 11.0 418 (54) 185 8.3 (0.5) 6.1 0.92 (0.06) 0.75 
CPI 12709 1.14 (0.07) 0.17 29.6 (2.2) 18.3 285 (54) 433 6.2 (0.5) 9.6 1.06 (0.06) 1.03 
CPI 15080B 1.07 (0.07) 0.17 32.1 (2.2) 19.3 186 (54) 439 3.9 (0.6) 9.4 1.05 (0.06) 1.21 
CPI 15259C 1.09 (0.07) 0.14 28.1 (2.2) 15.1 190 (54) 366 5.3 (0.6) 9.1 0.86 (0.06) 0.92 
CPI 19447A 0.90 (0.07) 0.12 24.1 (2.2) 12.1 639 (54) 265 8.4 (0.6) 6.8 1.10 (0.06) 0.92 
CPI 47308C 1.39 (0.11) 0.57 21.5 (3.8) 25.2  540  9.0  1.08 
CPI 65321B 0.99 (0.07) 0.12 24.4 (2.2) 13.4 220 (54) 353 3.7 (0.6) 7.3 0.92 (0.06) 0.88 
CPI 65332A 1.08 (0.07) 0.20 32.5 (2.2) 17.3 490 (54) 570 6.3 (0.5) 8.5 1.17 (0.06) 1.12 
Crawley 0.64 (0.07) 0.10 37.3 (2.2) 14.5 620 (54) 250 10.0 (0.5) 7.1 1.42 (0.06) 0.92 
Daliak 0.95 (0.07) 0.14 24.9 (2.2) 12.8 410 (54) 244 8.0 (0.6) 7.4 1.02 (0.06) 0.79 
Dalkeith 1.01 (0.07) 0.14 30.4 (2.2) 14.3 444 (54) 338 8.1 (0.5) 7.8 1.16 (0.06) 0.99 
Denmark 0.99 (0.07) 0.64 23.6 (2.2) 23.9 81 (91) 540 2.9 (0.9) 9.4 0.74 (0.11) 1.14 
Dinninup 0.97 (0.07) 0.22 31.9 (2.2) 15.7 332 (54) 495 5.5 (0.6) 9.6 1.03 (0.06) 1.25 
Geraldton 0.64 (0.07) 0.16 17.4 (2.2) 16.2 227 (54) 347 5.2 (0.6) 8.1 0.87 (0.06) 0.92 
Gingin 0.87 (0.07) 0.14 25.3 (2.2) 14.6 309 (54) 351 5.0 (0.6) 7.4 1.12 (0.06) 1.04 
Gingin Brook 0.68 (0.07) 0.06 31.4 (2.2) 11.4 537 (54) 223 9.3 (0.6) 5.9 1.29 (0.06) 0.89 
Gosse 1.01 (0.07) 0.31 28.8 (2.2) 23.1 192 (54) 703 4.8 (0.6) 10.2 0.85 (0.06) 1.27 
Goulburn  0.37  24.0  546  9.5  1.07 
Horsham 0.86 (0.07) 0.15 18.5 (2.2) 14.6 191 (65) 274 4.9 (0.7) 8.6 0.87 (0.08) 0.92 
Izmir 0.64 (0.07) 0.06 32.6 (2.2) 8.4 438 (54) 240 9.2 (0.6) 6.5 0.99 (0.06) 0.97 
Junee 1.12 (0.07) 0.24 26.4 (2.2) 17.4 138 (54) 595 2.8 (0.6) 9.2 0.74 (0.06) 1.18 
Karridale 1.28 (0.07) 0.40 29.2 (2.2) 20.6 227 (54) 840 5.0 (0.6) 8.9 0.96 (0.06) 1.29 
Lake Claremont 0.91 (0.07) 0.16 38.3 (2.2) 15.3 808 (54) 283 10.8 (0.6) 7.7 1.41 (0.06) 0.86 
Larisa 1.04 (0.07) 0.48 23.1 (2.2) 30.3 237 (65) 709 5.1 (0.7) 10.6 0.91 (0.08) 1.39 
Leura 0.89 (0.07) 0.77 21.6 (2.2) 32.0 153 (54) 783 3.7 (0.6) 10.7 0.91 (0.06) 1.31 
Marradong 0.97 (0.07) 0.17 31.7 (2.2) 14.3 245 (54) 359 5.2 (0.6) 8.6 1.03 (0.06) 1.16 
Meteora  0.45  24.9  667  10.8  1.40 
Midland-B 1.10 (0.07) 0.15 32.5 (2.2) 14.1 210 (54) 498 4.5 (0.5) 8.5 0.85 (0.06) 1.15 
Mt Barker 1.30 (0.07) 0.31 31.9 (2.2) 24.0 175 (65) 615 4.5 (0.7) 10.2 1.04 (0.08) 1.15 
Mt Helena-A 0.93 (0.07) 0.11 30.2 (2.2) 12.2 766 (54) 278 9.2 (0.6) 7.2 1.36  (0.06) 0.89 
Mulwala 0.70 (0.07) 0.14 24.0 (2.2) 16.9 543 (54) 311 8.0 (0.5) 7.8 1.13 (0.06) 1.04 
Nangeela 1.53 (0.11) 0.45 41.5 (3.8) 24.7 99 (65) 819 2.4 (0.7) 10.5 0.89 (0.08) 1.28 
Northam 0.71 (0.07) 0.07 29.8 (2.2) 12.9 818 (54) 231 10.5 (0.5) 6.3 1.32 (0.06) 0.77 
Northam-C 0.87 (0.07) 0.15 32.0 (2.2) 14.5 442 (54) 291 6.9 (0.5) 7.1 1.13 (0.06) 1.02 
Northam-E 0.80 (0.07) 0.07 30.2 (2.2) 10.6 662 (54) 181 10.5 (0.5) 5.8 1.08 (0.06) 0.64 
Northam-F 0.90 (0.07) 0.10 31.8 (2.2) 13.3 522 (54) 237 7.9 (0.6) 7.1 1.20 (0.06) 0.89 
Nungarin 0.63 (0.07) 0.04 32.3 (2.2) 9.4 618 (54) 205 10.7 (0.6) 6.5 1.34 (0.06) 0.79 
Rosedale 1.04 (0.07) 0.20 47.9 (2.2) 21.1 654 (54) 423 7.8 (0.5) 8.5 1.28 (0.06) 1.10 
Seaton Park 1.12 (0.07) 0.11 32.8 (2.2) 11.7 414 (54) 311 6.8 (0.6) 7.9 1.17 (0.06) 0.98 
Shenton Park-A 0.64 (0.07) 0.07 28.7 (2.2) 11.1 547 (54) 215 8.7 (0.5) 7.2 1.13 (0.06) 0.69 
Toodyay-B 0.92 (0.07) 0.12 33.1 (2.2) 13.5 591 (54) 239 10.3 (0.6) 7.8 1.10 (0.06) 0.80 
Trikkala 0.85 (0.07) 0.25 30.1 (2.2) 20.8 567 (54) 533 7.9 (0.6) 9.5 1.15 (0.06) 1.19 
Walebing 1.00 (0.07) 0.21 30.6 (2.2) 14.4 231 (54) 463 4.6 (0.6) 7.5 0.86 (0.06) 1.05 
Woogenellup 1.31 (0.07) 0.29 32.3 (2.2) 20.9 179 (54) 862 3.6 (0.5) 10.6 0.85 (0.06) 1.24 
Yabba North 1.00 (0.07) 0.14 31.9 (2.2) 15.3 388 (54) 354 5.8 (0.6) 7.6 1.01 (0.06) 0.94 
Yarloop 0.92 (0.07) 0.16 29.9 (2.2) 15.0 429 (54) 403 7.4 (0.5) 6.3 1.24 (0.06) 1.10 
York 0.93 (0.07) 0.14 25.0 (2.2) 15.4 280 (54) 251 5.9 (0.6) 7.8 0.93 (0.06) 0.86 
Site means 0.97 0.21 30.7 17.4 390 430 6.6 8.3 1.05 1.03 
  (0.04) a  (2.2) a  (51) a  (0.5) a  (0.06) a 
Probability b (strains) *** *** *** *** *** *** *** *** *** *** 
lsd (strains) - 0.126 - 5.96 - 144.2 - 1.47 - 0.163 
CV. (%) 22.6 78.2 27.0 38.0 52.2 49.0 36.8 19.4 18.2 19.6 
Probability b (sites) *** *** ns *** ns 
Probability b *** *** *** *** *** 
(strain x site)      
Variance 
components           
Strains 15.13 x 10-3 (±4.93 x 10-3) 11.03 (±6.92) < 10-4 (±< 10-4) < 10-4 (±< 10-4) < 10-4 (± < 10-4) 
Strain x site 12.98 x 10-3 (±3.27 x 10-3) 31.27 (±7.31) 37250 (±5697) 3.558 (± 0.548) 28.34 x 10-3 (±4.57 x 10-3)
a  Standard error common to all strains;  b *** = P < 0.001;  ** = P < 0.01;  * = P < 0.05;  ns = not significant. 
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Table 6.6. Stem, peduncle and mature plant characters at Nabawa and Mt Barker.  Stems 
measured between the first and second flowering node and peduncles on the second 
flowering node.  Least significant differences presented when all plants were 
measured.  Standard errors in parentheses otherwise 

Internode length
mm 

Stem diameter
mm 

Peduncle length
mm 

Peduncle 
diameter 

mm 

Mature plant 
diameter 

cm 

No. of 
flowering

nodes Strain 
Nabawa Mt 

Barker Nabawa Mt 
Barker Nabawa Mt 

Barker Nabawa Mt 
Barker Nabawa Mt 

Barker Mt Barker
Bacchus Marsh 23.5 (4.8) 31.4 1.68 (0.14) 2.22 29.5 (4.9) 46.6 1.14 (0.09) 0.89 39 150 16.3 
Baulkamaugh 25.6 (4.0) 35.2 2.18 (0.12) 2.06 34.9 (4.1) 39.2 1.01 (0.08) 0.92 40 154 18.2 
Bellevue 34.7 (4.0) 37.3 2.41 (0.12) 2.13 40.0 (4.1) 35.4 1.21 (0.08) 1.18 40 118 14.3 
Blackwood 37.3 (4.0) 62.1 2.13 (0.12) 2.07 44.7 (4.1) 48.4 1.06 (0.08) 0.92 92 132 12.7 
Clare 32.6 (4.0) 51.8 1.61 (0.12) 2.15 49.1 (4.0) 89.9 0.90 (0.08) 0.88 60 157 14.7 
Collie-A 29.2 (4.0) 35.0 1.81 (0.12) 1.68 26.4 (4.0) 37.9 0.86 (0.08) 0.99 36 74 9.5 
CPI 12709 18.7 (4.0) 21.2 2.08 (0.12) 2.42 31.4 (4.1) 41.4 1.19 (0.08) 1.09 32 122 17.8 
CPI 15080B 22.3 (4.0) 36.4 1.74 (0.12) 2.12 31.5 (4.1) 55.4 0.96 (0.08) 0.77 30 167 19.3 
CPI 15259C 23.1 (4.0) 32.2 1.62 (0.12) 2.04 28.1 (4.1) 40.8 0.86 (0.08) 0.89 32 135 14.0 
CPI 19447A 24.9 (4.0) 13.9 2.52 (0.12) 2.31 32.2 (4.1) 29.6 1.18 (0.08) 1.23 27 101 13.8 
CPI 47308C  40.1  2.27  31.2  1.02 28 126 16.8 
CPI 65321B 19.0 (4.0) 21.7 1.62 (0.12) 1.93 25.2 (4.9) 30.6 1.05 (0.09) 0.84 30 125 19.2 
CPI 65332A 31.8 (4.0) 28.3 2.07 (0.12) 2.32 31.2 (4.1) 38.2 1.10 (0.08) 1.17 41 120 13.8 
Crawley 64.6 (4.0) 32.3 2.53 (0.12) 2.01 51.9 (4.1) 45.9 1.25 (0.08) 1.10 61 128 13.5 
Daliak 33.1 (4.0) 24.6 2.22 (0.12) 1.85 46.2 (4.1) 36.3 1.01 (0.08) 0.97 44 84 10.5 
Dalkeith 24.8 (4.0) 28.0 2.60 (0.12) 2.17 35.8 (4.0) 38.9 1.32 (0.08) 1.27 43 104 11.2 
Denmark 11.3 (6.5) 33.6 1.74 (0.19) 2.11 19.3 (6.7) 48.6 1.10 (0.13) 0.95 24 119 15.5 
Dinninup 27.3 (4.0) 19.4 1.78 (0.12) 2.44 37.7 (4.1) 34.4 1.00 (0.08) 0.98 41 134 15.9 
Geraldton 21.9 (4.0) 32.8 1.79 (0.12) 2.18 33.6 (4.1) 47.8 1.06 (0.08) 1.35 23 96 11.5 
Gingin 21.0 (4.0) 29.0 2.42 (0.12) 2.67 23.6 (4.1) 59.2 1.24 (0.08) 1.36 24 213 20.3 
Gingin Brook 44.9 (4.0) 22.8 2.43 (0.12) 2.03 54.1 (4.1) 39.9 1.16 (0.08) 1.20 60 88 9.8 
Gosse 22.3 (4.0) 24.3 1.64 (0.12) 2.17 23.0 (4.1) 41.6 1.11 (0.08) 0.97 27 90 14.0 
Goulburn  34.2  2.28  40.3  0.92 19 136 18.5 
Horsham 18.5 (4.8) 24.9 1.70 (0.14) 2.11 18.8 (4.9) 40.6 1.07 (0.09) 1.04 21 89 12.5 
Izmir 38.8 (4.0) 26.8 2.05 (0.12) 1.98 44.4 (4.1) 28.1 1.10 (0.08) 1.16 46 108 13.5 
Junee 9.9 (4.0) 39.6 1.49 (0.12) 2.22 23.7 (6.7) 51.2 1.15 (0.13) 1.02 29 90 10.0 
Karridale 20.1 (4.0) 24.1 1.95 (0.12) 2.68 28.1 (4.1) 29.2 1.21 (0.08) 1.01 32 125 17.8 
Lake Claremont 38.4 (4.0) 33.7 2.40 (0.12) 2.03 37.6 (4.1) 42.2 1.15 (0.08) 1.03 47 137 18.8 
Larisa 12.2 (4.8) 40.8 1.75 (0.14) 2.41 23.3 (6.7) 56.9 1.19 (0.13) 1.05 23 124 16.0 
Leura 14.8 (4.0) 37.8 1.55 (0.14) 2.48 27.3 (4.1) 49.7 1.08 (0.08) 1.01 28 149 19.2 
Marradong 27.4 (4.0) 33.3 1.79 (0.12) 2.29 30.2 (4.9) 43.5 0.97 (0.09) 1.01 41 173 18.3 
Meteora  31.9  2.31  45.0  0.94 23 128 16.3 
Midland-B 15.6 (4.0) 21.6 1.89 (0.12) 2.30 31.8 (4.1) 47.7 1.12 (0.08) 1.00 31 114 16.3 
Mt Barker 18.8 (4.8) 33.2 1.60 (0.14) 2.32 18.7 (4.9) 45.9 0.94 (0.09) 0.95 30 160 19.8 
Mt Helena-A 32.1 (4.0) 28.0 2.69 (0.12) 2.35 42.4 (4.1) 45.9 1.32 (0.09) 1.21 37 115 18.0 
Mulwala 39.3 (4.0) 44.2 2.10 (0.12) 2.24 44.0 (4.1) 43.4 1.03 (0.08) 1.17 41 162 16.3 
Nangeela 8.0 (4.8) 41.8 1.51 (0.14) 2.37 16.5 (6.7) 42.3 1.28 (0.13) 1.09 28 140 17.6 
Northam 41.3 (4.0) 30.2 2.64 (0.12) 1.94 52.9 (4.0) 40.6 1.24 (0.08) 1.21 56 124 13.8 
Northam-C 30.6 (4.0) 29.7 2.36 (0.12) 2.20 37.7 (4.0) 26.4 1.17 (0.08) 1.41 43 124 14.9 
Northam-E 45.9 (4.0) 31.0 2.29 (0.12) 1.85 47.2 (4.0) 29.6 1.01 (0.08) 1.09 61 119 11.8 
Northam-F 28.2 (4.0) 28.9 2.04 (0.12) 2.03 31.1 (4.1) 30.9 1.06 (0.08) 1.11 32 119 14.8 
Nungarin 49.8 (4.0) 28.6 2.68 (0.12) 2.08 54.1 (4.1) 37.9 1.26 (0.08) 1.32 70 101 12.5 
Rosedale 40.3 (4.0) 36.0 1.81 (0.12) 2.07 56.6 (4.1) 57.8 0.89 (0.08) 0.75 62 158 18.0 
Seaton Park 40.9 (4.0) 32.2 2.09 (0.12) 2.17 40.3 (4.1) 36.6 1.13 (0.08) 1.11 44 141 15.8 
Shenton Park-A 34.4 (4.0) 32.6 2.08 (0.12) 1.83 36.7 (4.0) 40.1 1.05 (0.08) 0.97 40 87 9.0 
Toodyay-B 31.2 (4.0) 28.9 2.28 (0.12) 1.88 36.2 (4.1) 34.8 1.05 (0.08) 0.99 37 103 12.5 
Trikkala 27.2 (4.0) 26.1 1.94 (0.12) 2.19 35.8 (4.1) 45.6 1.00 (0.08) 0.96 35 120 16.3 
Walebing 16.5 (4.0) 30.4 1.74 (0.12) 2.06 21.6 (4.1) 34.8 0.92 (0.08) 1.02 27 135 14.0 
Woogenellup 12.8 (4.8) 31.3 1.64 (0.14) 2.54 28.3 (6.7) 46.3 1.10 (0.13) 1.00 32 176 17.7 
Yabba North 31.3 (4.0) 32.9 1.74 (0.12) 1.96 30.4 (4.1) 41.8 0.99 (0.08) 0.93 34 128 14.8 
Yarloop 22.2 (4.0) 31.3 1.98 (0.12) 2.10 32.6 (4.1) 54.7 1.04 (0.08) 1.13 30 113 10.7 
Yo 20.1 (4.0) 18.2 1.97 (0.12) 2.14 32.5 (4.1) 36.1 1.08 (0.08) 0.93 27 121 15.8 
Site means 27.8 31.5 2.01 2.17 34.5 42.4 1.09 1.05 38 126 15.1 
  (3.8) a  (0.09) a  (3.6) a  (0.04) a    
Probability b (strains) *** *** *** *** *** *** *** *** *** *** *** 
lsd (strains)  10.74  0.250  10.25  0.103 12.1 33.0 3.09 
CV. (%) 44.6 30.8 19.1 11.2 32.1 27.2 15.3 14.8 42.9 24.0 21.4 
Probability b(sites) ns * *** ns *** - 
Probability b *** *** *** *** *** - 
(strain x site)       
Variance 
components       

Strains 6.62 (±14.06) < 10-4 (± < 10-4) 3.60 (±15.49) 11.98 x 10-3  
(±3.17 x 10-3) < 10-4 (± < 10-4)  

Strain x site 77.08 (±18.67) 0.070 (±0.011) 89.35 (±21.38) 3.76 x 10-3  
(±1.42 x 10-3) 238.5 (±50.35)  

a  Standard error common to all strains, b *** = P < 0.001, ** = P < 0.01, * = P < 0.05, ns = not significant. 



CHAPTER 6 

 

174 Phil Nichols 

Table 6.7. Isoflavone levels (per cent of dry matter) and specific leaf weight in spaced plants at 
Nabawa and Mt Barker 

Formononetin Genistein Biochanin A Total Isoflavones
Specific leaf 

weight 
µg/mm2 Strain 

Nabawa Mt 
Barker Nabawa Mt 

Barker Nabawa Mt 
Barker Nabawa Mt 

Barker Nabawa Mt 
Barker 

Bacchus Marsh 0.15 0.13 0.23 0.20 2.85 1.43 3.23 1.75 27.3 28.6 
Baulkamaugh 0.03 0.10 0.35 0.40 1.68 1.53 2.05 2.03 32.9 30.4 
Bellevue 0.20 0.10 1.03 1.05 1.73 0.53 2.95 1.68 32.0 34.5 
Blackwood 0.13 0.10 0.35 0.25 3.75 2.48 4.23 2.83 23.8 32.3 
Clare 0.05 0.13 2.33 1.13 0.05 0.10 2.43 1.35 30.7 36.9 
Collie-A 0.10 0.33 0.45 0.63 0.28 0.15 0.83 1.10 31.1 31.9 
CPI 12709 0.38 0.55 0.68 0.45 1.15 0.50 2.20 1.50 28.8 25.4 
CPI 15080B 1.40 0.55 1.23 0.60 0.00 0.00 2.63 1.15 27.4 32.2 
CPI 15259C 0.00 0.00 0.58 0.60 1.30 1.05 1.88 1.65 34.5 32.0 
CPI 19447A 0.03 0.05 0.60 0.63 0.55 0.18 1.18 0.85 24.9 26.1 
CPI 47308C 0.00 0.03 0.75 0.30 1.05 0.33 1.80 0.65 25.8 32.8 
CPI 65321B 0.13 0.10 0.45 0.48 0.93 0.30 1.50 0.88 31.0 35.0 
CPI 65332A 0.00 0.13 2.08 1.08 2.45 1.15 4.53 2.35 31.9 37.1 
Crawley 1.00 1.08 0.60 0.55 0.60 0.20 2.20 1.83 32.1 30.7 
Daliak 0.20 0.35 0.43 0.33 0.78 0.10 1.40 0.78 31.4 32.5 
Dalkeith 0.00 0.08 0.40 0.45 0.10 0.00 0.50 0.53 35.3 30.1 
Denmark 0.00 0.10 1.48 0.83 0.73 0.53 2.20 1.45 30.5 36.3 
Dinninup 1.48 1.40 0.93 0.53 2.05 0.98 4.45 2.90 30.2 31.6 
Geraldton 0.55 0.78 0.20 0.20 1.13 0.55 1.88 1.53 39.8 32.4 
Gingin 0.28 0.33 0.55 0.50 0.95 0.50 1.78 1.33 35.9 35.0 
Gingin Brook 1.20 0.83 0.58 0.55 0.83 0.38 2.60 1.75 33.4 29.4 
Gosse 0.10 0.25 1.40 0.88 0.50 0.40 2.00 1.53 27.7 28.2 
Goulburn 0.00 0.18 0.83 0.98 0.40 0.50 1.23 1.65 35.3 31.3 
Horsham 0.63 0.35 0.43 0.38 0.98 0.60 2.03 1.33 39.6 32.7 
Izmir 0.08 0.05 0.75 0.53 0.38 0.25 1.20 0.83 30.2 32.8 
Junee 0.18 0.10 1.70 1.05 1.45 0.48 3.33 1.63 26.7 29.1 
Karridale 0.33 0.38 0.85 1.13 2.95 1.23 4.13 2.73 26.3 29.8 
Lake Claremont 0.10 0.33 0.85 0.78 0.43 0.30 1.38 1.40 26.7 32.0 
Larisa 0.08 0.15 0.58 0.70 0.58 0.35 1.23 1.20 33.2 31.7 
Leura 0.00 0.03 1.15 0.60 0.68 0.18 1.83 0.80 33.5 30.4 
Marradong 0.10 0.10 0.48 0.45 1.18 0.60 1.75 1.15 28.6 31.6 
Meteora 0.43 0.68 1.03 0.85 0.33 0.25 1.78 1.78 34.7 31.9 
Midland-B 0.08 0.05 2.33 1.80 0.95 0.60 3.35 2.45 29.2 30.9 
Mt Barker 0.05 0.08 0.33 0.20 2.20 1.40 2.58 1.68 25.1 28.2 
Mt Helena-A 0.00 0.05 1.43 1.05 1.35 0.53 2.78 1.63 32.9 31.4 
Mulwala 0.13 0.10 0.48 0.50 2.88 1.93 3.48 2.53 31.0 34.4 
Nangeela 0.23 0.28 0.40 0.48 3.25 2.35 3.88 3.10 27.8 28.3 
Northam 0.05 0.25 1.23 1.33 0.45 0.48 1.73 2.05 26.1 29.4 
Northam-C 0.08 0.25 0.75 1.10 1.95 0.65 2.78 2.00 30.9 32.9 
Northam-E 0.20 0.10 1.88 1.00 0.75 0.20 2.83 1.30 29.2 28.6 
Northam-F 0.20 0.48 0.58 0.50 1.53 0.35 2.30 1.33 32.2 33.4 
Nungarin 0.18 0.23 0.33 0.93 1.30 0.50 1.80 1.65 34.1 36.4 
Rosedale 0.00 0.00 0.23 0.20 0.10 0.18 0.33 0.38 23.9 27.9 
Seaton Park 0.10 0.05 0.40 0.43 2.70 1.78 3.20 2.25 28.9 28.0 
Shenton Park-A 0.00 0.05 0.88 0.38 0.38 0.05 1.25 0.48 31.2 31.0 
Toodyay-B 0.00 0.28 0.70 0.75 0.20 0.15 0.90 1.18 30.9 34.4 
Trikkala 0.15 0.30 1.75 0.78 0.88 0.35 2.78 1.43 28.1 32.6 
Walebing 0.23 0.35 1.25 0.58 0.30 0.13 1.78 1.05 29.4 34.4 
Woogenellup 0.28 0.30 1.55 1.13 0.70 0.43 2.53 1.85 21.5 29.5 
Yabba North 1.25 1.15 0.33 0.58 0.85 0.35 2.43 2.08 33.5 33.2 
Yarloop 1.93 1.35 0.83 0.78 0.18 0.18 2.93 2.30 33.8 33.1 
York 0.00 0.08 1.70 1.25 1.05 0.55 2.75 1.88 32.3 31.3 
Site means 0.28 0.30 0.88 0.69 1.13 0.60 2.28 1.58 30.5 31.6 
Probabilitya (strains) *** *** *** *** *** *** *** *** ** *** 
lsd (strains) 0.243 0.152 0.582 0.279 0.458 0.328 0.876 0.435 7.43 3.99 
CV. (%) 161.0 114.7 71.2 52.3 82.3 99.1 46.7 41.6 17.2 10.4 
Probability a (sites) ns * *** *** ns 
Probability a *** ** *** *** ns 
(strain x site)      
Variance components           
Strains 0.129 (±0.027) 0.114 (±0.025) 0.453 (±0.099) 0.413 (±0.090) 4.040 (±1.293) 

Strain x site 10.19 x 10-3  
(±3.84 x 10-3) < 10-4 (± < 10-4) 0.062 (±0.019) 0.017 (±0.0334) < 10-4 (± < 10-4) 

a  *** = P < 0.001;  ** = P < 0.01;  * = P < 0.05, ns = not significant. 
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Most post-flowering characters were significantly correlated with DFF (Table 6.8) but 

opposite trends were observed between the two sites.  As flowering times increased at 

Mt Barker, strains tended to be larger at flowering and at senescence.  They also had 

larger leaves, longer and thicker petioles, thicker stems, longer but thinner peduncles 

and more flowering nodes.  However, as flowering time increased at Nabawa, plant 

size did not increase at flowering and mature plants were smaller at senescence.  

