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ABSTRACT 

Annual pasture legumes are a key component of southern Australian agricultural systems, 

where they are utilised for grazing by livestock, as well as valued for their nitrogen fixation 

ability and other benefits such as weed control in cropping rotations. Trifolium subterraneum 

(subterranean clover) is the predominant annual pasture legume in Australian agriculture and 

has been sown on over 29 million ha in southern Australia. Its intensive use in permanent 

pastures as well as in rotation with crops is due to the variety of cultivars with good herbage 

yield and grazing tolerance suited to a range of growing seasons with an average annual rainfall 

of between 275 and 1200 mm. However, T. subterraneum is intolerant of highly acid soils 

(pHCa < 4.5) and too soft seeded for adequate regeneration after repeated intensive crop 

rotations, which has led to a decline in the establishment and persistence of its pastures. Soil 

acidity is limiting the productivity of crops and pastures on > 10 million ha of southern 

Australian farmland, and lime application and plant tolerance are the main options for 

managing these acidic soils. This has led to the development and commercial release of several 

new annual pasture legume species for southern Australia including Ornithopus species 

(serradella) which have similar vigour and growth patterns to T. subterraneum, but are 

generally more hard-seeded and especially well-adapted to deep sandy acid soils. The 

accumulation of phosphorus (P) in soil is common in mid to highly P-sorbing soils typical of 

southern Australian farms where most pasture systems, which are dominated by T. 

subterraneum with higher P requirements than most other pasture legumes, have poor P 

efficiency defined by P-inputs up to 500% greater than P-outputs. 

Lowering the P-fertiliser requirements of annual pasture legumes to be similar to those of the 

grasses often grown in rotation with them, would improve system P-use efficiency and could 

be achieved through cultivars with an improved ability to acquire P. In my PhD, I conducted 

three glasshouse experiments that examined the root morphological, physiological and 

symbiotic characteristics of annual pasture legumes under a range of soil P levels. The first 

examined the variation in root traits related to P acquisition among six cultivars of T. 

subterraneum under six P levels with canopy spread constrained to mimic light conditions that 

may occur within dense pasture swards in the field. I then compared the impact of constrained 

and unconstrained canopies on the same root traits for T. subterraneum and Ornithopus 

compressus at low and moderate P supply. Finally, I compared root morphological traits for 

two cultivars of T. subterraneum and two Ornithopus species (O. compressus and O. sativus) 
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at seven P levels in pasteurised soil with two contrasting communities of mycorrhizal fungi 

(one a mixture of similar proportions of fine root endophytes (FRE) and arbuscular mycorrhizal 

fungi (AMF) and one dominated by FRE).  

My major findings were that: i) T. subterraneum cultivars differed little in their acclimation to 

P supply with intrinsic differences in average root diameter (ARD) independent of P supply; 

ii) In response to increased P supply, specific root length (SRL) increased for T. subterraneum 

but not O. compressus and root tissue density decreased in for both species. The response for 

RTD, but not SRL, may be explained by an effect of shading: that is, self-shading of leaves 

lower down in the shoot canopy by higher leaves and by the reflective sleeves that were raised 

to match the height of the shoot canopy regularly for constrained canopy micro-swards, which 

increased with plant height; iii) constraining canopy spread increased rhizosphere carboxylates, 

which may have compensated for reduced root growth and enabled shoot P content to be 

maintained; and iv) the external critical P requirement (P required to achieve 90% of maximum 

yield) was lower for Ornithopus species than for  T. subterraneum and differed with community 

of arbuscule-forming root-colonising fungi.  The research in this thesis demonstrates that there 

was an impact of the methods used in glasshouse experiments, to mimic environmental 

conditions that may occur in field conditions, on external critical P requirement of pasture 

legumes. This has implications for the methodology used in future P-response experiments 

under glasshouse conditions and their field relevance. The combined results of this thesis also 

suggests there may be potential to develop T .subterraneum genotypes with greater P efficiency 

than existing cultivars via selective breeding for morphological root traits related to P 

acquisition, but that its critical external P requirement far exceeds that of Ornithopus species 

which has longer finer roots and root hairs and represent a much better option for improving P 

efficiency of pasture systems on sandy acid soils.  
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CHAPTER 1. 

GENERAL INTRODUCTION AND REVIEW OF LITERATURE 

This chapter describes the vital role of annual pasture legumes in southern Australian 

agricultural systems and the reasons why there is now a need to develop more phosphorus (P) 

efficient farming systems. The major legume that has historically dominated these systems, 

Trifolium subterraneum, is described, along with the factors that have led to the introduction 

of new species, notably Ornithopus species. After an introduction to these annual legumes, the 

definition of P efficient farming systems is explored. I then discuss the value of improving the 

P efficiency of farming systems and how this can be achieved through an understanding of 

pasture legume external critical P requirement (P required to achieve 90% of maximum yield) 

and root traits related to P acquisition. This is followed by a description of the methodology 

generally used to examine P efficiency of plants in glasshouse experiments and factors that 

may affect the relevance of critical external P requirements quantified in the glasshouse to those 

measured under field conditions. The chapter concludes by identifying key gaps in knowledge 

and presentation of my research objectives, which are designed to fill these gaps.  

1.1 ANNUAL PASTURE LEGUMES IN SOUTHERN AUSTRALIAN AGRICULTURE 

1.1A ROLE OF ANNUAL PASTURE LEGUMES IN SOUTHERN FARMING SYSTEMS 

Annual pasture legumes have contributed to the success of southern Australian agricultural 

systems since the start of the 19th century because of their suitability to Mediterranean climates 

that occur in the south-western, and much of the southern, farming areas of Australia 

(Gladstone, 1975). Farms in these regions were traditionally based on ley farming with 1:1 and 

1:2 pasture:crop rotations and a significant sheep and other livestock components dependent 

on the self-regenerative annual pasture legumes for feed (Puckridge and French, 1983). 

Another important role of annual pasture legumes in southern Australian agriculture is the 

fixation of atmospheric nitrogen, via a symbiosis with rhizobia bacteria, at a rate of up to 238-

284 kg N ha-1 year-1 (Peoples and Baldock, 2001; Peoples et al., 1998). In southern Australia, 

wheat yields have increased by up to 40 kg ha-1 year-1 since the 1940’s as a result of the 

inclusion of pasture legumes which input an estimated 70 kg ha-1 year-1 of soil nitrogen into 

crop rotations (Baldock and Ballard, 2004).  

In the last 25 years there has been a trend towards more intensive and even continuous 

cropping, with less livestock in many southern Australian agricultural systems: this has been 
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driven by an increase in average grain prices and farm size and decreased available labour per 

unit of land (Bell et al., 2014). This has resulted in a decrease in ley farming and an increase in 

phase farming, where annual or perennial pasture legumes are sown at the end of longer crop 

sequences and hence are no longer required to regenerate from a dormant seedbank following 

cropping (although they still need to regenerate every year while the pasture phase is present) 

(Howieson et al., 2000). However, annual pasture legumes are still important to the 

productivity and profitability of these modern-day systems (Howieson et al., 2000) because the 

economic cost of both nitrogen fertiliser and potential crop yield losses from crop disease have 

increased over time, with predictions that the efficiency of nitrogen fertiliser synthesis is close 

to peaking (Angus and Grace, 2017; Angus et al., 2015; Angus and Peoples, 2012). Indeed, it 

seems plausible that the value of nitrogen fixation by annual pasture legumes may further 

increase in the future. 

Another role of annual pasture legumes that can benefit rotational crops is to prevent crop 

disease from surviving and passing over to the following crop rotation (Puckridge and French, 

1983; Robson, 1990): the value of this has also increased with time (Howieson et al., 2000; 

Kirkegaard et al., 2011). The manipulation of annual pastures has also become increasingly 

recognised as a useful tool for controlling weeds of cereal crops and limiting development, and 

aiding with management, of herbicide-resistant weed populations (Loi et al., 2005). Thus, the 

roles that annual pasture legumes play in maintaining the productivity of Australian agricultural 

systems today are much the same as in traditional ley systems, although there have been shifts, 

generally increases, in the amount of value placed on nitrogen fixation, weed management and 

disease-breaks.  

In 2011, pastures were grown on approximately 28% and 58% of the rural land surveyed in 

Western Australia and South Australia, respectively, of which 19-23% were annual legumes 

(Hamblin, 2016). Continuous cropping and the substitution of lupins and other crop legumes 

for pastures in modern southern Australian agricultural systems (Nichols et al., 2007; Seymour 

et al., 2012) has resulted in the poor maintenance of, and subsequently poor nitrogen fixation 

and herbage yield by, many southern Australian pastures (Peoples et al., 1998). There is also a 

low diversity of commercial legume species in farmer paddocks in southern Australia, where 

T. subterraneum has been the primary pasture legume sown for the last 100 years (Dear and 

Ewing, 2008; Nichols et al., 2007; Sandral et al., 1997). The need for annual pasture legumes 

and farming practices to enable productivity of annual pasture legumes to be maintained at a 

low cost have been identified (Nichols et al., 2007). One aspect of this is the development of 
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P-efficient farming systems that require lower inputs of P fertiliser than current systems. 

Interestingly, in contrast to T. subterraneum, which generally needs soil with higher levels of 

plant-accessible phosphorus to achieve maximum yield than most grasses (Caradus, 1980; Hill 

et al., 2006), some of the relatively recently released  alternative pasture legumes such as  

Ornithopus species (serradella) (Bolland, 1985a, 1986; Bolland and Paynter, 1992; Paynter, 

1992; Paynter, 1993; Paynter and Bolland, 1993) have potential for the betterment of P 

efficiency of pasture systems (Haling et al., 2016a; Sandral et al., 2018a). Thus my research 

examined Ornithopus species and T. subterraneum, which are described in detail below.  

1.1B TRIFOLIUM SUBTERRANEUM  

Trifolium subterraneum (subterranean clover) is the predominant annual pasture legume in 

Australian agriculture and has been sown on over 29 million ha in southern Australia (Hill and 

Donald, 1998). This wide adoption reflects the development of a large number of T. 

subterraneum cultivars with contrasting flowering times suited to a range of growing season 

lengths (4-9 months long with an average annual rainfall of 275-1200 mm), good adaptation to 

the shallow and infertile soils common in southern Australia (Gladstones and Collins, 1983; 

Nichols et al., 2013), and its ease of management and persistence under common management 

regimes particularly continuous grazing. Furthermore, T. subterraneum has the ability to fix 

atmospheric nitrogen and produce high yield and quality fodder and has levels of hard-seed 

adequate for self-regeneration following a one or two year cropping phase (Nichols et al., 2012; 

Smetham, 2003). There are three subspecies (spp.) of T. subterraneum: i) ssp. subterraneum, 

suited to mildly acidic (pHCa 4.5-6.5) sandy loams and loamy clay soils with good drainage; ii) 

ssp. yanninicum, suited to similar acid soil types with poor drainage and prone to waterlogging; 

and iii) ssp. brachycalycinum, suited to slightly alkaline (pHCa 6.0-8.0) stony soils (Nichols et 

al., 1996; Smetham, 2003). Other attributes that contribute to the success of T. subterraneum 

in southern Australian agricultural systems include its prostrate growth form under grazing and 

the nature of its seeds which are buried beneath the soil in burrs: both these traits confer 

tolerance to heavy and continuous grazing (Nichols et al., 2013; Nichols et al., 2007). 

Additional advantages of T. subterraneum include the ease with which it can be hybridised 

(Ghamkhar et al., 2012; Nichols et al., 2009) and its genetic diversity for traits such as hard 

seediness, flowering times and burr burial strength (Nichols et al., 2009; Nichols et al., 2013). 

Since 1950 more than 45 cultivars of T. subterraneum have been commercially released 

(Nichols et al., 2007). A collection of T. subterraneum germplasm comprising > 9000 distinct 

lines from 21 countries and 300 naturalised strains from Australia has been formed by The 
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Australian Trifolium Genetic Resource Centre (Nichols et al., 2013; Nichols et al., 2012). In 

addition, a core collection of 97 genotypes, which represent 78% of the genetic diversity of all 

T. subterraneum lines held in genetic resource centres or similar around the world, has been 

developed (Ghamkhar et al., 2012; Ghamkhar et al., 2015; Nichols et al., 2013). This represents 

a valuable tool for the selection and breeding of new T. subterraneum genotypes (Ghamkhar 

et al., 2016; Ghamkhar et al., 2012). Recently, the core collection was screened for 

physiological root traits related to phosphorus acquisition efficiency (PAE) (Ryan et al., 2016). 

Other studies have examined a select number of cultivars from the core collection for root traits 

related to P acquisition and showed variation within T. subterraneum that may enable breeding 

for improved soil foraging ability (Haling et al., 2018).   

The application of superphosphate to T. subterraneum shaped the agricultural industry in 

southern Australia by increasing livestock carrying capacity per ha of pasture in animal 

production systems and nitrogen available to, and therefore the yield of, subsequent cereal 

crops (Gladstones and Collins, 1983; Robson et al., 1981). However, T. subterraneum is flawed 

in regards to: i) its inability to grow on deep sandy acid soils (Scanlon, 2010; Smetham, 2003), 

which are common particularly in Western Australia (McLaughlin et al., 2011), ii) its 

susceptibility to diseases such as clover scorch, and iii) its level of hard seediness and seed–

softening pattern being inadequate to avoid significant seedling losses from false breaks and to 

maintain a persistent seedbank capable of regenerating following more than two years of 

cropping (Ewing, 1989). Over the last 30 years, a push to identify and develop alternative 

annual pasture legume options to T. subterraneum that address these and other challenges has 

resulted in commercial release of 51 annual pasture legume cultivars from 27 species with 

potential for southern Australian agricultural systems; seven cultivars are from two species of 

Ornithopus (O. compressus and O. sativus) (Nichols et al., 2007). 

1.1C ORNITHOPUS SPECIES 

Serradella (Ornithopus ssp.) is an annual pasture legume of Mediterranean origin especially 

well-adapted to deep sandy acid soils (pHCa 3.5-6.5) with good drainage and low fertility (Loi 

et al., 2005). The genus Ornithopus contains six species (O. sativus Brot., O. compressus L., 

O. perpusillus L., O. pinnatus (Mill.) Druce, O. uncinatus Maire & Sam., and O. micranthus 

(Benth.) Arechav. and one sub species (O. sativus Brot ssp isthmocorpus)); these are deep-

rooted, acid soil tolerant, aerial seeding with an upright prostate growth habit, adapted to 

growing seasons with an average rainfall of 500 mm, and harder seeded than T. subterraneum 

(Bolland, 1985c; Fu et al., 1994). Their aerial seeding nature allows farmers to cheaply harvest 
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seed with conventional crop headers, in contrast to the harvest of the belowground seed of T. 

subterranean which requires specialised machinery. Ornithopus species are also resistant to 

red-legged earth mites and aphids, able to fix atmospheric nitrogen and are generally 

indeterminate with a range of longer flowering periods than T. subterraneum (Bolland and 

Gladstones, 1987). Therefore Ornithopus species may be used similarly as T. subterraneum, 

i.e. for grazing by animals, nitrogen fixation and crop disease breaks, except it must be grazed 

prior to flowering in order for seed set to occur due to it being aerial seeding. In Australia, the 

two most commonly grown Ornithopus species are yellow serradella (Ornithopus compressus 

L.) and French (or pink) serradella (O. sativus Brot.). Several commercial cultivars of each 

have been released and promoted to growers on the basis of having with much deeper root 

systems, higher levels of hard seeds and better tolerance to drought stress and aluminium 

toxicity than T. subterraneum (Nichols et al., 2007). All cultivars were developed for acidic, 

deep sandy soils, which are common in southern Australia and to which T. subterraneum is 

poorly adapted. Ornithopus species were later identified to also have lower P requirements than 

T. subterraneum.  

All O. compressus cultivars are very hard-seeded (60-90% of seeds do not germinate and 

remain in the seedbank after the first year) and often exhibit delayed germination (40-60 days) 

which is good for maintaining a persistent seedbank capable of regenerating after a false break 

event or crop rotation (Loi et al., 2005; Nichols et al., 2007). Its comparatively greater degree 

of hard-seededness than T. subterraneum makes O. compressus suited to ley farming systems 

in southern Australia, especially those with long crop phases of more than two years where the 

successful pasture regeneration from the seedbank is important for maintaining farm 

profitability. The adoption of hard-seeded O. compressus by Australian farmers was slow at 

first due to difficulty removing seeds from pods and the subsequent expense of harvesting and 

processing seed for some of the first cultivars released. This resulted in the development and 

release of three cultivars (Yelbini, Charano and Santorini) with straighter non-segmenting pods 

that can be harvested and processed more easily (Loi et al., 2005). These three cultivars all 

have early flowering times and generally good herbage production on sandy acid soils, 

although cv. Santorini usually performs the best of the three on acid soils with high 

exchangeable aluminium levels and is the most commonly sown (Nichols et al., 2012). 

