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Abstract 

The development of perennial wheat could provide further options in the mixed 

farming systems of southern Australia, including greater flexibility in grain and/or 

forage production, while also providing improved ecosystem services. In recent 

studies, newly-developed perennial wheat derivatives, between bread wheat 

(Triticum aestivum L. [6n]) and perennial grass (e.g. Thinopyrum intermedium [6n]), 

have been reported to survive, regrow and produce grain in fields at Cowra NSW, for 

up to four years.  

Following this initial proof of concept, this thesis examines the growth of 

perennial wheat derivatives in greater detail, under controlled conditions in large soil 

columns in a screen-house, and with some further field validation at Cowra. In each 

case, an annual wheat and a perennial grass were used as controls, for comparison 

with selected perennial wheat derivatives. First, the research examined the patterns of 

survival, regrowth, dry matter production and partitioning over three years, to 

determine attributes associated with sustained survival, regrowth and performance. 

Second, the research addressed how these patterns may change in response to 

limitations in the source, sink or both, to determine differences in sink priority, and 

hence, circumstances that produce any yield trade-off between annual and perennial 

growth habits. Third, the research examined whether perennial genotypes allocate 

more dry matter to roots, and if this can result in greater extraction of soil water from 

depth under prolonged water deficit. This was done to determine whether improved 

resource capture or greater initial dry matter at the beginning of a regrowth season 

can significantly extend the growing season of perennial wheat. 

The first study with perennial wheat derivatives over successive generations 

proved their ability to survive and produce and increase root biomass in older plants. 

Grain yield was lower in perennials than in annual wheat, with the yields being 
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similar in the first-and second-year of growth in perennial wheat derivatives, but 

increasing in the third year of growth. Some three-year-old perennial wheat 

derivatives produced2–3 fold more grain per plant than annual wheat controls. The 

above-ground biomass in three-year-old plants was 2–7 fold greater in perennial 

wheat derivatives than in annual wheat. In better performing perennial wheat 

derivatives and perennial grass root growth was found to be 2 fold greater in the first 

year and this increased to be 3–12 fold greater in older perennial wheat derivatives 

and perennial grass. Perennial wheat derivatives and perennial grass produced more 

tillers, biomass, and root growth with increasing plant age, all of which were likely 

contributors to the consistent regrowth and survival of these plants in successive 

years. 

In the second study, resource allocation priorities with source or sink 

manipulation were explored in perennial wheat derivatives and perennial grass, and 

the outcomes were compared to those for annual wheat in two experiments. Under 

sink manipulation (the reduction of spikelets from one side of the spike), greater 

amounts of the available resources were translocated to the remaining seed, resulting 

in a larger seed size. This may indicate the potential for yield improvement as a 

result of breeding developments in perennial wheat and grass genotypes. In 

comparison, a smaller seed size and more biomass in the source-reduced study may 

have been correlated with greater priority being allocated to survival rather than 

grain production in perennial wheat derivatives and perennial grass, relative to 

annual wheat.   

In the third study, the association of root growth and soil water extraction for 

the provision of drought resistance in perennial wheat derivatives and perennial grass 

in extended drying down conditions were investigated. After water was withheld, 

promising perennial wheat genotypes with more extensive and deeper root systems 
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showed greater water extraction from deeper within the soil and, in turn, longer plant 

survival. This is the first comprehensive study with a third-year-old stand of 

perennial wheat derivatives and perennial grass that provides evidence of drought 

resistance directly due to the extensive root system and water extraction from deeper 

soil depths, thus confirming the hydrological benefits of perennial wheat during 

drought. 

Perennial wheat derivatives showed variable responses in regrowth in different 

planting seasons and subsequent years, and produced more biomass and root growth. 

Increased root growth enabled plants to access soil water from greater soil depths, 

and was found in controlled conditions and in the field. The most promising 

derivatives were able to approach or exceed the perennial grass performance in 

similar conditions. These results added support to previous reports and provide a 

novel contribution to the growing literature on perennial wheat. In particular, I found 

source-sink balance in relation to the effects of plant age on resource acquisition and 

partitioning trends, indicating that perennial wheat have some physiological traits to 

withstand extended drying.  
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1 Chapter 1 

General introduction 

 

The wheat-sheep farming system of southern Australia is characterised by low 

levels of production due to poor soils, low and erratic rainfall, and low levels of 

inputs. The replacement of perennial native vegetation with annual crops generally 

threatens system sustainability (Glover et al. 2010), and in southern Australia this is 

due to the movement of water and nutrients below the shallow root zone of annual 

crops leading to water table rise, acidification, and salinity (Angus et al. 2001). The 

development of perennial grain crops could reduce these concerns and offer more 

flexibility in existing farming systems by providing grain and grazing options that 

are potentially more compatible with environmental sustainability. Recently, 

perennial wheat derivatives, developed through wide hybridisation between bread 

wheat (Triticum aestivum L. [6n]) and perennial grass (e.g.Thinopyrum 

intermedium[6n]), have been reported to survive, regrow, and produce grain in the 

field in southern Australia, for up to four years (Larkin et al. 2014). This proof-of-

concept confirms that further research is worthwhile to develop a perennial wheat.  

Consequently, this thesis commences by reviewing the literature on perennial grains, 

especially in relation to perennial wheat (Chapter 2). 

 

Bell et al.(2008) examined how perennial wheat may fit within the current 

farming system of southern Australia, and its prospective contribution to farm 

economic profitability, using the MIDAS model (Model of an Integrated Dryland 

Agricultural System). The benchmark in grain yield for perennial wheat to be 

economically profitable was 65% of annual wheat when they received an equal grain 
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price, or was 40% of annual wheat with a contribution of just 800 kg ha
-1

 of 

additional forage. Hayes et al. (2012) evaluated 150 perennial wheat derivatives over 

three years under field conditions in southern Australia. Several perennial wheat 

derivatives persisted for three years, and their grain yield ranged from 2–135% of 

annual wheat yield over three successive years. In a separate study in the USA, 

perennial wheat derivatives were reported to produce benchmark yields of 50% of 

annual wheat for two years, but their regrowth was not consistent (Jaikumar et al. 

2012). These reports suggest perennial wheat is capable of meeting the grain yield 

and forage benchmarks indicated by Bell et al. (2008), especially if reliable regrowth 

and grain contribution can be attained in successive years of regrowth. This would be 

essential for perennial wheat to be a viable option for farmers. Consequently, this 

thesis examines cycles of perennial wheat regrowth as a baseline, and this is reported 

in Chapter 3.   

 

Perennial wheat is expected to produce a lower yield than annual wheat, at 

least in the early stages of its development, following wide hybridisation. Grain yield 

is expected to be lower in perennial wheat generally, as it needs to allocate resources 

to enable regrowth, rather than devote all reserves to grain (DeHaan et al. 2005; 

Murphy et al. 2009). DeHaan et al. (2005) found that perennials developed greater 

dry matter in successive cycles, especially root dry matter, than annually replanted 

bread wheat, and had more extensive root systems even in the early growth stages. 

With deeper roots, the perennials may be able to acquire additional resources beyond 

those available to the annual crop, so additional resource capture could compensate 

for lower sink priority to grain, relative to roots, stem bases, and lateral buds (Glover 

et al. 2010). The differential pattern of dry matter allocation between annuals and 

perennials warrants further investigation, as does the putative enhancement of 
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resource capture and its consequences for dry matter allocation. Both remain to be 

experimentally tested in perennial wheat. 

 

Any reduction in source, or sink, or both may change the trade-off between 

grain yield and perenniality. In a study with grain sorghum, Fischer and Wilson 

(1975) initially manipulated sink size without altering the source, and demonstrated 

that any dry matter in excess of grain sink capacity accumulated in roots and other 

plant parts. Likewise, the manipulation of the source, sink, or both altered sink 

priority and patterns of dry matter partitioning, and hence, grain yield. A similar 

approach could be used to explore how sink priority and dry matter allocation differs 

between annuals and perennials. Consequently, the effects of reductions in source, 

sink, or both, on sink priority and patterns of dry matter partitioning are examined in 

annual wheat, perennial wheat and a perennial grass, and this is reported in 

Chapter 4.   

 

The larger root system in a perennial grass was reported to access deeper soil 

layers and extract additional reserves of water and nutrients from depth (Zhou et al. 

2014). Longer lived and potentially larger root systems in perennial grasses were 

able to produce more above- and below-ground biomass than in annual grasses (Cox 

et al. 2006). Perennial wheat derivatives, with potential for greater resistance to 

water deficit and poor soil conditions, could be better suited to situations in which 

annual wheat performance is poor (Bell et al. 2010). There is currently no 

information about water use by perennial wheat derivatives, or about how water use 

may change in successive regrowth cycles, relative to that in annually replanted 

wheat. This is reported in Chapter 5. 
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The questions outlined above are based on evidence usually obtained from 

field experiments, but often without the detailed and balanced measurements needed 

to properly explore the cycles of regrowth and dry matter allocation in relation to 

resource capture, especially below ground, in root growth and water use. In order to 

better understand these whole-plant relationships in survival, regrowth and 

performance over cycles, the principal experiments were conducted in large soil 

columns, each with a single plant, and with many soil columns used to facilitate 

repeated sampling through the life cycle, and across replicates. To validate the 

responses obtained in soil columns, field experiments were strategically sampled, 

and results compared with other literature where available. The process-based 

evidence, together with their field validation, were used to consider the wider 

implications of the results for farming systems improvement, perennial wheat 

agronomy, selection of improved perennial wheats, and their ecosystem 

consequences.   

 

The major objective of the study was to investigate the performance of 

representative, currently available perennial wheat derivatives in regrowth, dry 

matter production and allocation, water extraction and grain contribution, relative to 

that of annual wheat and perennial grass representative of the parental materials. In 

this research, four diverse perennial wheat derivatives were used, because of their 

better productivity and regrowth potential for their respective genetic complexity, 

based on field performance in southern Australia. The annual wheat, perennial grass 

and four perennial wheat derivatives were studied in large soil columns under 

ambient field conditions in a screen-house at Charles Sturt University, with 

validation from field experiments in Wagga Wagga and Cowra.  
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The specific aims of this study were to: 

 quantify the development, regrowth, root and shoot dry matter production and 

partitioning of annual wheat, perennial grass and perennial wheat derivatives, 

and how these change over growth cycles and within years under well-

watered conditions;   

 explore how these patterns change with source limitation (shading), sink 

limitation (spikelet removal), and both (source and sink limitation), under 

well-watered conditions; and 

 quantify the change in dry matter production and partitioning patterns of 

annual wheat, perennial grass and perennial wheat derivatives under extended 

water deficit (WD), especially in relation to changes in root growth and water 

extraction 
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2 Chapter 2 

Literature review 

2.2 Introduction 

Annual crops are produced from 70% of the world’s cultivated land and supply 

80% of total food production (Pimentel et al. 2012). Although annual crops are 

profitable to farmers (Borlaug 2007), they may cause various environmental 

problems such as soil erosion (Glover 2005; Murphy et al. 2010), and as a result, 

mono-cropping is unlikely to be sustainable in the long term (Cassman et al. 2003). 

The inclusion of perennials is expected to stabilise more fragile environments 

(Cransberg and McFarlane 1994; Lefroy and Stirzaker 1999; Cox et al. 2006; Pannell 

and Ewing 2006; Bell et al. 2008). Consequently, efforts to develop perennial crops 

are warranted to diversify and stabilise agro-ecosystems (Glover 2005; Pimentel et 

al. 2012; Wade 2014).  

Annual crop production is likely to create environmental problems (Gantzer et 

al. 1990; Randall et al. 1997; Huggins et al. 2001; Tilman et al. 2001; Dinnes et al. 

2002), such as degradation and erosion of soil, dryland salinity, nutrient leaching, 

eutrophication (Hatton and Nulsen 1999; Tilman et al. 2001; DeHaan et al. 2005), 

and pesticide contamination (DeHaan et al. 2005). On the other hand, perennial grain 

crops have the potential to improve the sustainability of agro-ecosystems, while still 

allowing grain production to continue (Wagoner 1990; Scheinost et al. 2001; Bell et 

al. 2006).   

Perennial plants that can mimic the characteristics of the native vegetation may 

have the ability to significantly diminish ecosystem problems (Dunin et al. 1999; 

Jackson 2002; Ridley and Pannell 2006). There are possible benefits to perennial 

crops, such as the expected reduction in tillage, that should lead to enrichment of soil 
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organic matter, conservation of soil, and reduced requirement for fertiliser, partly due 

to remobilisation of nutrients from depth (Robertson et al. 2000; Scheinost et al. 

2001; DeHaan et al. 2005; Cox et al. 2006; Glover et al. 2010b; Vogel 2013).  

The pollution of surface and ground water due to nitrate leaching from 

agricultural land has long been recognised as a major problem (Addiscott 1996).  

Ridley et al. (2001) studied nitrate leaching losses from both annual pastures 

(subterranean clover, Trifolium subterraneum, and annual ryegrass, Lolium rigidum) 

and perennial pastures (cocksfoot, Dactylis glomerata, and phalaris, Phalaris 

aquatica L.) under rotational sheep grazing, with and without lime. When averaged 

over three years, annual nitrogen losses were found to be 33% to 45% lower in 

unlimed and limed perennial pastures than in annual pastures under similar 

treatments; especially in the wettest year when losses were 42 to 50% lower in the 

perennial pastures. The reduced total nitrate (NO3
-
) leaching losses of 

5–8 kg.N.ha
-1

year
-1

 in perennial pastures provide evidence that perennial systems 

could greatly reduce nitrogen leaching losses through nutrient translocation by 

longer-lived and deeper root systems (Crews 2005) and  greater microbial 

immobilisation to making up biological N2 fixation to maximise ecological 

intensification among inputs and associated ecosystem services (Crews et al. 2016).  