Strains also tended to have smaller leaves on the first flowering node with shorter and 

thinner petioles, shorter internodes, thinner stems and shorter peduncles. 

Table 6.8. Pearson correlation coefficients (r) and corresponding levels of significance (P) 
between post-flowering growth characters and days to first flowering in spaced plants 
at Nabawa and Mt Barker 

Nabawa Mt Barker 
Character 

r Pa r Pa 
Plant weight at flowering (log) 0.78 *** 0.88 *** 
Plant diameter at flowering -0.19 ns 0.80 *** 
Area of leaf on 1st flowering node -0.87 *** 0.80 *** 
Length of petiole on 1st flowering node (sqrt) -0.91 *** 0.84 *** 
Diameter of petiole on 1st flowering node -0.72 *** 0.80 *** 
Internode length -0.81 *** 0.22 ns 
Stem diameter -0.78 *** 0.50 *** 
Peduncle length -0.78 *** 0.32 * 
Peduncle diameter -0.14 ns -0.51 *** 
Mature plant diameter -0.60 *** 0.30 * 
No of flowering nodes on primary stem   0.46 *** 

a  *** = P < 0.001, ** = P < 0.01, * = P < 0.05, ns = not significant. 

Importance of individual strain characteristics for success in mixtures 
Long-term persistence in a 40-strain mixture 

Correlations were conducted between spaced plant measurements and strain 

seedbank when grown in mixtures (Table 6.9).  In this way the relative importance of 

each character for strain success was determined.  The major comparison was with 

seedbanks after 16 years in the 1978-sown mixtures (for the 40 strains common to all 

measurements) shown in Table 3.7. 

Seedling characters in the main were not important for long-term success at either site.  

The only exception was petiole length at Mt Barker, where persistence was associated 

with shorter petioles. 

As expected, persistent strains tended to be early flowering at Nabawa and later 

flowering at Mt Barker.  Large leaves, long and thick petioles at flowering and thick 

stems were important for persistence at both sites, while plant diameter at flowering 
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was not important at either site.  However, the relationships between success and 

other morphological characters differed between the two sites.  At Nabawa, long 

internodes, long and thick peduncles, low plant weight at flowering and large plant 

diameter at senescence were all related to persistence, while none of these characters 

were important at Mt Barker. 

Levels of the isoflavones formononetin, genistein and biochanin-A were not related to 

success at either site.  However, total isoflavone content was weakly correlated with 

persistence at Mt Barker. 

Table 6.9. Pearson correlation coefficients (r) and levels of significance (P) between characters 
measured in spaced plants at Mt Barker and Nabawa and seedbanks of mixture 
components after 16 years in a 40-strain mixture and 1 year in a 52-strain mixture 

Mt Barker Nabawa 
40-strain mix 
after 16 years
(1978-sown) 

52-strain mix 
after 1 year 
(1995-sown) 

40-strain mix 
after 16 years 
(1978-sown) 

52-strain mix 
after 1 year 
(1994-sown) 

Character 

r Pa r Pa r Pa r Pa 
Seedling         
Plant diameter 8 weeks after sowing (log) 0.08 ns 0.15 ns -0.04 ns 0.11 ns 
Maximum leaf area 8 weeks after sowing 0.01 ns 0.13 ns -0.04 ns 0.10 ns 
No. of leaves 8 weeks after sowing 0.10 ns 0.03 ns     
Area of leaf on 5th node (log) -0.28 ns -0.15 ns 0.01 Ns 0.25 ns 
Length of petiole on 5th node (sqrt) -0.35 * -0.13 ns 0.03 Ns 0.16 ns 
Diameter of petiole on 5th node (sqrt) -0.27 ns 0.19 ns -0.02 Ns -0.09 ns 
Specific leaf weight -0.06 ns 0.04 ns 0.14 Ns -0.05 ns 
Flowering         
Days to first flowering 0.41 ** 0.40 ** -0.62 *** -0.58 *** 
Node of first flowering 0.34 * 0.37 ** -0.64 *** -0.61 *** 
log Plant weight at flowering 0.23 ns 0.38 ** -0.53 *** -0.42 ** 
Plant diameter at flowering 0.12 ns 0.32 * -0.10 Ns 0.19 ns 
Area of leaf on 1st flowering node 0.39 * 0.47 *** 0.55 *** 0.55 *** 
Length of petiole on 1st flowering node 
(sqrt) 0.38 * 0.44 *** 0.62 *** 0.61 *** 

Diameter of petiole on 1st flowering node 0.51 *** 0.48 *** 0.40 * 0.43 ** 
Mature plant         
Internode length -0.21 ns -0.01 ns 0.45 ** 0.49 *** 
Stem diameter 0.36 * 0.43 ** 0.57 *** 0.52 *** 
Peduncle length 0.09 ns 0.05 ns 0.52 *** 0.59 *** 
Peduncle diameter -0.23 ns -0.09 ns 0.35 * 0.22 ns 
Mature plant diameter 0.28 ns 0.26 ns 0.36 * 0.52 *** 
No of flowering nodes on primary stem 0.33 * 0.31 *     
Isoflavones         
Formononetin 0.30 ns 0.08 ns -0.04 ns -0.13 ns 
Genistein 0.15 ns 0.28 * 0.04 ns -0.17 ns 
Biochanin A -0.01 ns 0.22 ns -0.14 ns -0.28 * 
Total Isoflavones 0.35 * 0.40 ** -0.13 ns -0.42 ** 
a  *** = P < 0.001;  ** = P < 0.01;  * = P < 0.05;  ns = not significant. 
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Short-term persistence in concurrently sown 52-strain mixtures 

Mixtures comprising each of the 52 strains were sown at the same time as the spaced 

plants.  This allowed direct comparisons of strain growth in individual plants with their 

first year performance in sown mixtures.  Correlations (Table 5.8) were made with Year 

1 strain seedbanks in mixtures (Tables 4.5 and 4.6). 

The same factors related to long-term success in the 40-strain mixtures were generally 

also important for success after just one year in the 52-strain mixtures.  At Nabawa, 

peduncle diameter was not related to Year 1 seedbank in the 52-strain mixture, but 

was important for long-term persistence in the 40-strain mixture.  At Mt Barker, in 

contrast to long-term persistence, seedling petiole length was not important for short-

term persistence, but high plant weight and diameter at flowering were important.  Low 

biochanin-A and total isoflavone contents at Nabawa and high genistein content at 

Mt Barker were related to their respective Year 1 seedbanks, in contrast to their 

unimportance for long-term persistence.  The short-term trends were the same as the 

long-term trends for all other characters. 

Multivariate analysis 
Principal components analysis (PCA) was conducted to group strains at each site with 

similar characteristics.  A total of 28 morphological and isoflavone characters were 

included in the PCA for Mt Barker (Table 6.10), while 26 characters were in the PCA for 

Nabawa (Table 6.11).  Data was available for all 52 strains at Mt Barker, whereas 

complete data sets were not available at Nabawa for the five latest flowering strains 

(Mt Barker, Meteora, Goulburn, Nangeela and CPI 47308C).  Thus measurements from 

only 47 strains were included in the Nabawa PCA.  Some characters listed in Table 6.9 

were excluded.  These included:  petiole diameter of the fifth leaf on the primary stem, 

which was not available for all strains at either site; node of first flowering, as it was an 

alternative measure of flowering time and was highly correlated with DFF (r = 0.95, 

P < 0.001 at Mt Barker and r = 0.97, P < 0.001 at Nabawa); and area (log) of the 

largest leaf at 8 weeks of age, as it was another measure seedling leaf size and was 

highly correlated with leaf area (log) on the fifth leaf on the primary stem (r = 0.79, 

P < 0.001 at Mt Barker and r = 0.84, P < 0.001 at Nabawa). 
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Table 6.10. Latent vectors (loadings) calculated from principal component analysis of 26 
characters measured on 52 strains at Mt Barker 

Principal component 
Character 

1 2 3 4 5 
Seedling      
Area of leaf on 5th node (log) -0.007 0.480 0.024 -0.074 -0.198 
Length of petiole on 5th node (sqrt) 0.019 0.402 0.100 0.185 -0.283 
Plant diameter 8 weeks after sowing (log) 0.084 0.358 0.168 -0.003 -0.323 
No. of leaves 8 weeks after sowing -0.025 -0.244 0.035 -0.024 -0.466 
Specific leaf weight -0.034 0.007 -0.099 -0.146 0.047 
Flowering      
Days to first flowering 0.293 -0.230 0.001 0.023 0.092 
Plant diameter at flowering 0.314 -0.001 -0.055 0.065 -0.095 
Plant weight at flowering 0.292 -0.149 0.062 0.072 -0.102 
Area of leaf on 1st flowering node 0.320 -0.016 0.025 -0.063 -0.055 
Length of petiole on 1st flowering node (sqrt) 0.301 -0.120 0.033 0.004 0.057 
Diameter of petiole on 1st flowering node 0.299 -0.049 0.007 -0.221 0.063 
Mature plant      
Internode length 0.151 0.221 -0.223 0.184 -0.028 
Stem diameter 0.214 0.008 0.239 -0.332 0.128 
Peduncle length 0.168 0.118 -0.261 -0.174 -0.121 
Peduncle diameter -0.145 0.091 0.103 -0.320 -0.062 
Mature plant diameter 0.179 0.175 0.020 -0.158 0.220 
No. of flowering nodes on primary stem 0.188 0.040 0.164 -0.101 0.259 
Isoflavones      
Formononetin -0.030 0.018 -0.083 -0.278 0.013 
Genistein -0.013 -0.039 0.212 -0.345 -0.191 
Biochanin A 0.109 0.310 0.176 0.189 0.326 
Total Isoflavones 0.077 0.272 0.230 -0.160 0.203 
Sward data      
Sward height in spring 0.152 -0.141 0.169 -0.113 -0.356 
Seed Density -0.093 -0.060 0.449 0.238 -0.034 
Mean seed weight 0.121 0.091 -0.395 -0.305 -0.111 
Seeds per burr 0.020 -0.103 0.431 -0.105 -0.070 
Burr burial (%) -0.271 0.023 -0.089 -0.238 0.121 
Hardseededness (% of initial hardseed after 4 
months in a 15/60oC cabinet) -0.248 0.055 0.063 -0.207 -0.060 

Summer germinability (% of seed set germinating 
in a January false break) (log) 0.230 0.079 -0.095 0.182 -0.145 

% of total variation 30.35 11.37 9.95 7.07 6.64 
Cumulative % of variation 30.35 41.72 51.67 58.74 65.38 

Some strain characters measured in pure strain swards grown adjacent to the spaced 

plant trials (Chapter 5) were also included in the analyses.  The components of seed 

yield (seed density, seed number per burr and mean seed weight) were included, 

whereas seed yield itself was not.  Per cent of burrs buried and sward height in spring 

were also included in both PCAs.  Data for hardseededness at Nabawa was only 

available for 22 strains.  As there was a significant correlation (r = 0.48, P < 0.05) with 
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hardseed data from Mt Barker for these strains (Table 5.6), Mt Barker data was used 

for both sites.  An additional character termed summer germinability was included in 

the Mt Barker PCA.  This is the converse of seed dormancy and is here defined as the 

per cent of seed set that germinated following heavy rain in early (calculated from data 

in Table 5.2). 

Table 6.11. Latent vectors (loadings) calculated from principal component analysis of 
26 characters measured on 47 strains at Nabawa 

Principal component 
Character 

1 2 3 4 5 
Seedling      
Area of leaf on 5th node (log) -0.162 -0.333 0.031 -0.063 0.116 
Length of petiole on 5th node (sqrt) -0.162 -0.332 -0.050 0.106 0.189 
Plant diameter 8 weeks after sowing (log) -0.067 -0.349 -0.136 -0.092 0.052 
Specific leaf weight 0.038 0.323 0.169 0.266 0.120 
Flowering      
Days to first flowering 0.299 -0.094 0.010 -0.106 -0.140 
Plant diameter at flowering -0.138 -0.352 -0.037 0.107 -0.217 
Plant weight at flowering (log) 0.174 -0.303 -0.046 -0.215 -0.076 
Area of leaf on 1st flowering node -0.292 0.027 0.025 -0.076 0.087 
Length of petiole on 1st flowering node (sqrt) -0.291 0.107 -0.015 -0.006 0.118 
Diameter of petiole on 1st flowering node -0.270 0.033 0.111 0.019 0.034 
Mature plant      
Internode length -0.279 -0.018 0.127 0.235 -0.023 
Stem diameter -0.259 0.112 0.156 -0.261 0.147 
Peduncle length -0.278 -0.056 0.060 0.172 -0.037 
Peduncle diameter -0.089 0.075 0.274 -0.552 0.121 
Mature plant diameter -0.234 -0.182 0.096 0.169 -0.195 
Isoflavones      
Formononetin -0.002 0.002 0.116 0.466 -0.034 
Genistein 0.059 -0.131 -0.090 -0.133 0.475 
Biochanin A 0.020 -0.174 0.557 -0.092 -0.126 
Total Isoflavones 0.052 -0.231 0.495 0.055 0.151 
Sward data      
Sward height in spring -0.085 -0.328 -0.328 -0.014 -0.006 
Seed density (log) -0.276 0.067 -0.120 0.039 0.037 
Mean seed weight -0.087 0.115 -0.105 -0.206 -0.509 
Seeds per burr -0.176 0.020 0.192 -0.113 -0.214 
Burr burial (%) -0.245 0.126 -0.169 -0.150 -0.007 
Mean burr weight -0.233 0.042 -0.071 -0.132 -0.321 
Hardseededness (% of initial hardseed after 4 
months in a 15/60oC cabinet) – Mt Barker data -0.181 0.125 -0.156 -0.023 0.296 

% of total variation 36.97 18.42 8.00 5.61 5.14 
Cumulative % of variation 36.97 55.39 63.39 69.00 74.14 
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Success at Mt Barker 
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Figure 6.1. Principal component scores on the first two principal components for 28 variables 
measured on 52 subterranean clover strains at Mt Barker.  A 'success ellipse' has 
been drawn around the five strains that were successful after 16 years in a 40-strain 
mixture at Mt Barker.  Also plotted are the unsuccessful (but present) and extinct 
strains.  Positions of cultivars and successful strains are indicated.  Also included are 
12 cultivars released since 1978.  The relative weight and direction of 13 plant traits 
having the highest loading on either or both of PC1 and PC2 are plotted. 

The loadings (latent vectors) of the first five principal components (PCs) for strains at 

Mt Barker are shown in Table 6.10.  The first five principal components contained 

30.3 per cent, 11.4 per cent, 10.0 per cent, 7.1 per cent and 6.6 per cent, respectively 

of the total variation; the other 23 principal components contributed the remaining 

34.6 per cent of variation.  High values of PC1 were associated with late flowering, 

large weight and plant diameter at flowering, large leaves on the first flowering node 

with long and thick petioles, poor burr burial, low hardseededness and high summer 
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germinability.  High values of PC2 were related to seedlings of large diameter with 

large leaves and long petioles, and to high biochanin-A and total isoflavone levels.  

High PC3 values were associated with high seed density, high seed number per burr 

and small seed size; high PC4 with low genistein level, thin peduncles, small seeds 

and thin stems; and high PC5 with high biochanin A content, small seedlings with few 

leaves and short swards in spring. 

A plot of Mt Barker scores for each of the 52 strains against PC1 and PC2, the principal 

components accounting for most of the variation, is shown in Figure 6.1.  The direction 

and relative weight of the 13 traits with loadings of more than 0.25 on either of PC1 and 

PC2 are also plotted on the graph.  A 'success ellipse' encompassing the five strains 

(Trikkala, Dinninup, Midland-B, Woogenellup and Yarloop) considered successful at 

Mt Barker after 16 years in the 1978-sown 40-strain mixture (see Chapter 3) has been 

drawn.  Also shown are the positions of strains categorised as unsuccessful (but 

present at low frequency) and extinct after 16 years in the 40-strain mixture. 

The PCA has been quite successful in grouping the successful strains at Mt Barker.  

Only three of the 20 extinct strains (CPI 15080B, CPI 65332A and CPI 47308C) and six 

of the 14 unsuccessful strains present at low frequency (CPI 12709, CPI 15259C, 

Gingin, Yabba North, Mt Barker and Marradong) lie on or inside the ellipse.  The 

characters associated with high scores on PC1 had the greatest influence on grouping 

successful strains, while characters associated with PC2 had little influence.  Thus the 

PCA also implies that to be successful at Mt Barker, strains need to be later flowering 

and have large leaves with long, thick petioles at flowering.  The PCA also suggests 

that success is associated with large plants of high dry weight, in contrast to the results 

in Table 6.9.  Seedling petiole length, stem diameter, number of flowering nodes and 

total isoflavone content, found to be important for success in Table 6.9, were not major 

factors in the grouping of successful strains in the PCA. 
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Success at Nabawa 
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Figure 6.2. Principal component scores on the first two principal components for 28 variables 
measured on 47 subterranean clover strains at Nabawa.  A 'success ellipse' has been 
drawn around the five strains that were successful after 16 years in a 40-strain 
mixture at Nabawa.  Also plotted are the unsuccessful (but present) and extinct 
strains.  Positions of cultivars and successful strains are indicated.  Also included are 
12 cultivars released since 1978.  The relative weight and direction of 15 plant traits 
having the highest loading on either or both of PC1 and PC2 are plotted.  The 
eigenvectors for seedling leaf area and seedling petiole length have the same 
coordinates. 

The first five principal components of the PCA for strains at Nabawa (Table 6.11) 

contained 37.0 per cent, 18.4 per cent, 8.0 per cent, 5.6 per cent and 5.1 per cent, 

respectively, of the total variation; the other 21 principal components contributed the 

remaining 25.9 per cent of variation.  Similarly to the PCA for Mt Barker, values of PC1 
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were largely associated with flowering time and associated characters.  Low values of 

PC1 were also associated with large leaves and long and thick petioles on the first 

flowering node, but in contrast to the PCA at Mt Barker, this was associated with early 

flowering.  Low PC1 values were also associated with thick stems with long internodes, 

long peduncles and high seed density in swards.  PC2 was largely associated with 

seedling characters, also similar to the Mt Barker PCA.  However, low values of PC2 

for Nabawa were related to seedlings of large diameter with large leaves, long petioles 

and low specific leaf weight.  Low PC2 values were also associated with large plants 

with high dry matter at flowering and tall swards in spring.  High PC3 values were 

associated with high biochanin A and total isoflavone contents; high PC4 with high 

formononetin levels and thin peduncles; and high PC5 with small seeds and high 

genistein levels. 

A plot of Nabawa scores for 47 strains against PC1 and PC2 is shown in Figure 6.2.  

The direction and relative weight of the 15 traits with loadings of more than 0.25 on 

either of PC1 and PC2 are also plotted on the graph.  A success ellipse containing the 

five strains (Northam, Northam-E, Nungarin, Gingin Brook and Bellevue) considered 

successful at Nabawa after 16 years in the 1978-sown 40-strain mixture (see Chapter 

3) has also been drawn.  Also shown are the positions of strains categorised as 

unsuccessful (but present at low frequency) and extinct after 16 years in the 40-strain 

mixture. 

The Nabawa success ellipse was much smaller than the corresponding one for Mt 

Barker, indicating that successful strains were clustered together more tightly.  All 26 

extinct strains lay outside the ellipse, with the exception of Crawley.  Of the eight 

unsuccessful strains still present at low frequency after 16 years, only four of them 

(Mt Helena-A, Lake Claremont, Toodyay-B and CPI 19447A) were on or inside the 

ellipse.  However, the position far away from the ellipse of Geraldton, a cultivar 

widely sown in the Nabawa district, was surprising. 

The PCA adds weight to the other analyses (Table 6.9) that to be successful at 

Nabawa, strains need to be early flowering, have low plant weight and large leaves 

with long, thick petioles at flowering, long internodes, thick stems and long peduncles.  

Seedling characters and isoflavone levels were not important for success in the PCA; 

neither were they important in the results of Table 6.9.  Peduncle diameter and mature 

plant diameter were weakly correlated with strain success in Table 6.9, but were not 

important discriminators of success in the PCA. 
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Predicting success or failure of new cultivars 

The PCAs can be used to predict the long-term success or failure at Mt Barker and 

Nabawa of the 12 cultivars released since 1978.  At Mt Barker, the strains Junee, 

Gosse, Goulburn, Karridale and Denmark were positioned inside the success ellipse, 

suggesting they also have the attributes for success (Figure 6.1).  Dalkeith, Meteora 

and Rosedale are near the ellipse, suggesting they are less likely to be successful, 

while Izmir York, Leura and Larisa are more distant from the ellipse, suggesting they 

are not likely to be successful at Mt Barker.   

At Nabawa Figure 6.2 shows the strains Dalkeith and Izmir inside the success ellipse, 

suggesting that they also have the attributes for success.  Eight other strains 

(Rosedale, York, Larisa, Leura, Denmark, Junee, Karridale and Gosse) are outside the 

ellipse, suggesting they are not likely to be successful at Nabawa.  Although Meteora 

and Goulburn could not be included in the Nabawa PCA, they are very unlikely to be 

successful, as most plants failed to flower. 

Discussion 

Site effects on growth 

The conditions for growth and reproduction of spaced plants were markedly different at 

the two sites, as was also the case with sward growth (Chapter 5).  As soil parameters 

were quite similar at Mt Barker and Nabawa, it is likely that site differences in strain 

performance were mostly due to seasonal differences, particularly temperature and 

timing of the onset of soil moisture stress.  At Mt Barker, the long growing season 

allowed all strains to achieve their vegetative and reproductive potential for that site.  

Under the near-optimal moisture conditions at this site, the longer vegetative period of 

later flowering strains resulted in larger plants with more flowering nodes.  This is in 

accordance with observations by Donald and Neal-Smith (1937) and Rossiter (1959).  

Later flowering plants also had larger leaves and longer and thicker petioles at 

flowering than earlier flowering strains, similar to the observations of Gladstones 

(1967), Rossiter (1977) and Pecetti and Piano (1998).  They also had thicker stems 

and longer peduncles. 

