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ABSTRACT 

Lucerne (Medicago sativa L.) often underperforms agronomically in Western Australia (WA), 

due to its sensitivity to acidic soils and the prolonged period of water stress during summer, 

which is typical of the WA Mediterranean climate. The development of new perennials 

adapted to acid soils and low rainfall is a high priority for future research in the Australian 

wheatbelt. Tedera (Bituminaria bituminosa var. albomarginata) is a recently-introduced 

herbaceous perennial legume that has shown potential as a drought-resistant forage species 

for Mediterranean environments across southern Australia and is currently being evaluated for 

domestication. Tedera is native to the Canary Islands of Spain and, on the island of Lanzarote, 

tedera can survive on as little as 150 mm per year, with a 5–6 month dry season.  

There have been no detailed investigations into drought adaptation and physiological traits of 

tedera in the field that have allowed this species to persist and be productive over summer. 

The mechanisms of drought resistance in legumes have not been characterised as well as in 

cereals. The objective of this thesis was to examine the drought resistance mechanisms of 

tedera under both field and controlled-environment conditions by comparing the response of 

tedera with lucerne. It is proposed that the drought resistance mechanisms of tedera are a 

combination of several morphological and physiological processes such as osmotic adjustment, 

an extensive root system, efficient stomatal control and paraheliotropism (leaf folding).  

Drought stress was initiated at different growth stages (seedling and mature plants) by 

withholding water in the controlled-environment study and by erecting a rain-exclusion shelter 

over summer in the field. Parameters relating to aboveground dry matter production, root 

growth, water-use efficiency, leaf-water relations, gas exchange, leaf folding, and individual 

leaf size were measured. The concentration of compatible solutes was determined for mature 

tedera plants in a controlled-environment study during both drought stress and recovery. 

The ability of seedlings to survive a drought following sowing or seedling germination in a 

regenerating pasture is important for successful pasture establishment/persistence. Thus, the 

first experiment (Chapter 2) was conducted under controlled-environment conditions (using 

soil reconstructed from the field) to investigate the physiological and morphological responses 

to water stress of tedera seedlings compared with lucerne, the annual pasture legume 

biserrula (Biserrula pelecinus L.) and the common summer-active weed Afghan melon (Citrullus 

lanatus Thunb). This study revealed significant differences in rooting depth and stomatal 

conductance among the three legume species when under water stress, with tedera being the 

most drought resistant. Key drought resistance traits in tedera included vigorous seedling 
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growth, early taproot elongation, effective stomatal control and paraheliotropism. These traits 

may allow tedera seedlings to survive a dry period following opening autumn or winter rains. 

The abiotic stresses of the WA wheatbelt (low pH, aluminum toxicity, nutrient deficiencies) 

and the low water-holding capacity of many soils could potentially impact the drought 

resistance and survival of tedera. The second experiment (Chapter 3), conducted in the field in 

the southern wheatbelt of WA, explored diurnal and seasonal variation (May, August and 

February) in stomatal conductance and paraheliotropism in mature plants (from 11–18 months 

old) of three tedera accessions and one lucerne cultivar. Tedera exhibited greater stomatal 

conductance early in the morning in May and December, but lower conductance at midday 

and during the afternoon. The reduction in stomatal conductance over the day in tedera shows 

the capacity of this species to reduce water loss quickly when conditions for CO2 fixation 

relative to water loss are highly unfavourable. Leaf water-use efficiency, relative leaf water 

content and, importantly, green leaf retention were higher for tedera than for lucerne under 

severe water deficit. Both tedera and lucerne displayed increased paraheliotropism over 

autumn and summer, suggesting that this is also an adaptive trait to cope with water stress.  

With the fluctuation in rainfall patterns predicted from climate change, the occurrence of 

episodic drought may increase where plants will be repeatedly exposed to drought in the field. 

However, the combined responses to water stress and re-watering among perennial legumes 

are relatively unknown. The third experiment (Chapter 4) investigated the response of two 

tedera accessions and one lucerne cultivar to drought stress and their ability, following re-

watering, to regrow and restore photosynthetic activity. Plants were grown outdoors and 

watered for eight months (winter to mid-summer), and then moved to a controlled-

environment glasshouse where either watering was maintained or drought was imposed for 

up to 47 days, before re-watering for 28 days. After re-watering, the previously drought-

stressed plants had higher photosynthetic rates and stomatal conductance than the well-

watered controls, indicating an overcompensation of gas exchange. However, the decline in 

aboveground dry matter due to long-term severe drought stress was not completely replaced 

by this enhanced growth following re-watering. Proline and pinitol accumulated in tedera 

leaves during drought stress and their concentration declined after re-watering, suggesting 

that they act as compatible solutes during drought stress and as a carbon source for regrowth 

during recovery. Root systems in tedera also had greater plasticity (higher root:shoot ratio) in 

response to drought stress and re-watering than lucerne.  

Considering the results of the three experiments together, it is apparent that tedera and 

lucerne have different physiological and morphological strategies to survive and recover from 
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drought stress. Significantly, the retention of green leaves in tedera over summer in the field 

would be a highly attractive trait to farmers, as this could reduce the need for supplementary 

feeding to meet animal nutritional requirements. This study has contributed to the 

understanding of stress biology of plants by investigating the morphological and physiological 

traits that confer drought resistance in tedera and identifying the role of proline and pinitol in 

both drought tolerance and recovery. The presence of multiple drought resistance traits in 

tedera highlights the value of examining whole-plant physiology in any new perennial legume 

species. 
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CHAPTER 1. GENERAL INTRODUCTION 

THE NEED FOR NEW PERENNIAL LEGUMES 

Legumes play a critical role in sustainable agricultural systems because of their nitrogen-fixing 

symbiosis with rhizobia (Subbarao et al., 1995). However, the lack of profitable and productive 

perennial legumes is limiting the productive base for Australian farmers, as they currently rely 

on narrowly-based annual farming systems susceptible to economic and climatic challenges. 

There is a need to develop more sustainable and profitable animal production systems, in 

particular, more resilient pasture and feeding systems adapted to the predicted increase in 

seasonal variability as climate change impacts are realised. Consequently, an understanding of 

drought stress and water use in relation to plant growth is vital for sustainable farming 

systems. However, the current range of perennial pasture legumes and grasses cultivated in 

Australia is limited. In eastern Australia, perennial pasture species are still largely confined to 

regions where annual rainfall exceeds 500–600 mm (400 mm for lucerne (Medicago sativa L.) 

or, in the case of Western Australia (WA), where the growing season is 8 months or longer 

(Biddiscombe et al., 1982). Even within those medium-rainfall regions, the productivity of 

perennial-based pastures has not often been superior to that of annual-based pastures (Kemp 

et al., 1989). 

In the Mediterranean environment of WA, annual pasture feed quality often deteriorates in 

late summer and autumn, particularly after summer rainfall events (Nicol et al., 2013), and 

producers inherently face critical feed shortages across these months. Most crop residues and 

other grazing resources are also low in digestibility and nitrogen content during these months. 

Producers are required to either reduce the number of stock or provide costly feed 

supplements. This is one of the main factors limiting the value of the stock enterprise in the 

agricultural regions of southern Australia (Bathgate and Pannell, 2002) and a factor that could 

be addressed through inclusion of summer-active perennial pastures. However, to achieve 

adoption, perennial pasture systems must be as profitable and practical as the agricultural 

enterprises they displace. 

At present, lucerne is often the only perennial legume option. Where lucerne is well suited, it 

demonstrates good production, drought tolerance, ability to respond to summer/autumn 

rainfall and persistence (Moore et al., 2006). However, there are several major limitations to 

the broader use of lucerne in WA, including its sensitivity to acid soils and high soil aluminium, 

and its susceptibility to waterlogging (Humphries and Auricht, 2001). Hill (1996) suggested that 

lucerne is limited to the higher-rainfall zones in WA, which comprise only 42% of agriculture 
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land. Yet, the area planted to lucerne in WA falls far short of its estimated potential (7.8 Mha), 

with its production in pure and mixed stands being approximately 170,000 ha (Robertson, 

2006). It is also risky to rely predominantly on one perennial legume pasture species due to the 

risk of serious yield loss from disease and insect outbreaks (Cocks, 2001). 

Thus, there is clearly a need for alternative perennial legumes to lucerne in the low-to-medium 

rainfall cropping zone of southern Australia. The demand for new perennial legumes is also 

likely to increase, given predictions of more intensive and out-of-season rainfall events, which 

will be more suitable for deep-rooted, summer-active perennials than for winter annuals 

(Marshall et al., 2011). New species will need to be well adapted to soils, climate and farming 

systems, and be productive and persistent. However, improving the drought resistance of 

crops first requires knowledge of the key physiological mechanisms and the genetic control of 

the contributing drought resistance traits (Farooq et al., 2009). 

New perennial species will need to have drought-adaptive traits, both as seedlings (in the 

establishment phase) and as mature plants, if they are to sustain the productivity of our 

pasture systems under predicted climate change. Even though the seedling stage is only a 

short period in the life of a plant, it is critical for plant survival (Sanderson et al., 1997). The 

primary reason why seedlings die in many environments is drought and soil desiccation (Moles 

and Westoby, 2004). Thus, in a Mediterranean climate, any reduction in rainfall at the 

beginning of the autumn growing season would have a large negative effect on seedling 

survival and growth (Tadross et al., 2007). While screening for differences in seedling survival 

during drought would be an easy and effective solution for future climate change scenarios 

(Vadez et al., 2011), there has been little evaluation of seedling drought resistance and survival 

in the major crops and pastures grown in south-west Australia (Turner et al., 2011). 

THE DEVELOPMENT OF NEW DEEP-ROOTED PERENNIALS ADAPTED TO LOW-TO-

MEDIUM RAINFALL 

Over the past decade, a large collaborative research effort has focused on developing new 

perennial legumes as alternatives to lucerne for southern Australia. A large number of species, 

both native and exotic, have been evaluated (Bell et al., 2006; Dear and Ewing, 2008). After 

several years of trials by the Future Farm Industries Cooperative Research Centre (FFI CRC) and 

the Department of Agriculture and Food Western Australia (DAFWA), the most promising 

species was the exotic Bituminaria bituminosa var. albomarginata (common name tedera), 

which showed good summer feed production and drought resistance (Suriyagoda et al., 2013). 