Haynes and Francis (1993) reported higher aggregate stability under perennial 

ryegrass than under annual pastures in a temperate region of South Africa. Soil 

organic carbon (C), potassium sulfate-extractable C, microbial biomass C, and  

aggregate stability were all higher under the perennial pastures (Milne and Haynes 

(2004). Perennial grains would also be expected to provide similar soil quality 

benefits. Indeed, initial results for Kernza wheatgrass (Thinopyrum intermedium 

(Host) Barkworth and D.R. Dewey), indicated that their roots were able to capture 

nutrients and soil water from greater soil depths (with nitrate leaching reduced by 
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86%), in comparison to the roots of annual winter wheat (Culman et al. 2013). 

Perennial grain crop systems might also be expected to support a larger, healthier and 

more diverse natural enemy population compared to existing annual cropping 

systems (Clark et al. 1997; Bale et al. 2008). 

Production costs may be less due to reduced tillage (Bell et al. 2006; Jaikumar 

et al. 2012) and improved environmental ecosystem services (Ridley et al. 2001; 

Crews 2005), which assist profitability (Bell et al. 2008) even in marginal lands (Cox 

et al. 2006). Light interception, rainwater use, and nutrient absorption are often 

superior in perennials because they have a longer growing season (Cox et al. 2006). 

Additional benefits can be obtained by including substitute perennials with higher 

grain protein and micronutrient contents (Piper and Kulakow 1994; Sacks et al. 

2003; DeHaan et al. 2005; Cox et al. 2006) to improve and diversify diets for human 

and animal nutrition, and to increase the market value of production for increased 

farmer livelihood (Murphy et al. 2009; Strand 2010). A dual-purpose perennial crop 

contribution in both forage and grain could provide greater economic benefits to 

farmers (Watt 1989).  

Perennial grain crops have not evolved from natural selection, rather only 

occurring from development through artificial selection (Van Tassel et al. 2010). 

Partial amphiploids, containing durum or common wheat genomes with a substantial 

portion of the genome of one or another perennial species of the genus Thinopyrum, 

are commonly referred to as perennial wheat (Cox et al. 2006). Efforts to develop 

perennial grains initially targeted increasing grain yield and reducing soil erosion 

(Glover et al. 2010a). Alternatively, herbaceous perennials could be domesticated 

with robust seed production (Wagoner et al. 1990; DeHaan et al. 2005; Cox et al. 

2006;Van Tassel et al. 2010). 
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Durum wheat (Triticum turgidum ssp. dicoccoides), barley (Hordeum 

spontaneum), and oats (Avena sterilis) were the first grain species chosen for 

domestication 10,000 years ago, because they were the highest yielding species 

amongst the wild annual grass progenitors (Cox et al. 2006). Although the yields of 

wild perennial grass species are lower than those of wild annuals, they are often 

comparable to those of other annual progenitors, e.g. wild barley and wild wheat. 

Among the cereal crops (maize, rye, rice and sorghum) receiving attention for 

perennial development (Wagoner 1990), wheat has received the most attention, with 

priority given to its development for rainfed conditions (Bell et al. 2008), and for 

diverse climatic conditions in different global regions (Cox et al. 2006; Vogel 2013).  

As annual cereals dominate in crop production, little attention has been devoted 

to the development of perennial crops or their agronomic management. Thus, efforts 

to develop perennial wheat seem justified to improve system sustainability and 

flexibility of future farming systems, especially those involving livestock. 

2.3 History of perennial wheat development and current research 

The first large perennial wheat breeding program, using wide hybridisation 

between wheat and wheatgrass species, was initiated by Russian scientists in the 

Soviet Republic in the 1920’s (Jakubziner 1958; Tsitsin and Lubimova 

1959;Wagoner 1990). Due to limitations such as inconsistent perenniality, unwanted 

agronomic features, and spikelet sterility, breeding efforts in the Soviet Union were 

discontinued in the 1960s (Wagoner et al. 1990). In the United States, the 

Department of Agriculture hybridised domestic wheat with wheatgrass (Agropyron 

spp.) and developed around 100 perennial wheat derivatives (Vinall and Hein 1937). 

Some efforts towards perennial wheat development continued into the 1940s and 

1950s with an emphasis on grain yield. Perennial wheat derivatives developed in the 
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breeding program at the University of California were able to yield about 70% of 

annual wheat, and included lines with disease resistance traits for rusts and root 

rots.Many of the disease resistance traits of perennial wheat derivatives were 

introgressed through crop breeding into annual wheat to provide improved disease 

resistance. As the breeding objective was high yield and this was not achieved, the 

project was discontinued (Suneson and Pope 1946; Suneson 1959). Perennial wheat 

lines derived from these early programs were able to survive, but their seed size was 

small (Vinall and Hein 1937). At the Rodale Institute, early attention was also 

devoted to the grass parent used to contribute the perennial habit, Thinopyrum 

intermedium (Host), with interest in improving its grain yield, quality, and resistance 

to drought (Wagoner 1990). Throughout this early period, problems were 

encountered with the wheat-wheatgrass hybrids created during the 1920–1980 

period. They were meiotically unsteady, lacked spikelet fertility, and possessed a 

host of undesirable agronomic traits such as small seed size, proneness to lodging, 

poor winter durability and low rates of survival. Truly perennial forms of wheat were 

never developed between the 1920s and 1980s. It was observed that grain yields of 

perennial wheat derivatives dropped substantially after the first year and most hybrid 

forms required re-seeding after only 2–3 years (Wagoner 1990). 

Perennial wheat derivatives, developed through wide crosses between durum or 

common wheat with perennial grass species of the genus, Thinopyrum, resulted in 

wide variations in chromosome number, associated with the production of sterile 

progenies, making it difficult to progress (Cox et al. 2006).Progress in perennial crop 

development by wide hybridisation would depend on the genetic complexity of both 

the domesticated and related wild species (Cox et al. 2002; Dehaan et al. 2011). 

Recent advances in plant breeding, cytogenetics, and molecular biology may increase 

the probability of developing truly perennial, high-yielding grain crops. Resource 
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allocation (i.e. plant carbon distribution) in perennial crops for perennation and seed 

production might be  insufficient to  achieve both yield, survival and regrowth, may 

be assisted using advanced plant breeding methodologies, including the alternative 

approach to wide hybridisation, viz. domestication of the perennial grass (e.g. 

Thinopyrum intermedium) (DeHaan et al. 2005).  

Research on perennial crops is being undertaken at a number of institutions 

around the world including Washington State University, Michigan State University, 

Texas Agricultural and Mechanical University, and The Land Institute (TLI) in 

Salina, Kansas, USA; University of Manitoba, Canada; Australia’s Future Farm 

Industries Cooperative Research Centre; the Swedish University of Agricultural 

Sciences; Yunnan Academy of Agricultural Science in China; and the University of 

Buenos Aires in Argentina (Cox et al. 2010).   

The problem of being able to combine the capacity for survival and regrowth 

(for perenniality from the perennial grass) with the capacity to retain spikelet fertility 

(for grain yield from the annual crop) is illustrated for perennial wheat derivatives 

from reports of how well derivatives have performed in initial field evaluations 

(Table 1). 
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Table 1.A comparative study of perennial wheat performance with respect to grain 

yield and regrowth potential. 

 

Country  Years of 

study 

Regrowth potential in 

successive years 

Grain yield 

compared to 

annual wheat 

References  

Washington 

State 

University, 

USA 

2005–2006  

2006–2007  

Winter survival. 

Successful in 2005–

2006, but did not 

survive 2006–2007 

during second year of 

growth.  

44% in first 

year 

Murphy et 

al. (2010) 

Michigan 

State 

University, 

USA 

2008–2010  Strong variation in 

regrowth with 

different plantings. 

Planting in 2008 

showed successful 

regrowth in following 

2 years, whereas 2009 

plantings were unable 

to regrow in 2010.  

50% 

achieved in 

both the first 

and second 

year 

Jaikumar et 

al. (2012) 

Cowra, 

NSW, 

Australia 

2008–2010 Successful regrowth 

in 3 years of up to 

61% of observed 

entries. Thirty-four 

percent of observed 

entries persisted and 

produced grain yield 

for 2 years.  

Yield ranged 

from 2–135% 

of annual 

wheat yield  

(large 

variability 

among the 

cohort)  

Hayes et al. 

(2012) 

Australia 2008–2012 

 

 

Plants survived up to 

4 years in the field, 

with 6 derivatives 

contributing yield 

over 4 years. 

Grain yield 

declined in 

longest 

surviving 

entries over 4 

consecutive 

years and 

contributed 

up to 40% of 

annual wheat 

yield 

Larkin et al. 

(2014) 
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2.3.1 Progress with perennial wheat performance 

Several studies have evaluated perennial wheat derivatives performance. Hayes 

et al. (2012) studied 150 perennial wheat derivatives in southern Australian 

conditions at Cowra, New South Wales and identified the potential for breeding and 

selection for desired agronomic traits from the population variation. They also found 

variation in the regrowth ability, and grain yields for entries up to three years of age 

(Hayes et al.2012). Larkin et al. (2014) used available perennial wheat derivatives to 

confirm perenniality and the possibility of achieving the required benchmark forage 

and grain yields, which were proposed to be 800 kgha
-1 

of forage and grain 

yield,40% of annual wheat, based on a modelling assessment by Bell et al. (2008) in 

profitable grain yield under Australian conditions. Larkin et al. (2014)showed that 

selected perennial wheat derivatives were able to produce a 10-fold increase in root 

growth in the second year of stand establishment and to contribute grain yields of up 

to 75%,with forage production being cumulatively comparable to re-sown annual 

wheat (cv. Wedgetail) in Australia..  

In a field study with thirty one F5 and five F6 perennial wheat breeding lines 

located at three locations in Washington State, USA, Murphy et al. (2010) found that 

second-year perennial wheat breeding lines had survival rates of 18–81%, and were 

able to produce grain yields of 44% of annual wheat yields on average. Jaikumar et 

al. (2012) studied agronomic performance in a field study for two years in the USA 

with perennial wheat and perennial rye. These authors found little effect of plant age 

on grain yield and yield components in both the first and second year, although grain 

yields were on average half of that of the annual wheat. These patterns were due to 

modified early spring regrowth and later flowering in the second year, and early 

season forages (biomass yield is not high at this period) with added forage 

production possibility was indicative to achieve required benchmark.  
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At TLI, perennial wheat derivatives were unable to survive the hot summer of 

Kansas after the first year’s grain harvest (Cox et al. 2006). At Kellogg Biological 

Station of Michigan State University, four accessions of perennial wheat from 

Washington State University (WSU) were evaluated: in year two, perennial wheat 

yielded 50% in comparison to that of the annual wheat, and perennial wheat was able 

to regrow with 50–100% of plants surviving. However, by year three, regrowth was 

extremely low and variable, with no accession showing more than 10% survival, and 

over half of the plots had no survivors (Jaikumar et al. 2012). Poor regrowth and 

survival was attributed to a warm spring coupled with hot, dry weather in the late 

summer and intense weed pressure. At three rainfed locations in Washington State 

University, 31 perennial wheat derivatives yielded on average 44% of that of the 

annual wheat in the first year, but did not survive the second winter (Murphy et al. 

2010).    

Hayes et al. (2012) evaluated 150 perennial wheat and wheatgrass derivatives 

from TLI, WSU, and elsewhere over 3 years in the field at the Cowra Research 

Station in southern Australia. In the first year, 16 perennial wheat derivatives had 

grain yields of more than 40%, and three of them even were able to provide 65% of 

that of the annual wheat grain yield. Grain yields varied among perennial wheat 

derivatives between 2–135% of the annual wheat yield, with survival ranging from 

20–38%. However, regrowth was evidenced in 61% of observed perennial wheat 

derivatives, and low regrowth scores were associated with high levels of plant 

mortality and even higher regrowth scores were not associated with grain yield in 

some perennial genotypes (CPI-147258a). They found 58 perennial wheat derivative 

genotypes were able to regrow and produce grain in the second year, and 32 of these 

yielded more than 40% of the annual wheat yield and 21 of these yielded more than 

65% of the annual wheat yield(Hayes et al.2012). Fewer genotypes produced grain in 
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their third year. Thus, currently  grain yields in perennial wheat derivatives are less 

than 40% of those from replanted annual wheat, but the diversity in characteristics 

exhibited by the derivatives suggests that there is  potential for further improvement 

(Newell et al. 2010).  

The biological feasibility of the perennial wheat derivatives was evident, as 

some could persist and yield grain over three years in the field. Subsequently, Larkin 

et al. (2014) reported that six of the perennial wheat derivatives were able to survive, 

regrow, and produce grain in field conditions in southern Australia for up to four 

years. While this result is promising, Larkin et al. (2014) concluded that further 

research on perennial wheat derivatives was needed to broaden the genetic base, thus 

widening the gene pool, and to evaluate derivatives over a wider range of 

environmental conditions. 

2.4 Challenges in perennial wheat development 

If perennial grain systems are characterised by a longer presence in the field, 

one risk is that perennial grain crops may act as a ‘green bridge’ for disease-causing 

pathogens to move to productive annual cereal crops, lowering their yield potentials, 

and threatening food security. Wide crosses with perennial grasses could lead to the 

incorporation of undesired traits into perennial grains, such as rhizomatous habit with 

potential for weediness. Any reduction in grain quality following out-crossing may 

require grain segregation and separate marketing, so that prices of premium wheats 

are not penalised. Consequently, breeding strategies are needed, not only to address 

the ability to regrow and set seed, but also to minimise problems with diseases, 

weediness, and poor grain quality. These problems are regularly cited as the reason 

for why donors may be reluctant to invest in perennial grains. 
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2.4.1 Breeding strategy and associated problems for perennial wheat 

development 

The established breeding strategy in economically important annual cereal 

crops is to improve traits like disease resistance, drought resistance, grain quality, 

and grain yield. The worldwide distribution of landraces offers valuable sources of 

genes in cereals. However, pressures on cultivated land, including the need to grow 

high-yielding cultivars for food security, may result in the loss of traditional varieties 

and landraces.  