Ornithopus compressus is suited to areas with an average rainfall of 250-700 mm. 

Ornithopus sativus is a pasture species developed for regions of southern Australia with 325-

600 mm rainfall and suited to similar soils as O. compressus (Dear et al., 2008; Nutt et al., 
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2009; Ovalle et al., 2006). Compared to O. compressus, O. sativus has a lower level of hard 

seededness (55% for cv. Margurita and cv. Erica and <5% for other cultivars) which enables 

seed to be sown in the pod without de-hulling or scarification (and hence confers cheap seed 

production), but makes it less resistant to false breaks or self-regeneration following intensive 

cropping (Bolland, 1985c). Therefore O. sativus suits phase farming systems with acidic sandy 

soils and a one or two year pasture phase where the pasture is sown from seed, which is often 

harvested and retained on-farm to minimise costs, without the need for a persistent seedbank 

in the soil at the end of each long crop phase. The harder seeded O. sativus cv. Margurita is 

much more resistant to false breaks and can even be summer sown between January and May 

when farmers are less busy, so that the seeds soften over summer and germinate at the first 

rains of the growing season which enables a longer growing season (Hackney et al., 2012; 

Ovalle et al., 2006). The two hard-seeded cultivars of O. sativus, cv. Margurita and cv. Erica, 

are suited to permanent pastures or persistent pasture in a 1:1 pasture:crop rotation, as they 

have sufficient seedbank for regeneration following a false break or crop rotation. As a result, 

O. sativus has been popular with farmers, and a survey of 127 Western Australian farms found 

that during the year of 2005, O. sativus was sown on more land than T. subterraneum (Nichols 

et al., 2007). 

Cultivars of O. compressus and O. sativus, in comparison with T. subterraneum, produce 

flowers over a longer period (which is useful if frost occurs) and include several cultivars 

similarly well-suited to different length growing seasons. For example, O. sativus cv. Eliza is 

an early flowerer (flowering 100 days after sowing) whereas cv. Cadiz, cv. Erica and cv. 

Margurita are all mid- maturing (flowering 121-125 days after sowing) (Hackney et al., 2012). 

The much deeper rooting depth of  O. compressus and O. sativus (up to 1.5 m) than T. 

subterraneum (0.5 m) also enables greater access to water and continued growth for longer 

periods under drought stress conditions (Carr et al., 1999), as may occur in early summer at the 

end of the growing season. Furthermore, both have been identified as having lower P 

requirements for maximum growth than T. subterraneum, which will be described in further 

detail in section 1.2C below. 

1.2 PHOSPHORUS (P) EFFICIENT FARMING SYSTEMS 

1.2A WHAT IS A P EFFICIENT SYSTEM? 

The P efficiency of farming systems is most simply described and assessed by the ratio of P-

outputs: P-inputs, known as a systems P-balance efficiency (PBE) (Syers et al., 2008). 
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Therefore, a truly P efficient system would be one in which the amount P present in the 

system’s agricultural products was exactly the same as the amount of P applied. The farm-gate 

PBE of agricultural systems in southern Australia is low (Simpson et al., 2015); approximately 

45-54% of P applied is present in grain products for cropping systems, and 10-30% of P applied 

to pastures is present in animal products (McLaughlin et al., 1992; Weaver and Wong, 2011). 

The majority of agricultural soils in southern Australia are low-P (~20 mg P kg-1 soil) and with 

low to medium P-sorption capacity (Barrow, 1999) and P-buffering index (PBI) (<15 mg P) 

(Moody, 2007; Weaver and Wong, 2011; Weaver and Reed, 1998). This means soluble P 

(H2PO4
- and HPO4

2-) is readily adsorbed to soil particles in forms not accessible by plants; 

generally, P is locked up with iron or aluminium and calcium complexes in acid and alkaline 

soils, respectively (Vance et al., 2003). The accumulation of P as scarcely plant-available 

complexes in the surface of soils is the primary source of P inefficiency in southern Australian 

pasture soils (McLaughlin et al., 2011). Although P may also be removed from the system by 

leaching, surface runoff, etc. (Simpson et al., 2011a; Simpson et al., 2014); it should also be 

noted that significant amounts of P remain locked up in organic forms, especially in soils with 

high P levels (Coonan et al., 2019). 

Therefore the key to improving P efficiency of farming systems is to manage P fertilisation to 

minimise the accumulation of P in larger amounts than is required to achieve maximum yield 

or production (Simpson et al., 2010). This means managing the concentration of extractable P 

in the soil, which can be measured by what has become known as the Olsen (Olsen, 1954) or 

Colwell (Colwell, 1963, 1965) tests. Simpson et al. (2015) assessed the PBE of sheep grazing 

systems with pastures soil managed at three soil P concentrations (deficient, near optimal and 

above-optimal) over six years and found that P accumulation in soils (mainly in organic forms 

of P) increased for soils managed at a higher level of P fertility. This demonstrates that P 

fertiliser application can be managed to maintain a level of soil exchangeable-P that is not 

greater than that required for maximum pasture production, in order to increase the P efficiency 

of farming systems (Simpson et al., 2010; Simpson et al., 2015). 

Therefore it can be concluded that a P efficient agricultural system is one in which P fertiliser 

is applied to maintain a level of soil fertility required to maximise productivity while avoiding 

the accumulation of excess P in surface soil. In the context of southern Australian agricultural 

systems with a pasture legume component, this means managing P fertiliser application to 

maintain soil P at the same level as the external critical P requirement (P required for 90% 

maximum growth)  of the pasture legume. Furthermore, P efficiency within such systems may 
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be limited by the difference in external critical P requirements of crops and pasture legumes. 

Therefore P-efficient systems are ones in which the P requirement of the annual pasture legume 

used is considered, in order to minimise the level of soil P fertility maintained beyond the grass 

or crops needs. This will increase the efficiency of P within the system and reduce fertiliser 

costs compared to over-fertilised systems.  

1.2B WHY DO WE NEED P-EFFICIENT FARMING SYSTEMS? 

Phosphorus is a nutrient essential for plant growth and it is estimated that low P is a major 

limitation to crop yields on 40% of the world’s arable land (Runge-Metzger, 1995). Most P 

fertilisers used in agriculture are derived from rock phosphate, which is a finite resource. There 

is great debate as to when premium mineral P reserves will be depleted with estimates ranging 

between 60 and 400 years (Cordell and White, 2011). However, it is generally agreed that the 

quality of P ore reserves is decreasing, the cost of mining and processing rock P is increasing, 

and that P is often used inefficiently in agricultural systems (Cordell and White, 2011).  

It has been estimated that more than 8 million tonnes of P are lost and wasted globally in 

farming systems every year (Cordell et al., 2009). This is particularly relevant to southern 

Australia, where most agricultural soils were historically weathered, P-deficient and therefore 

reliant on P fertilisers to maintain satisfactory crop and pasture production (McLaughlin et al., 

1990; McLaughlin et al., 2011). However, the routine application of soluble P fertilisers to 

southern Australian pastures in recent years has resulted in the accumulation of P, mostly as 

organic forms inaccessible to plants, in the surface soil (McLaughlin et al., 2011; Simpson et 

al., 2014). Over-fertilising has resulted, in part, from the need to calculate the rates of P 

fertiliser application commonly used based on the P requirements of the pasture legumes in 

these systems, which have a higher external critical P requirement (P required for 90% 

maximum growth) than accompanying grasses (Haling et al., 2016a; Pinkerton and Randall, 

1994; Sandral et al., 2018b). Thus, over fertilisation of pasture has led to excess P being 

accumulated in the soil. For example, McLaren et al. (2016) found that T. subterraneum 

accessed 30-35% of the P applied as superphosphate fertiliser and that 28% of the P remained 

in the soil surface (top 0-4 cm), mostly as inorganic forms after a single growing season (4 

month period). It was also shown that 83-88% of P inputs applied to two grazed pastures over 

six years was accumulated in the soil (Simpson et al., 2015). The organic pool of P often 

accounts for the majority of P accumulated in soil, as demonstrated by a study of 15 pasture 

sites in New South Wales that found that on average the total accumulated P in the 0-2 cm and 
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2-4 cm of soil was comprised of ~23% inorganic P and ~76% organic P (McLaughlin et al., 

1990). 

There are two main issues associated with over fertilisation of pastures: i) the build-up of 

organic forms of P inaccessible to plants in the soil, and ii) the removal and loss of highly 

soluble forms of P from the soil through leaching, particularly in sandy soils. The stratification 

of accumulated P, which is generally concentrated in the top 5 cm of soil in many pasture fields, 

as a result of years of fertilisation is well-reported and may make P more likely to be lost 

through surface flow of water (Cayley et al., 2002b; Dougherty et al., 2006; McLaren et al., 

2015; McLaughlin et al., 2011; Ryan et al., 2017). The distribution and stratification of 

accumulated P throughout the soil profile over time depend greatly on the soil properties, 

particularly texture and PBI, with P moving more easily through and lower down the profile of 

sandy soils which have a coarse texture and large soil particles. This is demonstrated by the 

accumulation of 38%, and 42% of the P applied to a pasture over 17 years in the 0-5 and 5-43 

cm depth, respectively, of the soil profile of a duplex soil in south-western Victoria (McCaskill 

and Cayley, 2000). The P that is locked up does not get directly utilised by plants or contribute 

to pasture productivity and therefore is a cost that reduces the profitability of pasture systems. 

Thus there is potential for more P-efficient pasture systems to be achieved by managing P 

fertilisation to reduce the amount of total-P in the soil while utilising pasture legumes able to 

access more P to maintain the level of plant-available P in the soil and subsequently minimise 

P losses from leaching and accumulation of P in its organic forms (McLaughlin et al., 2011; 

Simpson et al., 2011a).  

Development of more efficient pasture systems with lower P requirements is especially 

important as P fertiliser prices have increased with time (>100% increase since 2000) and may 

change suddenly, as occurred in 2008 when global P fertiliser prices temporarily increased 

suddenly by up to 800% (Cordell and White, 2011; Fixen and Johnston, 2012). In addition to 

this, the general increase in grain prices over recent years and decreasing reliance of modern-

day systems with longer cropping cycles and smaller livestock components than traditional ley 

systems has also resulted in P fertiliser for pasture maintenance representing a greater cost to 

farm profitability than ever before.        

The leaching of excess P applied to pastures and movement of inorganic and organic P from 

surface soils where accumulation is common, has also resulted in P being deposited into 

waterways and rivers. The subsequent eutrophication of naturally P-impoverished aquatic 

ecosystems in Australia is a major threat to the native wildlife in these areas (Sharpley et al., 
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2015). This deposition of P from pastures and farmland also threatens native plants, for 

instance, to south-western Australia where many of the endemic plants have highly specialised 

adaptations to low-P soils and high susceptibility to P toxicity (Lambers et al., 2013).  

There has been significant scientific research and conservation efforts to reduce diffuse P from 

Western Australian agriculture entering the waterways of the Peel Harvey Catchment; 

however, these have not been successful as yet (Sharpley et al., 2015). This is due to the 

complicated pathways (surface runoff and subsurface leaching, etc.) by which P is transported 

from farm soils into waterways and the difficulty involved in understanding soil P dynamics in 

the different systems to identify the main modes of transport of diffuse P from its farm source 

to waterways in each specific farming system (Rivers et al., 2013). The soils of pastures in 

dairy, beef and sheep farms, to which P fertiliser is routinely applied, are the main farm sources 

of more than 140 tonne of diffuse P (approximately 7% of the P applied annually to pastures 

in the region) that ends up in waterways of the Peel Harvey Catchment Region each year 

(Rivers et al., 2013; Weaver and Reed, 1998). Therefore it is important that P-efficient pasture 

systems are recognised as a practical means of reducing the P inputs from pastures into 

waterways, as this will be far easier and more realistic than trying to alter the pathways by 

which P is carried (Rivers et al., 2013). A recent study by Ryan et al. (2017) suggested that one 

of the most feasible solutions to reducing P runoff from these systems is the adoption of more 

P-efficient annual pasture legumes than T. subterraneum. 

1.2C HOW TO ACHIEVE P EFFICIENCY?  

There is no single way to improve P-balance efficiency (PBE) of all Australian farming 

systems, as the dynamics of different production systems vary in terms of soil types and P loss 

pathways. Several approaches to achieving more P-efficient systems have been suggested 

including the conservation of P via a focus on recycling potential organic P from manure, 

greywater and both livestock and human faecal matter back into agriculture (Cordell et al., 

2009). McLaughlin et al. (2011) emphasised that the types of P fertiliser used and their 

placement in the soil can improve the efficiency with which P is used by crop and pasture 

systems. In southern Australia, the development and use of more P-efficient pasture legume 

species that require less P for maximum growth and are capable of yielding at least as well as 

T. subterraneum, has been proposed as a realistic means of reducing annual P fertiliser 

requirements of pasture systems by up to 30% (Simpson et al., 2014). This is because T. 

subterraneum has inherently high external critical P requirements relative not only to most 

grasses grown in rotational systems but also some alternative annual pasture legumes (Hill et 
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al., 2005; McLaren et al., 2016). For plants, two strategies exist for enhanced P efficiency; 

these involve investing in mechanisms to confer P utilisation efficiency and P acquisition 

efficiency (PAE) (Vance et al., 2003).  

Internal P utilisation efficiency (PUE) is a measure of a plant’s ability to utilise acquired P for 

growth and dry matter production, and essentially involves plants maximising yield per unit of 

P uptake (Wang et al., 2010). Generally, PUE is calculated relative to shoot tissue P 

concentration, most commonly as shoot dry mass (DM) produced per unit of shoot P (Rose et 

al., 2011). Although, it is also sometimes calculated as physiological P efficiency (PPE), which 

is shoot DM per unit shoot P in response to a range of P supply levels (Veneklaas et al., 2012). 

High internal PUE is characteristic of many native Australian plants especially adapted to P-

deficient soils (Lambers et al., 2011) and achieved via the internal conservation of P which 

often involves slow growth rates, increased growth per unit of P uptake, modification of carbon 

metabolism and plant growth hormones, alternative respiratory pathways and remobilisation 

of internal Pi (Föhse et al., 1991; Vance et al., 2003). Although some alternative pasture 

legumes suitable for Mediterranean-type climates may have moderately high PUE (Hill et al., 

2005). Crop and pasture species with high PUE have potential for productivity of grazing 

systems and minimising P exported from the system (Simpson et al., 2011a; Veneklaas et al., 

2012), as long as the PUE is not so extreme that its herbage is unable to provide the level of P 

required by livestock (Simpson et al., 2011a). Waddell et al. (2016b) highlighted the difficulty 

of assessing PUE in their comparison among nine species of the perennial grass Rytidosperma 

and was unable to determine which of the three measures of PUE (PPE (PUE over a range of 

P supply levels) or PUE (shoot DM per unit shoot P at either a common shoot P content or 

common level of P stress)) was most appropriate for interspecies comparisons. Internal PUE 

was also not correlated with, and failed to account for, species differences in external critical 

P requirements (Waddell et al., 2016b), which are assumed to be driven by differences in root 

foraging and P acquisition abilities (Richardson et al., 2011; Waddell et al., 2016a; Waddell et 

al., 2017). Thus despite the obvious potential benefits of PUE, its usefulness as a target for 

selective breeding is limited due to the inability of screening methods to adequately account 

for the confounding effects of PAE and PUE (Rose et al., 2011; Rose and Wissuwa, 2012). 