There are a number of botanical varieties of B. bituminosa and their responses to drought 
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differ considerably. Martinez-Fernandez et al. (2010) found var. albomarginata from a low 

rainfall area in Lanzarote, Canary Islands (Plate 1.1) to be the most drought-tolerant variety. 

Notably, it had the most biomass under water stress relative to other varieties.  

 

Plate 1.1. Lanzarote is 115 km from the West coast of Africa. In summer there is high 

irradiance and high temperatures, combined with cloudless skies and strong winds, resulting in 

a very high evaporation rates. 
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NATIVE ENVIRONMENT OF TEDERA 

Tedera is native to the island of Lanzarote, which belongs to the Canaries archipelago in the 

eastern north Atlantic, 100 km off the coast of Morocco (Plate 1.1). The Canary Islands are 

described as a 'hotspot' of plant diversity within the Mediterranean global diversity hotspot 

(Quezel and Medial, 1995). Tedera is found at low altitude and in areas with an annual rainfall 

of 50–200 mm (depending on location) with a Mediterranean rainfall pattern and a 5–6 month 

dry season. In the Canary Islands, tedera is a valuable source of summer-green feed for sheep 

and goats after cutting and drying (Plate 1.2). The rainfall is seasonal, from November to 

March (Table 5.1), but with high inter-annual variability. For most of the year, these islands are 

subject to north-north-easterly trade winds which suppress the development of any rainfall 

(Graf et al., 2004), but also bring high relative humidity (>75%) and high evapotranspiration 

(>980 mm). Tedera is well adapted to this adverse environment of this Mediterranean summer 

as most of its reproductive development (flowering and seed set) in the Canary Islands takes 

place in the absence of any precipitation. Most annual plants in such a water-limited 

environment would escape drought by finishing their reproductive phase before the onset of 

drought.  

 

 

Plate 1.2. Traditional cut and carry of tedera in the Canary Islands (Photos courtesy of P 

Mendez). 

 

The harsh environmental conditions of the Canary Islands have presumably resulted in the 

evolution of drought resistance traits to allow plants to survive and reproduce. The scarce 

rainfall, low altitude and high sun exposure on Lanzarote have all been reported to contribute 

to adversity being a constant, thus favouring the most resistant species (Reyes-Betancort et al., 
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2001). The distinctly seasonal precipitation is also likely to have shaped the evolution of water 

relations and root system characteristics of plants in this ecosystem. Given the complexity of 

limiting factors in the Canary Islands, it seems likely that combinations of morphological and 

physiological features, not single traits, would be responsible for the adaptive capacity of 

tedera to its native environment.  

DROUGHT RESISTANCE MECHANISMS 

The term 'drought' has different meanings for hydrologists and meteorologists. Within an 

agricultural context it has been defined as “a climatic excursion involving a shortage of 

precipitation sufficient to adversely affect crop production” (Rosenberg, 1980). In the 

physiological literature, drought can be described as a water deficit, which impairs plant 

growth and yield compared with the amount needed for optimum growth (Lawlor, 2013). The 

majority of a plant’s physiological and metabolic processes are affected by water deficits. Once 

a drop in water potential develops, a wide range of physiological responses are induced 

(Cattivelli et al., 2008).  

The ability of a crop to grow adequately in environments that experience water deficits has 

been referred to as 'drought resistance', and the modification in plant structure and function 

that increases the chances that these plants will survive is termed 'adaptation' (Kramer, 1990). 

Plants express various mechanisms to cope with drought stress. Typically, plant adaptation to 

drought has been separated into escape, avoidance or tolerance strategies (Turner, 1986). 

However, these are not necessarily mutually exclusive and plants may combine a range of 

these responses (Ludlow, 1989). Some of these responses are triggered directly by the 

changing water status of the tissues, while others are brought about by plant hormones that 

signal changes in water status (Chaves et al., 2003). A brief overview of drought resistance 

mechanisms at various levels in crop plants is provided below. 

Plants can escape drought by finishing their life cycle while sufficient moisture is still available, 

as occurs for many flowering annuals, which allows plants to reproduce before the 

environment becomes too dry (Smith et al., 1998; Chandler and Bartels, 2003). This can be 

illustrated by early flowering (<100 days) in annual pastures and in crops such as wheat 

(Triticum aestivum L.) or barley (Hordeum vulgare L.), or subclover (Trifolium subterraneum L.) 

where stored water is used before the onset of terminal drought. However, early flowering to 

escape drought may involve a cost in terms of reduced yield (Turner et al., 2001), as a longer 

growing period is often associated with higher yields (Smith et al., 1998). 
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Drought avoidance in plants depends on maintenance of cell turgor through increased water 

uptake and/or reduced water loss (Tuberosa et al., 2003). Efficient stomatal regulation, a 

reduction in light absorbance, smaller leaf area, and vertical leaf orientation are among the 

major drought-avoidance traits which minimise transpiration in order to conserve water under 

stress conditions (Wang and Yamauchi, 2006). For instance, light-avoiding leaf movements 

(paraheliotropism) have previously been reported in members of the Fabaceae family, such as 

within species of Phaseolus (Bielenberg et al., 2003) and Macroptilium (Ludlow and Björkman, 

1984). In addition, many desert plants have a thick covering of light-reflecting hairs on their 

leaves which increases reflectance and reduces absorbance of solar radiation reaching the leaf 

surface (Fahn, 1989). 

Drought tolerance involves processes at the cellular level, particularly osmotic adjustment 

(OA), and is one of the crucial components of acclimation to drought stress. Osmotic 

adjustment is the accumulation of organic and inorganic solutes under drought which helps to 

lower the plant water potential without decreasing actual water content (Serraj and Sinclair, 

2002). Osmotic adjustment is normally a slow process in the shoots and is initiated above a 

certain level of cell water deficit (Chaves et al., 2003). Osmotic adjustment is considered to 

enhance growth and yield because it aids in the maintenance of leaf turgor, and has previously 

been correlated with grain yield in some crop species (Gebre and Tschaplinski, 2000). Some of 

the osmotic compounds produced include sugar alcohols, soluble sugars, glycinebetaine and 

proline (Kiani et al., 2007; Lambers et al., 2008). The accumulation of proline under drought 

stress has been reported in other legume crops such as pea (Pisum sativum) (Sánchez et al., 

1998). However, some studies have reported OA in legumes and not found any associated 

benefits (Turner et al., 2007). 

TEDERA AND ITS POTENTIAL RELEVANCE TO SOUTHERN AUSTRALIAN FARMING 

SYSTEMS 

Tedera has significant potential to contribute to southern Australian farming systems, to 

persist and be productive in the low-medium rainfall cropping zones, and to provide critical 

out-of-season forage production, which is one of the major constraints to increasing wool and 

meat production and profitability. This is especially so in WA, where some soils limit cropping, 

and where a longer-term more stable pasture phase is required. A phase-farming system is 

where successive years of perennial-based pasture species are grown, followed by several 

years of grain crop species (Cocks, 2001). If tedera can be a successful component of such a 

phase system, it could extend the range of perennial species in WA. 
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Green leaf retention is a highly-desirable trait in a perennial pasture species over summer and 

autumn, as leaf biomass is likely to make up most of the nutritional intake for livestock. Tedera 

plants retain most of their green leaves during summer and autumn which contrasts with 

lucerne, which often drops its leaves as a drought-avoidance mechanism (Irigoyen et al., 1992; 

Moore et al., 2006). The whole-farm bio-economic model MIDAS (Model of an Integrated 

Dryland Agricultural System) indicates that the provision of green forage in summer and 

autumn can generate a large increase in profit by reducing the requirement for purchased 

supplementary feed (Finlayson et al., 2012). A recent pilot grazing trial showed tedera plants 

could be grazed during both summer and autumn without causing problems to livestock, and 

the recovery of the plants after grazing in this same period has been excellent (D Real 

personal. communication). Suriyagoda et al. (2013) also found excellent regrowth following 

cutting in early summer. 

The extended summer/autumn growth of perennials such as tedera should also confer an 

ability to dry the soil to a greater depth than can be achieved by annual crops and pastures 

(Bell et al., 2006), thereby reducing the potential for groundwater recharge and associated 

secondary salinity (Dear et al., 2003). Additional benefits will likely arise from more permanent 

soil cover and reduced soil erosion during summer and autumn. 

FOCUS OF PHD RESEARCH ON DROUGHT RESISTANCE MECHANISMS IN TEDERA 

Research into plant responses to water availability is increasingly important and the need to 

improve plant drought tolerance is particularly urgent as most climate change models predict 

an increase in aridity in many parts of the world (Petit et al., 1999; IPCC, 2007). The south-west 

of Australia urgently needs new drought-tolerant perennial pasture species to be introduced 

as part of the overall climate change management plan (Turner et al., 2011). With the 

predicted fluctuations in rainfall patterns due to climate change, there may also be changes in 

the occurrence of episodic drought (IPCC, 2007), where plants will be repeatedly exposed to 

drought in the field. Repeated exposures to drought can increase the sensitivity of plants to 

changes in the environment that induce stomatal closure, while also reducing the sensitivity to 

changes that induce stomatal opening (Aasamaa and Sober, 2011). Understanding how 

perennial legume species like tedera respond to rainfall after prolonged summer drought will 

be important for farmers to implement pasture-management practices. This understanding is 

essential for forages that are used for livestock feeding schedules aimed at high production 

systems.  

Many plant adaptations for survival in harsh environments also tend to reduce economic yield 

(Richards, 1997) and persistence does not equal productivity. It is often difficult to tell how, or 
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even whether, a particular phenotypic character contributes to a plant’s survival. As an 

example, Medicago asiatica (Sinskaya) is highly resistant to leaf drop in Afghanistan, but 

undergoes severe leaf shedding when grown in Europe (Bennett, 1970). Strategies that are 

good in an arid environment such as increased water-use efficiency and slower growth rates 

may be a disadvantage under more favourable conditions as plants may be outcompeted by 

less drought-tolerant plants (Arve et al., 2011). Tedera plants have also evolved under a humid 

environment in the Canary Islands (Table 5.1); how will the plants respond to the lower-

humidity environment of the southern wheatbelt? Plants grown under constant high relative 

humidity tend to contain less abscisic acid (ABA) and their stomata can be larger than those of 

plants grown under lower-humidity environments (Nejad and van Meeteren, 2007). 