Perennial wheat derivatives developed through wide crossing between wheat 

and perennial grasses (e.g. Triticum / Thinopyrum) often face difficulties in 

chromosome pairing and in having an unstable number of chromosomes. For 

example, back crossing with annual wheat resulted in an unstable chromosome 

number and segregation in traits like perenniality (Cox et al. 2002). In that instance, 

back crossing with the perennial parent was proposed to reduce problems in 

segregation (Anamthawat-Jonsson 1996). This approach was not advocated by Bell 

et al. (2010), as dilution of the wheat genome in the derivative by further doses of the 

perennial grass would likely result in dilution of grain characteristics and a loss of 

yield potential. To support this, the choice of a perennial parent with a smaller 

genome was reported to result in more stable progeny and hence, crosses involving 

the diploid perennial wheatgrass, Thinopyrum elongatum, would be preferred (Cox et 

al. 2002; Murphy et al. 2010). The perennial wheat breeding programme at WSU 

backcrossed progeny of Triticum / Thinopyrumcrosses with annual wheat, obtaining 

derivatives that were successful in post-sexual cycle regrowth (Murphy et al. 2010).  

This may be attributed to the choice of the diploid perennial grass parent, 

Thinopyrum elongatum, rather than its more complex hexaploid relative, Thinopyrum 
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intermedium, and backcrossing would have increased the proportion of annual wheat 

genes in the progeny.  

Hayes et al. (2012) examined cytogenetic stability in the derivatives and 

concluded that a complete set of chromosomes (2n=14) from the perennial parent 

was needed in order to ensure spikelet fertility and grain set. These relationships 

were explored further by Larkin et al. (2014), who examined chromosome numbers 

and cytogenetic compositions resulting from various crosses. They confirmed 

crossing with Thinopyrum elongatum was a better strategy in order to reduce the 

numbers of chromosomes segregating. Critically, Larkin et al. (2014) proposed a 

breeding strategy for perennial wheat, based on selection among segregating 

breeding populations, derived by intercrossing F1s, each the product of a Triticum 

aestivum / Thinopyrum elongatum cross. The intent was to ensure every chromosome 

in the cross had a partner, to reduce cytogenetic problems, and assist the expression 

of regrowth (full genome of the perennial grass parent present) and spikelet fertility 

(full genome of the annual wheat parent present).     

2.4.2 Resistance and tolerance to diseases in perennial wheat 

Perennial wheat derivatives could have a major drawback as a carrier of 

disease-causing pathogens. The level of disease threat, or any possible risks, from 

perennial cereal grains on existing crop production, needs to be known. An increased 

pressure of soil-borne fungal pathogens and root pathogens may be more evident as 

roots and crowns of perennial wheat derivatives persist in the soil over a longer time. 

This greater longevity of living plant tissue in perennial wheat derivatives may be 

favourable for pathogen build-up over time. Secondly, the longer growing seasonal 

length of the perennial wheat derivatives may help the survival of pathogens from 

year to year and may create a ‘green bridge’ for pathogens. However, the long-term 
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survival of perennial species is dependent upon genetic resistance to prevent disease 

load overwhelming them. The ability of pathogens to survive in live tissue 

throughout the year in tropical perennial crops, such as bananas, was used as 

evidence of a possible disease threat via perennial wheat derivatives (Singh and 

Singh 2005; Ploetz 2007).   

Wide crosses often face genetic incompatibility and the risk of transferring 

undesirable traits from the wild species. For example, Baum and Appels (1991) 

found evidence of reduced flour quality in newly-developed bread wheat when new 

genes were incorporated for disease resistance (stem rust, leaf rust, powdery mildew) 

from wide crosses between rye and wheat. Nevertheless, Jones et al. (1995) reported 

wide crosses contributed robust sources of disease resistance, including for difficult-

to-control diseases like barley yellow dwarf virus, Cephalosporium stripe (caused by 

Cephalosporium gramineum),and eyespot (caused by Pseudocerosporella 

herpotrichoides), and wheat streak mosaic virus.  

In Australia, the major disease threats for annual wheat from perennial wheat 

derivatives include leaf rust (Puccinia triticina), stripe rust (Puccinia striiformis), 

stem rust (Puccinia graminis f. sp.tritici), wheat streak mosaic virus (WSMV, caused 

by the pathogen Pseudocercosporella herpotrichoides), and barley yellow dwarf 

virus (BYDV) (Bell et al. 2010). Diseases can be controlled by the strategic use of 

chemicals, allelopathic weeds, or host dilution via the use of species mixtures or 

polycultures instead of a monoculture (Bockus and Shroyer (1998). Conventional 

strategies, such as crop rotations and tillage, would be removed in perennial wheat 

systems, but management practices, such as the use of cultivar mixtures, grazing, 

and/or burning, and breeding for genetic resistance to major disease threats, may help 

control the incidence of disease within perennial wheat systems. Additional 

resilience to soil pathogens could accrue from induced activity of symbiotic 
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mycorrhizae, and increased beneficial biology with continuous cover (Cox et al. 

2005). 

Genetic modification of perennial species by pyramiding pathogen resistance 

genes may also prevent higher disease incidence (Scheinost et al. 2001). Wide 

genetic diversity in perennial maize, with a range of disease resistance traits within 

genotypes is considered an advantage (Buckler et al. 2001). There may be 

opportunities to include both intra- and inter-species genetic diversity to improve the 

durability of genetic resistance against diseases in perennial grains (Cox et al. 2005). 

Interestingly, longer periods of natural selection have allowed resistance genes to 

accumulate in wild perennials. Thus, perennial wheat derivatives have shown 

resistance to diseases for which annual wheat is vulnerable (Singh and Singh 2005; 

Ploetz 2007; Glover et al. 2010a). 

Compared with their annual analogues, perennial wheat derivatives have 

excellent resistance to diseases, like eyespot (caused by the pathogen, 

Tapesiayallundae), tan spot or yellow spot  (caused by the pathogen, Pyrenophora 

triticirepentis), WSMV, BYDV, and Fusarium head blight diseases (caused by 

pathogen Fusarium culmorum) (Jones et al. 1995; Jauhar and Peterson 1996; Chen et 

al. 1998; Fedak and Han 2004; Xu et al. 2009; Hayes et al. 2012). 

2.4.3 Perenniality vs. grain yield trade-offs in perennial wheat derivatives 

Resource acquisition and resource allocation patterns are the driving forces for 

growth and reproduction. Annual grain crops might allocate a higher proportion of 

their resources towards seed production as the ultimate priority, as survival for more 

than one season is not an issue for annuals. In plants of perennial habit, resource 

allocation must support both seed production and survival; thus, allocation priorities 

are expected to be different from annuals. 
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Perennials allocate resources to vegetative storage organs to ensure multi-year 

survival and seed production (Bazzaz et al. 2000). These resource allocations could 

be viewed as alternative sink demand, (resource-demanding tissues), that compete 

with grain production from a common resource pool. Thus, competition for resource 

allocation between grain and vegetative parts is expected to differ between perennial 

and annual grain crops. Through plant breeding in perennial grains, however, it 

might be possible to re-allocate carbon from excess biomass production to grain 

yield. As evidenced in green revolution annual crops (Evans 1998), plant breeding 

was able to increase harvest index and yield by increasing dry matter allocation to 

grain.   

Grain yield potentials in relation to perenniality were assessed by Bell et al. 

(2008) for the economic feasibility of perennial wheat production in marginal 

cropping areas in Australia. They found perennial wheat to be economically feasible 

if it yielded only 60% of that of annual wheat, with no additional forage gains. 

Forage production potentialities in perennial wheat was found to be economically 

feasible if the crop yielded 40% of annual wheat yields, with 800 kg ha
-1 

of forage 

was produced. While some evidence to date suggests that perennial wheat can 

achieve yields up to 70% of good annual wheat cultivars in the first year, more data 

is needed on how, and under what conditions, perennial grains are able to achieve 

these yields, and if they lose other benefits in the process (Bell et al. 2008).  

Trade-offs between a perennial life history and seed production were evident in 

perennial taxa, such as Helianthemum squamatum (L.) Dum. Cours (Cistaceae)  

(Aragón et al. 2009), with resource trade-offs being evident in carbon, nitrogen 

(Wheelwright and Logan 2004), phosphorus (Zotz and Richter 2006) and other 

elements. Amongst these, carbon was considered the most important for use in 

assessing resource trade-offs, as carbohydrates provided a multipurpose energy 
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source that could be transported easily around the plant and invested in other 

assimilates. For these reasons, carbon was deemed the most suitable element for 

evaluation of the cost of reproduction in annual versus perennial growth habit 

(Reekie and Bazzaz 1987), which agronomically is expressed as dry mass. 

2.5 Source and sink relationships in cereal plants with an annual or perennial 

growth habit 

An understanding of how the physiological factors may limit yield is 

important, especially in the comparisons between growth habits, viz. annual wheat, 

perennial wheat and a perennial forage grass. It is important to evaluate whether 

yield in each case is controlled by the availability of substrates (source limited) or by 

the capability of the plant to  use available assimilates for growth (sink limited) 

(Patrick 1988), and how this may vary between growth habits, and under 

environmental stress. Research on the effect of source and sink ratio after anthesis 

were reviewed in annual wheat (Zamski and Schaffer 1996), but to my knowledge 

there are no reports of comparable studies in perennial wheat derivatives.  

Photoassimilate allocation among organs might be different at grain filling in 

perennials, as may the source or sink organs that control the partitioning of 

assimilates during that period (Bakker 1995). Some studies (Evans and Rawson 

1970; Richards 1996) stated that photosynthesis of the flag leaf blade along with the 

spike alone might be able to meet the demands of the spikes throughout grain-filling 

in annual wheat. Richards (1996) undertook a study on irrigated spring wheat, and 

found grain yield not to be constrained by source. On the other hand, increases in 

grain weight were correlated with reduced grain number after anthesis in north-west 

Mexico (Fischer and HilleRisLambers 1978a; Ledent et al. 1985), implying that a 

source limitation could arise during grain filling. Cruz-Aguado et al. (1999) reported 
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a source limitation in patterns of dry matter partitioning in spring wheat, especially 

from a November (autumn) sowing. Thus, the nature of limitations differed between 

environments. These contradictory results suggest that genotype by environment 

interactions are likely to be strong in source-sink relationships, and in determining 

priorities in the allocation of assimilate to meet grain demand relative to other sinks 

(Ma et al. 1990). A study with source-sink manipulations found that yield could be 

sink (the number of grains m
−2

) and source limited (Zamski and Schaffer 1996). 

Thus source-sink relationships during the grain filling period are important to study 

to reveal different behaviours of plant types. 

The flag leaf blade provided the major supply of assimilates towards grains 

during grain filling in annual wheat (Rawson et al. 1976). Removal of the flag leaf 

resulted in compensatory enhancement of the photosynthetic activity of lower leaves 

and other green parts (Koch 1996), and also evidence of remobilisation of stored 

carbohydrates in wheat (Triticumaestivum L.) and barley (Hordeum vulgare L.) from 

reserve pools to vegetative tissues (Schnyder 1993). In another study with the 

perennial plant, lucerne (Medicagosativa L.), Kim et al. (1991) used defoliation to 

manipulate the source and sink, and reported the impact on priorities for resource 

allocation within shoots, and for the regrowth of new shoots away from stems and 

tap roots, which were the major sinks in intact plants. Lucerne was studied under 

greenhouse conditions in relation to source-sink manipulation by defoliation at 

flowering, and was found to experience a significant reduction in pod numbers, with 

the youngest fertile pods being the most affected. Vegetative growth with 

competition from reproductive development at the same time was another key factor 

for poor seed yield (Genter et al. 1997). 
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2.5.1 Manipulation of source-sink relationships 

Studies of source-sink relationships can reveal how grain filling is controlled, 

allowing for consideration of how such limitations could be minimised or 

compensated for (Reynolds et al. 1996). An effective approach is to manipulate 

source or sink capacity, or both, to reveal priority of alternate sinks for assimilate, in 

different genotypes or growth habits. 

In warmer climatic conditions, the earlier senescence of green parts can cause 

greater extent of source limitation (Fishcer 1983). In a study on flag leaf-defoliated 

wheat, reduction in grain mass was correlated with reduced weight of internodes, and 

reserves of assimilate were insufficient to compensate for reduced grain growth 

Fig.1. Schematic diagram of source-sink manipulation and plant survival and grain 

production responses in perennial wheat. 

 

Demand 

Source 

Sink 

Feedback 

Cut 



- 42  - 

 

during grain filling (Cruz-Aguado et al. 1999). The amount of the source available at 

anthesis can determine an upper limit to potential sink size, and hence, yield potential 

(Bakker 1995), especially during the early stages of grain formation, when 

endosperm cell number is determined (Brocklehurst 1977; Wardlaw 1994). 

The reduction in grain size by shading at anthesis reduces the total amount of 

photosynthate able to be allocated for grain growth. However, source manipulation at 

anthesis might exert control over the final allocation of dry weights in wheat plants. 

Similar findings were observed by Fischer and Wilson (1975b), who reported that 

total allocation of dry matter was significantly reduced by 11 g per plant and that 

seed yield was reduced by 2.3 g per plant at early shading. In sorghum, Fischer and 

Wilson (1975b) reported differences in grain size due to inter-spikelet competition at 

anthesis, which was not explained by photosynthate supply. However, lower leaves 

more exposed to sunlight may lead to an increase in the supply of photosynthate to 

the roots, and this might have affected their production of growth regulators. 

Evidence has also shown that xylem-borne ABA may be able to be transferred to 

plant reproductive structures and manipulate their development, presumably by 

controlling the gene expression that directs cell division and carbohydrate metabolic 

enzyme activity in drought conditions (Liu et al. 2005).  

Fischer and Wilson (1975a) undertook stand thinning to increase light 

availability to remaining plants in the stand, and hence, increased source availability, 

which subsequently increased yield at all plant densities. These authors concluded 

that increased photosynthate supply might be associated with increased grain yield 

up to a certain upper limit, beyond which further increases in sink size are needed to 

increase yield potential further (Fischer and Wilson 1975c). 