Phosphorus acquisition efficiency (PAE) refers to a plant’s ability to acquire P and is measured 

by plant P uptake per unit of available P in the soil, that is, the relative difference of P acquired 

under low and high P availability conditions (Vance et al., 2003; Yan et al., 2000): it is an 

expression of the combined sum of a plant’s ability to explore soil and forage for nutrients 
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(Lynch, 2011; Lynch and Brown, 2008) and mine for P via physiological secretion of 

carboxylates to mobilise scarcely available P accumulated in soil or release of phytase to 

release organic P (Lambers et al., 2015; Richardson et al., 2011; Suriyagoda et al., 2012). 

Therefore, improved PAE should enable plants to maintain yields as concentrations of 

extractable P in soils decrease as a result of superior root system capacity to forage for, or mine, 

accumulated P. However, as PAE also increases the amount of P acquired and therefore 

removed from the soil of agricultural systems, P fertiliser application may be required to 

maintain yields when soils become too P-depleted for maximum pasture yield, i.e. fall beneath 

the external critical P requirement of the key species (Richardson et al., 2011). Another benefit 

of plants with high PAE and an ability achieve maximum growth in soils with lower extractable 

P, is their potential to reduce the accumulation of inorganic P from fertiliser that commonly 

occurs in low P soils with high sorption capacity (McLaughlin et al., 2011; Simpson et al., 

2014). This is dependent on the adsorption rate and thus the accumulation of inorganic P in 

soil, which is affected by a range of factors including soil chemistry, soil type, soil microbial 

activity and temperature (Barrow, 1999; McLaren et al., 2015; McLaren et al., 2017). 

While how to most effectively increase the efficiency with which P fertilisers are used is highly 

debated, it is generally agreed upon that plant breeding for adaptations to low P stress will play 

an important role (Richardson et al., 2009; Richardson et al., 2011; Simpson et al., 2011a). 

Wang et al. (2010) suggested that emphasis should be placed on increasing PUE rather than 

PAE of plants, in order to ensure the long-term P-use is sustainable and prevent the net P-

balance of the system becoming negative (Cornish, 2010). In contrast, Lynch (2007) argued 

that PAE is a more promising and realistic breeding goal than PUE: firstly because shoot traits 

affecting PUE are often confounded with other traits of interest to breeders and secondly 

because nutrient-use efficiency has, to some extent at least, been indirectly selected for over 

decades of selective breeding for increased yield (Rose et al., 2011).  Conversely, root traits 

related to nutrient-acquisition efficiency have been severely under-utilised as selection criteria 

and thus represent an untapped pool of useful phenotypic variation for selective breeding 

programs (Lynch, 2007; Lynch, 2011; Lynch and Brown, 2008; Pang et al., 2018). Selecting 

for PAE appears to be the most appropriate option for developing low value pasture legumes, 

as measuring PUE is confounded by PAE and despite modified screening methods which show 

genotypic differences in PUE do exist, in the absence of differences in P uptake, there is no 

evidence that this measured PUE is conferred under field conditions (Rose and Wissuwa, 

2012). 
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The suggested potential for alternative annual pasture legumes with superior PAE and 

subsequently a lower external critical P requirement than T. subterraneum to improve P 

efficiency of pasture systems, has led to the screening for external critical P requirements and 

root traits related to P acquisition of alternative annual pasture legumes species with similar 

yields, growth patterns, grazing tolerance and better PAE to that of T. subterraneum (Sandral 

et al., 2015; Simpson et al., 2011a; Simpson et al., 2014). T. subterraneum has comparatively 

higher critical external P requirements than many of the alternative annual pasture legumes, 

especially Ornithopus ssp, which have longer, finer root systems, higher specific root length 

(SRL), longer root hairs and thus better P foraging potential (Kidd et al., 2016; Yang et al., 

2015). This is exemplified by a glasshouse pot experiment in which P uptake by T. 

subterraneum was less than that by T. glomeratum and O. compressus at each of the six P 

supply levels (Blair and Cordero, 1978). In another glasshouse study 10 of the 11 other pasture 

legume species examined required significantly (P<0.05) less P to achieve similar maximum 

shoot yield (Figure 1) (Sandral et al., 2018a). While developed and released as options to 

improve pasture productivity in niche areas of agriculture where T. subterraneum is poorly 

suited through deeper root systems, better tolerance to acid soils and harder seed levels, many 

of these alternative legumes may also have better PAE and lower P requirements.  

The most promising alternatives to T. subterraneum for P-efficient pasture systems, are O. 

sativus and O. compressus which in a field study by Sandral et al. (2015) on four sites in 

southern Australia had lower (less than half) the external critical P requirement of T. 

subterraneum (Table 1) (Sandral et al., 2015). Lower P requirements for maximum growth by 

O. compressus, relative to that of T. subterraneum, are well reported in both glasshouse studies 

(Bolland and Paynter, 1994; Paynter, 1990, 1993) and field trials (Blair and Cordero, 1978; 

Bolland, 1985a, 1985b, 1986; Bolland and Paynter, 1992; Paynter, 1992). The greater PAE and 

subsequently lower P requirement for maximum yield of O. compressus compared to T. 

subterraneum in a field study by Blair and Cordero (1978) was assumed to be a direct result of 

differences in root morphology that conferred greater nutrient foraging capacity by enabling a 

larger volume of soil to be explored by the root system, as shoot PUE did not differ between 

the species. Recently, similar results have been found for both O. sativus and O. compressus 

(Table 2) (Haling et al., 2016a; Haling et al., 2016b; Sandral et al., 2018a). These studies, 

conducted in the field or glasshouse, demonstrate that high nutrient foraging capacity was 

strongly correlated with low external critical P requirements of pasture species and that O. 
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compressus and O. sativus achieved greater total P uptake than any other annual pasture legume 

species examined (Haling et al., 2016b; Sandral et al., 2018a; Sandral et al., 2015). 

 

 

FIGURE 1. SHOOT DRY MATTER IN RESPONSE TO SIX RATES OF PHOSPHORUS (P) APPLICATION (0, 15, 30, 45, 

60 AND 80 MG P KG-1 SOIL) FOR 12 PASTURE LEGUME SPECIES GROWN IN FIELD SOIL UNDER GLASSHOUSE 

CONDITIONS. CAPPED LINE SHOWS L.S.D. FOR INTERACTION OF SPECIES WITH P APPLIED (P < 0.05; N = 5). DATA 

ARE SHOWN OVER TWO PANELS FOR CLARITY. TRIFOLIUM SUBTERRANEUM IS SHOWN IN BOTH PANELS FOR EASE 

OF COMPARISON (SANDRAL ET AL., 2018A). 
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TABLE 1. CRITICAL EXTERNAL P REQUIREMENT (KG P HA-1) FOR 90% OF MAXIMUM YIELD OF PASTURE LEGUMES 

AND TWO GRASSES (DACTYLIS GLOMERATA AND PHALARIS AQUATICA) GROWN IN MONOCULTURES AT YASS AND 

BURRINJUCK FIELD SITES ON THE TABLELANDS IN NEW SOUTH WALES, AUSTRALIA. IT WAS NOT POSSIBLE TO 

ESTIMATE THE EXTERNAL CRITICAL P REQUIREMENT FOR ALL SPECIES IN SOME YEARS OR AT BOTH SITES BECAUSE 

SOME SPECIES HAD EITHER FAILED TO PERSIST (DUE TO PEST, DISEASE, FROST, WATERLOGGED SOIL) (F) OR WAS 

NOT SOWN AT THE SITE IN THAT YEAR (NS) (SANDRAL ET AL., 2015). 

Species (cv.) Yass 

2012 

Yass 

2013 

Burrinjuck 

2013 

Relative P 

requirement 

Yield relative to 

Trifolium 

subterraneum 

 External critical P requirement 

(kg P ha-1) 

 (Yass district) 

T. subterraneum (Leura) 83 70 55 Medium --- 

Ornithopus sativus 

(Margurita) 

(ns) (ns) 18 Low Equal 

O. compressus 

(Santorini) 

22 27 49 Low Lower 

Dactylis glomerata 

(Porto) 

(f) 25 (f) Low Lower 

Phalaris aquatica 

(Advanced AT) 

(f) 35 (f) Low Equal 
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TABLE 2. EXTERNAL CRITICAL PHOSPHORUS (P) REQUIREMENT (CALCULATED RATE OF APPLIED P TO ACHIEVE 

90% OF MAXIMUM SHOOT YIELD) (MEAN ± SE AND DIFFERENT LETTERS INDICATING SIGNIFICANT DIFFERENCE AT 

P < 0.05) FOR PASTURE LEGUME SPECIES GROWN AT SEVEN RATES OF P APPLIED TO THE TOP 48 MM OF SOIL 

UNDER GLASSHOUSE CONDITIONS (SANDRAL ET AL., 2018A). ADDITIONAL RESULTS FOR TRITICUM AESTIVUM 

AND LUPINUS ALBUS FROM A SEPARATE GLASSHOUSE STUDY WITH 7 P LEVELS AND A DIFFERENT SOIL TYPE 

(SANDRAL ET AL., 2018B) ARE INCLUDED AS REFERENCE TO ALLOW COMPARISON BETWEEN PASTURE LEGUMES 

AND THE CROPS THAT THEY ARE COMMONLY GROWN WITH IN ROTATION. 

Species Common name Cultivar External critical P 

requirement 

(mg applied P kg-1 soil) 

Trifolium subterraneum L. Subterranean clover Leura 203±7.7a 

Ornithopus sativus Brot. French serradella Margurita 63±2.9b 

Ornithopus compressus L. Yellow serradella Santorini 57±2.5b 

Triticum aestivum Wheat Beckom* 133 

Lupinus albus Broadleaf lupin Luxor* 89 

* Indicates variety name 

 

In summary, Ornithopus species appear to be a realistic option for highly productive P-efficient 

pasture systems with low critical P requirements in southern Australia (Simpson et al., 2014). 

The existing literature suggests their external critical P requirements reflect their ability to 

access and acquire P from the soil, and that selective breeding for improved nutrient foraging 

capacity may be key for achieving more P-efficient pasture species. Significant and potentially 

valuable variation in root foraging traits exhibited among five T. subterraneum genotypes in a 

recent study suggests the core collection of T. subterraneum could be utilised for the selective 

breeding of cultivars with improved PAE and productivity on low P soils (Haling et al., 2018). 

Therefore, an understanding of the mechanisms, strategies and root traits that contribute to 

nutrient foraging capacity of Ornithopus species and T. subterraneum will be an important step 

towards increasing P efficiency of southern Australian pasture systems. 
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1.3 ROOT TRAITS RELATED TO PHOSPHORUS ACQUISITION 

Plants have a range of strategies at their disposal for enhancing P acquisition through 

modification or adaptations of their root system. For example Phaseolus vulgaris (common 

bean) can modify root architecture by increase lateral rooting to achieve greater topsoil 

foraging and target zones in stratified soil where P is most concentrated (Lynch and Brown, 

2001), however much less plasticity in the proliferation of lateral and adventitious roots has 

been observed for T. subterraneum. This thesis focuses on three of the main strategies reported 

to be related to P-acquisition for T. subterraneum. The first involves utilising root morphology 

and architecture to modify the root system in a way that directly increases the volume of soil 

that is explored per unit root dry mass or root length. The second is to use physiological root 

adaptations for P mining by excreting root exudates into the soil that stimulate the solubilisation 

and mineralisation of P from forms scarcely available to plants. The third strategy involves 

utilising a symbiosis with arbuscule-forming root-colonising fungi such as arbuscular 

mycorrhizal fungi that may enhance P acquisition as a result of greater soil exploration by 

fungal hyphae which are much finer than roots. The specific root traits, adaptations and details 

of each of these is now discussed 

1.3A MORPHOLOGICAL ROOT TRAITS 

A variety of morphological root traits may enhance PAE of pastures by increasing the root 

system’s capacity to explore soil better. For example,  adaptation to low P soil in maize (Zea 

mays L.) and common bean (Phaseolus vulgaris L.) is related to root architecture modification 

to increase surface soil exploration by roots (Bonser et al., 1996; Ge et al., 2000; Liao et al., 

2001; Lynch, 2011; Lynch and Brown, 2001), as the topsoil is often where P is most 

concentrated in many agricultural systems (McLaren et al., 2015; McLaughlin et al., 1990; 

McLaughlin et al., 2011). Extensive topsoil foraging by plant root systems is generally 

associated with increased biomass allocation to roots and thus increased root:shoot DM ratio, 

shallow root growth angles and dispersed lateral roots with decreased lateral root density except 

in P-rich patches of soil (Lynch, 2007; Lynch and Brown, 2008). The immobile nature of P in 

soil and subsequent depletion of P from the soil surrounding a root as it is acquired by the root 

means that root growth and continued exploration of new soil is vital in low P soils. This 

explains why there is a general increase in DM ratio of root:shoot in response to decreased P 

supply for common bean genotypes with a high PAE in P-deficient conditions, that is, to 

maintain root growth and soil exploration (Nielsen et al., 2001). 
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Cheaper soil exploration in terms of the carbon cost to plants can be achieved by roots with 

decreased root diameter, increased SRL: root length per unit dry mass), decreased root tissue 

density (RTD: root DM per unit root volume) and longer root hairs, each of which may enable 

greater soil exploration per unit of metabolic investment in roots (Föhse et al., 1991; Lynch 

and Brown, 2001; Lynch and Ho, 2005). Root hairs contribute directly to P uptake in plants 

(Gahoonia and Nielsen, 1998), but are described later in section 1.3C along with root-

colonising fungi. Root cortical aerenchyma formation, a common response to waterlogging in 

many plants, has also been shown to be an adaptation to P stress in maize and common bean 

(Fan et al., 2003; Postma and Lynch, 2011): it enables the remobilisation of P from the root 

cortex and reduces the respiratory maintenance costs of root tissue (Lynch, 2007; Lynch and 

Ho, 2005; Postma and Lynch, 2011). However, aerenchyma formation has been shown to be 

insignificant in two T. subterraneum cultivars, one a waterlogging tolerant cultivar (Daniel 

Kidd, pers. comm).  

Low P-requirements for maximum growth and high PAE are often associated with a high 

nutrient foraging capacity (volume of soil explored per unit root length or biomass) of root 

systems with long, thin roots and long root hairs (Lambers et al., 2006; Lynch, 2011; Yan et 

al., 2000). For Ornithopus species, a low external P requirement for maximum growth, which 

is less than half that of T. subterraneum, is the result of its grass-like root morphology with, 

relative to T. subterraneum, longer SRL, longer root hairs and thinner average root diameter 

(Haling et al., 2016b; Yang et al., 2015). This specific root architecture and morphology confers 

a relatively high specific root hair-cylinder volume (SRHCV), defined as the volume of the 

cylinder of soil surrounding the root and root hair zone per unit root mass, which is strongly 

correlated with P acquisition (Hill et al., 2010; Yang et al., 2015) and inversely correlated with 

the external critical P requirement (Ryan et al., 2016). In contrast, the relatively poor PAE of 

T. subterraneum (Evans, 1977) is primarily due to its low specific SRHCV which was 76-80% 

less than grasses and 79-88% less than Ornithopus species (Kidd et al., 2016) and reflects its 

intrinsically short root hairs and low SRL. 

While intrinsic species differences in root morphology can account for differences in root 

system ability to explore soil and forage for plant-available P, morphological plasticity and the 

ability to change root traits in response to P supply can also contribute to productivity on low 

P soils (Richardson et al., 2009; Richardson et al., 2011). Despite having a higher external 

critical P requirements and being less adapted to low P soils, in terms of root morphology, than 

Ornithopus species, a select number of T. subterraneum cultivars from the core collection have 
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exhibited variation for root traits related to P acquisition such as SRL and root proliferation in 

topsoil that may enable breeding for improved PAE (Haling et al., 2018).   