There are also often significant abiotic stresses in many Australian wheatbelt soils, such as low 

pH, aluminium toxicity, nutrient deficiencies and low water-holding capacity; all of these could 

impact drought resistance, survival and productivity of plants. For instance, the roots of many 

crops will not grow into an acid soil layer with a high aluminium concentration (Lambers et al., 

2008). This severely limits the ability of the plant to obtain nutrients and also restricts the 

overall rooting depth and can lead to severe drought symptoms in the crop, even if moisture is 

available at depth. The soils on Lanzarote were also high in alkalinity (pH up to 8.6 in saturated 

paste (Arve et al., 2011); how will tedera plants respond to lower pH soils? 

The drought resistance mechanisms of tedera may allow it to survive, but, critically, will it 

remain productive over the summer and autumn drought in southern Australian 

environments? How do we manage tedera to maximise yield and livestock production over 

summer and yet maintain persistence? To answer these questions, understanding the 

physiological and ecological significance of the various drought resistance mechanisms in 

tedera is required. This will allow breeders to target new sites for germplasm collection, 

undertake plant selection and breeding programs, produce new cultivars that will not only 

survive over summer, but, critically, be productive and profitable, in our southern Australian 

farming systems. 

While drought resistance and recuperative potential are known to vary within several 

perennial grass species (Su et al., 2008), the combined responses to water stress and re-

watering among perennial legumes is relatively unknown (Filippou et al., 2011). More 

generally, the relationship between plant growth and ecophysiological functioning in response 

to water stress and re-watering is not yet fully understood and needs to be further 

investigated (Xu and Zhou, 2008). Understanding physiological factors that enable perennial 
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legumes to rapidly recover from drought damage after summer or autumn rainfall events is 

also important in legume management, particularly in water-limiting environments. 

THESIS METHODOLOGICAL APPROACH 

Growing plants in pots in controlled environments enables tight control of many variables such 

as humidity, light and temperature and are therefore more repeatable than field experiments 

(Passioura, 2006). Extrapolating experimental pot results to the field is considered possible if 

some precautions are taken, including ensuring that pots are large enough (Poorter et al., 

2012), the growing media is from the field, and soil hypoxia is avoided (Passioura, 2006). 

However, many studies investigating stress effects on plants are short-term, which are often 

not directly applicable to the field (Cai et al., 2010). Important considerations should also 

include: the method used to impose dehydration, the maturity of the plants, the severity and 

duration of dehydration, and the physiological status to be assessed.  

In some studies, inert polymers of high molecular weight, such as polyethylene glycol (PEG), 

have been applied to simulate a programmed level of drought stress by reducing the water 

potential of the nutrient solution (Kaufmann and Eckard, 1971). The use of PEG can avoid 

many of the problems associated with using soil for pot-grown plants for drought experiments 

(Lawlor, 2013). As an example, it is possible to change the water status readily to particular 

values and apply at specific times (Lawlor, 1970). However, these polymers have also entered 

the plant and exerted a toxic effect, regardless of the water uptake limitation (Munns et al., 

1979). Moreover, the physiological responses to drought and osmotically-applied stress are 

largely different in terms of shoot:root carbon allocation and the metabolic pathways involved 

(Frechilla et al., 1993), and while the use of PEG in experiments may increase our knowledge of 

stress physiology, it is unlikely to represent physiological conditions in the field (Lawlor, 2013). 

Nonetheless, imposing drought stress in controlled environments by simply ceasing to water is 

also problematic. For instance, depending on the media, plants in large pots may even develop 

stress soon after watering has ceased (Pang et al., 2011), while development of water deficit in 

the field is often a gradual process reflecting the greater volume of soil explored by the root 

system. The plant’s response to the velocity of stress imposed will affect the metabolism in 

distinct ways when acclimating to slowly-imposed drought stress or with a fast response to a 

dramatic change in tissue water status (Waseem et al., 2011). A better plant growth system to 

produce agronomically-relevant results is to create a physiological water stress in which the 

drought stress is a gradual depletion of water using soil from the field, where water deficit 

occurs over weeks, not days, and the timing (in terms of season) of the drought stress matches 

the stress in the field. 
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For the reasons outlined above, the glasshouse experiments presented in this thesis (Chapters 

2 and 4) used soils from a field site in a region targeted for tedera adoption. The soil (texture-

contrast soil, grey coarse sand over an alkaline clay loam; Plate 1.3) also represents a major 

soil type of high agricultural importance in south-western Australia (Moore et al., 1998). This 

approach was deemed the most ecologically relevant for water relations and ensured the 

presence of many physical, chemical and biological characteristics of a natural soil. Commercial 

potting mixes often behave differently from soil (more aeration and drainage) in their water-

holding capacity and water release characteristics and this is especially problematic for 

drought stress experiments (http://plantstress.com/methods/PotExp.htm).  

 

 

Plate 1.3. Soil removed in three layers from the field site at Newdegate in the southern 

wheatbelt of WA for controlled-environment studies. 

 

To gain a better understanding of the physiological and morphological responses of tedera 

over summer, field studies were also undertaken (Chapter 3). Field-grown plants are likely to 

be subjected to one or more cycles of lower soil water potential and consequently may 

become pre-conditioned, or 'hardened' to subsequent drought stress (Ashley, 1993). Although 

designing and setting up field experiments is a difficult task and can be complex with high risk 

of failure, testing newly-developed stress-tolerant genotypes to multiple stresses under 

http://plantstress.com/methods/PotExp.htm
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controlled-environment conditions must be confirmed with studies in the field (Richards et al., 

2010). However, screening plants in the field under natural conditions for drought resistance 

can be difficult due to the possibility of summer-rainfall events; this becomes more 

manageable by using rain-exclusion shelters (Farooq et al., 2009). 

THESIS AIMS 

The specific aims of the research reported in this thesis were to: 

a) Compare the drought resistance of tedera (one accession) with other pasture legume 

species at the seedling stage in a controlled environment (Chapter 2). 

b) Examine seasonal and diurnal variation in stomatal conductance and paraheliotropism 

of tedera (three accessions) in the field (Chapter 3). 

c) Investigate in detail in a controlled-environment the key physiological and 

morphological traits related to the drought resistance mechanisms of tedera (two 

accessions) identified in the field (Chapter 4). 

d) Investigate in detail in a controlled-environment the key physiological and 

morphological traits related to the mechanisms for recovery from drought stress of 

tedera (two accessions) (Chapter 4). 

Drought stress in tedera is likely to trigger a wide variety of leaf and root physiological and 

morphological responses. This study is among the first to investigate the mechanisms that 

confer drought resistance in tedera in the field and examine the level of variation within seven 

accessions for this highly-desirable trait. Moreover, new detailed knowledge on the 

acclimation of tedera (and lucerne) to severe drought conditions will increase the relatively 

poor knowledge of drought resistance mechanisms in perennial legumes.  

The results from this study will increase understanding of the ecophysiology and ecology of 

tedera, and the agronomic potential for tedera to increase the sustainability of Australian 

farming systems threatened by predicted climate change. A better understanding of the 

mechanisms of drought resistance and recovery will allow specific traits to be targeted in 

selection/breeding programs prior to the release of the first tedera cultivar and enhance the 

potential for the adoption of this species into low-medium rainfall pasture systems. 
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THESIS STRUCTURE 

This thesis is in agreement with the Postgraduate and Research Scholarship Regulation 

1.3.1.33(1) of The University of Western Australia and is presented as a series of three 

scientific papers. Two manuscripts are published and included as PDFs with the other is 

accepted and published online. All work presented has resulted from work done towards this 

thesis. There are five main chapters in this thesis: General Introduction, three Experimental 

Chapters and General Discussion. The General Introduction covers the broad background for 

the work presented in the thesis in order to justify the research objectives presented. A more 

focused review of literature is presented in the Introduction of each Experimental Chapter. The 

three Experimental Chapters are presented in the format of scientific papers that can be read 

individually or as part of the whole thesis. Each Experimental Chapter includes the following 

sections: Summary, Introduction, Materials and Methods, Results, Discussion and References. 

Each Experimental Chapter is preceded by a short Preface, which serves to link the chapter to 

the broader hypotheses addressed by the thesis and clarifies the role of each listed author of 

the paper. This 'thesis-as-a-series-of-papers' format results in some unavoidable repetition, 

especially in the Materials and Methods sections of Chapters 2 with 4. The references for 

Chapters 1 and 5 are combined at the end of the thesis. 
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PREFACE 

While many studies have investigated the response of crop and pasture species to drought 

stress, there has been little evaluation of seedling drought resistance, especially in legumes. 

This study was conducted to compare, in a controlled environment, the drought resistance of 

tedera (one accession) with other pasture legume species at the seedling stage. I undertook 

most of the work involved in preparing this chapter including all tasks related to setting up the 

experiment, germplasm selection, planting, irrigation, physiological and morphological 

measurements, harvesting, and interpretation of the results. Associate Professor Ryan, Adjunct 

Professor Real and Winthrop Professor Lambers contributed meaningful comments on the 

ideas presented. Dr Ramankutty provided statistical assistance and Associate Professor Renton 

contributed towards the initial experimental design. Dr Christine Davies of Tweak Editing 

contributed editorial assistance on the manuscript. 
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SUPPORTING INFORMATION 

 

Plate 2.1. Seedling drought experiment in controlled environment. 

 

 

Plate 2.2. Upper root system of five-week-old tedera seedlings from well-watered controls 

showing tap and lateral roots with nodules.  