Fischer and Wilson (1975a) also reported that source manipulation at any level 

(increase or decrease) can affect grain yield and individual grain size. For example, 



- 43  - 

 

they reported enlarged individual grain sizes of 25%, 53% and 46% as a result of 

increased source availability following stand thinning, when the plants were exposed 

to increased light during post-initiation, pre-anthesis and post-anthesis periods, 

respectively (Fischer and Wilson 1975b). 

If sink size is manipulated, then compensatory changes in canopy 

photosynthesis may also occur. When the demand of the wheat ear is altered during 

grain filling, considerable changes in flag leaf carbon trade may happen as a reaction 

to this alteration. Carbohydrates accumulate in the leaves of substitute sinks if flag 

leaf photosynthate is restricted to such a level (Bakker 1995). This is supported by 

the results of (Fischer and HilleRisLambers 1978b), who found a positive 

relationship among cultivars with respect to the weight of their remaining grains, and 

the possibility of increased individual grain weight, when light was enhanced. 

When sink capacity was reduced in young inflorescences by spikelet removal,  

storage increased in the remaining grains, with compensatory increases in grain size 

(Fischer and Wilson 1975a). Such studies allow reflection on the utility of alternate 

sinks under source-sink limitation (Fischer and Wilson 1975c; Schnyder 1993). For 

example, Fischer and Wilson (1975c) reported that in all removal (one third of 

spikelets) treatments, excess assimilates other than those required for grain 

production could be stored in other plant parts. When demand for assimilates was 

reduced by spikelet removal, there was little change in partitioning of above-ground 

dry weight, but a significant increase in root dry matter in sorghum. Since perennials 

possess substantial alternative sinks, when grain capacity is reduced by spikelet 

removal, distribution of available assimilate into alternate sinks is expected to be 

more flexible than it is for annuals. 

In annual wheat in particular, stems need special consideration because of their 

continuing competition between the developing higher internodes and reproductive  
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parts in the weeks prior to anthesis (Wardlaw 1968; Bingham 1972; Patrick 1972; 

Brooking and Kirby 1981; Siddique et al. 1989). In addition, temporary storage of 

carbohydrate in the stem is crucial under stressful situations (Bidinger et al. 

1977;Blum et al. 1994; Wardlaw and Willenbrink 1994;Seidel 1996).Genotypic 

differences in dry matter distribution and patterns of translocation from the stem 

have been reported  (Blum et al. 1994). Comparable analyses with perennial grains 

and perennial grasses have not been reported. 

In wheat, both the source and sink were considered to be yield-limiting factors 

at different periods of grain growth (Walpole and Morgan 1970). Finally, Fischer and 

Wilson (1975b) ruled out transport system capacity of the culm from anthesis 

onwards as a limitation, as its restriction showed no important effect on seed yield. 

Thus, dry weight increase of any sink may result from current photosynthesis, 

translocation of reserve assimilates from another sink, or both. In a study with 

rainfed lowland rice in India, Kumar et al. (2006) observed the contribution of 

current photosynthesis from stems and leaves, but in cultivars with enhanced leaf 

senescence capacity at grain filling, grain yield was stabilised under drought. 

Quantitative manipulation and analysis of source-sink relationships should reveal 

whether differences in sink priority exist between annual wheat, perennial grass and 

perennial wheat derivatives.  

2.6 Water use in perennials in relation to moisture deficit 

Resistance to water deficit and capacity to endure dry soil conditions may be 

required for perennial wheat to survive the hot dry summers in southern Australia, in 

order to regrow in autumn and produce grain in the following spring. Hybridisation 

with perennial wild relatives of wheat, with potentially greater resistance to abiotic 
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and biotic stresses in such harsh field conditions, especially those in which annual 

wheat currently underperforms, could be a useful option.   

With growing concerns about food security being under pressure from 

continuing population increases, there is a need to secure crop productivity against 

water limitations. Emphasis is now being placed on water use efficiency to achieve 

greater production from the water available (Blum 2010). Even high-yielding and 

irrigated areas often experience short periods of water deficit within the growing 

season in most years, and in some years more severe water deficits can be 

encountered.  

2.6.1 General reactions of plants to soil moisture deficit 

Plant responses to water deficit have been characterised to follow three 

strategies: dehydration escape, dehydration avoidance, and dehydration tolerance 

(Ludlow and Ng 1974; Levitt 1980). Ludlow and Muchow (1990)provided insight 

about fundamental processes involved in determining yield under water limited 

conditions and considered assimilate remobilisation, osmotic adjustment, increased 

rooting depth and density, control of stomatal conductance, higher transpiration 

efficiency, high temperature tolerance, and genetic variability as contributors to yield 

by providing plant survival in water limited environments. In the first strategy of 

dehydration escape, plants are able to complete their life cycle before the onset of 

severe water deficit conditions, or alternatively, escape the incidence of severe 

drought during sensitive growth stages via appropriate phenology. 

Second, the ability to ‘avoid’ water deficit is defined by the plant being able to 

maintain a high tissue water content or higher tissue water potential, to ensure not 

only survival, but also maintain function, and hence productivity. This is the main 

difference between the avoidance and tolerance strategies. For the avoidance 
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strategy, the plant can still be productive, as it strives to obtain more resources, or to 

meter its use, so the plant can still transpire to some extent and grow. For the 

tolerance strategy, the water deficit is more severe, so all the successful plant can do 

is stay alive. In a study involving field and model analysis in relation to water 

deficits in soybean, cowpea and black gram, it was found that cowpea provided 

higher yields and that this was related to its ontogenetic flexibility under water-

limited conditions(Sinclair et al. 1987).  

Kirkegaard et al. (2007)demonstrated that avoidance traits, specifically deeper 

roots, in annual wheat could result in additional water acquisition from deeper soil 

layers during grain filling, and that this water translated to a significant increase in 

grain yield, with a higher water use efficiency from that extra water use later in grain 

fill. Presently, there are no published data showing that perennial wheat has a better 

root system than annual wheat. However, perennial wheat is expected to show some 

advantage in having a more extensive root system and being capable of using subsoil 

water to increase grain yield and crop water use efficiency, as evidenced in annual 

wheat. Kirkegaard and Lilley (2007) reported that the usefulness of stored subsoil 

water was greater during the grain filling period of annual wheat in more productive 

environments, in which grain demand was greater. The largest response happens to 

be on soils of high water-holding capacity, where water can be available for later. 

Stage 1 plant is like well - watered, Stage 2 is avoidance, where the plant is still 

functioning, but there is pressure to maintain access to resources.  Stage 3 is 

tolerance, in which the plant stays alive in the hope of obtaining relief from the 

stressor. The plant may achieve avoidance by capturing additional water resources 

via a deeper or more extensive root system, or by minimising loss of water via 

stomatal regulation, canopy manipulation to reduce heat load, and/or a reduction in 

green leaf area to reduce transpiration. If the plant is not under stress, there is no 
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need for deep roots to capture water. If the plant is under severe stress, and no 

resources are available in the deeper soil regions, deep roots cannot help to capture 

resources that do not exist. Deep roots assist under water deficit conditions when 

additional resources are available in the deeper soil regions for grain fill, and the 

plant can use them, i.e. the plant has roots there, and has a canopy for transpiration. 

Lucerne extracted an amount of 50 mm of water per year within a root zone up to 2.3 

m and occasionally it can extract soil water beyond this depth (Brown et al., 2010), 

suggesting that it is has better crop adaptability to dry land environments (Rogers et 

al., 2016). 

Thirdly, the ability to ‘tolerate’ water deficits implies that the plants are able to 

continue to function despite partial dehydration; tissue water content and tissue water 

potential are not maintained to the same degree as with dehydration-avoiding plants.  

Under these conditions, the plants must instigate some protective measures in order 

to maintain function and survive. For example, cell and tissue turgor can be 

maintained via osmotic adjustment, by lowering osmotic potential to compensate for 

lowered water potential. Dehydration tolerance is also important, whereby 

osmoprotectants accumulate, including breakdown products available for 

reconstruction when the water deficit is relieved. Cell elasticity can assist in the 

maintenance and protection of active sites in cell walls under partial dehydration. In 

this condition, water content is lower, so further water loss is minimised. Osmotic 

adjustment may be needed to tolerate low tissue water potential (Morgan 1984). 

Other dehydration-tolerance traits include low epidermal conductance and cell wall 

extensibility. Perennial native grasses that grow in dry environments may have some 

tolerance traits that should be sought to be included in perennial wheat.  
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At the grain filling stage, drought stress causes a reduction in plant water status 

and photosynthesis. Thus, drought at this stage encourages the exchange of stem 

reserves in water-soluble carbohydrates and their allocation to grains or other priority 

sinks (Blum 1998, 2005). Ovenden (2015) explored water soluble carbohydrate 

accumulation and the potential for genetic control in relation to improvement of 

these traits, and found strong environmental interactions for well-watered and water 

deficit for both water soluble concentration and total water soluble carbohydrate per 

square metre. 

Summer dormancy is found in temperate perennial grasses (e.g. cocksfoot, tall 

fescue (Festuca arundinacea)) in semi-arid environments, and specifically in long 

dry summer environments (e.g. Mediterranean climates in southern Australia) (Reed 

1996; Norton et al. 2006). A similar summer dormancy approach might enable 

perennial wheat to survive in the drier areas of Australia’s cropping zone.   

2.6.2 Crop development and growth-phenology, yield and moisture deficit 

Annual and perennial wheat derivatives are different in growth habits. Annual 

wheat follows a vegetative phase until spike initiation, then it undergoes a 

reproductive phase until flowering, with stem elongation and ear development, and 

lastly grain filling. Perennial wheat initially goes through a similar growth phase to 

annual wheat until after harvest when it begins to regrow from the crown base. After 

regrowth, perennial wheat may continue to remain in the vegetative habit, or 

flowering and seed set may occur in inducible conditions.  

Perennial crops may exhibit dormancy; an adaptive response that enables 

survival in unfavourable environmental conditions (Salazs and Ievinsh 2004). 

Summer dormancy was observed in Mediterranean climates during the hot and dry 

summers that threatened plant survival. By blocking metabolic processes, summer 
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dormant plants remained dormant (Hoen 1968). In an earlier study, Laude (1953) 

found evidence of summer dormancy in the perennial grasses, Poa scabrella and Poa 

bulbosa, even in well-watered conditions over dry summers. 

Mechanisms used by perennial forage plants include dehydration avoidance, 

dehydration tolerance (Levitt 1980; Turner 1986) and summer dormancy (Volaire 

and Norton 2006). Norton et al. (2009) recommended that plants be tested under full 

irrigation or a midsummer storm event to measure summer dormancy. In contrast 

winter dormancy was seen in plant species at high latitudes under severe winters thus 

following the opposite conditions. 

Most agricultural produce (cereals, grain legumes, and fruit) comes from 

reproductive development, and because most crops experience water shortage at 

various stages of their life cycle. The impact of drought on reproductive development 

is very important. The responses to drought observed in both natural and agricultural 

communities are often of significant adaptive importance. 

After the onset of drought, growth is affected by two processes: one that is 

responsible for hastening growth and the other that is responsible for the delay of 

growth. Of the two phenomena, the delaying mechanism is easiest to explain, 

apparently being due to the pause of development of the shoot apex and possible 

cessation of all cell division throughout severe stress. Thus, with severe drought 

stress, there was a delay into anthesis for each day's delay in rewatering (Angus and 

Moncur 1977). The deferral of leaf ageing observed within vegetative plants by 

(Ludlow and Ng 1974) may be a related process, and it is probable that many 

physiological processes are suspended during conditions of severe stress, only to be 

restarted when the stress is relieved. 

Ouk et al. (2006) studied drought resistance in rain fed lowland rice in a series 

of experiments with 15 contrasting genotypes under well-watered and managed 
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drought conditions at two sites for 5 years in Cambodia. A drought response index 

(DRI), grain yield-adjusted for variation in potential yield, and water level (WLREL) 

around flowering — an index of the severity of water deficit at the time of flowering, 

were calculated. This was done to determine if DRI or WLREL were responsible for 

yield reduction due to drought resistance or available water at flowering, i.e. drought 

escape. 

The hastening mechanism of development within conditions of mild stress is 

more difficult to explain. One suggestion is that increased leaf temperature might 

accompany water stress (Slatyer 1969), which  hastens development similar to that of 

an increase associated with higher ambient temperature. Another possibility is that 

the plant adjusts to stress by modifying the normal sequence of development, perhaps 

so that fewer cell divisions are required before anthesis. Angus and Moncur (1977) 

reported that water stress can be a vital factor affecting the phasic development of 

field crops, and although it is a less important influence than temperature or day 

length, it clearly must be included during developmental models if they are to predict 

the timing of crops within an accuracy of a few days. 

2.6.3 Drought survival in perennial grasses 

Volaire et al. (1998) conducted a field study in France where the perennial 

forage grasses cocksfoot and perennial ryegrass (Lolium perenne L.) were grown in 

well-watered conditions and then subjected to a prolonged summer drought 

(80 days), and observed systematic differences between them. Superior drought 

survival was found to be associated with deeper root systems and greater water 

uptake from deeper soil depths, with greater dehydration tolerance in surviving 

leaves expressed as lower water and osmotic potentials, and greater reserves of 

water-soluble carbohydrates (WSC) (including glucose, sucrose, raffinose, 
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myoinositol, and fructans) in stubbles. These developmental and physiological traits; 

including a deeper root system, osmotic adjustment and water status maintenance, 

ensured greater survival of tillers and leaves, and contributed to plant survival and 

persistence under prolonged drought conditions, which was consistent with that 

found by other authors (Silsbury 1964; White et al. 1992; Barker et al. 1993).   

Drought resistance responses of growing tissues were different from those of 

older tissues, with immature tissues often showing greater resistance to water deficit 

(Barlow et al. 1980; West et al. 1990). Coverings on surviving meristematic organs 

like leaf bases and apices within the older sheaths helped to protect against 

evaporative and heat stresses. Consequently, drought resistant grass genotypes 

exhibited a combination of adaptive responses to delay dehydration in the surviving 

organs. Monosaccharides, sucrose, and fructans have been shown to accumulate in 

leaf bases (Volaire et al. 1998). Demel et al. (1998) argued that fructans helped to 

maintain membrane integrity under dehydration by preventing lipid condensation and 

phase transitions. Likewise, greater accumulation of fructans in leaf tissues, mainly 

in leaf sheaths and elongating leaf bases, and greater accumulation of sucrose in 

roots, were found to be correlated to the acquisition of drought resistance in 

perennial ryegrass (Amiard et al. 2003). 