1.3B PHYSIOLOGICAL ROOT TRAITS — CARBOXYLATES  

In addition to root morphological adaptations that affect a plant’s ability to access and acquire 

soluble plant-available P from the soil, plants may also change their root physiology to modify 

the rhizosphere (soil surrounding the roots) to mobilise P in the soil. The production and 

exudation by roots of carboxylates and phosphatases are two such mechanisms. Carboxylates, 

also known as organic acids, are low molecular weight organic anions which may mobilise P 

from scarcely available mineral and organic forms in the soil and thus increase the 

concentration of P in the soil that can be acquired by plant roots or mycorrhizas (Ryan et al., 

2001). Carboxylates achieve this by forming stronger bonds with Al3+, Fe3+ and Ca2+ than 

phosphate and thus mobilise P from these complexes (Jones, 1998; Ryan et al., 2001). 

However, our understanding of the mechanisms and roles of carboxylates in ‘P mining’ by 

plants is somewhat limited. For instance, it has been suggested that carboxylates may also 

indirectly influence available P in soil by impacting soil microorganisms that perform 

processes to either increase or decrease orthophosphate concentrations in the soil solution 

(Richardson et al., 2011).  

The amount of carboxylates in rhizosphere soil varies with plant species. A study by Kidd et 

al. (2016) found that the amount of rhizosphere carboxylates per unit of root DM varied little 

among eight lines of T. subterraneum (0-11 µmol g-1 root DM) and was much greater for O. 

sativus and O. compressus (58 and 42 µmol g-1 root DM, respectively). There are many root 

carboxylates, including oxalate, fumarate, malate and the most common two: citrate and 

malonate (Pearse et al., 2006). The relative importance of each is not well understood. The 

amounts of rhizosphere carboxylates per unit root DM or SRHCV generally increase in 

response to decreased P concentrations in the soil (Jones, 1998; Pang et al., 2010; Suriyagoda 

et al., 2012). However, there can be variation among plant species in the plasticity of their 

response to changes in P supply (Pang et al., 2010). The composition of total carboxylates can 

also vary among species. For example, citrate and malonate were the main carboxylates 

measured in the rhizosphere of both T. subterraneum and Ornithopus species grown low P soil; 

however, citrate comprised the highest percentage composition of total carboxylates measured 

for T. subterraneum whereas for Ornithopus species this was malonate (Kidd et al., 2016). 

These two carboxylates have also been found to mobilise P more effectively together due to an 

additive effect than when excreted on their own (Oburger et al., 2009). The fact that malonate, 
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which can mobilise P from AlPO4 (Otani et al., 1996) and malate, were the predominant 

carboxylate in the rhizosphere of Ornithopus species in chapter 3 may be related to its tolerance 

to aluminium toxicity. A study of Triticum aestivum in which Al tolerance coded by the alt1 

locus was correlated with the secretion of malate from the root apices, which was proposed to 

protect plants from AL toxicity by chelating Al around the areas of root most sensitive to it 

(Delhaize et al., 1993).  

Rhizosphere carboxylate concentrations may vary with soil type (Veneklaas et al., 2003), plant 

maturity (Suriyagoda et al., 2012), soil pH (Ryan et al., 2001), soil P supply (Pang et al., 2010) 

and soil micro-organism activity which can decrease carboxylates over time (Jones, 1998; 

Richardson et al., 2011). Therefore carboxylate amounts in the rhizosphere cannot be soundly 

compared among studies. Pearse et al. (2007) found evidence to suggest that the effectiveness 

of carboxylates for enhanced P acquisition is dependent on rhizosphere pH and achieving 

adequately high concentrations of carboxylates in close enough proximity to P acquisition 

zones of root and hyphae. 

1.3C SYMBIOTIC FUNGI — ARBUSCULAR MYCORRHIZAL FUNGI (AMF) AND FINE ROOT ENDOPHYTES 

(FRE) 

Symbiotic structures, known as mycorrhizas, are formed between certain belowground root-

colonising fungi (endophytes) and the root systems of more than 80% of vascular plants and 

involve the exchange of photosynthates (plant-derived carbon compounds) for nutrients 

acquired from soil by fungal hyphae (Smith and Read, 2008). There are two main groups of 

mycorrhiza—ectomycorrhiza, which primarily colonise externally around the outside of the 

root tips of trees, and endomycorrhiza which penetrate and internally colonise the roots of trees 

and herbaceous plants. Arbuscular mycorrhizal fungi (AMF), which belong to phylum 

Glomeromycota, are considered the most widespread and prevalent mycorrhizal fungi in 

agricultural soils (Bolan, 1991; Smith and Read, 2008) and ubiquitous to Australian pastures 

including those based on T. subterraneum (Ryan et al., 2016; Simpson et al., 2011a). The name 

AMF is derived from the presence of the arbuscule, structures of finely branched hyphae that 

are formed within cells in the root cortex of their host plants and enable metabolic exchange 

between plant and fungi (Smith and Read, 2008). Other structures by which AMF may, but not 

always, be identified include sac-like lipid storage organs known as vesicles and intracellular 

hyphae coils (Smith et al., 2011; Smith and Read, 2008; Vierheilig et al., 2005).  It is very 

common for T. subterraneum roots to be extensively colonised by AMF (Abbott, 1982; Abbott 

et al., 1983). 
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It is known that colonisation by AMF may confer increased tolerance of host plants to drought, 

disease, salinity, soil acidity and heavy metals (Fitter, 2006; Newsham et al., 1995; Smith and 

Read, 2008). However, the primary benefit of a symbiosis with AMF to host plants is the 

potential for increased uptake of immobile nutrients, particularly P, from the soil (Clark and 

Zeto, 2000), which is well documented for many plant species (Smith et al., 2011; Smith and 

Read, 2008). This ability results from fungal hyphae being longer, finer and able to explore a 

greater volume of soil per unit biomass than root hairs, and forming complex extracellular 

hyphal networks (mycelium) that can extend the potential surface area for P uptake beyond the 

SRHCV of roots and root hairs alone (Caradus, 1981; Jakobsen et al., 1992; Nielsen et al., 

1998; Smith and Read, 2008). Fungal hyphae also have lower metabolic construction costs and 

can explore soil further distances away from the roots than root hairs (Schweiger et al., 1995). 

The thin external hyphae of AMF are also able to efficiently forage for orthophosphates in 

pores and particles of soil too small to be accessed by roots and root hairs (Smith and Read, 

2008). 

While root hairs contribute directly to P uptake in plants (Gahoonia and Nielsen, 1998), 

mycorrhizal symbiosis may reduce the net effectiveness of RHL for P acquisition (Hill et al. 

2010). This may be especially the case for T. subterranean, which Schweiger et al. (1995) 

predicted would require root hairs longer than 0.5 mm to increase P acquisition in the presence 

of AMF. This assumption is supported by the selection of white clover (T. repens L.) for RHL 

in which plants with 0.3 mm long root hairs were not more effective at acquiring P from low P 

soil than plants with shorter root hairs, except for when grown in the absence of AMF (Caradus, 

1981). It is unlikely that any lines within the T. subterraneum core collection will exhibit root 

hairs >0.5 mm in length, as the longest RHL recorded among five cultivars of T. subterraneum 

was less than 0.45 mm (Haling et al., 2018). For the two pasture legumes of interest, it is known 

that Ornithopus species (O. compressus and O. sativus) have intrinsically longer root hairs 

(0.57-0.63 mm), as expected based on their higher PAE than that of T subterraneum (0.22-0.27 

mm) (Evans, 1977; Sandral et al., 2018a; Schweiger et al., 1995; Zhang et al., 2018).  

As far as we know, AMF are obligate symbionts that acquire all of their metabolic carbon from 

host plants and may consume up to 20% of a plant’s total photosynthates (Graham, 2000). This 

means there is a trade-off between metabolic carbon invested by plants in root biomass and 

carbon used to support AMF and/or the exudation of rhizosphere carboxylates, which access 

orthophosphates and strongly sorbed P, respectively. The colonisation of roots by AMF may 

decrease carboxylate exudation into the rhizosphere (Graham et al., 1981). For 10 Kennedia 
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species, colonisation by AMF decreased rhizosphere carboxylates by up to 50% but increased 

total plant P uptake by up to 23% (Ryan et al., 2012). Under certain conditions, AMF may 

negatively affect P uptake and growth of host plants, relative to uncolonised plants (Johnson et 

al., 1997; Ryan and Tibbett, 2008; Smith et al., 2003), presumably due to carbon being drained 

when plant photosynthesis is limited by nutrients other than P, light or other factors such as 

low temperature.  

AMF have been found to increase host plant P uptake and decrease the external critical P 

requirement, relative to uncolonised plants, of some annual pasture legumes in P-deficient soil 

under glasshouse conditions (Schweiger et al., 1995). However, the relevance of these results 

to field conditions remains unknown (Ryan and Graham, 2018). It has been suggested there is 

severely insufficient field-based evidence that AMF contribute to a relevant improvement in 

the P nutrition and yield of crops and pasture species in commercial agricultural systems of 

southern Australia, even under low P condition (Ryan and Graham, 2002; Ryan and Graham, 

2018; Ryan and Kirkegaard, 2012). This is because excluding glasshouse experiments, reports 

of improved plant growth in response to colonisation by AMF in field conditions are limited to 

just a small number of studies, many of which have limited field relevance, flawed 

methodology and variable results due to the interaction of environment and genotype (plant 

and AMF) (Ryan and Graham, 2018). Thus, there is inconsistency in the reports of the impact 

of colonisation by AMF on plant yield among existing studies, most of which have been 

conducted in glasshouses conditions and rarely in the field (Ryan and Graham, 2018). For 

instance, contrasting impacts of colonisation by AMF on wheat yield under field conditions 

include strong correlations between colonisation by AMF and yield in southern Queensland in 

some instances (Owen et al., 2010) and no impact in southern New South Wales (Kirkegaard 

and Ryan, 2014; Ryan and Angus, 2003). This highlights the difficulty in determining the 

specific factors responsible for yield differences between mycorrhizal and no or low 

mycorrhizal treatments in field studies (Ryan and Kirkegaard, 2012). The dynamics and impact 

on plant growth and yield of symbiosis with AMF are even less researched for annual pasture 

legumes than for wheat and other crops. An incomplete understanding of the complex 

interactions in field soil that can occur between different species of AMF in diverse 

communities, as well as between AMF and soil microbes, also limits field relevance of existing 

literature (Ryan and Graham, 2018).  

Species differences in root morphology and architecture and subsequent soil foraging capacity 

can impact the mycorrhizal growth response (MGR), defined as the growth or yield difference 
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between plants colonised by AMF and uncolonised plants (Johnson et al., 2015). This is 

demonstrated by the glasshouse study of Schweiger et al. (1995), which identified that mean 

root hair length of host plants was inversely correlated (R2 = 0.98) with the MGR to Glomus 

sp. for pasture species and that plant species with short root hairs benefited more from 

colonisation by AMF than those with longer root hairs (Figure 2). Similarly, AMF compensated 

for the absence of root hairs in mutant hairless barley (Hordeum vulgare) genotypes (Jakobsen 

et al., 2005). In contrast, some studies report no differences in MGR between species with 

contrasting root morphology and root hair length (Hill et al., 2010; Maherali, 2014). Ryan and 

Graham (2018) suggest that because MGR has rarely been examined in experiments with more 

than two P levels, and the complexity and variability of root morphological traits that may 

impact MGR, that further research into MGR should include P-response curves so that 

comparisons of MGR and external critical P requirements between uncolonised and colonised 

plants can be made. 
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FIGURE 2. SHOOT DRY WEIGHT RESPONSE, AND FITTED CURVES, OF TWO ANNUAL PASTURE LEGUMES SPECIES – 

(A) SUBTERRANEAN CLOVER (TRIFOLIUM SUBTERRANEUM), (B) YELLOW SERRADELLA (ORNITHOPUS 

COMPRESSUS) – GROWN IN A GLASSHOUSE AT 12 LEVELS OF PHOSPHORUS (P) APPLICATION, WITH AND 

WITHOUT INOCULATION WITH AN ARBUSCULAR MYCORRHIZAL FUNGUS (GLOMUS SP.) IN A GLASSHOUSE 

(ADAPTED FROM SCHWEIGER ET AL. (1995)). ALSO SHOWN IS THE AVERAGE ROOT HAIR LENGTH AT 60% OF 

MAXIMUM SHOOT GROWTH FOR NON-COLONISED PLANTS AND THE APPROXIMATE CRITICAL P APPLICATION LEVEL 

FOR 90% OF MAXIMUM GROWTH (STARS) (ADAPTED FROM RYAN AND GRAHAM (2018)). 

The study of Schweiger et al., (1995) also found that four annual pasture legumes (including 

T. subterraneum and O. compressus) grown under glasshouse conditions at 12 levels of applied 

P in pots of pasteurised field soil inoculated with a single commercial strain of AMF, had lower 

external critical P requirements than plants in the sterile treatment with roots not colonised by 

AMF. This demonstrates the importance of P-response curves to enable differences in the 

acclimation of root traits to P supply to be assessed.  It also highlights the significance of using 

an adequate number of P supply levels in experiments as it relates to the strength of the 

assumptions that can be made regarding which root traits most significantly impacted the 

external critical P requirement of a species and responsible for differences among species.  

Complexity in the mycorrhizal community has recently been suggested by the delineation of a 

second distinct group of arbuscule-forming root-colonising fungi, known as fine root 

endophyte (FRE), in agricultural systems (Orchard et al., 2017b; Orchard et al., 2016b). While 

traditionally classified within AMF as Glomus tenue under the phylum Glomeromycota, FRE 

most likely belong to the subphylum Mucoromycotina and presumably differ functionally and 

ecologically as well as phylogenetically to AMF (Orchard et al., 2017a; Orchard et al., 2017b). 

Orchard et al. (2017b) reviewed the existing literature on FRE and emphasised that FRE often 

co-colonise roots with AMF and are ubiquitous to and vastly distributed across Australian 

agricultural soils (Abbott and Robson, 1982; McGee, 1989; Orchard et al., 2016b; Ryan and 

Kirkegaard, 2012). Their abundance in Western Australian pasture systems, particularly those 

containing T. subterraneum (Abbott et al., 1983), is such that FRE often colonised a greater 

proportion of roots than did AMF (Abbott and Robson, 1982) and occurred more commonly 

across 20 pasture-crop rotation paddocks than any other AM fungus (Abbott and Robson, 

1982). It is known that FRE may exhibit better tolerance than AMF to extreme environmental 

conditions and thus can dominate the root endophyte community under waterlogging (Orchard 
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et al., 2016b) or extreme cold (Newsham et al., 2009), however such responses can be host 

plant-specific (Orchard et al., 2016b).  

Colonisation by FRE within stained roots is best able to be distinguished from that of AMF at 

≥ ×100 magnification. Their morphology is characterised by fine hyphae (< 2 μm in diameter) 

that branch out both inter- and intracellularly within the root cortex in a fan-like pattern and 

the formation of conical structures composed of fine elements that resemble arbuscules (Figure 

3). The spores of FRE are colourless, small (< 20 μm) and more temperature resistant than 

those of AMF (Brundrett and Ashwath, 2013; Hall, 1977). 

 

 

FIGURE 3. FINE ROOT ENDOPHYTES (A) AND ARBUSCULAR MYCORRHIZAL FUNGI (B) WITHIN ROOT CELLS 

(MEGAN RYAN, UNPUBLISHED PHOTOS). 

 

There are a few reports that colonisation by FRE may enhance host plant growth (Crush, 1973; 

Johnson et al., 1997; Powell and Daniel, 1978), one of which observed a positive impact of 

FRE relative to uncolonised plants in sterile soil for Lolium perenne under glasshouse 

conditions in New Zealand (Crush, 1973). However, the impacts, in terms of MGR, of 

communities containing both FRE and AMF have not been examined. Aside from their 

widespread occurrence within Australian soils, very little is known about FRE due to their 

historical exclusion from the focus of mycorrhizal research as a result of the failure to 

successfully isolate and genetically classify the spores of FRE (Orchard et al., 2017b; 

Thippayarugs et al., 1999). Therefore, much of our limited understanding of FRE is based on 

observations and anecdotal evidence rather than targeted research, and the dynamics and 
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impact of endophyte communities differing in the relative dominance of FRE and AMF on the 

host plant has not been examined. While this leaves many open-ended questions about FRE, 

some assumptions can be made based on the limited observations from the 108 studies in which 

FRE were identified (Orchard et al., 2017b). For instance, while FRE have not been genetically 

characterised, five distinct groups of FRE identified based on morphological characteristics 

suggest several species of FRE may exist (Thippayarugs et al., 1999).  