On the other hand, the much shorter growing season of Nabawa resulted in conditions 

equating to spring drought for most strains.  This affected both vegetative and 

reproductive growth to varying degrees, depending on flowering time.  Early flowering 

plants were able to complete their vegetative phase with little impact and were still able 
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to set reasonable quantities of seed prior to senescence.  Midseason strains had their 

vegetative growth curtailed to some extent but managed to set some seed, while late 

flowering strains were severely affected, remaining stunted and setting little, if any, 

seed.  Moisture stress has previously been reported as causing a reduction in plant 

weight of seedlings (Black 1961; Dear et al. 1997, 1998).  However, there are no 

published reports on the effects of spring moisture stress on growth of individual 

subterranean clover plants.  A comparison of strain growth at the two sites showed the 

effects of spring drought as a reduction in leaf size and reductions in the lengths and 

diameters of petioles, stems and peduncles.  The overall effect was a reduction in plant 

size and consequently herbage and seed production. 

Temperature differences between the sites also had effects on growth.  The warmer 

temperatures at Nabawa resulted in much greater seedling growth than at Mt Barker.  

Here, seedlings were much larger, had more and much larger leaves with longer and 

thicker petioles.  Mitchell and Lucanus (1962) found 20oC to be the optimum 

temperature for growth of subterranean clover spaced plants, similar to the mean 

maximum winter temperatures at Nabawa (Figure 3.1).  They also observed marked 

reductions in growth below 15oC, temperatures commonly encountered during the 

winter months at Mt Barker (Figure 3.1).  Cocks (1973) showed that spaced plants 

respond to temperature in the same way as when grown in swards, with growth 

response depending on leaf area index.  This validates the use of spaced plant 

measurements for predicting growth characteristics in swards. 

Characters important for success 

Flowering time 

Flowering times of individual strains were in accordance with those recorded at 

Mt Barker and Geraldton (40 km south-west of Nabawa) by Devitt et al. (1978).  At the 

warmer, more northerly site of Nabawa, early flowering strains in general flowered 

earlier than at Mt Barker, while later flowering strains generally flowered later.  Similar 

effects of temperature and latitude on flowering have been shown by Aitken and Drake 

(1941), Devitt et al. (1978), Archer et al. (1987) and Evans et al. (1992).  Of note at 

Nabawa was the failure to flower of some plants of strains Meteora, Goulburn and CPI 

47308C.  Here, it is apparent that the warm winter temperatures were unable to fully 

satisfy the vernalisation requirements of these strains.  This effect has previously been 

described by Evans (1959).  Significant strain x site interactions for DFF were also 

found by Devitt et al. (1978).  In particular, they noted the tendency, also found in this 
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experiment, for Dinninup and Trikkala to flower comparatively earlier at Geraldton than 

Mt Barker. 

The results of the experiments presented in this chapter confirmed those in 

Chapters 3-5 that appropriate flowering time is fundamental for success at both 

Nabawa and Mt Barker.  Chapter 5 showed that early flowering was crucial at Nabawa, 

with midseason and late flowering strains unable to set sufficient quantities of seed for 

regeneration.  On the other hand, midseason and later flowering strains at Mt Barker 

were able to out-compete earlier flowering strains.  These results conform with the 

ecotype studies of Morley et al. (1962), Piano (1984), Piano et al. (1993, 1996) and 

Ehrman and Cocks (1996), who showed that mean population DFF tends to decrease 

with increasing aridity. 

The wide range of flowering times of the strains chosen for this study and the widely 

different growing season lengths of the two sites provides an opportunity to examine 

the over-arching influence of DFF on the phenology of many characters important for 

success in different environments. 

Petiole length at flowering 

Long and thick petioles with large leaf area at flowering were important for success at 

both sites.  Black (1958) and Black and Wilkinson (1963) first showed that within the 

same strain, large subterranean clover plants out-compete smaller ones once canopy 

closure has occurred.  Plant height, or specifically petiole length, was shown to be the 

critical factor determining competitive success.  Plants with long petioles tend to 

intercept most of the incident light and shade those with shorter petioles.  This process, 

termed over-topping, has been shown in several studies to operate between plants in 

strain mixtures (Black 1960; Rossiter and Pack 1972; Rossiter 1974; Burch and 

Andrews 1976; Cocks et al. 1982; Hill and Gleeson 1991; Cocks 1992a; Dear et al. 

2001).  Although petiole diameter and leaf size were also strongly related to success, it 

is possible that these are just artefacts of their strong correlations with petiole length. 

Although petiole length at flowering was important at both sites, the strains with longest 

petioles differed, as a result of the interaction between flowering time and growing 

season length.  At Mt Barker, all strains were able to achieve their vegetative potential 

and petiole length was strongly correlated with flowering time.  This relationship has 

also been shown by Gladstones (1967), Rossiter (1977) and Pecetti and Piano (1998).  

Thus at Mt Barker, later flowering, long-petioled strains were able to over-top earlier 

flowering, shorter-petioled strains.  Sward height in spring was found to be important 
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for success at Mt Barker in Chapter 5.  It was correlated (r = 0.34, *) with petiole length 

at flowering in this chapter, suggesting the two variables are largely interchangeable 

under conditions where spring soil moisture is non-limiting. 

The situation at Nabawa is more complex.  Here, spring drought resulted in a negative 

relationship between petiole length at flowering and DFF.  Consequently, petioles on 

the first flowering node only reached their potential length in early flowering strains.  

Following the onset of moisture stress all plants produced successively shorter 

petioles.  Thus, later flowering plants had shorter petioles on their first flowering node 

than on leaves formed just prior to the onset of moisture stress.  Hence they were 

unable to overtop early flowering strains.  Therefore, the importance of long petioles at 

flowering at Nabawa may have been an apparent effect, as this was related to early 

flowering, which has been shown to be critical for success at Nabawa.  It is quite 

possible that overtopping would occur between early flowering strains of different 

petiole length, but this was not demonstrated in this study. 

Sward height in spring was not important for success at Nabawa (Chapter 5).  This 

result appears to conflict with the importance of petiole length at flowering in this 

chapter.  Furthermore, there was no correlation between the two characters.  This 

apparent anomaly can be explained by differences in the timing of measurements.  

Sward height was measured on all strains on 8 September (91 days from sowing), just 

prior to the onset of soil moisture deficit.  By this time only 22 of the 52 strains had 

commenced flowering.  Petiole length measurements, on the other hand, were taken at 

the time of first flowering, which ranged from 70-146 days from sowing.  This contrasts 

with the situation at Mt Barker, where sward height was measured 138 days from 

sowing.  By this time all strains had flowered. 

Seed and seedling size 

Seedling characters in the main were unrelated to long-term success at either site.  

The only exception was short petiole length, which was weakly correlated with 

persistence after 16 years at Mt Barker.  Short seedlings may have an advantage 

under grazed conditions by escaping predation from herbivores.  Competition for light 

is also much less than for mature stands with high leaf area indices.  However, it is not 

clear why strains with short seedling petioles would have an advantage at Mt Barker 

and not at Nabawa.  Cotyledon characters were not examined in this study, but Cocks 

(1992a) found that cotyledon erectness was not important. 
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Seed size was not an important factor for success in either multivariate analysis, 

confirming the results of Chapter 5.  Rossiter (1966b) also found no evidence for the 

importance of seed size.  These results conflict with the studies of Cocks (1992a) and 

Lodge (1994), where selection favoured higher seed weights. They also differ from the 

study of Cocks et al. (1982), where successful ssp. subterraneum strains had a 

tendency for small seeds, whereas successful ssp. yanninicum and ssp. 

brachycalycinum strains had a tendency for large seeds. 

Stem characters 

Thick stems were important for success at both sites.  However, this may be a function 

of a link with flowering time in this study, rather than the character having particular 

importance itself.  Barley and England (1970) suggest that strong stems may aid burr 

burial, through their ability to resist the upward force exerted by developing burrs.  

Chapter 5 showed that strong burr burying ability was important at Nabawa but the 

opposite applied at Mt Barker.  There are no obvious reasons why stem thickness 

per se would be important for success, other than satisfying a structural requirement for 

plant growth.  No other studies have examined the ecological importance of this 

character. 

Long internodes were very important for success at Nabawa, but were not important at 

Mt Barker.  Their apparent importance at Nabawa may also have been due to linkage 

with flowering time, with later flowering strains responding to spring drought conditions 

by shortening their internodes.  However, Cocks (1992a) found selection favoured long 

internodes in a population of divergent strains.  Long internodes may have ecological 

significance by allowing greater dispersal away from the mother plant into the 

surrounding pasture.  This may be more pronounced in shorter growing season areas 

where plant densities tend to be lower, permitting greater stem elongation. 

Burr burial and peduncle characters 

Barley and England (1970) and Francis et al. (1972) found that good burr burial 

requires strong peduncles that are not easily bent.  Gladstones (1985) further suggests 

that peduncles do not need to be particularly long or thick for good burial, although 

strains with fine, long peduncles tend to be weak buriers.  Long-term success at 

Mt Barker was found to be associated with weak burr burial in Chapter 5.  However, 

neither peduncle length nor thickness were correlated with success at Mt Barker in this 

chapter, even though there was a tendency for later maturing strains to possess long, 
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thin peduncles.  Cocks (1992a) also found no directional selection for peduncle length 

in a high rainfall population of divergent strains. 

In Chapter 5, strong burr burial was found to be very important for success at Nabawa.  

In this chapter long and thick peduncles were also important for success.  Increased 

peduncle thickness is likely to result in increased peduncle strength and stronger burr 

burial, while increased peduncle length is likely to reduce the strength of burial.  The 

observed importance of peduncle length at Nabawa is most probably an apparent 

effect associated with the decrease in length of later flowering strains in response to 

moisture stress.  Such a relationship with flowering time was not apparent for peduncle 

thickness.  Strong geotropism has also suggested as being important for burr burial 

(Barley and England 1970; Francis et al. 1972; Gladstones 1985) but was not 

measured in this experiment. 

Hardseededness and dormancy 

In Chapter 5, a slow rate of hardseed breakdown was important for long-term strain 

success at Nabawa, but not at Mt Barker.  The multivariate analyses in this study, 

however, did not show hardseededness as being particularly important at Nabawa, but 

did find that soft-seededness was important at Mt Barker.  Several other studies 

(Rossiter 1966b; Gladstones 1967; Cocks et al. 1982; Piano 1984; Piano et al. 1993; 

1996; Ehrman and Cocks 1996) also found that hardseededness is less important in 

more favourable rainfall areas than in harsh environments.  Quinlivan (1965) and 

Evans and Smith (1999) found that site of seed maturation affects seed softening.  

Thus, the apparent unimportance of hardseededness at Nabawa may be at least partly 

attributable to the use of data obtained from seed produced in Mt Barker.  In any case, 

it is likely that increased cropping frequency, as is typically employed in low rainfall 

areas, would have markedly raised the importance of hardseededness. 

The results of Chapter 5 showed that long-term success at Mt Barker was not related 

to summer germinability following heavy rains in early January.  The multivariate 

analysis in this study also suggests that high summer germinability is not particularly 

important.  This is in line with the results of Evans and Smith (1999), who found that 

resistance to false breaks was important in a high rainfall environment. 

Isoflavones 

There were no consistent relationships between individual isoflavones and long-term 

success at either site, although there were indications that the level of total isoflavones 

may have some importance, particularly at Mt Barker.  Evidence from other studies on 
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the importance of isoflavones for success is conflicting.  Rossiter and Collins (1988b) 

also found no selective advantage for high formononetin content, whereas Cocks et al. 

(1982) found a trend for high formononetin and Cocks (1992a) found a trend towards 

low formononetin content.  Cocks (1992a) also noted a trend towards higher genistein 

levels but neither Biochanin A nor total isoflavone contents were subject to directional 

selection.  Cocks et al. (1982) found the most successful ssp. subterraneum strains 

tended to have low genistein and high biochanin A levels while the most successful 

ssp. brachycalycinum strains tended to have high genistein and low biochanin A 

contents.  However, no evolutionary conclusions could be made for ssp. 

brachycalycinum, as all strains in their study had this isoflavone pattern. 

There has been considerable conjecture about the evolutionary significance of 

oestrogenic isoflavones, particularly formononetin.  Rossiter (1974) observed selective 

grazing by sheep of four low-formononetin cultivars (Northam, Seaton Park, Daliak and 

Uniwager) before plots of Yarloop and Dwalganup.  The high formononetin strain 

Dinninup has also been found to be less palatable in field studies than other strains of 

subterranean clover (Nicholas 1972; Quinlivan and Francis 1977; Dunlop and Thorn 

1984).  However, the results of this study do not support the notion that high 

formononetin strains have a competitive advantage. 

Seed yield components 

Seed production capacity was seen in Chapter 5 to be of paramount importance at 

Nabawa, but not at Mt Barker.  High values for mean burr weight, seed density and 

seed number per burr were all found to be important for long-term success at Nabawa, 

although mean seed weight was unimportant.  The multivariate analysis in this study 

confirmed that high seed density was important for success at Nabawa.  This is not 

surprising due to its strong relationship with seed yield.  However, the other seed yield 

components were not important at Nabawa in this study.  On the other hand, 

multivariate analysis confirmed that seed yield components had little influence on long-

term success at Mt Barker. 

Predicting success or failure 
The multivariate analyses were quite successful at grouping strains with the characters 

required for success at each site, particularly at Nabawa.  The vast majority of extinct 

strains after 16 years in a 40-strain mixture were located outside the respective 

success ellipses for each site.  Thus, the multivariate analyses were quite efficient at 

segregating the most poorly adapted strains from the best adapted ones.  The majority 
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of the unsuccessful strains still present at low frequency were also located outside the 

success ellipses but in the main were reasonably close to them.  Extinct or 

unsuccessful strains that were positioned inside the success ellipses presumably had 

many of the attributes required for success, but failed for other reasons.  Conversely, 

Geraldton at Nabawa is an example of a strain that was only marginally unsuccessful 

being positioned well away from the success ellipse. 

The validity of PCA predictions about the likely success of the 12 cultivars released 

since 1978 can be tested using the 1994-sown 52-strain mixtures described in 

Chapter 4.  At Mt Barker, the cultivars Denmark, Junee, Karridale and Goulburn were 

enclosed within the success ellipse.  These were all found to be successful after 

4 years from sowing in Chapter 4, suggesting the likelihood that they would be 

successful in the long term.  These cultivars have also been recommended at some 

stage for sowing in the Mt Barker district (Gillespie 1995).  Further evidence for the 

longer term success of Denmark and Goulburn comes from variety evaluation trials, 

where they were the most persistent cultivars after 7 seasons at Mt Barker (Nichols 

1998).  Gosse, the other new cultivar inside the Mt Barker success ellipse, was not 

successful after 4 years in the 52-strain mixture.  However, none of the ssp. 

yanninicum strains were successful in this mixture, in contrast to the 1978-sown 

40-strain mixture. 

Six of the seven new cultivars outside the success ellipse for Mt Barker were 

unsuccessful after four years in the 52-strain mixture, with Rosedale, Meteora and 

Dalkeith having become extinct (Table 4.7).  It is unlikely that any of them would be 

successful in the long-term at Mt Barker.  Leura, on the other hand, was successful in 

this mixture.  It was also a persistent cultivar after seven seasons in a variety 

evaluation trial at Mt Barker (Nichols 1998).  It presumably contains some adaptive 

features not possessed by the other successful strains contained within the Mt Barker 

success ellipse. 

At Nabawa only Year 1 data is available from the 1994-sown 52-strain mixture.  

However, Chapter 4 showed that this was a good predictor of long-term success.  Of 

the new cultivars, only Izmir and Dalkeith were enclosed within the success ellipse.  

This is consistent with expectations.  Both increased their relative proportion 

substantially from that at sowing (Table 4.5), indicating their likely success in the long 

term.  Dalkeith is also the recommended cultivar for the Nabawa district (Nicholas 

2002), while Izmir has recently been released as a Nungarin replacement for short 

growing season areas (Nichols 2004). 
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Rosedale was the only other new cultivar that was successful after one year in the 

1994-sown 52-strain Nabawa mixture (Chapter 4).  Its position in Figure 6.2 outside the 

success ellipse, coupled with the poor performance of ssp. brachycalycinum strains in 

general in Western Australia (Bolland 1987b), suggests it is unlikely to persist in the 

long term.  York and Gosse were unsuccessful after Year 1 of the mixture but did set 

some seed.  Their position outside the success ellipse suggests it is unlikely that either 

would become successful in the long-term at Nabawa.  The other seven new cultivars 

(Denmark, Goulburn, Junee, Karridale, Larisa, Leura and Meteora), became extinct 

after a single year. 

Plant breeding implications 
The results of this study show the importance of the test environment for strain 

characterisation.  A distinction needs to be made between measuring potential 

vegetative and reproduction of a strain from that actually achievable in a particular 

environment.  In the former case, plants should be grown under conditions where 

temperature and moisture are non-limiting.  A long–growing season location like 

Mt Barker would be ideal for such measurements.  However, the large strain x site 

interactions of many characters in this study demonstrates that growth and 

reproductive characters in one environment are not always transferable to widely 

differing growth environments.  Plant breeders are well aware of the need to test 

varieties in the target environments for which they have been bred to gain a true 

measure of their performance under these conditions.  These results demonstrate the 

need for plant measurements affecting adaptation to also be conducted in the target 

environment.  This situation also differs from the use of common gardens for 

measuring ecotypic differences, as such cases assume a priori that ecotypes are well 

adapted to the environment from which they have been collected.  In this case, 

attempting to transfer the results from a common garden to both Nabawa and 

Mt Barker would have been misleading. 

The ability of multivariate analysis to identify successful strains suggests its use as a 

plant breeding tool.  This would require measurements on a group of widely different 

test strains, along with breeding lines, in particular target environments.  Comparison of 

the positions of breeding lines with those test strains known to be well adapted to the 

test environment would indicate their likelihood of also being successful.  However, the 

logistics and expense of conducting many single plant measurements at remote 

locations precludes its use as a routine exercise.  The transferability of results from a 

test site to other sites will also depend on their similarity. 
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CHAPTER 7.  EVOLUTION IN BULK HYBRID MIXTURES 

Abstract 
Evolution was measured over 16 years in bulk hybrid subterranean clover populations 

consisting of F2 seed from 253 crosses sown at Mt Barker (a long growing season site) 

and Nabawa (a short growing season site), in south-west Western Australia.  Seed 

harvested annually was grown in a common garden.  Two experiments were 

conducted.  Experiment 1 measured flowering time in plants from each year.  

Experiment 2 measured 26 variables in the original population and the populations 

three and 16 years after sowing. 

From the original highly variable population, two quite different populations evolved, 

with much of this evolution occurring within three years.  Changes in population means 

were observed in 20 characters and population variability declined in 11 characters at 

one or both sites.  Principal components analysis readily separated the populations 

from each other and from the original mixture.  A hierarchical cluster analysis was also 

successful at grouping plants derived from either site. 

Days to first flowering (DFF) was highly responsive to evolutionary change, with 

selection for early flowering, early senescence and longer flowering duration at 

Nabawa and later flowering and later senescence at Mt Barker.  Both DFF and 

flowering duration were more uniform in plants from Nabawa.  At first flowering, plants 

from Mt Barker had larger and more uniform leaves, longer and thicker petioles, longer 

internodes, thicker stems and longer but thinner peduncles with greater geotropism 

after 16 years than those from Nabawa.  There were also trends for greater uniformity 

over time for petiole length and thickness at Mt Barker. 

Mature plants from Mt Barker had greater and more variable total dry weight and 

produced more seed than from Nabawa.  Harvest index, however, was greater in 

Nabawa plants.  There were no site differences for mean seed weight but the Nabawa 

population was more uniform.  On the other hand, plants from Mt Barker had more 

seeds per burr.  The population at Nabawa also had markedly higher hardseededness 

than Mt Barker and was considerably less variable. 

There were no population differences after 16 years for any of the seedling characters 

measured, although variability for plant size and leaf size was less than the original 

mixture in both populations.  Nabawa plants were also more uniform for seedling size 
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than Mt Barker plants.  Plants from Mt Barker had higher and more variable biochanin 

A levels than those from Nabawa, which may indicate phytoalexin activity.  Total 

isoflavone levels were also higher in Mt Barker plants, but there were no population 

differences for formononetin and genistein. 

These results demonstrate that the characters influencing evolutionary success of 

subterranean clover differ between environments.  In a long growing season 

environment, the main evolutionary trend was towards greater competitiveness for light 

in spring, while in a more arid environment it was towards greater persistence.  These 

trends were largely realised by an adjustment of flowering times. 

There was evidence of substitutability for several reproductive traits.  The latest 

flowering plants in each population tended to have smaller seeds and shorter flowering 

durations.  Seed size and seeds per burr were also negatively correlated at Mt Barker.  

High hardseededness substituted for early flowering at Nabawa and for small seed size 

at Mt Barker.  There was also evidence of both co-evolution between some characters 

and conservation of the relationships between others. 

The use of bulk hybrid populations is demonstrated as a low-input means of breeding 

and selecting annual pasture legumes well adapted to the test environment. While 

adapted genotypes can be selected after just three seasons, further adaptive fine-

tuning occurs with increased homozygosity. The success of the method hinges on 

parents containing genes for desirable characters, sites being representative of target 

environments and trial management being representative of typical farm practice.   

Introduction 
Evolution is the process whereby populations change over time, due to the influence of 

natural selection.  To measure the effects of evolutionary change over a given time 

interval, information is needed on the state of both the ancestral and descendent 

populations.  Direct measurement of ancestral populations is lacking in most studies 

and evolutionary change can only be inferred; such studies are referred to as 

synchronic (Hendry and Kinnison 1999).  In situations where data on the ancestral 

population is known, differences between it and the descendent population closely 

reflect evolutionary change.  These are referred to as allochronic studies (Hendry and 

Kinnison 1999).  Sown populations of genetically diverse material provide an 

opportunity to conduct allochronic evolutionary studies, from which changes over time 

can be directly measured. 
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Population changes over time have previously been studied in mixtures of homozygous 

subterranean clover strains.  In Chapter 3 a 40–strain mixture was sown at Nabawa, a 

short growing season site, and at Mt Barker, a long growing season site in Western 

Australia.  Changes over the ensuing 16 years were examined.  It was shown that 

population composition changes rapidly and that some strains are ultimately more 

successful than others at different sites.  Furthermore, the most rapid changes in 

population composition occurred within the 3 years following sowing.  Similar results 

have been reported by Morley et al. (1962), Rossiter (1966b, 1974, 1977), Rossiter and 

Pack (1972), Rossiter and Palmer (1981), Cocks et al. (1982), Hill and Gleeson (1991) 

and Dear et al. (2001). 

In previous chapters it was shown that strong directional selection for flowering time 

occurred in a 40-strain mixture, with selection for early flowering at the short growing 

season site of Nabawa and for midseason and late flowering at the long growing 

season site of Mt Barker.  This has also been shown in other strain mixtures by Morley 

et al. (1962) and Dear et al. (2001).  It was also shown in Chapter 5 that successful 

strains at Mt Barker had the ability to over-top (Rossiter and Pack 1972) less 

successful strains in spring and were characterised by having tall swards and high 

herbage production in spring.  Chapter 6 confirmed that these strains had a large leaf 

area and long, thick petioles at first flowering when grown as spaced plants at Mt 

Barker.  Other factors contributing to success included poor burr burial (Chapter 5), 

short petioles as seedlings, thick stems, and high total isoflavone content (Chapter 6).  

Soft-seededness and high summer germinability were found to be important in the 

multivariate analyses of Chapter 6, but were not important in Chapter 5. 

On the other hand, at Nabawa, high seed production in swards was critical for success, 

which in turn was determined by high mean burr weight, burr density and seeds per 

burr (Chapter 5).  Strong burr burial and high hardseededness were also important in 

Chapter 5, although these characters were not found to be as important in the 

multivariate analysis of Chapter 6.  Long, thick petioles with large leaves at first 

flowering, along with thick stems, long internodes and long, thick peduncles were also 

important for success at Nabawa.  However, in contrast to Mt Barker, these attributes 

were only present in earlier flowering strains when grown at Nabawa, due to 

curtailment of growth in later flowering strains as a response to the onset of moisture 

stress. 
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In the above strain mixture studies, population change was measured in terms of strain 

frequency changes.  Bulk-hybrid populations, consisting of a mixture of segregating 

genotypes from one or several crosses (Allard 1965; 1988), provide a much greater 

opportunity for natural selection to act.  In contrast to the rather restricted range of 

variability in strain mixtures, bulk hybrid populations contain a continuum of variability.  

Changes in population means over time, therefore, provide a more precise measure of 

the importance of those characters in the environments in which they have been 

grown. 