In a study that investigated heat stress alone, and in combination with drought, 

Jiang and Huang (2001) found that the maintenance of higher photosynthesis, leaf 

photochemical efficiency, evapotranspiration, leaf relative water content, root 

growth, and lower electrolyte leakage were useful traits for drought resistance in tall 

fescue cv ‘Mustang’ (Festuca arundinacea L.), in contrast to perennial rye grass cv 

‘Brightstar II’. Finally, Kemp and Culvenor (1994) reviewed grazing and drought 

resistance of perennial grasses in Australia in relation to plant survival and 

productivity and observed that plants with more and/or larger tillers, and with deeper 
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root systems, had a  better chance of survival in drought, due to greater capacity to 

extract soil water from depth.  

2.6.4 Drought resistance and annual wheat 

Crop responses to water deficit conditions can be measured by considering 

reliable parameters for quantifying the plant water stress response. Leaf water 

potential, a reliable parameter for wheat under drought, was found to differ 

significantly between genotypes (Singh et al. 1990), but Sinclair and Ludlow (1985) 

argued leaf relative water content (RWC) was a better and more stable indicator of 

water status than leaf water potential under drought. Schonfeld et al. (1988) reported 

capability of some lines that maintained a higher level of RWC under drought were 

more resistant  than those where RWC was lower  and argued RWC to be a desirable 

selection trait for drought resistance in winter wheat. Larbi and Mekliche (2004) 

argued that the RWC and leaf senescence were suitable, easy, and quick indirect 

screening options that maintained a higher green leaf area and higher RWC in 

drought resistant genotypes under water deficit conditions. Kamoshita et al. (2004) 

found that osmotic adjustment was more important in rice (Oryzasativa L.) under 

prolonged drought conditions, and a superior recovery ability was associated with a 

larger plant size at the end of the drought period rather than the plant water status 

during drought. Osmotic adjustment was greater during prolonged drought periods 

(ca. 0.7 MPa) than during shorter drought periods (ca. 0.5 MPa), and lower osmotic 

adjustment was mostly associated with a higher leaf water potential. Genotypic 

variation in osmotic adjustment was observed, but there was no clear relationship 

between osmotic adjustment and biomass production during drought periods. These 

patterns of response of rice seedlings to drought and rewatering in the greenhouse 

helped to explain the patterns of adaptation of rainfed lowland rice in the field. 
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Jongdee et al. (2002) found that maintenance of leaf water potential was a better 

measure of drought resistance than osmotic adjustment in the field.  

Extensive and large root systems may be another selection trait for drought 

resistance in wheat. Indeed, Hurd (1974) reported that extensive root systems 

supported early stand establishment and resource reallocation and were a contributor 

to high yield under drought in wheat in 12 years of systematic breeding in Canada. 

More recently, Palta et al. (2011) explored the utility of having a large root system in 

adapting wheat to dry environments using unpublished data from glasshouse and 

field experiments. These authors found a strong association for increased leaf vigour, 

with a larger early established root system being able to capture water and nitrogen 

early in the season, thus, facilitating the later capture of additional water during grain 

filling. 

2.7 Discussion of the literature reviewed 

Perennial grain crop options were considered capable of potentially 

contributing grain and forage, without ignoring the environmental issues associated 

with high-yielding annual crop-based systems. Long-term breeding efforts with 

perennial grain crops face difficulties like lower grain yield, smaller sized seed, 

unreliable perenniality, high plant mortality, unsteady genetic constitution, and 

outmoded agronomic attributes. However, progress in modern plant breeding, 

cytogenetics and molecular biology in the latest wheat perennial breeding research 

were able to boost this program, by exploring currently available germplasm over 

diverse environmental conditions. Field research in Australia has demonstrated that 

some perennial wheat derivatives are capable of persisting for up to 3–4 years while 

contributing some grain and forage, thereby providing evidence of the feasibility of 

developing a perennial wheat crop.  
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A successful perennial wheat crop would show regrowth in subsequent years, 

and ideally, would show grain yield achieving the benchmarks of 65% of annual 

wheat for grain alone, or of 40% of annual wheat for grain, with 800 kg forage, in 

each year of regrowth. The present literature from USA and Australia suggests a 

number of derivatives are able to meet the benchmarks in the first year, but regrowth 

and subsequent performance were unreliable. Further research is clearly needed in 

this area, particularly with regard to understanding the underlying processes.  

Resource allocation and distribution attributes in perennial crops would differ 

from those of annual crops. In successive years, these attributes might also change in 

resource reallocation as the plant ages. Available literature on this issue was not 

comprehensive enough to understand perennial wheat resource allocation, as a grain 

crop through successive years of regrowth and perennation. 

In order for a grain crop to succeed in a specific region, it may require a special 

trait to adapt in that region. Perennial wheat crops in Australia will require 

significant drought resistance to successfully adapt to the environment. However, the 

true potential of drought resistant attributes in perennial wheat in Australia is yet to 

be discovered and presented in the literature, including whether derivatives can 

produce deeper roots that extract water from deeper soil layers during prolonged 

drought. 

Perennial wheat may provide in time a more sustainable crop option with an 

ability to provide ecosystem services, while still contributing grain or forage in a 

more environmentally friendly way. This thesis will examine various aspects of 

perennial wheat derivatives and perennial grass production regarding their potential 

influence on biomass production and root growth from the point of view of 

agronomy, physiology and water use efficiency in different conditions to provide 

more information in perennial wheat literature. The studies detailed in Chapters 3–5 
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will answer questions about the grain and biomass productivity of perennial wheat 

over time, changes in resource acquisition and allocation patterns in perennial wheat 

derivatives in relation to the source-sink balance, and in water use efficiency under 

prolonged water deficit conditions. An annual wheat and a perennial grass are used 

as controls for the perennial wheat derivatives. The goal of this literature review and 

the following experimental studies is to contribute to the growing literature on 

perennial grain crops, and to address both fundamental and applied questions 

regarding a new and highly unusual plant growth form.  



- 56  - 

 

3 Chapter 3: 

Seasonal comparison on root growth and dry matter partitioning in 

four perennial wheat derivatives, a perennial grass and an annual 

wheat 

 

Abstract 

Perennial crops, as a great provider of ecosystem services and the provision of 

grain and grazing for livestock, are considered to be an interesting form of crop 

within a mixed farm cropping system. Perennial wheat derivatives developed from 

wide crosses of bread wheat and perennial grass were found to be able to survive and 

regrow without reseeding in the USA, and to be able to produce grain for up to 4 

years in Australia. Performance of four perennial wheat derivatives, a perennial grass 

and annual wheat in root growth and dry matter production were studied (1) in a 

comparison allowing their growth in different seasons over three years, (2) in a 

comparison within the same season with replanting in every year, so that different 

aged plants were compared in same season, and (3) with different water regimes over 

a dry season to compare their performance in wet season regrowth. Dry matter 

partitioning patterns were found to be greater in perennial wheat derivatives than in 

annual wheat during regrowth in older plants. Perennial wheat derivatives showed 

greater capacity in survival and root growth in older plants. Watering regimes and 

seasonal effects on dry matter and grain production were varied in response to these 

parameters. Promising perennial wheat derivatives were able to attain above- and 

below-ground dry matter similar to a perennial grass, and grain yields were nearly 

equivalent to those of annual wheat. Agronomic performance of three-year-old 
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perennial wheat derivatives and perennial grass were compared with two-year-old 

and one-year-old plants in the same season and in different seasons in the same 

location with annual wheat for three years under controlled ambient growing 

conditions. The best performing perennial wheat produced a similar grain yield to 

that of annual wheat in the first and second year of regrowth, and in the third year of 

regrowth produced 2–3fold more grain yield per plant compared to that of annual 

wheat. The above-ground biomass was found to be 2–7 fold greater in perennial 

wheat derivatives than in annual wheat. Root growth was found to be 2 fold greater 

in better performing perennial wheat derivatives and grass in the first year of plant 

growth. Root growth increased further to be 3–12fold more than that for annual 

wheat in both older perennial wheat derivatives and perennial grass in the second and 

third years. Perennial wheat derivatives and perennial grass were found to produce 

more tillers, biomass, and root growth with increasing plant age. Consistent regrowth 

and survival in the following years, and reliable root growth with better grain yield, 

in perennial wheat derivatives and perennial grass requires further selection for the 

target environment.  

Key words: Perenniality, dry matter allocation 

3.1 Introduction 

The crop-livestock mixed-farming system of southern Australia is 

characterised by low production levels, due to poor soils with low and erratic rainfall, 

and low inputs (Turner 2004). The replacement of perennial native vegetation with 

annual crops threatens system sustainability generally (Glover et al. 2010). In 

southern Australia, the movement of water and nutrients below the shallow root zone 

of annual crops has led to rising water tables, acidification and salinity (Angus et al. 

2001). Among the wide range of perennial grains worthy of consideration, perennial 
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wheat remains a key priority as wheat is the major grain crop grown throughout the 

world and is the predominant grain produced in southern Australia.The option to 

replace annual wheat (in marginal environments, or in parts of the farm, where 

neither wheat nor pasture is most favoured) with perennial wheat (a wide cross 

between perennial grass and bread wheat, which would be able to regrow like a 

perennial grass and produce grain like wheat each year), would provide forage and 

grain in a more stable mixed-farming system, with greater flexibility and increased 

integration of livestock. 

Perennial wheat is still in the process of development, and there are relatively 

few studies of grain yield under agronomic field conditions (Larkin et al. 2014). 

Perennial wheat is not a naturally occurring plant, but it might  be developed through 

wide crossings between annual wheat, such as durum (Triticum durum) or common 

bread wheat (Triticum aestivumL.), with any of several perennial grass relatives, but 

most commonly with intermediate wheatgrass (Thinopyrum intermedium) (Cox et al. 

2006). Research in perennial wheat breeding commenced in the early 1900s in the 

former Soviet Union. These early studies focused on yield, but this was not 

successful economically, as yield declined in subsequent regrowth years. 

Unfortunately, few of these data have been easily accessible to researchers in other 

countries. More recently, the environmental potential of perennial wheat to improve 

environmental sustainability in agriculture systems has attracted renewed research 

attention. Despite the anticipated environmental benefits, however, much uncertainty 

remains about the degree to which perennial wheat produce lower grain yields 

compared to annual wheat, as the perennial plants may need to allocate resources to 

enable regrowth, rather than devote all of their reserves to grain (DeHaan et al. 2005; 

Murphy et al. 2009; Glover et al. 2010; Glover and Reganold 2010). If perennial 

habits were to allow perennial wheat to develop deeper roots, however, perennial 
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wheat may acquire additional resources, and, depending on additional production and 

allocation of dry matter from those additional resources, perennial wheat may be able 

to invest for regrowth as well as contribute a reasonable grain yield (Glover et al. 

2010). This concept remains to be critically tested.  

The feasibility of perennial wheat into the current farming system, and its 

potential contribution to economic profitability, was examined by (Bell et al. 2008) 

using the Model of an Integrated Dry land Agricultural System (MIDAS). MIDAS is 

a whole-farm bio-economic model developed in Western Australia, which was 

programmed to allow perennial wheat to be chosen as a candidate enterprise across 

contrasting land units in the model farm. In this way, MIDAS was used to assess 

which land units were suitable for perennial wheat based on comparative economic 

value to the whole farm. The results showed that perennial wheat could be 

economically profitable if the grain yield was 65% of that of annual wheat when they 

received an equal grain price, or for dual purposes, if the yield was 40% of that of 

annual wheat with a contribution of just 800 kgha
-1

 of additional forage (Bell et al. 

2008). Murphy et al. (2010) reported that grain yield in perennial wheat derivatives 

was up to 93% of that of annual wheat yield in the first year of plant growth. 

Jaikumar et al. (2012) found that perennial wheat derivatives  in the second year of 

plant growth produced a similar grain yield to that in the first year (50% of the 

annual wheat yield). Hayes et al.(2012) evaluated 150 perennial wheat and 

wheatgrass derivatives over three years under Australian conditions at Cowra, New 

South Wales, and reported that several perennial wheat derivatives persisted and 

produced grain over three successive years. In a continued field study of 84 perennial 

wheat derivatives, including 58 previously untested and 26 promising entries from 

the initial field evaluation study, Larkin et al. (2014) reported an ability to produce 

grain yields of up to 75% of that of annual wheat in the highest-yielding perennial 
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wheat lines, although the best yielders in the first year failed to regrow effectively in 

the second year. Nevertheless, six perennial wheat derivatives were able to survive 

and produce grain for up to four years in the field. This research has clearly shown 

that the development of perennial wheat should be feasible, as the best entries have 

up to 4 years survival, regrowth and grain yield, and have already exceeded the 65% 

and 40% thresholds of annual wheat yield for economic viability as grain or dual-

purpose crops (Bell et al. 2008). However, research with perennial wheat, regarding 

its resource allocation at the whole plant level (including resource allocation for 

survival expressed as root growth) remains untested. 

The agronomic potential of perennial wheat might be further explained with 

data on dry matter production and partitioning, both above- and below-ground, in 

relation to plant age. In older plants, the established root system might be better able 

to support regrowth early in the growing season, and might allow yields to be 

maintained in subsequent years. Alternatively, disease invasion might interfere with 

crop establishment and reduce subsequent crop survival. Seasonal conditions may 

also influence crop establishment and dry matter production. The same crop might 

produce different above- and below-ground dry matter under different seasonal 

conditions. Thus, the agronomic potential of perennial wheat, relative to annual 

wheat and perennial grass, should be compared over cycles of regrowth. 