A decrease in the extent of root length colonised by FRE in response to increased P supply, as 

is commonly reported for AMF has been observed for common wheat (Triticum aestivum) and 

field pea (Pisum sativus) (Ryan and Kirkegaard, 2012). However, FRE were more sensitive to 

high P supply than AMF (Ryan and Kirkegaard, 2012) and have not been examined at more 

than two P supply levels by any study prior to this thesis. The ability of FRE to enhance host P 

uptake like that of AMF, even under extremely low P conditions, remains anecdotal. Similar, 

largely anecdotal are suggestions that variations in the colonisation response to soil type and 

environmental conditions of FRE and AMF reflect differences in the ecological niche that may 

be occupied by FRE and AMF in soils where both are present (Orchard et al., 2017b; Orchard 

et al., 2016b).   

Therefore communities containing FRE and AMF together challenge our understanding of the 

field relevance of root endophytes to agricultural systems further because i) pure cultures of 

FRE have not been isolated, and their species diversity remains unknown; ii) the combined 

impact of FRE and AMF, and changes in the dynamics and dominance of each within mixed 

communities on host plant P uptake and growth is not understood; and iii) it is not known 

whether FRE can contribute to P acquisition by host plants.  

1.4 METHODOLOGICAL — EXTERNAL CRITICAL P REQUIREMENT 

1.4A RESPONSE OF PLANTS TO P SUPPLY 

Our knowledge of the variation in root morphological, physiological and symbiotic root traits 

related to P acquisition among annual pasture legumes is relatively limited. For instance, the 

variation in root traits and their response to varying levels of P supply among T. subterraneum 

cultivars, the most common and keystone pasture legume in Australian agriculture, has only 

been reported in three studies (Haling et al., 2018; Kidd et al., 2016; Ryan et al., 2016). A New 

Zealand glasshouse study examining shoot DM of 12 pasture legume species at eight P supply 

levels and five lime application rates reported that T. subterraneum reached 97% maximum 

shoot yield wen 336 mg P kg-1 soil was applied and that pH 5.7 was optimal for maximum 
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shoot DM (Moir et al., 2016). Even less information exists for alternative annual pasture 

legumes such as Ornithopus species, most of which is limited to reports of intrinsic differences 

in root traits among pasture legume species. Furthermore, much of the existing literature is 

based on outdated experiments with flawed methodology. This is exemplified by Jones et al. 

(1970), the only study to report comparisons of the PAE and PUE for more than three T. 

subterraneum cultivars, as most of the 10 cultivars included have since been superseded and 

therefore have little agronomic relevance (Nichols et al. 2007). The study’s experimental 

design was also limited to two P levels and one harvest, which is flawed as there is potential 

for differences in the P response of genotypes possibly well-adapted to low P to be 

misrepresented and misinterpreted because there is no way to account and differentiate between 

the effects of ‘response to P’, ‘ontogeny’ and ‘growth rate’.  

A similar dilemma applies to many of the studies that report critical external P requirement of 

annual pasture legumes. Critical external P requirement is a useful calculation for assessing P 

efficiency and is generally inversely correlated with the nutrient foraging capacity of a plants 

root system. For instance, as mentioned above, the calculated critical external P requirement of 

T. subterraneum (20.5 mg P kg-1 soil) in a glasshouse experiment was much lower than that of 

Ornithopus species (5.8 and 8.6 mg P kg-1 soil for O. compressus and O. sativus, respectively), 

presumably as a result of the differences in root morphology (Haling et al., 2016a). Haling et 

al. (2016a) used fitted non-linear Mitscherlich curves of plant shoot DM response across six 

levels of applied P to calculate critical external P requirement according to the equation 𝛾 =

𝛼 − 𝑏(𝑒−𝑐𝑥), in which y is shoot DM, x is P application rate, α is maximum yield, ƅ is 

maximum yield minus the yield at P0, and c is the exponent coefficient. However, many 

previous reports of external critical P are based on experiments with plants grown at only a 

small number of P supply levels; these designs fail to capture and account for species 

differences in the growth and root morphological response to P supply among low, moderate 

and high P treatments.  

This leads to the importance of well-designed P-response experiments with enough P supply 

levels to generate growth response curves adequate to determine the P requirement of plants 

and assess how their root traits respond or acclimatise to changes in P supply. To accurately 

calculate external critical P requirement using Mitscherlich equations, it is paramount that 

experiments include P levels sufficiently high to capture maximum yield (defined by a plateau 

in growth at higher P supply), but equally important to have a sufficient number of low and 

intermediate P levels to capture small differences in critical external P requirement. The P-
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response curves of five annual pasture legumes grown at 12 levels of applied P in the study of 

Schweiger et al. (1995) demonstrate the species differences in growth response between low 

and moderate P supply that could easily be missed if fewer P levels were used (Figure 2). A 

field experiment in southern New South Wales with six levels of P (0, 4, 10, 16, 24, 31 kg P 

ha-1) supplied as triple superphosphate (20% P and 1.5% S) found the external critical P 

requirement of O. compressus (18 kg P ha-1) and O. sativus (22-49 kg P ha-1) was <50% that 

of T. subterraneum (55-83 kg P ha-1) (Sandral et al., 2015).  Haling et al. (2018) assessed the 

growth and root trait response of five cultivars of T. subterraneum to seven P levels ranging 

from 0 to 250 mg P kg-1 soil and concluded that low external critical P requirement was 

associated with high root density in P-rich patches of soil and the maintenance of high specific 

root density at low P supply levels. As P-response curves also enable differences in the 

acclimation of root traits to P supply to be identified, the significance of an adequate number 

of P supply levels also relates to the strength of the assumptions that can be made regarding 

which root traits are most significantly impacting the external critical P requirement of a 

species and responsible for differences among species. This is also important for future 

research to understand how and why factors such as soil type affect critical P requirement of 

plants.   

Due to the technical nature of measuring root traits, many P-response experiments examine 

plants grown under glasshouse conditions where growth environments are less variable, and 

root traits can be measured faster and with more ease than in field experiments. Compared to 

field experiments, glasshouse experiments generally offer more options for minimising root 

sample storage periods and variation among treatments in pests, pathogens and other factors 

that often affect plant growth in field conditions. This is particularly important when measuring 

root colonisation by AMF or FRE, as hyphal structures inside colonised root samples stored in 

refrigerated conditions for microscopic assessment can change over time (Orchard et al., 

2016a). Species differences in external critical P requirements are also less likely to be 

confounded with yield or persistence issues when plants are grown under glasshouse rather 

than field conditions. Therefore P-response experiments are more commonly conducted in 

glasshouse than in field conditions. 

1.4B FACTORS THAT MAY AFFECT FIELD RELEVANCE OF GLASSHOUSE EXPERIMENTS 

Critical P requirements and root traits related to phosphorus (P) acquisition of plants grown in 

a glasshouse are often the basis of a species’ inferred P foraging ability (Simpson et al., 2011a). 

However, there are many intrinsic differences between glasshouse and field conditions that 
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could potentially challenge the validity of results from glasshouse studies for the identification 

and development of pasture legume species with improved PAE and productivity in low P soils 

in southern Australian farming systems. Common examples include the removal or 

minimisation of variation by glasshouse experiments in environmental conditions and stresses 

that may occur in the field include such as temperature, water availability, soil structure and 

chemistry, availability of nutrients other than P, soil microbial communities and plant densities 

(Poorter et al., 2012). These differences result from the methodology most commonly used in 

glasshouse P-response experiments whereby plants are grown in small pots (that may restrict 

root growth) of sterile homogenous soil (that has been pasteurised, sieved and sometimes 

mixed with sand and or a commercial inoculum of AMF) fertilised to contain sufficient 

concentrations of all vital nutrients except P and watered frequently till harvest. The most 

obvious of these factors and their impact on the agronomic relevance of a species P-response 

under glasshouse conditions and the most commonly used methodology will now be discussed. 

1.4Ba Sward conditions and plant density 

For annual pasture legumes, especially T. subterraneum and Ornithopus species, the P-

response of root traits is most commonly examined in glasshouse experiments with plants (less 

than 10 per pot) grown in small pots that hold 1.3 kg of soil or less and plant shoots free to 

grow beyond the perimeter of the pot (Kidd et al., 2016; Nazeri et al., 2014; Ryan et al., 2016). 

This is because small pots, relative to larger ones, not only conserve glasshouse space but are 

also more easily handled (watered to weight and rearranged randomly within replicates) to 

prevent temperature and light gradients within the glasshouse from impacting treatments 

(Poorter et al., 2012). Similarly, having fewer plants per pot increases the ease and precision 

with which individual root systems can be separated, washed and scanned for root length. 

However, in the field, pasture legumes are sown and grown in dense swards within which 

individual plants are shaded by, and compete with, neighbouring plants for light. Therefore, in 

the glasshouse, plants within unconstrained micro-swards, that is, pots where the shoot canopy 

is free to grow beyond the pot perimeter and maximise light interception by the lower canopy, 

do not experience the same degree of shading as plants within dense pasture swards in the field. 

For T. subterraneum, both plant density and radiation (light intensity) have been shown to 

affect plant growth and shoot dry mass (Black, 1960, 1963; Stern, 1965; Stern and Donald, 

1962). Cocks (1973) demonstrated that the growth response of T. subterraneum to four 

temperature regimes in a glasshouse experiment was dependent on leaf area index, which 

varied with plant density. This is due to the negative impact of reduced radiation or increased 
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shading on plants’ photosynthetic capacity and the amount of photosynthetic carbon available 

for root and shoot growth, which presumably also influences the allocation of C to root growth 

under low P availability. There is also evidence that differences in irradiance and shading can 

influence colonisation of roots by AMF and their effect on plant growth (Graham et al., 1982; 

Hayman, 1974; Konvalinková and Jansa, 2016). Therefore the discrepancy between the 

photosynthetic conditions within unconstrained micro-swards and dense pastures in the field 

has significance for the field relevance of root traits and their response to P in traditional 

glasshouse experiments. 

Recently, some glasshouse studies have involved the use of fitted sleeves with an inner 

reflective aluminium surface around cylindrical pots; sleeve height is adjusted to that of the 

shoot canopy as plants grow (Haling et al., 2018; Haling et al., 2016a; Haling et al., 2016b; 

Haling et al., 2015; Hill et al., 2005; Sandral et al., 2018a; Waddell et al., 2016a). The objective 

of the reflective sleeves is to constrain the shoot canopy to simulate the photosynthetic 

conditions, specifically the shading from higher leaves of the same or neighbouring plants, 

experienced within a dense pasture sward in the field. The use of reflective sleeves is presumed 

to mimic light distribution within a dense sward while avoiding any confounding effects of 

root density that may occur if a large number of plants were grown in a small pot with confined 

space. A study in which white clover (T. repens) was grown under simulated shoot canopies 

consisting of leaves floated in water tanks above the pots, found that canopy filtered light 

impacted plant growth and shoot yield (Solangaarachchi and Harper, 1987). The impact of 

reflective sleeves on plant growth and root traits related to P acquisition has not been assessed 

by any previous study. This merits investigation. For instance, the response of SRL and root 

length density (RLD: root length per unit of soil volume) to decreased P supply for T. 

subterraneum and O. compressus grown in micro-swards with shoot canopy constrained by 

reflective sleeves in the study of Haling et al. (2016b), was the opposite of the increase in SRL 

and decrease in RTD most commonly reported for many plant species grown in glasshouse 

experiments with shoots unconstrained (Hill et al., 2006; Lynch and Brown, 2001; Lynch and 

Brown, 2008). 

1.4Bb Field soil 

Unlike homogenous sieved soil used in glasshouse experiments, soil in the field can be 

heterogeneous and vary significantly spatially in terms of structure, pH, microbial communities 

and root pathogens. Failure to use field soil may, therefore, sometimes limit the relevance of 

glasshouse experiments to field situations. Even if field soil is used, it may be pasteurised and 
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sieved to remove root pathogens (Simpson et al., 2011b). For example, a glasshouse study in 

which two T. subterraneum cultivars were grown in two P-deficient soils (sand and sandy 

loam) either pasteurised or unpasteurised found that pasteurisation increased shoot yield and P 

content by 100% for the sand but not the sandy loam (Ryan et al., 2016). This demonstrates 

that pasteurisation may change the structure and chemistry of field soil and, presumably, the 

PBI and amount of plant-accessible P and that the impact of pasteurisation on plant growth 

may vary with soil type. However, without further measurement this remains inconclusive. It 

is also likely that the species dynamics of communities of microorganisms in the soil, which 

often vary spatially in the field, could be absent or changed in pasteurised soil. This has 

significance for the field relevance of carboxylate exudation measured in glasshouse 

experiments, as soil microbes can metabolise and thus decrease the amount of carboxylates in 

the soil (Martin et al., 2016).  

A species P-response can differ among soil types, which means the field soil used defines the 

field scenarios to which the results are applicable. This is exemplified by the difference in 

calculated critical external P requirements reported by studies with different field soils for 

Biserrula pelecinus L. and T. subterraneum, which Haling et al. (2016a) found to be almost 

equal when grown in a field soil from the Australian Capital Territory but Sandral et al. (2018a) 

found to be much higher for T. subterraneum than for B. pelecinus in a field soil from NSW. 

External critical P requirement of annual pasture legumes including T. subterraneum and O. 

compressus also differed between soil types, both in field and glasshouse experiments (Sandral 

et al., 2018a; Sandral et al., 2015). Therefore it is important to select field soil carefully for 

experiments aimed at assessing P-response of root traits and critical P requirements.  

1.4Bc Stratified phosphorus 

It is well known that P is stratified through the soil profile of Australian agricultural soils 

(Dougherty et al., 2006; McLaren et al., 2015; McLaughlin et al., 1990; McLaughlin et al., 

2011). This is due to the accumulation of P in the soil surface as a result of P fertiliser addition 

and organic matter return to the soil surface. For instance, Ryan et al. (2017) measured P, S 

and K concentration of soil samples taken at increasing depths of 10 mm up to 100 mm from 

the soil surface at two permanent pasture sites in the Peel Harvey catchment area and found P, 

K and to a lesser extent S to be stratified. Total and extractable colwell P was highly 

concentrated in the top 50 mm of the soil profile of all three field soils (Figure 4) (Ryan et al., 

2017). Many other studies support these findings for pasture field sites across Australia (Cayley 
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et al., 2002a; Dougherty et al., 2006; Haynes and Williams, 1992; McLaughlin et al., 1990; 

McLaughlin et al., 2011). 

 

 

FIGURE 4. CONCENTRATIONS OF EXTRACTABLE AND TOTAL PHOSPHORUS (P) AT INCREASING DEPTHS OF SOIL 

PROFILES SAMPLED FROM TWO PASTURE SITES (A BEEF MIDS-LOPE SITE AND A DIARY SITE LESS THAN 8KMS 

APART) CLOSE TO WAROONA IN WESTERN AUSTRALIA (ADAPTED FROM (RYAN ET AL., 2017)). DATA ARE THE 

MEAN ±S.E. (N = 3).  

 

Stratified P, to mimic concentrated P in surface soil that occurs in the field, can easily be 

induced under glasshouse conditions by applying P and K nutrient treatments as solutions 

sufficient to wet the top 50 mm of soil (preferably from the field) in each pot (Hill et al., 2005). 

A modified version of this protocol is where the P solution is mixed into the top 50 mm of soil 

separately from the bulk of the low P soil which is added to the pot first followed by the 

fertilised soil (Haling et al., 2016a; Haling et al., 2016b). This was the standardised procedure 

used for P application in all experiments in this thesis because the stratification of P in the soil 
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profile may impact root morphology and the effectiveness of different root traits related to P 

acquisition (Ge et al., 2000; Lynch and Brown, 2001; McLaughlin et al., 2011).   