 



CHAPTER 2. DROUGHT RESISTANCE AT THE SEEDLING STAGE IN TEDERA 

PAGE | 25 

 

Plate 2.3. Successful establishment of tedera seedlings after direct sowing of pods at a depth 

of 50–70 mm with an experimental seeder. 
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PREFACE 

This chapter has been published as follows: “Foster, K., Ryan, M., Real, D., Ramankutty P., 

Lambers, H. (2013). Seasonal and diurnal variation in stomatal conductance and 

paraheliotropism of tedera (Bituminaria bituminosa var. albomarginata L.) in the field, 

Functional Plant Biology 40, 719–729”. The framework for this study is that light, relative 

humidity and temperature are often quite contrasting in controlled-environment studies 

compared with field conditions and as such, stomatal behaviour in response to water stress 

may be considerably different. This study used two field sites with contrasting soil types within 

the medium-low rainfall zone of the WA wheatbelt. The first site at Merredin has a naturally 

highly-acidic soil (pH in CaCl2  3.8 at 100 cm); however, the site was destroyed by rabbits 

following damage to a perimeter fence before many of the measurements could be completed 

and no results are reported. The second site at Newdegate is the focus of this chapter. I 

undertook most of the work related to this chapter, including all tasks related to setting up the 

field experiments, germplasm selection, site preparation, planting, nutrition, irrigation design, 

scheduling of watering, biomass sampling, plant physiological and morphological 

measurements, and interpretation of the results. Associate Professor Ryan, Adjunct Professor 

Real and Winthrop Professor Lambers contributed meaningful comments on the ideas 

presented. Dr Ramankutty provided statistical assistance and Dr Jane Speijers was responsible 

for the initial experimental design. Dr Christine Davies from Tweak Editing contributed 

editorial assistance with the manuscript.  
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SUPPORTING INFORMATION 

 

Plate 3.1. Newdegate field experiment January 2010 with rain exclusion shelter (cover remains 

on from early December to late April the following year). 
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Plate 3.2. Tedera leaves at the Newdegate field site in mid-summer showing heliotropism from 

08.00 h to 18.00 h.  
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PREFACE 

This chapter has been formatted for and submitted to Annals of Applied Biology. Despite its 

importance, studies on the capacity of photosynthetic recovery from drought stress have only 

been conducted on a few species. The ability of tedera to recover from drought stress is as 

essential for plant growth and survival as drought resistance during water stress. For 

consistency, this controlled-environment study used the same accessions and same soil as the 

field experiment (Chapter 3). Growing plants in pots provided the opportunity to examine 

changes in root systems that may occur during drought stress and recovery. I undertook most 

of the work related to this chapter, including all tasks related to setting up the experiment, 

germination, planting, nutrition, irrigation scheduling, plant physiological and morphological 

measurements, sampling and preparation for chemical analysis, data entry, and preparation 

and interpretation of the results. Associate Professor Ryan, Adjunct Professor Real and 

Winthrop Professor Lambers contributed meaningful comments on the ideas presented. Dr 

Ramankutty provided statistical assistance and Associate Professor Renton contributed 

towards the initial experimental design. Dr Christine Davies from Tweak Editing also 

contributed with editorial assistance on the manuscript.  

 

Please note: There are several typeset errors in the paragraph starting at line 37 on page 6 (i.e. 

no spaces between sentences) and on page 8 (second column line 39, should read “that is,”) 

that were not amended on the online publication but have been corrected for the print version. 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 45 

 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 46 

 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 47 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 48 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 49 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 50 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 51 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 52 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 53 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 54 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 55 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 56 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 57 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 58 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 59 

 

  



CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 60 
Available from Wiley Online Library via  http://dx.doi.org/10.1111/aab.12171 

http://dx.doi.org/10.1111/aab.12171


CHAPTER 4. DROUGHT RESISTANCE AND RECOVERY IN MATURE TEDERA 

PAGE | 61 

SUPPORTING INFORMATION 

 

 

Plate 4.1. Drought and re-watering experiment before imposing drought stress (Note pot 

crane for weekly weighing of pots). 
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Plate 4.2. Tedera plant 14 days after re-watering (top) and after 28 days (bottom).  
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Table S1. Photosynthetically active radiation (PAR) (μmol photons m–2 s–1) 

for two genotypes of tedera and one genotype of lucerne in the drought-

stressed treatment and the well-watered control on day 30 in the drought 

phase at 1200-1500 h (average of 2 leaves per plant) (mean ± s.e., n = 4). 

 Drought-stressed 

treatment 

Well-watered control 

Tedera 4 850 ± 55 1860 ± 36 

Tedera 6 856 ± 59 1725 ± 59 

Lucerne 871 ± 14 1532 ± 43 

 

Table S2. Plant height (mm) for two genotypes of tedera and one 

genotype of lucerne in the drought-stressed treatment at day 30 in 

the drought phase and day 28 in the recovery phrase (n = 4, SED = 

58). There was a two-way interaction of time by genotype (P < 0.05). 

 Drought phase  Recovery phase 

 Day 30  Day 28 

Tedera 4 266  331 

Tedera 6 208  249 

Lucerne 560  702 
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Table S3. Proline, proline betaine, fructose/pinitol and glucose concentrations in leaf tissue for two genotypes of tedera and one genotype of 

lucerne at day 1 and day 47 of the drought phase, and day 28 of the recovery phase in the drought-stressed treatment (DS) and the well-watered 

control (WW) (mean ± s.e., n=4). PWP = permanent wilting point, * = not detected, i.e. failure to detect any quantity above the detection limit: 

proline (10 µmol g–1 DW), proline betaine (10 µmol g–1 DW), fructose (11 mg g–1 DW), glucose (16 mg g–1 DW) and pinitol (25 mg g–1 DW). 

Phase Day Genotype Treatment Proline 

(µmol g–1 DW) 

Proline betaine 

(µmol g–1 DW) 

Fructose + Pinitol 

(mg g–1 DW) 

Glucose 

(mg g–1 DW) 

Drought Day 1 Lucerne WW * 35.5 ± 8.9 37.4 ± 9.3 17.1 ± 4.3 

   DS * 27.8 ± 2.1 41.6 ± 6.2 23.9 ± 1.4 

  Tedera 4 WW * * 20.5 ± 2.4 10.5 ± 1.6 

   DS * * 25.9 ± 1.2 18.4 ± 6.0 

  Tedera 6 WW * * 26.3 ± 2.2 16.1 ± 3.7 

   DS * * 22.0 ± 3.1 11.2 ± 2.7 

Drought Day 47 Lucerne WW * 87.8 ± 23.5 71.7 ± 9.8 15.4 ± 3.8 

   DS PWP PWP PWP PWP 

  Tedera 4 WW * * 50.4 ± 4.8 15.1 ± 1.9 

   DS 205 ± 1 * 95.8 ± 3.4 36.9 ± 6.4 

  Tedera 6 WW * * 59.7 ± 5.6 23.5 ± 3.5 

   DS 191 ± 3 * 80.0 ± 4.2 40.4 ± 7.3 

Recovery Day 28 Lucerne WW * 69.4 ± 12.1 49.9 ± 6.6 9.3 ± 1.6 

   DS * 58.0 ± 12.1 45.3 ± 1.2 4.7 ± 1.3 

  Tedera 4 WW * * 57.8 ± 2.0 16.3 ± 3.5 

   DS * * 48.4 ± 3.2 16.9 ± 7.0 

  Tedera 6 WW * * 51.1 ± 4.5 21.8 ± 3.0 

   DS * * 51.3 ± 4.1 25.7 ± 6.1 
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CHAPTER 5. GENERAL DISCUSSION 

 

Plate 5.1. Examining the root structure of two-year-old tedera plants at the Newdegate site. 
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INTRODUCTION 

The predicted impacts of human-induced climate change are the highest in Mediterranean 

ecosystems (Hulme et al., 1999), with changes predicted in temperature regimes and rainfall 

patterns, as well as an increase in heat waves and droughts (IPCC, 2007). From 2000–2008, 

Australia experienced two of its worst droughts on record. The years 2002–03 and 2006–07 

had the most widespread adversity, with record high temperatures and dry conditions (ABS, 

2008). Hennessy et al. (2007) concluded that without further adaptation to climate change, 

negative impacts on agricultural production in Australia would likely be substantial and 

projected that by 2030, production from agriculture could decline over much of southern 

Australia. The recent Australian Bureau of Agricultural and Resource Economics report (ABARE, 

2007) on climate change predicted Australia to be one of the most adversely-affected regions 

from future changes in climate in terms of reductions in agricultural production and exports. 

Australian farmers who rely on narrow-based annual farming systems will be susceptible to 

both economic and climatic challenges. Based on the above, it can be concluded that our 

current farming practices, based on predominantly shallow-rooted annual crops and pastures 

with relatively low drought resistance, are not sustainable in the medium to long term. 

To decrease the effects of climate change on agricultural land, farming systems in southern 

Australia will likely need to be redesigned in this century to include crops and pastures with 

improved maximum water-use efficiency. The resilience of our legume crops to current 

weather extremes, such as drought, is also considered to predict their adaptation to future 

climate change (Cutforth et al., 2007). Therefore, drought-resistant perennial species can be 

part of this redesign, but they must be as profitable as the agricultural enterprises they 

displace. Perennial pastures can be profitable by providing high-quality feed at strategic times 

(i.e. autumn) and, preferably, being grown where they are economically competitive against 

established cash crop systems (i.e. cereals and oilseeds). However, there appear to be few 

herbaceous perennial legumes from elsewhere in the world that meet these criteria and are 

suited for the southern Australian wheatbelt, particularly the acid soils (Dear et. al., 2003) 

which current available species such as lucerne are poorly adapted. To maximise productivity 

from new perennial legumes, we therefore need to consider a broad number of previously 

unexplored genera and, likely, focus on those with different physiology to current options. We 

also need to understand drought resistance mechanisms of any new perennial species 

introduced.  

There are new drought-resistant perennial herbaceous legumes from overseas currently being 

evaluated that could play a key role in this redesigned agriculture. A list of priority species for 
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further evaluation was developed by the Future Farm CRC, following assessment of material 

from collection missions and genetic resource centres. Tedera was regarded as a promising 

species to provide out-of-season forage across all rainfall zones in southern Mediterranean 

Australia. Tedera is from Lanzarote, the Canary Islands, has excellent fodder value and grazing 

tolerance, is adapted to summer aridity, and can be found in soils with pH from 4.7 to 8.5 (Real 

et al., 2009). However, the exact adaptations and/or drought resistance mechanisms that 

enable tedera to grow in the harsh habitat of the Canary Islands as either a seedling or as a 

mature plant are not known. It is likely not a single trait, but a suite of morphological and 

physiological attributes are responsible for the adaptation of tedera to its native environment. 