A bulk-hybrid population of barley, known as Composite Cross II (CCII) has been 

comprehensively studied (Allard 1988).  Changes in the original population, which 

consisted of 378 barley hybrids from 28 parents, were measured over 60 generations 

(Allard 1988).  Directional change was towards higher reproductive capacity overall, 

with this increase being most rapid in the early generations.  Seasonal variability of 

yields over time was also reduced.  CCII remained highly variable for each trait but 

there was a small decrease in variance over generations.  The mechanism for 

increased adaptedness in CCII was attributed to incorporation of specific alleles into 

multilocus complexes involving larger and larger gene loci (Allard 1988).  Allard (1975) 

refers to this as the 'super gene' effect, whereby continued selfing causes all loci, 

including those on different chromosomes, to behave as if they are closely linked.  

Other bulk hybrid studies have measured directional selection for particular traits.  

These include resistance to powdery mildew (Ibrahim and Barrett 1991), changes in 

frequency of hordein alleles (Ibrahim et al. 1996) and winter-hardiness (Hensleigh et al. 

1992) in barley and adaptation to differing tillage systems (Hwu and Allen 1992) in 

wheat. 

To date no bulk-hybrid evolutionary studies have been published for subterranean 

clover or any other pasture legume, although their use has been proposed by Cocks 

et al. (1982) and Gladstones (1983).  Subterranean clover is an ideal candidate for 

such studies, being a predominantly self-pollinated, annual diploid with considerable 

genetic variation for important agronomic characters.  These are all features listed by 

Allard (1988) as being important for such studies. 

This chapter will examine evolution over 16 years in a bulk hybrid subterranean clover 

population derived from a mixture of F2 seed from 253 crosses sown at Mt Barker and 

Nabawa.  This is the first report for any species of evolution in a bulk hybrid population 

at different sites. 
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Materials and Methods 

The Original mixture 
The bulk hybrid population sown at Mt Barker and Nabawa consisted of F2 seed 

derived from 253 crosses.  It is referred to in this Chapter as the 'Original mixture'.  The 

majority of the population (93.4% by seed weight) consisted of ssp. subterraneum from 

237 crosses.  Subspecies yanninicum made up 6.3 per cent of the population from 

15 crosses, while ssp. brachycalycinum was derived from one cross only and 

represented 0.3 per cent of the total seed weight.  A sample of the Original mixture was 

retained and stored at 4oC.  Details of the mixture components are given in 

Appendix 7.1. 

Bulk hybrid sites 

Bulk hybrid mixture plots were sown in 1978 adjacent to the strain mixture plots at 

Mt Barker Research Station and Chapman Research Station, Nabawa described in 

Chapter 3.  The area of the bulk hybrid plots at each site was 0.4 ha and sowing rate 

was 25 kg/ha.  The two plots at each site were managed together and grazed by sheep 

in conjunction with the surrounding paddock in each case.  Grazing by cattle also 

occurred sometimes at Mt Barker.  Accurate grazing records were not kept, but 

management approximated local district practices, consisting of a mixture of set 

stocking and rotational grazing.  Grazing pressures were low to moderate during the 

growing season but all plant residues were removed by heavy grazing in early summer.  

In 1991 and 1994 the Nabawa site was cropped to wheat and the Mt Barker site was 

cropped to oats.  Subterranean clover germinating in these years was killed by 

cultivation and herbicides.  Further site details and trial management are given in 

Chapter 3. 

Seed sampling and storage 
Seed samples were collected from both sites each summer in December or January, 

following pasture senescence.  Samples were taken in 1978–1994, except for the 

cropped year of 1991.  They consisted of 20 quadrats, each of 20 dm2, dug to a depth 

of approximately 5 cm and taken in a grid fashion across each site.  Trial plot edges 

were avoided to limit contamination from the adjacent strain mixture trial and the 

surrounding paddock. 

Samples were sieved in a 1.5 mm sieve to remove excess soil, bulked and brought 

back to Perth where seed was threshed from burrs mechanically.  For samples 
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collected from the 1978 and 1979 seasons, debris was removed by soaking seed in 

perchlorethylene.  When tested in 1993, seeds from 1978 and 1979 were not viable 

and could not be used in the experiment.  In subsequent years, debris was removed by 

hand-sorting.  Clean seed samples were weighed, dried, sealed in aluminium foil 

packets and maintained at 4oC. 

Examination of populations 

Experiment 1.  Changes in flowering time 

This experiment was conducted in 1995 at the University of Western Australia Field 

Station, Shenton Park (31o57’S, 115o50’E).  Seeds sampled from each of the years 

1980-1994 (excluding 1991) at both Nabawa and Mt Barker were sown in a glasshouse 

at Shenton Park on 15 May.  A sample of the Original mixture was also included in the 

study.  A germination test showed all populations from Nabawa and Mt Barker had at 

least 70 per cent viability, while the Original mixture had only 33 per cent viability.  

Random sub-samples of the mixture populations were obtained using a Boener conical 

divider, using the protocols of the International Rules for Seed Testing (Anon. 1993).  

Prior to sowing, seed coats were scarified for 5 seconds by compressed air in a small 

hand-held brass cylinder coated with fine sand paper.  One hundred and forty seeds of 

the Nabawa and Mt Barker populations and 280 seeds of the original mixture were 

sown, two per pot, into fully hydrated Jiffy-9 peat pots (Jiffy Products Ltd, Norway), 

which in turn were placed into sterilised seedling trays.  Group C Rhizobial inoculum 

(Nodulaid) was sprinkled onto jiffy pots 3 days after sowing and watered in gently.  Jiffy 

pots were watered daily.  Soluble fertiliser (Phosphogen at a rate of 5 grams/10 L) was 

watered on weekly. 

Fifty four random seedlings of each population were then transplanted, 25 cm apart, 

into rows in the field, 43 days after sowing, into a moist seed bed, described as a 

loam-dressed sand (Collins et al. 1976).  In addition, six plants each of 54 different 

check varieties were sown across the site.  These comprised the 52 strains described 

in Chapters 4, 5 and 6, along with cvv. Dwalganup and Riverina.  These were sown 

and treated in the same manner as the bulk hybrid populations.  Prior to transplanting, 

the trial site was prepared by cultivation and knock-down herbicides.  Fertiliser 

(100 kg/ha of 3:1 super potash) was drilled in and was also applied by hand at the 

same rate on 24 September.  The trial site was hand weeded and irrigated by overhead 

sprinklers as required.  Irrigation ceased on 20 November.  Plate 7.1 illustrates the 

experimental layout of Experiment 1 at Shenton Park.  
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Plate 7.1. General view of Experiment 1.  The two rows in the immediate foreground contain 

components of the 52-strain mixtures.  Bulk hybrid plants from Years 3-17 Nabawa are 
located behind these, while corresponding plants from Mt Barker are in the 
background.  Every ninth plant in the bulk hybrid rows is cv. Seaton Park.  Photograph 
taken 145 days after sowing. 

Experiment 2.  Characterisation of populations 

The study was conducted in 1996 at Shenton Park.  Seed samples collected from 1980 

(Year 3) and 1993 (Year 16) were chosen to study changes in the populations at 

Mt Barker and Nabawa.  Year 3 samples were chosen, as they were the earliest 

generation available with viable seed.  Although Year 17 was the latest generation 

available, it was not chosen for this study as sites were cropped in that year.  A sample 

of the Original mixture was also sown, along with four plants each of the 54 check 

strains used in Experiment 1.  However, only the results of nine key strains are 

reported here. 

Random sub-samples, comprising 490 seeds from the Year 3 and Year 16 populations 

from Nabawa and Mt Barker and 980 seeds from the Original mixture were sown on 

6 May in the glasshouse.  Germination percentages 14 days after sowing were:  

Original mix, 19.1 per cent; Nabawa Year 3, 85.7 per cent; Nabawa Year 16, 90.4 per 

cent; Mt Barker Year 3, 74.4 per cent and Mt Barker Year 16, 84.9 per cent.  Jiffy pots 
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were subsequently randomly thinned to one healthy seedling per pot.  Seed sampling 

and processing procedures were the same as those used in Experiment 1. 

Seedlings were transplanted to a common garden 30 days after sowing.  There were 

four replications of each treatment, randomised across the site.  Each plot consisted of 

rows containing plants spaced 1 m apart, with adjacent rows separated by 1.5 m of 

bare earth.  The Nabawa and Mt Barker populations contained 50 plants per row, while 

the Original mixture had 40 plants per row.  The last treatment comprised the strains.  

These contained a single plant of each strain in randomised positions within the row. 

Trial management procedures were the same as for Experiment 1.  Irrigation ceased 

on 23 December.  Plate 7.2 gives a general overview of the trial layout of Experiment 2. 

 
Plate 7.2. General view of spaced plants in Experiment 2 (foreground) at Shenton Park.  

Photograph taken 152 days after sowing. 

Measurements 
Days to first flowering (DFF) was measured in both experiments as the number of days 

from sowing to appearance of the first flower.  Plants were checked every 3-4 days. 

Levels of the oestrogenic isoflavones, formononetin, genistein and biochanin-A, were 

measured using thin layer chromatography, according to the technique of Francis and 

Millington (1965b).  Measurement using this technique is semi-quantitative, relying on 

comparison of sample spot intensity with the intensity of control spots of known 
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concentration.  Isoflavone contents are expressed as a percentage of leaf dry matter.  

Samples of six 6 mm diameter discs were taken 63-74 days after sowing from healthy, 

young leaves.  Isoflavones were extracted in alcohol immediately.  Duplicate samples 

for dry weight determination were also taken and oven dried at 60oC for 48 hours.  

Specific leaf weight was also calculated from dry weight samples.  It is defined here as 

the mass per unit area of leaf, expressed as mg/mm2 and is essentially a measure of 

leaf thickness. 

Maximum seedling diameter was measured 80 days after sowing.  Some plants from 

the Nabawa populations had already commenced flowering and stem elongation by 

this time, resulting in a slight over-estimation of this character.  Size of the largest fully 

opened leaf was also measured at this time.  It was estimated semi-quantitatively by 

comparison against the leaf size plates of Williams et al. (1964). 

Morphological characters related to flowering time were measured 30 days after 

flowering.  Leaf size, petiole length and petiole diameter were measured on the leaf 

distended from the first flowering node on the longest stem.  Internode length and stem 

diameter were measured between the first and second flowering nodes on this stem, 

while peduncle characters were measured on the peduncle extending from the second 

flowering node.  Petiole, peduncle and stem diameters were measured using a 

Mitotoyu® micrometer with 0.01 mm intervals.  Peduncle angle was measured as the 

angle between the stem and burr tip.  It was taken as a measure of geotropism; plants 

having high angles of burial being considered more geotropic than those with acute 

angles. 

Plants were considered to have senesced when no green leaf material remained.  This 

tended to coincide with cessation of flowering.  Flowering duration was then 

determined as the difference between time to flowering and time to senescence.  

Length of the longest stem was measured once plants had senesced.  Samples of 

100 mature burrs were taken for measurement of burr and seed characteristics.  Seed 

was extracted by gently rubbing with a cork block on ribbed rubber matting and passing 

through a 1 mm sieve.  Debris was then removed by hand and seeds per burr 

determined.  Mean seed weight was measured from a sub-sample of 200 undamaged 

seeds.  These were then used for hardseed determination. 

To enable measurement of herbage and seed yields, senesced plant tops were 

removed from the field.  Loose burrs were dug up and added to the sample.  Whole 

plants were then placed on a 1.6 mm sieve and shaken to remove loose soil.  
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Non-clover debris was removed.  Any soil trapped within burrs was teased out 

manually.  Plants were then dried at 40oC for 2 days and weighed.  Seed was extracted 

using a mechanical thresher and debris removed by hand.  Seed samples were then 

weighed.  Seed weights from the burr samples were added in order to calculate total 

plant and seed weights.  Harvest index was calculated as the ratio of seed weight to 

total plant weight, expressed as a percentage. 

Hardseed breakdown was estimated in the laboratory using the method of Quinlivan 

(1961).  Seeds were placed in plastic ice cube trays and stored at ambient room 

temperature in the laboratory until early April 1997.  To determine the initial proportion 

of hardseeds, seed samples were submerged in deionised water and placed in a 

constant temperature cabinet at 15oC for 2 days.  Imbibed (soft) seeds were counted 

and removed.  The remaining hardseeds were placed in a cabinet with a diurnal 

fluctuating temperature range of 15/60oC for 16 weeks.  To determine the proportion of 

hardseeds after 16 weeks, seed samples were again submerged in deionised water 

and placed in a constant temperature cabinet at 15oC for 2 days.  Hardseededness 

was then determined as the proportion of seeds still hard, expressed as a percentage 

of the initial proportion of hardseeds. 

Measurements were conducted an all plants.  However, data is not available for three 

replicates of the Original mixture for petiole, peduncle and stem characters measured 

at flowering time. 

Statistical analyses 
Statistical analyses for Experiment 1 were conducted using SYSTAT for Windows, 

Version 5, while Genstat 5 release 4.2, 5th edition (Genstat Committee, 1992) was used 

for Experiment 2.  Tests of normality and homogeneity of variance were made prior to 

analysis to determine whether data transformations were required.  Analyses of 

Variance (ANOVA) were conducted in Experiment 2 to compare population means for 

each of the 26 characters measured.  Check strains were not included.  Although each 

plant in every plot was genetically different, plots were treated as replicates.  Means for 

each plot, rather than individual plant values, were subsequently compared in 

ANOVA’s, resulting in more conservative estimates of significance.  To gauge any 

differences in variability between populations, ANOVAs were also conducted on mean 

coefficients of variation from each plot.  Coefficient of variation was used instead of 

standard deviation, as variability is scaled to size of the mean. 
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Two different methods of multivariate analysis, principal components analysis and 

cluster analysis were used to group the populations.  Eight commonly sown cultivars 

(Trikkala, Dinninup, Woogenellup, Mt Barker, Denmark, Dalkeith, Geraldton and 

Nungarin), along with Northam-E, the most successful strain at Nabawa (Chapter 3), 

were also included in the analyses for comparative purposes.  Principal components 

analysis reduces the data to a smaller number of uncorrelated variables, termed 

principal components, which are linear combinations of the original variables (Manly 

1994).  The first principal component contains the maximum variation, with successive 

principal components containing successively less variation.  Principal components 

were generated using a correlation matrix to reduce the data to a common scale.  The 

hierarchical cluster analysis was generated using the group average option in Genstat.  

This weights clusters according to their size.  A similarity index of 95 per cent was 

used.  The cluster analysis was drawn using Canvas Version 5.0.3 for Windows 

(Deneeba Systems Inc.).  All graphs were prepared using SigmaPlot 2002 for Windows 

Version 8.0 (SPSS Inc.). 

Results 

Rainfall and growing seasons at bulk hybrid sites 
From 1978-1994, mean annual rainfall at Nabawa was 432.3 mm, compared to 

635.9 mm at Mt Barker.  The soil water balance model described in Chapter 3 

estimated mean growing season lengths of 19.4 weeks at Nabawa and 31.3 weeks at 

Mt Barker.  Further details of rainfall, temperature and growing season lengths from 

1978-94 are given in Chapter 3. 

Total seed banks at Nabawa and Mt Barker 
Figure 7.1 shows the total subterranean clover seed bank at both sites for the duration 

of the experiment.  Seed production was poor in the establishment year at both sites 

and continued to be poor for the following two seasons at Nabawa.  Excluding the 

establishment year, seed banks over the remaining trial period averaged 940 kg/ha at 

Mt Barker and 155 kg/ha at Nabawa.  There were no significant correlations of seed 

bank size with either annual rainfall, growing season length or May-October rainfall at 

either site for the whole trial or for Years 4-16. 
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Figure 7.1. Seed bank sampled annually of a bulk hybrid population sown at Nabawa and 
Mt Barker in 1978.  Seed samples were not taken in 1991 (Year 14) following a year in 
crop. 

Experiment 1 
The Original mixture was highly variable for days to first flowering (DFF), illustrated in 

Plate 7.3.  After just three seasons, mean DFF of plants from the two sites differed 

significantly from both the Original mixture (P ≤ 0.001) and from each other (P ≤ 0.001) 

(Figure 7.2).  Mean flowering time of the Nabawa populations from 1980-1994 (84.3 

days) was 30 days earlier than those from Mt Barker (114.7 days), with the Original 

mixture population having a mean flowering time intermediate to both (100.6 days).  A 

comparison with several check strains showed the mean flowering time of the Nabawa 

populations to be 11 days later than that of cv. Nungarin and that of the Mt Barker 

populations to be 5 days earlier than cv. Woogenellup.  It should be noted that 

flowering times of the check strains, particularly the later flowering ones, was earlier 

than that recorded by Nichols et al. (1996) at Shenton Park.  This is most likely 

attributable to the later sowing date in this experiment and to early growth in the 

glasshouse prior to transplanting. 
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Plate 7.3. Plants of the Original mixture in Experiment 1 showing a range in maturity.  Photograph 

taken 145 days after sowing. 

From Years 3-17 no significant trend occurred in mean DFF of plants derived from 

either site.  However, some significant variations in mean DFF occurred from year to 

year.  For the Mt Barker mixture, plants from Year 16 seed differed significantly in 

mean DFF from both Year 15 (P ≤ 0.01) and Year 17 (P ≤ 0.001), while plants from 

Year 12 and Year 13 seed also differed significantly (P ≤ 0.05).  Similarly, for the 

Nabawa mixture, plants from Year 4 seed differed significantly in mean DFF to those 

from both Year 3 (P ≤ 0.001) and Year 5 (P ≤ 0.001), and those from Year 10 seed also 

differed significantly from Year 11 (P ≤ 0.01).  For the Nabawa mixture, the between-

season differences in mean DFF could be partially explained by the significant 

correlation (r = 0.57, P ≤ 0.05) with growing season length.  There was no such 

correlation at Mt Barker.  However, in this case, a significant correlation (r = 0.56, 

P ≤ 0.05) was found between mean DFF and May-October rainfall. 

Coefficient of variation for DFF was much greater in plants derived from Mt Barker 

seed than from Nabawa throughout the trial period (Figure 7.3).  There was a 

significant negative trend in coefficient of variation for DFF between plants from the 

Original mixture and plants derived from the Year 17 populations from both Mt Barker 

(P ≤ 0.01) and Nabawa (P ≤ 0.05).  For the Mt Barker mixture, a significant (P ≤ 0.05) 

but smaller negative trend continued from Year 3 to Year 17.  There was no such trend 

for the Nabawa mixture. 
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Figure 7.2. Mean days to first flowering (with standard errors) at Shenton Park in 1995 from seed 
sampled each year from a bulk hybrid population sown in 1978 at Nabawa and Mt 
Barker. 
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Figure 7.3. Coefficient of variation for days to first flowering at Shenton Park in 1995 from seed 
sampled each year from a bulk hybrid population sown in 1978 at Nabawa and 
Mt Barker. 
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Experiment 2 

Population changes 

From the one highly variable population, two quite different populations evolved at the 

two experimental sites.  Mean population changes were observed in 20 of 26 

characters measured (Tables 7.1a and 7.1b).  Furthermore, much of this evolution 

occurred within just three seasons.  The other notable effect was that while a high 

degree of variability was maintained at both sites, there was a trend towards greater 

uniformity over time for many characters (Table 7.2).  Seven of 18 characters that 

could be measured had significantly lower coefficients of variation than the Original 

mixture at either or both sites after 16 years.  The range in values was also reduced 

from the Original mixture in 19 of 26 characters after 16 years at one or both sites 

(Tables 7.1a and 7.1b).  There was also a significant reduction in the coefficient of 

variation between Year 3 and Year 16 for 7 of 26 characters at either one or both sites 

(Table 7.2).  The range in values also decreased over time in 19 characters at Nabawa 

and 16 characters at Mt Barker among these characters (Tables 7.1a and 7.1b).  The 

variability in the Original mixture and the derived populations after 16 years at 

Mt Barker and Nabawa are shown in Plates 7.4 and 7.5.   

Plants were categorised on the basis of subspecies, according to the classification of 

Katznelson and Morley (1965b).  When grown at Shenton Park in 1996, the stored 

sample of the Original mixture contained 1.3 per cent of plants belonging to ssp. 

yanninicum and 0.6 per cent to ssp. brachycalycinum, with the remainder belonging to 

ssp. subterraneum.  This compares with 6.3 per cent by seed weight of ssp. 

yanninicum and 0.3 per cent of ssp. brachycalycinum in the bulk hybrid population 

actually sown at Mt Barker and Nabawa in 1978 (calculated from the sowing list in 

Appendix 7.1).  The Year 3 population at Mt Barker contained 4.6 per cent and the 

Year 16 population contained 5.6 per cent of ssp. yanninicum plants.  A Chi-squared 

test showed no significant difference in proportions of ssp. yanninicum in the two 

Mt Barker populations or the Original mixture grown at Shenton Park.  The remaining 

plants from Mt Barker were all of ssp. subterraneum.  All plants from Nabawa were also 

of ssp. subterraneum. 
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Plate 7.4. Plants from the Original bulk hybrid mixture showing variability for maturity and plant 
morphology.  Photograph taken 152 days after sowing. 