 

1.4Bd Diverse communities of root symbionts 

Soils from pastures under field conditions often contain diverse communities of AMF. For 

instance, ∼ 20 morphologically distinct species of AMF were identified in a single pasture in 

Western Australia with the three most abundant species of AMF (identified from spores) in 

rhizosphere soil differing among five perennial pasture legumes (Tibbett et al., 2008). The 

species of AMF within these field soils may differ in host plant specificity and ability to 

successfully colonise plant roots (Abbott and Robson, 1982). Similarly, the mycorrhizal benefit 

(to host plants colonised by AMF, relative to uncolonised plants) in terms of plant DM 

production and P acquisition is also known to differ among species of AMF (Jansa et al., 2005).  

Under glasshouse conditions, the presence of AMF has been shown to impact root 

morphological and physiological root traits related to P acquisition of host plants, which can 

include decreased carboxylate concentrations in rhizosphere soil and a reduced root:shoot ratio 

(Abbott and Robson, 1978; Nazeri et al., 2014), and increased P acquisition in P-deficient soil 

and a decrease in the external critical P requirement of T. subterraneum relative to plants grown 

in the absence of AMF (Figure 3) (Abbott and Robson, 1977; Schweiger et al., 1995). It is a 

common procedure among glasshouse experiments focused on AMF for pasteurised field soil 

to be inoculated with AMF; this may involve the addition of a single isolate of AMF (Schweiger 

et al., 1995), a combination of individual isolates (Ryan et al., 2016) or a commercial inoculum 

that generally contains three or more species of AMF (Vosátka et al., 2012). Use of commercial 

inocula of AMF requires special consideration in experiments, as their production and 

consistency is poorly regulated with some products on the market containing P and K nutrients 

to induce a growth response (Vosátka et al., 2012). The field relevance of the plant growth 

responses to these inoculation methods may be questionable due to the potential for differences 

between a plant’s P response and morphological root traits when P availability is limited in 

experiments with pasteurised soil inoculated with a single or handful of AMF species compared 

to when grown in field soil.  

An alternative approach to inoculating pasteurised soil with AMF is to mix pasteurised soil 

with unpasteurised field soil containing indigenous AMF (Nazeri et al., 2014; Ryan et al., 

2016). This unorthodox method of using unpasteurised soil as inocula does, however, require 



CHAPTER 1. GENERAL INTRODUCTION   PAGE | 34  

 

 

careful selection of soil based on preliminary experiments to minimise the risk of 

contamination by undetected soil-borne pathogens but has the advantage of greater field 

relevance due to the addition of diverse indigenous communities of soil microbes and biota 

from the field that can impact plant physiology and interact with the effects of AMF on host 

plants P status (Hetrick et al., 1988; Richardson et al., 2009). This is a realistic way to assess 

the impact of AMF on plant growth and external critical P requirements while maintaining 

applicability to on-farm field conditions. The colonisation of roots by multiple species of AMF 

from diverse communities in field soil can enhance the MGR by host plants, although the 

impacts of AMF diversity on host plants may vary with interactions between host plant, AMF 

species and environmental conditions (Argüello et al., 2016; Maherali and Klironomos, 2007). 

While Nazeri et al. (2013) found no significant difference in the P acquisition by T. 

subterraneum grown in soil inoculated with a diverse community of indigenous AMF species 

from an unpasteurised field soil relative to plants grown in pasteurised soil inoculated with 

single strains of Scutellospora calospora and Glomus mosseae this may differ in other soil 

types. 

The implications that diverse communities of root symbionts in field soil hold for the field 

relevance of glasshouse P-response experiments with pasteurised soil, become even more 

complex and poorly understood when fine root endophytes (FRE) are considered as a common 

component of the mycorrhizal community in agricultural field soils (see above, section 1.3C). 

Thus these diverse fungal communities in field soil, which may also interact with soil microbes 

and other microorganisms, must be considered due to their potential to impact plant 

morphological and physiological root traits related to P acquisition by host plants; the impact 

of which on external critical P requirement has not been examined by any study. 

1.4C METHODOLOGICAL IMPLICATIONS FOR THIS THESIS 

In view of the above, the three experiments I reported on in this thesis have utilised a 

combination of methodologies, some of which are quite novel, as a standardised 

methodological approach to examining the P-response of pasture legumes under glasshouse 

conditions with a focus on field relevance. In particular, I aimed to simulate conditions and 

factors outlined in the previous section, with the potential to impact plant P-response and 

critical external P requirement, as they may commonly occur under field conditions in southern 

Australian agriculture. This standardised P-response methodology included: the use of 

unpasteurised, pathogen-free field soil containing a diverse community of indigenous FRE and 

AMF in the first experiment; the addition of P-solutions to the top 5 cm of soil in pots (to mimic 
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the concentration of P in stratified field soils) in all experiments; the use of sleeves with a 

reflective inner surface fitted to pots which were raised with plant growth (to mimic shading 

within dense pasture swards in the field) in all experiments; and the addition of a sieved filtrate, 

presumed to contain the microbial populations and not mycorrhizal spores, from the 

commercial inoculum of AMF to the pasteurised soil in the control treatment in my third 

experiment (to standardise the microbial interaction among mycorrhizal treatments).  This 

methodology and resulting P response of plants in the first experiment (Chapter 2), inspired 

further examination of the importance of shading and diverse mycorrhizal communities for 

field relevance and shaped the two following experiments.   

1.5 GAPS IN KNOWLEDGE 

Recent efforts have been made to screen the core collection of 97 genotypes representing 78% 

of the genetic diversity of all T. subterraneum lines held in genetic resource centres or similar 

around the world for root traits related to P acquisition efficiency (PAE). However, it remains 

unknown how accurately, if at all, the PAE and external critical P requirement of T. 

subterraneum can be predicted based on individual root traits. When the research contained in 

this thesis commenced, the only previous comparison of PAE and PUE of T. subterraneum 

cultivars was that of  Jones et al. (1970), which used two P supply levels and 10 outclassed 

lines that have since been replaced by superior cultivars (Nichols et al., 2007). Little is known 

about the response of morphological, physiological and symbiotic mycorrhizal root traits 

related to P acquisition of T. subterraneum, potential differences among cultivars between low 

and moderate P supply, whether PAE and external critical and specific traits differ among 

cultivars and which specific root traits are most likely account for these differences. The effect 

of constrained canopy micro-swards (plants grown in pots with reflective sleeves) on the 

critical external P requirement and P-response of root traits of annual pasture legumes 

(particularly T. subterraneum and Ornithopus species grown in this manner in previous studies) 

was also unknown. Similarly, the impact of contrasting communities of arbuscule-forming 

root-colonising fungi, either dominated by FRE or similarly colonised by both FRE and AMF, 

for growth of T. subterraneum and Ornithopus species was unknown. 

1.6 RESEARCH OBJECTIVES 

This thesis examines the P-response of root traits related to P acquisition and the critical 

external P requirement of two annual pasture legumes with economic importance for south-

western Australian agriculture in greater detail (using a greater number of intermediate P 
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supply levels between high and low) than previous publications. My aims were to examine: i) 

which specific root traits are most related to P acquisition by a particular species or cultivar of 

annual pasture legumes commonly sown in southern Australia (six Trifolium subterraneum 

cultivars and two Ornithopus species), ii) the impact on these root traits of factors likely to vary 

between glasshouse experiments and farmer fields, specifically, shading within constrained 

canopy swards and root endophyte community dynamics. The overall aim was to determine 

which root traits are associated with PAE and external critical P requirement, whether these 

differ among cultivars of annual pasture legume species and the impact of self-shading within 

confined micro-swards (used to mimic that in dense pasture swards) and contrasting root 

endophyte communities in soil which commonly differ between glasshouse and field 

conditions. The research objectives, defined below (Figure 5), have significance for improving 

our understanding of factors that may affect the field relevance of glasshouse P-response 

experiments for screening annual pasture legumes for low external critical P requirements and 

improved growth in southern Australian agricultural soils with limited P availability.  

 

FIGURE 5. THE SIX RESEARCH QUESTIONS ADDRESSED IN THE THREE EXPERIMENTAL CHAPTERS OF THIS THESIS  

Chapter 2 

1) Do six cultivars of T. subterraneum vary in their P-acquisition efficiency (PAE) and 

external critical P requirements? 

2) Which root traits (morphological, physiological and symbiotic) contribute to 

differences in PAE and external critical P requirements? 

Chapter 3 

3) Does constraining the shoot canopy (as occurs in dense swards in the field) affect 

root traits related to P-acquisition of T. subterraneum and Ornithopus species? 

4) If so, did these impacts vary between species? 

Chapter 4 

5) Does the community of arbuscule-forming root-colonising fungi (specifically 

contrasting communities dominated either predominantly by FRE or similarly high 

levels of both FRE and AMF) affect the external critical P requirements of T. 

subterraneum and Ornithopus species? 

6) If so, is this due to impacts on root traits? 
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1.7 THESIS STRUCTURE 

This thesis is presented in accordance with the Postgraduate and Research Scholarship 

Regulation 1.3.1.33(1) of The University of Western Australia, as a series of three published 

scientific papers. The entirety of the work presented has resulted from work done towards this 

thesis. The thesis consists of five main chapters: a General Introduction, three Experimental 

Chapters and a General Discussion. The General Introduction provides a broad background 

and context for the work presented in this thesis to justify the research objectives listed in the 

previous section (Figure 5). The experimental chapters, which include a more focused review 

of literature in the introduction section of each, are presented in the format of scientific papers 

and may be read individually or as part of the whole thesis. Each of the three experimental 

chapters includes the following sections: Abstract, Introduction, Materials and Methods, 

Results, Discussion and Reference List. A short preface precedes each experimental chapter to 

link the chapter with the broader research objectives and questions addressed by this thesis. 

The thesis concludes with a general discussion where the broader context of results from all 

three experimental chapters is discussed. This “thesis-as-a-series-of-papers” format results in 

some unavoidable repetition, especially in the Materials and Methods section of the three 

experimental chapters.   
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CHAPTER 2. 

ROOT MORPHOLOGY ACCLIMATION TO PHOSPHORUS SUPPLY BY SIX 

CULTIVARS OF TRIFOLIUM SUBTERRANEUM L. 

(Published paper) 

 

2.1 PREFACE 

In Chapter 2. I describe my first experiment which was designed to confirm the methodology 

for the following experiments (Chapters 3 and 4). It examined in detail the response of root 

traits related to P acquisition to six increasing rates of P supply for six commercial cultivars of 

T. subterraneum grown in pots of unpasteurised field soil with reflective sleeves raised with 

canopy height as plants grew. Trifolium subterraneum was examined due to its widespread use 

in Australian farming system and the six cultivars with contrasting morphological and 

architectural root characteristics were selected on the basis of root hair length, specific root 

length, root mass fractions and rooting angles data (Richard Simpson, pers. comm.). There was 

a specific focus on determining the relevance of differences in the response of root traits 

measured to differences in P acquisition among cultivars.  

Two hypotheses were addressed: 1) Morphological, physiological and symbiotic root traits 

associated with P uptake will change in response to soil P application with a higher specific 

root length, lower root tissue density and higher AM fungal colonisation at low P supply; 2) 

That these responses would vary among the six cultivars. 
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CHAPTER 3. 

PLANTS IN CONSTRAINED CANOPY MICRO-SWARDS COMPENSATE FOR 

DECREASED ROOT BIOMASS AND SOIL EXPLORATION WITH INCREASED 

AMOUNTS OF RHIZOSPHERE CARBOXYLATES 

(Published paper) 

 

3.1 PREFACE 

This chapter was designed to test whether the differences and discrepancies of results presented 

in Chapter 2 compared with those of previous studies of similar species and root traits, were a 

direct result of the reflective sleeves used to mimic light conditions within a dense sward of 

pasture under field conditions. It included a similar design and mostly identical standardised 

methodology as that of Chapter 2, but with slightly higher P supply levels to fully capture 

maximum growth for accurate calculation of external critical P requirement and two sleeve 

treatments (with and without reflective sleeves). Two cultivars of T. subterranean used in 

Chapter 2 and two Ornithopus species that were grown in the presence of reflective sleeves in 

the study of Haling et al. (2015, 2016a, 2016b) were included in this experiment. 

Two hypotheses were addressed: 1) Constraining the shoot canopy with reflective sleeves will 

affect root traits related to P acquisition of Trifolium subterraneum and Ornithopus species 

relative to plants grown in unconstrained swards; 2) These effects of a constrained canopy will 

vary between plant species. 
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CHAPTER 4. 

CONTRASTING COMMUNITIES OF ARBUSCULE-FORMING ROOT SYMBIONTS 

CHANGE EXTERNAL CRITICAL PHOSPHORUS REQUIREMENTS OF SOME 

ANNUAL PASTURE LEGUMES 

(Published paper) 

 

4.1 PREFACE 

This chapter was initially designed based on the results of Chapters 2 and 3 (Jeffery et al., 

2017a, 2017b), to assess the impact of AMF on the external critical P-requirement of T. 

subterraneum, O. compressus and O. sativus using pasteurised soil either with or without a 

commercial AMF inoculum added (+AMF and sterile control). However, the unanticipated 

survival of indigenous fine root endophyte (FRE) spores, with apparent resistance to higher 

temperatures than AMF, in the field soil following pasteurisation modified the outcome of the 

experiment. As a result, this chapter compares the P response and external critical P 

requirement of the same pasture legume genotypes used in Chapter 3, but grown in soil 

containing contrasting communities of arbuscule-forming root-colonising fungi. The 

communities were either dominated predominantly by FRE or contained similar proportions of 

both FRE (from field soil) and AMF (from a commercial inoculum). 

The hypotheses addressed by this chapter were: 1) Different community of arbuscule-forming 

root-colonising fungi (specifically contrasting communities either dominated predominantly 

by FRE or highly colonised by both FRE and AMF) would affect the external critical P 

requirements of T. subterraneum and Ornithopus species; 2) If so, this will likely be due to the 

impacts on root traits. 
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CHAPTER 5. 

GENERAL DISCUSSION 

 

This chapter comprises a general discussion of the major findings of each experimental chapter 

(Chapters 2, 3 and 4), in relation to the specific research questions for each, and the broader 

context of this thesis’ combined results from all three research chapters. It highlights issues and 

observations of particular importance, in terms of experimental design and methodology of P-

response experiments and their implications for field relevance of results, based on the research 

presented in this thesis. The general discussion concludes by summarising the main conclusions 

and suggested areas of focus for future research. 

5.1 INTRODUCTION 

Australian agricultural systems utilise annual pasture legumes as a means of feeding livestock, 

increasing soil nitrogen levels and preventing the survival of crop pathogens in crop rotations 

that would persist in a continuous cropping system (Howieson et al., 2000; Kirkegaard et al., 

2011). Trifolium subterraneum is the predominant annual pasture legume sown in Australia, 

but is poorly adapted to highly acid soils and has relatively high external critical P requirements 

compared with most crops, grasses and some alternative pasture legumes (Pinkerton and 

Randall, 1994). Increasing P fertiliser prices and the routine application of P fertiliser to 

maintain soil P levels in excess of the crop and pasture legumes’ critical needs, has resulted in 

research efforts to identify and develop annual pasture legumes with lower external critical P 

requirements than the existing commercial T. subterraneum cultivars. Ornithopus sativus Brot. 

and O. compressus L. are alternative pasture legumes developed for acidic soils in Australia 

that also have lower external critical P requirements. The maximum yield potential of these 

two Ornithopus species, when grown in suitable soil conditions, is generally similar to or 

greater than that of T. subterraneum, which is important because a pasture legume with a lower 

external critical P-requirement but much lower yield potential would not be very desirable to 

farmers.  