This thesis has provided an overview of morpho-physiological and biochemical responses of 

tedera plants to drought stress by comparing it with lucerne. Lucerne (SARDI 10) was used, 

where suited, as it is highly productive, relatively drought resistant and persistent, well 

adapted to a Mediterranean climate (Bouizgaren et al., 2010) and is the standard by which 

other perennial legumes are compared (Dear et. al., 2003; Pang et al., 2011; Suriyagoda et al., 

2013). In this chapter, several areas that have been highlighted by the research presented in 

this thesis are discussed: a) the drought resistance mechanisms of tedera as a seedling and 

mature plant; b) the species-specific mechanisms in tedera which allow it to survive in its 

native environment; and c) the agronomic implications of the research findings. The results 

from each experiment and their agronomic implications are considered, and future research 

priorities are considered. 

KEY FINDINGS FROM THIS RESEARCH 

This study has shown that drought stress triggers a wide variety of physiological, biochemical, 

and leaf and root morphological responses in tedera, which allow it to survive and recover 

from drought stress. Comparing the water relations of tedera and lucerne, both as seedlings 

and as mature plants, confirmed the superior drought resistance of tedera, which continues to 

function during periods when water stress restricts lucerne growth. Tedera has physiological 

traits such as osmotic adjustment (OA) that permit continued water transport, gas exchange, 

and cell survival at very low relative leaf water content (RWC) and leaf water potential (LWP). 

Water uptake is maximised in tedera by early taproot elongation in the seedling, by changes in 

the allocation pattern of roots, namely an increase in the root:shoot ratio and in lateral root 

growth under drought stress. Water loss is minimised in tedera by effective stomatal control, 

increased water-use efficiency (WUEL) and reduced light absorbance through 

paraheliotropism, leaf rolling and increased pubescence of stems and leaves (Chapter 4). 
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A significant finding was the confirmation that tedera can sustain shoot biomass under 

extreme drought stress in the field over summer (Chapter 3). A novel finding from this 

research was the significant accumulation of proline and pinitol in leaf tissue in tedera in 

response to drought stress; both are likely central in maintaining water balance in tedera and 

also in recovery from drought stress (Chapter 4). The ability of tedera to maintain 

photosynthetic activity during a slowly-developing drought may be directly related to its 

survival and recovery following a drought. Tedera demonstrated enhanced physiological 

plasticity in changing environments relative to lucerne. Thus, it seems that tedera is a drought-

resistant plant, which not only maximises photosynthetic water-use efficiency, but, 

importantly, maximises the use of available soil water. 

ADAPTIVE RESPONSES OF TEDERA SEEDLINGS TO DROUGHT STRESS 

Lack of intense rainfall in the Canary Islands (Chapter 1) combined with high evaporation rates 

means seedlings need to implement short to medium-term physiological responses to rapidly 

acclimate and survive in that environment. Chapter 2 examined the drought resistance 

mechanisms of tedera at the seedling stage, compared with two other pasture legumes, 

biserrula and lucerne, and the drought-resistant summer-active Afghan melon. All four species 

decreased photosynthetic rate (A) and stomatal conductance (gs) in the drought treatment. 

The photosynthetic rate of leaves of all plants decreased as RWC and LWP decreased. Tedera 

and Afghan melon had tighter stomatal control and used water more efficiently; consequently 

achieving a water-use efficiency (WUEL defined as the ratio of A/gs) up to three times greater 

than that of biserrula and lucerne. The reduced photosynthesis in drought-stressed tedera 

seedlings can be attributed to stomatal (stomatal closure) and possibly non-stomatal factors.  

The early taproot elongation in tedera seedlings (Chapter 2) should allow for high water 

extraction from the soil and would be a key factor in this early drought resistance. If tedera 

were grown in the field under severe water-deficit conditions, the rapid elongation of the tap 

root should keep up with the receding moisture front down the soil profile. Tedera and Afghan 

melon also had more lateral roots in the 0–20 cm soil layer than either biserrula or lucerne in 

both treatments (K Foster unpublished data). Observations in the field and the controlled-

environment study also showed that some of the early roots of tedera grew horizontally (Plate 

5.1) in the upper soil surface (K Foster personal observations). Although water from upper soil 

layers is often lost due to soil evaporation (Johansen et al., 1992), these lateral roots of tedera 

seedlings may still provide a competitive advantage in early water extraction. 
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ADAPTIVE RESPONSES OF MATURE TEDERA PLANTS TO DROUGHT STRESS 

PHYSIOLOGICAL RESPONSES TO WATER STRESS 

The field experiment at Newdegate (Chapter 3) is the first physiological study of tedera in the 

wheatbelt of southern Australia. The morphological and physiological data collected over the 

entire year provided valuable insight into the productivity and survival of tedera over summer 

under extreme drought.  

Daily rhythms have been recognised for a long time in different plant processes, namely 

photosynthesis and stomatal aperture (Waseem et al., 2011). The depression in gs in tedera 

during peak evaporative demand in the middle of the day in May (late autumn) and February 

(late summer) may have resulted from an evolutionary pressure in the Canary Islands to avoid 

physiological responses that may be disadvantageous during these parts of the day (when 

temperature and radiation are excessive). This stomatal behaviour in tedera would be of major 

adaptive significance to plants growing in arid areas, and this water conservation at the 

expense of carbon gain is likely a critical adaptation of this species to water-limiting 

environments. The stomatal control mechanisms in tedera may not only result in water being 

used more efficiently, but may minimise the risk of xylem embolism by reducing the 

probability of cavitation through stomatal closure during periods of high transpirational 

demand (Meinzer et al., 2009). 

Stomatal conductance is determined by a combination of stomatal size, density and aperture. 

This is not controlled by soil water availability alone, but by a complex interaction of factors 

internal and external to the leaf (Medrano et al., 2002). One possible reason for tedera’s more 

effective control of stomata is the accumulation of abscisic acid (ABA) in leaves; ABA is 

commonly associated with stomatal closure (Zhang and Davies, 1990). Previous studies also 

suggest that stomates respond to xylem ABA under water-stressed conditions when gs has 

decreased to a low value (Trejo et al., 1995). Initial soil drying may be sensed by part of the 

shallow lateral root system observed in the field (see below) and root-sourced ABA in the 

xylem may regulate gs such that water loss in the shoots may be reduced and leaf water deficit 

can be avoided. It is possible that some tedera accessions are also hypersensitive to ABA, and 

more resistant to drought stress (i.e. tedera 4), whereas those insensitive to ABA are more 

drought sensitive (i.e. tedera 22). 

Usually, abaxial surfaces from amphistomatous leaves (stomata on both surfaces) have higher 

stomatal density compared with adaxial surfaces, so higher stomatal conductances are often 

measured on abaxial leaf surfaces (Lu et al., 1993). However, the differences in gs of adaxial 
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and abaxial leaf surfaces found both species (Chapter 3) are probably directly influenced by 

environmental variables and mediated by soil water deficits. The abaxial surface of leaves of 

both species would be more exposed to wind, light and heat reflected from the ground, and 

consequently experience a higher evaporative demand. Stomatal conductance decreased 

more on the abaxial than adaxial leaf surface in rice cultivars, and this was due to a change in 

leaf form and folding of the upper leaf surface (O’Toole and Cruz, 1980). 

CHANGES IN ORGANIC SOLUTES IN RESPONSE TO WATER DEFICIT AND RE-WATERING 

Chapter 4 reported for the first time the substantial concentration of proline in tedera in 

response to water deficits and the presence of pinitol (Chapter 4). The accumulation of proline 

and pinitol in tedera at the same time as significant changes in RWC and midday LWP suggests 

it has a role in OA in leaf tissue, and contributes to stress tolerance during drought. Blum 

(1989) suggested there was a positive linear relationship between growth and OA only when 

OA equalled or exceeded 0.2 MPa. However, we found evidence of OA up to 0.5 MPa for both 

tedera accessions during drought stress (Chapter 4). Osmotic adjustment may allow stomata 

to remain open, at least partially, and CO2 assimilation to continue at very low LWPs (<–6.5 

MPa) that could otherwise be inhibitory. High leaf proline concentrations have also been 

reported to protect the photosynthetic system from permanent damage during drought 

(Lawlor, 2001) and have been reported previously to not interfere with normal biochemical 

processes (Stewart, 1981). 

Pinitol, a sugar alcohol has been found in legumes especially under water stress conditions 

(McManus et al., 2000) and may also serve as a scavenger of reactive oxygen species 

(Sengupta et al., 2008). The accumulation of pinitol in accession tedera 4 may also contribute 

to the drought tolerance of this accession and its ability to tolerate low LWPs. Proline was not 

detected in leaves of tedera at the end of the recovery phase: the catabolism of proline has 

been suggested to supply energy for plants to resume growth after stress (Szabados et al., 

2011). This strongly suggests a role for proline in plant drought recovery in tedera. Pinitol 

concentrations decreased substantially in leaves of tedera 4 following re-watering, but were 

still higher than pre-drought values, reflecting a slower turnover that likely contributed to 

metabolism for growth of new shoots. Water uptake is likely enhanced in tedera by the 

accumulation of these solutes to both lower tissue water potential and improve root growth. 

The pool of these solutes, and possibly others, which built up in tedera during drought stress 

probably helped to produce the new and rapid growth exhibited upon re-watering. 
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MORPHOLOGICAL RESPONSES TO WATER STRESS 

PARAHELIOTROPISM  

Water availability plays a major role in modulating heliotropism in tedera, its deficit resulting 

in steeper midday leaf angles (Chapters 3 and 4). These leaf movements appear to be an 

important adaptation to reduce leaf temperature—not only from direct radiation from above, 

but probably also from reflection and radiation from the soil surface—and thus the vapour 

pressure gradient between leaf and atmosphere which, in turn, would reduce transpirational 

water loss. Rapid leaf movements could also offer tedera seedlings a fast-acting stress-

avoidance mechanism in the case of a sudden rise in temperature or hot dry winds, and may 

be critical when seedlings are highly exposed to the physical environment (due to a lack of self-

shading). Secondary pulvini on the base of the petioles adjoining the stem further increase the 

upwards angle of the leaf (K Foster personal observations; Plate 5.9). 