 

Plate 7.5. Year 16 bulk hybrid populations from Nabawa and Mt Barker at Shenton Park.  
Photograph taken 152 days after sowing. 
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Table 7.1a. Mean and range for isoflavone levels and characters measured on seedlings and at 
flowering time in bulk hybrid populations 3 and 16 years after sowing at Mt Barker and 
Nabawa and in the Original sown mixture.  Significance level and least significant 
difference (lsd) from Analysis of Variance are shown for each character.  Transformed 
means are in parentheses.  Data from one replicate for some Original mixture 
characters are indicated by brackets 

Population 

Attribute  Original 
mixture 

Mt 
Barker 
Year 3 

Mt 
Barker 
Year 16 

Nabawa 
Year 3 

Nabawa 
Year 16 

Signifi-
cance
levelc 

lsd 
(P ≤ 0.05) 

Plant diameter at 
80 days (mm) 

Range 
Mean 

38-302 
174 

101-259
178 

87-272 
184 

58-260 
178 

64-242 
167 

 
ns  

Leaf size at 
80 days (cm2) 

Range 
Meana 

0.8-10.0
3.6 

(0.64) 

1.6-7.9 
3.5 

(0.65) 

1.3-7.9 
3.7 

(0.66) 

0.8-7.9 
3.8 

(0.67) 

1.6-7.9 
4.0 

(0.69) 

 
 

(ns) 
 

Specific leaf weight 
(mg/mm2 of leaf) 

Range 
Mean 

25.4-47.8
34.4 

24.8-53.7
32.9 

23.6-45.4
31.8 

20.6-51.9 
34.6 

20.1-43.6 
33.3 

 
ns  

Formononetin 
(% of dry matter) 

Range 
Meanb 

0.00-1.31
0.13 

(0.26) 

0.00-2.68
0.23 

(0.33) 

0.00-2.25
0.23 

(0.33) 

0.00-2.74 
0.24 

(0.38) 

0.00-1.84 
0.19 

(0.34) 

 
 

(ns) 
 

Genistein 
(% of dry matter) 

Range 
Meana 

0.00-3.26
0.78 

(0.23) 

0.00-3.19
0.84 

(0.24) 

0.00-2.88
0.80 

(0.23) 

0.13-2.73 
0.78 

(0.23) 

0.00-2.21 
0.67 

(0.21) 

 
 

(ns) 
 

Biochanin A 
(% of dry matter) 

Range 
Meanb 

0.00-4.69
0.82 

(0.82) 

0.00-5.36
1.16 

(0.98) 

0.00-5.26
1.56 

(1.16) 

0.00-3.13 
1.13 

(0.99) 

0.00-4.17 
1.16 

(1.03) 

 
 

*** 

 
 

(0.107) 
Total isoflavones 
(% of dry matter) 

Range 
Mean 

0.00-4.98
1.73 

0.51-5.44
2.23 

0.69-5.65
2.60 

0.32-5.19 
2.15 

0.15-5.90 
2.02 

 
** 

 
0.362 

Flowering time 
(days) 

Range 
Mean 

75-152 
110 

83-159 
128 

99-150 
130 

60-118 
87 

74-113 
88 

 
*** 

 
3.5 

Leaf size at 
flowering (cm2) 

Range 
Meana 

{2.5-20.0}
{7.6}d 

3.2-25.1
10.0 

(0.96) 

2.5-25.1
11.4 

(1.03) 

1.3-15.8 
4.0 

(0.57) 

1.6-7.9 
3.9 

(0.57) 

 
 

*** 

 
 

(0.069) 
Petiole length at 
flowering (mm) 

Range 
Mean 

{66-186}
{119}d 

35-251 
136 

74-244 
153 

36-135 
84 

48-138 
84 

 
*** 

 
9.7 

Petiole diameter at 
flowering (mm) 

Range 
Meana 

{0.90-
1.93} 

{1.35}d 

0.88-2.16
1.49 

(0.39) 

0.89-2.74
1.57 

(0.41) 

0.82-1.72 
1.13 

(0.33) 

0.79-1.92 
1.12 

(0.33) 

 
 

*** 

 
 

(0.012) 

Internode length 
(mm) 

Range 
Meanb 

{15-84} 
{46.9}d 

14-101 
57.5 

(7.50) 

24-98 
62.8 

(7.85) 

12-80 
34.2 

(5.76) 

10-77 
33.3 

(5.70) 

 
 

*** 

 
 

(0.407) 

Stem diameter 
(mm) 

Range 
Mean 

{2.01-
3.04} 

{2.60}d 
2.00-3.35

2.66 
2.02-3.54

2.71 
1.28-3.40 

2.46 
1.62-3.36 

2.47 
 

*** 
 

0.048 

Peduncle length 
(mm) 

Range 
Mean 

{32-97} 
{64.2}d 

32-115 
60.8 

35-110 
64.9 

24-80 
50.0 

24-82 
51.8 

 
*** 

 
3.96 

Peduncle diameter 
(mm) 

Range 
Mean 

{1.01-
1.52} 

{1.23}d 
0.86-1.72

1.20 
0.94-1.57

1.21 
0.94-1.68 

1.25 
0.98-2.56 

1.27 
 

** 
 

0.032 

Peduncle angle 
(degrees) 

Range 
Mean 

{22-72} 
{42.5}d 

22-75 
46.8 

24-70 
49.1 

15-60 
34.5 

15-56 
34.7 

 
*** 

 
2.07 

a  Log transformed data in parentheses. 
b  Square root transformed data in parentheses. 
c  Significance levels:  * = P < 0.05;  ** = P < 0.01;  *** = P < 0.001;  ns = non-significant. 
d  Data from one replicate only.  Not included in ANOVA. 
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Table 7.1b. Mean and range of mature plant and seed characters measured in bulk hybrid 
populations 3 and 16 years after sowing at Mt Barker and Nabawa and in the Original 
sown mixture.  Significance level and least significant difference (lsd) from Analysis of 
Variance are shown for each character.  Transformed means are in parentheses 

Population 

Attribute  Original 
mixture 

Mt 
Barker 
Year 3 

Mt 
Barker 
Year 16 

Nabawa 
Year 3 

Nabawa 
Year 16 

Signifi- 
cance 
levelc 

lsd 
(P ≤ 0.05) 

Time to senescence 
(days) 

Range
Mean 

175-238 
212 

182-249
221 

178-245
222 

134-228
204 

153-231
209 

 
*** 

 
3.2 

Flowering duration 
(days) 

Range
Mean 

49-146 
102 

52-133 
92 

47-131 
91 

69-153 
117 

59-145 
122 

 
*** 

 
3.6 

Length of main stem 
(cm) 

Range
Mean 

33-136 
82.2 

31-125 
78.6 

29-128 
82.9 

11-131 
86.0 

36-129 
88.7 

 
ns  

Plant weight 
(grams) 

Range
Meanb 

6-592 
187 

(12.9) 

26-615 
278 

(16.3) 

9-653 
338 

(18.0) 

0.5-444
129 

(10.7) 

0.5-432
122 

(10.6) 

 
 

*** 

 
 

(2.37) 

Seed yield 
(grams) 

Range
Meana 

1.1-
116.5 
14.5 

(1.05) 

2.0-90.8
25.5 

(1.35) 

2.0-92.2
25.7 

(1.33) 

0.2-36.1
11.7 

(1.02) 

0.3-49.5
12.8 

(1.07) 

 
 

** 

 
 

(0.172) 

Harvest Index Range
Meana 

1.0-30.6 
7.3 

(0.88) 

1.0-29.0
8.6 

(0.95) 

0.9-18.3
7.1 

(0.86) 

1.1-53.4
10.1 

(0.99) 

1.9-35.8
10.3 

(1.02) 

 
 

*** 

 
 

(0.070) 
Seed wt 
(mg) 

Range
Mean 

2.8-14.4 
8.6 

5.0-14.7
9.3 

5.9-15.2
9.5 

4.0-12.7
9.6 

5.9-12.8
9.7 

 
* 

 
0.64 

Seeds per burr Range
Mean 

1.1-4.2 
3.1 

2.1-4.8 
3.5 

1.3-4.9 
3.7 

1.8-4.1 
3.3 

2.7-4.3 
3.4 

 
** 

 
0.26 

Initial hardseed 
(% hard at harvest)) 

Range
Mean 

23.7-
94.5 
64.8 

12.0-
90.5 
60.0 

15.4-
88.5 
63.3 

15.9-
96.2 
57.0 

19.5-
94.0 
54.2 

 
** 

 
5.63 

Hardseededness 
(% after 16 weeks) 

Range
Mean 

0.0-76.6 
28.1 

0.0-64.1
9.1 

0.0-57.3
6.7 

3.9-71.2
39.6 

8.1-78.3
41.3 

 
*** 

 
3.29 

a  Log transformed data in parentheses. 
b  Square root transformed data in parentheses. 
c  Significance levels:  * = P < 0.05;  ** = P < 0.01;  *** = P < 0.001, ns = non-significant. 

Early growth characters 

There were no significant differences in population means of maximum plant diameter 

and maximum leaf size after 80 days (Table 7.1a).  However, there were differences in 

the extent of variability between populations for both characters (Table 7.2).  The 

Original mixture was significantly more variable for plant diameter than the other 

populations.  It also contained both the smallest and largest plants measured.  There 

was a further significant reduction in plant diameter variability in plants from Nabawa 

between Year 3 and Year 16, but not those from Mt Barker.  The Original mixture was 

also significantly more variable for leaf size than the Year 16 populations from both 

sites and it again contained the widest range.  However, populations from the two sites 

in Year 16 did not differ significantly in variability for either leaf size or plant diameter.  

Specific leaf weight did not differ between populations in either mean value 

(Table 7.1a) or extent of variability (Table 7.2). 
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Table 7.2. Mean coefficients of variation (per cent) for characters measured in bulk hybrid 
populations 3 and 16 years after sowing at Mt Barker and Nabawa and in the Original 
sown mixture.  Significance level and least significant difference (lsd) from Analysis of 
Variance are shown for each character.  Transformed means are in parentheses 

Population 

Attribute Original 
mixture 

Mt 
Barker
Year 3 

Mt 
Barker
Year 16 

Nabawa 
Year 3 

Nabawa 
Year 16 

Signifi-
cance 
level c 

lsd 
(P ≤ 0.05) 

Plant diameter at 80 days 22.71 17.50 17.91 18.79 14.40 ** 3.879 
Leaf size at 80 days a (18.91) (14.48) (14.02) (15.17) (12.99) * (4.039) 
Specific leaf weight 13.40 11.42 11.97 11.60 11.22 ns  
Formononetinb (12.90) (23.70) (20.70) (20.80) (15.00) ns  
Genisteina (65.30) (61.50) (61.80) (49.30) (48.70) ns  
Biochanin Ab (24.28) (27.65) (28.10) (22.37) (18.06) *** (4.185) 
Total isoflavones 45.20 41.80 35.30 43.00 36.30 ns  
Flowering time 18.29 10.94 7.81 9.17 6.71 *** 1.790 
Leaf size at floweringa  (18.60) (15.87) (27.84) (23.53) ** (5.638) 
Petiole length at flowering  23.96 20.62 21.84 19.35 * 2.769 
Petiole diameter at floweringa  (11.7) (9.3) (8.4) (9.0) * (2.11) 
Internode lengthb  (15.15) (13.16) (15.96) (14.38) ns  
Stem diameter  10.13 10.56 12.65 11.70 ns  
Peduncle length  23.33 21.81 23.68 21.40 ns  
Peduncle diameter  11.31 9.88 10.37 13.02 ns  
Peduncle angle  22.24 17.49 20.72 21.90 ns  
Time to senescence 6.10 5.19 5.76 6.38 5.21 ns  
Flowering duration 16.64 15.54 14.67 11.15 10.08 ** 2.991 
Length of main stem 20.33 19.06 19.71 22.25 17.42 ns  
Plant weightb (31.83) (22.10) (21.66) (34.66) (27.05) ** (6.132) 
Seed weight 19.60 18.53 18.95 16.22 14.13 * 3.142 
Harvest Index a (23.00) (18.60) (24.10) (20.00) (17.10) ns  
Seeds per burr 13.86 11.85 12.03 10.47 8.32 ns  
Seed yielda (28.80) (19.90) (22.70) (27.10) (22.60) ns  
Initial hardseed % 20.90 26.60 22.40 30.10 28.20 ns  
% hardseed after 16 wks 65.90 148.20 137.70 37.60 33.10 *** 23.320 

a  Log transformed data in parentheses. 
b  Square root transformed data in parentheses. 
c  Significance levels:  * = P < 0.05;  ** = P < 0.01;  *** = P < 0.001;  ns = non-significant. 

Isoflavones 

There was no selection pressure towards either higher or lower formononetin content 

at either site (Table 7.1a).  Nor was there a significant difference in the variability 

between populations (Table 7.2).  Among all plants, the distribution of formononetin 

content was highly skewed, with 30.8 per cent having trace levels (≤ 0.05 % of dry 

matter) and 75.1 per cent having ≤ 0.20 per cent of dry matter.  The Nabawa Year 3, 

Nabawa Year 16, Mt Barker Year 3, Mt Barker Year 16 and Original mixture 

populations had 21.1 per cent, 24.5 per cent, 35.0 per cent, 37.0 per cent and 37.8 per 

cent, respectively, of plants with trace levels of formononetin.  A Chi-squared test 
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showed that this lower proportion of trace plants at Nabawa was significant.  At the 

other end of the spectrum, 5.2 per cent of all plants had formononetin contents ≥ 1.00 

per cent of dm, with the highest measurement being 2.74 per cent of dm.  All 

populations had some plants with high formononetin levels, although the upper limit of 

the Original mixture was lower than that of the other populations. 

There were no significant differences between populations for mean genistein content 

(Table 7.1a), nor for variability between populations (Table 7.2).  All populations had 

some plants with very high genistein levels, with the Original mixture having the highest 

level in one plant of 3.26 per cent of dry matter.  All populations also had plants with 

trace levels, except for the Nabawa Year 3 population. 

The mean and range for biochanin A were greatest of the three isoflavones, with some 

plants from Mt Barker containing more than 5 per cent of dry matter.  The populations 

differed significantly in both mean (Table 7.1a) and variability (Table 7.2) for biochanin 

A and also had different ranges.  Both populations from Mt Barker and Nabawa 

contained more biochanin A than the Original mixture, indicating selection towards 

higher levels.  The Mt Barker Year 16 population also had more biochanin A than both 

the Mt Barker Year 3 and Nabawa Year 16 populations.  The Nabawa populations were 

less variable for biochanin A content than the Mt Barker populations and had lower 

maximum levels.  There was a significant reduction in variability over time at Nabawa, 

although the Mt Barker populations retained a similar level of variability to the Original 

mixture. 

Populations differed in total isoflavone content (Table 7.1a).  The Mt Barker Year 3 

population had a higher isoflavone level than the Original mixture, while the Mt Barker 

Year 16 population had more again.  The Mt Barker Year 16 population also had a 

significantly greater isoflavone content than the Nabawa Year 16 population.  Thus, 

selection occurred for higher total isoflavone levels at Mt Barker, but not at Nabawa.  

The levels of variability were not different among the populations (Table 7.2).  The 

Original mixture, however, had a lower minimum and maximum level than the other 

populations, but the range was similar. 

Flowering time 

DFF ranged from 60 to 159 days from sowing.  The Mt Barker populations flowered on 

average 42 days later than those from Nabawa, with mean flowering time of the 

Original mixture again being intermediate to the two sites (Table 7.1a).  In this 

experiment mean DFF of the Mt Barker populations was about 2 days earlier than cv. 
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Woogenellup, while mean DFF of the Nabawa populations was about 6 days later than 

cv. Nungarin.  It is of note that mean DFF of all populations was later in this experiment 

than in Experiment 1.  This is presumably due to the earlier sowing date (by 9 days) 

and shorter period in the glasshouse prior to transplanting. 

Trends in this experiment were similar to those in Experiment 1.  Within sites there 

were no significant differences between Year 3 and Year 16 populations for DFF.  

There was, however, a trend towards uniformity of flowering time at both sites.  In the 

population from Nabawa the range in DFF reduced from 58 days in Year 3 to 39 days 

in Year 16.  Similarly, the range decreased from 76 days to 51 days in the Mt Barker 

mixture.  In both cases, both upper and lower extremes disappeared.  Some very early 

flowering genotypes (< 75 days from sowing) were observed in the Nabawa Year 3 

population, but these were not found in the Year 16 population.  Unlike Experiment 1, 

the Year 16 Mt Barker and Nabawa populations in this experiment did not differ 

significantly in variability (Table 7.2), although the range was greater in plants from 

Mt Barker. 

Characters measured on the first flowering node 

DFF strongly influenced the values of several morphological characters measured at 

flowering time.  Thus, plants from Mt Barker had larger leaves, longer and thicker 

petioles, longer internodes and thicker stems on average than those from Nabawa 

(Table 7.1a).  Data from the Original mixture for these characters was only available for 

one replicate, precluding their inclusion in an ANOVA. 

There were significant increases in mean leaf size and in petiole length and thickness 

between the Year 3 and Year 16 populations from Mt Barker.  Minimum petiole length 

and maximum petiole diameter both increased markedly over time in the Mt Barker 

mixture.  However, no changes in leaf characters occurred over time at Nabawa.  Both 

Mt Barker populations had greater uniformity for leaf size than those from Nabawa, but 

there were no significant trends over time at either site (Table 7.2).  Variability for both 

petiole length and thickness was similar in the Year 16 populations, although both 

characters became more uniform over time at Mt Barker (Table 7.2).  This was 

particularly obvious in the range of petiole length, where shorter-petioled plants were 

eliminated over time. 

Both mean and maximum stem diameter increased over time in the Mt Barker 

population (Table 7.1a).  There was no change in mean internode length, although the 

range was reduced.  Year 3 and Year 16 population means from Nabawa remained the 
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same for both characters, although minimum stem diameter increased over time.  

There were no differences in variability between populations for stem diameter and 

internode length (Table 7.2). 

Both populations from Mt Barker had longer, but thinner peduncles on average than 

those from Nabawa (Table 7.1a).  Peduncle length increased over time at Mt Barker 

but there was no change in diameter.  However, the range for both characters 

decreased over time.  There were no changes over time for either mean peduncle 

length or thickness in the Nabawa mixture, although maximum peduncle diameter 

increased markedly.  Peduncles exhibited stronger geotropism in the Mt Barker 

populations than those from Nabawa (Table 7.1a).  Geotropism also increased over 

time at Mt Barker, but there were no trends either way at Nabawa.  There were no 

significant differences in variability between populations for any of the peduncle 

characters (Table 7.2). 

Although data from only one replicate of 40 plants was available for the Original 

mixture, it is apparent that means for each of the flowering time characters lay 

somewhere between those observed in the populations from Nabawa and Mt Barker.  

Ranges for each character in the Original mixture also encompassed much of the 

variability observed within each population, but were generally not as great.  This may 

be partly due to the smaller sample size. 

Mature plant characters 

The populations differed for both mean time to senescence and flowering duration 

(Table 7.1b).  The longer time to senescence of the Mt Barker populations was to be 

expected, due to their later DFF.  Mean flowering duration, however, was longer for the 

Nabawa populations, with the Nabawa Year 16 population having 30 days longer mean 

flowering duration than the Mt Barker Year 16 population.  There was no difference 

between the two Mt Barker populations for time to senescence or flowering duration 

and the range remained similar for both characters.  However, mean time to 

senescence and flowering duration of the Nabawa Year 16 population were both 

5 days greater than the Nabawa Year 3 population.  The range in time to senescence 

decreased from 94 days to 78 days at Nabawa, although the range in flowering 

duration remained similar.  The earliest senescing plants from Nabawa also tended to 

have the earliest DFF.  Loss of these types over time increased the minimum time to 

senescence and reduced the range. 
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The Mt Barker populations senesced later and had shorter flowering durations than the 

Original mixture.  Conversely, the Nabawa populations had a longer flowering duration 

than the Original mixture, while time to senescence was not different.  The range of the 

Original mixture for both characters encompassed much of the range encountered from 

both sites.  There were no population differences in variability for time to senescence 

(Table 7.2).  Both Nabawa populations were more uniform for flowering duration than 

the other populations (Table 7.2), but there were no trends towards uniformity at either 

site. 

There was a large range in each population for both length of the longest stem and 

plant weight (Table 7.1b).  There were no differences between populations for stem 

length mean or variability (Table 7.2).  As expected, plants from Mt Barker were much 

heavier on average than those from Nabawa.  They also weighed more than plants 

from the Original mixture, but there was no significant trend in mean plant weight over 

time at either site.  The Mt Barker population was more uniform for plant weight after 

3 years than the Original mixture, but uniformity did not increase further (Table 7.2).  In 

contrast, the Nabawa population had similar variability after 3 years to the Original 

mixture, but became more uniform over the ensuing 13 years. 

Seed characters 

There was a large range in seed production per plant in each population (Table 7.1b).  

Mt Barker plants produced more seed on average than plants from Nabawa and the 

Original mixture.  However, there were no trends over time in mean seed production at 

either site and there were no differences in variability (Table 7.2). 

Populations differed for mean harvest index (Table 7.1b) but not for variability 

(Table 7.2).  Mean harvest indices of the Year 3 populations were not different, but 

both were greater than the Original mixture.  However, harvest index declined over 

time at Mt Barker, but not at Nabawa.  Consequently, the Year 16 Mt Barker population 

had a lower mean harvest index than the Nabawa population.  The range in harvest 

index decreased in both mixtures, resulting mainly from a decrease in maximum 

values. 

Mean seed weight neither differed between sites, nor between the populations sampled 

in different years (Table 7.1b).  However, seed weights from both sites were greater 

than the Original mixture.  The range was greatest in the Original mixture and it was 

the only population to have plants with seed weights < 4.0 mg.  Seed weight did 

become more uniform at Nabawa, but not at Mt Barker (Table 7.2). 
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Both populations from Mt Barker had more seeds per burr on average than the Original 

mixture (Table 7.1b).  The Year 16 Nabawa population also had more seeds per burr 

than the Original mixture, but had less than the corresponding Mt Barker population 

(Table 7.1b).  There were no population differences in variability for seeds per burr 

(Table 7.2), although the range increased over time in plants from Mt Barker and 

decreased in those from Nabawa. 

There were relatively low means and large ranges in each population for the initial 

proportion of hardseeds (Table 7.1b).  The lower than expected values are most likely 

a reflection of the extended irrigation of plants during seed maturation.  Initial hardseed 

levels were significantly lower in the Nabawa populations than the Original mixture.  

The Year 16 Nabawa population also had significantly lower initial hardseed levels than 

the Year 16 Mt Barker population.  There were no significant trends over time for initial 

hardseededness in either mixture and there were no differences in variability 

(Table 7.2). 

The Nabawa populations were considerably more hardseeded after 16 weeks than the 

Mt Barker populations, while the Original mixture was intermediate to both sites 

(Table 7.1b).  All plants from Nabawa had some hard seeds remaining after 16 weeks, 

while no hard seeds remained in several plants from Mt Barker and the Original 

mixture.  There were no trends over time for mean hardseed levels at either site.  

Overall variability for hardseededness was considerable, with a mean coefficient of 

variation of 84.5 per cent (Table 7.2).  The Mt Barker populations were much more 

variable than the Nabawa populations, although there were no differences over time in 

variability at either site.  Variation in the Original mixture was intermediate to the 

Mt Barker and Nabawa populations and its range encompassed values from both sites. 

Relationships between plant attributes 

In Chapter 6, DFF strongly influenced the expression of many characters in strain 

mixture populations, when measured at the same locations as the mixture sites.  In this 

experiment, relationships with DFF are examined in a common garden.  Comparisons 

are made between the Mt Barker and Nabawa populations 16 years after sowing 

(Table 7.3).  Relationships between other important attributes are also discussed. 
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Table 7.3. Pearson correlation coefficients (r) and corresponding levels of significance (P) 
between days to first flowering and 25 characters in spaced plants measured at 
Shenton Park of bulk hybrid populations from Mt Barker and Nabawa 16 years after 
sowing 

Population 
Mt Barker Nabawa Attribute 

r Pc r Pc 
Plant diameter at 80 days -0.20 ** -0.18 * 
Leaf size at 80 days a -0.21 ** -0.30 *** 
Specific leaf weight  ns  ns 
Formononetinb -0.33 ***  ns 
Genisteina  ns  ns 
Biochanin Ab 0.28 ***  ns 
Total isoflavones 0.14 *  ns 
Leaf size at floweringa 0.38 *** 0.14 * 
Petiole length at flowering 0.34 *** 0.16 * 
Petiole diameter at floweringa 0.27 *** 0.25 *** 
Internode lengthb 0.40 ***  ns 
Stem diameter  ns 0.45 *** 
Peduncle length -0.15 * 0.23 *** 
Peduncle diameter 0.18 *  ns 
Peduncle angle 0.28 ***  ns 
Time to senescence 0.32 ***  ns 
Flowering duration -0.46 *** -0.46 *** 
Length of main stem -0.36 *** -0.19 ** 
Plant weightb  ns  ns 
Seed yielda  ns  ns 
Seed weight -0.14 * -0.27 *** 
Seeds per burr 0.24 ***  ns 
Harvest Index a  ns  ns 
Initial hardseed % 0.22 **  ns 
% hardseed after 16 weeks -0.35 *** 0.17 * 

a  Log transformed data. 
b  Square root transformed data. 
c  Significance levels:  * = P < 0.05;  ** = P < 0.01;  *** = P < 0.001;  ns = non-significant. 

As DFF increased, seedling leaf size and plant diameter decreased in both 

populations, but there was no effect on leaf thickness (Table 7.3).  Although 5.5 per 

cent of Nabawa plants had already commenced flowering 80 days after sowing, this 

had little impact on the relationship.  Seedling leaf size and plant diameter were highly 

correlated in both populations (r = 0.79, P < 0.001 at Mt Barker and r = 0.70, P < 0.001 

at Nabawa).  Larger leaves also tended to be thinner in both populations (r = -0.18, 

P < 0.05 at Mt Barker and r = -0.16, P < 0.05 at Nabawa). 
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Leaf size, petiole length and petiole diameter at flowering were correlated with each 

other in both populations (Table 7.4).  Each character was also correlated with DFF in 

both populations (Table 7.3). 

Table 7.4. Pearson correlation coefficients (r) for leaf size, petiole length and petiole diameter on 
the first flowering node in Year 16 bulk hybrid populations from Nabawa and Mt Barker.  
Mt Barker values are above the diagonal line and Nabawa values are below it 

  Mt Barker 

  Leaf size Petiole length Petiole diameter 
Leaf size  r = 0.59, *** r = 0.65, *** 

Petiole length r = 0.69, ***  r = 0.62, *** 

N
ab

aw
a 

Petiole diameter r = 0.57, *** r = 0.48, ***  

*  = P < 0.05;  ** = P < 0.01;  *** = P < 0.001;  ns = not significant. 

As stem diameter increased, internode length increased in the Nabawa population but 

decreased in the Mt Barker population (Table 7.5).  At Mt Barker, DFF was correlated 

with internode length but not stem diameter (Table 7.3).  In contrast, DFF was 

correlated with stem diameter but not internode length at Nabawa (Table 7.3). 

Table 7.5. Pearson correlation coefficients (r) and levels of significance for peduncle and stem 
characters at first flowering in Year 16 bulk hybrid populations from Nabawa and 
Mt Barker.  Mt Barker values are above the diagonal line, with Nabawa values below it 

  Mt Barker 

  Peduncle 
length 

Peduncle 
diameter Burial angle Stem 

diameter 
Internode 

length 
Peduncle length  ns ns ns r = 0.31, *** 
Peduncle diameter r = 0.22, **  r = 0.16, * r = 0.28, *** r = 0.17, * 
Burial angle ns ns  ns r = 0.34, *** 
Stem diameter r = 0.54, *** r = 0.33, *** ns  r = -0.15, * N

ab
aw

a 

Internode length r = 0.42, *** r = 0.37, *** r = 0.33, *** r = 0.15, *  

*  = P < 0.05;  ** = P < 0.01;  *** = P < 0.001;  ns = not significant. 