External critical P-requirements and root traits related to P acquisition are often assessed for 

plants grown in glasshouses with only a small number of P supply levels, pasteurised soil and 

unconstrained shoot canopies free to extend beyond the confine of the pot perimeter. There are 

gaps in knowledge about the field relevance of these glasshouse experiments and the impact 
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differences in field and glasshouse conditions can have on root traits and critical P 

requirements. The initial aim of this project was to assess the response to increasing P supply 

of root traits related to P acquisition of constrained canopy micro-swards and determine which 

traits attributed most to the external critical P requirements for six cultivars of T. subterraneum. 

Based on the comparison of results of Chapter 2 (Jeffery et al., 2017a) with those of previous 

studies, the project’s objective shifted towards determining what impact, if any, constraining 

canopy and contrasting communities of arbuscule-forming root-colonising fungi had on root 

traits related to P acquisition, and presumably external critical P requirements of T. 

subterraneum and Ornithopus species. The purpose of this was to enable conclusions to be 

drawn about factors that must be considered to ensure the results of glasshouse experiments 

screening for lower external critical P requirements are relevant to on-farm field conditions. 

All experiments used a low P, disease-free soil from a pasture paddock in Western Australia. 

The purpose of this thesis was to further examine the P responses of root traits related to P 

acquisition and critical external P of two annual pasture legumes (with economic importance 

for southern Western Australian agriculture) in greater detail (using multiple P supply levels 

between high and low) than in previous publications. This would allow determining which root 

traits contribute most to PAE and critical P requirement and whether they differ among 

cultivars of annual pasture legume species or with self-shading within confined micro-swards 

(used to simulate that in dense pasture swards) or with contrasting root endophyte communities. 

5.2 KEY FINDINGS RELATIVE TO RESEARCH QUESTIONS 

The key findings and results of this thesis relative to the specific research questions from each 

chapter (Table 3) are discussed in this section.  
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TABLE 3. OUTCOMES AND ANSWERS TO THE SIX RESEARCH QUESTIONS ADDRESSED IN THE THREE EXPERIMENTAL 

CHAPTERS OF THIS THESIS  

Question Chapter Findings 

1 Do six cultivars of T. subterraneum vary in their PAE and 

external critical P requirements? 

2 and 4 Two cultivars 

varied 

2 Which root traits (morphological, physiological and 

symbiotic) contribute to differences in PAE and external 

critical P requirements? 

2 and 4 TRL, SRL and 

ARD 

3 Does constraining the shoot canopy (as occurs in dense 

swards in the field) affect root traits related to P-acquisition 

of T. subterraneum and Ornithopus species? 

3 Potentially 

rhizosphere 

carboxylates 

4 If so, did these impacts vary between species? 3 Partly  

5 Does the community of arbuscule-forming root-colonising 

fungi (specifically contrasting communities either dominated 

predominantly by FRE or highly co-colonised by both FRE and 

AMF) affect the external critical P requirements of T. 

subterraneum and Ornithopus species?  

4 Yes, but only 

for 

Ornithopus 

species  

6 If so, is this due to impacts on root traits? 4 Possibly 

 

In relation to question 1, the external critical P requirement of T. subterraneum cv. 

Woogenellup was much lower (30-45% less) than that of cv. Riverina for both endophyte 

community treatments in Chapter 4 (Jeffery et al., 2018). A similar study also found five 

cultivars of T. subterraneum, including cvs. Riverina and Seaton Park, which were also 

included in the experiment of Chapter 2, differed in their external critical P-requirements by 

up to 150% (Haling et al., 2018). Therefore, while the experiment in Chapter 2 did not have a 

high enough P supply level to capture maximum plant growth and I was unable to calculate 

external critical P requirements, it is possible that variation among the six cultivars of T. 

subterraneum might have been observed if it had been calculated. The implication of these 

results is that the screening of commercial cultivars of T. subterraneum for external critical P 

requirement and the acclimation of morphological, and possibly physiological, root traits to P 

supply is merited with the aim of establishing whether cultivars can be identified which can 
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have maximum growth with a lower target soil P level. Such an experiment may be a useful 

resource for advising farmers on how to increasing the P efficiency of farming systems, 

especially in situations and soil types for which Ornithopus species are not well-suited. 

In regards to question 2, the differences in external critical P requirements of T. subterraneum 

cvs. Woogenellup and Riverina in Chapter 4 appear to be the result of intrinsic differences in 

root morphological traits (SRL, TRL, ARD and root biomass) more so than physiological or 

symbiotic traits. Cultivar Woogenellup had smaller ARD, longer TRL (at low P supply) and 

higher SRL and a lower external critical P-requirement than cv. Riverina in Chapter 4 (Jeffery 

et al., 2018). Similarly, cv. Woogenellup also had longer finer roots than Riverina in Chapter 

2 (Jeffery et al., 2017a). These morphological root traits (TRL, SRL, ARD and root biomass at 

low P supply) appear to be related to the differences in external critical P requirement and PAE 

of T. subterraneum, because of their impact on the root system’s capacity to explore the soil.  

Haling et al. (2018) also found evidence that root morphology associated with enhanced 

exploration capacity, such as high SRL and high root biomass at low to moderate P supply, 

often confer high P-acquisition efficiency. One possible exception to this in Chapter 2 is cv. 

Clare, which had the highest ARD, smallest TRL and SRL out of all six T. subterraneum 

cultivars, but also had rhizosphere carboxylate amounts almost double that of any other cultivar 

(Jeffery et al., 2017a). However, as external critical P-requirement could not be calculated, it 

is impossible to determine whether carboxylates compensated for root morphological traits. 

Therefore, it may be worthwhile screening the core collection of T. subterraneum for variation 

in these key morphological root traits that could be harnessed in a breeding program to screen 

divergent lines and genotypes for external critical P requirements and use genome-wide 

association studies mapping to develop molecular markers for those key traits (Kaur et al., 

2017). Indeed it would also be interesting and potentially useful to examine T. subterraneum 

and Ornithopus species and whether any of the loci mapped for any of the root traits measured 

in this thesis actually overlap with any loci for critical P requirements, as was done for citrate 

exudation for wheat (Ryan et al., 2014). This would test the assumption that root traits 

correlated with critical P requirement and PAE are actually responsible.  The results of 

Chapters 3 and 4 are consistent with previous reports that the SRL, ARD and RHL of O. 

compressus and O. sativus species, especially at low P supply, cannot be matched by T. 

subterraneum (Sandral et al., 2018a). Therefore the screening and development of Ornithopus 

species suited to different areas and rainfalls than existing commercial options may be 

warranted. 
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Chapter 3 results relevant to research questions 3 and 4, suggest that constraining the shoot 

canopy of micro-swards within the pot perimeter with reflective sleeves under glasshouse 

conditions could potentially affect external critical P requirement (which could not be 

calculated from only two P supply levels) due to impacts on root DM, TRL and rhizosphere 

carboxylate concentrations for T. subterraneum and O. compressus. Compared with 

unconstrained micro-swards, a constrained canopy decreased root DM, shoot DM and TRL (by 

39-59%, 10-28% and 27-45%, respectively), and increased SRL (by 20-33% for O. compressus 

only), rhizosphere carboxylates (by 3.5 to 12-fold per unit RL and 2.0 to 6.5-fold per micro-

sward) and shoot P content (Jeffery et al., 2017b). These results reflect a reduction in carbon 

allocations to roots due to the decreased photosynthetic capacity of the lower canopy, which 

was shaded when the canopy was constrained. This could explain the decrease in RTD 

observed as P supply increased for constrained micro-swards in Chapter 2 (Jeffery et al., 2017a) 

because the degree of shading increased with plant size. However, the results of chapter 3 

suggest that there was no effect of shading on the response of SRL to P supply, as SRL only 

increased with P supply for T. subterraneum but not O. compressus and constraining the shoot 

canopy neither affected the species difference nor the trend. The most novel and previously 

unreported finding was that shoot P content of T. subterraneum and O. compressus did not 

decrease when the canopy was constrained, which may have been because increased 

rhizosphere carboxylates compensated for the decreased root length. 

It must be noted that the impacts of the constrained canopy on morphological and physiological 

root traits related to P acquisition, and their potential subsequent impacts on external critical 

P-requirements, may differ among plant genotypes. This is exemplified by differences in the 

morphological and physiological response to increased light capture, and homogenous or 

heterogeneous P supply, of maize (Zea mays L.), which altered its root morphology (increased 

SRL) and soybean (Glycine max L.), which altered its physiological root traits and increased 

carboxylate exudation (malate and citrate) into the rhizosphere (Zhou et al., 2019).  These 

results question the field relevance of root traits and external critical P requirements measured 

for pasture legumes with unconstrained canopy, the implications for a suggested screening 

methodology under glasshouse conditions are discussed in greater detail later (in section 

5.3Ba). 

In regards to questions 5 and 6, the results of Chapter 4 showed an impact of contrasting 

endophyte communities (either dominated by indigenous FRE from field soil or containing 

similar proportions of both FRE and AMF from a commercial inoculum) on the external critical 
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P requirement of both Ornithopus species (O. compressus and O. sativus), which decreased in 

the FRE-dominant community compared with the mixed, but not for T. subterraneum (Jeffery 

et al., 2018). It is possible that the impact on external critical P requirement was symbiont 

mediated, presumably by FRE either exploring soil and accessing P better than AMF, providing 

a greater proportion of the P accessed by its hyphae to the host plant than AMF did, or requiring 

less photosynthetic carbon than that of the combined FRE and AMF in the mixed community. 

All are possible and equally plausible as AMF can demand up to 20% of a host plant’s carbon 

(Bao et al., 2019; Graham, 2000; Smith and Read, 2008; Wang et al., 2019) and little is known 

about FRE, other than their ability to increase host plant growth under low P glasshouse 

conditions and that their hyphae and vesicles are much finer and smaller than those of AMF 

(Orchard et al., 2017). Another possibility is that FRE did not directly enhance P acquisition to 

a greater degree than AMF did but that the combined carbon cost to the host plant of AMF and 

FRE in the mixed community was greater than that in the FRE-dominant community. This is 

supported by the fact that root colonisation by FRE was higher in the mixed community than 

in the FRE-dominant community (Table 3 in chapter 4), as FRE should have presumably 

explored the soil equally well in both endophyte community treatments suggesting the presence  

of AMF rather than the presence of FRE is the issue. It may also be that the impact on external 

critical P-requirement resulted from impact of contrasting endophyte communities on root 

morphology, which includes greater SRL and TRL from P8 to P15 for Ornithopus species and 

from P15 to P180 for T. subterraneum cultivars and smaller ARD from P60 to P180 for all 

genotypes in the FRE-dominant treatment compared with the mixed community. This could 

explain why the impact of endophyte community on root length only impacted external critical 

of Ornithopus species, as Ornithopus species have much longer root hairs than T. subterraneum 

and thinner finer roots, meaning their specific root hair cylinder volume is increased to a greater 

extent per unit increase in root length compared with T. subterraneum. However, I am unable 

to confirm if this was the case due to insufficient root hair length data from Chapter 4 to 

determine whether differences in plant P content and shoot DM between FRE-dominant and 

mixed community treatments were attributable to the impacts of contrasting endophyte 

communities on morphological root traits (Jeffery et al., 2018).  

The implications of these results are that FRE complicate our understanding of AMF, in 

particular, their role in P acquisition and impact on external critical P-requirement, such that 

careful consideration of whether the screening of colonisation by AMF under glasshouse 
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conditions for the selective breeding of genotypes with lower external critical P requirements 

is actually warranted when their function on-farm remains poorly understood.  

5.3 LIMITATIONS OF THESIS RESEARCH AND SUGGESTED IMPROVEMENTS 

In hindsight, I have several suggestions, based on unexpected or unanticipated results and 

findings, as to how the experiments reported in the research chapters of this thesis could be 

improved. The first is to include a high enough P-supply level in my initial P-response 

experiment, i.e. Chapter 2 (Jeffery et al., 2017a), to capture the maximum shoot growth of all 

plant genotypes. This requires careful consideration of the field soil being used and its P-

buffering index (PBI), which in the case of my experiments was so high that the soil locked up 

so much P that a higher P application rate was required for maximum growth than in similar 

studies that used sandy soils or soil mixed with river sand. Another improvement would be to 

measure the root traits of roots from the topsoil (top 47 mm of soil to which P was applied) and 

subsoil (remaining soil below 47 mm depth). This would enable assessment of the proliferation 

of roots in topsoil and dry matter partitioning between top- and subsoil root sections, which 

were shown to vary and account for differences in P acquisition and yield among five cultivars 

of T. subterraneum in another study (Haling et al., 2018). It would also have been desirable to 

measure root hair length and the uptake of P by roots to enable specific P uptake per unit root 

hair cylinder volume to be calculated, as this accounted for variation in critical external P 

requirement among T. subterraneum cultivars in the study of Haling et al. (2018). This would 

have given an insight into the cultivar’s ability to explore P hotspots and concentrated P zones 

such as in the topsoil. 

The reflective sleeves used in the experiments to simulate photosynthetic conditions within a 

dense sward that may occur in the field were shown to impact external critical P requirement 

and carboxylate exudation. However, it should be noted that the stems of T. subterraneum and 

Ornithopus species plants in the high P supply treatments leaned against the sleeves and were 

subsequently thin and unable to support the plants once sleeves were removed (Figure 6). This 

suggests that shading with sleeves may not be entirely relevant for that in dense swards in field 

conditions. It would be useful for future research to test reflective sleeves in a field experiment 

to examine the photosynthetic conditions experienced within dense pasture swards in the field 

compared with plants grown with reflective sleeves.  

I endeavoured to maintain field relevance in the experiments by using unpasteurised field soil 

with indigenous AMF, adding filtrates from commercial AMF inoculum to FRE-dominant 
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treatments to achieve consistent microbial communities across treatments and applying P 

solution to the top 50 mm of soil to mimic stratification of P that commonly occurs in field 

soil. However, the most obvious limitations to the experiments in this thesis are differences 

between glasshouse and field conditions such as temperature fluctuations and water 

availability, which varies more in the field than in a glasshouse where temperature was 

controlled, and plants were watered to 80% pot capacity (Cocks, 1973; Poorter et al., 2012). 

Pastures on-farm are also prone to pests, root diseases (Simpson et al., 2011) and spatial 

variation in soil pH and availability of essential nutrients other than P compared with 

glasshouse conditions where these factors are negligible (Poorter et al., 2012). Pot size also 

represents a limitation to the field relevance of experiments, as the 90 mm diameter cylindrical 

pots used contained <1.3 kg of soil in which the impacts of carboxylate exudation by roots and 

degradation by soil microbes may have been enhanced or amplified compared with that in field 

conditions where roots are able to explore much larger volumes of soil. The period during 

which plants were grown may also affect the results of this thesis, especially as plants in the 

high P treatments with a constrained canopy would elongate shoots as sleeve height was 

increased and give an unrealistic root:shoot ratio and external critical P requirement if grown 

longer. 
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Figure 6. Photograph of i) Top  – reflective sleeve fitted to constrained canopy micro-sward 

pot, and ii) Bottom – Comparison of Trifolium subterraneum cv. Riiverina at P15 (15 mg P Kg-

1 soil) grown in constrained and unconstrained canopy micro-swards either colonised 

predominantly by fine root endophyte (FRE) or by similar proportions of both FRE and AMF. 

Note reflective sleeves removed and clear sleeves fitted to hold stems upright. 

5.4 BROADER IMPLICATIONS 

Constraining shoot canopy of micro-swards with reflective sleeves increased the amounts of 

rhizosphere carboxylates measured, and contrasting communities of arbuscule-forming root-

colonising fungi affected the external critical P requirement of Ornithopus species. These novel 
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results, which have not been reported previously for T. subterraneum and Ornithopus species 

examined in this thesis, have broader implications for the future screening of root traits and 

critical P requirements. These are now discussed. 