In addition, comparison should also be made over generations within the same 

season, so seasonal confounding can also be removed. In this way, dry matter 

production, root growth, and partitioning would be excluded from seasonal 

confounding with plant age. One study in the USA did consider such seasonal 

confounding of plant age (Jaikumar et al.2012), but extreme weather conditions in 

the second year negated the comparisons. Consequently, the within-season 
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comparison over generations remains to be tested. A further question relates to any 

consequence of water deficit during the dry season on the performance of the 

subsequent wet season ratoon crop. This also remains to be tested.  

Consequently, this study examines the dry matter production and partitioning 

of four perennial wheat derivatives over three years, relative to one annual wheat 

‘parent’ and one perennial grass ‘parent’, including how these patterns change in 

successive regrowth cycles. In order to quantify above- and below-ground response, 

the experiments were conducted in large soil columns in the screen-house, under 

well-watered conditions. Additional soil columns were established to permit regular 

destructive sampling, and also to permit additional comparisons. The consequences 

of moderate dry season water deficit on subsequent wet season regrowth and yield 

were examined in one subsidiary experiment. A second subsidiary experiment used 

further plantings in successive years to allow comparisons across generations in well-

watered conditions in the same season, in the absence of seasonal confounding. The 

guiding hypotheses were:  

If perennial wheat derivatives are grown for three years under well-watered 

conditions with replanting of annual wheat every year, then: 

a) Perennial wheat derivatives and perennial grass might show trade-offs in  

allocation to seeds in comparison to annual wheat in their first year, second year and 

third year of growth due to their  perennial habit. 

b) Perennial wheat derivatives and perennial grasswould be able to capture additional 

resources as an advantage of their perennial habit, and might be able to allocate 

additional dry matter produced from those extra resources to benefit regrowth, forage 

and grain yield in contrast to annual wheat. 
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c) Dry matter allocation patterns in annual wheat, perennial wheat derivatives and 

perennial grass might differ in relation to annual or perennial growth habits in plants 

of different ages, and when compared over generations within the same season. 

d) Survival and regrowth patterns might be different under well-watered and water 

deficit conditions over three years within perennial wheat derivatives and perennial 

grass. 

3.2 Materials and methods 

3.2.1 Experimental location and soil columns preparation 

We conducted this study in large soil columns in an open-topped, side-netted 

enclosure in the Horticulture Precinct of Charles Sturt University, located in Wagga 

Wagga, New South Wales, Australia (latitude: 35.05
°
S, longitude: 147.35

°
E, 

elevation: 219 m). The soil columns were established in 150 cm long PVC tubes of 

10 cm diameter. The soil columns were filled to the same weight with homogenised 

soil. The weight of individual column at field capacity was ~26 kg and placed above 

ground. The soil volume of each column was 1.17 m
3 

with a surface area of 314 cm
2
.
 

Hajri et al. (2016) used pots with 20 cm diameter with 15 plants per pot, while Ward 

et al. (2011) used 0.24 m
3
 of soil volume suggest soil column used in this study was 

larger enough for root study. 
 

A hole was drilled into the basal sealed cap to permit the drainage of excess 

water. The columns were filled with granitic loamy sand soil (bulk density ~ 1.7 Mg 

m
-3

).  
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3.2.2 Experimental design 

The experiment was laid out in a split-plot design with six genotypes replicated 

three times as the basis of each sampling unit. Within each replicate, there were 20 

sampling units of the six genotypes available for subsequent destructive 

measurements over the three year period and the six entries comprised one annual 

bread wheat, four perennial wheat derivatives and one perennial grass.  

3.2.3 Selection of genotypes 

Annual bread wheat (Triticum aestivum L.) cultivar ‘Wedgetail,’ a dual-

purpose longer-duration wheat designed for the wheat-sheep farming system of 

southern Australia, was chosen as the annual wheat control for this study. Four 

perennial wheat derivatives were selected for this study, based on their contrasting 

field performance from a germplasm pool of 150 derivatives evaluated in the field at 

Cowra in New South Wales (Hayes et al. (2012). For their levels of cytogenetic 

complexity, these perennial wheat derivatives provided better performance with 

higher yielding ability along with a lower harvest index, higher kernel weight, and 

comparatively better regrowth ability, relative to other comparable perennial wheat 

derivatives studied in the field.The four selected perennial wheat derivatives (CPI-

147235a, CPI-147280b, OK7211542, 11955) were wide crosses between bread 

wheat and perennial grasses, which varied in resource allocation and survival. They 

also differed in cytogenetic complexity, based on the source of the perennial grass 

parent: CPI-147235a (Th. elongatum 2n diploid); CPI-147280b (Th. intermedium 6n 

hexaploid); OK7211542 (Th. ponticum 8n decaploid); 11955 (Agropyron spp. 

unknown manyploid > 8n) (Table 1). Perennial tall wheatgrass (Thinopyrum 

intermedium) CPI-148055 was chosen as the perennial grass control, because of its 

superior regrowth ability, and because T. intermedium was most commonly used as 
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the parent to confer perennial growth habit among the 150 derivatives tested in 

Cowra. Wedgetail and CPI-148055 represented the ‘parents’ used to develop the 

perennial wheat derivatives, in general, for comparison. 

 

3.2.4 Cultural management 

Seeds, treated with fungicide BAYTAN T (active ingredients Triadimenol 

150 gL
-1

 and Triflumenol 150 gL
-1

in 100 ml per 100 kg wheat seed), were sown on 

7 May 2011, and after emergence, stands were thinned to one plant per soil column. 

In subsequent years, new plantings of the four perennial wheat derivatives, the 

perennial grass and the annual wheat were conducted on 5 May 2012 and 8 May 

2013, to permit the intended comparisons over generations within seasons. On the 

same replanting dates, the annual wheat was also re-sown into the annual wheat 

columns in all remaining sampling units, again to permit the intended wet season 

comparisons. The annual wheat, Wedgetail, was absent from dry season 

comparisons. At the end of each growing season, in about December (the end of the 

wet season) and May (the end of the dry season), the plants were cut back to 8–

10 cm in plant height to allow regrowth to occur in the perennial genotypes in the 

following season. The severed biomass was removed.  

The watering regime was maintained using a dripper irrigation system and 

done up to field capacity in different intervals as required in specified treatment 

conditions (well-watered and water-deficit conditions). For the well-watered 

conditions, the soil columns were watered to field capacity at fortnightly intervals 

throughout the experiment. For the dry season water deficit only conditions, affected 

soil columns were watered at monthly intervals during the dry season only; from 

grain harvest at the end of one wet season, until the removal of dry season biomass at 
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the commencement of the next wet season. Heavy rainfall over saturation was 

counted as a watering event and scheduled accordingly. 

All-purpose soluble fertiliser (Yates Thrive N: P: K ratio as 25:5:8.8) was 

applied as a solution to each soil column at monthly intervals throughout the 

experiment. To make the solution, 5g of the fertiliser was mixed to 1.8 L of water, 

i.e. 30 mL of solution was applied to each column. No other nutrients were applied 

as soil organic carbon was adequate (4925 mg/kg) in amount. Insecticide Confidor 

(active ingredient 0.125 g/L Imidacloprid) was sprayed against leaf sucking insects, 

and fungicide BUMPER (active ingredient Propiconazole 418 g/L) was sprayed 

against leaf rust as needed.  

3.2.5 Measurements 

Total dry matter allocation was measured in six harvests. In the first year of 

plant growth, two harvests were taken: Harvest 1 (First wet season a) at flowering in 

October–November 2011, and Harvest 2 (First wet season b) at maturity in 

November–December 2011. In the second year of growing, two harvests were also 

taken: Harvest 3 at the end of first dry season April 2012, and Harvest 4 (Second wet 

season harvest) at maturity in November–December 2012.In the third year of 

growing, two further harvests were taken: Harvest 5 (Second dry season harvest) at 

the end of April 2013, and Harvest 6 (Third wet season harvest) at maturity in 

November–December 2013.  

During each harvest, the shoot was cut at the soil surface and separated into 

crowns, leaves, stems and spikes for measuring biomass allocation in different plant 

parts. At the time of sampling, the PVC tubes of the large soil columns were cut in 

half lengthwise to expose the soil core, which was then cut into 10 cm sections. Each 

depth increment was washed using the ‘root washer’ and clean root samples were 
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collected. All root samples were dried in a dehydrator at 70 ºC for 48 hours and dry 

weight was recorded. During the first year, the first harvest was done at anthesis (GS 

65) (between October and November 2011), but was dependent upon the growth 

stage of the individual genotype. The second harvest was done at the ripening stage 

(GS 89) (between November and December), and again, it was dependent upon the 

growth stage of the individual genotype. These two harvests represented the plant 

growth during the ‘wet season’ of the first year (WS1), the typical wheat growing 

season in south-eastern Australia. At maturity, all remaining plants were defoliated to 

8 to 10 cm from the soil surface. This would allow quantification of the regrowth 

potential of the perennial genotypes during the summer dry season.Seed heads from 

each genotype were separated and cleaned by hand using a customised tabletop 

thresher. Subsamples of seeds were selected randomly and weighed, and seeds were 

counted to determine single seed mass. 

After the summer season (dry season DS1), the third harvest took place in 

April 2012, when most of the perennials were at anthesis (GS 65), except for the 

annual wheat, which was not grown during the dry season. Again, the remaining soil 

columns were defoliated as described above. The annual wheat cultivar, Wedgetail, 

was re-sown on 5 May 2012. The fourth harvest took place at maturity (GS 89), and 

again was dependent upon the growth stage of the individual genotype, between 

November and December 2012. This harvest represented plant growth during the 

‘wet season’ of the second year (WS2). 

After the summer season (dry season DS2), the fifth harvest took place in April 

2013, when most of derivatives were at anthesis (GS 65), again except for the annual 

wheat, which was not grown during the dry season. The remaining pots were again 

defoliated as described earlier. The annual wheat, cv. Wedgetail, was re-sown 

on8 May 2013. The sixth and final harvest took place at maturity (GS 89), and again 
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it was dependent upon the growth stage of the individual genotype, between 

November and December 2013. This harvest represented plant growth during the 

‘wet season’ of the third year (WS3). 

Thermal time was calculated from the average centigrade temperature {(max + 

min)/2} of each day over a given time period and presented as Growing degree days 

(GDD).  

 

3.2.6 Statistical analysis 

Available data were analysed statistically using analysis of variance (ANOVA) 

at different treatment levels using GenStat 16
th

 edition (GenStat® for Windows10.0, 

VSN Int. Ltd, UK, 2013). The ANOVA involved using genotypes as the main plot 

effect and harvest years as the sub plot. The Least Significant Difference (P<0.5) was 

calculated to test whether there were significant differences among treatments.  

3.3 Results 

3.3.1 Cultural conditions 

The temperature, relative humidity, potential evapotranspiration and rainfall 

data measured for the study period are presented in Fig. 1 and 2. Analysis of weather 

data revealed that the observed weather parameters were close to the long-term 

average, with mean monthly maximum and minimum temperature varying from a 

maximum of 44
°
C in January to a minimum of -5

°
C in July. The hottest summer of 

the three years was observed in 2012. The annual total rainfall at the experimental 

site during the duration of this study (~3 years) was 1460 mm, which was close to the 

long-term total annual rainfall (572 mm) for this location. 



- 68  - 

 

3.3.2 Overall data summary 

Treatment means (main effects), and statistics on significance of genotype, 

harvest year, and genotype x harvest year are presented in Table 2.  

All sources of variation for plant height at flowering, number of tillers per 

plant, total root dry matter, grain weight per plant, single grain weight, harvest index, 

grain number per plant, and crown dry weight were statistically significant (Table 2). 

However, the genotype by harvest year interaction was not significant for number of 

ears per plant, total shoot dry matter and grain number per ear. Genotype was a 

significant source of variation for all traits. Harvest year was a significant source of 

variation for all traits except grain number per ear. In general, the perennial wheat 

derivatives CPI-147235a and 11955, and the perennial grass CPI-148055, were 

largest for many growth parameters including root and shoot dry weights. However, 

annual wheat, Wedgetail, had a higher grain number per ear and the lowest root dry 

weight. The interactions between genotypes and harvest year were significant for 

several growth and yield components, as examined further below. 

3.3.3 Phenology in successive growing season regrowth and within season 

comparison 

All genotypes established well after planting in May, 2011. Flowering in the 

first wet season (WS1) occurred at about 175 days after sowing in the perennial 

wheat derivatives, with the annual wheat about 15 days earlier and the perennial 

grass about 10 days later (Fig. 3abc). The thermal time (Growing Degree Day, GDD) 

showed similar pattern as flowering days with on an average 2070 GDD, with annual 

wheat about 1645 GDD. In the perennial wheat derivatives, flowering occurred on 

average at 180, 180, 150 days  after last stubble cut over the three wet seasons, 

several days earlier in the Wedgetail annual wheat, and several days later in the 
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perennial grass CPI-148055, especially in year 3. Except for the perennial grass, CPI-

148055, which flowered at around 200 days in each season, time to flowering 

decreased in the third year, by about 20 days in CPI-147235a, and by about 30 days 

in the other perennial wheat derivatives. The GDDs were increased in second year in 

all of the varieties except 11955, however, it reduced in third year in all of the 

perennial wheat derivatives except perennial grass, CPI-148055. 

For plant height (Fig. 3def), OK7211542, CPI-147235a and 11955 were about 

20 cm taller than other entries in the first year wet season (WS1), and differences in 

plant height increased in the second year wet season (WS2). CPI-148055 joined the 

tall group, which averaged 110 cm in WS2, with CPI-146280b at 85 cm and 

Wedgetail at 65 cm. In WS3, differences in plant height were not statistically 

significant, but ranged from 85 to 110 cm. 

On average, there were about 30 tillers per plant in WS1 (Fig. 4abc), with 

fewer in Wedgetail, and more in OK7211542. Wedgetail consistently had the fewest 

tillers, averaging 12 per plant over the three seasons. There tended to be an increase 

in the number of tillers per plant in the perennial wheat derivatives with time, 

especially in 11955 in WS3. Likewise, in the perennial grass CPI-148055, there was 

a large increase to 135 tillers per plant in WS3. 