As DFF increased in the Mt Barker population, peduncles tended to become shorter 

and thicker, with greater geotropism (Table 7.3).  Here, peduncle length was not 

correlated with either peduncle diameter or burial angle, but thicker peduncles tended 

to be more geotropic (Table 7.5).  In contrast, as DFF increased in the Nabawa 

population, peduncles became longer but there were no trends in peduncle diameter or 

angle of burial (Table 7.3).  Here, peduncle length and diameter were correlated but 

angle of burial was not related to either character (Table 7.5). 
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There were relationships between most stem and peduncle characters in both 

populations (Table 7.5).  As internode length increased, peduncle length, diameter and 

angle of burial also increased.  Stem diameter was correlated with both peduncle 

diameter and length at Nabawa, but only with peduncle diameter at Mt Barker.  There 

was no relationship between stem diameter and burial angle at either site. 

Time to senescence and duration of flowering were strongly correlated in both 

populations (r = 0.69, P < 0.001 for Mt Barker and r = 0.88, P < 0.001 for Nabawa).  

Time to senescence was related to DFF in the Mt Barker population, but not the 

Nabawa population (Table 7.3).  Later flowering plants had a shorter flowering duration 

in both populations (Table 7.3). 

As DFF increased in both populations, stem length decreased but plant weight was not 

affected (Table 7.3), suggesting that plants became more compact.  Of interest were 

the correlations between stem length of mature plants with internode length between 

the 1st and 2nd flowering nodes (r = 0.27, P < 0.001 for Mt Barker plants and r = 0.31, 

P < 0.001 for Nabawa plants). 

Neither seed yield per plant nor harvest index was related to DFF in either population 

(Table 7.3).  Higher seed yield in both populations resulted from both larger seeds and 

higher seeds per burr (Table 7.6).  Later flowering plants tended to have smaller seeds 

in both populations (Table 7.3).  Seeds per burr was also higher in later flowering 

plants from Mt Barker, but not from Nabawa.  An increase in seeds per burr led to an 

increase in seed weight at Nabawa but a decrease in seed weight Mt Barker 

(Table 7.6). 

Table 7.6. Pearson correlation coefficients (r) for seed yield per plant, mean seed weight and 
seeds per burr in Year 16 bulk hybrid populations from Nabawa and Mt Barker.  
Mt Barker values are above the diagonal line and Nabawa values are below it 

  Mt Barker 

  Seed yield Seed weight Seeds per burr 
Seed yield  r = 0.16, * r = 0.28, *** 

Seed weight r = 0.20, **  r = -0.17, * 

N
ab

aw
a 

Seeds per burr r = 0.28, *** r = 0.18, **  

*  = P < 0.05;  ** = P < 0.01;  *** = P < 0.001. 

As duration of flowering increased, seed yield increased (r = 0.25, P < 0.001) in the 

Mt Barker population, but there was no effect on the Nabawa population.  Longer 

flowering duration in each population resulted in larger seeds (r = 0.18, P < 0.05 for 
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Mt Barker plants and r = 0.34, P < 0.001 for Nabawa plants) but there was no effect on 

seeds per burr. 

Nabawa plants generally had low initial hardseed levels and earlier flowering plants 

from Mt Barker tended to have lower initial hardseed levels than later flowering plants 

(Table 7.3).  These results may be a reflection of the late spring irrigation regime, in 

which continued watering of earlier maturing plants prevented full seed desication and 

complete development of hardseededness during seed maturation.  Hardseededness 

after 16 weeks increased with increasing DFF in the Nabawa population but decreased 

in the Mt Barker population (Table 7.3).  There were no relationships between 

hardseededness after 16 weeks and seed yield per plant or harvest index in either 

population.  High hardseededness was related to small seeds (r = -0.26, P < 0.01) at 

Mt Barker but there was no relationship at Nabawa. 

Surprisingly, relationships were found between DFF and isoflavone levels in the 

Mt Barker population (Table 7.3).  Here, as DFF increased, levels of formononetin 

declined but levels of both biochanin A and total isoflavones increased.  In contrast, 

there were no relationships between DFF and any of the isoflavones in the Nabawa 

population.  For both populations high levels of formononetin and of biochanin A were 

correlated with high total isoflavone levels (Table 7.7).  However, high levels of 

genistein were correlated with high total isoflavone levels in the Nabawa population but 

with low levels in the Mt Barker population. 

Table 7.7. Pearson correlation coefficients (r) and levels of significance (P) for individual 
isoflavone and total isoflavone contents in Year 16 bulk hybrid populations from 
Nabawa and Mt Barker 

 Mt Barker Nabawa 
 r Pa r P 

Formononetin 0.20 ** 0.33 *** 
Genistein -0.18 * 0.48 *** 
Biochanin A 0.79 *** 0.80 *** 

a  Significance levels:  * = P < 0.05;  ** = P < 0.01;  *** = P < 0.001. 

Multivariate analysis 

1. Principal components analysis 

Of the 26 attributes measured, 17 were included in a principal components analysis 

involving the Original mixture, the Year 3 and Year 16 populations from Nabawa and 

Mt Barker and nine selected strains (Trikkala, Dinninup, Woogenellup, Mt Barker, 

Denmark, Dalkeith, Geraldton and Nungarin and Northam-E).  These strains were 

selected on the basis of their success at either Mt Barker or Nabawa after 16 years in a 
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40-strain mixture (Chapter 3) or because they have been recommended for sowing in 

these districts.  The six attributes for which no significant differences were found in the 

ANOVAs (Tables 7.1a and 7.1b) were not included in the analysis.  Total isoflavone 

content was not included, as it largely reflected biochanin A content (Table 7.7).  Initial 

hardseed level and days to senescence were not included, due to the environmental 

effects of irrigation.  Only one replicate of plants from the Original mixture could be 

included in the analysis. 

Table 7.8. Latent vectors (loadings) from principal component analysis of 17 attributes in bulk 
hybrid populations from Mt Barker and Nabawa 3 and 16 years after sowing, combined 
with those from the Original mixture and nine selected varieties 

Principal component 
Attribute 

1 2 3 4 5 
Biochanin Ab -0.066 0.049 0.163 0.557 0.654 
Flowering time -0.321 0.251 0.055 0.016 -0.082 
Leaf size at floweringa -0.343 -0.022 -0.062 -0.016 -0.043 
Petiole length at flowering -0.336 -0.037 -0.046 -0.003 0.020 
Petiole diameter at floweringa -0.322 -0.075 -0.095 0.044 -0.058 
Internode lengthb -0.307 0.053 0.026 0.041 0.080 
Stem diameter -0.189 -0.319 -0.334 0.170 -0.248 
Peduncle length -0.214 -0.111 -0.109 0.035 -0.259 
Peduncle diameter 0.005 -0.394 -0.169 0.602 -0.158 
Peduncle angle -0.252 0.124 0.090 -0.088 0.172 
Flowering duration 0.242 -0.412 -0.032 -0.098 0.188 
Plant weightb -0.311 -0.211 0.000 -0.144 0.096 
Seed yielda -0.216 -0.363 0.463 -0.103 -0.132 
Harvest index a 0.124 -0.129 0.664 0.063 -0.339 
Seed weight -0.023 -0.498 -0.052 -0.424 0.417 
Seeds per burr -0.163 -0.055 0.368 0.181 0.128 
% hardseed after 16 weeks 0.274 -0.158 -0.034 0.166 -0.055 
Per cent variance 44.0 9.8 8.0 6.4 5.8 

a  Log transformed data. 
b  Square root transformed data. 

The first five principal components (PCs) contained 74.0 per cent of the total variation, 

with the first principal component (PC1) contributing 44 per cent.  Loadings or latent 

vectors are shown in Table 7.8.  High values of PC1 were associated with early 

flowering, small leaves with short and thin petioles, short internode lengths and low 

plant weight at flowering, and to a lesser extent long flowering duration, high 

hardseededness, short peduncles with an obtuse angle to the stem and low seed yield 

per plant.  High values of PC2 were associated with low seed weight, short flowering 

duration, thin peduncles and stems, low seed yield per plant and late flowering.  High 

PC3 values were associated with high values for harvest index, seed yield and burr 

fecundity; high PC4 with thick peduncles, high biochanin A content and low seed 
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weight; and high PC5 with high biochanin A content, high seed weight and low harvest 

index. 
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Figure 7.4. Mean and standard errors of Mt Barker and Nabawa bulk hybrid populations 3 and 
16 years after sowing, the Original mixture and nine selected varieties plotted against 
Principal Components 1 and 2.  The eigenvectors with greatest influence are also 
plotted, with length indicating relative importance. The eigenvector for leaf area at 
flowering was almost identical to that for petiole length at flowering and is not plotted 

A plot of PC1 against PC2 readily separated the Nabawa populations from the Mt 

Barker populations, which in turn were separated from the Original mixture (Figure 7.4).  

Within sites, the two Mt Barker populations were separable on the basis of PC1 but not 

PC2, while the Nabawa populations were separable on the basis of PC2 but not PC1.  

In both cases, the Year 16 populations were further away from the Original mixture 

than the corresponding Year 3 populations.  PC1 also separated out the strains that 

have performed well or been recommended at Mt Barker, from those that have 

performed well or been recommended at Nabawa.  The higher standard error for the 

strains is attributable to a much smaller plant sample. 
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2. Cluster analysis 

A hierarchical cluster analysis of the same 17 attributes used in the principal 

component analysis yielded 13 clusters at the 95 per cent similarity level (Figure 7.5).  

It was quite successful at grouping plants derived from either site but was not able to 

distinguish between Year 3 and Year 16 populations.  The composition of each cluster 

is shown in Table 7.9. 

Similarity level (%)

Cluster

 
Figure 7.5. Cluster diagram derived from hierarchical cluster analysis of 17 attributes in bulk 

hybrid populations from Mt Barker and Nabawa 3 and 16 years after sowing, 
combined with those from the Original mixture and nine selected varieties 

Two clusters contained the majority of plants.  Cluster 8 contained 49.6 per cent of all 

plants.  It could be regarded as the ‘typical’ cluster of plants from Nabawa, comprising 

94 per cent of all Nabawa Year 3 plants and 95 per cent of all Nabawa Year 16 plants.  

It also included all plants of the strains Dalkeith, Geraldton, Northam-E and Nungarin.  

Cluster 3 contained 40.6 per cent of all plants and could be regarded as the ‘typical’ 

cluster of plants from Mt Barker.  It comprised 78 per cent of all Mt Barker Year 3 plants 

and 85 per cent of all Mt Barker Year 16 plants, along with all plants of Trikkala, 

Woogenellup and Denmark, 75 per cent of cv. Mt Barker plants and 33 per cent of 
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Dinninup plants.  Of note was the high proportion and almost equal split of plants from 

the Original mixture into Clusters 3 and 8. 

Table 7.9. Per cent of each population in clusters from hierarchical cluster analysis of 17 
attributes of bulk hybrid populations from Mt Barker and Nabawa 3 and 16 years after 
sowing, along with the Original mixture and nine selected varieties 

Cluster No. of 
plants Population 

1 2 3 4 5 6 7 8 9 10 11 12 13  
Mt Barker Year 3 7 1 78 1 4 2  8   1   186 

Mt Barker Year 16 7  85 1 3 1 1 2 1  1   191 

Nabawa Year 3 1       94 2  1 2 1 186 

Nabawa Year 16 1       95 2 1 1  1 197 

Original mixture 6  44  3   47      32 

Variety               

Dinninup   33      67     3 

Trikkala   100           3 

Woogenellup   100           3 

Mt Barker 25  75           4 

Denmark   100           3 

Dalkeith        100      3 

Geraldton        100      2 

Northam-E        100      4 

Nungarin        100      4 

No. of plants 34 1 334 2 14 5 1 407 10 2 4 3 4 821 

Cluster analysis was also quite successful in grouping plants of ssp. yanninicum.  Of 

the 20 ssp. yanninicum plants, 45 per cent were found in Cluster 5, with 50 per cent in 

Cluster 3 and one plant in Cluster 4.  Cluster 5 in fact was comprised mostly of ssp. 

yanninicum (64%).  Cluster 1 was the third largest cluster and comprised 7 per cent of 

all plants from Mt Barker, 1 per cent of all plants from Nabawa, 6 per cent of the 

Original mixture and 25 per cent of cv. Mt Barker plants.  Clusters 9 and 11 similarly 

were not site-specific.  Of note in Cluster 9 was the inclusion of 67 per cent of the 

Dinninup plants.  Clusters 10, 12 and 13 contained low proportions of plants from 

Nabawa, while Clusters 4 and 6 contained low proportions of plants from Mt Barker.  

Finally, Clusters 2 and 7 each contained a single plant from Mt Barker. 

Analyses of variance between the 13 clusters gave highly significant differences for 

each of the 17 attributes (Table 7.10).  Least significant differences were calculated 

individually for each pair-wise comparison, but are not shown.  The comparison of most 

interest was between Cluster 3, to which most plants from Mt Barker belonged, and 

Cluster 8, to which most plants from Nabawa belonged.  Here, Cluster 3 was later 

flowering with a shorter flowering duration, had larger leaves with longer, thicker 
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petioles at flowering, longer internodes, thicker stems, longer and thicker peduncles 

with steeper angle of burr burial, bigger plants with higher seed yields, smaller seeds 

with lower hardseededness, more seeds per burr, lower harvest index and higher 

levels of biochanin A than Cluster 8. 

Table 7.10. Mean and standard errors of 17 attributes measured on clusters derived from a 
hierarchical cluster analysis of bulk hybrid populations from Mt Barker and Nabawa 
after 3 and 16 years, the Original mixture and nine selected varieties.  Significance 
levels (P) from Analyses of Variance between clusters are shown 

Cluster 
Attribute  

1 2 3 4 5 6 7 8 9 10 11 12 13 
Pc 

Biochanin Ab Mean 1.27 1.78 1.32 1.15 1.08 1.44 1.36 1.23 1.48 1.35 1.14 0.99 1.28 ** 
 SE 0.063  0.021 0.237 0.103 0.146  0.014 0.123 0.065 0.111 0.082 0.205  

Flowering Mean 125 125 132 118 104 123 132 88 102 88 113 65 88 *** 
time SE 1.9  0.5 2.5 2.0 3.2  0.4 3.8 3.0 13.3 2.6 4.0  

Leaf size Mean 0.8 0.8 1.0 1.3 0.9 0.9 1.4 0.6 0.9 0.7 0.5 0.5 0.2 *** 
at floweringa SE 0.03  0.09 0.15 0.04 0.04  0.01 0.03 0.00 0.10 0.03 0.03  

Petiole Mean 108 102 151 148 142 124 176 85 126 119 66 48 50 *** 
length at 
flowering SE 3.7  1.6 0.5 7.0 9.1  0.9 6.4 8.0 12.3 2.9 5.0  

Petiole Mean 0.35 0.33 0.41 0.52 0.40 0.38 0.45 0.33 0.38 0.36 0.30 0.28 0.28 *** 
diameter at 
floweringa SE 0.007  0.002 0.049 0.010 0.011  0.001 0.009 0.027 0.019 0.010 0.008  

Internode Mean 7.0 8.5 7.9 8.3 6.4 8.1 8.5 5.7 6.1 7.8 5.7 5.7 4.4 *** 
lengthb SE 0.18  0.05 0.24 0.24 0.32  0.05 0.45 0.35 0.07 0.28 0.31  

Stem Mean 2.5 2.2 2.7 2.8 2.9 2.4 3.1 2.5 3.1 2.5 2.2 1.7 1.8 *** 
diameter SE 0.06  0.02 0.13 0.06 0.10  0.01 0.08 0.02 0.14 0.04 0.06  

Peduncle Mean 55 87 64 102 73 92 66 51 59 58 43 44 36 *** 
length SE 2.1  0.7 13.5 5.0 4.9  0.6 3.4 3.0 4.9 5.8 2.0  

Peduncle Mean 1.16 1.15 1.21 1.43 1.11 1.11 1.23 1.25 1.27 2.53 1.19 1.22 1.13 *** 
diameter SE 0.019  0.007 0.055 0.025 0.050  0.007 0.048 0.030 0.099 0.047 0.060  

Peduncle Mean 43 34 49 40 44 47 55 35 37 37 35 53 25 *** 
angle SE 2.0  0.5 8.5 2.1 5.2  0.4 1.3 1.0 1.9 6.7 2.9  

Flowering Mean 84 79 91 95 115 91 106 119 112 130 65 78 117 *** 
duration SE 2.7  0.7 11.0 2.4 3.2  0.6 4.5 9.5 5.8 7.0 3.1  

Plant Mean 12.4 5.1 17.8 15.8 16.7 17.6 23.7 11.0 15.8 12.6 3.1 0.9 2.1 *** 
weightb SE 0.51  0.18 0.89 0.81 1.67  0.16 1.04 0.93 0.92 0.10 0.97  

Seed Mean 1.1 0.8 1.4 1.3 1.5 1.3 0.9 1.1 0.9 1.3 0.5 0.2 0.4 *** 
yielda SE 0.31  0.02 0.26 0.08 0.06  0.01 0.05 0.02 0.13 0.04 0.15  

Harvest Mean 0.9 1.2 0.9 0.9 1.0 0.9 0.4 1.0 0.6 1.1 1.3 1.5 1.5 *** 
index a SE 0.03  0.01 0.18 0.06 0.08  0.01 0.06 0.04 0.08 0.15 0.09  

Seed Mean 7.8 5.0 9.5 9.3 13.0 7.9 11.4 9.8 9.0 11.4 6.9 6.1 6.9 *** 
weight SE 0.30  0.09 0.25 0.42 0.72  0.07 0.48 1.45 0.47 0.38 1.08  

Seeds per Mean 3.5 4.1 3.6 3.9 3.0 3.9 1.3 3.3 3.5 3.6 3.1 2.9 2.9 *** 
burr SE 0.08  0.03 0.44 0.09 0.12  0.02 0.13 0.31 0.32 0.37 0.18  

% hardseed Mean 19.2 26.0 5.4 0.6 6.3 54.2 0.0 40.0 22.1 46.0 16.5 48.1 38.2 *** 
after 16 wks SE 2.94  0.41 0.55 2.20 5.16  0.72 3.50 2.65 5.03 9.92 4.86  

No. of plants  34 1 334 2 14 5 1 407 10 2 4 3 4  
a  Log transformed data. 
b  Square root transformed data. 
c  Significance levels:  ** = P < 0.01;  *** = P < 0.001. 

Cluster 4, with one plant each from both Mt Barker populations, was the most closely 

related to Cluster 3 (Figure 7.5).  It differed from Cluster 3 in being earlier flowering and 
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having thicker petioles, longer peduncles, smaller plants and softer seeds.  Cluster 9, 

the most similar to Cluster 8 and comprised mainly of plants from Nabawa, was later 

flowering and had larger leaves with longer and thicker petioles at flowering, thicker 

stems, longer peduncles, larger plants, lower seed yield and harvest index and softer 

seeds than Cluster 8. 

Discussion 

Evolution in bulk hybrid mixtures 
No bulk hybrid studies have previously been conducted with subterranean clover.  This 

experiment shows that from the one highly variable population, two quite different 

populations evolved over 16 years at the two experimental sites.  Furthermore, most of 

this evolution occurred within just three seasons.  Had it been possible to use seed 

from the first two seasons, it is likely that even more rapid divergence would have been 

observed.  Rapid changes in population composition were also observed in the strain 

mixture populations discussed in Chapters 3 and 4 and in the studies of Morley et al. 

(1962), Rossiter (1966b) and Dear et al. (2001).  Directional change occurred in most 

characters and there was a trend at both sites towards greater uniformity over time.  

Allard (1988) also noted these effects over 60 generations in the barley bulk hybrid, 

Composite Cross II (CCII). 

The mechanism for evolution in the subterranean clover bulk hybrid populations can be 

postulated.  Segregation in the early generations rapidly eliminated the most poorly 

adapted plants.  As selfing continued, gene structures comprising favourable alleles 

developed across all loci in the genome.  This is the 'super gene' effect (Allard 1975) 

found in predominantly self-pollinated species, in which continued selfing causes all 

loci, including loci on different chromosomes, to behave as if they are closely linked.  In 

this way favourable gene combinations were conserved and passed on to successive 

generations.  Natural selection for one character could also have influenced selection 

of other characters when the alleles controlling their phenotypes were either linked or 

had pleiotropic effects (Bradshaw 1991). 

After several generations of selfing, competition then occurred between predominantly 

homozygous genotypes, in a similar manner to that in homozygous strain mixtures.  

However, in this case, there were vastly more genotypes with more complex 

competitive interactions.  It is highly likely that evolution was still continuing after 16 

generations in this study.  Indeed, Allard (1988) suggests that evolution was continuing 

after 60 generations in barley CCII. 
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Some of the evolutionary trends measured in this experiment differed between those 

measured in the corresponding strain mixture populations in Chapters 5 and 6 and the 

studies of Rossiter (1966b, 1977), Cocks et al. (1982) and Cocks (1992a).  However, it 

can be argued on two grounds that the bulk hybrid populations are likely to provide 

much more precise information on the attributes for success than the mixture 

populations used in these studies.  Firstly, the ancestral bulk hybrid populations had 

vastly greater genetic variation upon which natural selection could act.  Here, every 

seed in the ancestral population was a different genotype, compared to the above 

mixture studies, which had less than 52 genotypes.  Secondly, segregation in the bulk 

hybrid populations gave them a vastly greater capacity for generation and fixation of 

novel genotypes with improved adaptation. 

Selection for flowering time 
Ehrman and Cocks (1996) suggest that flowering time is the most responsive to 

environmental change of all the reproductive strategies practiced by mediterranean 

annual plants.  The results of this study confirm the findings of Chapter 6 that 

appropriate flowering time is fundamental for success of subterranean clover in any 

given environment.  At the short growing season site of Nabawa, there was strong 

selection pressure for early flowering genotypes, whereas midseason and late 

flowering genotypes were favoured in the longer growing season environment of Mt 

Barker.  Correlations between length of growing season and flowering time in 

subterranean clover have also been shown by Morley et al. (1962), Gladstones (1966), 

Piano (1984), Cocks (1992a), Piano et al. (1993, 1996), Dear et al. (2001) and Pecetti 

et al. (2002).  This relationship has also been shown in a range of Syrian annual 

legume ecotypes (Ehrman and Cocks 1996), in Ornithopus compressus (Loi et al. 

1999) and in Trifolium glomeratum (Woodward and Morley 1974; Smith et al. 1995; 

Bennett 1997). 

The timing of flowering is of crucial importance.  For successful reproduction, the plant 

needs to remain vegetative for long enough to maximise accumulation of biomass, 

while still enabling it to produce seeds prior to the onset of the summer drought.  Thus, 

plants from short growing season environments tend to flower earlier than those from 

long growing season environments.  Cohen (1976) suggests that species from more 

arid environments should also have a longer flowering period than those from more 

favourable environments.  In this study plants from Nabawa did have a longer flowering 

period than those from Mt Barker.  Furthermore, selection for longer flowering duration 

continued from Year 3 at Nabawa.  It should be noted, however, that plants from 
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Nabawa experienced milder temperatures during seed maturation at Shenton Park 

than the later flowering Mt Barker plants, which may have confounded flowering 

duration comparisons. 

Selection for competitive ability in a high rainfall environment 
At Mt Barker it was evident that evolution proceeded towards greater competitiveness 

for light.  Here, selection favoured large leaves with long and thick petioles in spring.  

Of these characters, it is likely that petiole length was the most important.  In Chapters 

5 and 6 it was concluded that long petioles were important for success at Mt Barker 

once canopy closure has occurred, through their ability to 'over-top' (Rossiter and Pack 

1972) shorter-petioled plants.  In this process tall plants intercept most of the incident 

light and shade out shorter plants.  This phenomenon has also been shown by Black 

(1958, 1960), Black and Wilkinson (1963), Rossiter and Pack (1972), Rossiter (1974), 

Burch and Andrews (1976) and Hill and Gleeson (1991).  These results, however, 

conflict with those of Cocks et al. (1982), who concluded that petiole length in spring 

was unimportant for success in a high rainfall environment. 

In the short growing season environment of Nabawa, there was no such selection for 

increased petiole length, petiole diameter or leaf size at flowering.  This is consistent 

with observations in Chapter 5 in which sward height in spring was not related to 

success at Nabawa.  Rossiter (1966b) and Cocks (1992a) also concluded that petiole 

length in spring was not important for success in medium rainfall environments, 

although Rossiter (1977) subsequently suggested that over-topping was likely to be 

important.  These results contrast with those in Chapter 6, where large leaves at 

flowering, with long, thick petioles of spaced plants at Nabawa were related to success 

in strain mixtures.  However, this was subsequently shown to be due to the negative 

correlation between these characters and DFF, caused by the effects of moisture 

stress on midseason and late flowering strains.  In this study, no late flowering 

genotypes remained in the Nabawa populations as they were rapidly eliminated. 

