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Abstract 

This thesis found the highly opportunistic biology of Australian native legumes Cullen cinereum 

and C. graveolens can provide a novel, ephemeral pasture system for low rainfall agriculture in the 

eastern wheatbelt of Western Australia (WA). These species occur as ephemeral herbaceous 

legumes, responding to sporadic summer rainfall from a soil seed-bank, across the arid interior of 

Australia. Field experiments conducted in the eastern wheatbelt of WA, found C. cinereum and C. 

graveolens to be completely dormant until summer, even when sown in autumn. Following 

thunderstorms, they grow rapidly, which can offset the degradation of the dry crop and pasture 

residues that typically feed livestock over the dry Mediterranean-type summers. Simulation with 

the bio-economic model MIDAS found growing ephemeral Cullen species between winter-spring 

grown crops or pastures on 10% of the model farm area increased total profit by 10%, increased 

stocking rates by 8% and decreased supplementary feeding by >50%. This was due to the 

replacement of degraded dry feeds by high-quality legume forage, at little cost. 

Eco-physiological studies of Cullen species recruits in later summers following rainfall found they 

were able to achieve rapid C4-like photosynthetic rates, despite being C3 plants. This meant that they 

have a necessarily high stomatal conductance, which results in greater water use but also greater 

transpirational cooling, which was associated with a more stable photochemistry in hot conditions. 

It is expected that these levels of water expenditure are sustained by subsoil water use. 

Subsoil salinity is considered the most widespread subsoil chemical constraint in Australian 

agricultural soils and is common in the soil type of the field site. A pot experiment which 

manipulated the field subsoil by leaching and then adding back NaCl, found that C. cinereum was 

the most negatively affected of the species tested including Medicago sativa, Triticum aestivum and 

T. turgidum. However, there were no definitive signs of specific ion toxicity in the shoots as all, 

except T. turgidum, excluded Na+ to very low concentrations. It is likely that osmotic stress was the 

main effect of the saline subsoil, although other ion imbalances are possible. 

When the saline subsoil was placed below the field topsoil in deep pots, it generally had no impact on 

plant growth, physiology or mineral nutrition. Withholding water from half of the pots did reduce 

growth and physiology (gas exchange and leaf water potentials) and altered mineral nutrition, 

irrespective of the subsoil. Impact on roots varied with reductions in root dry mass and root length 

density in the subsoil layers for C. cinereum and M. sativa when well watered, but diminished when 

water was withheld. In this experiment, C. cinereum was able to use the saline subsoil water to the 

same extent as M. sativa, which suggests that salt tolerance as typically assessed under uniform salinity 

is poorly correlated to subsoil salinity tolerance. Triticum aestivum failed to reach the bottom of the 

pots of most topsoil over subsoil treatments and had a very stratified water use from the saline subsoil. 

However, this had no negative impact on parameters measured and some observations suggested that 

the saline subsoil may have delayed dehydration in T. aestivum. This suggests Cullen species are 

sustaining their rapid summer growth in the field from subsoil moisture, despite subsoil salinity. 
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Chapter 1. General introduction 

Introduction 

This chapter provides a background on the farming systems of the low rainfall areas of southern 

Australia, in particular the eastern wheatbelt of Western Australia (WA), and on the use of 

Australian native legume species as pastures, in particular Cullen cinereum Lindl. J.W. Grimes 

and C. graveolens Domin. J.W. Grimes. This chapter identifies some constraints to the 

performance of current farming systems and suggests how these Cullen species, and the traits 

they possess, may provide opportunities to overcome these constraints (also relevant to existing 

commercial species). The approaches used and the format of the thesis are presented at the end of 

this chapter. 

Australian rainfed agricultural systems 

Rangeland vs. southern Australian wheatbelt 

Australia is the most arid inhabited continent, with more than 70% of its area unable to support 

improved pastures or crops. The major agricultural landscapes can be divided into high rainfall 

livestock dominant areas, medium and low rainfall mixed farming or wheat and sheep areas, semi-

arid and arid rangelands, and desert regions (Figure 1.1). The Australian landscape is ancient, 

with highly-weathered soils that are typically shallow and infertile. The temperate wheat and 

sheep growing areas of Australia, often referred to as the ‘southern Australian wheatbeltʼ, 

encompass the winter-cropping predominant areas in the south-west of WA and south-east of 

eastern Australia. Ley farming systems, which traditionally dominated these regions, were based 

around alternating 1–2 year phases of cropping in WA (2-6 years in south-eastern Australia) with 

self-regenerating annual legume based pasture. The subtropical ʻnorthern wheatbeltʼ, where 

summer cropping is possible, stretches from northern New South Wales to southern Queensland. 

Here, winter-crops are largely grown on stored soil moisture. Areas receiving high rainfall 

(typically >600 mm) are mostly livestock-producing areas, as they are often too wet or are 

unsuitable for cultivation of crops (Stephens and Lyons, 1998; Zhang et al., 2004), while the 

wheat and sheep zones are limited by low rainfall on the inland boundaries (Henzell, 2007). 

Beyond these inland boundaries are the ʻrangelandsʼ where pastoral grazing occurs in the semi-

arid and arid regions where the natural vegetation can carry livestock, either sheep or beef cattle. 

The factors that differentiate the rangelands from the deserts are not necessarily climatic, but 

geological; rangelands can be just as arid as deserts but the geology, for example marine derived 

soils of the WA desert regions, determines the vegetation types (Beard, 1969). 

In the south-west of WA, little natural pasture existed at the time of European settlement, as the 

vegetation was mostly sclerophyllous scrub and woodlands (Burvill, 1979; Henzell, 2007). Thus 
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in WA, most pasture species were introduced (accidentally or purposefully). The eastern states of 

Australia were quite different, with expansive grasslands and savannahs over inland areas of New 

South Wales and Queensland. Isolated grasslands and savannahs in WA were mostly in the north 

of the state and were quite limited in comparison. The lack of permanent water limited the extent 

of herbivory in the arid natural systems such that palatable plant species persisted and took 

advantage of short-lived favourable conditions (James et al., 1999). Introducing permanent water 

for stock was crucial for pastoral grazing to exist in Australia, but caused a decline in grazing 

sensitive (and often palatable) plant species over vast areas (Fensham and Fairfax, 2008; James 

et al., 1999). 

 

 

 

Figure 1.1. The primary agricultural land-uses in Australia. The solid black line broadly 

delineates the southern Australian wheatbelt. Areas inland of this are used for beef cattle and 

sheep rangeland grazing. The vast expanse of non-agricultural land in central Australia is desert. 

Higher rainfall, more coastal areas of the wheatbelt are livestock dominant. Original image 

sourced from: http://data.daff.gov.au/anrdl/metadata_files/pa_agcomr9c1__07711a00.xml   
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History of native legumes use in grazed pastures 

It is often said that ʻAustralia rode on the sheep’s backʼ due to the supremacy of the wool industry 

in the Australian economy for over a century starting from the 1830s (Henzell, 2007). However, 

the commodity of wool is built on pastures, and up until the 1920s the early Australian pastoral 

industry was almost entirely based on native pastures contributing ~AUS £250,000,000 p.a. to 

the Australian economy (Turner, 1921) and carrying more sheep than in Australia today (~70 M) 

(ABARE, 2013). Despite the high importance of native pastures to early Australia, and the 

identification of promising traits for development by many experts such as Maiden (1889) and 

Turner (1921), no native pasture species have been domesticated and widely adopted, and it was 

widely advocated to replace them with exotic pasture species; this is what occurred in the areas of 

Australia where pastures are sown (Ebersohn, 1970; Walker and Weston, 1990). Now while it 

was typically pragmatic to introduce exotic pastures, many introduction attempts failed and this 

begs the question of why are Australian native pasture species so often overlooked? I have 

addressed this issue in the Concluding Discussion of this thesis. 

As native herbaceous legumes typically contribute little to the bulk of natural pastures, focus on 

native pastures has mostly been on grasses (Ebersohn, 1970; Norman, 1963) with limited 

assessment of native legumes (Jones, 2009). As a result there have been repeated calls for more 

research on the possible use of indigenous legume species (Cocks, 2001; Maiden, 1889; Marriott 

and Griffiths-Davies, 1958; Millington, 1958; Turner, 1921). Recent cooperative research centres 

(CRCs), CRC for Plant Based Management of Dryland Salinity and Future Farm Industries CRC, 

have investigated the potential of an array of native legume species for pastures (Bennett et al. 

2011; Cocks, 2001; Dear and Ewing, 2008; Dear et al. 2008; Snowball et al. 2010). 

Why are there no commercialised Australian native legumes as pasture cultivars? 

Many native pasture species or, some may reasonably suggest most, are unproductive (Ebersohn, 

1970), have poor feed quality (Bastin, 1986), or both. Many species have complex seed dormancy 

mechanisms (Hagon, 1976) which can impede propagation and cultivation. Some have promising 

attributes, but their development as commercial pasture species is constrained by low seed yields 

(e.g. Psoralea patens Lindl. syn. Cullen patens (Skerman, 1977) and Glycine latifolia (Benth.) 

Newell & Hymowitz (Jones, 2009)). There is also a perception that native plants have high levels 

of anti-nutritional compounds. It is possible that many of these issues could be quickly addressed 

through conventional breeding and selection. For instance, all plants to some extent produce anti-

nutritive compounds which can affect the health of animals when they become a significant 

proportion of the diet (Provenza, 2006). Most commercial forages had similar impediments, for 

instance high isoflavones in Trifolium species (Francis and Millington, 1965a) and saponins in 

Medicago sativa L. (Nowacka and Oleszek, 1994). Selections from existing genetic diversity 

quickly provided low risk varieties in the case of Trifolium subterraneum L. (subclover) 
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(Underwood and Gladstones, 1979). Overall, many Australian native legume species with wide 

geographical ranges and distinct populations are likely to contain a wide range of genetic diversity 

(Bell et al., 2011). Interestingly, while some of the native legumes considered promising as pasture 

species are endemic to Australia, they almost always from genera that also occur outside of Australia 

such as Cullen, Glycine, Trigonella and Vigna (Hacker, 1993). 

Novel native pasture management strategies have also received little attention despite indications 

that this could prove fruitful. For example, in Queensland rangelands, conserving native Mitchell 

grassland pastures as silage was highly economic and the local Glycine species was particularly 

sought out by cattle (Kennedy, 1959).  

Thus, in Australia, the vast majority of the focus to improve pasture legumes has been on 

introducing exotics, whether or not they have been previously domesticated, or proven to have 

desirable qualities in relation to feed value, animal safety or weed risk (Cook and Dias, 2006; 

Ebersohn, 1969). Many introduced species have become problematic weeds and undesirable 

intruders of the vegetation (Cook and Dias, 2006; Low, 1997). Stricter quarantine and evaluation 

processes now reduce the chances of future weed introductions into Australia, but this also impedes 

the introduction and genetic transfer of potential forage material. However, rather than proposing 

any kind of moral obligation for the domestication of native species, the choice to examine the 

pasture potential of natives must be rational and a viable option for the industry. Identifying plants 

which currently present a niche which commercial options do not address is one possible option for 

incorporating appropriate native species into mixed farming systems. In this context, this thesis 

focuses on the eastern wheatbelt of WA. 

Farming in the eastern wheatbelt of Western Australia 

Low rainfall agriculture has many different meanings, but in this thesis it is mostly used to refer to 

the eastern margins of the WA wheatbelt, where mean annual rainfall is typically between 270 and 

325 mm. The region experiences a dry Mediterranean-type climate with cool, wet winters and hot, 

dry summers. Like most of the southern Australian wheatbelt, the low rainfall farming systems of 

the WA wheatbelt may be described as winter rainfall, dryland, mixed farming. Cropping systems 

are primarily based on autumn-sown crops of bread wheat (Triticum aestivum L.) with break crops 

such as barley (Hordeum vulgare L.), canola (Brassica napus L.) and lupins (Lupinus angustifolius 

L.). Livestock systems are typically based on self-replacing merino ewe-flocks, often with cross-

bred lambs for wool and lamb-meat production. Autumn-germinating annual pasture legumes have 

been a significant component of Australian mixed farming systems, offering synergies of increased 

protein and animal production, as well as soil fertility improvements through nitrogen (N)-fixation 

and disease-breaks which boost crop-profitability (Puckridge and French, 1983). Livestock graze 

the dry crop and pasture residues over the bare summer fallow, which is significant for the low 

rainfall mixed farming systems. 
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Low rainfall agriculture, with its intrinsic challenges of climatic variability and water-limited 

production, has suffered in recent years, like most farming enterprises, from a continuously 

challenging, declining net profitability or terms of trade and dramatically increased market 

volatility (ABARE, 2013; Kirkegaard et al., 2011). The decline in terms of trade has largely been 

addressed by farmers through increased productivity and efficiencies, particularly in labour 

(Mullen, 2007). The decline in farm profitability and the reductions in the rural workforce are 

placing additional stress with labour shortages reducing enterprise or system options (Doole et 

al., 2009); the reduction in the stable workforce also presents significant challenges to the viability 

of local communities. There has also been a plateau in overall productivity gains, although 

declining profitability, especially volatile fertiliser prices, and variable climatic conditions are 

likely to have played a role (Kirkegaard et al., 2011). Future threats, notably herbicide-resistant 

weeds, also challenge the viability of cropping, particularly the increasingly popular continuous 

cropping (Powles et al., 1998; Yu et al., 2007). While tremendous innovation in cropping systems 

has ensued as farmers address these issues, components for boosting livestock systems in the 

eastern wheatbelt of WA have long stagnated and livestock numbers have declined dramatically 

(Henzell, 2007) while cropping has become more and more dominant over pastures with many 

farmers now keeping no livestock. This switch from mixed crop–pasture farming to cropping 

dominant farming systems was foreseen by some commentators (Carter et al., 1982). However, 

due to the stagnation of the pasture and livestock components there may be greater scope for 

profitability gains in the crop–pasture and livestock systems than in the cropping components for 

the low rainfall areas. 

Annual pasture legumes in the Western Australian wheatbelt 

South-western Australia had much less natural pasture than other regions of Australia (Burvill, 

1979; Henzell, 2007) which may be why so many domestication programs and new releases of 

Mediterranean-origin annual pasture legumes occurred in this area (Nichols et al., 2007; 

Underwood and Gladstones, 1979). Recent introductions of annual legumes, including species of 

serradella (Ornithopus species) and Biserrula pelecinus which have had wide adoption (e.g. 

Nichols et al., 2007), have provided improvements on traditional annual legume such as annual 

medics and subclover for ley farming (Puckridge and French, 1983). However, they conform to 

a similar highly seasonal spring peak production. In addition, few widely-adopted pasture legume 

options remain for areas with less than 300 mm rainfall. 

Traditional species (subclover and medics) in low rainfall areas 

Subclover is the most widely-sown pasture in southern Australia, but it has had limited success 

in the low rainfall eastern WA wheatbelt. Subclover is suited to slightly acidic soils and tolerates 

set-stocking, especially when flowering, due to its prostrate growth form and pod burial. 

Increasing levels of hardseededness (seed-coat induced dormancy) were pivotal in increasing the 
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suitability of subclover for drier cropping areas by enabling a seed bank to persist through drier 

years (Nichols et al., 1996; Rossiter, 1966). However, the degree of hardseededness in subclover 

is often not sufficient to survive the longer cropping phases. Annual medics, such as Medicago 

truncatula Gaertn., were developed for neutral–alkaline heavy soils. With their high levels of 

hardseededness, medics have proved better than subclover at persisting in lower rainfall areas and 

under higher cropping intensities (Nichols et al., 1996). Oestrogenic activity is also present in 

annual medics, reflected in greater coumestrol concentrations when dry than green (Francis and 

Millington, 1965b). Although the production of coumestrol is linked to foliar fungal pathogens 

(Francis and Millington, 1971), newer varieties (e.g. M. truncatula cv. Caliph, released in 1993 

as a replacement for cv. Cyprus which was released in 1959) have similar concentrations when 

infected (Barbetti, 1995). Medics are mostly grazed as dry residues, especially the pods, during 

summer–autumn, when the typical late-summer mating of ewes occurs, at which time potential 

fertility impacts of the coumestrol would be greatest. Limited breeding efforts have been 

undertaken for medics in Australia since the release of Caliph in 1993. 

New species (e.g. serradella and aerial-seeded clovers) 

A wide range of additional species have been introduced largely from the Mediterranean basin. 

Serradellas (Ornithopus compressus L. and O. sativa L.) provide an excellent quality and safe 

pasture legume well suited to the poor quality, deep acidic sandplains that occur in the WA 

wheatbelt (Loi et al., 2005; Nichols et al., 2007; Rossiter et al., 1985). These species provide low 

levels of condensed tannins which aid ruminant production by protecting protein from rumen 

degradation, as well as decreasing the incidence of bloat (OECD, 2005). Biserrula (Biserrula 

pelecinus L.), has also been successful released. The key benefit of this species is that, especially 

during flowering, sheep preferentially graze weeds (Hogg et al., 2010) and this suits cereal-crop-

dominant systems where weed reductions and high legume content increase profitability of 

following cereal crops. Photosensitisation in sheep has been reported on biserrula-dominant 

pastures, typically just prior to flowering (Hogg et al., 2010). Aerial-seeded clovers such as gland 

(Trifolium glanduliferum Boiss.), bladder (T. spumosum L.) and balansa clover (T. michelianum 

Savi) all provide options to diversify annual pastures legumes. However, for all species mentioned 

above, the timing of growth is similar (winter/spring). All of these annual legumes grow very 

slowly in winter and have much lower production with late-season breaks (i.e. when opening rains 

occur late) than cereals; this is an important constraint to overall productivity in short-growing 

season environments. A key reason for the selection of the new aerial-seeded pasture legumes has 

been the opportunity they provide for farmers to harvest their own seed using their crop harvesting 

equipment thereby decreasing establishment costs relative to subclover (Loi et al., 2005). 
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Constraints with current options 

Autumn feed-gap 

Pasture growth in the Mediterranean-type climates in areas of the southern Australian wheatbelt 

with cool wet winters and summer droughts results in a seasonal supply of feed with peak 

production in spring (Willoughby, 1959). Cold weather in the winter months limits pasture growth 

and hence stocking rates, especially of annual legumes and, early on, it was recognised that extra 

spring pasture production was worth very little without conservation of feed (e.g. hay or silage) 

to maintain high stocking rates over autumn and early winter (Dunne, 1938; Willoughby, 1959). 

Interestingly, it has been recently realised that dual-purpose crops (i.e. crops that can be grazed 

early in the season and later harvested for grain) represent a potential benefit to mixed farming 

systems by compensating for the pasture legume feed shortage early in the season through using 

the superior vigour of a cereal to provide early feed without significantly impacting final grain 

yield (Kirkegaard et al., 2011). A further constraint to the value of annual legumes comes from 

the fact that many annual pasture legumes such as subclover are determinate (Rossiter et al., 

1994); that is, they lack the ability to extend their growing season in response to late-season 

rainfall as they senesce shortly after flowering and setting seed in late-spring/early-summer, 

remaining in the system over summer as a dormant seed bank.  

Thus, there is a clear feed-gap, typically in autumn and early winter, prior to adequate new pasture 

growth and following use and/or degradation of the old (previous season) dry crop and pasture 

residues which initially sustain livestock. Fodder crops have not been widely assessed due to their 

potential to compete with cereal crops (Henzell, 2007), with the clear case of ‘Wimmera’ ryegrass 

(Lolium rigidum Gaudin.) now a serious weed (Powles et al., 1998). However, species with 

different seasonality of growth have been largely neglected due to the higher risk and variation. 

The opportunity to produce feed during the summer–autumn period can often occur from sporadic 

summer rainfall. 

Use of summer water 

While Mediterranean-type climates are renowned for their summer drought, sporadic summer 

rainfall does occur in the WA wheatbelt due to convectional thunderstorms and degraded tropical 

cyclones. These episodic events are the principal source of groundwater recharge in low rainfall 

areas (George et al., 1990). Storing summer moisture for following crops by controlling summer 

weeds is beneficial for crop yields (Fromm and Grieger, 2002), but ~75% of the summer rainfall 

has been found to evaporate (Dolling et al., 2006). Although summer rainfall grows summer 

weeds typically requiring control, it is not considered viable to attempt to grow summer crops or 

forage in the WA wheatbelt, even where summer rainfall is higher, due to the risk of failure 

(Robertson et al., 2005). As the hot summer conditions evaporate water very quickly and desiccate 

plants, the value of rainfall is less as the temperature increases. Moreover, prolonged temperatures 
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above 35°C are considered detrimental to most temperate pasture species (Treshow, 1970). Heat 

stress can be either acute, with rapid damage from short term over temperature, or chronic with 

lengthy time near the thermal optimum (McKenzie et al., 1988). Temperate plants such as the 

perennial pasture legume Medicago sativa L. do not grow at high temperatures and thus 

experience a ‘summer slump’ (McKenzie et al., 1988). Perennial pastures are limited for low 

rainfall areas, with few options other than M. sativa listed as suitable for areas with less than 325 

mm annual rainfall (Dear and Ewing, 2008). Where rainfall is insufficient for the persistence of 

M. sativa (Robertson, 2006), there are limited options to use sporadic summer rainfall in low 

rainfall areas. However, ephemeral summer weeds can use the summer rainfall and draw down 

subsoil water (Fromm and Grieger, 2002). A potential option is the utilisation of summer 

ephemerals in low rainfall systems to exploit sporadic summer rainfall, if species with palatable 

shoots could be found that are adapted to the climate and soils of the low rainfall zone.  

Subsoil chemical constraints 

Heavier soils in low rainfall areas tend to accumulate salt, as there is a constant in-flow of salts 

from atmospheric deposition, with inadequate leaching and return from the landscape (Teakle and 

Burvill, 1938). Some of these salts include bicarbonates/carbonates, boron and magnesium, but 

they are predominantly NaCl (Moore, 1998; Teakle and Burvill, 1938). Nearly 60% of the 

southwest Australian agricultural soils are duplex soils (texture contrast, i.e. typically sand over 

clay), most of which are sodic (Tennant et al., 1992). Sodicity occurs when enough cation 

exchange sites of the clay particles are occupied by Na+, so that the clay becomes dispersive which 

negatively affects infiltration and soil structure (Sumner, 1993). Many of these sodic soils have 

subsoil salinity (McArthur, 2004) and primary salinity is the first suspect when poor crop growth 

occurs in the heavy soils of the low rainfall eastern wheatbelt (Moore, 1998). Indeed, subsoil 

salinity is considered the most widespread/common subsoil chemical constraint in the southern 

Australian wheatbelt (Adcock et al., 2007; McDonald et al., 2013; Rengasamy, 2002). Although 

dryland or secondary salinity has received much attention in the southern Australian wheatbelt 

(Clarke et al., 2002), in low rainfall zones where little leaching occurs, the virgin, vegetated soils 

were often naturally saline; with clearing this saline zone was often seen to rise to the surface 

rapidly (Teakle and Burvill, 1938). The accumulation of salt in low rainfall zone heavy soils 

occurs at the maximum wetting depth in the subsoil (Moore, 1998). Subsoil salinity is considered 

to limit the success and persistence of introduced pasture legumes on cracking clay soils in the 

Queensland rangelands (Keating et al., 1986). Arid zone native species on similar soils may 

possess adaptations for low rainfall salt-affected soils. 

The niche for novel legumes 

Considering the issues presented above, there may be a role for suitably-adapted native summer-

active ephemeral legumes to provide opportunities in current agricultural systems by using summer 
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rainfall to produce summer green feed into the autumn–winter feed gap; while it may seem counter-

intuitive to incorporate a summer-growing species into a Mediterranean-type climate, the 

incorporation of annual medics into tropical, summer-rainfall environments to take advantage of 

winter rainfall has been successful (Walker and Weston, 1990). I propose that Cullen cinereum 

Lindl. J.W. Grimes and C. graveolens Domin. J.W. Grimes may complement existing mixed 

farming systems in southern Australia by opportunistically responding to summer rainfall from a 

soil seed-bank of hard seeds and being well-adapted to the summer conditions as well as to the 

heavy, sodic soils of the valley floors with suspected subsoil salinity. 

The genus Cullen 

The genus Cullen Medik., previously within the genus Psoralea, is a member of the tribe 

Psoraleae in the Fabaceae family. Species range from tall woody shrubs to herbaceous annuals 

(Grimes, 1997). There are 32 known species, with 26 found in Australia, often with sympatric 

distributions; the remainder are found in Asia Minor, sub-Saharan Africa, Spain, Portugal and 

Italy (Grimes, 1997).  

Several species have been assessed for commercialisation, with extensive work on Cullen 

pallidum (syn. Psoralea eriantha) and C. patens (syn. Psoralea patens) (Britten and de Lacy, 

1979; Gutteridge and Whiteman, 1975; Kerridge and Skerman, 1968; Skerman, 1977). 

Commercialisation was hampered by low seed production and retention (Skerman, 1977). Cullen 

tenax has been widely considered as a highly desirable pasture species with excellent production 

and persistence, and reports of it being eagerly grazed by livestock (Allen, 1949; Maiden, 1889; 

Turner, 1921). Nutritive quality of C. tenax is very high with growth occurring from a crown 

similar to M. sativa (Robinson et al., 2007). However, C. tenax has been reported to form ‘fibre 

balls’ in the gut of ewes, with deaths after animals grazed dominant swards for several months 

(McBarron, 1978 in Cunningham et al., 1981). Cullen australasicum has been identified in several 

studies as a species for future development (Bennett et al., 2011; Dear et al., 2007; Dear et al., 

2008; Humphries et al., 2014; Li et al., 2008). Advocated as a replacement for M. sativa in low 

rainfall areas, it is a large, shrubby species with promising production in low rainfall field sites in 

the southern Australian wheatbelt (Bennett et al., 2012). A close exotic relative, Bituminaria 

bituminosa (syn. Psoralea bituminosa), commonly called tedera, is currently being 

commercialised as a perennial pasture (Oldham et al., 2013). I am interested in studying Cullen 

cinereum (syn. Psoralea cinerea) and Cullen graveolens (syn. Psoralea graveolens) which are 

considered annuals, but are facultative perennial herbs which flower and set seed continuously. 