The number of ears per plant (Fig. 4def) was about half of the number of tillers 

per plant in WS1, with fewer ears in Wedgetail, and more in OK7211542 and 11955. 

In Wedgetail, the number of ears per plant remained consistently lower for the 

perennial wheat derivatives in WS2 and WS3. The number of ears per plant 

generally increased in the perennials with time, especially in 11955 and CPI-148055, 

each of which increased to about 45 ears per plant in WS3. 
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3.3.4 Total dry matter production and partitioning to above- and below-

ground components 

There was an increase in total dry matter production in the first year (Fig. 5) 

from flowering (Fig.5a) to maturity (Fig.5b) during the first wet season in 2011. In 

the second year, there was a reduction in regrowth total dry matter production during 

the first dry season (Fig. 5c) and an increase in total dry matter production during the 

second wet season harvest at maturity in 2012 (Fig.5d), which was even greater than 

that during the first wet season harvest at maturity(Fig.5b). A similar trend was found 

in the third year of growth, in which lowest regrowth and poor dry matter production 

occurred during second dry season harvest (Fig.5e) and highest total dry matter 

occurred during the end of the third wet season harvest in 2013 (Fig.5f). 

Regrowth and the amount of above- and below-ground dry matter in the dry 

season was less than (Fig. 5c) the amount of dry matter produced in the wet season 

(Fig. 5b). Perennial wheat genotype 11955 experienced the greatest (25 g/plant) 

above-ground dry matter production and the perennial wheatgrass, CPI-148055, 

experienced the greatest root biomass (5 g/plant) growth at the end of first dry season 

(Fig. 5c). Dry season regrowth in the second year (Fig. 5e) was poor in the 

derivatives. However, the perennial wheat grass (CPI-148055) experienced the 

greatest (5 g/plant) above-ground dry matter production out of all of the derivatives 

at the end of second dry season. The higher incidence of plant death might have been 

due to the very dry summer coupled with lower regrowth. No root sampling was 

done during the second dry season, so more soil columns were available for later 

sampling.  

The perennial wheat derivatives, OK7211542 and CPI-147280b, showed 

similar patterns of dry matter production from flowering to maturity in the first year 
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of growth. However, biomass at maturity during the first wet season (Fig. 5b) was 

decreased at the end of first dry season (Fig. 5c). However, lowest above-ground 

biomass was found at the end of second dry season (Fig. 5e). Highest dry matter was 

found in the third year of growth for all perennial derivatives during the third wet 

season (Fig. 5f). 

Dry matter partitioning in above-ground biomass showed an increasing pattern 

in successive years for the perennial wheat and perennial grass derivatives (Fig. 5). 

There was more above-ground biomass in the third year than in the first year for the 

same derivatives. This pattern of biomass allocation varied in magnitude depending 

on the derivatives, but was found in both the perennial wheat derivatives and the 

perennial grass. The amount of biomass accumulation in third year plants was highest 

(170 g/plant) in the perennial wheat derivative, CPI-147235a, but similar growth was 

found during the third wet season among all derivatives. A similar trend was found 

for biomass allocation in successive years for the perennial wheat derivative, 11955, 

and this was statistically similar to that for CPI-147235a.  

The perennial grass, CPI-148055, showed evidence of more above-ground 

biomass allocation. In the first year, it experienced comparatively slower biomass 

production compared to that for the perennial wheat derivatives. However, in later 

years, dry matter allocation showed 2–3 times more biomass production so that it 

increased in above-ground biomass to similar levels to that for the perennial wheat 

derivatives, CPI-147235a and 11955. 

The annual wheat, Wedgetail, (50 g/plant) showed consistent above-ground 

biomass production in successive growth seasons. The lowest dry matter production 

occurred in the annual wheat in all growing seasons. Its inability to regrow in dry 

seasons and consistent absence in both dry seasons (Dry season 2011 and 2012) 

reflected the annual nature of its growth habit. 
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Dry matter allocation differences within above-ground dry matter varied 

significantly between perennial and annual growth habits (Table 1). Perennial grass 

allocated more dry matter in crowns and leaf–straw and less in spikes in the three 

consecutive years of regrowth, compared to the perennial wheat derivatives and 

annual wheat. Interestingly at the same condition, perennial wheat derivatives were 

found allocating significantly greater amounts of dry matter to crowns, leaf-straw 

and spikes than annual wheat. However, dry matter allocation patterns were greater 

in older perennial growth habits (highest in year 3, followed by in year 2, than in 

year 1) for perennial wheat and perennial grass, whereas, the annual growth habit 

pattern was consistently similar for Wedgetail annual wheat in three successive years 

of regrowth. 

Root growth increased in all perennials in successive years (Fig. 5). In year 1, 

the root growth in perennial wheat derivatives varied from 2.24 to 4.94 g/plant, and 

this growth increased five-fold in year 2 and 15-fold in year 3. 

In successive years of regrowth, lowest root growth (5 g/plant) was found 

consistently under replanted annual wheat. This root growth in perennial grass was 

greater than in perennial wheat derivatives in successive harvests, and root growth 

ranged from 2 to 36 g/plant. Among the perennial wheat derivatives, highest root 

growth was found in all years in the perennial wheat derivative, CPI-147235a, which 

was statistically similar to that of the perennial wheat derivatives, OK7211542 and 

11955.  

3.3.5 Root dry weight in different soil depth increments 

The root biomass of perennial wheat derivatives were found in deeper soil 

layers over sampling times. By contrast, in Wedgetail annual wheat, roots were not 

found below 120 cm soil depth. 
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Root dry weight increased exponentially in perennial derivatives over 

successive growing seasons (Fig. 6). Perennial wheat had average root dry weights in 

soil layers up to 60 cm deeper soil depth (0.7 to 5.1 g). At soil depths of 60–120 cm, 

average root dry weight was 0.7 to 1.5 g; and at depths of 120–150 cm, root dry 

weight was 0.7 to 1.25 g in year 1, 2 and 3 of successive years of growth. 

Interestingly, the perennial grass, CPI-148055, had the highest root dry weight of all 

perennial wheat derivatives and also had more roots in deeper soil layers. Even in dry 

season regrowth, the perennial grass, CPI-_148055, produced more root dry weight 

compared to perennial wheat derivatives in the same growing season (Fig. 6c). 

Annual wheat consistently experienced the least root dry weight production 

along with shallower soil depth (present at 120 cm deeper soil layer) throughout the 

three years (Fig. 6). Among the perennial wheat derivatives, higher root dry weight 

was evident in the perennial wheat genotypes, CPI-147235a and 11955, and in the 

perennial grass, CPI-14728055, in successive growing seasons. The perennial 

derivative, CPI-147280b, had the lowest root dry weight of all perennial derivatives 

and showed the presence of roots in similar soil depths as annual wheat. 

3.3.6 Grain yield and yield parameters 

Grain weight per plant (Fig. 7abc) was low and variable in the annual wheat, 

Wedgetail, due to severe bird damage in the screen-house. This was despite efforts in 

placing netting over individual replicates, and even in the bagging of ears of 

individual plants. More robust netting systems were installed in the third year, but 

nevertheless, grain weights from the annual wheat, Wedgetail, should be considered 

to be underestimates, even in year 3. Fortunately, this was not a problem for the other 

entries, which did not attract any feeding activity. Amongst the perennial wheat 

derivatives, grain weight averaged about 2 g per plant in WS1, but was higher in 
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11955, which yielded about 7 g per plant. Grain weights began to diverge in WS2, 

and by WS3, 11955 and OK7211542 yielded about 24 g per plant, with CPI-147235a 

yielding about 10 g per plant, and CPI-147280b only 3 g per plant. Grain yields from 

the perennial grass CPI-148055 were negligible in all three years. 

The harvest index (Fig. 7def) in the annual wheat, Wedgetail, was low and 

variable, as expected from its low grain weights caused by bird damage. Likewise, 

the perennial grass, CPI-148055, had a very low harvest index, as expected from its 

near-zero grain weight per plant. Among the perennial wheat derivatives, harvest 

index was 10 % or less in WS1, and tended to increase with time, but was quite 

variable. For example, CPI-147280b had a significantly higher harvest index in WS2 

at about 40%, but was 10% in WS3, while OK7211542 increased from 20 to 60% 

over the same period. In contrast, the harvest index of other perennial wheat 

derivatives remained below 20 % in WS3.  

Grain number per ear (Fig. 8abc) was highly variable, with large LSDs from 10 

to 40 (P<0.05). As a result, the only significant difference was the extremely low 

grain number per ear in the perennial grass, CPI-148055, in WS2, in relation to the 

other genotypes.  

Single grain weight (Fig. 8def) was also quite variable, with the small grain 

size in the perennial grass, CPI-147055, being the only repeatable difference. 

Nevertheless, in WS2, mean grain size was larger in Wedgetail (35 mg), and 

OK7211542 and 11955 (about 30 mg), than in CPI-147280b and CPI-147235a 

(about 15 mg), and CPI-148055 (5 mg).  
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3.3.7 Dry matter allocation in regrowth in well-watered and water deficit 

condition in three successive years 

During DS2012, above-ground dry matter (Fig. 9a) was only slightly affected 

by moderate dry season water deficit, and the consequences for the following well-

watered wet-season crop were similar (Fig. 9b), as the scatterplots generally followed 

the 1:1 line in both cases, and neither regression coefficient differed significantly 

from unity. With one outlier, the relationships may still have held during the dry 

season water deficit to the same plants in DS2013 (Fig. 9c), but the consequences for 

the following wet season were quite variable, with no significant relationships 

remaining in WS2013 (Fig. 9d), as some plants were affected, and others were not. 

3.3.8 Within season comparison for dry matter allocation in regrowth 

Fig. 10 presents comparisons, over generations, of above- and below-ground 

dry matter between plants of different ages when growing in the same season, (e.g. in 

Fig. 10b vs. Fig. 10c for one-and two-year-old plants in the 2012 WS; and in Fig. 

10d vs. Fig. 10e vs. Fig.10f for one- two- and three-year-old plants in the 2013 WS). 

The diagonals also reveal contrasts over generations for each sowing, (e.g. in 

Fig. 10a vs. Fig. 10c vs. Fig. 10f for years one, two and three from 2011 sowing, 

which has been presented under Fig. 5 previously. The within-season comparison in 

the 2012 wet season (Fig. 10b vs Fig. 10c) clearly shows the much greater 

accumulation of dry matter in the second year, without seasonal confounding. In 

addition, there was little change in dry matter for the replanted annual wheat, 

Wedgetail, nor for CPI-147280b. The other perennial genotypes increased 

substantially in above- and below-ground biomass. For the three-generation 

comparison (Figs. 10d, 10e, 10f), there was little response from year one to two, but 

by year three, there was a substantial increase in above- and below-ground biomass 
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in the perennial grass CPI-148055 and also in the perennial wheat derivatives CPI-

147235a, and 11955. The below-ground responses of the perennial grass in both final 

years of comparison were notably higher than perennial wheat derivatives of the 

same growing season.  

3.4 Discussion 

3.4.1 Phenology, regrowth, biomass production over successive years 

This study reported differences in shoot and root growth and dry matter 

allocation in annual wheat, perennial wheat derivatives and perennial grass, for three 

successive years. Perennial wheat and perennial grass showed delayed phenology 

consistent with the observation that perennial grasses have a tendency for a later 

flowering  time compared to congeneric annuals (Garnier et al. 1997). However, 

fewer days to flowering were needed in year 3 in perennial wheat derivatives in this 

study, which was consistent with  findings in perennial wheat and perennial rye in 

older plants (Jaikumar et al. 2012). This change of flowering earlier is vital for 

perennials in relation to drift of harvest time, and might be used to achieve better 

protection against insect pest attack, escape from drought or from vulnerable weather 

challenges. Regrowth was successful in three consecutive years in perennial wheat 

derivatives and perennial grass. The number of tillers per plant was an important 

measure to understand regrowth ability in perennial derivatives in the following 

growth seasons. The high rate of regrowth ability in the successive wet seasons was 

encouraging in perennial wheat and in perennial grass, with more tillers per plant 

(Fig. 4a, 4b and 4c). In contrast, their regrowth in the dry season was poor, with 

fewer tillers per plant (data not shown), and reduced biomass accumulation (Fig. 5c 

and 5e). Overall, strong seasonal differences in regrowth ability were found in this 

study, with hot and dry weather in summer underlying poor dry season regrowth, 
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especially in 2013.This pattern was consistent with failure to achieve regrowth in the 

second year of perennial wheat and perennial rye in Michigan in the USA (Jaikumar 

et al. 2012). The perennial wheat genotypes evaluated here were chosen based on 

their regrowth ability in the field at Cowra, with a dense stand as an essential 

agronomic criterion (Hayes et al.2012). These genotypes were cool temperature-

adapted, being developed from winter wheats in the USA. 

In this study, the extreme seasonal variability in perennial wheat and perennial 

grass indicated a need for further breeding efforts seeking improved adaptation to the 

hot dry summers in southern Australia, including rigorous regrowth potential with 

dependable perenniality. In successive years of plant age, the decline in grain yield of 

perennial wheat derivatives in the field was attributed to the increase in plant 

mortality with age (Larkin et al. 2014), inconsistent regrowth under hot dry summers 

(Hayes et al. 2012; Jaikumar et al. 2012), and heavy weed pressure in the second 

year of regrowth (Weik et al. 2002). Generally, grain yield potential declined due to 

failure of plants to survive under harsh summer (Hayes et al. 2012; Jaikumar et 

al.2012) or harsh winter (Lammer et al. 2004; Murphy et al. 2010) conditions. This 

interaction of genotype and environmental factors controlled regrowth and reflected 

on yield potential for perennial wheat derivatives and perennial grass in successive 

years of plant age. 

Biomass production of perennial grain crops could be economically feasible as 

a provider of additional forage (Bell et al. 2008). In this study, perennial wheat 

derivatives and perennial grass produced more dry matter than annual wheat. Surplus 

forage during dry season regrowth, when annual wheat was absent, would be 

especially valuable. 