Why was over-topping more important at Mt Barker than Nabawa?  It is most likely 

attributable to stronger competition for light in spring at the longer growing season site.  

The higher seed banks at Mt Barker presumably resulted in higher plant densities.  

This, coupled with the longer time period for plant growth, would have resulted in a 

much more competitive environment at Mt Barker.  Bennett (1997) also found plants of 

Trifolium glomeratum from a high rainfall site had longer petioles than those from a low 

rainfall site. 
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The importance of petiole length at Mt Barker may have been reduced had high 

stocking rates been maintained, particularly in spring.  Different defoliation regimes 

affect competitive relations by modifying the light environment in the sward (Black 

1963; Williams 1963; Rossiter 1976; Rossiter and Collins 1980; Collins et al. 1983).  

Under high stocking rates, over-topping effects are reduced (Rossiter 1966b; Rossiter 

and Pack 1972).  In this experiment stocking rates were low to moderate during the 

growing season.  Under such conditions, Black’s (1963) results suggest that long-

petioled genotypes should still over-top shorter-petioled ones. 

The strong correlation between petiole length and diameter in both populations in this 

study, as well as in the strain mixture study of Chapter 6, point to a direct anatomical 

relationship between the two traits.  Of these, it is likely that petiole length is the more 

important ecologically, with petiole diameter adjusting accordingly to provide structural 

support.  The correlations between leaf size and both petiole length and diameter at 

flowering in the two evolved populations have also been observed by Gladstones 

(1967) and Pecetti and Piano (1998), who both suggested the two characters were 

anatomically related.  Bennett (1997) also found the same relationship in Trifolium 

glomeratum.  The results of this experiment, however, suggest that evolution tends 

towards a leaf size commensurate with petiole size. 

Selection for persistence in a low rainfall environment 
Evolution at Nabawa suggests a trend towards factors leading to greater persistence, 

particularly seed production and hardseededness.  Although plants from Mt Barker had 

higher seed yields, the higher harvest index and longer flowering duration of plants 

from Nabawa suggests a much greater proportion of plant resources was devoted to 

seed production.  However, even at Mt Barker there was some directional selection for 

increased seed production over the Original mixture.  This change was unrelated to 

increased DFF, as may have been expected from the studies of Donald and Neal-

Smith (1937) and Rossiter (1959).  Allard (1988) also described directional change 

towards higher reproductive capacity in barley CCII. 

Some caution must be taken in extrapolating seed production from single plants to that 

in swards.  Rossiter (1959) showed an inverse relationship between seed production 

from single plants and swards in a medium rainfall environment.  However, in his study 

the range of flowering times was very large and seed production was curtailed in 

swards of the later maturing strains.  The much smaller DFF range and the 

independence of yield and DFF in the Mt Barker and Nabawa populations in this study 
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suggests that an inverse relationship between single plant and sward yields may not 

hold. 

Hardseededness 

Hardseededness was very important at Nabawa, while soft-seededness was important 

at Mt Barker.  This is consistent with the findings of Chapter 5.  Several other studies 

(Gladstones 1967; Taylor and Rossiter 1967; Cocks et al. 1982; Piano 1984; Piano 

et al. 1993; 1996; Lodge 1994) also showed hardseededness in subterranean clover to 

be important in harsh environments.  Ehrman and Cocks (1996) also showed this for a 

range of Syrian annual legumes, although Norman et al. (2002a) found no such 

relationship.  Norman et al. (2002b), however, were able to demonstrate evolutionary 

shifts in hardseededness of Syrian annual legumes in response to changed 

management practices.  In their study, higher hardseededness was also favoured 

under less favourable environmental conditions. 

The advantage of hardseededness in the relatively risky environment of Nabawa can 

be attributed to risk aversion, whereby the risk of germination is spread over several 

seasons.  Here, some of the seed produced in favourable years, is conserved to 

counteract seed losses or lack of seed production in less favourable years. 

There are two reasons why high hardseededness is disadvantageous at Mt Barker.  

Firstly, rates of seed softening are likely to be much slower than in the harsher summer 

environment of Nabawa.  Evans and Hall (1995) and Evans and Smith (1999) showed 

that genotypes considered soft-seeded in warm environments soften relatively slowly in 

cooler environments.  A higher level of residual dry matter on the surface over summer 

at Mt Barker, resulting from greater herbage production, will also reduce the rate of 

softening due to its insulating effect (Quinlivan 1965; Lodge et al. 1990).  Secondly, the 

conditions for germination are likely to be favourable in most seasons at Mt Barker.  

Thus, high hardseededness would confer an ecological disadvantage, as it precludes 

germination under such conditions.  Nevertheless, a small degree of hardseededness 

would appear to be desirable, as there is still some risk of seed bank decline through 

false breaks and spring drought. 

It is important to note that the populations at both sites were only cropped once in the 

16-year conduct of this trial.  Cocks (1992b) showed the selective advantage of high 

hardseededness in annual medic mixtures for persistence in cropping rotations.  Had a 

greater frequency of cropping been employed here, the importance of hardseededness 

at both sites is likely to have been much greater. 
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The pattern of seed softening over the summer-autumn period was not studied in this 

experiment.  However, Chapman and Asseng (2001) have shown that false breaks in 

the Western Australian wheatbelt occur in 61-72 per cent of years and that the period 

of greatest risk is during early autumn.  It is, therefore, likely that plants with delayed 

seed softening would have a selective advantage at Nabawa.  On the other hand, at 

Mt Barker germinating rains occur earlier in the season and the frequency of false 

breaks is lower.  In this environment, markedly delayed seed softening may be 

disadvantageous as plants are unable to rapidly establish high seedling densities 

following early breaks to the season.  Evans and Smith (1999), however, have shown 

that some delay in seed softening is advantageous in favourable environments. 

Other factors important for success 

Burr burial ability 

Strong burr burial has been cited by several authors as being important for success of 

subterranean clover (Aitken 1939; Yates 1957, 1958; Collins et al. 1976; Bolland and 

Collins 1986).  Barley and England (1970) and Francis et al. (1972) suggest that 

strong, rigid peduncles are required for good burr burial.  Cocks (1992a) found no 

directional selection for peduncle length in a population of divergent subterranean 

clover strains, although long peduncles were associated with persistence under grazing 

among annual medic species (Cocks 1992b).  Directional change for peduncle 

characters also occurred in this experiment.  At Nabawa, selection for thicker 

peduncles, with no change in length, presumably resulted in stronger peduncles with a 

better ability to penetrate the soil.  This supports previous findings that successful 

strains in the strain mixture experiment at Nabawa had thick peduncles (Chapter 6) and 

also had strong burial (Chapter 5). 

At Mt Barker, selection for increased peduncle length, without a corresponding 

increase in diameter, presumably resulted in weaker, less rigid peduncles with a poorer 

ability to bury burrs.  Although neither character was correlated with strain success at 

Mt Barker (Chapter 6), successful strains had weak burr burial (Chapter 5).  

Gladstones (1985) also suggests that strains with fine, long peduncles tend to be weak 

buriers. 

The reason why long peduncles should offer an advantage at Mt Barker but not 

Nabawa is not readily apparent.  Cocks (1992b) found that long peduncles were 

important for annual medic persistence, and suggested they allowed flower placement 

above the canopy for photosynthesis by pods during their development.  This is clearly 



CHAPTER 7 

 

232 Phil Nichols 

not the case in subterranean clover where fruits are buried.  One possible explanation 

may be attributable to the higher plant and stem densities at Mt Barker.  Presumably 

long, thin peduncles would be better able to bend and twist to find bare ground for 

burial than shorter, more robust ones.  Such an adaptation has been taken to an 

extreme form in members of ssp. brachycalycinum, which have long, thin sarmentous 

peduncles that meander until they find cracks in the soil or gaps under stones suitable 

for burr development (Katznelson and Morley 1965b; Katznelson 1974). 

Strong peduncle geotropism has been suggested as being important for burr burial 

(Barley and England 1970; Francis et al. 1972; Gladstones 1985).  The results of this 

experiment, however, do not support this contention.  If it was so, geotropism should 

have been stronger in plants from Nabawa, as strong burial was shown in Chapter 5 to 

be important for success at that site.  Rather, the converse was found, with no 

selection for geotropism at Nabawa.  Furthermore, there was strong selection pressure 

for increased geotropism at Mt Barker, where success was related to weak burial 

(Chapter 5).  The reason why geotropism was stronger at Mt Barker is not clear.  

Perhaps it is simply related to the effects of gravity, whereby the longer, less rigid 

peduncles at Mt Barker were pulled downwards more readily by the weight of the 

developing burrs. 

The correlations between stem diameter and peduncle diameter and between 

internode length and peduncle length in both Year 16 populations imply an anatomical 

relationship.  Barley and England (1970) suggest that strong stems aid burr burial, 

through their ability to resist the upward force exerted by developing burrs.  These 

results support this contention.  At Nabawa, where strong burial was shown to be 

important (Chapter 5), the tendency for thick, relatively short and rigid (presumably 

strong) peduncles was matched by thick stems with short internodes, both of which 

would contribute to stem rigidity.  The correlation between peduncle geotropism and 

internode length in both populations also suggests an anatomical relationship. 

Isoflavones 

An important finding in this experiment was the lack of selection pressure towards high 

levels of formononetin at either site.  Neither of the Year 16 populations could be 

considered as oestrogenic, with both populations having levels close to 0.20 per cent of 

dry matter, a level considered safe for clover disease (Collins and Cox 1984).  There 

has been much speculation (Nicholas 1972; Rossiter 1974, 1978; Quinlivan and 

Francis 1977; Cocks et al. 1982; Dunlop and Thorn 1984) that selective grazing against 
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some high formononetin strains is attributable to high formononetin content conferring 

unpalatability.  However, the results of both this experiment and the strain mixture trial 

in Chapter 6 suggest that high formononetin content is not important for success. 

Genistein content similarly was not of evolutionary importance at either site, confirming 

the results of Chapter 6.  These results, however, contrast with those of Cocks (1992a), 

who found a trend towards higher genistein content, and with those of Cocks et al. 

(1982), who found that successful ssp. subterraneum strains had low genistein content. 

On the other hand, high biochanin A content was important for success at both sites.  

Cocks et al. (1982) also found that successful ssp. subterraneum strains had high 

biochanin A content.  This contrasts, however, with Chapter 6 and the study of Cocks 

(1992a) which found no directional selection for biochanin A.  The reasons for these 

discrepancies are unclear but the shift from the Original population was rapid at both 

sites after just three years, with continued selection towards higher levels at Mt Barker.  

This study adds support to the suggestion that biochanin A has phytoalexin activity.  

This isoflavone has recently been implicated in conferring tolerance to redlegged earth 

mites (Wang et al. 1998a, 1998b, 1999), the most important pest of subterranean 

clover (Ridsdill-Smith and Nichols 1998).  That these pests are of greater significance 

in the milder climate of Mt Barker than at Nabawa (Ridsdill-Smith pers. comm.), may 

explain why selection for high biochanin A content was even stronger in the Mt Barker 

population. 

An unexpected finding was the relationships between DFF and both formononetin and 

biochanin A at Mt Barker.  This is in contrast to the results of Chapter 6, where no such 

relationships were found.  No plausible ecological explanation can be offered for this. 

Seed yield components 

Directional selection for increased seed size and more seeds per burr conferred an 

ecological advantage at both sites by increasing seed yield per plant.  Selection for 

increased grain yield through heavier spikes and more seeds per spike also occurred in 

barley bulk hybrid CC II (Allard 1988).  The higher number of seeds per burr after 

16 years at Mt Barker suggests this component was more important than at Nabawa. 

There is conflicting evidence from other studies on the importance of seeds per burr.  It 

was correlated with long-term success at Nabawa only in a 40-strain mixture and with 

short-term success at both sites in a 52-strain mixture (Chapter 5).  Lodge (1994) also 

found directional selection towards more seeds per burr, while Cocks (1992a) found it 

to have no evolutionary significance.  Cocks (1992b) also found it to have little 
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importance for persistence of annual medics.  Piano et al. (1996) found no relationship 

between seeds per burr and aridity of collection sites among Sardinian ecotypes, while 

both Ehrman and Cocks (1996) and Bennett (1997) found higher seed to pod ratios in 

annual legume populations from arid environments.  In this study, however, selection 

from a highly diverse ancestral population clearly favoured higher seeds per burr in 

both environments. 

Evolution towards higher seed weight at both sites was in contrast to the findings of 

Chapter 5, which found no relationships between seed weight and success.  The 

results of other studies have no clear pattern.  Cocks (1992a) and Lodge (1994) 

similarly found selection favoured higher seed weights, while Cocks et al. (1982) found 

successful ssp. subterraneum strains tended to have small seeds.  Rossiter (1966b), 

on the other hand, found no evidence that seed size had any effect on success.  Piano 

et al. (1996) found a correlation between seed size and growing season length of 

collection sites among Italian subterranean clover ecotypes.  Bennett (1997) found the 

opposite trend among Trifolium glomeratum populations, while Ehrman and Cocks 

(1996) found no consistent relationships between seed size and aridity of collection 

sites in Syrian annual legumes. 

What advantages would large seed size convey? Baker (1972) and Gross (1984) 

suggest that the larger seedlings from larger seeds are more capable of rapid root 

development, thereby reducing exposure to the risk of drought soon after 

establishment.  An alternative explanation posed by Norman et al. (1998) is that larger 

seeds germinate more slowly, thereby reducing the chance of germinating with 

unseasonal rainfall.  Young seedling characters were not measured in this experiment 

and so definite conclusions cannot be drawn.  However, both these scenarios suggest 

that larger seeds would be more advantageous in the risky environment of Nabawa.  

The results of this study, however, suggest that seedling establishment in the relatively 

favourable environment of Mt Barker is also favoured by large seeds.  Clearly the issue 

of seed size needs further research. 

Early growth characters 

The finding that seedling characters were not of evolutionary significance at either site 

mostly conforms with Chapter 6.  In neither study was maximum leaf size and specific 

leaf weight of young plants important for success.  However, in Chapter 6 successful 

strains at Mt Barker tended to have short seedling petioles.  Cocks et al. (1982) also 

found that successful ssp. subterraneum strains tended to have small seedlings and 
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suggested this may confer an advantage under grazed conditions by escaping 

herbivory.  Seedling characters were measured after 11 weeks of growth in this study, 

compared to 8 weeks in Chapter 6 and the study of Cocks et al. (1982).  It is, therefore, 

possible that selection favoured short petioles in very young seedlings in this 

experiment, but this factor became less important as seedlings matured. 

The negative relationship between seedling leaf size and DFF in this study was also 

found in the strain mixture populations at Nabawa and Mt Barker (Chapter 6) and by 

Pecetti and Piano (1998).  An ecological explanation for this is not readily apparent. 

The selection for greater uniformity of seedling diameter and leaf size suggests there is 

an optimal range for these plant characters at both sites.  Black (1963), Rossiter (1976) 

and Rossiter and Collins (1980) showed an inverse relationship between petiole length 

and rate of recovery following defoliation among a range of strains during the 

vegetative phase.  Thus the largest seedlings may be more readily grazed out.  On the 

other hand, the smallest seedlings may be subject to over-topping by larger plants, as 

shown by Black (1960, 1961).  The continued reduction in variability for plant diameter 

at Nabawa implies the balance between these factors was more fine-tuned at this site. 

Stem characters 

The finding in this study that stems were thicker and internodes were longer at 

Mt Barker than Nabawa contrasts with results from Chapter 6.  In that study successful 

strains had thick stems at both sites and long internodes were only important at 

Nabawa.  However, both characters were linked to DFF at Nabawa with later flowering 

strains responding to spring drought conditions by decreasing stem diameter and 

shortening internodes.  In the only other study in which stem characters have been 

measured, Cocks (1992a) also found selection favoured long internodes.  It was 

suggested in Chapter 6 that long internodes may have ecological significance by 

allowing greater dispersal away from the mother plant into the surrounding pasture.  If 

this is so, it is apparently more pronounced in longer growing season areas presumably 

because plant competition is higher. 

Other factors 

Rossiter (1977) lists 34 plant characteristics that may have some role in determining 

success of subterranean clover.  Characters listed by him that have not been 

measured in this experiment include rates of flowering and seed development, embryo 

dormancy and over-summer seed softening patterns, winter growth rate, grazing 
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tolerance and palatability, tolerances to drought, low nutrient supply, waterlogging and 

frost and resistance to pests and diseases. 

Substitutability of reproductive traits 
The overall reproductive strategy used by a plant is a combination of several individual 

strategies.  Theoretical (Venable and Brown 1988) and field studies (Ehrman and 

Cocks 1996; Norman et al. 1998; Norman et al. 2002a, 2002b) have examined the 

inter-relationships between reproductive traits.  Two main themes emerge.  Firstly, 

co-adaptation tends to occur, whereby particular combinations of traits tend to be 

favoured in similar environments and secondly, these traits can often substitute for 

each other to produce the same ecological outcome. 

Seed size was a substitute for flowering time at both Nabawa and Mt Barker, whereby 

the latest flowering plants in each population tended to have smaller seeds.  Norman 

et al. (1998) and Bennett (1997) also showed this in other annual legume populations.  

This can be explained by the more rapid maturation time of small seeds (Francis and 

Gladstones 1974; Pecetti and Piano 1994).  Later flowering plants at both sites also 

tended to have shorter flowering durations and produced smaller seeds.  These 

strategies allowed later flowering plants to remain in the populations. 

There was a trade-off between seed size and seeds per burr at Mt Barker, whereby an 

increase in one component was at the expense of the other.  This can be explained in 

terms of constraints governing resource allocation.  However, this was not found at 

Nabawa, where seeds per burr increased concurrently with seed size.  Trade-offs 

between seed size, seeds per floret and total seed number were found by Bennett 

(1997) in Trifolium glomeratum.  Pecetti and Piano (2002) observed trade-offs between 

seed size and seed production for Sardinian subterranean clover populations, while 

Ehrman and Cocks (1996) also noted this among Syrian annual legumes.  However, 

neither seed weight nor seeds per burr substituted for seed yield per plant in this 

experiment.  It must be noted though, that relationships of seed yield components with 

seed production may differ when measured in swards. 

Hardseededness substituted for early flowering at Nabawa.  This was also found in a 

range of Syrian annual legumes (Ehrman and Cocks 1996).  Thus, the latest flowering 

plants at Nabawa were able to persist by being more hardseeded.  No doubt they 

produced seed in the most favourable seasons and spread the risk of germination over 

several seasons, until encountering another favourable season for seed production. 
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At Mt Barker hardseededness substituted for seed size, whereby small seeds tended to 

be more hardseeded.  This relationship was also found in Sardinian subterranean 

clover ecotypes (Piano et al. 1996; Pecetti and Piano 2002) and in other annual 

legume populations (Ehrman and Cocks 1996; Smith et al. 1996; 1998).  Russi et al. 

(1992a) showed that testa thickness, relative to seed size, was a major indicator of the 

susceptibility of pasture legume seeds to softening.  Thus, natural selection for 

decreased seed size may have resulted in a relative increase in seed coat thickness 

and a consequent increase in hardseededness. 

Co-selection for hardseededness and small seed size offers several advantages.  

Smaller seed size results in higher survival rates through the alimentary tract of grazing 

animals (Thomson et al. 1990), but only if the seed is impermeable to gastric juices.  

Higher hardseededness also confers an advantage to small seeds if seeds are 

trampled below a depth from which they can emerge (Venable and Brown 1988).  

Finally, small-seeded plants are likely to be more prone to seedling losses in seasons 

with unfavourable germinating conditions.  Hardseededness therefore, spreads the risk 

of germination over several seasons, thereby increasing reproductive success.  It is 

apparent that these factors were more important at Mt Barker than Nabawa. 

Selection for greater population uniformity 
According to Darwinian principles, survival of the fittest under natural selection should 

lead to greater population uniformity for characters of ecological significance.  Allard 

(1988) noted evolution towards greater uniformity for several characters in barley bulk 

hybrid CC II.  In this study, evolution towards greater uniformity was observed in 

11 characters at one or both populations.  Increased uniformity for DFF is the most 

obvious example.  Presumably, the latest flowering genotypes in each population were 

at a selective disadvantage, as they required a longer growing season for maximum 

seed production.  The earliest flowering genotypes were also disadvantaged due to 

over-topping by later maturing types, their lower seed production capacity and the 

potential for seed spoilage from rain following seed maturation. 

Ehrman and Cocks (1996) found that uniformity of reproductive characters among 

Syrian annual legumes increased with increasing aridity of the collection site.  In this 

study hardseededness was more uniform at the more arid site, while variability at 

Mt Barker actually increased from that in the ancestral population.  Thus, it appears 

that a range of hardseed strategies was beneficial at Mt Barker enabling the population 

to take advantage of both favourable and unfavourable seasons for establishment, 

whereas selection at Nabawa was geared towards favourable seasons only. 
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DFF at Nabawa was no more uniform than at Mt Barker.  This differs from the ecotype 

studies of Piano et al. (1993, 1996), Ehrman and Cocks (1996), Bennett (1997) and 

Pecetti et al. (2002), who found greater uniformity for DFF in populations from drier 

environments.  However, trends suggest that over a longer time span greater uniformity 

for DFF may well have occurred at Nabawa.  Of interest, however, was the selection 

for greater uniformity of flowering duration at Nabawa.  This has not been noted before. 

Seeds per burr was no more uniform at Nabawa than at Mt Barker.  This contrasts with 

the results of Ehrman and Cocks (1996) and Bennett (1997), who found greater 

uniformity for this character in annual legume populations from drier environments.  

The trend in this study towards greater uniformity of seed size at a more arid site, 

however, has not been observed before.  The smallest seeds at Nabawa were 

presumably more prone to seedling losses in seasons with unfavourable establishment 

conditions, while very large seeds may have taken too long to mature in dry spring 

conditions.  In contrast, Bennett (1997) found no difference in variability for seed size 

between low and high rainfall T. glomeratum populations. 

Variability for petiole length at flowering was similar in the Year 16 populations, 

suggesting that optimum canopy height for interception of light is equally important in 

both environments.  In contrast, Bennett (1997) found variability for petiole length in 

T. glomeratum was greater at a high rainfall site, while variability for plant height was 

lower.  In the case of subterranean clover, plant height is essentially determined by 

petiole length.  The significant trend for increased variability at Mt Barker suggests that 

eventually the population may become more uniform than at Nabawa.  Surprisingly, 

leaf size at flowering was much more uniform at Mt Barker than Nabawa.  Whether this 

is due to strong selection for uniformity at Mt Barker or lack of selection pressure at 

Nabawa is difficult to determine. 

Seedling diameter and leaf size were more uniform than the ancestral population at 

both sites.  Clearly, there was an optimal seedling size range for each site towards 

which evolution proceeded.  It is likely these were the result of compromises involving 

seed size, growth rates and grazing tolerance. 

Plant breeding implications 
The use of bulk hybrid populations as a method for breeding well-adapted annual 

pasture legumes has previously been proposed by Cocks et al. (1982) and Gladstones 

(1983).  The results of this study support their contention.  Sowing a mixture of 

segregating material from a range of crosses and collecting seed of homozygous 
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genotypes after several years is likely to yield plants very well adapted to the test 

environment.  This study shows that adapted genotypes can be selected after just 

three seasons.  However, further adaptive fine-tuning occurs with increased 

homozygosity. 