Although in this field study I did not report on leaf azimuthal direction—the compass direction 

of leaves—sunlit leaves of tedera accessions in summer were oriented east in the early 

morning (Plate 3.2) and faced west in the late afternoon, i.e. diaheliotropism (Koller, 1986). 

Such diaheliotropic leaf angles may have evolved to improve day-long carbon gain by 

increasing light interception from low angles and minimising water use with respect to daily 

carbon gain (Cowan, 1982). This would allow tedera leaves to operate at maximum 

photosynthetic capacity in the morning and the afternoon, increasing carbon gain (relative to 

leaves in a fixed orientation) when evaporative demand is low and WUE is high. Any potential 

loss of carbon assimilation due to this lower PAR when leaves are folded is likely to be offset by 

favourable effects of reduced leaf temperature and transpiration as the heat load on these 

upper leaves would be reduced compared with a horizontal leaf. Some of the lost PAR from 

the upper folded leaves may be intercepted by leaves lower in the canopy (Plate 5.2), thereby 

providing most of the required incident radiant energy for tedera to maintain photosynthetic 

activity. 
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Plate 5.2. Aerial view of tedera plants growing outside, showing moderate folding of upper 

leaves. Note the way the leaves are typically arranged around the crown which should 

enhance the interception of light on lower leaves. 

 

INDIVIDUAL LEAF AREA AND PUBESCENCE UNDER DROUGHT STRESS 

Tedera has a high degree of plasticity, which includes the ability to adjust its leaf canopy 

according to soil moisture availability, and involves individual leaf area adjustment over the 

seasons (Chapter 3). Smaller leaves were produced by tedera and lucerne over summer, and 

this may not only reduce water loss but also allow more photoassimilates to be directed 

towards root growth. These two mechanisms in tedera may help balance water conservation 

and extraction in its native environment during summer. Smaller leaves are also well adapted 

to high temperature and high light environments, and provide more efficient control of water 

loss by stomatal closure (Jarvis and McNaughton, 1986). The new leaves of drought-stressed 

tedera plants were increasingly pubescent on stems and leaves (Plate 5.3) which would partly 

protect plants from excessive light injury and decrease transpirational water loss (Sandquist 

and Ehleringer, 2003). The leaves produced in summer by tedera may not only differ 

morphologically (e.g. smaller size, more leaf hairs), but also physiologically from the autumn 

and winter-produced leaves.  
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Plate 5.3. Strong pubescence on leaves and petioles of tedera after 30 days of drought stress 

(right) compared to well-watered control plants (left). Source: Chapter 4. 

 

ROOT CHARACTERISTICS AND GROWTH RESPONSES OF MATURE PLANTS TO DROUGHT STRESS 

As an adaptive trait to drought resistance, plants in arid conditions often decrease 

aboveground biomass production and allocate more biomass to roots, maintaining a higher 

root:shoot ratio (Erice et al., 2007). We also observed higher root:shoot ratios in tedera 

relative to lucerne under water-deficit conditions in the controlled-environment experiment 

(Chapter 4). Root systems in tedera in this study had greater plasticity in response to drought 

stress and re-watering than those of lucerne. Lateral root mass actually increased under 

drought stress for tedera 4, with a large increase in root:shoot ratio at day 47 of drought 

stress. This suggests stronger acclimation in tedera 4 to prolonged drought stress than in 

tedera 6 or lucerne.  

When tedera plants were removed from the soil at Newdegate at the end of summer, they had 

an extensive lateral root system that spread over a large area with a mat of finer roots just 

below the surface (Plate 5.4). These shallow and finer lateral roots may provide an opportunity 

to access early-season precipitation before it is lost through evaporation, and may have 

different responses to soil water than the primary tap root system. Pang et al. (2011) also 
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found that several perennial legume species, including tedera, increased allocation to surface 

roots in response to drought stress. Other species from dry environments also have similar 

root systems, with shallow lateral roots taking advantage of light rainfall events that may not 

infiltrate far below the soil surface (Canadell and Zedler, 1995). Large summer-rainfall events 

may increase the productivity of deep-rooted species like lucerne; however, with smaller 

rainfall events predicted from climate change, these should benefit and increase productivity 

in shallow-rooted species like tedera. These shallow lateral roots also appear to dry the upper 

soil reducing competition from weeds during summer (K Foster personal observations). 

  

 

Plate 5.4. Tedera (accession 4) plant excavated at the end of summer (late March 2010) at the 

Newdegate field site (Chapter 3). Note the fine fibrous root mass just below the soil surface 

(a), and the extensive lateral root system (b and c). 

 

During the summer months, how do tedera's shallow lateral roots remain alive? The surface 

soil dries out quickly during hot, dry periods, so these lateral roots likely release whatever 

water they contain to the surrounding dry soil; thus the roots would likely die unless this water 

was replaced. However, at the end of the drought phase (Chapter 4), upper lateral root 

diameter (50 mm below the crown) declined by 22% in tedera when compared to the well-
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watered controls (K Foster unpublished data). This may cause a root–soil air gap as the roots 

shrink radially. Similar results have been reported by Nobel and Huang (1992) for drought-

resistant desert plants, who proposed that the air gap restricts water loss from the roots to the 

drying soil in desert succulents. Drought stress may also cause embolism of the xylem vessels 

(Chapter 4), and could reduce axial conductance for lateral roots as well as main roots. 

Drought-induced embolisms form when xylem sap tension reaches a critical threshold and air 

is aspirated through pit membranes. North and Nobel (1991) found that embolism reduced 

axial conductance by up to 98% in lateral roots (hydraulically isolating the plants from soil), 

thereby limiting water loss to dry soil. However, plants have evolved mechanisms to restore 

xylem transport capacity once embolisms occur (Brodersen and McElrone, 2013). By re-

watering, axial conductance would recover by eliminating the embolism from xylem vessels 

(North and Nobel, 1991), and remobilised root constituents from the taproot may supply 

energy for the resumption of new shoot growth in tedera. 

The long-term responses to water stress may include changes in xylem anatomy and a 

reduction in xylem hydraulic conductivity to water flow along the soil–plant–atmosphere 

continuum. The formation of tyloses in the vascular system may restrict water uptake in tedera 

over summer. Tyloses are outgrowths of xylem parenchyma cells into vessel-parenchyma pit 

pairs into the lumen of tracheary elements (Esau, 1948). Canny (1997) proposed that 

formation of tyloses is initiated by the frequent embolisation of vulnerable vessels. Structures 

that resemble tyloses were found in the xylem vessels of stems in drought-stressed tedera 

plant (M J Canny personal communication) which were not observed in the well-watered 

controls (Plate 5.5). 
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Plate 5.5. Cross sections of stems from well-watered control (above) and drought-stressed 

tedera plants (below) after withholding water for 47 days. Stems were embedded in glycol 

methacrylate and tissue sections viewed under a light microscope. Structures that resemble 

tyloses in the xylem vessels of drought-stressed tedera are circled in yellow. Plants were 10 

months old. 
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POST-DROUGHT RECOVERY ABILITY OF TEDERA AND LUCERNE  

For a perennial plant species, recovery from drought stress is one of the most relevant survival 

strategies (Hu et al., 2010). Tedera and lucerne had different physiological and morphological 

strategies to recover from drought stress (Chapter 4). The leaves of tedera accessions which 

dehydrate up to a minimum 40–45% RWC were still pliable and green. Maintenance of plant 

functions in tedera at low LWP and RWC and the more rapid recovery after re-watering than 

lucerne in the field should contribute to more aboveground dry matter yield under cycles of 

stress and recovery from stress. Despite more than 16 days of almost full stomatal closure in 

both tedera accessions in the drought treatment, severe drought stress did not appear to 

impair the vascular capacity for water transport as photosynthesis and gs completely 

recovered after re-watering. With this type of effective stomatal control mechanism in tedera, 

reversibility is vital for lessening negative impacts on plant function. Since stomatal closure 

limits gas exchange, plants would have to open stomata as soon as rainfall occurs or a slow 

rate of CO2 entry and photosynthesis would restrict growth. On re-watering, tedera also 

rapidly unfolded and unrolled its green leaves, which played an important role in the more 

rapid resumption of plant growth. In contrast to tedera, lucerne plants sacrificed all their green 

leaves under drought stress, with new shoots and leaves initiated from new basal buds on the 

crown of the plant following re-watering. 

Tedera evolved in an environment where rainfall events tend to be light (<10 mm d–1) during 

the year (Diaz, 2004). As a result, even a small rainfall event in such an ecosystem may induce 

a rapid response in tedera to activate plant growth. Importantly, a shallow lateral root system 

in tedera should allow small summer-rainfall events to efficiently affect plant water status and 

influence processes that determine productivity. In contrast, lucerne does not appear to 

respond to small rainfall events (20 mm d–1) during summer months in southern Australia 

(Lolicato, 2000) and under severe drought conditions, does not respond to rainfall unless it is 

also defoliated (P Dolling personal communication). 

Lucerne is likely more deeply rooted than tedera in the field which may also account for its lack 

of response to small summer-rainfall events. Also, rather than tolerating severe drought stress 

in the field by protecting foliage from excessive dehydration and turgor loss, drought-stressed 

plants typically exploit the water when it is available, drop their leaves, then re-foliate when 

re-watered. For lucerne then to recover from drought stress, new shoots and leaves must be 

initiated following re-watering. Consequently, the growth rate of lucerne was slower than that 

of tedera over the four weeks of the recovery phase in the controlled-environment study 

(Chapter 4). However, both lucerne and tedera had high biological activity following re-
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watering, including increased photosynthetic capacity and new leaf growth, although this did 

not compensate for the limitation to plant growth and metabolic activity due to previous 

drought. Root dry matter for tedera accessions, but not for lucerne, also declined following re-

watering of drought-stressed plants; remobilised root constituents may supply energy and 

nutrients for the resumption of new shoot growth in tedera following re-watering. 