In arid conditions they typically occur as ephemerals. In my previous field studies in the north-

west of WA (Nicol, 2006), these two species demonstrated exceptional production across the 

Fortescue River valley floodplain (Plate 1.1). Observations made during these field studies 

provided much of the impetus, and many of the concepts tested, for this thesis.  
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The high production observed in the Fortescue floodplain is consistent with the first recorded 

remarks on Australian Cullen species by the explorer Sir Thomas Mitchell, who noted that the 

verdure (pasture or lush green growth) on a dry lake bed was dominated by a dwarf Psoralea 

(described as Psoralea cinerea (syn. C. cinereum) from the specimen collected) (Mitchell, 1838). 

Dominant swards of C. cinereum have been reported on bare ground following drought and/or 

overgrazing (Phelps and Bosch, 2002), fire (Silcock and Scattini, 2007) and post flooding 

(Parsons and Browne, 1982). From 1992–2006, during a sequence of mostly above average 

rainfall years, perennial grass cover increased simultaneously with cover of C. cinereum and C. 

graveolens (Nicol and Fox, 2008). It is possible that these species play a key role in increasing 

the fertility of disturbed sites and maintaining a productive grassland.  

 

 

Plate 1.1. The Fortescue river valley floodplain dominated by Cullen cinereum and C. graveolens 

in May 2006. Preceding summer rainfall (Oct–Apr) was ~450 mm. This photograph (and all 

following) by D. Nicol. 
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Morphology of Cullen cinereum and C. graveolens 

Cullen cinereum and C. graveolens are considered similar and often difficult to distinguish 

(Grimes, 1997). While both species are pinnately trifoliate, C. cinereum has distinctly ovate 

leaflets while C. graveolens has lanceolate leaflets, and the flowering spikes differ (see Plates 1.2 

& 1.3). Cullen cinereum has longer spikes of pink pea flowers (~5 mm across) while C. 

graveolens has more compact spikes vaguely resembling an awnless wheat head, with flowers 

typically concealed, though at times emerging (see inset images of Plates 1.2 & 1.3). Both species 

have a primary erect stem which can grow to 1 m for C. cinereum and typically less than ~0.6 m 

for C. graveolens (pers. obs.). Secondary stems occur in both species but C. graveolens tends to 

be more decumbent, with numerous, finer stems branching from near the base of the plant. In 

dense swards, growth remains primarily on the erect stem with little branching, while in open 

conditions, secondary stems initiate very quickly (see Plate 1.3). Both species occur across vast 

areas of central Australia in the arid regions (Figure 1.2A, B). 

Evidence of high forage quality 

Sir Sidney Kidman, ‘Australia’s cattle king’, who had rangeland/pastoral grazing leases across 

the country, considered the stronger carrying capacity, coarse C4 perennial grass pastures of the 

northern Queensland rangelands suitable for breeding stock but preferred the more palatable 

temperate pastures in the more marginal areas, such as the ‘channel country’, as when they had 

favourable conditions they could “fatten a bullock in 3 months” (Dobes, 2012). The quality not 

the quantity of forage is typically limiting for animal performance in the rangelands; similarly, 

this is typically the case in summer-autumn in the southern mixed farms. The poor quality of the 

C4 grasses is driven by low nutrient concentrations, particularly N, as plants become dormant 

(Norman, 1963). A high-quality legume in the low rainfall mixed farming systems of southern 

Australia and rangelands would provide a highly digestible and higher protein component, along 

with growth benefits to other pasture components and following crops through N-fixation. The 

soft, leafy foliage and fine stems (particularly of C. graveolens) observed in the swards of C. 

cinereum and C. graveolens (Plate 1.4) certainly appear highly digestible.  
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Plate 1.2. Cullen cinereum (Fortescue accession) as a larger, spaced plant (left). Inset shows 

younger glasshouse grown plant (middle) and flowering spike (right). 

 

Plate 1.3. Field-grown Cullen graveolens (Fortescue accession) already ~25 cm high 39 days 

since a drought-breaking rain event and earliest possible germination. Despite young and fresh 

growth, there are already seeds ripening low down on the primary stem. Inset image (right) shows 

the awnless-wheat-like inflorescence. 
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Figure 1.2. Herbarium voucher specimen locations of (A) Cullen cinereum and (B) Cullen 

graveolens (CHAH, 2007). 

 

A. 

B. 
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Plate 1.4. Highly productive sward of herbaceous Cullen graveolens with occasional C. cinereum 

plants (same location as Plate 1.1) in the Fortescue floodplain, May 2006.  

 

There are limited reports on the use of Cullen species as pastures. Some of these were that younger 

C. cinereum plants were grazed with older plants were apparently ignored (Allen, 1949), and that 

although C. cinereum can be an important pasture, being palatable and nutritious, livestock would 

not graze it readily at first (Hartley, 1935 in Cameron, 1982). Cullen cinereum and C. graveolens 

were both considered useful pastures in south-west Queensland (Queensland Department of 

Agriculture and Stock, 1941); this is the only clear report on C. graveolens, despite having the 

common name ‘native lucerne’ (Cunningham et al., 1981). It is possible that C. graveolens is 

uncommon, or has been confused with other species. When I asked a pastoralist about the 

frequency of Cullen production observed in 2006 in the Fortescue floodplain, he replied that they 

did not have any legumes there and proceeded to ask about the grasses. It is possible that at least 

some managers are unaware of native legume species in their rangeland pastures. 

Conclusive studies of these species are rare. Surveys of rangeland pastures have found C. 

cinereum to be highly digestible with high protein content and metaboliseable energy (Jolly, 

2009). A study of merino sheep diet selection and growth in a south-west Queensland Mitchell 

grass pasture (Astrebla species) found that during the peak summer growth period, ephemeral 

legumes, including C. cinereum, contributed ~10% of the pasture biomass, but ~60% of the diet 
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of merino wethers (Lomimer, 1978). Moreover, the time of year when ephemeral legumes 

contributed most to the diet coincided withmost growth (liveweight and wool) and the C4 

perennial Mitchell grasses being largely a maintenance feed (Lorimer, 1978). Yet so much of the 

research and management focus in rangelands has been on grass species. This reflects grasses 

providing much of the carrying capacity, but ignores the role of legumes in opportunistic 

production. A grazing exclosure that prevented access from cattle at another location in the 2006 

Fortescue field work showed C. cinereum was much more abundant within the fenced off 

vegetation, suggesting it was being grazed outside the fenced area (Plate 1.5). Populations of C. 

cinereum in Victoria (south-east Australia) have reportedly been grazed so much by kangaroos 

that seed set was prevented (Parsons and Browne, 1982). Thus there are mixed reports on grazing 

of C. cinereum, almost none on C. graveolens, but some promise as to their potential as a pasture 

legume. Other Cullen species such as C. tenax reportedly have high digestibility (Robinson et al., 

2007). It is hard to imagine that even leafier species, such as C. cinereum and C. graveolens, 

would not be of equal, or even higher, value than C. tenax due to their larger leaves. 

 

 

Plate 1.5. Natural pastures with grazing excluded (Left) and pasture grazed by cattle (Right) in a 

Eucalyptus victrix grassy woodland on Marillana station, Pilbara region, WA in August 2006. 

(Left) Cullen cinereum is abundant; (right) most of the grass is the annual species Eragrostis 

tenellula and the light-green tussock-grass is the desirable native perennial grass Eulalia aurea. 
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Importantly, toxic effects on sheep or cattle have not been reported for C. cinereum or C. 

graveolens. In a survey on alkaloid content of native herbs, C. cinereum alkaloid tests were 

negative in one test and the second test revealed only suspected starch precipitation; this survey 

had strong alkaloid precipitation results, with species commonly considered toxic including some 

wild Crotalaria species (Webb 1952). The furanocoumarins, psoralen and angelicin, have been 

reported in C. cinereum as well as several other Cullen species (Bourgaud et al., 1994; del Rio et 

al., 2010). These furanocoumarins induce photosensitisation when excited by UV light (Bordin 

et al., 1991). However, C. cinereum had the lowest reported concentrations of the Cullen species 

tested (C. graveolens no data) with 1675 parts per million of psoralen and angelicin compared to 

a mean of 5864 parts per million in the low furanocoumarin subspecies of tedera, Bituminaria 

bituminosa ssp. albomarginata (del Rio et al., 2010). Through the development requirements of 

tedera as a perennial pasture, it has passed sheep feeding trials without incident (Oldham et al., 

2013). Moreover, psoralen and angelicin largely degrade in rumen fluid (Ghaffari et al., 2014). 

Cullen cinereum leaf concentrations of psoralen and angelicin were lower than all other Cullen 

species including reputed useful pasture species such as C. tenax, C. pallidum and C. patens (del 

Rio et al., 2010). Photosensitisation has not been reported on livestock grazing on these three 

Cullen species. Based on these comparisons, it is unlikely that these furanocoumarins would 

impede the use of C. cinereum and C. graveolens as pastures. 

Phytoestrogens have been reported in many important pasture legumes. The oestrogen daidzein 

has been reported in C. cinereum (Bouque et al., 1998). Formononetin, which was largely 

responsible for ʻclover diseaseʼ (Cox and Braden, 1974; Francis et al., 1967), is partially 

metabolised into daidzein which can then be metabolised into the strong oestrogen equol (Cox 

and Davies, 1988). However, mean shoot concentrations, 0.008% of dry mass (DM) of daidzein 

reported by Bouque et al. (1998), were very low compared to formononetin levels (often >2% as 

DM) reported for problematic subclover varieties (Francis et al., 1967). Various environmental 

factors increase isoflavone content in subclover (Rossiter, 1970). For this reason, the 

concentrations of isoflavones and other anti-nutritive compounds must be assessed in key grazing 

times and conditions. For instance, coumestrol concentrations (another oestrogenic compound) 

of annual medics (e.g. cv. Cyprus) are highest in dry residues (Francis and Millington, 1965b) 

which are likely to coincide with mating of ewes. The possible levels of phytoestrogens produced 

by C. cinereum and C. graveolens under any proposed field conditions must be assessed in future 

work. As has been the case with many existing forages, it can be assumed that domestication and 

management can largely reduce risks to animal health. Overall, reported concentrations of anti-

nutritive compounds in C. cinereum are lower than in existing commercialised pasture legumes. 
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Seed 

Seed production is a critical component of domestication, as even the most promising pastures 

which cannot provide cost-efficient seed multiplication will fail (Rolston, 2003; Rossiter, 1966). 

Cullen cinereum and C. graveolens produce copious seed aerially and retain ripe seed for many 

weeks to months (pers. obs.). While Humphries et al. (2014) reported low seed retention for C. 

graveolens, Bell et al. (2012) reported complete seed retention. My field observations suggest that 

somewhere in the middle would be closer to reality, as disturbance from strong winds or animal 

movement would shed seed, much like many grain legume crops, such as Lupinus sp. However, 

I contend that there is capacity for commercial production. Being facultative perennials with 

indeterminate growth (i.e. not determinately senescing after seed-set), seed production can be 

rapid relative to plant age and extend for long periods. Reports of the days to initiate flowering in 

C. cinereum range from 40 days (Bourgaud et al., 1990) to 115 days with continued flowering 

until termination of the experiment (Bell et al., 2012). Stress can induce very rapid seed 

production (pers. obs.) and cool temperature glasshouse experiments such as the experiment of  

Bell et al. (2012) may not provide relevant agronomic performance for summer growing, arid 

zone species. Desiccation prior to conventional header harvesting may be required to prevent 

green matter contaminating the seed or blocking the machine.  

Seeds of both species retain their pod which acts as a seed coat (Grimes, 1997). These weigh ~5 

mg (Bell et al., 2012). Seeds of C. cinereum and C. graveolens are initially hardseeded 

(impermeable to water) which, when released by scarification, enables ~100% germination from 

cultivated seed (pers. obs.). However, seed dormancy release of unscarified seeds is gradual; C. 

cinereum and C. graveolens seeds steadily germinated over 35 days to a cumulative germination 

of 15–20% (Nicol, 2006). Cullen cinereum reportedly reappears following infrequent flooding, 

with suggests a seed viability period of 10–20 years (Parsons and Browne, 1982). Such a spread 

of dormancy presumably provides safety against false breaks and multiple dry seasons. Thus, C. 

cinereum and C. graveolens appear to rely on high seed production with a spread of physical 

dormancy to persist in rangeland areas of Australia. However, importantly, if the seeds are 

scarified, as typically done for physically-dormant seeds of commercial pasture legumes (Loi et 

al., 2008), then full germination potential is realised. At the same time, with a portion of soft seed 

(Nicol, 2006), sowing higher rates of untreated seeds may allow cheap establishment and spread 

the risk of failed establishment in dry conditions (Silcock and Johnston, 1993). It is unlikely that 

seed production will constrain commercialisation of these species. 

Soil/edaphic conditions 

Various Cullen species have been observed to persist long after rainfall (Britten and de Lacy, 

1979; Turner, 1921), presumably due to their use of subsoil moisture. The genus Cullen has 

strong, often woody, deep taproots (Grimes, 1997). Even when surface soil water availability was 
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low, so that other herbs and grasses had senesced, some C. cinereum and C. graveolens plants 

maintained green leafy growth, presumably due to the presence of deep penetrating taproots on 

small plants (Plate 1.6). Cullen cinereum plants, which had been stressed but still presumably 

accessed some subsoil moisture, regrew from the base of the plant as the primary erect stem 

dehydrated (Plate 1.7). For populations to persist across so much of central Australia (Figure 1.2), 

these species must have exceptional abilities to either resist or avoid stress. It is likely they do 

both, as they can evade severe drought through seed dormancy and an ephemeral lifecycle, and 

can also extend their growing season by exploiting subsoil moisture when it is available. 

 

 

Plate 1.6. Deep penetrating taproots of small Cullen graveolens plants grow through the dry 

topsoil in the Fortescue floodplain in mid-August 2006. Last rainfall was 19 April 2006. Note dry 

grasses in background with green C. graveolens persisting underneath. The prostrate architecture 

of the plants suggests they have been grazed. Many growth points from the base of the plant would 

provide some grazing tolerance. Digging to ~0.5 m found no visible soil moisture. 

 

As salt tends to accumulate in fine-textured soils where infiltration and drainage is poor, many 

low rainfall heavy soils are affected by salt to some extent. Legumes have often been the most 

sensitive to subsoil salinity, excepting Medicago sativa L. (Dang et al., 2010). It is highly possible 

that Cullen cinereum and C. graveolens are adapted to hostile subsoils in order to extend their 
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period of growth in heavy soils. Cullen cinereum has also been reported to inhabit salt-affected 

chenopod shrublands (Perry, 1960), and while this may be genotype or niche specific, there 

appears to be potential for these species to be suitably adapted to the salinity and subsoil salinity 

which occurs in many of the heavy soils in the low rainfall zones.  

 

 

Plate 1.7. Drought-stressed plants of Cullen cinereum with basal regrowth, as erect stems 

retaining abundant seed dry off. Fortescue floodplain, mid-August 2006 (~four months since last 

rain). 
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Hot summer conditions 

The Pilbara is the hottest region of Australia with mean daily maximum temperatures throughout 

summer of 39°C (Figure 1.3) and may be even hotter when there is little water and soil cover 

(BOM, 2014). Yet C. cinereum and C. graveolens persist in this region and across the arid centre 

of Australia (Figure 1.2A, B). For instance, C. cinereum and C. graveolens have been reported in 

most of the post-summer vegetation assessments made by the Mulga Research Centre (Fox et al., 

2005) in the Fortescue floodplain. While it is often considered too hot and dry for temperate 

pastures to succeed in the summer in the WA wheatbelt (Cocks, 2001), clearly there are plants 

adapted to the most extreme summer conditions. How such herbaceous, leafy plant-types achieve 

this is of interest. 

 

 

Figure 1.3. Average daily maximum temperatures in summer across the Australian continent. 

Note that the populations of the Fortescue floodplain occur to the north-east of Newman 

where the average daily summer maximum temperature is 39°C. Locations of the key study 

sites are indicated on the map by F – for the Fortescue Floodplain and M – for Mukinbudin. 

Source: http://www.bom.gov.au/jsp/ncc/climate_averages/temperature/  

 

F 

M 

http://www.bom.gov.au/jsp/ncc/climate_averages/temperature/
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Approaches for assessing opportunities for Cullen cinereum and C. graveolens as 

potential ephemeral pastures 

Based on my own observations and the limited literature on these species, I suggest that Cullen 

cinereum and C. graveolens may provide opportunities for mixed farming systems in low rainfall 

zones of the southern Australian wheatbelt by responding to currently under-utilised summer 

rainfall by producing high-quality pasture legume forage for livestock, typically sheep. While 

summer rainfall does provide stored water for following winter crops, there is low efficiency of 

use as the vast majority evaporates before crops are sown. Other opportunities are cost-prohibitive 

and therefore under-explored. 

This thesis investigates this potential opportunity in four experimental chapters. The first 

experimental chapter (Chapter 2) consists of field experiments at Mukinbudin in the low rainfall 

eastern wheatbelt of WA on a heavy, valley floor soil with similar physico-chemical properties 

to the Fortescue floodplain, and suspected subsoil salinity. This experiment examined the 

agronomic performance of C. cinereum and C. graveolens in this environment. Simulation 

modelling, using the field-based pasture growth results, with a modified version of the bio-

economic model MIDAS (Model of an Integrated Dryland Agricultural System) examined 

potential financial impacts of including the summer ephemeral Cullen species into current 

agricultural systems which are dominated by winter-active crops and pastures. 

In Chapter 3, the mid-summer ecophysiology of C. cinereum, C. graveolens, M. sativa and 

summer weeds, Cucumis myriocarpus and Tribulus terrestris, recruits at the Mukinbudin field 

site was examined in detail following summer rainfall using gas exchange and chlorophyll 

fluorescence. Leaf anatomy of field grown Cullen was also assessed.  

Two main glasshouse experiments using field soil collected from the Mukinbudin field site were then 

used to assess the tolerance of the Cullen species to subsoil constraints. The first glasshouse experiment 

(Chapter 4) was designed to test whether or not the principal subsoil chemical constraint was salinity and 

to compare the response of Cullen cinereum with M. sativa, Triticum aestivum and T. turgidum for plants 

growing either in topsoil or subsoil. In Chapter 5, the same topsoil and subsoil was used in a deep-pot 

experiment to test the response of plants (C. cinereum, M. sativa and T. aestivum) to the saline subsoil 

under a drying regime in a ‘reconstructed’ soil profile i.e., subsoil below the topsoil. 

The overall aim of the thesis was to present a novel conceptual framework to integrate a wild 

Australian legume for use as forage in the low rainfall zone of the WA wheatbelt into a niche 

currently unoccupied by commercial crops or pastures. The niche role proposed is that of a 

summer growing ephemeral pasture legume with the ability to respond to sporadic summer 

rainfall from a soil seed-bank and provide rapid growth of high-quality legume forage on heavy 

valley floor soils. 
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Thesis structure 

This thesis complies with the requirements of The University of Western Australia Postgraduate 

and Research Scholarship Regulation 1.3.1.33 (1) and is presented as a series of four scientific 

papers. One has been published (Chapter 2) and three have been prepared for submission 

(Chapters 3, 4 and 5). All of the work presented in this thesis was conducted towards this thesis. 

There are six chapters: General Introduction, four Experimental Chapters and a Concluding 

Discussion. The General Introduction provides a broad background and presents the overall aims 

of the thesis. As the Experimental Chapters range in disciplines, each contains a more focused, 

mini literature review to provide relevant background in each introduction. Each Experimental 

Chapter has an Abstract, Introduction, Materials and Methods, Results, Discussion and 

Conclusion. References for each chapter, including the General Introduction and Concluding 

Discussion, are presented at the end of each chapter. There is a short preface at the beginning of 

each Experimental Chapter to link the chapter within the framework of the thesis and clarify the 

roles of any co-authors of the papers. The structure of a thesis as a series of papers, results in some 

unavoidable repetition; I have attempted to keep this to a minimum. 
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Chapter 2. Opportunistic Mediterranean agriculture — Using 
ephemeral pasture legumes to utilize summer rainfall 

Preface 

This research undertaken for this chapter aimed to establish the field performance of Cullen 

cinereum and C. graveolens in comparison with lucerne and annual medic at a low rainfall site.  

A drought for the 2007 winter and spring season resulted in a very poor establishment of all 

species, so the experiment was withdrawn. December and January rainfall saw the few occurring 

seedlings of Cullen grow rapidly. However, as the experimental design was originally largely 

based around soil water use patterns measured with neutron probe access tubes, the experiment 

was sprayed out in January 2008 to prevent the following year having uneven soil water across 

the plots. Unfortunately, February 2008 received >80 mm of rainfall and it would have been a 

fantastic season for Cullen. In May 2008, the experiment was re-sown and tracked through the 

next 2 years. 

The inherent variability of summer production systems in Mediterranean-type climates of the WA 

wheatbelt means that production needs some context applied in terms of frequency and magnitude 

of production. Thus to provide a meaningful interpretation of my data, the bio-economic model 

MIDAS was used. However, as it is a steady state model, it required modification. Dr. John 

Finalyson managed an up-to-date copy of the model and he incorporated the tables and parameters 

in the paper provided by me. Based on my field experiments, literature review and some necessary 

estimates which were incorporated into the model, he also applied the genetic algorithm and 

optimised by a Nelder-Mead simplex algorithm which allowed the steady-state MIDAS model to 

optimise profit over the 12 seasonal scenarios. John also commented on the manuscript and 

produced the feed sources graph (Figure 3). Associate Professor Megan Ryan and Professor 

Timothy Colmer provided inputs on the original field experiment design, discussed the direction 

of the paper and assisted with reviewing the manuscript. 
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Abstract 

Introduction 
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Materials and methods 
Field experiment 
Regional historic rainfall assessments 
Farm system modelling 
Modifications of MIDAS to consider weather scenarios 

Table 2.1. The 6 legume species, accessions/cultivars, sources of seed and rhizobia used in the 

field experiment  
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Assumptions about Cullen sp. Rotations 
Table 2.2. Probabilities of alternate weather scenarios, calculated from long-term monthly rainfall data of the L3 agro-climatic region 
of the wheatbelt of Western Australia 
Table 2.3. Effect of ‘summer’ rainfall on the rate of decline in dry feed residue quality (% d-1). 

Table 2.4. Effect of summer and winter scenarios (listed in Table 2) on yields of all crops (% of average yield). 

Table 2.5. Soil types of the MIDAS model farm in the eastern wheatbelt regions of Western Australia with area, percentage of farm 

area and effect on yield of Cullen spp. 
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Results 
Field experiment 
Observations of Cullen spp. in situ 
Figure 2.1. Rainfall, air temperature and pasture shoot dry weight for the field experiment. Total monthly rainfall (mm) for the ‘winter’ 
growing season (May-Oct); summer-autumn rainfall; June 2008 irrigation; mean monthly maximum and minimum air temperatures 
(°C). Pasture production as mean (n=4, S.E.) standing shoot dry weight (t ha-1) of Cullen cinereum (Bill: Bill02CC and Fort: Fortescue 
accessions), C. graveolens (Fort: Fortescue and Qld: AusTRCF320184), Medicago sativa (lucerne, cv. Sardi10) and M. truncatula 
(annual medic, cv. Caliph). All species/accessions were sown May 2008. Harvests where plants were cut at 30-50 mm height or from 
base of stem indicated with an H. NA – April 2010 was not harvested due to limited living biomass. 
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Rainfall assessments 
MIDAS assessments of Cullen spp. 
Discussion 
Figure 2.2. Mean frequencies of moderate and wet ‘summers’ (>100 mm November-April) for the agro-climatic zones of the Western 
Australian wheatbelt. Agro-climatic zones are devised by rainfall isohyets (<325, 325-450, 450-750 mm long term mean annual 
rainfall) and wheatbelt boundaries to give low (L), medium (M) and high (H) rainfall zones, with solar radiation and mean temperature 
gradients then delineating zones 1-5. The medium and high rainfall zones M5 and H5 are divided further into west, central and eastern 
due to the wide distribution across the south coast. Degree of shading increases with frequency of ‘summer’ (November-April) rainfall 
being >100 mm (i.e. moderate/wet, Table 2).  
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Figure 2.3. Summer-autumn (December-April) feed sources from simulated animal uptake (Tj (Terra-joules) ME (metabolizable 
energy) month -1) for three ‘summer’ scenarios: A. Dry (<100 mm); B. Moderate (100-150 mm) and C. Wet (>150 mm November-
April rainfall). Data are presented as box plots which display the median (bold line), the 1st and 3rd quartiles (edge of box) and whiskers 
(min/max) from the four winter scenarios, equivalent to 4 replicates of summer scenario. 

Table 2.6. Effect of including Cullen spp. (i.e. an ephemeral summer-active pasture system) on the proportion of the farm allocated 

to cropping and pasture systems, stocking rate, supplementary feeding and farm profit ($A – Australian dollars). Mean values 

calculated from simulations over various climate scenarios weighted by probabilities. 

  



CHAPTER 2. OPPORTUNISTIC MEDITERRANEAN AGRICULTURE 

PAGE | 38 

  

Current pasture systems are constrained in strongly Mediterranean climates 
Ephemeral pasture systems 
Summer dry feed is inversely related to potential growth of ephemerals 
Figure 2.4. Hypothetical frameworks for dry feed sources and summer-active pasture growth offset. (A) Overview of dry feed 
replacement by summer-active pastures as summer rainfall increases. (B) The effect on available feed of increasing persistence of 
summer moisture assuming a linear decay rate for dry feed quantity and a sigmoidal growth pattern for summer-active pasture. (C) 
The effect of feed source quality on diet composition of grazing animals of increasing summer rainfall. (——— dry feed sources, ––
– summer-active pasture, . . .. . . total feed). 
  



 CHAPTER 2. OPPORTUNISTIC MEDITERRANEAN AGRICULTURE 

PAGE | 39 

 

Potential of Cullen spp.  

Future priorities 
Development of ephemeral pastures 
Understanding of summer dry feed decline 
Conclusions  
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Chapter 3. The A to g of enhancing C3 photosynthesis in hot summer 
conditions: it’s cooler to go fast 

Preface 

Following the previous chapter’s observed rapid growth of Cullen cinereum and C. graveolens 

following summer rainfall that was partially impaired by its May establishment, this chapter, took 

advantage of several significant rainfall events at the experimental site. This favourable rainfall 

in late spring/early summer (November 2012-January 2013) established mixed populations of C. 

cinereum, C. graveolens, the temperate perennial legume Medicago sativa (low numbers of 

recruits) and the well-adapted summer weeds Cucumis myriocarpus and Tribulus terrestris. This 

study documents the eco-physiology of these species in hot summer conditions through 

simultaneous measurements of leaf gas exchange and chlorophyll fluorescence as well as some 

observations on leaf anatomy. 