The success of the method for selecting adapted genotypes hinges on parents 

containing genes for desirable characters, sites being representative of target 

environments and trial management being representative of typical farm practice.  It is 

cheaper to operate than traditional plant breeding methods, requiring minimal land and 

few inputs following sowing.  It also allows selection for regional adaptation at sites 

distant from a main breeding centre.  The main disadvantage is that the breeder has 

limited control over the direction of selection.  However, it would be possible to impose 

treatments on populations to select for resistance or tolerance to pests, diseases or 

herbicides or particular grazing or cropping practices.  Judicious site selection would 

also allow selection of plants adapted to soil constraints such as salinity, waterlogging, 

low or high pH or low nutrient status. 
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Appendix 7.1. Details of subterranean clover crosses used in the bulk hybrid mixtures sown at 
Mt Barker and Nabawa in 1978.  See Gladstones (1983) for further details of crossing 
parentage 

Cross Subspecies Seed quantity (g) 
Lake Claremont x Spencers Brook S 221 
Lake Claremont x Midland A S 95 
Nedlands B x Lake Claremont S 104 
Dalkeith x Darlington S 40 
Dalkeith x CPI 47308 E S 121 
Dalkeith x Collie B S 105 
Dalkeith x Toodyay B S 78 
Dalkeith x Midland B (1974 cross) S 47 
Dalkeith x Northam F S 100 
Dalkeith x Pinjarra A S 150 
Dalkeith x CPI 15077A S 120 
Dalkeith x Spencers Brook S 180 
Dalkeith x Nedlands B S 56 
Dalkeith x Northam C S 92 
Dalkeith x Shenton Park A S 140 
Dalkeith x Midland B (1969 cross) S 170 
Dalkeith x Geraldton S 390 
Toodyay B x Midland A S 54 
Northam C x Lake Claremont S 206 
Northam C x MD 12.2.3 S 21 
Northam C x MD 7.1.3.1 S 16 
Northam C x Shenton Park A S 180 
Northam C x Geraldton S 310 
Northam C x Darlington S 260 
CPI 12396B x Clare S 410 
CPI 12396B x GT 030 S 130 
CPI 12396B x GT 024.1 S 44 
CPI 12396B x GT 015 S 29 
Northam F x Lake Claremont S 195 
Dinninup x DT6 S 22 
Dinninup x P31 S 91 
Dinninup x DT10 S 90 
Dinninup x DT18 S 60 
Dinninup x P4 S 120 
Dinninup x MND 9 S 78 
Dinninup x MND 4 S 91 
Dinninup x 239 S 25 
Dinninup x 346.1 S 20 
Dinninup x 584 S 35 
Dinninup x (Daliak x Toodyay C) S 30 
Enfield x MND4 S 66 
Enfield x MND9 S 78 
Enfield x Daliak S 145 
MD 12.2.3 x Shenton Park A S 41 
MD 12.2.3 x Daliak S 14 
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Appendix 7.1 continued … 

Cross Subspecies Seed quantity (g) 
MD 12.2.3 x Geraldton S 10 
MD 12.2.3 x GB 346 23.1 S 15 
MD 7.4 x Geraldton Early B S 83 
MD 12.2 x Geraldton Early B S 99 
MD 12.2 x 239 S 42 
HD5.1.1 x Geraldton Early B S 100 
HD5.1.1 x 239 S 36 
HD5.1.1 x MD 7.4 S 74 
HD5.1.1 x MD 12.2 S 113 
Nungarin x 239 S 7 
Nungarin x HD 5.1.1 S 33 
Nungarin x MD 12.2 S 31 
Nungarin x MD 7.4 S 8 
Nungarin x MD 7.1.3.1 S 16 
Nungarin x CPI 65321A S 46 
CPI 65311 x Seaton Park S 13 
CPI 65313B x HD 20.1.2 S 10 
Bellevue x CPI 65313B S 24 
Bellevue x MD 12.2.3 S 15 
Bellevue x CPI 65321 A S 20 
Bellevue x Shenton Park A S 100 
Seaton Park x MD 12.2.3 S 97 
MD 7.1.3.1 x Bellevue S 12 
MD 7.1.3.1 x Geraldton S 11 
MD 7.1.3.1 x GB 346 23.1 S 20 
Shenton Park A x MD 7.1.3.1 S 11 
Shenton Park A x Midland A S 92 
Shenton Park A x Clackline S 370 
Shenton Park A x Northam C S 335 
Shenton Park A x CPI 12709 S 460 
Shenton Park A x Midland B S 250 
Shenton Park A x CPI 19834 S 380 
346 x CPI 65321A S 20 
346 x 492 S 30 
346 x Bellevue S 225 
Daliak x CPI 19834 S 26 
Daliak x CPI 47275 S 111 
Daliak x Dalkeith S 134 
Daliak x CPI 14750 S 75 
Daliak x CPI 47308C S 130 
Daliak x Spencers Brook S 123 
Daliak x Darlington S 83 
Daliak x CPI 15259B S 10 
Daliak x Collie B S 94 
Daliak x Nedlands B S 50 
Daliak x Northam C S 72 
Daliak x Dinninup S 43 
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Appendix 7.1 continued … 

Cross Subspecies Seed quantity (g) 
Daliak x CPI 30908 S 10 
Daliak x H20.1.2 S 390 
Daliak x Toodyay C S 30 
Daliak x Midland B S 145 
Daliak x (Midland B x Nangeela) S 195 
Daliak x (Midland B x Ruakura) S 235 
Daliak x Woogenellup S 65 
Guildford D x H20.1 S 10 
Guildford D x H20.2 S 35 
Guildford D x MN 56.2 S 13 
Guildford D x Dalkeith S 20 
Guildford D x CPI 47308E S 15 
Guildford D x MN 17.1 S 55 
(Midland B x Nangeela) x Daliak S 285 
(Midland B x Nangeela) x Dinninup S 30 
Woogenellup x Dinninup S 85 
H 20.1.2 x Dinninup S 70 
29 x CPI 47275 S 80 
(Midland B x Ruakura) x Daliak S 250 
(Midland B x Ruakura) x Dinninup S 25 
(Mt Helena A x Nangeela) x Midland B S 50 
(Mt Helena A x Nangeela) x Toodyay C S 105 
(Mt Helena A x Nangeela) x Daliak S 60 
Mt Helena A x 346.1 S 25 
Mt Helena A x Toodyay 4 leaf S 275 
Mt Helena A x Toodyay B S 340 
Mt Helena A x CPI 12709 S 165 
Mt Helena A x Woogenellup S 185 
Mt Helena A x Daliak S 200 
Mt Helena A x Gingin S 95 
Mt Helena A x Darlington S 245 
Mt Helena A x Clackline S 190 
Mt Helena A x Shenton Park A S 110 
Mt Helena A x Baulkmaugh S 190 
Mt Helena A x Bellevue S 230 
(3519.55 x Howard) x Midland B S 135 
346.1 x Mt Helena A S 45 
492.1.1 x 92 S 25 
93 x 492.1.1 S 20 
93 x Geraldton S 30 
93 x CPI 47275 S 50 
Gingin Brook x 346.1 S 45 
Geraldton x 346.1 S 100 
Geraldton x CPI 19834 S 115 
Geraldton x Shenton Park A S 310 
Geraldton x CPI 14742 B S 205 
Geraldton x Toodyay B S 400 
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Appendix 7.1 continued … 

Cross Subspecies Seed quantity (g) 
Geraldton x Baulkamaugh S 95 
Geraldton x Mt Helena A S 215 
(Geraldton Early A x 
Uniwager) x Geraldton S 25 

Midland B x Toodyay C S 120 
Midland B x Woogenellup S 175 
Midland B x Toodyay B S 380 
Midland B x Mt Helena A S 265 
Midland B x CPI 15259B S 85 
Midland B x Northam C S 330 
Midland B x CPI 14750 S 130 
Midland B x CPI 12709 S 320 
Midland B x Toodyay 4 leaf S 285 
Midland B x Mt Barker S 185 
Midland B x CPI 30908 S 215 
Midland B x CPI 15259 S 110 
Midland B x 428 S 300 
Midland B x Gingin S 170 
Midland B x CPI 24420 S 170 
Midland B x Daliak S 205 
Midland B x CPI 15262 S 150 
Midland B x Clackline S 170 
Midland B x Muluala 2 S 185 
Midland B x CPI 14328A S 140 
Midland B x Geraldton S 160 
(29 x Geraldton Early B) x CPI 47275 S 55 
(29 x Geraldton Early B) x Midland B S 50 
Geraldton Early B x CPI 47275 S 30 
C 28 x Daliak S 130 
GT 020.1 x Q 095 S 103 
GT 24.1 x Q 095 S 30 
GT 030 x Q 095 S 104 
Q 095 x GT 015 S 44 
Shenton Park A x Clackline S 370 
Shenton Park A x Northam C S 335 
Shenton Park A x CPI 12709 S 460 
Shenton Park A x Midland B S 250 
Shenton Park A x CPI 19834 S 380 
Northam A2 x Shenton Park A S 110 
CPI 19447 x Geraldton S 120 
CPI 19447 x Midland B S 125 
CPI 19447 x Woogenellup S 110 
Gingin x Shenton Park A S 175 
Howard x Midland B S 5300 
     
DT Bulk  S 300 
HND Bulk  S 490 
6 Bulk  S 200 
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Appendix 7.1 continued … 

Cross Subspecies Seed quantity (g) 
P Series Bulk  S 360 
MBD Bulk  S 1020 
GB 346 Bulk  S 110 
DDT Bulk  S 80 
GB 346 Bulk  S 110 
346B Bulk  S 100 
DMN Bulk  S 320 
20 DI Bulk  S 125 
DAW Bulk  S 295 
DMR Bulk  S 120 
MND Bulk  S 115 
MRD Bulk  S 55 
346B Bulk  S 140 
DA 20 Bulk  S 105 
WDI Bulk  S 164 
GD 20.2 Bulk  S 164 
GD 20.1 Bulk  S 212 
DAW Bulk  S 250 
MAM Bulk  S 5 
MA 8 Bulk  S 4 
M8 Bulk  S 29 
MA 492 Bulk  S 24 
MA 584 Bulk  S 21 
DAO 8 Bulk  S 86 
IGD Bulk  S 156 
IDA Bulk  S 72 
GD8 Bulk  S 192 
DA 20 Bulk  S 250 
DAY Bulk  S 21 
WDI Bulk  S 22 
DDT Bulk  S 30 
20 DI Bulk  S 25 
MRD Bulk  S 42 
DMR Bulk  S 120 
MND Bulk  S 30 
DMN Bulk  S 220 
GD 17 Bulk  S 600 
GD 56 Bulk  S 525 
NH Bulk  S 2820 
ND Bulk  S 1156 
HD Bulk  S 1260 
MD Bulk  S 1135 
MN Bulk  S 4710 
BD Bulk  S 95 
MM Bulk  S 190 
MR Bulk  S 1820 
HR Bulk  S 1950 
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Appendix 7.1 continued ... 

Cross Subspecies Seed quantity (g) 
8N Bulk  S 576 
BN Bulk  S 841 
8B Bulk  S 1056 
GN Bulk  S 580 
GH Bulk  S 270 
Meteora x Trikkala Y 290 
Meteora x Y68D 23.3 Y 5 
Meteora x Y47 Y 156 
Meteora x Y68D 5.2 Y 65 
Meteora x Y68D 6.2 Y 150 
Meteora x Y68D 8.2 Y 115 
Trikkala x Y 68 D 23.2 Y 49 
Trikkala x Y 85 D 5.2 Y 100 
Trikkala x Y 68 D 6.2 Y 73 
Trikkala x Y 68 D 8.2 Y 145 
Neuchatel x CPI 39316YA Y 670 
Neuchtel x CPI 39314YB Y 1250 
Neuchatel x Larisa Y 320 
Y47D Bulk  Y 55 
Y 68D Bulk  Y 155 
Clare x Q 095 B 150 
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CHAPTER 8.  GENERAL DISCUSSION 

Subterranean clover was used as a model mediterranean self-pollinated annual 

legume species in this thesis.  However, the results can be put into a broader 

ecological context with general application to other annual legume species.  The six 

general hypotheses posed in Chapter 2 will also be revisited here. 

Evolution in mixed genotype populations 
The evolutionary processes for the strain mixture and bulk hybrid populations were 

similar.  In both cases a highly variable ancestral population evolved into markedly 

different populations, in terms of genotypes (Chapters 3 and 4) and for a range of 

characters (Chapter 7), over a 16 year period at the two experimental sites.  

Hypothesis 1, “Natural selection on an initially diverse population will result in 
evolution of different populations in contrasting environments”, was, therefore, 

found to be true.  Furthermore, most of this evolution occurred in each population and 

at both sites within three years of sowing.  Had viable seed been available from the first 

two years after sowing, it is likely that that even more rapid divergence would have 

been observed.  Therefore, Hypothesis 2, “The rate of evolution will be greatest in 
the initial stages”, was also true. 

In most cases the within-site direction of selection was similar for both mixture 

populations.  It was argued in Chapter 7 that bulk hybrid populations are likely to 

provide more precise information on the attributes for success than strain mixture 

populations, as a result of the much greater genetic variation in their ancestral 

populations and their greater capacity for generation and fixation of novel genotypes 

through segregation.  Therefore, greater emphasis is given to evolutionary trends from 

the bulk hybrid populations, where any differences between mixture populations exist. 

Throughout this thesis evolution is largely accounted for in terms of natural selection 

acting on pre-existing genotypes. There was little evidence of generation of new 

genotypes through recombination, the other major component of evolution. This is most 

likely attributable to the relatively short time-frame of the experiment. Indeed, Rossiter 

and Collins (1998a, 1988b) demonstrated an increase in the proportion of divergent 

strains with years from sowing. Had the mixtures been allowed to continue longer, it 

would be expected that higher proportions of divergent strains, resulting from crossing 

and recombination events, would have been found. 
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Importance of flowering time 
This study confirms the fundamental importance of appropriate flowering time for 

success of mediterranean annual pasture legumes.  DFF has two major influences.  It 

controls length of the reproductive phase and consequently, seed production potential, 

prior to the onset of summer drought.  It also determines maximum canopy height 

(which in the case of subterranean clover, largely equates to petiole length).  For any 

environment, DFF must be sufficiently early to allow adequate seed production for 

regeneration in subsequent seasons, while it must also be deferred as long as possible 

to allow plants to develop maximum size to compete for light in spring.  The balance 

between these two competing forces changes with growing season length of the 

environment.  Thus, early flowering is crucial for success at short growing season sites, 

while progressively later flowering is important as growing season length increases.  

Therefore, Hypothesis 3, “Mean population flowering time will differ in contrasting 
environments in response to natural selection”, was found to be true. 

Competitive ability for light in long growing season 
environments 
In long growing season environments some seed production occurs in all but the most 

extreme seasons (in the absence of cropping).  Thus, strategies for persistence are of 

lesser importance in these environments.  However, the ability to compete for light in 

spring, by means of a tall canopy (Chapter 5), was found to be very important for 

success in such an environment.  This is manifested in subterranean clover by long 

petioles and large leaves (Chapters 6 and 7), but it is likely that a general relationship 

exists between plant height and success for all annual legumes.  This phenomenon of 

over-topping is clearly a much greater factor in a higher rainfall environment, where 

higher plant densities and a longer period for vegetative growth lead to stronger 

competition for light.  Therefore, Hypothesis 4, “Factors leading to productivity will 
be more important in the more favoured environment”, was found to be true. 

Strategies for persistence in short growing season 
environments 
This study demonstrates the importance of reproductive strategies that lead to 

persistence in short growing season environments.  High seed production is clearly of 

vital importance.  The higher harvest index of plants at Nabawa in Chapter 7 indicated 

a greater proportion of resource allocation to seed production in a short growing 

season environment.  Early flowering is the strongest influence on seed production 

potential, by ensuring seed production in most seasons (Chapter 5), while longer 
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flowering duration may also be important (Chapter 7).  Rate of seed development may 

also influence seed production (Tennant 1965), but was not considered in this study. 

High seed dormancy, in the form of hardseededness, is much more important in short 

growing season sites (Chapters 5 and 7), even under conditions of near-continuous 

pasture.  Short growing seasons are inherently risky in terms of moisture availability; 

the strategy of a persistent seedbank of hardseeds allows the risk of germination to be 

spread over several seasons, enabling persistence through seasons of poor or no seed 

production.  Had cropping been more frequent, as is commonly practiced in lower 

rainfall areas, hardseededness would be even more important (Taylor et al. 1991; 

Cocks 1992b).  Hardseededness would also become more important where frequent 

cropping was practiced in higher rainfall environments.  Between-site comparisons of 

seed softening patterns were not examined in this study but delayed seed softening is 

also likely to be more advantageous in a low rainfall environment, where the likelihood 

of false breaks is higher (Chapman and Asseng 2001). 

Burr burial is more important for success of subterranean clover in a short growing 

season environment (Chapter 5).  The importance of good burial for seed production 

has previously been demonstrated (Quinlivan and Francis 1971; Collins et al. 1976; 

Bolland and Collins 1986; Pecetti and Piano 1994; Lodge 1995).  Strong burr burial, 

particularly in short growing season areas is, therefore, an additional strategy, specific 

to subterranean clover, for enhancing seed production and persistence. 

These results quite clearly show that Hypothesis 5, “Factors leading to persistence 
will be more important in the more arid environment”, is true. 

Ecological implications 

Life history patterns 
The results of this study are consistent with expectations from the commonly accepted 

life history pattern theories of r-K selection (McArthur and Wilson 1967) and of R, C 

and S selection (Grime 1977).  Annual legumes are classic ruderal (R) species (Grime 

1977), having an annual life cycle and the ability to grow rapidly during winter and 

spring while conditions are favourable.  They are at the opposite end of the spectrum to 

competitive (C) plants, which tend to be long-lived perennials living in a mesic 

environment of low stress and disturbance.  However, this study shows that different 

populations lie along Grime’s R-C spectrum.  Successful plants from Nabawa had more 

ruderal traits than at Mt Barker including a shorter vegetative phase, a higher 

proportion of effort devoted to reproduction and greater seed dormancy.  Conversely, 
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plants at Mt Barker had more competitive traits, with proportionally more effort being 

devoted to herbage production.  Similarly, the Nabawa populations can be considered 

to be closer to the r-selection end of the r-K spectrum of McArthur and Wilson (1967) 

than those from Mt Barker. 

Population diversity vs survival of the fittest 
This study provides an opportunity to examine early colonisation processes by mixed 

populations of a predominantly self-pollinated annual legume.  Two opposing forces 

operate.  On the one hand, the Darwinian theme of survival of the fittest leads to an 

initial reduction in diversity, as the least fit genotypes are eliminated from the 

population.  This can be observed either as a reduction in strain diversity (Chapter 3; 

Morley et al. 1962; Rossiter 1966b; 1977; Cocks et al. 1982) or as a reduction in 

variability of character expression (Chapter 7; Harlan and Martini 1938; Suneson and 

Weibe 1942; Allard 1988).  Such population changes occur rapidly and were readily 

observed over a 16-year period in this study. 

On the other hand, the presence of divergent strains in old sown pastures (Cocks and 

Phillips 1979; Cocks et al. 1982; Rossiter and Collins 1988a, 1988b; Cocks 1992a; 

Lodge 1994) indicates the development of new variability through low levels of out-

crossing.  Indeed, Allard (1975) suggests that low levels of out-crossing are crucial for 

continued proliferation of a predominantly self-pollinated colonising species to enable it 

to adapt to micro-niches within an environment.  In the strain mixture study of Chapter 

3, divergent strains were found, particularly at Mt Barker, but there was no evidence 

that they had increased in proportion.  Perhaps the 16-year time frame was not long 

enough for this observation. 

As for the long-term outcomes of mixed strain populations, including those sown by 

farmers, it can be speculated that similar population structures to those of native 

populations in the Mediterranean region will eventually evolve.  There, the opposing 

forces of survival of the fittest and generation of new diversity have presumably 

operated for millennia.  Such native populations are typically diverse (Piano 1984; 

Piano et al. 1993, 1996; Pecetti and Piano 2002), able to occupy different micro-niches 

and respond to different seasons.  In this way population fitness as a whole is 

maximised.  Indeed, Cocks (1992a) claims that many older Australian subterranean 

clover pastures are already as genetically diverse as native Mediterranean pastures. 

Tilman (1996) and Tilman et al. (1996) concluded that greater species diversity leads to 

greater grassland productivity and stability.  Similar studies at the infra-specific level 
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have not been published, but it is implicit that sowing strain mixtures will also result in 

greater pasture stability and hence, productivity over the long-term.  Within broad limits 

of adaptation, a mixture of strains which differ in flowering time, hardseededness, seed 

softening patterns, pest and disease resistance and waterlogging tolerance is likely to 

be better able to counter localised patchiness and seasonal variations (climatic and 

farm management) than any single strain.  Indeed, Cocks (1992a) suggests farmers 

sow diverse mixtures of segregating genotypes.  While this may be ecologically sound, 

it lies at odds with the vested interests of seed producers and merchants who trade 

monocultures.  However, the limits of genetic diversity within any one species dictate 

that even greater pasture stability and productivity will be obtained through species 

mixtures. 

Venable and Brown (1988) and Ehrman and Cocks (1996) suggest that population 

variability will be less in more arid environments.  However, similar declines in 

genotype diversity occurred at both sites in the strain mixture populations of Chapters 3 

and 4, while in the bulk hybrid experiment of Chapter 7, greater uniformity was 

observed in the Year 16 population at Nabawa for four characters, but two characters 

were more uniform at Mt Barker.  Thus, Hypothesis 6, “Greater population diversity 
will be maintained in the more favourable environment”, was not a general 

condition in this study.  However, it is of significance that three of the characters at 

Nabawa were related to persistence (viz. flowering duration, seed weight and 

hardseededness), while the two characters at Mt Barker (leaf size at flowering and 

mature plant weight) were related to productivity. 

Plant breeding implications 

Subterranean clover ideotypes for different environments 
Gladstones (1983) suggests that “given low oestrogen content, the best cultivar for an 

environment will be the latest maturing (and therefore, potentially most productive), 

which will reliably compete and persist as a dense sward over the required life of a 

pasture within the rotation practiced”.  This thesis supports this statement.  Therefore, a 

range of cultivars with differing flowering times is required to serve environments of 

different growing season length. 

This thesis indicates that cultivars for short growing season areas need to have the 

following attributes:  early flowering with long flowering duration, small leaves with short 

and thin petioles at flowering, thin stems with short internodes, strong burr burial 

(manifested by thick peduncles of medium length and low burial angle), high seed 
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production capacity (with high seed weight and seeds per burr), small plants at maturity 

with high harvest index and high hardseededness.  Conversely, cultivars for long 

growing season areas should be late flowering with short flowering duration and have 

large leaves and long, thick petioles at flowering, thick stems with long internodes, 

weak burr burial from long, thin peduncles with a high burial angle, high seed weight 

and seeds per burr, large plants at maturity with high seed production per plant, low 

hardseededness and high biochanin A and total isoflavone contents.  Plants for 

intermediate environments should have intermediate levels of these attributes. 

The additional constraints of farming system and soil type also need to be considered 

in cultivar breeding and selection.  Frequency of cropping is the most important farming 

system factor.  Where cropping frequency is high, higher hardseed levels are required 

(Taylor et al. 1991).  This is particularly the case in short growing season areas, where 

harsher summers and lower herbage residue levels soften hard seeds more readily. 

Where waterlogging occurs, several studies (Francis and Devitt 1969; Peak and Morley 

1973; Cocks 1994) have shown the superior adaptation of ssp. yanninicum.  This study 

showed that ssp. yanninicum cv.  Trikkala was also very persistent at Mt Barker on a 

soil with reasonable water-holding capacity in the absence of waterlogging (Chapter 3).  

The subspecies, however, does not appear to have a role in low rainfall areas.  This 

may be because its shallow root system (Francis and Devitt 1969) makes it more 

susceptible to drought or simply because early flowering genotypes have not yet been 

found.  The poor performance of ssp. brachycalycinum in this study confirms the 

findings of (Bolland 1987b) that this subspecies has little application to Western 

Australia. 

Rossiter (1977) lists 34 plant characteristics that may have some role in determining 

success of subterranean clover.  Those that most warrant further research to determine 

their effects on subterranean clover success in different environments include rate of 

seed development, embryo dormancy and over-summer seed softening patterns, 

grazing tolerance and palatability. The effects of resistance to pests, most notably 

redlegged earth mite (Halotydeus destructor), and diseases, particularly clover scorch 

(Kabatiella caulivora) and a range of root rot pathogens, on success in different 

environments should also be investigated.  

In the main, Plant Breeders of subterranean clover have been successful in developing 

well-adapted cultivars for target environments with different growing season lengths. 

Thus, the more recent early flowering cultivars fitted within the ‘success ellipse’ at 
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Nabawa (Figure 6.2), while recent later-flowering cultivars fitted within the ‘success 

elipse’ at Mt Barker (Figure 6.1).  The result of these studies should give a clearer 

guide to Plant Breeders of the characters required for further cultivar improvement. 

Use of mixtures for breeding annual legumes 
Finally, a plant breeding scheme for a self-fertilising annual pasture legume could be 

devised using either or both bulk hybrid and strain mixture populations.  Bulk hybrid 

populations could be used to generate homozygous strains adapted to test 

environments for further testing.  Selections could be made following primary 

segregation (say after the F6 generation), although further ecological fine-tuning would 

occur with the further passage of time.  Selection of homozygous strains for cultivar 

release could then be made by determining relative success in complex strain mixtures 

on several farms, as previously suggested by Cocks et al. (1982) and Gladstones 

(1975, 1983), possibly after initial screening for characters of perceived importance.  

The applicability of strains selected from both population types to other target 

environments will depend on similarities in climate, soils and farm management 

practice. 
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