SPECIES-SPECIFIC MECHANISMS FOR TEDERA TO COPE WITH ITS NATIVE 

ENVIRONMENT 

Tedera presumably evolved various drought resistance mechanisms to cope with the drought-

stress patterns under which this species naturally occurs. Species like tedera that are adapted 

to semi-arid systems may be expected to display traits associated with water conservation and 

light avoidance, such as leaf folding, effective stomatal control and high water-use efficiency. 

The greater degree of effective stomatal control in tedera when compared to lucerne 

(Chapters 3 and 4) reflects the environment of their native habitats. In the Canary Islands, with 

persistent water limitation over summer (Table 5.1), tedera likely maintains a state of minimal 

biological activity, such as maintaining a low gas exchange level and effective stomatal closure 

so plants can conserve available soil water over summer. Tedera plants likely open their 

stomata only to the extent that is required to survive. 

The folding and rolling of tedera leaves in the field during summer, while reducing gs on the 

abaxial leaf surface, demonstrates a strong interaction between the two functions to decrease 

exposure of the upper leaf surface to transpirational water loss. This would be an adaptive 

mechanism in this species to water stress. Kao and Tsai (1998) also proposed that 

paraheliotropic leaf movements and photosynthetic characteristics evolved in a mutual way in 

species adapted to arid environments, so that WUE is enhanced under drought stress. Under 

the Mediterranean conditions in the Canary Islands, where drought and high-light stresses 

occur simultaneously over the summer period, photoprotection would also be a key 

adaptation for evergreen species like tedera. When the leaves of tedera plants were restrained 

from moving freely outside during mid-summer, thermal damage was apparent even on well-

watered plants (Plate 5.6). 
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Plate 5.6. Leaves of well-watered tedera plants restrained from moving while outside in mid-

summer. Note the bleaching of the leaf edges after 24 hours. 

 

While increased root depth is an adaptation to survival in drought conditions for lucerne, for 

tedera in its native environment with shallow soils and light rainfall events, an increase in 

rooting depth alone in response to drought is unlikely to aid plant survival if water is 

unavailable at depth. Growth of a large tap root system in tedera would also consume 

photosynthetic end-products and indirectly negate lateral root and shoot growth during water 

deficit. It is also doubtful if lucerne would survive with no water in the root zone (Kemp et al., 

1989). That lucerne is not adapted to the native environment of tedera is demonstrated by the 

fact that on Lanzarote all lucerne stock feed is imported (Arevalo et al., 2012). This also 

highlights that a particular mechanism of drought resistance in a plant will not work for all 

drought environments. 

 

These results may appear to contradict the widely-held view that rooting depth increases in 

drier environments. However, Blum (1996) questioned the role of increased rooting depth 

when there is no water at depth to extract. Kemp and Culvenor (1994) also proposed that 

survival in drying soils does not always require deep roots. The disadvantage is, with such an 

expansive lateral root system, tedera plants could compete for soil water if growing at high 
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density. However, tedera is reported to occur at low density on Lanzarote (P Mendez personal 

communication) and the shallow root structure in tedera may be more ecologically suited to 

low density stands (Plate 5.7). Also, the soil horizons could be repeatedly explored for water 

and nutrients by the shallow lateral roots in tedera. In support of this, at several experimental 

field sites in WA over several years, no tedera plantings developed into swards (K Foster 

personal observations) despite some seedling recruitment being observed. 

 

Table 5.1. Climatic data from the airport of Arrecife, Lanzarote and Newdegate, Western 

Australia based on measurements from 1972 to 2000. Mean air temperature is T, Tmin and 

Tmax are mean minimum and maximum air temperatures, respectively, rH is relative humidity. 

Differences between sum of all months and years are the result of rounding. Adapted from 

Graf et al. (2004) and Bureau of Meteorology. 

 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Lanzarote 

             T (°C) 17.0 17.5 18.5 19.0 20.2 21.9 23.8 24.7 24.4 22.5 20.3 18.1 20.7 

Tmin (°C) 13.7 13.9 14.6 15.0 16.3 18.1 19.9 20.7 20.4 18.7 16.8 14.8 16.9 

Tmax (°C) 20.4 21.2 22.5 23.0 24.2 25.7 27.8 28.8 28.4 26.3 23.9 21.4 24.5 

Rainfall (mm) 24.0 14.0 15.0 6.0 2.0 0.0 0.0 0.0 2.0 7.0 12.0 27.0 110.0 

rH (%) 71.0 71.0 69.0 69.0 69.0 69.0 70.0 71.0 73.0 73.0 72.0 73.0 71.0 

VPD (kPa) 0.7 0.7 0.9 0.9 0.9 1.0 1.1 1.2 1.0 0.9 0.8 0.7 0.9 

Newdegate 

             T (°C) 23.1 23.1 21.3. 18. 14.5 11.6 10.4 11.0 12.7 16 19.4 21.4 16.9 

Tmin (°C) 15.3 15.5 14.3 11.7 8.8 6.3 5.2 5.4 6.2 8.9 11.8 13.6 10.2 

Tmax (°C) 30.8 30.7 28.0 24.0 20.3 17.0 15.6 16.7 19.2 23.1 26.9 29.3 23.5 

Rainfall (mm) 24.1 18.7 27.2 14.5 39.3 31.9 41.1 38.1 32.9 30.3 25.7 29.5 342.6 

rH (%) 58.0 60.4 63.2 69.4 76.1 81.8 84.2 82.9 76.4 66.5 59.8 58.3 70.0 

VPD (kPa) 1.9 1.8 1.3 0.9 0.6 0.3 0.3 0.3 0.5 0.9 1.2 1.7 1.0 

 

 



CHAPTER 5. GENERAL DISCUSSION 

PAGE | 81 

 

Plate 5.7. Two-year old tedera accessions at the Newdegate field site. Tedera plants are often 

a hemispheric shape at low density, and this shape is possibly more efficient from a light-

harvesting point of view than an erect lucerne plant. 

 

INTEGRATION OF PERENNIALS INTO SOUTHERN AUSTRALIAN FARMING SYSTEMS 

THE CHALLENGE OF ESTABLISHMENT 

Perennial seedlings are particularly vulnerable to competition in the first year of 

establishment, typically having less vigorous growth than many annual weeds and annual 

pasture species (Humphries and Auricht, 2001; Bell et al., 2006). Lucerne seedlings are 

reportedly poor competitors, and their slow growth at the seedling stage may be due to their 

small seed size (Humphries and Auricht, 2001). Perennials are also expensive to establish; 

estimated between $250 and $400/ha (Virgona and Hildebrand, 2006). A major limitation of 

phase-farming system adoption has been the high failure rate establishing lucerne pastures 

after a cropping phase compared with annual pasture species (Ransom and Barr, 1994). 

However, tedera has large seeds (over 30 mg) and seedlings have strong early vigour in the 

glasshouse compared to other legumes (Chapter 2). The high seedling vigour of tedera should 

allow for early light capture and for seedlings (depending on seedling density) to compete with 

annual weeds during establishment (Plate 5.8). This would be a major advantage to the 

establishment and integration of a new perennial species such as tedera into phase-farming 
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systems. The successful and early seedling establishment would reduce both the cost and the 

time until first grazing. 

 

Plate 5.8. Tedera seedlings in late autumn (a) and four weeks later in early winter (b) 

competing with annual background species. 

 

SHIFT IN SOWING DATES AND DEPTH 

The effect of drought stress on tedera can be managed at the seedling stage in conjunction 

with farm-level adaptations such as: a) shifting sowing dates earlier to make best use of early 

available moisture and warmer soil temperatures; and b) using deeper sowing depths to avoid 

rapid soil drying of upper soil layers (Plate 5.9). As discussed in Chapter 2, the superior drought 

resistance of tedera seedlings would enable seed planting on limited rainfall early in the 

season to achieve early biomass production when the pasture feed base is traditionally low. 

This would provide significant economic benefits to farmers by reducing purchased feed 

supplements. Economic modelling data have also stressed the importance of early-season 
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feed; even an extra megajoule of feed from pastures in autumn is worth about 10 times its 

value in spring when green feed is usually abundant (J Young personal communication). 

 

 

Plate 5.9. Tedera pods were directly sown in the field to a depth of 50–70 mm (similar to 

cereals) and seedlings successfully emerged. Note some lateral roots were lost from the roots 

during removal from the soil. 

 

Alternatively, spring sowing of tedera may have significant advantages over winter sowing for 

tedera. The establishment of a new pasture after an extended cropping phase often occurs in 

the presence of a large weed seed-bank. Spring sowing would provide an opportunity to 

control previously emerged or herbicide-resistant weeds in the cropping phase with a non-

selective herbicide (glyphosate) or for the paddock to be used for heavy winter grazing. 

Importantly, this practice of later sowing would also conserve soil moisture by removing more 
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established plants and allowing a short fallow during seedling establishment where soil 

moisture can build. However, the disadvantage is that there is a higher risk that soil water will 

run out before perennial plants can establish roots sufficiently to persist over summer (Bell et 

al., 2006). 

COMPARING WATER STRESS IN THE FIELD AND CONTROLLED-ENVIRONMENT 

EXPERIMENTS 

In Chapters 2 and 4, controlled-environment experiments were used to examine traits of 

drought resistance in tedera to remove the variability present in a field environment. 

Encouragingly, the results of the controlled-environment experiments on drought stress for 

tedera generally agreed with the findings from the field, i.e. leaf folding and rolling, effective 

stomatal control and increased pubescence were key mechanisms of drought resistance. 