Kevin Foster (Dept. Agriculture and Food, Western Australia), loaned me the portable gas 

exchange and chlorophyll fluorescence meter (LiCor Li-6400XT), discussed methodologies and 

possible design ideas, and commented on a draft of this chapter. Professor Hans Lambers, 

Associate Professor Megan Ryan and Professor Tim Colmer also provided valuable comments 

on data assessment/presentation and revisions. John Kuo supervised the microscopy and provided 

valuable advice at the Centre for Microscopy, Characterisation and Analysis, UWA. 

Abstract 

To achieve rapid rates of net photosynthesis (A), C3 plants require high stomatal conductance (g) 

leading to greater water loss. C3 plants also tend to have a lower optimum temperature for 

photosynthesis than C4 plants. Thus, in warm, low-rainfall climates, summer annuals are typically 

C4 species. We compared diurnal gas exchange and chlorophyll fluorescence of two C3 summer 

ephemerals (Cullen cinereum and C. graveolens), a C3 summer annual (Cucumis myriocarpus), a 

C3 temperate perennial (Medicago sativa) and a C4 summer ephemeral (Tribulus terrestris) in a 

dry Mediterranean-type climate following summer rainfall. Cullen species and T. terrestris 

achieved very high A (>50 µmol CO2 m–2 s–1). Cullen species had much higher g than the other 

species (~0.8 vs. ~0.2 mol H2O m–2 s–1) resulting in ~5°C lower leaf temperatures. Declining 

photochemical efficiencies with increasing leaf temperatures occurred only in Cuc. myriocarpus 

and M. sativa. High g in Cullen species allowed high A; transpirational cooling presumably 

maintained leaf temperatures closer to the optimum for photosynthesis. Transpirational cooling 

and increased CO2 diffusion that resulted from high g is considered a valuable attribute for these 

summer ephemerals, allowing fast A and growth before the transient water supply is lost through 

evaporation.  
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Introduction 

Water availability is a major limiting factor for plant productivity during summer in 

Mediterranean-type climates, which have winter-dominant rainfall and hot dry summers with high 

temperatures and irradiance. Unpredictable and highly-variable summer rainfall can occur, which 

may provide a temporary abundance of plant-available water. Much of this summer rainfall is 

often only available as soil water for a short time, owing to evaporative drying of surface soil 

(<0.3 m) within days or weeks (Dolling et al., 2006). In the absence of established perennial 

vegetation, such short-lived favourable conditions can favour ephemeral plants (e.g. Ehleringer, 

1983; Lambers and Poorter, 1992). While a considerable aspect of what determines a plant to be 

ephemeral is its ability to rapidly complete its life cycle, the rapid growth of ephemerals has been 

linked to their often very high capacity for photosynthesis (e.g. Mooney et al., 1976). 

High temperatures and irradiance, and low rainfall and humidity usually favour C4 over C3 

ephemerals (summer annuals), as C4 ephemerals have a higher temperature optimum for 

photosynthesis, higher intrinsic water-use efficiencies and, often, considerably higher 

photosynthetic rates (Pearcy and Ehleringer, 1984). However, no strict rule applies to adaptation, 

with competitiveness varying within or between C3 or C4 plants (Pearcy and Ehleringer, 1984). 

The C3 ephemeral legumes, Cullen cinereum Lind. and C. graveolens Domin. Grimes, Fabaceae 

naturally occur in arid and semi-arid regions of Australia during summer when high temperatures, 

irradiance and intermittent water availability prevail. 

Due to the short-lived nature of much of the summer rainfall, summer rainfall is considered 

inadequate for summer crops or pastures in south-western Australia, yet the management of 

ephemeral summer weeds is considered an integral part of the cropping systems (Kirkegaard and 

Hunt, 2010). Recent research on C. cinereum and C. graveolens observed rapid growth in 

response to summer rainfall thereby providing an opportunistic livestock feed source, which can 

offset the degradation of dry feed sources (e.g. crop and pasture residues) caused by summer 

rainfall and address a constraint in the mixed farming systems that are characteristic of this region 

(Nicol et al., 2013).  

The aim of this study was to identify a physiological basis for the vigorous summer growth 

observed in C. cinereum and C. graveolens through comparison with two summer weeds 

(Cucumis myriocarpus Naudin (Cucurbitaceae), which is also a summer-active, winter-dormant 

C3 annual herb and Tribulus terrestris L. (Zygophyllaceae)), a naturalised C4 summer weed and 

recruits of Medicago sativa L. (Fabaceae), a C3 temperate perennial pasture legume. For this, mid-

summer diurnal patterns of leaf gas exchange and chlorophyll fluorescence were measured 

following summer-rainfall at the previously used field experimental site of Nicol et al. (2013) in 

the low-rainfall zone of the wheatbelt of south-western Australia.  
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Materials and methods 

Study site and plant material 

This study took place in 2012/13 at a field site of around 500 m2, approximately 25 km north-east 

of Mukinbudin (–30.78°, 118.31) in the low-rainfall zone of the wheatbelt of Western Australia. 

It has a dry Mediterranean-type climate and a mean annual rainfall of 286 mm 

(http://www.bom.gov.au/climate/data/). The soil is a Merredin-series soil being a red-brown 

coloured earth with a texture contrast of ~0.4 m of sandy clay-loam over a calcareous clay. The 

pH (CaCl2) ranges from 6.5 near the surface to 8.5 in the saline-sodic and alkaline subsoil. Nicol 

et al. (2013) reported the top 0.2 m of soil to contain 12 mg kg–1 mineral nitrogen, 12 mg kg–1 

bicarbonate-extractable (Colwell) phosphorus and 0.35% w/w of organic carbon. 

The site, described previously by Nicol et al. (2013), was removed from commercial crop 

production in 2007. Plots of C. cinereum, C. graveolens and M. sativa were established at the site 

in 2008. A seed bank of Cullen species had accumulated at the site due to seed set in the summer 

of 2007/2008 and later years. The site had received little management, other than that detailed in 

Nicol et al. (2013) from 2007–2009. The entire site was sprayed in September 2011 with ~2 L ha–1 of 

glyphosate (360 g L–1) to control winter weeds and perennial M. sativa plants. No fertiliser had 

been added since 2007 and no irrigation, grazing or pesticides had been applied for >2 years. 

At the time of sampling there were a few recruits of M. sativa present which were most likely 

established during the 2012 winter growing season. A large number of Cullen seedlings 

established from rainfall in November 2012, as well as the two naturalised summer weeds, Cuc. 

myriocarpus and T. terrestris, which are regionally ubiquitous following summer rainfall. Thus, 

at the time of sampling, the site contained a mixture of the five study species, along with some 

minor summer-active weeds. 

Sampling occurred twice at the site in the summer of 2012/2013: 28–31 December and 25–26 

January. Both sampling times were shortly after a significant summer-rainfall event. As shown in 

Figure 3.1A, 27 mm of rainfall fell between 30 October and 4 November, 50 mm between 21 and 

28 November, 22 mm on 5 December 2012, and 25 mm from 11 to 15 January 2013. Daily 

maximum air temperatures peaked at 42°C on 31 December 2012, 43°C on 1 January 2013 and 

34°C on 25 and 26 January 2013, i.e. diurnal sampling days were cooler than most of the summer 

conditions (Figure 3.1B). The relative humidity (RH) was typically highest at dawn and lowest at 

dusk, with considerable variation associated with rainfall (Figure 3.1C). The dew point (°C) 

tended to increase from October to January as temperatures also increased (Figure 3.1D). 

http://www.bom.gov.au/climate/data/
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Figure 3.1. Daily rainfall (mm) (A), air temperatures (B), relative humidity (C) and dew point in 

degrees Celsius (D) at the field site from 1 October 2012 to 28 February 2013. Rainfall (24 h total 

to 9am) was recorded ~1 km from the site, while temperature, relative humidity and dew point 

(minimum (clear symbols) and maximum (filled symbols)) were recorded on an automated field 

weather station ~7 km ESE of the site. The two sampling dates are indicated by arrows. 

 

Gas exchange and chlorophyll fluorescence measurements 

Gas exchange and chlorophyll fluorescence were measured simultaneously in situ using a LI-

6400 XT portable system with a 6400-40 leaf chamber fluorometer (2 cm2) (LI-COR Inc. Lincoln, 

Nebraska, USA). Reference CO2 levels were set at 400 µmol CO2 mol–1 air which resulted in leaf 

chamber concentrations of 375–400 µmol CO2 mol–1 air for photosynthesising plants. Leaf 

chamber humidity was maintained within approximately 10% of ambient humidity, which 
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decreased on both days from a maximum of 60% to a minimum of 11%. The light sources were 

6400-40 chamber actinic LEDs with 10% blue light. 

Diurnal variation in gas exchange and fluorescence was measured on 25–26 January 2013 on C. 

cinereum, C. graveolens, Cuc. myriocarpus, M. sativa and T. terrestris across six 1 m2 quadrats. 

Not all quadrats contained all species. In January, for instance, there were only three M. sativa 

plants remaining at the site. Cullen species were prioritised in diurnal data sampling. Species 

coexisted (<1 m apart) with the LI-6400 XT moved to each quadrat and used to measure between 

the 2nd and 4th youngest fully expanded leaves of as many species as possible (prioritising Cullen) 

for a particular time and irradiance of the day. 

Maximal (solar tracked) external photosynthetically-active radiation (PAR) (400–700 nm) was 

measured periodically with a LI-190 light meter (default external PAR meter for LI-6400 XT) 

and the leaf chamber PAR was adjusted to the nearest 100, which stabilised at ~2100 µmol m–2 

s–1 for most of the day. In Cullen species, M. sativa and T. terrestris, diaheliotropic leaf 

movements allowed the same leaves (labelled with jewellery tags) to be used through the day in 

most cases. In Cuc. myriocarpus, and also in situations where previously measured leaves were 

no longer facing the sun, alternative leaves were selected such that measurements were always 

carried out on leaves equilibrated to full illumination. The terminal leaflet was used for trifoliate 

Cullen spp., while often two leaflets were used for M. sativa (also trifoliate) and multiple leaflets 

for the pinnate-leaved T. terrestris. When leaves did not fill the 2 cm2 chamber, the leaves were 

placed over a 2 cm2 disk which was photographed and leaf area was measured by using a pixel 

count of the area of the leaf divided by the area of the 2 cm2. The leaf areas were entered into the 

exported spreadsheet to retrospectively adjust gas exchange data. 

Dark-adjusted leaf fluorescence parameters were measured before dawn using the rectangular (or 

square) flash technique with a 5600–5900 µmol m–2 s–1 saturating pulse with measure intensity of 

3, 20 kHz modulating flash, 50 Hz filter. For low light intensities (20–1500 µmol m–2 s–1) 

rectangular flashes were also used, with saturating pulses from 8300–8700 µmol m–2 s–1 with 

duration of 1 s. Modulation rate was 20 kHz, filter was 50 Hz and a measuring intensity of 2.5. 

Once ambient PAR reached 1800 µmol m–2 s–1, the multiphase flash protocol (see Loriaux et al., 

2013) was used, due to difficulty in saturating fluorescence signals of leaves with square flash 

methods. To achieve an ideal fluorescence signal across the phases of the multiphase flash, the 

intensity of saturating pulses was 8300–8700 µmol m–2 s–1 with the duration of each phase being 

500, 600 and 300 ms. Phase 2 ramp depth was set at 50%—the length of the 2nd phase was double 

the standard duration (300 ms)—this resulted in the equal highest Fm’ values (maximum 

fluorescence yield in light-adapted leaves) but with the best R2 and data distributions for 

estimating Fm’. For calculations of leaf fluorescence parameters, fluorescence partitioning 
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between PSI and PSII was assumed to be 0.5 and leaf absorbance was assumed to be the default 

value of 0.875 (red) and 0.92 (blue). 

Microscopy 

Field-collected samples taken in January 2009 were used to examine leaf anatomy. Shoot samples 

from the field site were kept cool in sealed plastic bags and analysed at the Centre for Microscopy, 

Characterisation & Analysis, The University of Western Australia. Transverse leaf sections were 

carefully hand-cut with a razor. The sections were placed on slides with a drop of water without 

a cover slip. A Zeiss stereo-microscope (Axioskop 2) with Zeiss KL1500 LCD illumination, and 

an Axiocam digital camera with Axiovision software were used to photograph transverse sections 

under UV autofluorescence with a filtered excitation of 365 nm and an emission filter of 397 nm. 

Statistics 

Mean January leaf gas exchange and fluorescence data from the predominant PAR of 2100 µmol 

m–2 s–1 (10:00–16:00 h) were analysed with an unbalanced ANOVA on Genstat version 9.2. 

(Lawes Agricultural Trust, Rothamsted Experimental Station, UK, 2007). Data passed normality 

tests and no transformations were necessary. Means are presented along with maximum LSD at 

P = 0.05. Graphical and regression analyses were conducted using SigmaPlot version 12.0 (Systat 

software Inc.). 

Results 

Field observations 

While some seedlings of the two Cullen spp. grew following rainfall on 30 October 2012 (~27 

mm over 6 days), most seedlings established following 36 mm of rainfall on 22 November. By 8 

December, most of the younger seedlings had two unifoliate leaflets (Plate 3.1A). Growth was 

rapid over the following weeks to 31 December. The swards of Cullen also contained Cuc. 

myriocarpus and T. terrestris, which had germinated following the same rain events (Plate 3.1B). 

By 31 December, both Cullen species were in bud, and some plants were starting to flower. M. 

sativa plants showed varied responses, with some plants appearing stressed and some dying 

between December and January, but most were young plants which were vegetative and possibly 

never flowered. Cucumis myriocarpus commenced flowering in January, while T. terrestris was 

already flowering by 31 December. Solar tracking by leaves was observed in non-stressed C. 

cinereum, C. graveolens, M. sativa and T. terrestris. Cucumis myriocarpus plants were non-

tracking. 
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Plate 3.1. Seedlings of Cullen species, predominantly C. cinereum, grew rapidly between A) 8 

December and B) 31 December 2012. Scale bars are approximately 100 mm. 

 

Diurnal variation of physiological parameters 

Figure 3.2 shows the diurnal changes in chamber air temperature (Tair) and leaf temperature (Tleaf). 

Tair increased from ~20°C at dawn to ~40°C by 1200 h, where it remained until ~1700 h. Species 

comparison of ΔT (ΔT = Tair ˗ Tleaf) show C. cinereum and C. graveolens had a low Tleaf compared 

with Cuc. myriocarpus, M. sativa and T. terrestris, suggesting vastly greater transpirational 

cooling in Cullen species through the hottest part of the day. Photosynthetically-active radiation 

within the leaf chamber was adjusted during the day following external maximal (solar tracked) 

A) 8 Dec 

B) 31 Dec 
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PAR changes. Between approximately 0900 and 1700 h, ambient light was approximately 2100 

µmol m–2 s–1. Conditions were almost completely cloudless during sampling. 

Diurnal net CO2-assimilation rate (A) was highest in C. cinereum, C. graveolens and T. terrestris 

(Amax >50 µmol CO2 m–2 s–1) and most closely followed PAR in both Cullen species (Figure 3.2). 

A was lowest in Cuc. myriocarpus and more variable in M. sativa. Stomatal conductance (g) was 

very high in both Cullen species (gmax >1.0 mol H2O m–2 s–1) and lower among the other three 

species (all <0.5 mol H2O m–2 s–1), although less variable in T. terrestris than in Cuc. myriocarpus 

and M. sativa. For T. terrestris, g was generally <0.3 mol H2O m–2 s–1. There was a slight decline 

in g during the afternoon in Cullen spp. 

As expected when comparing a C4 plant with C3 plants, T. terrestris had the highest intrinsic 

water-use efficiency (A/g), ranging from ~100 µmol CO2 mol–1 H2O to a peak >200 µmol CO2 

mol–1 H2O. The water-use efficiency of Cuc. myriocarpus and M. sativa typically ranged between 

50 and 100 µmol CO2 mol–1 H2O, and that of C. cinereum and C. graveolens was ~50 µmol CO2 

mol–1 H2O early in the day, increasing to ~75 µmol CO2 mol–1 H2O. As expected from its high 

A/g value, Ci/Ca was much lower in T. terrestris than in the C3 plants. Ci/Ca values reflected 

changes in A/g, but in the opposite direction. This is consistent with Ci being reduced due to a 

declining g, which results in stomatal limitation of assimilation. 

Cullen cinereum and C. graveolens showed consistently high PSII efficiencies (Fv’/Fm’) across 

the day (~0.6). Tribulus terrestris had maximum values similar to those of Cullen spp., but they 

were highly variable, with values as low as 0.4. Cucumis myriocarpus and M. sativa showed 

similar values for Fv’/Fm’, typically ranging between 0.55 and 0.35. The highest maximum 

Electron Transport Rates (ETR) were found for T. terrestris (~450 µmol e– m–2 s–1), but ETR of 

Cullen species followed diurnal PAR more closely, achieving values of ~400 µmol e– m–2 s–1 for 

much of the day. Maximum values for M. sativa (~350 µmol e– m–2 s–1) and Cuc. myriocarpus 

(~300 µmol e– m–2 s–1) were lower. There were more frequent deviations in ETR from diurnal 

PAR changes in Cuc. myriocarpus, M. sativa and T. terrestris. 

Diurnal patterns in ΦPSII were similar to those in Fv’/Fm’ and ETR as T. terrestris achieved 

higher maximum values than C. cinereum and C. graveolens, but with some very low values, 

indicating some plants may have been stressed. ΦPSII of Cuc. myriocarpus appeared lower in 

general than that of M. sativa, with both having similar variability to that of T. terrestris. 
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Figure 3.2. Diurnal variation in temperature of both leaf (Tleaf ○) and air (Tair ●), photosynthetically-active 

radiation (PAR; 400–700 nm), net rate of CO2 assimilation (A), stomatal conductance to water vapour (g), 

ratio of intercellular to ambient concentrations of CO2 (Ci/Ca), intrinsic water-use efficiency as a ratio of 

A/g (µmol CO2 mol–1 H2O), quantum efficiency of the open reaction centres of PSII (Fv’/Fm’), electron 

transport rate (ETR) (µmol e– m–2 s–1) and quantum efficiency of PSII (ΦPSII) for intact leaves of Cullen 

cinereum, C. graveolens, Cucumis myriocarpus, Medicago sativa and Tribulus terrestris plants at the 

Mukinbudin field site on 25–26 January 2013.  
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Mean values of key gas exchange and fluorescence parameters 

There were highly significant differences between species for mean values of all parameters (ΔT, 

A, g, A/g, Ci/Ca, Fv’/Fm’, ETR and ΦPSII) measured at a PAR of 2100 µmol m–2 s–1 between 

10:00 h and 16:00 h (Table 3.1). Cullen cinereum and C. graveolens had significantly lower Tleaf 

and higher g than Cuc. myriocarpus, M. sativa and T. terrestris (P<0.001). Net CO2-assimilation 

rates (A), ETR and ΦPSII were significantly higher in C. cinereum, C. graveolens and T. terrestris 

than in M. sativa, which showed significantly higher values than those of Cuc. myriocarpus. 

Intrinsic water-use efficiency and Ci/Ca were inversely related, as increasing A with lower g 

reduces Ci. As expected, the C4 T. terrestris had significantly higher values of A/g and lower 

values of Ci/Ca than the C3 species. Cucumis myriocarpus had a significantly higher A/g and lower 

Ci/Ca than the Cullen species, but not M. sativa. Fv’/Fm’ was significantly higher in C. cinereum, 

C. graveolens and T. terrestris than in Cuc. myriocarpus and M. sativa. 



CHAPTER 3. THE A TO g OF ENHANCING C3 PHOTOSYNTHESIS 

PAGE | 51 

Table 3.1. Mean values for ΔT (Tair – Tleaf, °C), net rate of CO2 assimilation (A - µmol CO2 m–2 s–1), stomatal conductance to water vapour (g – mol H2O m–2 s–1), ratio 

of intercellular to ambient concentrations of CO2 (Ci/Ca), intrinsic water-use efficiency as a ratio of A/g (µmol CO2 mol–1 H2O), quantum efficiency of the open reaction 

centres of PSII (Fv’/Fm’), electron transport rate (ETR) (µmol e– m–2 s–1) and quantum efficiency of PSII (ΦPSII) of leaves of five species in the field. Data are 

presented as means, maximum least significant difference at P = 0.05, n = 5, except for M. sativa, for which n = 3; data were analysed with an unbalanced ANOVA. 

Data pertain to values measured at 2100 µmol m–2 s–1 between 1000 and 1600 h on 25–26 January 2013, mid-summer at the Mukinbudin field site. 

Species ΔT A g A/g Ci/Ca Fv’/Fm’ ETR ΦPSII 

Cullen cinereum –5.1 44.4 0.83 57 0.70 0.6 394 0.43 

C. graveolens –4.8 43.1 0.75 62 0.68 0.6 370 0.40 

Cucumis myriocarpus –0.9 18.6 0.19 105 0.50 0.46 245 0.27 

Medicago sativa –1.8 27.5 0.31 88 0.57 0.49 309 0.33 

Tribulus terrestris –1.2 41.8 0.24 174 0.22 0.58 394 0.43 

P-value P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 

LSD (P = 0.05) 1.4 7.4 0.18 30 0.13 0.04 49 0.05 
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Relationship between A and g 

Figure 3.3 shows the relationships between A and g, the slope relating to the intrinsic water-use 

efficiencies of the studied species. Tribulus terrestris had a very steep slope, with a very high A 

and low g, typical for a C4 species. Cullen cinereum and C. graveolens had a similarly high A, but 

over a wide range of g values, and typically a very high g (~0.4–1.2 mol m–2 s–1). Cucumis 

myriocarpus and M. sativa had lower values for A and g than did the Cullen species, but showed 

a similar A/g relationship. The general trend for the C3 species was that of a saturation curve, but 

this was largely driven by the Cullen spp. 

 

Figure 3.3. The relationship between A (net CO2-assimilation rate) and g (stomatal conductance 

to water vapour) for intact leaves of Cullen cinereum, C. graveolens, Cucumis myriocarpus, 

Medicago sativa and Tribulus terrestris. Data are for plants measured in the field on 25–26 

January 2013 (diurnal data) with an ambient CO2 concentration of 375–400 µmol mol–1 and 

changing ambient light and temperature as in Figure 3. 
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Leaf temperature impact on PSII efficiency 

The potential for a decline in PSII efficiency when Tleaf increased was explored by selecting data 

only at a PAR of 2100 µmol m–2 s–1 (most common PAR). Fv’/Fm’ significantly decreased with 

increasing Tleaf at the same PAR for Cuc. myriocarpus and M. sativa (Figure 3.4). Leaf 

temperature of Cullen spp. did not exceed 37°C. Leaves of T. terrestris reached temperatures of 

40°C, but showed no decline in Fv’/Fm’. Fv’/Fm’ did not have a relationship with Ci for any 

species (data not shown) which suggests that stomatal limitation was not driving the decline in 

photochemical efficiency; this decline is therefore likely directly related to increased leaf 

temperature in Cuc. myriocarpus and M. sativa. 

 

 

Figure 3.4. Relationships between quantum efficiency of the open reaction centres of PSII 

(Fv’/Fm’) and leaf temperature (Tleaf) for intact leaves of Cullen cinereum, C. graveolens, 

Cucumis myriocarpus, Medicago sativa and Tribulus terrestris. Linear regressions were 

significant for Cuc. myriocarpus (solid line) (P = 0.019, R2 = 0.52) and M. sativa (broken line) (P 

= 0.035, R2 = 0.62). 
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Leaf anatomy – abundance of collenchyma in Cullen species 

The leaf morphology of Cullen spp. displayed high-light adaptations, with thick, vertically-

stacked palisade parenchyma and dense, spongy parenchyma with abundant chlorophyll (Plate 

3.2). Both Cullen spp. possessed abundant collenchyma, clear ‘channels’ of tissue (Plate 3.3, 

which were more frequent in the upper half of the leaf than in the lower half, which comprises 

water-storing cells lacking chloroplasts. These cells are considered structural but potentially 

contribute significant water storage. 

Plate 3.2. Transverse section of Cullen graveolens across the mid-rib of a leaf under UV 

autofluorescence which gives red colour to chlorophyll pigments and blue to lignified tissues. C 

indicates collenchyma, water-storing cells: note the transparent, fluid-filled appearance and the 

lack of chloroplasts (i.e. no red colour) and poorly-visible thick, cell-wall structures, as compared 

with those present in parenchyma. LV indicates leaf veins.  

  

100 µm

C 

LV 
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Plate 3.3. Prevalence of collenchyma (clear channels) on the adaxial leaf surface of Cullen 

graveolens photographed under a light microscope.  

 

Discussion 

The field data show very rapid photosynthetic rates for Cullen species and T. terrestris in hot 

summer conditions in a Mediterranean-type climate. These results provide a plausible 

physiological basis for the rapid ephemeral growth observed by Nicol et al. (2013). The high 

stomatal conductance of Cullen species would allow low stomatal limitation, and thus high A. 

High stomatal conductance equates to greater transpirational cooling, which would maintain leaf 

temperatures closer to the optimum for C3 photosynthesis. The stomatal conductance of Cuc. 

myriocarpus and M. sativa was more variable; consequently, A and photochemical efficiencies 

were typically lower than for the Cullen species and T. terrestris. 

Unusually high A 

Cullen cinereum, C. graveolens and T. terrestris had very high A (Amax >50 µmol CO2 m–2 s–1 and 

mean ~45 µmol CO2 m–2 s–1). To put these values into context, global meta-datasets of 

photosynthetic rates show that maximal A rates are typically below 30 µmol CO2 m–2 s–1 (Reich 

et al., 1992; Wright et al., 2004). The rates as shown in the present study are typically only 

reported for C4 plants; thus for C3 plants these rates for Cullen species are unusually high. 

However, some similarly high values have been reported for C3 desert ephemerals (e.g. Mooney 
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et al., 1976; Werk et al., 1983). The key components of very high A are the ability to respond to 

high irradiance (see Supplementary Figure 3.1—light-response curves, note T. terrestris not 

measured), with a high ETR (maximum >400 µmol e– m–2 s–1, mean = 370–394 µmol e– m–2 s–1) 

and high photochemical efficiencies. Cullen species and T. terrestris showed very strong 

adaptation to high-light intensities by maximising incident light interception (diaheliotropism) 

under high irradiance, while maintaining high photochemical efficiency (high Fv’/Fm’, ETR and 

ΦPSII). Finally, the C3 Cullen species exhibited high stomatal conductance. 