5.4A DEVELOPING IMPROVED GLASSHOUSE METHODOLOGY  

The results of all three research chapters have significant implications for the development of 

an improved standardised methodology for the screening of root acclimation to P supply and 

external critical P requirements of pasture legumes under glasshouse conditions. The P solution 

was added to the top 50 mm of soil in all experiments in this thesis to simulate the stratification 

of P that occurs in most agronomic field soils and is suggested as a standardised practice. This 

is supported by a study with almost identical methodology (reflective sleeves and layered 

phosphorus) in which root proliferation in the topsoil contributed significantly to the ability of 

T. subterraneum cultivars to acquire P at low P supply (Haling et al., 2018). Other suggestions 

for a standard P-response screening methodology in the glasshouse include the use of a 

carefully-selected disease-free low P field soil, preferably unpasteurised and containing 

indigenous AMF, FRE and soil microbial communities. This is important, because of our 

limited understanding of how these factors interact, and therefore preserving the biotic 

component of field soil maintains the field relevance of results as opposed to pasteurised field 

soil with foreign species of AMF added. For instance, soil microbial communities can degrade 

rhizosphere carboxylates secreted by plants (Oburger et al., 2009).   

In regards to calculating external critical P requirements, it is suggested that a sufficient number 

of low- and intermediary P supply levels and a sufficiently high P level to capture maximum 

growth be included in P-response experiments. This is important for enabling critical P 

requirements to be accurately calculated, and for differences in the root traits related to P 

acquisition (SRL, TRL and root DM for Chapters 2 and 4) at low P supply and their acclimation 

to decreased P supply among species and cultivars to be observed (Haling et al., 2018; Haling 

et al., 2016a; Haling et al., 2016b). This is important, as the value of such experiments for 

screening genotypes for P efficiency is far greater than that of those with just a low and high P 

supply treatment. The results of Chapter 2 are also evidence that field soils should be analysed 

for soil properties such as PBI and, if possible, selected from preliminary experiments to get a 

good idea of what P application levels may be necessary for an adequate P-response curve 

(Jeffery et al., 2017a).  
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The most significant and unexpected finding from Chapter 3 was that constraining shoot 

canopy with reflective sleeves drastically increased rhizosphere carboxylate concentrations 

such that it presumably substituted for the decreased root DM and TRL, and shoot P content 

was unaffected (Jeffery et al., 2017b). The results of Chapter 2 agree with those of other studies 

of constrained canopy micro-swards of the same plant species, as this thesis showed RTD 

decreased (Jeffery et al., 2017a) and SRL increased in response to an increase in P supply 

(Haling et al., 2018; Haling et al., 2016b; Jeffery et al., 2017a). This has implications for the 

screening of critical P requirements, root traits related to P acquisition and acclimation to P 

supply of pasture legumes under glasshouse conditions; specifically, the failure of glasshouse 

experiments with unconstrained shoot canopies to imitate photosynthetic conditions within a 

dense sward in the field and their potential to capture RMF, root:shoot ratios and rhizosphere 

carboxylate levels that are unrealistic and not representative of field conditions. This is because 

decreased light interception such as that resulting from increased plant density is associated 

with a reduction in root DM, root:shoot ratio, AMF colonisation and decreased lateral root 

initiation (Cocks, 1973; Tester et al., 1985; Tester et al., 1986). The relevance of this also 

extends to plant density, spacing and buffer species used in field trials, which should be 

representative of dense pasture swards common in agronomy, rather than single row and/or 

low-density field plots with spaced plants common in field experiments (Black, 1961; South et 

al., 2019). These differences in density, spacing and subsequent light interception by a sward’s 

shoot canopy change yield results significantly, especially for T. subterraneum which is 

relatively inefficient at utilising light compared with grasses (Black, 1963). The shading and 

light conditions within a micro-sward constrained by reflective sleeves have not been compared 

with that within a dense sward in field conditions. Therefore, further research is needed to field 

test sleeves and evaluate their effectiveness of mimicking field conditions and whether there 

are alternative approaches that achieve this more effectively. 

The field relevance of the impact of different communities of FRE and AMF on external critical 

P requirement in Chapter 4 (Jeffery et al., 2018) may be limited by the controlled glasshouse 

temperatures under which plants were grown. For instance, it has recently been suggested that 

plant growth responses to AMF may be exaggerated under glasshouse conditions, relative to 

those in the field where the temperature often varies to a greater extent (Ryan and Graham, 

2018; Ryan et al., 2019). It has been shown that colonisation of roots by AMF increased at 

higher soil temperatures and light intensity for Sorghum vulgare (Graham et al., 1982) and 

proposed that the optimal plant density required for maximum yield by swards of T. 
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subterraneum may increase at lower temperatures (Collins et al., 1983; Evans et al., 2002).  

Therefore, the potential impact of differences in temperature between glasshouse and field 

conditions should be examined and considered when designing future glasshouse experiments 

with field relevance, so that the scale of impacts of AMF observed are most likely to be relevant 

to those occurring in agronomic on-farm conditions. 

5.4B FRE AS A COMPLICATING FACTOR FOR ALL STUDIES OF AMF 

The findings of Chapter 4, particularly the impact of different communities of arbuscule-

forming root-colonising fungi on external critical P requirements of Ornithopus species, have 

implications for all research on AMF aimed at screening for improved P acquisition and critical 

P requirements with relevance to field conditions. This is because the widespread prevalence 

of FRE, which are reported to occur in roots co-colonised by AMF for angiosperms and most 

vascular plants (Hoysted et al., 2019; Orchard et al., 2017), in agricultural soils further 

complicates the still poorly understood role of AMF in P acquisition and yield by crops and 

pasture legumes in agricultural fields (Ryan and Graham, 2018).  

While the predominantly glasshouse-based evidence that AMF can contribute to improved P 

acquisition and plant growth under certain conditions is well acknowledged (Rillig et al., 2019; 

Rillig et al., 2018; Thirkell et al., 2017), it is argued that there is insufficient field-based 

evidence to warrant the management and manipulation of AMF as a means of improving crop 

yield and performance in broad-acre agriculture in Australia and elsewhere (Ryan and Graham, 

2018; Ryan et al., 2019). In Australia, no field studies have reported a positive growth response 

of annual pasture legumes to AMF (Abbott and Robson, 1978; Ryan and Kirkegaard, 2012; 

Ryan and Graham, 2018). Even less is known about FRE than about AMF due to the lack of a 

pure isolate. While functional differences between the symbioses FRE and AMF form with 

host plants common in agriculture remains a complete unknown, it has been shown that AMF 

(Glomeromycotina) may increase P uptake to a greater extent and more efficiently than FRE 

(Mucoromycotina) for liverworts (Field et al., 2019). The findings of this thesis imply that the 

presence of FRE in agricultural field soils is an additional limitation to understanding AMF in 

the context of their role in agronomic pasture productivity. This raises an even bigger question, 

that is, whether there is any point trying to account for AMF in glasshouse experiments 

screening for improved P acquisition and lower external critical P requirements when their 

function cannot be assessed in the field.  
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It is entirely possible that the potential for differences in the dynamics and prevalence of FRE 

and AMF among contrasting fungal communities to impact the critical P requirement of pasture 

legumes may be exaggerated under glasshouse conditions such as those used in Chapter 4 

compared with field conditions. This is because FRE can proliferate vigorously in pots with 

pasteurised soil, but are still a mystery in terms of the effect of environmental conditions such 

as temperature and the availability of water and nutrients which may differ between a 

glasshouse and the field (Orchard et al., 2017). Therefore, there is a need for future research to 

test whether contrasting communities of root symbionts composed of both FRE and AMF 

impact external critical P requirements of T. subterraneum, O. compressus and O. sativus in 

the field.    

It seems likely that interactions among diverse species or communities of FRE, AMF, soil 

microbial organisms indigenous to field soil and environmental conditions in field soil may 

impact the external critical P requirement of annual pasture legumes and limit the relevance of 

root endophyte growth response measured under glasshouse conditions. Further investigation 

is required to determine i) if co-occurrence of FRE and AMF impacts the critical P 

requirements and growth response of host plants relative to uncolonised plants in a sterile 

control or plants only colonised by AMF under field conditions, and ii) whether differences in 

critical P requirement of plants colonised by contrasting communities of both AMF and FRE 

under glasshouse conditions translate into differences under field conditions. In conclusion, the 

assessment of AMF colonisation under glasshouse conditions appears unrealistic for selective 

breeding programs to lower external critical P requirements and improved productivity in low 

P field soils in southern Australian agriculture. Future research to develop a method of 

successfully isolating pure cultures of FRE is also required to enable further investigation of 

FRE, particularly their species diversity and effect on plant growth with and without co-

occurrence of AMF. 

5.5 FUTURE RESEARCH DIRECTIONS: THE NEXT STEPS FOR DEVELOPING P-EFFICIENT 

PASTURE SYSTEMS 

The previously discussed limitations and findings of this thesis have important implications for 

guiding the direction of future research to develop annual pasture legume systems with lower 

external critical P requirements and improved P efficiency in southern Australian agricultural 

systems. These include recommendations regarding the next steps for improving the P 

efficiency of pasture legume systems in the field, by fitting what we know about pasture critical 
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P requirements from this thesis and similar research into cropping rotations in farming systems, 

so that pasture legume systems with critical P requirements lower than those of existing T. 

subterraneum cultivars and closer to that of the accompanying crop species they are grown in 

rotation with can be achieved. This should enable the critical P concentration of soil that must 

be maintained for optimum crop and pasture productivity, and the amount and associated 

expense of P fertiliser application it requires, to be reduced for many farms (Simpson et al., 

2015). This is key as the rates of P accumulation in P-sorbing soils and removal of P via erosion 

are correlated with the extractable P concentration a soil is maintained at through application 

of fertiliser (McLaughlin et al., 2011; Simpson et al., 2014), meaning a pasture system’s P-

balance efficiency peaks when pastures are fertilised to maintain, but not exceed the soil P level 

needed to satisfy the pasture’s external critical P requirement (Sandral et al., 2019).    

The first suggested step is to increase the area of adoption of Ornithopus species by Australian 

farmers in areas to which they are well-adapted. Both O. sativus and O. compressus exhibited 

consistently longer, finer root systems and root hairs, greater specific root hair cylinder volume 

and capacity to explore soil per unit root DM and lower external critical P requirements than 

T. subterraneum in this thesis. These root morphology differences and the lower external 

critical P requirement, compared with T. subterraneum, of O. sativus and O. compressus are 

supported by glasshouse studies (Haling et al., 2016b; Kidd et al., 2016; Yang et al., 2015) and 

a three-year field study in southern New South Wales (NSW) (Sandral et al., 2019). It has been 

estimated that the substitution of Ornithopus species for T. subterraneum could reduce P 

fertiliser application per year by as much as 30% where P is applied to meet the pasture 

legume’s critical P requirements (Simpson et al., 2014). Therefore, the preferential sowing of 

Ornithopus species in sandy acid soils to which they are suited in southern Western Australia 

and northern NSW is recommended. There may also be potential for future research aimed at 

investigating the suitability of Ornithopus species for a greater geographic distribution in 

Australia, by investigating the main limitations of their successful establishment and 

productivity across other parts of southern Australia (Sandral et al., 2019). This may involve 

selective breeding or development of Ornithopus species better suited to heavy soils such as 

are common in NSW.  

I believe the second step for developing P-efficient pasture systems in southern Australia 

should be a focus on the development of T. subterraneum genotypes with lower external critical 

P requirements than the existing cultivars that are also well-adapted to regions and soil types 

in which Ornithopus species are poorly suited. Despite T. subterraneum having intrinsically 
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inferior root morphology for P acquisition, it is extremely well-suited to the growth conditions 

across Australia with a core collection that is suggested may contain enough genetic variation 

to facilitate screening for root morphology and lower external critical P requirement compared 

with existing commercial cultivars to enable breeding of more P-efficient cultivars than those 

currently available to farmers (Haling et al., 2018).  

The third step recommended on the basis of this thesis’ findings is the examination of how the 

external critical P requirements of Ornithopus species compare with those of key crops such 

as wheat (Triticum aestivum), canola and grain legumes with which it is most commonly sown 

in rotation in southern Australian agricultural. It is known that T. subterraneum and many 

annual pasture legumes have higher critical P requirements than common grasses (Hill et al., 

2010; Ozanne et al., 1976). Such comparisons of external critical P requirement between crops 

and pasture legumes have not yet been adequately assessed by any field studies that included 

T. subterraneum, although the critical P concentration of dried shoots of plants at 90% 

maximum yield varied with harvest time and generally decreased with plant maturity for O. 

compressus, burr medic (Medicago polymorpha) and wheat (T. aestivum) (Bolland and 

Paynter, 1994). A field study conducted in the low rainfall wheatbelt region of Western 

Australia reported that on average the critical external P requirement of burr medic (M. 

polymorpha) (20-35 kg P ha-1) was 80% more than that of wheat (T. aestivum) (10-15 kg P ha-

1) when grown for 107-111 days in soil with an initial P concentration less than 17 ug P g-1, 

whereas the critical P requirement of  yellow serradella (O. compressus cv.madeira) (20 kg P 

ha-1) was 42% less than that of wheat (35 kg P ha-1) in a paddock with an initial soil 

concentration of 10 ug P g-1 for 105-110 days after sowing (Paynter and Bolland, 1993). 

Another field study compared the response to P supply of wheat canola and several grain 

legumes at seven sites in Western Australia of which faba beans (Vicia faba) was the most 

responsive to P supply (Bolland et al., 1999). The external critical P requirement of lupin 

(Lupinus albus) and faba beans (Vicia faba) can also be lower than that of wheat under 

glasshouse conditions (Sandral et al., 2018b). Future experiments, both under glasshouse 

conditions and in the field, comparing the external critical P requirement of Orntihopus species, 

T. subterraneum and the companion crops they are most often sown in rotation with in southern 

Australia, would be invaluable for the development of a more informed understanding of the 

target critical soil P  concentrations for mixed cropping systems.   
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5.6 CONCLUDING REMARKS  

The results of this thesis suggest that constraining shoot canopy and contrasting communities 

of arbuscule-forming root-colonising fungi can impact the morphological, physiological and 

symbiotic root characteristics, their acclimation to P supply and the external critical P 

requirement of annual pasture legumes under glasshouse conditions. This has important 

implications for the methodology used to screen for these traits under glasshouse conditions in 

future experiments aimed at enabling selective breeding for lower critical P requirements and 

enhanced P-acquisition ability under low P supply in agronomic field conditions. These results 

question whether it is useful to attempt to account for AMF impact on plant growth in 

glasshouse P-response experiments when we are unable to assess their function under field 

conditions where FRE may also be present.  

The other key message from this thesis is that the selection and development of annual pasture 

legumes with lower external critical P requirements than existing T. subterraneum cultivars 

similar to that of the crops with which they are grown in rotation requires a standardised 

methodology for glasshouse experiments that maximises field relevance. This requires future 

field testing of reflective sleeves and how best to mimic photosynthetic conditions within dense 

swards under field conditions. There is also evidence that enough variation exists in the core 

collection to enable the development of T. subterraneum with a lower external critical P 

requirement for areas where Ornithopus species are not suited, but that O. compressus and O. 

sativus have far lower critical P requirements than T. subterraneum due to the morphology of 

their longer, finer root systems and longer root hairs. Therefore, it is important for achieving 

pasture systems with improved P efficiency that future research be undertaken to develop and 

identify new Ornithopus cultivars with wider adaptation, particularly in eastern Australia.  
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CHAPTER 6. APPENDIX 

 

The following appendix features the published paper titled “Fine endophytes (Glomus tenue) 

are related to Mucoromycotina, not Glomeromycota”, for which I Robert Peter Jeffery, the 

author of this thesis was a co-author. A proportion of the work was based on data from root 

samples colonised by FRE, derived from the experiments on which research Chapters 3 and 4 

of this thesis are based. This publication written primarily by Suzanne Orchard, has 

significance for the discussion of AMF and FRE in Chapter 5 of my thesis, as it defined the 

possibility of two distinct arbuscule-forming root-colonising fungi: arbuscular mycorrhizal 

fungi and fine root endophytes 

 

Orchard S, Hilton S, Bending GD, Dickie IA, Standish RJ, Gleeson DB, Jeffery RP, Powell 

JR, Walker C, Bass D, Monk J, Simonin A, Ryan MH (2017a) Fine endophytes (Glomus tenue) 

are related to Mucoromycotina, not Glomeromycota. New Phytologist 213, 481-486. 
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