Grzesiak (1996) also found that drought resistance ratings of legume plants in the laboratory 

were overall consistent with the ratings based on estimating the direct effects of soil drought 

on yield in field experiments. However, I did find greater resistance to drought in field-grown 

mature plants (Chapter 3) than in plants maintained in the controlled-environment experiment 

(Chapter 4). The leaves of tedera plants had a lower leaf-folding angle (70°) and higher midday 

LWP (–2 MPa) and RWC in the field (77%) in February after severe drought stress (63 days of 

rainfall excluded) when compared with the controlled-environment study (47 days of no 

watering): leaf angle 85°, LWP –6.5 MPa and RWC 42%. There are several possible hypotheses 

to explain this difference. Field-grown plants are likely to have been subjected to one or more 

cycles of lower soil water in spring or early summer, and consequently become pre-

conditioned to subsequent drought stress. Alternatively, exposure to moisture stress at the 

seedling stage may confer some degree of hardening against later drought periods. It is likely 

that plant roots in the field could explore a larger soil volume for stored soil water. This finding 

highlights the importance of the velocity of the imposition of drought stress (i.e. faster in the 

controlled environment and slower in the field), as both may generate different physiological 

results or acclimations. 

The implications of relying primarily on deep root systems alone for drought resistance were 

clearly observed in the lucerne plants in Chapter 4. In this controlled-environment experiment, 

severe leaf desiccation occurred in lucerne three weeks after withholding water, while tedera 

leaves were still green and pliable after seven weeks of drought stress. Evans (1977) identified 

that lucerne resists drought by extracting water from deeper in the soil in the field, rather than 

by efficient control of water use by the plant, and in the controlled-environment study the 

roots of lucerne plants were likely restricted by the pot. The restriction of water loss (i.e. 
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stomatal closure) is not the primary mechanism of drought avoidance for lucerne because this 

failed to prevent rapid water loss in the pots in the drought treatment. 

LIMITATIONS OF THE RESEARCH PRESENTED IN THIS THESIS 

A number of limitations to the experiments reported in this thesis warrant mentioning. 

Climatic conditions in the controlled environments (Chapters 2 and 4) are likely to have 

differed from those in the field where complex interactions may occur as a result of different 

stresses, especially in terms of lower humidity, wind and heat. Root growth may also have 

been artificially restricted by pots. Pot experiments on water relations can be difficult to relate 

to plants growing in the field, even if field soils are reconstructed and used, because of the loss 

of the structural features that can dominate such interactions in the field, such as pre-existing 

biopores, which may have different physical or chemical properties from those of the bulk soil 

(Pankhurst et al., 2002). 

A larger-diameter pot and more seedlings per pot (Chapter 2) would allow for additional 

sampling to monitor RWC over time and identify any potential compatible osmolytes at the 

seedling stage. For the drought resistance and recovery experiment (Chapter 4), re-watering 

occurred while air temperatures were constant and without wetting the upper foliage. 

However, in the field, showers often fall when air temperatures are relatively low which also 

wet plant foliage. The role of proline in drought stress is still unclear; it reportedly does not 

accumulate when plants are exposed to both heat and drought stress simultaneously, and may 

be phytotoxic at high temperatures (Rizhsky et al., 2004). Therefore, although proline may play 

a direct role in the drought resistance in tedera in its native environment (and in our 

controlled-environment study), this compound may not accumulate under both abiotic 

stresses of heat (up to 46°C) and drought in the field environment of WA over summer. 

FUTURE RESEARCH DIRECTIONS 

There are still several gaps in our understanding with regard to drought resistance mechanisms 

of tedera in the field. Suggestions for further research are to: a) further characterise stomatal 

responses of tedera and lucerne by examining gs between dawn and 08:00 h and after 17:00 h 

in summer; b) examine changes to stomatal density on the leaf surfaces of tedera over the 

season; c) investigate accumulation of abscisic acid in leaves and roots under moisture deficit; 

d) examine if proline accumulates in the leaves of tedera when plants are under both heat and 

drought stress in the field (i.e. over summer); e) examine the extent of xylem cavitation at low 

water potentials; f) examine changes to photosynthetic pigments such as Chl a and Chl b under 

drought stress; g) examine the effects of drought stress on the PSII photochemistry of tedera; 
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and, h) examine the potential for improving drought resistance by modifying potassium 

fertiliser inputs. A better understanding of the mechanisms of drought resistance will allow 

specific traits to be targeted in selection/breeding programs and enhance the potential for the 

adoption of this species into low-rainfall pasture systems. 

The soils on Lanzarote often have low organic matter (0–3%) and low plant available 

phosphorus (67 mg kg–1 Olsen P test), but very high available potassium levels (450–3000 mg 

kg–1) (Arevalo et. al., 2012). Potassium improves the resistance of plants to environmental 

stress, and is involved in physiological processes related to drought resistance, such as leaf 

movements, transmission of signals and the maintenance of turgor pressure, and plays a key 

role in photosynthesis (Wang et al., 2013). However, potassium levels in many WA wheatbelt 

duplex soils are inherently low (Wong, 2001), and current farming practices are rapidly 

depleting them. It is possible to measure 1000 mg kg–1 of potassium on some heavy WA 

wheatbelt soils, but certainly not on light-textured soils where 100 mg kg–1 is considered good 

and 200 mg kg–1 is considered high (B Bowden personal communication). The inherently-low 

soil potassium levels in the WA wheatbelt (i.e. <100 mg kg–1 dry soil at Newdegate) is likely to 

result in reduced productivity and persistence of many perennial legumes and grass species. 

Reproductive failure under extreme drought stress in tedera has been observed in the field 

(Plate 5.10). Some tedera accessions, ironically, may be too drought resistant at the expense of 

seed production, and this may be related to a whole-plant signalling system involving 

hormones (particularly ABA). The plentiful lateral roots of tedera in the field combined with 

higher summer daytime temperatures in WA could mean that drying of the upper soil during 

commercial seed production (on light-textured soils) is detrimental (i.e. possible abortion of 

seed florets from ABA signalling). Also, the higher temperature and lower humidity during 

summer (high VPD) in the WA wheatbelt environment may affect tedera’s seed production. A 

pollen-based screening of tedera germplasm for drought or high temperatures or ABA 

sensitivity may need to be included as part of the breeding program. Also, mechanical root 

pruning of lateral roots in the field may increase seed yield in commercial seed crops by 

reducing the ABA signalling from shallow lateral roots. 
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Plate 5.10. A drought-resistant tedera accession under a rain-exclusion shelter showing high 

leaf retention and folding but also high levels of flower abortion. 

 

The prospect of slightly higher summer rainfall under climate change may create new 

opportunities for growing summer-active perennial crops in some areas in WA. However, it is 

critical that the cyclic pattern of defoliation and the effects of assimilate depletion and re-

accumulation in new perennial legumes during exposure to drought stress and re-watering are 

investigated. The longevity of perennial legumes is highly dependent on their response to 

grazing (Cocks, 2001). Tedera demonstrates good recovery from heavy grazing, although it is 

likely that some form of rotational grazing may be required to sustain plant persistence and 

production over summer and autumn. Comparative physiological research is necessary in 

Lanzarote over summer to fully understand how tedera is adapted to the WA environment, 

with possible changes in root morphology (i.e. extent that root growth is redistributed to 

greater soil depths as soil water is depleted) on our lighter textured and deeper soils. 
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CONCLUDING COMMENTS 

The primary role of the leaf movements (heliotropism) in tedera seedlings and mature plants is 

to regulate the amount of incident light on the leaf surface, maximising it in the morning and 

late afternoon on sunlit leaves. Consequently, these leaf movements have a direct effect on 

leaf temperature, transpirational water loss, carbon gain, WUE and the leaf energy budget, 

while likely also reducing photoinhibition of the photosynthetic apparatus. Drought resistance 

at the seedling stage in tedera accessions may also correlate with the performance of mature 

plants in the field. If so, screening at the seedling stage for tedera could be a simple and 

efficient method to select for drought-resistant accessions from large germplasm collections. 

Effective stomatal control in tedera is a promising physiological trait to screen large numbers 

of new accessions for drought resistance using a hand-held poromoter. This method is non-

destructive, has relatively quick-throughput, and precise instruments (Decagon™ poromoter) 

for the measurement of conductance are available. Infrared thermometry is rapid enough to 

also be a potential selection tool, and can serve as an effective surrogate for stomatal 

conductance measurements. 

Lucerne displays a substantially different gs response to drought than tedera both in the field 

and in controlled-environment studies which raises the question as to how conclusions derived 

from studies on the response of lucerne alone to drought can be widely generalised to other 

plant species, especially undomesticated perennial legume species like tedera. The stomatal 

response patterns of tedera accessions to drought stress during the day may also have 

implications, from a modelling perspective, in determining the plant survival response to 

naturally-fluctuating environmental conditions (where control of gs is a function of the model) 

or in future climate-change scenarios.  

For current southern Australian farming systems, this research has shown that the drought 

resistance mechanisms of tedera allow it to not only survive, but remain productive, over the 

summer drought, hence offering substantial gains in sustainability and productivity over 

lucerne. Tedera could be used as a permanent pasture in low-productive areas of the WA 

wheatbelt where intensive cropping is unsuitable (now or in the future) or as pasture in an 

extended phase system. 

The highly variable climatic conditions typical of the WA Mediterranean climate have always 

posed severe limitations on agriculture and to livestock production. However, the 

sustainability of southern Australia’s dryland farming systems is likely under threat, due to the 

predicted increases in seasonal variability as climate change impacts are realised. If the drying 
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trends continue as projected, large areas of the WA wheatbelt currently used for cropping may 

not be sustainable for this purpose. 

This study of morphological and physiological response to drought stress and re-watering in 

tedera has shown that many mechanisms coexist and contribute to whole-plant acclimation 

and resistance to drought stress. This research has shown that tedera is well adapted to 

drought, both as a seedling and a mature plant, and hence may help to sustain the productivity 

of new pasture systems in the face of predicted climate change. However, drought is not one 

simple stress. The agronomic practices that seek to adapt to the predicted climate change 

must take into account multiple aspects of both the stress induced by water deficit and other 

interacting stresses such as heat, low-nutrient status, and the acidity of many wheatbelt soils. 

Nevertheless, in plant breeding now, breeders need to work more closely with plant 

physiologists to develop more drought-resistant perennial legumes and to take a longer-term 

view (up to 20–30 years) and not focus too strongly on the drought conditions that we 

experience now, but prepare for the likely droughts in the future. 
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