High leaf conductance 

Very high g values (gmax >1.0 mol H2O m–2 s–1) were found in Cullen in this study, similar to those 

of C3 desert ephemerals with similar A (Werk et al., 1983). Some cultivated C3 plants can also 

have similar g, for example field-grown sunflower (Helianthus annuus L.) (Fredeen et al., 1991) 

and field-grown pima cotton (Gossypium barbadense L.) (Cornish et al., 1991), albeit with lower 

A than Cullen. For a C3 plant to achieve very high A as shown in this study, high stomatal 

conductance is essential. The high g and resultant entry of CO2, but high transpirational losses, is 

therefore a major factor that enables C3 plants like Cullen species to achieve high A. 

Does the stable photochemistry of Cullen relate to leaf temperature? 

Of the species studied here, C. cinereum and C. graveolens produced the most consistent data for 

all leaf gas exchange and chlorophyll fluorescence parameters. They also had the highest g and 

ΔT, or transpirational cooling. Reductions in photochemical efficiency with increasing leaf 

temperature were found in Cuc. myriocarpus and M. sativa, but were not evident in Cullen species 

as their leaves did not reach the same high temperatures. It has been proposed that plants are 

‘partial homeotherms’ through adaptations such as diaheliotropism and transpirational cooling 

(Mahan and Upchurch, 1988). Transpirational cooling has been suggested to be linked to 

temperature regulation, e.g. in cotton (Gossypium hirsutum L.), which shows a higher g than 

necessary for A–Ci requirements (Mahan and Upchurch, 1988; Upchurch and Mahan, 1988). C3 

plants have a lower temperature optimum for net photosynthesis than C4 plants. In cotton, the 

optimal leaf temperature for maximum A has been reported as 32°C (Burke and Upchurch, 1989). 

In barley (Hordeum vulgare L.) chloroplasts, the highest ETR, in excess of 500 µmol e– m–2 s–1, 

occurs at ~30–32°C, with a sharp decline beyond 36°C and only ~140 µmol e– m–2 s–1 at 40°C 

(Nolan and Smillie, 1976). While the thermal kinetic window of Cullen species is not known and 

leaf ΔT may be different under full solar radiation, cotton maintained leaf temperatures below 

ambient, under full solar radiation, maintaining Tleaf within the thermal kinetic window of this C3 

species (Hatfield and Burke, 1991). While photosynthetic acclimation to high temperatures has 

been proposed as a mechanism of desert ephemerals to maximise photosynthetic carbon gain in 

hot conditions (Forseth and Ehleringer, 1982; Toft and Pearcy, 1982), if C3 desert ephemerals are 

photosynthesising at high rates, significant transpirational cooling would also be occurring as the 
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stomatal conductance reported here for Cullen species as well as desert ephemerals (Werk et al., 

1983) are similar to those of field-grown cotton (Cornish et al., 1991). Such an ephemeral strategy 

would appear advantageous only if the availability of water is likely to decline sharply, after 

which plants would require high-temperature tolerance such as occurs in water-conserving plants. 

How do Cullen species sustain transpiration/avoid desiccation? 

The various physiological responses discussed above suggest that Cullen species were able to access 

more soil water at the time of sampling than the co-occurring species which enabled maintenance of very 

high A and g following summer rainfall. The contrast between Cullen species, with consistently high A, 

g and photochemical efficiencies, and co-occurring species is similar to a comparison of Lupinus 

arizonicus Wats. and Malvastrum rotundifolium Gray. where reductions in A were twice as severe in L. 

arizonicus as in M. rotundifolium across declining leaf water potentials (Forseth and Ehleringer, 1983). 

Leaf microscopy showed that Cullen species have abundant collenchyma which are apparent as clear 

channels lacking chlorophyll, but also lack obvious lignification and lack thick cell wall structures. The 

higher frequency on the adaxial half of the leaf and mid-rib would result in progressive leaf folding 

during desiccation. While the structural and mechanical role of collenchyma has long been known, the 

potential physiological role of these cells is poorly understood (Leroux, 2012). It is possible in Cullen 

spp. that the high density of collenchyma and the potentially extensive water storage may provide a 

physiologically important water buffering capacity similar to ‘hydrenchyma’. In Peperomia 

magnoliifolia (Jacq) A. Deitr., a 50% reduction in relative leaf water content results in 75–85% water 

loss from hydrenchyma and only 15–25% loss from chlorenchyma (Schmidt and Kaiser, 1987). This 

results in stable photosynthetic rates as relative leaf water content declines, in contrast to Spinacia 

oleracea L., which lacks hydrenchyma. As in hydrenchyma of P. magnoliifolia, abundant collenchyma 

in Cullen species may buffer the water status of chlorenchyma under high evaporative demand, but it 

cannot explain the ability to maintain water use on a longer time-scale. It is possible that despite 

coexisting with species capable of growing deep roots, Cullen species may have accessed some 

additional deeper subsoil water. Further research is warranted on the water relations of Cullen species 

under high evaporative demand, and on rooting depths and soil water extraction. 

Does a lower intrinsic WUE imply lower effective water-use efficiency? 

The high g in C3 Cullen species, which are exclusively summer-active and winter-dormant 

annuals, with A/g slightly increasing during the day, indicates inefficient instantaneous leaf-level 

water use. However, soil water that is not used in transpiration is not necessarily available later, 

as the major loss of precipitation is through soil evaporation (Dolling et al., 2006). Therefore, 

increased intrinsic water-use efficiency might not be an effective trait in these environments. It 

would appear that there is a short period of time to ‘use it or lose it’; maximising A during this 

time may increase overall plant water-use and growth. A broader understanding of the relative 

water-use efficiency should be assessed for ephemerals such as Cullen. 
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Conclusion 

The rapid growth of the C3 ephemeral legumes C. cinereum and C. graveolens is presumably 

partly the result of very fast carbon-assimilation rates (A), similar to that of the C4 ephemeral T. 

terrestris. Leaves of Cullen species also possess very high ETRs, and high photochemical 

efficiencies (Fv’/Fm’ and ΦPSII) equal to the highest values of T. terrestris. As they are C3 plants, 

these rates of A necessitate high stomatal conductance (g). As a result, Cullen species used water 

profligately, and significantly reduced Tleaf due to transpirational cooling, preventing leaves from 

reaching temperatures at which photochemical efficiencies decreased in Cuc. myriocarpus and 

M. sativa. Hence, if a C3 plant is photosynthesising rapidly, it will be transpiring fast and therefore 

it will be cooler. Conversely, water-conserving species will likely require tolerance to high leaf 

temperatures. 
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Supplementary data 

 

Supplementary Figure 3.1. Light-response curves (PAR – 400–700 nm) for net rate of CO2 

assimilation (A), stomatal conductance to water vapour (g) and Ci (intercellular CO2 

concentration) for leaves of Cullen cinereum, C. graveolens (Fabaceae, C3 summer annual), 

Cucumis myriocarpus (Curcurbitaceae, C3 summer annual), Dactyloctenium radulans (Poaceae, 

C4 summer annual) and Medicago sativa (Fabaceae, C3 temperate perennial) (single 

representative plants) measured on 31 December 2012 (mid-summer) at the Mukinbudin field 

site. Cloudless midday PAR was ~2070 µmol m–2 s–1. 
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Chapter 4. Leaching field subsoil and adding back NaCl confirmed 
high NaCl as the primary toxicity to Cullen cinereum, Medicago sativa, 
Triticum aestivum and T. turgidum, but there were no definitive signs of 

ion toxicity to explain growth reductions 

Preface 

In the previous chapter, Cullen cinereum and C. graveolens were observed transpiring at high 

rates for several weeks after rainfall in hot summer conditions. It is unlikely that this occurred 

without the use of subsoil water. The soil type at the field site is a reasonably common soil type 

for the region, but is renowned for shallow rooting habits in crops, with subsoil salinity often 

reported. This chapter was designed to assess the subsoil for potential chemical constraints and 

particularly to confirm NaCl as the main constraint, not other toxicities. 

My supervisors Associate Professor Megan Ryan and Professor Timothy Colmer provided valuable 

suggestions on the experimental design, the presentation of the data and commented on drafts. This 

experiment was conducted after the experiment reported in Chapter 5, but was necessary to present 

beforehand for appropriate confirmation of subsoil salinity as the primary chemical constraint given 

the possibility that simultaneous chemical constraints occur. In this experiment, other treatments using 

gypsum were included, but the rates were too high and the treatments deemed irrelevant. The most 

important treatments are therefore the focus in this chapter. 

Abstract 

In order to confirm suspected subsoil salinity at a field site, a pot experiment involved leaching 

the subsoil and then adding back approximate NaCl leachate concentrations to give three soil 

treatments: unleached ‘subsoil’ (0.4–0.8 m) (200 mM NaCl estimated in soil solution at ‘80% 

field capacity’); leached subsoil (108 mM Na+, 22 mM Cl–); and, leached subsoil + NaCl (217 

mM Na+, 251 mM Cl–). An unleached ‘topsoil’ treatment was also included (0–0.4 m, 37 mM 

Na+, 6 mM Cl–). Shoot dry mass (DM) was lower in basal nutrient-amended subsoil than topsoil 

in 6-week-old Cullen cinereum (~85%) and Medicago sativa (~50%) and 4-week-old Triticum 

aestivum and T. turgidum (both ~75%). Leaching the subsoil increased growth of all species; 

growth then decreased when NaCl was added back. There were no relationships between shoot 

DM and shoot K+ concentrations in any of the four species. Strong exclusion of Na+ was evident 

in all species (<150 µmol g–1 DM) except T. turgidum, where the concentration of Na+ ranged 

from ~200 to 650 µmol g–1 DM. For C. cinereum, which had the most reduced shoot DM in saline 

subsoil treatments, shoot Na+ was always low (<150 µmol g–1 DM) whereas shoot Cl– exceeded 

800 µmol g–1 DM in the subsoil and leached subsoil + NaCl treatments with exponential decay 

relationships with R2 = 0.34 for Na+ and R2 = 0.72, suggesting Cl– toxicity might occur. Medicago 

sativa, the least affected in saline subsoil shoot DM, appears capable of ‘excluding’ both Na+ and 
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Cl– to the extent that shoot concentrations remained comparatively low and no relationships 

existed between shoot ion concentrations and growth. No relationship was evident between Na+ 

and shoot DM in T. aestivum, but there was a strong negative linear relationship for Cl (R2 = 

0.73). For T. turgidum, shoot DM had strong negative linear relationships for both Na+ (R2 = 0.8) 

and Cl– (R2 = 0.69). While T. aestivum is widely considered more salt tolerant than T. turgidum, 

both had similar growth in all treatments except leached subsoil with NaCl added back, where 

growth of T. turgidum was poorer. Although concentrations of Na+ and Cl– in shoots varied, this 

was not enough to explain the differences in growth responses to NaCl among the four species. 

As mineral element concentrations in the shoots did not support the notion of direct ion toxicities 

(or deficiencies), it is possible that other processes, such as osmotic stress or root function 

impairment from NaCl contributed to reduced growth in plants grown in this saline subsoil. 

Introduction 

Australia has the highest proportion of salt-affected soils of any continent (Szabolcs, 1989). 

Subsoil salinity is considered the most widespread subsoil chemical constraint in Australian 

agricultural soils (Adcock et al., 2007; McDonald et al., 2013; Rengasamy, 2002). However, to 

understand the implications for crop and pasture production, characterisation is inadequate, 

particularly when considering that many of these soils also possess other chemical constraints 

such as toxic levels of boron, carbonate/bicarbonate, magnesium and acidity (Adcock et al., 2007; 

Dang et al., 2006; Rengasamy, 2002; Rodriguez et al., 2006). The origins of the various ions may 

be from parent soil materials or atmospheric deposition, but the accumulation of excess salts in 

soils often occurs in low rainfall environments where leaching is minimal, particularly, in heavier-

textured soils (Rengasamy, 2010; Teakle and Burvill, 1938). Typically, these long-accumulated 

salts increase in the subsoil due to leaching from the surface layers and is different to secondary 

salinity which is associated with rising saline groundwater (Rengasamy, 2002). 

The ability to benchmark soils for subsoil salinity is difficult, as various methods and parameters 

are used to characterise salinity without consistent depths for context. Overall, most critical soil 

concentrations for nutrients and some soil classifications are based on the 0–0.1 m soil profile, 

but this provides little context for the subsoil (McArthur, 2004). The most commonly used 

assessment, 1:5 soil:water (w/v) extracts, solubilises sparingly soluble salts especially gypsum, 

making electrical conductivity (EC) based on 1:5 extracts unreliable (Shaw, 1999). Saturation 

extracts (or saturated pastes) reduce this, however determining the point of saturation is often 

subjective (Rayment and Lyons, 2011) and is inconsistent among soil types. Many (e.g. Dang et 

al., 2008) also convert 1:5 extracts to ECse (se saturation extract) through formulas (Shaw, 1999). 

However if the starting data point is unreliable, extrapolation will not help. The direct 

quantification of ions is less common; chloride (Cl–) was used by Dang et al. (2008) but the depth 

of 0.9–1.1 m was presented for various crop responses in subsoil water-use. Applying this 
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knowledge to other soils and studies is difficult as the rooting depth may be less (e.g. Hamblin 

and Tennant, 1987) and there is no direct understanding of the relative toxicity when in the 

subsoil. While Dang et al. (2008) concluded subsoil Cl– to be the key issue across their field 

survey, they did not quantify other ions such as Na+. Overall, the characterisation of salt-affected 

soils is poor, which limits the understanding of plant responses. 

Sodium chloride (NaCl) salinity is considered to impose three key constraints to plant growth: 

osmotic effects which cause water deficit; ion toxicity due to accumulation of Na+ and Cl– in 

tissues; and, nutrient imbalances from impaired uptake/shoot transport and impaired internal 

distribution of nutrients (Marschner and Marschner, 2012). Osmotic effects are considered an 

immediate effect, but ion accumulation builds with time (Munns et al., 1995). Ion accumulation 

in shoots often varies among species and genotypes, and the degree of accumulation has been 

associated with variation in the ability to continue growth in barley (Hordeum vulgare L.) 

(Greenway, 1962a) and Triticum turgidum L. (Husain et al., 2004). While half a century ago, 

short-term experiments explored the relative Na+ and K+ accumulation between salt tolerant and 

salt-sensitive plants (Greenway, 1962a, b), much of the recent salinity research is still repeating 

this (Munns and Tester, 2008). Little work seems to have taken place with nutrient imbalances 

and most of the focus is on shoot Na+ exclusion, which is considered the most practical means of 

increasing salt tolerance in important crops (Munns and Richards, 2007; Munns and Tester, 2008), 

although some studies including some with T. aestivum L. showed little promise using this criteria 

(e.g. Genc et al., 2007). A possible reason for this focus on Na+ is that most studies do not 

simultaneously quantify Cl–. The toxicity of Cl– relative to Na+ is still debated (e.g. Martin and 

Koebner, 1995; Munns and Tester, 2008; Tavakkoli et al., 2011). Recently, it has been suggested 

that solution culture also implicates Na+ more than soil culture where Cl– increases in importance 

(Tavakkoli et al., 2011). As many studies fail to quantify more than a single parameter of interest, 

it is difficult to draw strong conclusions. 

In this study I used four species to confirm high subsoil NaCl as the primary constraint to plant 

growth of the subsoil at a previously used field site. Cullen cinereum (Lindl.) J.W. Grimes 

(Fabaceae) has promise as a vigorous summer-active pasture legume to use sporadic summer 

rainfall in dry environments (Chapter 2; Nicol et al. 2013). Leaf gas exchange measurements in 

the field showed high rates of transpiration during summer months several weeks after rainfall, 

indicating subsoil water-use by this species (Chapter 3). Most reports of C. cinereum occur on 

fine-textured soils across central Australia (e.g. Phelps and Bosch, 2002) soils that are renowned 

for being salt-affected (Rengasamy, 2010). Some populations of C. cinereum are reported to occur 

on halophytic shrublands (Perry, 1960), but little is known about the response of C. cinereum to 

potentially hostile sodic and saline subsoils, such as at the field experiment site in Chapter 3. A 

related species, Cullen tenax (Lindl.) J.W. Grimes, was assumed to be an ephemeral avoiding the 
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saline subsoil where it grew, as in pot experiments it was shown to be salt sensitive, by growth 

reductions at lower salinities than other pasture species (Keating et al., 1986). However, C. tenax 

is known for its deep taproots (Grimes, 1997; Turner, 1921) and drought resistance with a 

relatively long period of growth after rainfall (Turner, 1921).  

The deep-rooted perennial legume, Medicago sativa L. (Fabaceae) is moderately salt tolerant 

(Kapulnik et al., 1989; Munns and Tester, 2008), but may fail to persist due to summer drought 

and heat (Foster et al., 2013), as well as requiring higher input costs, so is rarely cultivated in 

Western Australia (Robertson, 2006). The primary land-use on arable soils across southern 

Australia is cultivation of bread wheat (Triticum aestivum L.). Although T. aestivum is considered 

moderately salt tolerant (Francois et al., 1986), shallow rooting patterns in sodic soils (with likely 

saline subsoils) are commonplace (Hamblin and Tennant, 1987). Triticum aestivum crops are 

reportedly losing yield in the vicinity of 50% due to primary salinity or, specifically, subsoil 

salinity with an estimated economic impact to the Australian economy in the vicinity of $1.3B 

AUD (Rengasamy, 2002). These estimates are largely based on realised yields being lower than 

model predicted yields. However, yield predictions based on climate alone are rarely achieved. 

Durum wheat (Triticum turgidum L.) is considered more salt sensitive than bread wheat and 

breeding to reduce accumulation of Na+ in the leaves is underway in an effort to increase the 

suitability of durum wheat for cultivation in areas with subsoil salinity (James et al., 2012).  

The objective of this study was to confirm a suspicion that subsoil salinity at the field site used in 

Chapters 2 and 3 is a primary chemical constraint to plant growth. The growth and nutrition in four 

species (C. cinereum, M. sativa, T. aestivum and T. turgidum) was evaluated in various manipulated 

subsoil treatments. The subsoil (0.4–0.8 m) was manipulated by leaching to remove a large portion 

of soluble salts and then adding back the amount of NaCl in the leachate; plants in both of these 

manipulated treatments were compared against the original subsoil, and plants in the field site 

topsoil (0–0.4 m). The mineral element concentrations in the shoots were quantified to provide 

insights into potential relationships between shoot concentrations of Na+, Cl– and K+ and growth of 

each of the four species as well as to explore possible nutrient deficiencies and toxicities. 

Methods 

Soil was collected from a field cropped with bread wheat (T. aestivum) that was adjacent to a field 

experiment (Chapter 2; Nicol et al. 2013). The soil was a Merredin-series soil, that is, a red–

brown earth with a texture contrast of a sandy loam over a calcareous loam-clay with calcrete/lime 

nodules present in the subsoil. Two profiles were collected and segregated, 0–0.4 m, which had 

A + B1 horizons (referred to here as topsoil) and 0.4–0.8 m which was within the B2 horizon 

(referred to here as subsoil). Representative subsamples of each profile were analysed for various 

mineral nutrients and other parameters (see Supplementary Table 4.1). Approximately 30% of the 

subsoil is a hard calcrete gravel which dissolves in 1 M H2SO4 supporting reports of it containing 



CHAPTER 4. HIGH NaCl IN SUBSOIL REDUCED GROWTH OF ALL FOUR SPECIES 

PAGE | 65 

concretionary CaCO3 and CaMgCO3 (Sawkins, 2009). The fine fraction (<2 mm) of the subsoil 

had >4% CaCO3 equivalent using the 19A1 method (semi-quantitative, chemical reaction with 

dilute HCl, and titrate with NaOH) (Rayment and Lyons, 2011), thus defining the soil as 

calcareous. There is also abundant Colwell K in the soil at the site with 400 mg kg–1 in the topsoil 

and ~630 mg kg–1 in the subsoil. Boron concentrations at ~5 mg kg–1 (hot CaCl2 method) in the 

subsoil are unlikely to present toxicity risks and boron was not assessed further. 

The subsoil was manipulated by leaching 1.5 kg of subsoil in a calico bag with 1.5 L deionised 

water in the first leach, followed by 2 more successive leaching’s with 3 L to remove 

approximately half of the soluble salts. The NaCl measured in the leachate was then added back 

with analytical grade NaCl. This process produced four soil treatments: topsoil, subsoil, subsoil 

leached and subsoil leached with NaCl added back. Basal nutrients (per kg of air-dried soil) were 

applied to all treatments at a rate of 100 mg NH4NO3, 60 mg KH2PO4, 60 mg K2SO4, 32.9 mg 

FeNaEDTA, 8.8 mg ZnSO4 and 6 mg MnSO4. These nutrient salts were applied as solutions 

separately to a small sieved (2 mm) portion of soil, allowed to dry and then mechanically 

homogenised thoroughly into the entire bulk soil within each soil treatment. One kg of each soil 

was placed into a non-draining white poly-vinyl chloride pot (125 mm diameter) and then covered 

with 100 g of alkathane beads to reduce soil water evaporation. Only deionised water was used 

for watering. 

An extra pot was filled with soil for each treatment and one of the pots was randomly selected for 

soil analyses. For soil solution extracts, three replicates were used from each treatment. The soil 

was left to equilibrate at field capacity for 48 h. The soil was then raised to saturation by addition 

of more water and left for 3 h; the saturation extract (SE) was then collected by centrifuging for 

15 min at 900 RCF (similar to method 14A4 of (Rayment and Lyons, 2011)). These extracts were 

analysed for EC and pH with a calibrated portable meter. Ion analyses were conducted with a 

Sherwood 410 flame photometer for Na+ and K+ and Slamed 50 cl Chloridometer for Cl–. 

Saturation extracts from the soil were diluted where necessary for analyses. 

All pots were watered to 80% field capacity (field capacity estimated as –10 kPa with the suction 

plate method) and left for 3 days to equilibrate. Seeds of Cullen cinereum (accession Fortescue) 

(scarified), Medicago sativa (cv. Sarditen), Triticum aestivum (cv. Carnamah) and T. turgidum 

(cv. Tamaroi) were surface sterilised in 70% ethanol for 1 min, rinsed in deionised water three 

times, then germinated in Petri dishes on Whatman no. 1 filter paper moistened with 1 mM CaCl2. 

One-day-old seedlings (visible radicle) were transplanted into the pots. Peat inoculum provided 

rhizobia from the Fortescue soil trapping (see Chapter 2 - Nicol et al., 2013) for C. cinereum and 

a commercial AL strain for M. sativa. To account for the differences in vigour among species, the 

legumes were planted at three plants per pot and the cereals at one plant per pot. There were four 

replicate pots of each species for each soil treatment. Pots were watered to weight, with changes 
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recorded, three times per week. Plant-free controls (also with a covering of alkalthane beads) were 

used to measure soil evaporation for plant water-use calculations. Pots were completely 

randomised and re-randomised at least once per week. 

The experiment was grown in a glasshouse from 24 November 2012 to 10 January 2013. Mean 

air temperature was 20°C with an average daily maximum of 24°C and minimum of 17°C. The 

average daily maximum photosynthetically-active radiation was ~1700 µmol m–2 s–1. 

Sampling/harvest 

Four weeks after sowing, the cereals were harvested. However, as the cereals were considerably 

larger than the legumes, the legumes were then harvested two weeks later. This later harvest 

ensured adequate tissue for ion analyses and a greater growth period to enable any treatment 

differences to emerge between the two legume species. At harvest, each pot was photographed, 

shoots excised and shoot fresh weight recorded. Any part of the shoot in contact with soil was 

then removed to ensure no contamination in the whole shoot ion analyses. Roots were washed 

from the soil and fresh weight recorded. Shoot and root samples were dried at 60°C for 72 h and 

dry weights determined. 

Nodulation of legumes was visually assessed and scored according to a scale of 0–5, being: 0, no 

visible nodules; 1, few small, white nodules, taproot only; 2, few (<10/plant) and ineffective; 3, 

few (<10) pink nodules; 4, many (>10) white nodules; and 5, many pink nodules (see 

Supplementary Table 4.2). 

Ground whole shoot samples were analysed by the National Measurement Institute laboratories 

(Bentley, Perth) (NATA accredited to ISO/IEC 17025: 2005, BSI certified to ISO9001: 2008) 

with inductively-coupled plasma atomic emission spectrometry (ICP-AES) for Na, K, Ca, Mg, P, 

S, Fe, Zn, Mn and Cu. Subsamples were retained for Cl– measurements at UWA, which were 

conducted by extracting 100 mg of tissue with 10 mL of 0.5 M HNO3 for 72 h at room 

temperature, or in cases with smaller tissue samples, 20–50 mg with 5 mL of 0.5 M HNO3. 

Extracts were analysed using a Slamed 50 cl chloridometer. Recovery of tissue Cl– was 96%. 

Statistical analyses were conducted with Genstat (version 12.0) using a two- or three-way 

ANOVA with LSD at 5%. Graphical and regression analyses were conducted using Sigmaplot 

(version 12.5). Two plants of T. turgidum had very poor growth in the leached subsoil treatment, 

while the other two had good growth. These two poor-growing plants were outside all trends with 

no logical reason for their poor growth; the mineral compositions were similar to the other two 

replicate plants. Their growth was even poorer than plants in the highest salt treatments. 

Statistically, these two plants were outliers for growth data. It was unfortunate that they 

constituted two of the four replicate pots within the same treatment. These plants were designated 

as outliers and were not included in any of the results reported in this chapter.  
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Results 

Soil properties 

The subsoil was more saline and alkaline than the topsoil; the pHse (i.e. of soil saturation extract) 

was 7.3 in the topsoil and 7.8 in the subsoil, and the ECse was 4.23 in the topsoil and 17.1 dS m–1 

in the subsoil (Table 1). Leaching the subsoil increased the pHse to 8.1 and reduced the ECse to 

8.85 dS m–1, but when equivalent concentrations of leachate NaCl were added back, the ECse 

increased from 17.1 to 17.7 dS m–1 and the concentrations of Cl– increased by ~20% (from 212 

to 251 mM) compared with Cl– in the native subsoil, while Na+ only increased by 10%. It is 

possible that ~20% more NaCl was added than required to match the original NaCl concentrations 

and half of the Na+ adsorbed to the cation exchange complex. Potassium (K+) concentrations were 

higher in the subsoil (3.4 mM) than the topsoil (1.8 mM) (see Materials and Methods) and while 

leaching reduced K+, the leached subsoil still had higher K+ than the topsoil (2.3 vs. 1.8 mM). 

Adding back NaCl increased K+ to 3.8 mM in the soil extract, possibly owing to the desorption 

of exchangeable K+ from Na+ addition. 

 

Table 4.1. pH and electrical conductivity (EC) of saturation extracts and estimated soil solution 

Na+, K+ and Cl– for 80% field capacity calculated from saturation extracts of the soil treatments 

by correcting for water volume (i.e. C1 × V1 = C2 × V2) and assuming the ions remained in 

solution. The treatments were topsoil (0-0.4 m; control), subsoil (0.4-0.8 m), leached subsoil and 

leached subsoil with NaCl added back (leached + NaCl) (mean (standard error), n=3). 

 pHse ECse Na+ mM K+ mM Cl– mM 

Topsoil 7.3 (0.09) 4.2 (0.1) 37 (2.3) 1.8 (0.09) 6.4 (0.3) 

Subsoil 7.8 (0.05) 17.1 (1.2) 200 (2.4) 3.4 (0.04) 212 (2.7) 

Subsoil leached 8.1 (0.02) 8.8 (0.1) 108 (1.4) 2.3 (0.03) 22 (0.4) 

Subsoil leached + NaCl 7.8 (0.01) 17.7 (0.1) 217 (0.8) 3.8 (0.02) 251 (7.8) 

 

Impact of soil treatments on plant growth 

For all four species, plants grown in subsoil had a lower shoot DM than plants grown in topsoil 

(Figure 4.1A). Compared with shoot DM in unleached subsoil, leaching the subsoil trebled shoot 

DM in C. cinereum, doubled shoot DM in Triticum species, but only slightly improved shoot DM 

in M. sativa,. Adding back NaCl to the leached subsoil reduced shoot DM to that in the native 

subsoil, or less, in all species; when NaCl was added back, shoot DM in T. turgidum was 

significantly less than in the unleached subsoil. 
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Root DM varied more than did shoot DM. However, all species except M. sativa had less root 

DM in the unleached subsoil than the topsoil (Figure 4.1B). Leaching the subsoil increased root 

DM for C. cinereum. Adding back NaCl in the leached subsoil resulted in similar root DM to the 

unleached subsoil for C. cinereum, but root DM was lower than in the unleached subsoil for the 

other species, although only just for M. sativa. 

Root-to-shoot ratios increased when plants were grown in unleached subsoil, compared to topsoil, 

for all species except T. turgidum (Figure 4.1C). In both C. cinereum and M. sativa, there were 

no differences among the subsoil treatments. Triticum aestivum had a similar root-to-shoot ratio 

in the leached subsoil and when the salt was replaced. Root-to-shoot ratios for T. turgidum were 

similar for plants grown in topsoil and subsoil. However, significant differences occurred among 

subsoil treatments, with plants in unleached subsoil having the highest, leached subsoil with NaCl 

added back intermediate and leached subsoil with the lowest root-shoot ratio. 

Nodulation was high for C. cinereum and M. sativa grown in topsoil, but low when these species 

were grown in subsoil (see Supplementary Table 4.2). Leaching did not improve nodulation in C. 

cinereum, but slightly improved nodulation for M. sativa. Adding back NaCl resulted in no 

nodulation for C. cinereum and low nodulation for M. sativa. 
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Figure 4.1. Shoot dry mass (DM) (A), root DM (B) and root DM/shoot DM (C) for Cullen 

cinereum, Medicago sativa, Triticum aestivum and T. turgidum in a Merredin-series field soil. 

Plants were grown in four soils: topsoil (0–0.4 m), subsoil (0.4–0.8 m), subsoil leached and 

subsoil leached + NaCl (mean, n=4, LSD at P= 0.05 given for the interaction between species and 

soil treatment). Two outliers were removed for T. turgidum in the leached subsoil treatment. Each 

replicate is a pot containing 3 × 6-week-old legume plants or a single 4-week-old cereal plant. 

(Note, much of the variation of root shoot ratio is driven by changes in overall plant size except 

for T. turgidum in the leached subsoil treatment). 

  



CHAPTER 4. HIGH NaCl IN SUBSOIL REDUCED GROWTH OF ALL FOUR SPECIES 

PAGE | 70 

Growth as proportion of topsoil shoot DM across soil ion concentrations 

Graphing relative shoot DM of each species (treatment shoot DM compared to topsoil shoot DM) 

with soil treatments plotted on a gradient of estimated Na+ and Cl– soil solution concentrations (at 

80% field capacity) showed that shoot DM declined for all species with increasing Na+ and Cl– in 

soil solution (Figure 4.2A, B). The reduction in shoot DM with increasing soil solution Na+ and 

Cl– concentrations was least for M. sativa, intermediate for T. aestivum and T. turgidum and 

greatest for C. cinereum. While both M. sativa and T. turgidum decreased shoot DM in the highest 

salinity treatment, there was no difference between the two T. aestivum treatments. The rate of 

decline in shoot DM as a proportion of topsoil shoot DM was the least in the original subsoil 

salinity in M. sativa, with no difference between the two wheat species and highest in C. cinereum. 

The trend of declining growth with increasing concentration appears stronger with soil Na+ than 

soil Cl–. 

When comparing shoot DM reductions from the topsoil control to the leached subsoil, there was 

a significant reduction in relative shoot DM ranging from a mean of 35% in C. cinereum to ~60% 

in T. aestivum and T. turgidum and ~70% in M. sativa. The overall trend in shoot DM reductions 

from across the concentration gradients appears more related to Na+ than the soil Cl– 

concentrations. 
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Figure 4.2. Relative shoot dry mass (DM) (plants in treatments as percent of plants in topsoil) 

with increasing estimated soil solution Na+ (A) and Cl– (B) concentration for Cullen cinereum, 

Medicago sativa, Triticum aestivum and T. turgidum. Symbols represent the mean (n=4) with 

standard error bars. Each replicate is a pot containing 3 × 6-week-old legume plants or a single 4-

week-old cereal plant. Order of soil treatments in terms of NaCl concentration is: topsoil < leached 

subsoil < unleached subsoil < leached subsoil with NaCl added back (Table 4.1). 
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Whole shoot ion accumulation 

Species differences were not consistent in whole shoot Na+ concentrations across soil treatments. 

However, T. turgidum had significantly higher Na+ concentrations than all other species in each 

of the soil treatments, including when grown in the topsoil (Figure 4.3A). Triticum turgidum was 

also the only species which significantly increased in Na+ when grown in unleached subsoil 

compared with topsoil, although C. cinereum and M. sativa had an increasing trend. Plants grown 

in the leached subsoil had lower shoot Na+ for all species, except T. aestivum which had 

significantly higher shoot Na+ in the leached subsoil than unleached subsoil; all T. aestivum Na+ 

concentrations were low and did not reflect changes in soil Na+ concentrations. In C. cinereum 

and T. turgidum, shoot Na+ in plants grown in leached subsoil with NaCl added back was 

significantly higher than plants grown in topsoil. For T. turgidum, all treatments significantly 

differed, with a higher concentration of Na+ in shoots of plants grown in leached subsoil with 

NaCl added back than in unleached subsoil. 

Shoot K+ concentrations varied little with treatment in all species (Figure 4.4B). Triticum 

turgidum was the only species to have a significantly lower mean K+ concentration in any 

treatment, which was in the leached subsoil. This treatment also had a low root-to-shoot ratio 

(Figure 4.1C). 

Shoot Cl– concentrations were significantly higher in plants grown in subsoil than in topsoil for 

all species except M. sativa, where shoot Cl– concentration was lower for plants grown in subsoil 

than in topsoil (Figure 4.4C). Leaching of soil reduced shoot Cl– concentration in all species, but 

only significantly so in C. cinereum and T. turgidum. Shoot Cl– was similar in the subsoil and 

leached subsoil with NaCl added back for all species. Changes in shoot Cl– concentration of most 

significance were in C. cinereum. This species had the lowest values of all species and soil 

treatments when grown in topsoil but highest when in subsoil and leached subsoil with NaCl 

added back. Shoot Cl– concentration in M. sativa did not reflect changes in soil Cl– concentration. 
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Figure 4.3. Whole shoot ion concentrations of Na+ (A), K+ (B) and Cl– (C) for C. cinereum, M. 

sativa, T. aestivum and T. turgidum grown in topsoil (0–0.4 m), subsoil (0.4–0.8 m), leached 

subsoil and leached subsoil with NaCl added back. Means, n=4, LSD at P= 0.05 for the interaction 

between species and soil treatment. Two outliers removed from T. turgidum subsoil leached. Each 

replicate is a pot containing 3 × 6-week-old legume plants or a single 4-week-old cereal plant.  
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Relationships between shoot ion concentrations and shoot growth 

Shoot Na+ concentrations had negative relationships with shoot DM for C. cinereum (exponential 

decay) (R2 = 0.34, P = 0.023) and T. turgidum (linear) (R2 = 0.80, P = <0.001) (Figure 4.4A). 

Although the relationship between shoot Na+ and shoot DM for C. cinereum was statistically 

significant, the relationship was driven by increased Na+ concentrations in small, unhealthy plants 

in the unleached subsoil and subsoil leached + NaCl treatments, which had Na+ below 150 µmol 

g–1 DM. Triticum aestivum and T. turgidum grew equally well in the topsoil treatment even though 

shoot Na+ concentration for T. turgidum was higher than any other species at 200 µmol g–1 DM. 

The decline in T. turgidum shoot DM with increasing shoot Na+ concentration was linear. No 

relationships were found between shoot DM and shoot K+ concentration for any of the four 

species (Figure 4.4B). Increasing shoot Cl– concentrations were exponentially, negatively, 

correlated with declining shoot DM in C. cinereum (R2 = 0.73, P = <0.001), with linear negative 

relationships for T. aestivum (R2 = 0.73, P ≤ 0.001) and T. turgidum (R2= 0.69, P≤0.001) (Figure 

4.4C). All plants with shoot Cl– concentrations above 400 µmol g–1 DM had low shoot DM, i.e., 

shoot DM was always less than 50% of plants grown in the topsoil. Further declines in shoot DM 

occurred as shoot Cl– concentration increased above 400 µmol g–1 DM. For M. sativa there was 

no significant relationship between shoot DM and shoot concentrations of Na+, K+ or Cl–. 

Comparing shoot Cl– concentration with shoot Na+, it is clear that C. cinereum, M. sativa and T. 

aestivum were all capable of maintaining much lower shoot Na+ concentrations than Cl– 

concentrations (Figure 4.5). Triticum turgidum was the only species to maintain shoot 

concentrations of Na+ and Cl– close to a 1:1 relationship. Furthermore, both M. sativa and T. 

aestivum had low concentrations of Cl– also (typically <500 µmol g–1 DM). Cullen cinereum only 

increased shoot Na+ concentration when Cl– concentrations were above 800 µmol g–1 DM. As 

previously mentioned, these concentrations are still low. 
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Figure 4.4. The relationship between shoot dry mass (DM) and shoot concentrations of Na+ (A) 

and K+ (B) and Cl– (C) for Cullen cinereum, Medicago sativa, Triticum aestivum and T. turgidum. 

Raw data are presented with trendlines for statistically significant relationships (P≤0.05). 

Exponential decay relationships were found for C. cinereum for Na+ (R2 = 0.34, P = 0.023) and 

Cl– (R2 = 0.73, P ≤0.001). Negative linear relationships were found for T. aestivum for Cl– (P = 

<0.001, R2 = 0.73) and T. turgidum for Na+ (R2 = 0.80, P = <0.001) and Cl– (R2= 0.69, P≤0.001). 
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Figure 4.5. Relationship between shoot Na+ and shoot Cl– concentration for Cullen cinereum, 

Medicago sativa, Triticum aestivum and T. turgidum. Data for plants from all soil treatments 

(Table 4.1). Dotted line indicates 1:1 relationship between of Na+ and Cl– concentration. 

 

Correlations of other shoot ions with shoot DM 

Shoot DM of C. cinereum, M. sativa and T. aestivum (all species which restricted Na+ uptake) 

had significant negative relationships with whole shoot Mg (Supplementary Table 4.3). Whole 

shoot Mg concentrations were within published healthy concentrations for Triticum spp. and the 

concentrations, while low, all increased with soil salinity. Thus, a causal relationship between 

shoot Mg concentration and shoot DM seems unlikely. In addition, trace elements 

(Supplementary Table 4.3) were within healthy ranges published for M. sativa and Triticum spp. 

(compiled by Reuter and Robinson, 1997). Shoot elemental concentrations for C. cinereum were 

within the healthy ranges determined for the other species.  
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Discussion 

Soil chemical constraint 

High concentrations of NaCl in the subsoil reduced growth in all four species. This conclusion is 

supported by the 2–3 fold increase in shoot DM for C. cinereum, T. aestivum and T. turgidum and 

the ~25% increase in shoot DM for M. sativa when the subsoil was leached, and the return to poor 

growth when NaCl was added back to the leached subsoil (Figure 4.1A). The relative salt 

tolerance of species can be derived from the relative shoot DM with increasing soil solution Na+ 

or Cl– (Figure 4.2A, B), which showed M. sativa least affected, T. aestivum and T. turgidum 

moderately affected and C. cinereum most affected by increasing soil NaCl. While little is known 

of the salt tolerance of C. cinereum, the data here suggest it is quite salt-sensitive. Medicago sativa 

is considered to have higher salt tolerance than T. aestivum and T. turgidum (Munns and Tester, 

2008), which are moderately salt tolerant for crop plants (Francois et al., 1986). 

The overall response of declining shoot DM in response to soil salinity appeared poorly related 

to Na+ exclusion from shoots for M. sativa and T. aestivum, but related better with C. cinereum 

and T. turgidum. However, C. cinereum had very low tissue concentrations of Na+ which would 

be unlikely to produce a specific ion toxicity and T. aestivum and T. turgidum both had similar 

shoot DM in the unleached subsoil (~200 mM soil solution NaCl) despite contrasting shoot Na+ 

concentrations. Abundant research has focused on enhancing Na+ exclusion in T. turgidum, and 

even T. aestivum, for the purpose of increasing crop yields (Chhipa and Lal, 1995; Husain et al., 

2004; James et al., 2012; Martin and Koebner, 1995; Munns, 2005). However the value of this 

approach is questionable, as there is no relationship between increasing shoot Na+ and decreasing 

shoot DM here in T. aestivum, which is consistent with Genc et al. (2007). Furthermore, if the 

growth of T. aestivum and T. turgidum was similar, despite different Na+ concentrations, is there 

really a strong argument for Na+ toxicity? Earlier work considered both species to be moderately 

salt tolerant (Francois et al., 1986), with often minor differences between species in overall salt 

responses (Colmer et al., 2005). Thus the trend of increasing shoot Na+ and decreasing shoot DM 

for many species is likely correlative but not causative. 

Increasing shoot Cl– concentrations correlated with declining shoot DM in C. cinereum, T. 

aestivum and T. turgidum, but not M. sativa which maintained high relative shoot DM as soil 

salinity increased. This suggests Cl– toxicity may occur in all species except M. sativa. Cl– has 

also been more injurious in barley grown in soil culture than solution culture, where Na+ was 

more detrimental (Tavakkoli et al., 2011). Cl– toxicity has been reported in soybeans (Glycine 

max L.) (Abel, 1969) and fruit trees such as Prunus sp. (Ziska et al., 1990). However, while my 

results suggest that C. cinereum suffered Cl– toxicity, it is also possible that it was suffering Na+ 

toxicity. Not so recently, the measurement of ions in the shoots of Phaseolus vulgaris L. grown 

with Na2SO4, NaCl or CaCl2 found low concentrations of Na+ and high concentrations of Cl–, but 
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also high root Na+ concentrations (Gauch and Wadleigh, 1945). Rather than interpreting poor 

growth as being due to Cl– toxicity in the shoot, the greatest effects were seen as osmotic, with 

Na+ additionally affecting roots, as growth was similar between salt treatments despite different 

Cl– in shoot tissues. Relative concentrations of the various ions in the shoots of C. cinereum were 

similar to those reported for P. vulgaris (Gauch and Wadleigh, 1945). However, root ion 

concentrations were not analysed in the present study, or in many other studies. The lack of data 

on ion concentrations in roots limits the capacity in our study, and many others, to decipher 

complex response of plants to salinity, but the decline in root DM of C. cinereum mimicked shoot 

Cl– which does support the hypothesis of Gauch and Wadleigh (1945). 

Growth of all species appeared to follow changes in soil Na+ rather than changes in soil Cl– (Figure 

4.2 A, B). However, this is not a strong experimental design for specifically testing the relative 

responses of Na+ and Cl– as more than just these factors change between the topsoil and the 

leached subsoil. Dang et al. (2008) attributed declining subsoil water-use across a range of field 

sites and crops to subsoil Cl–, but did not quantify Na+. High soil Na+ concentrations are proposed 

to impair K+ uptake and lead to toxic shoot concentrations of Na+ that may interfere with enzyme 

functioning in the cytosol (Greenway and Osmond, 1972; Helal and Mengel, 1979). The data here 

do not support this mode of action, but this may reflect the presence of adequate K+ and Ca2+ in 

the soil, which is known to counter high Na+ to an extent (Hyder and Greenway, 1965). The strong 

exclusion in C. cinereum, M. sativa and T. aestivum dramatically contrasts with T. turgidum, 

which would drive Na:K ratios. However, as previously mentioned, even in the unleached subsoil, 

T. aestivum and T. turgidum did not differ. Other than for T. turgidum in the leached subsoil, there 

was no evidence of diminishing K+ or Ca2+ in shoots. The overall K+ response of T. turgidum 

resembles the lower K+ concentration in low salinity soils and higher K+ in high salinity soils, as 

reported for T. turgidum (Dvořak et al., 1994). Hence, a single mild NaCl treatment may 

oversubscribe K+ relationships which may disappear at higher Na+ concentrations. In addition, it 

is also possible that soils which have accumulated salts may also have above average K+ and Ca2+ 

concentrations, as is the case in this field soil and this soil type in general (Sawkins, 2009). There 

is little evidence of the Na:K ratio being important in this study. 

The strong exclusion of Na+ by C. cinereum, M. sativa and T. aestivum resulted in drastically 

higher shoot Cl– than Na+. In many studies, shoot Na+ and Cl– concentrations are in a 1:1 ratio 

(Teakle and Tyerman, 2010). In my study, some treatments resulted in 1:40 Na:Cl or even higher. 

Only T. turgidum was close to a 1:1 Na:Cl relationship. While few studies have reported similar 

Na:Cl ratios, fewer studies have reported both ions and this Na:Cl ratio most likely reflects Na+ 

exclusion, rather than high Cl– accumulation. Medicago sativa was the only species to not have a 

relationship between declining shoot DM and increasing shoot Cl– concentrations. Medicago 

sativa maintained the lowest concentrations of both ions simultaneously and was the most tolerant 
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in growth responses. However, it still had substantial growth reductions with increasing soil 

salinity and also the lowest topsoil shoot DM, suggesting that any possible toxicity was a smaller 

component. Re-interpreting salinity responses by comparing a salt sensitive and a salt-tolerant 

line of Triticum tauschii (Munns et al., 1995) suggests that ~75% of the growth reduction from 

high NaCl is from an osmotic effect and only ~20% is due to specific ion stress (Munns et al., 

2006). 

While it has been suggested that the plant response to salinity is less complex than that for drought 

(Munns and Richards, 2007), a considerably greater complexity of genetic responses has been 

observed in plants in response to salinity stress than for dehydration (Chaves et al., 2009). 

Comparing concentrated nutrient solutions of similar osmotic potential did not have the same 

effect on leaf elongation (a presumed osmotic impact) as NaCl (Termaat and Munns, 1986). An 

additional aspect of this is the range of salts such as CaCl2 which reduce plant growth similarly to 

NaCl (or typically more so) (e.g. Gauch and Wadleigh, 1945; Martin and Koebner, 1995). Is it 

possible that all of these salt treatments present osmotic stress, ion imbalances and impaired 

nutrition? Does fertilisation through concentrated macronutrients alleviate some of these? The 

complexity of salinity stress is a reasonable explanation for the lack of clear and distinct 

relationships between Na+ exclusion and growth (e.g. Genc et al., 2007) (see M. sativa and T. 

aestivum, Figure 4.4A). How these mechanisms apply in a subsoil context, i.e. plants faced with 

toxic ions in the subsoil but with a portion of the roots with access to nutrients and water in a non- 

or less-saline topsoil, remains to be assessed for these species and this soil. Which factors are 

likely to affect root growth and water use? This is assessed in the following chapter. 

Conclusions 

The subsoil in this study had sufficient NaCl to reduce growth severely in all four plant species. 

Leaching the subsoil increased growth and adding back NaCl reduced growth to that when plants 

were grown in the subsoil or lower. Relationships between shoot ion concentrations and growth 

were diverse for the four species tested, and were unable to explain the various reductions in 

growth. Cullen cinereum was the most salt sensitive of the species tested despite having the lowest 

shoot Na+ concentrations but Cl– toxicity and root Na+ toxicity are possible causes. Growth of M. 

sativa had no relationship with shoot Na+ or Cl– concentration, but significant reductions in 

growth still occurred with increasing salinity. Triticum aestivum and T. turgidum both decreased 

growth with increasing salinity and there was a strong negative correlation with increasing shoot 

Cl– concentration. However, only T. turgidum had a strong negative relationship with shoot Na+ 

concentration. Despite this, the decline in growth was identical for T. aestivum except for the 

highest salinity treatment. It is hypothesised that this decline in growth is not necessarily due to 

ion toxicity at the concentrations in this study, but due to a range of factors such as osmotic stress 

and possible ion imbalances which need further exploration. An important contribution of the 
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present study is the finding that C. cinereum was considerably less salt tolerant than M. sativa, 

raising intriguing questions about its functioning on subsoil moisture when in sodic-saline soils 

in a field situation (Chapters 2 and 3); these questions are further explored in the next chapter 

(Chapter 5). 
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Supplementary data 

Supplementary Table 4.1. Soil physicochemical parameters for Mukinbudin field site ‘topsoil’ 

(0–0.4 m) and ‘subsoil’ (0.4–0.8 m) as used in Chapters 4 and 5. Results are from commercial 

soil test options by CSBP soil and plant laboratories. 

Parameter 0–0.4 m S.E. 0.4–0.8 m S.E. 

Clay (%) 26 2 26 3 

Silt (%) 9 0.3 12 1 

Sand (%) 65 2 62 2 

pH (CaCl2) 7.1 0.09 8.1 0.09 

EC1:5 (dS m–1) 0.26 0.03 0.75 0.02 

Organic carbon (%) 0.44 0.05 0.14 0.01 

Ammonium nitrogen (mg kg–1) 2 0 1 0 

Nitrate nitrogen (mg kg–1) 8 0.6 1.7 0.3 

Total phosphorus (mg kg–1) 65 3 47 2 

Phosphorus - Colwell (mg kg–1) 13 0.5 3 0 

Potassium - Colwell (mg kg–1) 406 14 628 3 

Sulphur (mg kg–1) 10 0.3 46 0.8 

Chloride (mg kg–1) 284 31 944 19 

Soluble + exch. sodium (meq 100 g–1) 1.8 0.1 7.7 0.1 

Soluble + exch. calcium 5.6 0.36 7.7 0.06 

Soluble + exch. magnesium 3.0 0.16 6.1 0.05 

Soluble + exch. potassium 0.9 0.05 1.5 0.01 

Boron hot CaCl2 (mg kg–1) 1.5 0.03 5.6 0.06 
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Supplementary Table 4.2. Nodulation of Cullen cinereum and Medicago sativa. Scored by 

visual assessments using classes 0–5 (0, No visible nodules; 1, few small, white nodules, taproot 

only; 2, few (<10) and ineffective; 3, few (<10) pink nodules; 4, many (>10) white nodules; 5, 

Many pink nodules). Values are means (n=4) with standard errors in parentheses. 

Species Topsoil Subsoil Subsoil leach Subsoil leach + NaCl 

Cullen cinereum 5 (0) 0.5 (0.5) 0.5 (0.5) 0 (0) 

Medicago sativa 5 (0) 1.8 (0.6) 2.8 (0.2) 1.5 (0.5) 
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Supplementary Table 4.3. Mineral nutrition of whole shoots (µmol g–1 DM).  

Species Soil Cl Na K Na/K Ca Mg P S Cu Mn Zn Fe 

Cullen cinereum Topsoil 125 11.6 501 47.0 131 73 39.7 41.0 0.17 0.57 0.34 1.27 
 Subsoil 834 63.8 601 18.9 251 166 66.2 74.9 0.12 1.16 0.39 1.45 
 Leached subsoil 267 21.3 723 41.8 246 140 56.0 64.7 0.09 0.85 0.27 0.89 
 Leached subsoil + NaCl 893 83.6 633 9.50 258 173 44.2 60.8 0.08 1.98 0.31 1.05 

Medicago sativa Topsoil 271 84.8 575 7.19 265 84 55.7 88.9 0.12 1.34 0.55 1.62 

 Subsoil 221 106 659 6.28 356 156 46.0 105.3 0.16 1.75 0.56 1.07 

 Leached subsoil 160 68.1 575 9.30 258 120 37.4 70.2 0.11 1.15 0.35 0.73 

 Leached subsoil + NaCl 286 102 556 6.27 342 138 29.7 81.1 0.11 1.65 0.43 1.05 

Triticum aestivum Topsoil 325 19.5 684 36.9 39.9 44.6 79.1 65.5 0.10 1.24 0.64 0.87 
 Subsoil 473 23.3 895 41.9 39.3 81.2 52.5 86.6 0.19 2.09 1.05 1.07 
 Leached subsoil 368 87 857 9.97 28.3 40.2 82.3 88.1 0.11 1.24 0.88 0.71 
 Leached subsoil + NaCl 448 69.3 723 10.9 34.9 58.3 58.9 75.6 0.13 1.56 0.73 0.77 

Triticum turgidum Topsoil 289 235 620 2.67 33.8 30.9 70.2 95.1 0.09 1.02 0.71 0.65 

 Subsoil 566 434 665 1.58 31.2 41.2 46.8 119.3 0.18 1.33 0.92 0.84 

 Leached subsoil 398 348 358 1.03 8.2 16.7 40.4 71.7 0.08 0.60 0.46 0.57 

 Leached subsoil + NaCl 523 544 782 1.52 35.6 24.7 54.1 113.1 0.16 1.47 0.91 1.11 

Statistical outputs LSD 111 55.5 234 15.2 88.0 30.4 20.8 25.8 0.06 0.51 0.28 0.50 

 Species <0.001 <0.001 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 0.583 0.003 <0.001 0.012 

  Soil <0.001 <0.001 0.27 <0.001 0.065 <0.001 <0.001 <0.001 0.001 <0.001 0.011 0.02 

  Species * Soil <0.001 <0.001 0.115 <0.001 0.206 <0.001 0.005 0.102 0.009 0.02 0.138 0.108 

Note: two outliers for T. turgidum in the leached subsoil treatment were removed.
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Chapter 5. A saline subsoil has little impact on plants when below a 
non-saline topsoil 

 

Preface 

This chapter tests the plant responses to the field site subsoil, which was confirmed to have high 

NaCl impacting on plant growth in Chapter 4. This chapter put the field subsoil in an appropriate 

context, that is, below the field topsoil, and also assessed the impact of its presence in a drying 

scenario. The experiment included Cullen cinereum, C. graveolens, Medicago sativa and Triticum 

aestivum. Cullen graveolens became infected with powdery mildew in the glasshouse experiment. 

As a result of this infection, leaf retention was variable, which impacted on various factors such 

as shoot dry mass, but the root responses were very similar to C. cinereum, for simplicity, results 

for C. graveolens are not presented. 

Professor Neil Turner provided useful comments on the methodology and data presentation. 

Associate Professor Megan Ryan and Professor Timothy Colmer also provided suggestions on 

the experimental design and revised drafts of the chapter. 

Abstract 

The growth, physiology, mineral nutrition and root growth changes of Cullen cinereum, 

Medicago sativa cv. SARDI Ten and Triticum aestivum cv. Carnamah were evaluated in response 

to a saline subsoil and water deficit in a deep-pot experiment. For comparative purposes, plants 

were grown in topsoil only (0–0.8 m) or with topsoil (0–0.4 m) layered over saline subsoil (0.4–

0.8 m) (same ‘topsoil’ and ‘subsoil’ as Chapter 4). Watering was stopped for half of the pots once 

the plants were established. Previously, when growing plants in subsoil only, the saline subsoil 

reduced shoot dry mass (DM) of C. cinereum by 85%, M. sativa by 50% and T. aestivum by 75% 

(Chapter 4). However, in this experiment with the saline subsoil below the non-saline topsoil, the 

saline subsoil did not significantly reduce total shoot or root DM, photosynthesis or alter leaf 

nutrient concentrations compared with plants grown in topsoil only, for any of the three species. 

Root DM and root length density decreased abruptly at the interface of the subsoil for C. cinereum 

and M. sativa when well watered, but this effect diminished when water was withheld. Root length 

densities typically exhibited greater reductions in the subsoil than did root DM. Triticum aestivum 

root DM and root length density did not change as abruptly at the interface of the subsoil as did 

the other two species. However, T. aestivum had little root growth in the deepest layers of the 

subsoil, irrespective of watering regime, which suggests rooting depth of this species (and 

genotype) may be more affected by saline subsoils than the other two species. Plant water-use by 

depth was greatly stratified in the saline subsoil. Triticum aestivum had the most stratified and 
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incomplete water-use by depth in the saline subsoil, but this pattern then appeared to reduce plant 

desiccation when water was withheld. Despite the severe sensitivity of C. cinereum to the same 

saline subsoil in the previous chapter, here, with topsoil over the subsoil, C. cinereum was as 

capable as the more salt-tolerant M. sativa in extracting water from the saline subsoil, suggesting 

tolerance of uniform salinity has little relevance to the ability to tolerate subsoil salinity. The 

results, in the context of non-uniform salinity, agree with the limited literature as they show 

reduced root growth and water uptake from high salinity zones, but in this experiment the 

interaction with drought (i.e. drying upper layers) did not appear to hasten the negative impacts 

on the plant at high salinity by increasing concentrations of toxic ions and osmotic pressure as 

suggested previously. It is hypothesised that for saline subsoil water-use the deep penetrating root 

architecture of the tap-rooted legumes was more important than salt tolerance. 

Introduction 

Salinisation of agricultural soils is an issue of global significance, particularly where irrigation 

with saline water occurs or where the environment has a naturally-high salt burden or salt-laden 

groundwater mobilises after land-use change. Australia has the highest proportion of salt-affected 

soils of any continent (Szabolcs, 1989) and is also the driest continent. The cause of widespread 

salinity in Australia is, typically, poor drainage and limited leaching, due to the constant 

deposition of salts atmospherically (Szabolcs, 1989; Teakle and Burvill, 1938) in addition to salts 

from parent materials. In the subsoils of Australian dryland grain-growing regions, high 

concentrations of soluble ions such as sodium (Na+), chloride (Cl–), sulphate, 

bicarbonate/carbonate or boron often occur, in many cases simultaneously, and these constrain 

root growth and water use by plants (Adcock et al., 2007). Of the subsoil chemical constraints, 

high subsoil NaCl is the most widespread in Australian grain-growing regions (Adcock, 2007; 

Dang et al., 2008; McDonald et al., 2013; Rengasamy, 2002). Subsoil salinity has been estimated 

to cost Australia ~$1.3B per year in reduced grain yields (primary crop Triticum aestivum L.) 

(Rengasamy, 2002). However, many assumptions underlie this extrapolation and there are 

significant knowledge gaps, despite the extensive research conducted on salt tolerance in grain 

crops (Flowers, 2004). 

While much of the literature finds increasing salinity with depth, often below non-saline topsoils 

in the field (Rengasamy, 2002), numerous studies assume crop tolerance to subsoil salinity from 

uniform salinity experiments. For instance, the recent work of McDonald et al. (2013) ranked the 

tolerance of 52 T. aestivum varieties to subsoil salinity according to leaf Na+ exclusion in uniform 

salinity treatments. Another example is an investigation by Keating et al. (1986) into a range of 

legumes which were assessed for suitability to vertisols with saline subsoils and included the 

native perennial legume Cullen tenax (Lindl.) J.W. Grimes, a local species in their study. Cullen 

tenax was salt sensitive in uniform salinity pot experiments and the species was assumed to be 
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ephemeral in order to avoid saline subsoils. However, C. tenax is a renowned deep-rooted species 

that grows for extended periods on similar soils with apparent drought tolerance (Turner, 1921), 

which casts doubt on the interpretation of Keating et al. (1986). 

It has been known for some time that the impacts of non-uniform salinity, that is, when some of 

the root system has access to less- or non-saline soil/solution, are considerably less severe than 

uniform salinity (Lunin and Gallatin, 1965; Shalhevet and Bernstein, 1968). A recent review by 

Bazihizina et al. (2012) highlights these continued oversights despite 50 years of non-uniform 

salinity literature. So even though subsoil salinity is considered widespread and economically 

significant, in Australia at least there is a lack of understanding of how saline subsoils affect crops 

and pastures, as most published experiments lack an appropriate subsoil context and imply 

tolerance from homogeneous or topsoil salinity. 

In addition to the knowledge gaps surrounding the impact of non-uniform salinity on plants, little is 

understood on the interactions of subsoil salinity with drought. While many researchers consider 

that subsoil constraints are more significant in reducing crop yields in dry seasons (e.g. Adcock et 

al., 2007; Rodriguez et al., 2006), some contrasting results are also reported (e.g. Lilley and 

Kirkegaard, 2007; Wong and Asseng, 2007). Some field-based studies have quantified changes 

in plants’ extraction of subsoil water from an increasingly saline subsoil and assumed negative 

yield impacts (Dang et al., 2010). Though ion concentrations and osmotic pressure increase as 

soil dries (Rengasamy, 2010), very little of these phenomena have been directly quantified and 

the extent to which plants are affected is poorly understood. Controlled experiments which apply 

a subsoil context and track responses to water deficit stress are lacking and while the assumptions 

expressed in the literature do appear logical, they lack clear supporting evidence. 

Cullen cinereum (Lindl.) J.W. Grimes and C. graveolens (Domin.) J.W. Grimes have recently 

been shown to have significant potential for strategic forage-production from sporadic summer 

rainfall in dry, Mediterranean-type climates (Chapter 2 - Nicol et al., 2013). Field-based gas 

exchange measurements found high rates of transpiration several weeks after the last rainfall in 

hot summer conditions, which suggests subsoil water-use by these Cullen species (Chapter 3). 

The Merredin-series soil from the site used in these field studies was, as described in Chapter 4, 

manipulated to confirm that high subsoil NaCl concentrations were primarily responsible for 

reduced plant growth in subsoil, with C. cinereum the most sensitive of the species tested (85% 

reduction in shoot DM when grown in nutrient-amended subsoil compared to topsoil).  

Medicago sativa L. is a deep-rooted perennial considered quite salt tolerant for a legume 

(Kapulnik et al., 1989; Munns and Tester, 2008), and its growth, in contrast, was reduced by only 

50% when grown in the saline subsoil (Chapter 4). Triticum aestivum is the main crop for this 

soil type, as well as for farming systems across southern Australia and, as such, this species has 

been the focus of most research on subsoil salinity with application to this region. Although T. 
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aestivum is considered moderately salt-tolerant (Colmer et al., 2005; Francois et al., 1986), it has 

often been shallow-rooted in similar Merredin-series soils (Hamblin and Tennant, 1987). Shoot 

growth of T. aestivum decreased by 75% when grown in the subsoil (Chapter 4). While, access to 

some non-saline soil/solution across the root system has dramatically reduced the effects of high 

NaCl in other species (Lunin and Gallatin, 1965), surprisingly, no literature reports the impact of 

non-uniform salinity on T. aestivum. It is possible that reduced shoot growth under uniform (or 

topsoil) salinity does not confer sensitivity to subsoil salinity.  

The present experiment assessed C. cinereum, M. sativa and T. aestivum for their responses to 

subsoil from the field site (as used in Chapters 2, 3 and 4) in a subsoil context, i.e. by putting the 

field subsoil (0.4–0.8 m) beneath 0.4 m of bulked field topsoil (0–0.4 m) compared with topsoil 

only; the effect of withholding water once plants were established was also examined. The first 

hypothesis was that a subsoil context (i.e. saline subsoil below a non- or less-saline topsoil) 

changes the impact on plant growth and responses to the subsoil (i.e. compared to when grown in 

subsoil alone) as some possible factors that reduced growth in a saline subsoil (see Chapter 4) 

will be relieved when a portion of the roots can access non-saline soil (cf. Bazihizina et al., 2012). 

The second hypothesis tested was that the subsoil hastens plant dehydration by reducing plant-

available water through impairing root growth/rooting depth and increasing osmotic pressure in 

the soil solution. 

Methods 

Seeds of C. cinereum Fortescue accession (scarified) and M. sativa cv. Sarditen were imbibed on 

8 March 2010 in 90 mm Petri dishes with 1 mM CaCl2-moistened filter paper. Germinated seeds 

were inoculated with appropriate rhizobia via a peat inoculum (Fortescue RNB, prepared by 

Rutherglen lab; commercial AL inoculum as in Nicol et al. (2013); Chapter 2) and transferred to 

~50 mm deep trays of field topsoil 48 h after imbibition. Four days later, two healthy and average-

sized seedlings were transferred to each pot (one species per ~13 L pot), watered to field capacity 

and thinned to one plant per pot a week later. Sowing of T. aestivum cv. Carnamah was delayed 

by 28 days (5 April 2010) to account for vigour of the large-seeded grain. Seedlings were thinned 

to one plant per pot after one week. After thinning, 200 g (~2–3 cm deep) of white alkathane 

beads were added to the top of each pot to reduce soil surface evaporation. 

The same soil used in Chapter 4 was used here, that is, a Merredin-series, red-brown earth 

(typically red-brown solonetz (Bettenay and Hingston, 1964)) collected on 19 February 2010 

adjacent to the field experiment reported in Nicol et al. (2013); Chapter 2). Two profiles were 

collected and segregated: (i) 0–0.4 m, which included A + B1 horizons which was a clay loam 

(26% clay, 9% silt and ~65% sand) (referred to hereafter as ʻtopsoilʼ) and (ii) 0.4–0.8 m which 

included the B2 horizon which was a calcareous, clay loam (26% clay, 12% silt and ~62% sand) 

with hard calcite gravel (referred to hereafter as ʻsubsoilʼ). The fine fraction (<2 mm) of the 
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subsoil was >4% CaCO3 equivalent (method 19A1—semi-quantitative, chemical reaction with 1 

M HCl and titrated with 0.5 M NaOH) (Rayment and Lyons, 2011). Approximately 30% (w/w) 

of the subsoil was a hard calcrete gravel which dissolves in 1 M H2SO4, supporting reports of it 

being concretionary CaCO3 and CaMgCO3 (Sawkins, 2009). The soil within each of the two 

depths collected was separately air-dried and homogenised thoroughly. Basal nutrients were 

applied to both the top- and subsoil at a rate of 100 mg NH4NO3 kg–1 and 60 mg KH2PO4 kg–1 of 

air-dried soil.  

Field capacity ion concentrations (mM) of the soil solution were estimated from saturation 

extracts in which ions in the collected solution were measured (see below) and then concentrations 

in the volume of water at field capacity calculated (i.e. C1 × V1 = C2 × V2) with (means ± se): 

topsoil Na+ 32 (± 2.0), Cl– 5.6 (± 0.3), K+ 1.55 (± 0.08) and subsoil Na+ 151 (± 1.8), Cl– 159 (± 

2.1) and K+ 2.5 (± 0.03). While the experiment here involved application of the saline subsoil 

from the field below topsoil, in comparison with topsoil only, more than salinity alone is different. 

However, high NaCl concentrations in the subsoil have been confirmed as a primary constraint 

to growth (Chapter 4). Also, when plant nutrition was assessed (Chapter 4), there was no evidence 

of trace element deficiencies which may be expected from factors such as bicarbonate/alkalinity. 

Poly-vinyl chloride (PVC) columns 0.85 m long and 150 mm diameter, cut longitudinally in half 

and then reconstructed and sealed with PVC tape, were used as the deep pots. On the bottom of 

the pots were end caps with 10 mm drilled holes to allow drainage, with a 150 mm Whatman no. 

1 filter paper inside the end cap to prevent soil loss. Access tubes (50 mm internal diameter PVC 

pipe) were installed. Two soil treatments were used, 0.8 m of topsoil (T/T) or 0–0.4 m of topsoil 

over 0.4–0.8 m of subsoil (T/S). Within the soil treatments, each profile was packed at a bulk 

density of 1.6 Mg m–3 with 9.8 kg per profile (i.e. T or S) and with two profiles per pot giving 

19.59 kg of air-dried soil per pot. Volumetric water contents of the field capacity (–10 kPa) and 

assumed permanent wilting point (–1500 kPa) show the theoretical plant-available water (PAW) 

of the topsoil to be 22.8% and subsoil 19.5% (Table 5.1) which translates to 7.14 L per T/T and 

~6.63 L per T/S pot. All pots were watered with deionised water to field capacity (–10 kPa 

equivalent) by weight. Some minor leaching was visible, but considered unlikely to affect soil 

salinity. Typically, watering 1–2 times per week was adequate. Watering half of the pots was 

withheld on the 20 May 2010, 73 days after imbibing C. cinereum + M. sativa and 45 days after 

imbibing T. aestivum. Thus the experiment was a fully crossed design of species (C. cinereum, 

M. sativa and T. aestivum) × watering treatment (watered throughout, water withheld) × soil (T/T, 

T/S) with three replicates. Pots were arranged randomly in a glasshouse at The University of 

Western Australia, Perth (31, 59°S, 115, 53°E) and the experiment was undertaken from 8 March 

to 30 June 2010. Average daily maximum air temperature was ~24°C, daily maximum 

photosynthetically-active radiation (PAR) declined from ~1300 to 1000 µmol m–2 s–1 during the 
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experiment and day-time air relative humidity (RH) maximum was ~65%, but the minimum RH 

declined from ~50% to 30% as cooler weather negated evaporative cooling of the glasshouse 

(Figure 5.1). 

Table 5.1. Soil volumetric water contents (%) at soil water potentials of saturation percentage (0 

kPa), field capacity (–10 kPa), theoretical permanent wilting point (–1500 kPa) and assumed 

plant-available water (PAW) (1500 – 10 kPa) for topsoil, subsoil (both unsieved) and the subsoil 

< 2 mm sieved fraction. Values are means (n=3) with standard errors in parentheses. 

 0 kPa –10 kPa –100 kPa –1500 kPa PAW 

Topsoil (0–0.4 m) 42.2 (1.2) 38.7 (2.4) 18.1 (0.2) 15.9 (0.4) 22.8 

Subsoil (0.4–0.8 m) 51.6 (1.1) 43.8 (2.0) 27.2 (1.0) 24.3 (0.1) 19.5 

Subsoil (<2 mm) 62.6 (1.2) 56.5 (1.2) 32.2 (0.7) 27.8 (0.7) 28.6 

 

 

Figure 5.1. Environmental variables within the glasshouse from April to 30 June 2010: air 

temperature (A), ambient PAR µmol m–2 s–1 (photosynthetically-active radiation, 400–700 nm) 

(B) and air relative humidity (C). Ambient PAR data are missing from 31 May 2010 to 28 June 

2010 owing to equipment failure. The solid line in (A) indicates the period during which water 

was withheld and the dashed line indicates duration of harvesting all replicates.  

 



CHAPTER 5. A SALINE SUB-SOIL HAS LITTLE IMPACT WHEN BELOW A NON-SALINE TOPSOIL 

PAGE | 94 

Soil water measurements 

Soil water changes were measured with a Diviner 2000 (Sentek Sensor Technologies, Stepney, 

SA, Australia). The Diviner 2000 uses electromagnetic induction to measure volumetric water 

content. Calibrations were conducted for each 0.1 m increment of soil profile from spare pots and 

then from final harvest pots of each soil treatment using gravimetric soil water and back-

calculating scaled frequency data (raw data) assuming a bulk density of 1.6 Mg m–3 for volumetric 

water content. Calibration curve R2 values ranged from 0.9–0.99. 

Physiological measures 

A portable gas exchange system (LiCor LI-6400, LiCor Inc., Lincoln, NE, USA) was used to 

measure gas exchange of youngest fully expanded leaves with a 6 cm2 leaf chamber. Conditions 

in the leaf chamber were: air temperature 25°C, PAR 1500 µmol m–2 s–1 with a 6400-02B red-

blue LED light source, and 380 µmol CO2 mol–1 air; relative humidity was maintained between 

30 and 70%. Midday leaf water potential (ψ) of the youngest fully expanded leaves was measured 

using a Scholander-type pressure chamber (PMS Instruments, Corvallis, OR, USA) between 1200 

and 1400 h on 14 June 2010 (25 days after water was withheld). 

Tissue analysis 

Youngest fully expanded leaves (YFEL) (M. sativa required collection from 2–3 stems to provide 

sufficient tissue) were sampled on 16 June (27 days after water was withheld) between 1400 and 

1500 h. The leaves were snap-frozen in liquid N2 then freeze-dried. The leaves (0.05–0.2 g) were 

digested in a 3:1 (v/v) HNO3:HClO4 mix and analysed using inductively-coupled plasma (ICP) 

atomic absorption with a Perkin Elmer Optima 5300 DV optical emission spectrometer (OES; 

Shelton, CT, USA). For additional analyses of T. aestivum, mature leaves separated at harvest 

were dried and then ground in a ball mill to a fine powder. Subsamples were sent to the UWA 

isotope centre for C and N isotope analyses. Mature leaf ions (Na+, K+ and Cl–) were measured 

using the methods described in Chapter 4; ~100 mg of ground sample was then extracted with 10 

mL of 0.5 M HNO3 and measured with a Sherwood flame photometer for Na+ and K+ and a 

Slamed chloridometer for Cl–. 

Dry weights 

Plants were harvested randomly within replicate blocks between 18 and 30 June 2010 (starting 

102 days after imbibing legumes and 74 days after imbibing T. aestivum) by cutting the shoots at 

ground level. Shoots were divided into leaves and stems, with dead leaves removed prior to 

scanning leaf areas using a LiCor LI-3000 portable area meter. For large M. sativa plants with 

abundant small leaves, three representative stems were subsampled and leaf areas measured and 

back-calculated from DM to calculate total leaf area per plant. Each shoot component was dried 

at 60°C for 72 h or until stable weights were achieved and weighed. 
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Soil profiles were subsampled by opening the pots longitudinally, then cutting the soil profiles in 

0.1 m increments. Dry pots were first subsampled for residual water contents and then moistened 

before cutting. Each soil section was washed over a stainless-steel mesh with care taken to 

minimise losses of root pieces. These roots were patted dry on paper towel and immediately stored 

at 4°C in sealed plastic bags for later scanning. Roots were scanned while dispersed in a clear tray 

of water (~200 × 250 mm, 10 mm deep) using a Epson V700 flatbed scanner which was calibrated 

for root measurements with WinRhizo 2009 (Regent Instruments Canada Inc.). Post-scanning, 

roots were dried at 60°C and weighed. 

Statistical analyses 

Total shoot and root dry mass, leaf area, midday leaf water potentials and leaf mineral nutrition 

were subjected to three-way analysis of variance (species × soil × water) with mean least 

significant differences (α = 0.05) presented using Genstat version 12.0 (Lawes Agricultural Trust, 

Rothamsted Experimental Station, Harpenden, UK). Tissue Na+ and Ca2+ data did not meet 

normality requirements and values were log transformed. However, significance of the factors 

did not change, so untransformed data and LSDs are presented for ease of assessment. For mature 

leaves of T. aestivum, isotope and ion data were analysed by two-way analysis of variance with 

Sigmaplot version 12.5 (Systat Software Inc.) using Holm-Sidak post-hoc analyses. Graphical 

analyses were also conducted with Sigmaplot version 12. 

Results 

Plant growth 

Shoot dry mass (DM) varied with species and watering treatments, with the most shoot DM for 

C. cinereum (estimated mean = 17.4 g) and M. sativa (18.1 g), and the least for T. aestivum (11.9 

g) (LSD = 2.7, P < 0.001) (Figure 5.2A). Withholding water reduced shoot DM overall (estimated 

means: 17.6 g watered and 14.0 g watering withheld, LSD = 2.2, P = 0.003). Soil had no 

statistically significant impact on shoot DM directly or in any interaction with species or watering. 

For leaf area, withholding watering had a large negative effect (estimated means: 0.14 m2 watered, 

0.04 m2 watering withheld, LSD = 0.02, P < 0.001), while species and soil had no effect (Figure 

5.2B). 

For total root DM, the soil and watering treatments had no significant effect, while M. sativa had 

the heaviest total root DM (estimated means 8.86 g M. sativa, 3.8 g C. cinereum and 3.4 g T. 

aestivum, LSD = 1.1, P < 0.001) (Figure 5.2C); the effects on root distribution are considered in 

the next section. It is important to note that M. sativa has a large taproot which serves as a starch 

reserve for recovery from cutting and this accounted for ~70% of total root DM compared to 

~30% for the main root of C. cinereum. 

  



CHAPTER 5. A SALINE SUB-SOIL HAS LITTLE IMPACT WHEN BELOW A NON-SALINE TOPSOIL 

PAGE | 96 

 

Figure 5.2. Mean shoot dry mass (DM) (A), leaf area (B) and root DM (C) per plant at final 

harvest for Cullen cinereum, Medicago sativa and Triticum aestivum grown in topsoil/topsoil 

(T/T, grey bars) and topsoil/subsoil (T/S, black bars) which were either watered throughout or 

had water withheld (73 days after imbibing for C. cinereum and M. sativa; 45 days after imbibing 

for T. aestivum) (means + standard error, n=3). Watering treatments continued and the experiment 

was harvested by replicate over 12 days starting 101 (C. cinereum and M. sativa) and 73 (T. 

aestivum) days after imbibing. 

 

Watered      Water     Watered     Water    Watered    Water 
                 withheld                   withheld                withheld 

 Cullen cinereum     Medicago sativa    Triticum aestivum 
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Root depth distributions and architecture 

Root DM distributions varied among species and were affected by soil and water treatments 

(Figure 5.3). All species had the most root DM in the top 0.1 m, with a large reduction by 0.2 m. 

Root DM in C. cinereum and T. aestivum increased through the depths from 0.3 m to the bottom 

of the pots (but only to 0.6-0.7 m in T/S T. aestivum) which was not apparent in M. sativa. Both 

C. cinereum and M. sativa had less root DM in the watered subsoil (i.e. T/S 0.4–0.8 m) (Figure 

5.3A, C), but this effect was not present when watering was withheld (Figure 5.3B, D). Root DM 

of T. aestivum showed little response to the subsoil treatment in either watering treatment until 

0.7 m depth, after which there was little root DM in the T/S treatment compared with the T/T 

treatment (Figure 5.3E, F). Most T. aestivum plants did not reach the bottom of the pot (0.8 m+) 

in the T/S treatment despite plants in the T/T treatment reaching the bottom by the start of the 

watering treatments (45 days after imbibing). Again, it is important to note that much of the root 

DM of M. sativa in surface soil layers consists of a large taproot which acts as a starch reserve 

for recovery from grazing or cutting (also note that the Y-axis for M. sativa is 3 × greater than for 

the other species). This taproot is distinct to ~0.6 m. While C. cinereum also has a taproot, it is 

considerably smaller than that of M. sativa, and appears to consist of vascular tissue rather than 

starch storage. 
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Figure 5.3. Root dry mass (DM) distribution with depth of Cullen cinereum (A & B), Medicago 

sativa (C & D) and Triticum aestivum (E & F) shown as mean root DM in each 0.1 m increment 

of the soil profile plus coiled roots at the bottom of the pots (0.8 m+) in response to subsoil and 

watering treatments (means + standard error, n=3). Soil treatments comprised of topsoil/topsoil 

(T/T, grey bars) and topsoil/subsoil (T/S, black bars) which were either watered throughout or 

had water withheld (73 days after imbibing for C. cinereum and M. sativa; 45 days after imbibing 

for T. aestivum). Watering treatments continued and the experiment was harvested by replicate 

over 12 days starting 101 (C. cinereum and M. sativa) and 73 (T. aestivum) days after imbibing. 

Note the scale of root DM for M. sativa is 3 × that of C. cinereum and T. aestivum. 
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Root length density declined by >50% when roots were growing in subsoil for all three species in 

the watered treatment, although T. aestivum roots were 0.2 m into the subsoil before this 

difference became apparent. In the water withheld treatment, this effect was reduced (C. cinereum 

and T. aestivum) or absent (M. sativa), primarily due to lower root length densities at 0.4–0.8 m 

depth in plants growing in topsoil only (i.e. T/T treatment). In T. aestivum at 0.4–0.8 m depth, the 

reduction in root length density when roots were in subsoil was greater than the reduction in root 

DM (Figure 5.4), especially at 0.6–0.8 m. This suggests that roots became thicker in the subsoil 

and, indeed, the proportion of fine roots reduced (<0.2 mm diameter; data not shown). Note that 

T. aestivum generally had higher root length density than the two legumes. 

Soil water extraction in the water withheld treatment 

In the water withheld treatments, C. cinereum and M. sativa had little variation in soil water 

content (SWC) between the wettest and driest soil layers in the T/T treatment (~5%), but much 

greater in variation the T/S treatment (~15-20%) (Figure 5.5). Triticum aestivum in the T/T 

treatment had ~15% variation across depths 12-15 days after withholding water, which converged 

to <5% variation from day 20. In the T/S treatment, T. aestivum had much wider variation, with 

deeper layers at or near field capacity, and varied by ~25% of SWC across depths. Thus, all 

species had more stratified water extraction in the T/S treatment than the T/T treatment. Overall, 

water use for all three species was similar in the T/T treatment, but M. sativa drew down water 

faster in the T/S treatment (i.e. the SWC of more subsoil depths was similar to those of surface 

layers) than C. cinereum, which had some segregation between depths, and T. aestivum, which 

had barely used the deeper layers (>0.6 m) of soil water even up to 26 days after water was 

withheld. It is important to note that there were no dramatic differences between 0 and 0.4 m 

SWCs between soil treatments for each species, suggesting no increased rate of water use in the 

topsoil when saline subsoil was present. 

Residual soil water contents in the water withheld treatment 

At final harvest, residual SWC in the water withheld treatment did not significantly differ among 

species or depths within each soil treatment, except for T. aestivum which had significantly higher 

SWC at 0.7–0.8 m in the subsoil than the other two species (see Figure 5.5). Mean residual SWCs 

were ~11% for all ‘topsoil’ depths and ~21% for ‘subsoil’ depths (excluding T. aestivum at 0.7–

0.8 m = 28%). 
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Figure 5.4. Root length densities of Cullen cinereum (A & B), Medicago sativa (C & D) and 

Triticum aestivum (E & F) in response to subsoil and watering treatments (means + standard error, 

n=3). Soil treatments comprised of topsoil/topsoil (T/T, grey bars) and topsoil/subsoil (T/S, black 

bars) which were either watered throughout or had water withheld (73 days after imbibing for C. 

cinereum and M. sativa; 45 days after imbibing for T. aestivum). Watering treatments continued 

and the experiment was harvested by replicate over 12 days starting 101 (C. cinereum and M. 

sativa) and 73 (T. aestivum) days after imbibing. Note T. aestivum scale is 2 × that of the other 

species. 
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Figure 5.5. Soil volumetric water content in the water withheld treatment for Cullen cinereum (A 

& B), Medicago sativa (C & D) and Triticum aestivum (E & F) in topsoil over topsoil (T/T) and 

topsoil over subsoil (T/S) treatments (means + standard error, n=3). Watering was withheld (day 

0 for water withheld) 73 days after imbibing for C. cinereum and M. sativa and 45 days after 

imbibing for T. aestivum. 
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Leaf gas exchange 

Gas exchange measurements differed greatly between the watered throughout and water withheld 

treatments, but differed little between the T/T and T/S treatments (Figure 5.6). Net assimilation 

of CO2 (A) declined in the water withheld treatment, with M. sativa declining first. From 22–24 

days after watering was withheld, low A in water withheld M. sativa no longer appears to be from 

stomatal limitation as Ci/Ca increased. High variation among replicates precludes assessment of 

the possible influence of soil type. However, T. aestivum had slightly higher A in T/S than in T/T 

in the water withheld treatment from 20–24 days after watering ceased. Triticum aestivum 

typically had slightly lower gs in T/S than in T/T in both watering treatments, which coincides 

with the increased subsoil water residual (i.e. less extraction). 

 

 

Figure 5.6. Gas exchange measurements of net CO2 assimilation (A) (A–C), stomatal 

conductance to water vapour (gs) (D–F) and ratio of intercellular to extracellular CO2 (Ci/Ca) (G–

I) for youngest fully-expanded leaves of Cullen cinereum, Medicago sativa and Triticum aestivum 

from 8–23 days after water was withheld (open symbols) and at the corresponding time in the 

watered treatment (closed symbols) in the topsoil/topsoil (circles) and topsoil/subsoil treatments 

(triangles) (mean ± s.e., n=3). Water was withheld 73 days after imbibing for C. cinereum and M. 

sativa and 45 days after imbibing for T. aestivum. 
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Midday leaf water potentials 

Midday leaf water potentials differed among species with watering treatment but not between the 

T/T and T/S treatments (Figure 5.7). Highly significant differences (P<0.001) were found for 

species, watering and the interaction of species and watering. There were no differences among 

species when watered. The impact of watering being withheld on water potentials reflects the 

order of A decline (Figure 5.6) with M. sativa most negative, C. cinereum moderate and T. 

aestivum least affected (no effect of treatment). This suggests that in the water withheld treatment, 

T. aestivum was less water stressed than the other two species. 

 

 

Figure 5.7. Midday leaf water potentials of youngest fully expanded leaves of Cullen cinereum, 

Medicago sativa and Triticum aestivum measured between 1200 and 1400 h on 14 June 2010, 25 

days after water treatments applied (means - s.e., n=3). Soil treatments comprised topsoil/topsoil 

(T/T) and topsoil subsoil (T/S) which were watered throughout or had water withheld (73 days 

after imbibing for C. cinereum and M. sativa; 45 days after imbibing for T. aestivum). 
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Mineral nutrition 

Variation in nutrient concentrations in YFEL was typically driven by species and water treatment 

(Table 5.2). There was a significant three-way interaction among species × soil × water treatment 

for Na+ concentration, although the highest mean value was 45 µmol g–1 DM for M. sativa which 

is unlikely to produce ion toxicity. Cullen cinereum had extremely low Na+ (<2 µmol g–1 DM in 

YFEL from all treatments). It is unlikely that Na+ toxicity occurred in T. aestivum as Na+ 

concentrations were very low. It is expected that higher concentrations of Na+ and Cl– would have 

been present in older leaves, as described elsewhere for T. aestivum in saline conditions (e.g. 

Colmer et al. 1995). Concentrations of K+ varied among species and significantly increased in 

unwatered plants of all species irrespective of the presence of subsoil. Ca and Mg concentrations 

were higher in the legumes than T. aestivum and increased in unwatered plants, except for Ca in 

T. aestivum which was not affected by the watering treatment. Concentrations of P were 

unaffected by any treatments. Concentrations of S increased in unwatered plants of all species, 

with significantly less S in watered topsoil only for M. sativa. Trace element (Cu, Fe, Mn and Zn) 

concentrations were generally not affected by the subsoil, although there was a three-way 

interaction among species × soil × water treatments with higher Zn in M. sativa when unwatered 

than when watered in topsoil-only plants. However, this variation in Zn, along with small 

variations in Cu, Fe and Mn with all treatments, is unlikely to represent any physiologically 

important change in trace element nutrition. Overall, there is no clear indication that the saline 

(and alkaline) subsoil is causing plant mineral deficiencies. 
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Table 5.2. Mean values of mineral elements (µmol g–1 DM) in youngest fully expanded leaves of Cullen cinereum, Medicago sativa and Triticum aestivum sampled 

27 days after watering was withheld. Three-way analysis of variance was conducted for each parameter for the factors: species × soil × water. Significance is P < 0.05 

and least significant difference (LSD) at α = 0.05. Control pots were watered to field capacity regularly while water withheld were not watered (73 days after imbibing 

C. cinereum and M. sativa; 45 days after imbibing T. aestivum). 

Species Soil Water Na K Ca Mg P S Cu Fe Mn Zn 

Cullen cinereum Topsoil/Topsoil 
  

Watered 1.2 445 175 76 102 53 0.08 0.6 1.1 0.28 
 Water withheld 1.0 744 229 108 121 78 0.13 1.0 2.0 0.36 
 Topsoil/ Subsoil 

  
Watered 1.9 584 220 111 111 66 0.10 0.7 1.1 0.25 

 Water withheld 1.6 675 266 119 112 75 0.10 0.8 1.3 0.26 
Medicago sativa Topsoil/Topsoil 

  
Watered 24.9 622 217 82 79 63 0.10 1.0 1.0 0.40 

 Water withheld 10.2 704 423 126 107 111 0.17 1.4 1.8 0.60 
 Topsoil/ Subsoil 

  
Watered 9.2 573 250 91 113 102 0.15 1.2 1.6 0.50 

 Water withheld 45.2 745 375 136 99 120 0.17 1.2 1.8 0.51 
Triticum aestivum Topsoil/Topsoil 

  
Watered 8.7 605 38 60 106 63 0.14 0.8 1.2 0.33 

 Water withheld 14.0 872 35 62 117 81 0.17 1.1 1.3 0.34 
 Topsoil/ Subsoil 

  
Watered 7.7 613 41 59 112 61 0.13 0.9 0.8 0.39 

 Water withheld 9.1 943 50 65 129 86 0.14 1.0 1.5 0.50 
Statistical outputs Species LSD0.05 4.6*** 96* 40*** 19*** ns 9*** 0.01*** 0.1*** ns 0.06*** 
 Soil LSD0.05 ns ns ns ns ns 8* ns ns ns ns 
  Water LSD0.05 3.7* 78*** 40** 16** ns 8*** 0.01*** 0.1*** 0.3* 0.05** 
  Species×soil LSD0.05 6.5* ns ns ns ns 13* 0.02* ns ns 0.08* 
  Species×water LSD0.05 ns ns 70** ns ns ns ns ns ns ns 
 Soil×water LSD0.05 5.3*** ns ns ns ns ns 0.02** 0.1** ns ns 
 Species×soil×water LSD0.05 9.1*** ns ns ns ns ns ns ns ns 0.12* 

ns = not significant, * P <0.05, ** P 0.01–0.001, *** P < 0.001.
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Carbon isotope discrimination and Na+, K+ and Cl– concentrations in older leaves of Triticum 

aestivum 

As the physiological and nutritional parameters were based on YFEL, some potential impacts of 

the subsoil may have occurred in mature leaves (i.e. post-YFEL sampling and excluding dead 

leaves). To test this, carbon isotope discrimination of the final-harvest mature leaves were 

compared for T. aestivum. Well-watered plants had lower carbon isotope discrimination than 

water withheld plants, but there were no significant differences between soils.  

Leaf Na+ concentrations were also low in mature leaves (Table 5.3). Withholding watering in both 

soil treatments reduced Na+ concentration (estimated means: watered 53.8 vs. water withheld 37.5 

µmol g–1 DM, LSD = 10.4, P = 0.007). The saline subsoil also increased Na+ concentrations in 

mature leaves (estimated means: T/T 33.2 vs. T/S 58.1 µmol g–1 DM, LSD = 10.4, P < 0.001), but 

the concentrations were still very low and unlikely to produce Na+ toxicity. There were no 

interactions for leaf Na+. Leaf K+ and Cl– did not differ with soil, watering treatments or their 

interactions. 

There were visible treatment differences among T. aestivum plants at the start of the harvest, with 

more noticeable wilting of water withheld plants in the T/T treatment than the T/S treatment (Plate 

5.1). There was no difference between watered plants in either soil treatment. 

 

Table 5.3. Carbon isotope discrimination (δ13C ‰) and Na+, K+, Cl– concentrations (µmol g–1 

DM) of Triticum aestivum mature leaves (excluding dead leaves) from the final harvest (means ± 

standard error in parentheses, n=3). Soil treatments comprised topsoil/topsoil (T/T) and 

topsoil/subsoil (T/S) which were either watered throughout or had water withheld (45 days after 

imbibing T. aestivum). Watering treatments continued and the experiment was harvested by 

replicate over 12 days starting 73 days after imbibing. 

Treatments δ13C ‰ Na+ K+ Cl– 

T/T watered –31.52 (0.13) 39.0 (4.6) 1135 (239) 346 (185) 

T/T water withheld –29.41 (0.23) 27.3 (5.0) 1202 (51) 188 (43) 

T/S watered –31.04 (0.17) 68.5 (2.8) 918 (66) 331 (14) 

T/S water withheld –29.22 (0.3) 47.6 (5.2) 1154 (36) 360 (131) 

 



CHAPTER 5. A SALINE SUB-SOIL HAS LITTLE IMPACT WHEN BELOW A NON-SALINE TOPSOIL 

PAGE | 108 

 
Plate 5.1. Triticum aestivum on 16 June 2010, 27 days after water was withheld. Treatments from 

left to right are: T/T watered, T/T water withheld, T/S water withheld, T/S watered (3 replicates 

of each). 

 

Discussion 

The presence of the saline subsoil did not significantly alter growth, physiology or nutrition of C. 

cinereum, M. sativa or T. aestivum, but in most cases it did negatively affect root growth (both 

root length density and DM) and change soil-water use patterns. Withholding watering reduced 

growth, gas exchange, leaf water potentials and altered mineral nutrition (except P) in all three 

species. Interactions of the saline subsoil with watering and species were minor. Chapter 4 

identified C. cinereum as very sensitive to the saline subsoil and M. sativa as most tolerant. 

However, in this chapter, when the subsoil was only present in the bottom half of the profile C. 

cinereum was as capable as M. sativa of using soil water from the saline subsoil, as indicated by 

the similar measured residual soil water. My first hypothesis is therefore supported, as the relative 

sensitivities and tolerances to the saline subsoil of the three species found in Chapter 4 did not 

closely reflect their responses when in an appropriate context, that is, when the saline subsoil was 

below the non-saline topsoil. The second hypothesis, that the saline subsoil hastens plant 

dehydration, was based on the assumption that withholding watering would force plants to use 
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soil water from the saline subsoil, increasing the importance of ionic concentrations as well as 

osmotic pressure of soil solutions as the soil dries. This hypothesis was not supported. In fact, 

some observations suggest the opposite possibly occurred for T. aestivum, with less severe wilting 

of unwatered plants with the saline subsoil (Plate 5.1) the result of more stratified soil water use. 

This result clearly shows that the heterogeneous context of subsoil chemical constraints is crucial 

when assessing tolerance of plant species and genotypes. 

Water deficit is more important than subsoil salinity 

Withholding watering had a greater impact than the saline subsoil on almost every parameter in 

all three species. Moreover, the impacts of the subsoil on root length density and DM of the two 

legume species diminished when watering was withheld. The small impact of the inclusion of the 

subsoil in the pot soil profile is consistent with existing literature on non-uniform salinity. For 

example, salinising the lower two-thirds of the root zone had no impact on growth of Solanum 

lycopersicum L. (tomato) or Zea mays L. (corn) (Lunin and Gallatin, 1965). Despite the vast 

amount of salinity research, little has been conducted on non-uniform salinity with even less in 

controlled experiments with vertically heterogeneous salinity (Bazihizina et al., 2012). While root 

growth and water use have been shown to be less in the high salinity portion of the root zone 

(Bernstein, 1975; Lunin and Gallatin, 1965; Shalhevet and Bernstein, 1968), little is known about 

what happens as the less saline portion of the root zone is dried. While subsoil salinity has been 

implicated as the most widespread and significant subsoil chemical constraint for T. aestivum in 

Australian grain-growing regions (McDonald et al., 2013; Nuttall et al., 2010; Rodriguez et al., 

2006), this implication has largely been based on extrapolation of uniform (or topsoil-) salinity 

responses (e.g. McDonald et al., 2013; Nuttall et al., 2010); hence the importance of subsoil 

salinity in restricting yields may have been overestimated. 

Interaction of withholding water and subsoil salinity 

Withholding water is generally presumed to increase plant dependence on, and use of, the more 

saline portion of the root zone, as it is logically assumed that as SWC decreases, the soil solution 

concentration and osmotic pressure increases. However, data in the literature supporting this 

assumption are lacking and, indeed, in my experiment, the saline subsoil had no increased impact 

in unwatered plants; indeed its impact often decreased. For instance, the impact of the saline 

subsoil on C. cinereum and M. sativa root growth (i.e. reductions in root DM and root length 

density) diminished when watering was withheld. 

While it is considered typical under well-watered conditions that the low salinity portion of the 

root-zone water would be used faster, compensating for the reduced uptake from the saline portion 

(e.g. Shalhevet and Bernstein, 1968), there was no clear indication of this. However, none of the 

non-uniform salinity studies reviewed for this study or by Bazihizina et al. (2012) assessed soil 

water use across non-uniform salinity when watering was withheld. There is no evidence in this 
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study to support the notion of a saline subsoil hastening drought. In fact, cumulative observations 

during this experiment suggest the opposite possibly occurs (e.g. more severe wilting of T. 

aestivum unwatered plants without saline subsoil in Plate 5.1 and higher A in T/S than T/T 24 

days after watering was withheld). With more strategic sampling (e.g. older leaves) and more 

replicates (or perhaps, simply, larger pots) it may be possible to detect more subtle differences in 

growth and physiology in the statistical analyses. 

Mechanisms of subsoil salinity impacts – toxicity, osmotic effects or root growth impacts? 

Ion toxicity in leaf tissues was highly unlikely to have occurred in this study as leaf Na+ 

concentrations were consistently low in all three species (relative to concentrations considered to 

impair non-halophytes, e.g. see Munns and Tester, 2008) and leaf K+ was related to watering not 

subsoil treatments (and importantly did not decline with increased soil Na+). There was also little 

evidence of leaf Na+ and K+ based injury in the previous experiment even with large growth 

reductions (Chapter 4). In this experiment, Cl– concentrations in T. aestivum mature leaves did 

not differ among treatments, unlike in Chapter 4. Solution culture has implicated Na+ toxicity 

more than Cl– toxicity in barley (Hordeum vulgare L.), with the opposite response in soil culture 

(Tavakkoli et al., 2011). Although concentrations of soil solutions would increase as soils dry, 

mature leaf Na+ concentration decreased and Cl– concentration had no trend in T. aestivum. It is 

possible that the plants are preferentially accumulating Na+ and Cl– in older senescing leaves, 

which has long been suggested as a basis of salt tolerance (Greenway, 1962b). It is therefore 

possible that leaf ion toxicity is less important for plants experiencing subsoil salinity than 

uniform salinity. 

The increased variation in soil water content or stratification of water use through depth in pots 

with the saline subsoil may support the importance of increased osmotic pressure in saline subsoil. 

While Rengasamy (2010) works on the theoretical framework that negative osmotic pressure 

exceeding –1500 kPa is unavailable to plants, which does not take into account that plants may 

respond to a slow transition to higher osmotic pressure through osmotic adjustment. It also fails 

to consider that the topsoil may be less saline and this is where most of the growing season rainfall, 

and therefore plant-available water, is likely to occur through the growing season (see water-use 

weightings in Shaw, 1999). It is possible that drying surface soils have more impact on plants 

than soil chemistry in the deeper layers. There was no clear increase (i.e. compensatory) in soil 

water use in the top 0.4 m in pots containing saline subsoil (i.e. total soil water used for the 0–0.4 

m was similar in both soil treatments). It is likely that the increased osmotic pressure of a saline 

subsoil is a key mechanism impacting plant growth, however, other environmental factors may 

reduce the impact on yield. Under non-uniform salinity in solution with a halophyte, plant water 

uptake from the high salinity portion of the root zone was ~10% despite much greater osmotic 

pressure in that portion of the roots (Bazihizina et al., 2009). The current study also found water 
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use from the saline subsoil occurred while the non-saline topsoil was wet and presumably less 

negative osmotically. Changes in soil water use appear related to root growth, rather than purely 

to the osmotic potential of the subsoil. 

If unconstrained by pot depth/size, C. cinereum and M. sativa may have shown a clear reduction 

in root DM and root length density in watered subsoil and T. aestivum may have had a clearer 

reduction in rooting depth. The relative reduction in root DM and root length density of C. 

cinereum and M. sativa in the saline subsoil diminished when watering was withheld. Salt stress 

has reportedly reduced root elongation in many species (reviewed by Kafkafi and Bernstein, 

1991). In Raphanus sativa seedlings, salinity reduced lateral root extension more than taproot 

(Waisel and Breckle, 1987), which may explain the similar response of C. cinereum and M. sativa 

here (root length density in subsoil vs. depth). Triticum aestivum appeared more affected in terms 

of rooting depth, with similar amounts of roots above 0.6 m between soil treatments, but very 

little root DM occurred below this in the saline subsoil, with roots typically failing to reach the 

bottom of the pot in saline subsoil but not topsoil-only treatments, irrespective of watering 

treatment. Reductions in specific depths varied among species. It was the allocation through depth 

that was more noticeable in wheat. Rooting depth has been more important for subsoil water use 

than root length density in T. aestivum in the field (Hamblin and Tennant, 1987). The highly 

stratified water-use in the saline subsoil by T. aestivum is likely to reflect low root abundance in 

the deepest soil layers. Root DM and root length density were still high for T. aestivum in 0.4–

0.6 m of the subsoil, yet roots failed to grow to the bottom of most T/S pots. As discussed in the 

previous chapter, Gauch and Wadleigh (1945) proposed that Na+ toxicity possibly occurs in the 

roots of Phaseolus vulgaris which corresponds with the mineral nutrition and growth response of 

C. cinereum in Chapter 4. More work on salt tolerance and sensitivities of roots is needed; 

particularly without reduced photosynthate supply as typically occurs in uniform salinity in 

contrast to non-uniform or subsoil salinity. 

Speculation on possible field responses, in particular grain production 

While subsoil chemical constraints are invariably seen as detrimental to crop production, little 

progress appears to have resulted from targeted breeding objectives for uniform salinity (Flowers 

and Flowers, 2005) and subsoil constraints (McDonald et al., 2013), and there have been no 

contextual breeding objectives for subsoil (vertically heterogeneous) salinity, except perhaps in 

in-field selection. While this study did not measure T. aestivum yield, Francois et al. (1986) found 

shoot growth more affected than grain yield on salinised soil treatments when irrigated. While 

under water-limitation, moderate salinity increased yield of several wheat varieties (Yankovitch, 

1949 in Greenway, 1962a). Through domestication of T. aestivum photosynthetic rates have 

declined, yet yields have increased (Evans and Dunstone, 1970), generally from increased grain 

size, grain number and harvest index (Evans and Dunstone, 1970; Siddique et al., 1989), but also 
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increased water-use-efficiency (Siddique et al., 1990). It is possible that through some sensitivity 

to subsoil salinity, in root growth and water use responses, T. aestivum is conserving water, which 

may be a genotypic response that enhances yield under water limitation. The carbon isotope 

discrimination in this study perhaps indicated slightly more water-use efficiency in the watered 

T/S than T/T, but more replicates may have found significance. 

While ephemerals such as C. cinereum are analogous to a sprinter, optimising grain yield is more 

of a long distance race, where exhaustion decreases yield. I speculate that increasing the ability 

of T. aestivum to penetrate saline subsoils more quickly may hasten dehydration by exhausting 

subsoil water. There is some evidence in the literature to support this, such as bicarbonate tolerant 

lines of T. aestivum yielding less than sensitive lines in a field site with alkaline subsoils in dry 

conditions (Millar, 2008). To clarify, it is possible that enhancing the ability of T. aestivum to 

exploit subsoil water through faster root growth into the subsoil may potentially lead to faster 

soil-water exhaustion and therefore lower yield when water is limiting (i.e. lack of ‘finishing-

rains’). Thus climate and how much stored subsoil water is available are important factors to 

consider when evaluating the impact of subsoil salinity and subsoil chemical constraints for crops. 

The context of the target environment’s typical and atypical conditions (i.e. extent of subsoil water 

and dependence on it) may therefore better inform breeding objectives. 

The possibility that subsoil salinity is less important than other environmental parameters that 

affect yield also needs consideration (for example, heat stress or shock). However, adequately 

capturing the responses to subsoil salinity would be a worthwhile start for important crops. It is 

probable that the widespread incidence of subsoil salinity in the cropping regions of Australia has 

unknowingly selected varieties which yield well in the context of water limitation and subsoil 

salinity if the relative response of T. aestivum variety Carnamah can be crudely compared here to 

C. cinereum and M. sativa. Salinity research is hampered by poor quantification in the field and 

lack of relevant experimental context. I speculate that subsoil salinity rather than costing the 

Australian economy $1.3 B per annum may in fact be elevating some yields where subsoil water 

is conserved and exploited at a slower rate, as incomplete subsoil water-use may be less of a yield 

penalty than desiccation. Importantly, in this experiment, T. aestivum was still alive when 

harvested, so incomplete water-use was only up until that point in time. It is possible that T. 

aestivum (cv. Carnamah) benefits from apparent root sensitivity to subsoil salinity under water 

limitation with associated slower water use when water is withheld, but this speculation warrants 

further research. 

Conclusions 

We still have little understanding of the responses of some of the most important crops to non-

uniform salinity. The saline subsoil in this experiment did not significantly affect shoot growth, 

physiology or mineral nutrition of C. cinereum, M. sativa or T. aestivum. Triticum aestivum root 
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growth was equally high until the lower depths, where root DM and length density was lower in 

the saline subsoil. The saline subsoil decreased root dry mass and root length density more in C. 

cinereum and M. sativa, but appeared to impact more on rooting depth in T. aestivum. 

Withholding watering reduced overall growth and diminished the effects of the saline subsoil on 

root growth by reducing root growth in the topsoil-only pots and in some cases increasing root 

growth in the saline subsoil. Water use was considerably more stratified in the saline subsoil; the 

two legumes were able to use the saline subsoil more rapidly than T. aestivum which slowly 

extracted water from the subsoil in a reflection of its root distribution. Salt sensitive C. cinereum 

was as capable as the considerably more salt-tolerant M. sativa in using saline subsoil water, as 

shown by equal residual soil water, which strongly suggests that the responses in growth to 

uniform salinity are poorly related to responses to subsoil salinity when under a non-saline topsoil. 

Considerably more work is needed to improve the context and relevance of salinity research on 

crops in the context of saline subsoils and, in particular, to improve the understanding of 

interactions with drought and therefore enhancing yield potential in dry conditions. 
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Chapter 6. Concluding discussion 

This thesis has outlined opportunities for Cullen cinereum and C. graveolens in the eastern wheatbelt 

of WA and their likely relevance for other low rainfall environments through examination of their 

suitability for climate, soils and farming systems. This investigation has allowed a novel farming 

system to be proposed, which is a summer-ephemeral pasture legume which responds to sporadic 

summer rainfall from a soil seed-bank with rapid growth of high-quality legume forage. Although 

several studies have been conducted with C. cinereum (e.g. Bennett et al., 2011; Bourgaud et al., 

1990), and one with C. graveolens (Humphries et al., 2014), this is the first study to assess these species 

with a consideration of their specific strengths and to propose a farming system which makes 

appropriate utilisation of their ephemeral ecology. The aims and hypotheses, and the outcome of the 

experiments which addressed them, for each chapter of this thesis are tabulated in Table 6.1.  

Table 6.1. Aims and hypotheses and the corresponding outcome for each chapter. 

Aims/research questions Outcome 

Chapter 2 aimed to present the concept of 
ephemeral summer pastures which may 
offset degradation of dry feeds by summer 
rainfall using Cullen cinereum and C. 
graveolens within the low rainfall, eastern 
wheatbelt of Western Australia. 

The concept of using the biology of ephemeral Cullen 
species was supported by field data and bio-economic 
modelling. The ephemeral pasture system (on 10% of 
farm) increased the profitability (~10%), stocking rates 
(8%) and decreased supplementary feeding (>50%) by 
opportunistically producing high quality legume forage. 

Chapter 3 aimed to identify a physiological 
basis for opportunistic vigorous growth 
observed in C. cinereum and C. graveolens in 
comparison with summer weeds Cucumis 
myriocarpus and Tribulus terrestris and 
perennial legume Medicago sativa. 

Field data showed very rapid photosynthetic (PS) rates 
for Cullen spp. in hot summer conditions. Being C3, this 
high PS rate requires high stomatal conductance which 
uses more water but cools the leaves, likely explaining 
the much more stable photochemistry compared to 
coexisting species. Cullen spp. species also increased 
the duration of rapid photosynthesis with diaheliotropic 
leaf movements which optimise light interception 
diurnally. 

Chapter 4 aimed to confirm subsoil salinity at 
the field site through manipulating the subsoil 
with leaching and adding back NaCl, and 
testing C. cinereum growth in comparison 
with M. sativa, Triticum aestivum and T. 
turgidum. 

High NaCl in the subsoil reduced growth of all species. 
No other toxicities were found. Growth reductions from 
topsoil to nutrient amended subsoil were: C. cinereum 
(~85%), T. aestivum and T. turgidum (both ~75%) and 
M. sativa (~50%). There was little evidence of specific 
ion toxicity in the shoot tissues. 

Chapter 5 aimed to test how plants respond to 
the saline subsoil when below the topsoil 
under a drying regime. 
 Hypothesis 1: Relative species subsoil 

responses in Chapter 4 are not relevant 
when subsoil is below non-saline topsoil. 

 Hypothesis 2: The saline subsoil would 
hasten dehydration through increased 
osmotic stress. 
 

Hypothesis 1 was supported as the saline subsoil, when 
below the non-saline topsoil, had little impact; species 
responses to the saline subsoil were not similar to their 
responses to heterogeneous salinity (Chapter 4). 

Hypothesis 2 was not supported as dehydration was not 
hastened through the presence of the saline subsoil, in 
fact a slowing of the dehydration was sometimes 
observed. 
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Integration of results from individual chapters 

The simulated economic value of the ephemeral system is derived by the vigorous summer growth 

which replaces the dry feed sources that have been degraded by out-of-season rainfall (Chapter 

2). The ability to achieve this rapid summer growth is, at least partly, from capturing the high 

irradiance through solar-tracking leaf-movements (diaheliotropism) and achieving a very high gas 

exchange (photosynthesis and stomatal conductance – Chapter 3) which also cooled the leaves 

and prevented heat stress. This is very likely prolonged by accessing subsoil water. Although 

Chapter 4 showed that C. cinereum was the most sensitive to the field site saline subsoil, Chapter 

5 found this species dried the subsoil as much as lucerne (i.e. same lower limit). Overall, Cullen 

cinereum and C. graveolens demonstrated suitability to the climate (summer) and soils, and thus 

may provide a novel farming system for the low rainfall regions as an ephemeral summer pasture 

legume. 

Key implications and additional insights from this thesis 

Implications – For the development of Cullen cinereum and C. graveolens 

Cullen cinereum is a very widely adapted species with many collections in the Germplasm 

Resource Centres (Bennett et al., 2011). Cullen cinereum, if ungrazed, can grow to 1 m tall with 

large stems, while C. graveolens presents a lower stature, finer-stemmed plant, typically with 

more growing points. If C. cinereum were used young, it would be an appealing pasture but if 

allowed to grow for longer, the shoot architecture of C. graveolens appears superior as it has many 

soft, finer stems. In contrast to C. cinereum, there are only five populations of C. graveolens 

available, the two used in this thesis and, as shown in a recent publication by researchers at 

SARDI, there are now three more collections from South Australia (Humphries et al., 2014). 

Cullen graveolens is an attractive forage as the images in Chapter 1 demonstrate. Further 

collections would ensure adequate genetic diversity for targeted breeding and selection programs, 

should they occur. 

I found no differences between these species in root architecture and ability to use the subsoil, but 

as the glasshouse conditions and nearby sources of infection allowed a strain of powdery mildew 

to infect C. graveolens which limited its reliability in the glasshouse experiment (Chapter 5), the 

data for this species were not included; C. cinereum had no symptoms. In the field, mildew is 

very unlikely to occur, especially during summer due to low humidity and high temperatures; I 

have not observed mildew symptoms on any field grown Cullen species, even persistent winter-

dormant plants. 

As Cullen spp. are strongly winter dormant, growing these species through the cool winter season 

is unlikely to produce any valuable forage and it is also likely a way of increasing the chances of 

infecting plants with diseases and building pest populations. If other wild populations were less 
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dormant, retaining the winter dormancy should be a priority in any development of Cullen 

cinereum or C. graveolens as it is a significant advantage for the proposed farming system as 

these plants would present little competition for existing winter crops and pastures. Much of the 

advantage that these species provide is the low cost of the system once a seed bank is established. 

With the strong winter-dormancy, summer activity, if Cullen species were established as 

ephemeral pastures and occurred in areas which were not wanted for cropping land, they would 

pose no new management requirements as these regions already possess numerous 

dicotyledonous summer weeds (e.g. Chenopodium pumilio, Citrullis lanatus, Conyza 

bonariensis, Cucumis myriocarpus, Salsola tragus and Tribulus terrestris). 

Future research on the feed quality and animal safety of these Cullen species is required. The feed 

quality of a pasture is largely driven by the proportion of highly digestible mesophyll and poorly 

digestible structural fibre (Silcock et al., 1985). As evident in the leaf anatomy in Chapter 3, C. 

cinereum and C. graveolens have dense mesophyll and very little lignified tissues and have high 

photosynthetic rates (Chapter 3), which in C3 plants correlates positively with leaf nitrogen and 

protein (Evans, 1989). While I have not measured the feed quality, C. cinereum has had high 

digestibility in other WA wheatbelt field experiments (79-84% in vitro dry matter digestibility 

(DMD)) (Bennett et al., 2012); favourable values were also reported by Jolly (2009) (75% DMD, 

10.75 MJ metabolisable energy kg-1) and these were included in the model in Chapter 2. I suggest 

that these values are realistic for actively growing C. cinereum and C. graveolens. While there 

are no toxicities reported for C. cinereum, C. graveolens, C. tenax, C. pallidum or the closely-

related Bituminaria bituminosa (tedera), the time of likely grazing by sheep in the wheatbelt 

system is mid-summer, which is typically just before mating through early-pregnancy. While 

furanocoumarins and the phytoestrogen daidzein have both been reported in C. cinereum, they 

were much lower than in all other Cullen species and tedera (Bouque et al., 1998). The potential 

benefits from Cullen (assuming high feed quality) if phytoestrogens are not impacting ewe 

fertility, would provide possible boosts to lambing percentages of flocks in the low rainfall regions 

which are currently grazing lower quality crop and pasture residues. Phytoestrogen content in 

these conditions should be assessed in the future if development of Cullen were to occur. As there 

are many summer-weeds known to produce toxicities, quantifying possible risks for Cullen may 

also prevent incorrect assertions and allow a better identification of the risks/causes. 

As Cullen is a genus comprising 32 species, 26 in Australia (Grimes, 1997), all species within 

this genus tend to be lumped together in conversation among researchers, farmers, and so on. 

Within Australia, the name Cullen has been recently attached to C. australasicum, a woody sub-

shrub, which although very resilient, does not represent an herbaceous pasture and presents a very 

different farming system (Humphries et al., 2014). It would be beneficial to differentiate the 

ephemeral system Cullen species by referring to these species by another name, suggestions may 
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be either “native lucerne” (the common name for C. graveolens in Cunningham et al. (1981)) or 

“Mitchell’s lucerne” after the explorer Sir Thomas Mitchell who first reported C. cinereum. 

Implications – annual versus perennial pastures – the benefits of pulse ecology 

There has been a great amount of discussion about the potential superiority of perennial plants, 

compared with current annual pastures, with emphasis on superior drought tolerance, production of 

green feed in the autumn feed gap and amelioration of dryland salinity (e.g. Cocks, 2001). However, 

if a perennial species were highly palatable and drought resistant when all other feeds are dead or 

unpalatable, it would have substantial pressure from herbivory from various animals in addition to 

livestock. Numerous studies show selection pressure of herbivory to result in the dominance of 

unpalatable and toxic plants (Augustine and McNaughton, 1998). Ecologically, a perennial plant 

which is productive, high feed-quality and has negligible anti-nutritive compounds is nigh 

impossible. It would have an insurmountable selection pressure against it. The ecological 

implications of the predator-prey relationships also apply with pastures. The pulse ecology of 

ephemerals such as Cullen has the potential to negate some of the anti-herbivore requirements, as 

their rapid but infrequent periods of growth, makes it less likely that predators can multiply quickly 

enough to confer substantial damage. This argument is supported by the fact that the ephemeral C. 

cinereum had the lowest concentrations of furanocoumarins (del Rio et al., 2010) and daidzein 

(Bouque et al., 1998) compared with perennial Cullen species and tedera. 

The potential to provide an opportunity from summer rainfall is clearly demonstrated in Chapter 

2. However, it is useful to consider a second field experiment, not included in the thesis chapters, 

which failed despite summer irrigation, as prolonged dry conditions concentrated herbivory 

(insects, birds and kangaroos) to the small irrigated area (Plate 6.1). While a high proportion of 

the ~30,000 seeds that were sown emerged in swards following irrigation, in less than a week, 

~50 (i.e. 0.2%) of the seedlings remained; most had been eaten by birds (as was the irrigation 

tubing). The few remaining plants were additionally grazed heavily by kangaroos (Plate 6.1, lower 

image), as well as suffering severe insect damage. This also highlights that the selection pressure 

on a perennial pasture is not only from the livestock. Aphids damaged and killed many Cullen 

seedlings in the field experiment in Chapter 2; presumably they moved from neighbouring crops 

which were drying off. It is possible that summer-germinating plants would avoid this issue. 

Meanwhile, if Cullen were to be spring sown for establishing a seedbank, it would be logical to 

monitor, or undertake pre-cautionary spraying and some form of management may be required. 

Further work is needed on the ecological implications of establishing a plant type contrasting to 

the dominant annual crops and pastures. 
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Plate 6.1. Irrigated Cullen graveolens seedlings, established at the field site in January 2010 (dry 

summer) (January- top image), had very high levels of predation with few plants being able to 

survive let alone outgrow the predation of insects, birds and, in this case, kangaroos (April 2010 -

lower image). 
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Drought avoidance is widely underrated as unspoilt dry feed residues can provide suitable quality 

for livestock performance and farmers can plan their management of a known quantity of feed. 

When summer rainfall occurs and dry-feed is degraded, this presents the next opportunity for feed 

production. On the other hand, as prolonged dry conditions occur, the perennial plants are likely 

to come under intense pressure from herbivores, with possibly little production, and persistence 

likely to be jeopardised if grazed when stressed. A more pragmatic discussion is required which 

may benefit both opportunistic and perennial plant types, for instance, the ability for ephemerals 

to allow a greater role for summer dormant perennials that are suited to land marginal for 

cropping.  

Reducing groundwater recharge is a key driver of perennial pasture research (e.g. Cocks, 2001). 

As episodic summer rainfall has been found to be the most significant source of water for 

groundwater recharge in in a study in the eastern wheatbelt of WA (George et al., 1990), it is 

possible that ephemeral Cullen species could deliver much of the production and environmental 

benefits of perennials in terms of reducing dryland salinity in this region. 

Implications – Novel species assessments 

Cullen species were very promising in this study for their own niche, that is, low rainfall locations 

in hot summer conditions on heavy sodic soils. Various attempts at identifying novel species for 

development as pastures have been conducted in Australia without success (Jones, 2009; Li et al., 

2008). While the value of ex situ novel pasture germplasm nurseries have been advocated 

(Snowball et al., 2010), this can be questioned. For instance, several of the research stations I am 

aware of have significant root knot nematode and fungal pathogen populations, inappropriate soil 

types and very different aerial conditions to the target environments such as the wheatbelt. 

Snowball et al. (2010) later stated that many of the wild species performed better comparatively 

in the target environments. Thus, data from ex situ nurseries should be treated with caution. 

Multiple native Australian species assessed for future development have failed. For example, 

Glycine latifolia had even been registered for plant breeders rights (PBR), pertaining to cv. 

Capella, but at the last minute, commercialisation was cancelled due to insufficient seed 

production and inconsistent results (Jones, 2009). Some of the experiments which may have 

contributed to the inconsistent results were infected by alfalfa mosaic virus (AMV) (Horlock et 

al., 1997). The field experiments in this thesis also had AMV infections which appeared to have 

come from infected lucerne seed (Plate 6.2). The standard benchmark for novel pasture species is 

lucerne (alfalfa), of which the majority of commercially available seed in Australia is infected 

with AMV (Jones, 2013), which also has implications for the performance and production of 

lucerne. While aphids appeared to cause the most damage to Cullen species, post-aphid 

production was greatly reduced in plants with AMV symptoms. Later observations in the Chapter 

3 study suggest seed transmission is possible in Cullen cinereum (Plate 6.2), which has 
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implications for germplasm resource centres (GRCs) and post-experiment management of field 

sites. Symptoms of AMV re-occurrence/transmission in C. graveolens were not apparent. Cullen 

species such as C. australasicum have been reported elsewhere to become infected by this virus 

(Hayes et al., 2009; Humphries et al., 2014). The extent to which viruses have affected the novel 

species assessed in recent years by the Future Farm Industries CRC (e.g. Dear et al., 2008) and 

others is unknown. However, for future assessments, seed hygiene must be a high priority in order 

to avoid viruses and diseases. In hindsight, preventing this virus is very easy. 

 

 

Plate 6.2. Presumed alfalfa mosaic virus symptoms in Cullen cinereum in the field experiments 

during 2012-13 field studies. The virus is presumed to have initially spread from infected 

Medicago sativa, the benchmark perennial forage for comparison with novel legumes. 

 

Fungal diseases such as anthracnose (Colletotrichum spp.) have also been reported to affect some 

Cullen species including C. graveolens (Humphries et al., 2014). However, the relevance of this 

to the low rainfall target environment in the WA wheatbelt is unclear. Much like the powdery 

mildew infection of C. graveolens in the glasshouse (see Preface of Chapter 5), anthracnose is 

very unlikely to exist in the field and likely presents a negligible threat to the development of C. 

cinereum and C. graveolens as summer ephemerals for the wheatbelt. A comparative study of 

current and novel grain legumes by Bell et al. (2012) was unable to report the yield of narrow leaf 

lupin (Lupinus angustifolius L.) (WA’s most important grain legume) due to disease. However, 

there was no diagnosis or measurement of disease severity on the novel species reported by Bell 
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et al. (2012). Thus, there is a clear issue with much of the ex situ and in situ (where diseases are 

introduced as for seed borne viruses) assessments of native Australian legumes in the literature. 

It is possible that promising species may have been overlooked due to the presence of a pathogen, 

pest or virus which is of little importance in the target environment or for the end-use. The 

symptoms of mosaic virus observed in Cullen species are quite pronounced and easy to detect. 

Other issues may be less obvious. As I had previous knowledge of Cullen cinereum and C. 

graveolens potential productivity due to fieldwork in the Fortescue floodplain in my Honours 

project, I had some basis to identify unexpected poor growth and hence investigate why 

performance was poor, e.g. nutrition or disease. However, many native legume screenings have 

presumably been constrained by a poor knowledge of the species, as well as time and resource 

constraints. 

There is also a very clear issue with establishing the plants in the wrong season, as per Chapter 2. 

Plants sown in May 2008 were completely dormant and vulnerable until November 2008. This 

has a large impact on the performance of the species. Autumn or winter establishment was also 

reported in many other assessments of summer-active legumes (e.g. Bennett et al., 2012; Hayes 

et al., 2009; Humphries et al., 2014; Li et al., 2008). While this may allow comparison with a 

range of species to existing winter-spring growing species such as M. sativa or annual pasture 

legumes, it limits the performance of the novel species. This limits researchers’ abilities to 

identify opportunities such as for ephemeral legumes. 

My study also highlights the potential benefits to taking an ecological approach to identifying 

species of interest and not simply benchmarking to existing options (and systems), as this allows 

consideration of whether there are novel systems that could arise from the novel plants. While 

farmers will modify any new systems and management that is proposed, researchers should still 

try to identify, in the field, options which provide greater contrast to, and potential 

complementarity to, existing systems. Australia has some of the most diverse vegetation in the 

world (Maiden, 1889; Turner, 1921) and some of the most innovative farming systems 

(Kirkegaard et al., 2011), yet we have not adequately explored the potential opportunities for 

development as agricultural species within our vegetation. 

In the general introduction (Chapter 1), I posed the question: why have Australian native legumes 

been overlooked? I would suggest that the literature does show numerous assessments of 

Australian native legumes but almost all (including this thesis) had factors present which have the 

potential to limit the performance of many species, including existing commercial options. Multi-

disciplinary interaction may greatly improve the outcomes of future assessments if appropriate 

preventative steps, such as hygiene, are taken. Future assessments must learn from previous 

assessments which address issues of previous screening attempts and apply an end-use context or 

ecological consideration of the site selection. 
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Implications – Subsoil salinity 

Salinity assessments of soils are generally poor. The standard methodology for salinity 

assessments (at least in Australia) is to use a soil-water extract of a 1:5 (w/v) and measure the 

electrical conductivity (EC1:5). This procedure is well known to solubilise sparingly soluble salts 

such as gypsum and often results in an overestimation of soil salinity (Rayment and Lyons, 2011). 

Other widely used approaches involve the expression of the EC of a saturation extract (ECse). 

Rengasamy (2010) and Shaw (1994), as well as many others, advocate calculating ECse 

concentrations from EC1:5 from set formulas, although with the caveat of not using this method 

for soils with sparingly soluble salts. This approach, of course, requires prior knowledge of the 

soil chemistry and establishment of this would require similar or greater time and effort than a 

more appropriate method. Most methods for measuring saturation extracts are also quite 

subjective (Rayment and Lyons, 2011) and saturation extracts are largely driven by soil texture 

and the particular method of saturation extract determination (Slavich & Petterson, 1993). While 

capillary methods (as for Chapter 4 and 5) for estimating saturation percentage typically result in 

lower saturation percentage values, hand-mixing results in high saturation percentages and 

therefore lower salt concentrations (Slavich & Petterson, 1993). Not surprisingly then, clay 

content and method determines the relative plant response to the salinity, but often through the 

saturation percentage determined not necessarily the salinity of the soil solution. 

As the desired outcome is to quantify, or at least make a reasonable estimate of, the salinity of the 

soil solution that the plants experience, a better method may be to use lower dilutions such as a 

1:1 or even 2:1 or 3:1 soil-water extracts to avoid the solubilisation of sparingly soluble salts. 

Shirokova et al. (2000) found 1:1 extracts were cheap and easy and much more reliable with little 

solubilisation of sparingly soluble salts. Another option would be to quantify the Na+ and Cl- ions 

of the extract. Calculating the concentrations of the soil at field capacity from these methods 

would surely be more reliable and representative across soil types than using EC1:5 or even 

estimated ECse due to variability in saturation percentage. The poor quantification may have 

contributed to the poor rate of advancement in understanding the impacts of salinity. 

The context of depth also requires further clarification. In Chapter 5, when the saline subsoil was 

below the field topsoil as it would be in field conditions, it had little impact on plant growth. In 

fact, salt-sensitive C. cinereum was able to use the subsoil water to the same extent as M. sativa. 

Non-uniform salinity is known to be considerably less severe than uniform (or topsoil) salinity, 

as reviewed and discussed in Chapter 5. Thus, given the fact that T. aestivum is reported to be 

impacted significantly from Australia’s most widespread subsoil chemical constraint 

(Rengasamy, 2002), it is a serious indictment of salinity research that only one paper assessing 

the ‘subsoil’ salinity response for T. aestivum could be found in the literature. This single paper 

(Grewal, 2010) used 28 cm deep PVC tubes of 7 cm diameter. With only the top 10 cm as a non-
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saline topsoil and with such a small pot size and measly portion of ‘topsoil’, this study missed a 

key opportunity. A more thorough quantification of salinity in the field, including its spatial 

distribution, should enable more appropriate designs in following experiments. Thus, there are 

substantial gaps in knowledge highlighted by my study. The current focus of foliar Na+ 

concentrations in studies of plant responses to salinity may decline in importance once more 

contextual experiments are conducted. Other subsoil chemical constraints such as boron and 

bicarbonate toxicity/alkalinity may also gain new knowledge if placed in an appropriate 

experimental design. 

Implications – Drought studies 

Another interesting finding from the research presented in this thesis is the impact that the 

contrasting soil profiles had on root growth and water use. Many drought experiments in 

controlled conditions are conducted in uniform soils or sands (e.g. Suriyagoda et al., 2010). Yet 

soil profiles in the field studies often report a contrasting soil water potential (in addition to the 

physico-chemical conditions) with depth (e.g. Hamblin & Tennant, 1987). With a contrasting soil 

profile it is possible that plants may have quite different patterns of water use, as seen in Chapter 

5. Triticum aestivum, despite having a moderate level of salt tolerance (Colmer et al., 2005), was 

greatly affected in its soil-water-use by the saline subsoil, but this appeared to have the benefit of 

delaying dehydration. The inclusion of a field subsoil in controlled drought experiments may give 

a more relevant understanding of drought tolerance as the plants may stratify their water-use and 

possibly enhance signalling with a steadier transition to drought (as in Foster et al., 2012). 

Future research 

Future research on C. cinereum and C. graveolens at more field sites is recommended, with 

hygiene practiced in order to avoid seed-borne diseases. Future field experiments should quantify 

how much of the subsoil and short-lived surface soil moisture is used by C. cinereum and C. 

graveolens. If they grow primarily from the subsoil water, is this a positive overall outcome for a 

mixed farming enterprise? 

As both Cullen species demonstrated rapid summer growth when recruited from a soil seed-bank, 

assessment of feed quality attributes and animal safety should now be a priority as, if these are 

favourable, the wide adaptability of the species and expected cheap seed-production would allow 

rapid development. More rigorous data on feed attributes would also benefit modelling. In 

general, the lack of data on crop and pasture residue dry-feed-dynamics over summer and autumn 

is an impediment to farming-systems analyses. 

The eco-physiology of stressed Cullen plants should be assessed. These plants are observed to 

fold leaves and reduce light interception when stressed, particularly during midday heat. 

Preliminary chlorophyll fluorescence measurements of dark-adapted leaves of visibly stressed 
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plants found high Fv/Fm (~0.8) which suggests protection of the photosystem II and tolerance to 

these conditions. 

The most significant future research area suggested by this thesis is to investigate in more detail 

the growth of T. aestivum in subsoil salinity. Questions worthy of further investigation include 

the following.1. How do wheat varieties vary in response to subsoil salinity? 2. How different is 

the outcome of subsoil salinity responses in wheat for the high and low rainfall zones? 3. How do 

heat-stress and other environmental factors interact with slower use of subsoil water? 

Conclusions 

Overall, C. cinereum and C. graveolens present an opportunistic component that could be 

developed for mixed farming (wheat and sheep) systems in low rainfall areas and/or highly 

seasonal areas where perennial pasture options are constrained or unable to respond to sporadic 

summer rainfall. Cullen cinereum and C. graveolens grew vigorously in response to summer 

rainfall at a low rainfall field site. The timing of growth and the expected low investment for 

inclusion meant that in bio-economic modelling, these species could increase total farm profit 

(~10%) by offsetting the losses of dry feed quality that occur after summer rainfall. The vigorous 

mid-summer growth of both species resulted from the species being physiologically suited to high 

light availability, high temperatures, and intermittent water availability. Cullen achieved very 

high rates of photosynthesis through a high stomatal conductance and maintained this through the 

day with diaheliotropic (solar-tracking) leaf movements. Being C3, the high stomatal conductance 

necessary for these high photosynthetic rates resulted in cooler leaves, which was associated with 

their superior photochemistry stability. Maintaining these rates of transpiration for weeks after 

rainfall in hot conditions suggests subsoil water use. The soil of the field site was found to be 

saline in the subsoil. Surprisingly, under uniform salinity, C. cinereum was found to be the most 

salt-sensitive of bread wheat (Triticum aestivum), durum wheat (T. turgidum) and lucerne. 

However, in the more realistic context of the saline subsoil being below the non-saline topsoil, 

the saline subsoil had no impact on growth, physiology or mineral nutrition and C. cinereum was 

as capable as the much more salt tolerant lucerne of water use from the saline subsoil, supporting 

the observations of subsoil water use. These results, along with observations of the species 

successfully establishing a seedbank and responding from this seedbank to summer rainfall, 

suggest considerable promise for C. cinereum and C. graveolens to be developed as opportunistic 

summer ephemeral pastures for low rainfall areas. 
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