Biomass production in perennials is generally higher than in annuals. With 

long breeding histories, some of the currently domesticated perennials, although 
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producing lower grain yield, were able to produce higher total above-ground dry 

matter than their annual analogues(DeHaan et al. 2005). Above-ground biomass in 

perennial sorghum was 62% of annual sorghum (Piper and Kulakow (1994) and 

Jaikumar et al. (2012)reported that the additional impact of plant age on biomass was 

less in perennial wheat and rye in Michigan, as one and two-year-old perennial plants 

both produced only half that of their annual analogues. Perennial grass biomass 

tripled in the second year in Miscanthus (Clifton-Brown and Lewandowski 2002), 

and similarly in Arundo donax (Mantineo et al. 2009) and in switch grass (Schmer et 

al. 2010) for the first three years. However, the greater biomass in aged plants, with 

no change or little increase in seed yield, would translate to a decline in the harvest 

index in perennials with an increase in plant age. The increase in harvest index 

occurs by reallocating more carbon through plant breeding might improve yield, as 

achieved in annual crops in Green Revolution (Evans 1998).  

Throughout three years of regrowth, root growth deeper in the soil profile was 

greater in perennial wheat derivatives and in perennial grass than in annual wheat, 

whose roots were unable to attain depths below 120 cm (Fig. 6). Root dry weight 

decreased in dry season regrowth (Fig. 6c) as was evidenced from last observed wet 

season regrowth (Fig. 6b) in similar perennial wheat derivatives and perennial grass. 

This pattern was essentially consistent with the findings of a study with intermediate 

wheat grass in Kansas, which found 25–40% of roots died off and grew back each 

year (Cox et al. 2006). Interestingly, perennial grass showed greater resource 

allocation to root growth, and was the highest of all the perennial genotypes in the 

third year of regrowth.  

This ability of allowing greater resource allocation to extensive root growth 

throughout the growing season and in deeper soil layers, as shown in this study, 
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might allow greater water extraction, nutrient uptake, and reduced losses to 

groundwater, with the potential for enhanced resource capture to benefit yield in 

subsequent years. This hypothesis is examined further in Chapter 5.  

3.4.2 Trade-offs in allocation to seeds in different plant age 

Grain yield per unit area is the basic measure of productivity, whereas 

individual seed size is important for seedling vigour, and also for ease of harvest, 

milling, utilisation and food quality. Cox et al. (2006) reported that seed yield and 

seed size were lower for both wild annual and  perennial crops than those of annual 

grain crops, and that wild perennials produced fewer seeds than wild annuals. 

DeHaan et al. (2005) predicted that artificial selection in a properly managed 

breeding program could potentially generate perennial grain crops with acceptable 

yields while improving seed size. In this study, grain yields of perennial wheat 

derivatives and perennial grass generally increased over the three successive growing 

seasons. Consistent with the first hypothesis, first-year yield in perennial wheat and 

perennial grass derivatives were consistently lower than the annual wheat: perennial 

wheat derivatives and perennial grass yielded 0.009 to 6.47 g plant
-1

, while second-

year yields were 0.3 to 7 g plant
-1

, and third -year yields were 0.1 to 26 g plant
-1

.  

Lower initial grain yield in perennial wheat derivatives and perennial grass was 

consistent with that found for other studies. A recent study confirmed these findings 

for perennial wheat, with lower grain yield by 26 to 42% of annual wheat (Hayes et 

al. 2012)in Australian conditions. Further research explored84 perennial wheat 

derivatives in Australia, and found that first-year grain yield of perennial wheat 

derivatives and perennial grass varied from 2.72 to 75% of annual wheat yield 

(Larkin et al. 2014). In the contrasting environment of the USA, a perennial wheat 

study found grain yield to be 50% of that of the annual wheat (Jaikumar et al. 2012) 
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and a separate study of 31perennial wheat lines reported grain yields of 

approximately 44% (ranged  from 20 to 93% ) of that of the annual wheat (Murphy 

et al. 2010).After the first year of growth, perennial wheat derivatives differed in 

subsequent patterns, with some declining (CPI-147280b and CPi-148055) and others 

increasing (CPI-147235a, Ok7211542, 11955) in yield after the second year.  

Larkin et al. (2014) reported that four perennial wheat derivatives persisted and 

increased in grain yield with time. This confirmed the biological feasibility of 

perennial wheat derivatives in being able to produce grain over successive years of 

regrowth. Previous studies of perennial forage grasses have provided conflicting 

evidence on grain yield potential in successive years of regrowth. Grain yield in 

Pennisetum polystachyon and Andropogon gayanus increased between the first and 

second year, but declined thereafter (Mishra and Chatterjee 1968). Grain yield 

increased in the perennial grass red fescue, Festuca rubra (Canode 1968),and 

doubled in the second year in desert wheatgrass, Agropyron desertorum (Canode and 

Law 1978). Grain yields were generally stable over the first few years in Kentucky 

bluegrass, Poa pratensis (Chastain et al. 1997), orchard grass, Dactylis glomerata 

(Fulkerson 1980) and perennial ryegrass, Lolium perenne (Mueller-Warrant and 

Rosato 2002). In contrast, yield declined after the first year in the perennial grasses, 

Russian wild rye, Elymus junceus (Lawrence and Ashford 1964) and timothy, 

Phleum pratense (Fulkerson 1980).  

Among studies on perennial wheat derivatives, Jaikumar et al. (2012)reported 

that the second-year yield of perennial wheat  derivatives  were approximately equal 

to the first year grain yield (50% of the annual wheat yield). In another study,(Hayes 

et al. 2012)found that second-year perennial wheat grain yield was highly variable, 

ranging from about 1% to over 1000% of the first-year yield (depending on the 
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accession). In this study, second- and third-year grain yield increased 2- to 6-fold 

compared to first-year grain yield in perennial wheat derivatives. 

3.4.3 Survival and regrowth under differing water regimes 

Under dry-season water deficit, above-ground dry matter production was lower 

than under well-watered condition, more so in the second dry season, and more 

variable, especially in the following wet season, and more so in the second following 

wet season cycle in 2013 (Fig.9).Tillering capacity was considered a determinant of 

drought resistance (Sharma and Verma 1983), with weaker tiller growth and greater 

tiller mortality associated with delay in the commencement of regrowth. 

Nevertheless, some perennial wheat derivatives were able to produce more above-

ground dry matter by the end of wet season. But by the end of wet season 3 in 2013, 

water deficit soil columns with greater tiller mortality and weaker regrowth produced 

less biomass than previously. These results from the controlled dry-season water 

deficit assist in explaining why regrowth was inconsistent and unreliable among 

perennial wheat derivatives in the field (Hayes et al. 2012; Jaikumar et al. 2012). 

The lower grain yields in perennial wheat derivatives could be a reflection of 

lower dry matter allocation to grain, consistent with their perennial nature, combined 

with lower initial plant population density, lower reproductive tiller number, smaller 

individual kernel mass, and lower harvest index. Larkin et al. (2014) reported that 

1000-kernel mass in perennial grass was six times less than in annual wheat. 

Jaikumar et al. (2012) reported that kernel mass was 31–56 % smaller in perennial 

wheat than in annual wheat. Piper and Kulakow (1994) reported 35% lower kernel 

mass and 16% lower reproductive allocation in perennial sorghum than in annual 

sorghum.  
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3.5 Conclusion 

Perennial wheat derivatives were able to survive for three years and 

contributed greater above- and below-ground dry matter, than annual wheat 

especially in year 3. This was confirmed by the within-season comparison, which 

clearly demonstrated greater dry matter in the third year, without confounding by 

seasonal conditions. While some perennial wheat derivatives were able to regrow 

following dry season water deficit (DS-WD), a second cycle of DS-WD severely 

penalised subsequent DM and yield in WS2013. Currently available perennial wheat 

derivatives were developed in the USA for harsh winters, so would not be expected 

to survive and perform well under southern Australian conditions. Despite this, some 

did survive and perform, and the variation evident suggests prospects for further 

improvement. New gene exploration might ensure more reliable regrowth, biomass 

and yield production. Selection for drought resistance and high yield potential may 

assist in the development of improved perennial wheat derivatives. 
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3.8 Figures and tables 

Table 1a. Pedigree of genotypes used in this experiment. 

No. Genotypes  Reported pedigree  Country 

of origin  

Source  Source 

reference  

1 Wedgetail  T. aestivum Australia  (Cultivar)  EGA 

Wedgetail  

2 CPI-147235a  T. aestivum(CS) / T. 

elongatum/ T. 

aestivum (M)  

USA  WSU  PF5R1-0009  

3 CPI-

147280b 

T. Carthlicum  / T. 

intermedium / T. 

aestivum 

USA  TLI  B374-6-16  

4 OK7211542  Partial amphiploid 

derived from T. 

aestivum / T. 

Ponticum 

USA  CSIRO  (Sando 1935) 

5 11955  Triticumspp. / 

Agropyronspp.hybrid 

USA  NSW 

DPI  

-  

6 CPI-148055 T. intermedium  USA  TLI  IWG 3182  

Abbreviations: CS-Chinese Spring; M- Madsen are all cultivars of T. aestivum.    
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Table 1b. Chemical analysis of soil used in this experiment. 

Soil parameter Amount present Unit 

Calcium, soluble/exchangeable   1.9 cmol/kg 

Effective Cation Exchange Capacity   2.5 cmol/kg 

Conductivity (1:5 soil/water)   53.5 µS/cm 

Magnesium, soluble/exchangeable   0.255 cmol/kg 

Extractable Phosphorus (Colwell)   20 mg/kg 

pH (1:5 soil/water)   7.2 pH units 

Potassium, soluble/exchangeable   0.345 cmol/kg 

Sodium, soluble/exchangeable  0.165 cmol/kg 

Total Kjeldahl Nitrogen   305.5 mg/kg 

Total Organic Carbon  4925 mg/kg 
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Table 2. Overall data summary, averaged across genotypes, with LSD and AOV. 

Source of variation Plant 

height 

(cm)  

Tillers

/plant 

Ears/ 

plant 

Shoot dry 

matter (g) 

Root 

dry 

matter 

(g) 

Grain 

weight 

(g/plant) 

Single 

grain 

weight 

(g) 

Harvest 

index 

Grains

/plant 

Grains

/ear  

Crown  

dry 

weight 

(g) 

Leaf-

stem dry 

weight 

(g) 

Spike 

dry 

weight 

(g) 

G
en

o
ty

p
e 

(G
) 

Wedgetail  79.2 10.4 7.4 21.1 2.8 4.6 0.029 0.252 148.6 20.7 1.2 13.7 6.1 

CPI-147235a  104.1 32.8 18.8 70.1 9.5 5.5 0.016 0.107 296.3 15.4 5.7 50.1 14.4 

CPI-147280b 79.2 24.1 13.8 38.0 8.8 2.7 0.017 0.178 162.9 19.5 4.4 27.9 7.2 

OK7211542  103.1 37.7 21.7 47.4 10.2 10.1 0.023 0.271 406.3 16.6 7.1 32.6 19.5 

11955  103.5 45.1 25.9 94.2 15.2 12.9 0.034 0.120 349.2 14.2 9.6 58.7 22.7 

 CPI-148055 93.0 68.3 26.1 84.0 20.3 0.2 0.005 0.004 36.6 2.1 21.3 57.7 4.5 

H
ar

v
es

t 

(H
) 

Wet Season 2011 84.9 27.5 13.1 40.7 3.8 2.0 0.015 0.053 109.6 9.3 3.5 28.7 8.4 

Wet Season 2012 97.8 27.4 15.1 42.8 11.3 4.3 0.022 0.208 193.2 15.2 4.9 27.8 7.3 

Wet Season 2013 98.3 54.4 28.8 93.9 18.3 11.7 0.025 0.205 397.1 19.7 16.2 63.9 21.5 

Genotype Significance ** ** ** ** * ** ** ** ** * ** ** ** 

 LSD 12.1 9.1 10.0 31.9 4.2 1.9 0.005 0.075 50.6 11.8 5.0 26.9 4.7 

Harvest Significance ** ** ** ** ** ** ** ** ** NS ** ** 

 LSD 8.6 6.5 7.1 22.5 3.0 1.3 0.003 0.106 35.8 8.4 3.5 19.0 3.3 

G × H Significance * ** NS NS ** ** ** ** ** NS ** NS ** 

 LSD 21.0 15.8 17.3 55.2 7.3 3.3 0.008 0.184 87.7 20.5 8.6 46.6 8.1 
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Fig.1. The maximum and minimum temperatures (
°
C), and the solar radiation (shaded yellow) 

recorded during the experimental period. 
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Fig.2. The relative humidity (%), evapotranspiration (mm), rainfall (mm) and pan 

evapotranspiration (mm) recorded for the experimental period. 
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Fig.3. The number of days  (number of days after sowing or last stubble cut) to 

flowering (a, b, c) with thermal time (Growing Degree Day 
°
C) presented as yellow 

bars and plant height (d, e, f) shown for one annual wheat, four perennial wheat 

derivatives, and one perennial grass, in the of 2011(a and, d),2012(b and e),and 

2013(c and f)cropping years. LSDs (P=0.05) 3.046 for days to flowering, and 20.99 

for plant height. 
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Fig.4.The number of tillers (left hand side) (a, b, c) and the number of ears (d, e, f) 

(right hand side) for four perennial wheat derivatives, one perennial grass, and one 

annual wheat grown in the cropping year of 2011(a and d), 2012 (b and e), and 2013 

(c and f). Cropping year LSDs (P=0.05) were 15.84 for number of tillers, and 7.08 

for number of ears. Further details of statistical significance of dry matter 

components are presented in Table 2. 
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Fig. 5. Total above-ground dry matter (with components) and total root dry matter in 

one annual wheat, four perennial wheat derivatives, and one perennial grass at six 

harvests: a) at flowering 2011;b) at physiological maturity in the first wet season, 

December 2011;c) at the first dry season regrowth, April 2012;d) at physiological 

maturity in the second wet season, December 2012;e) at the second dry season 

regrowth, April 2013;and f) at physiological maturity in the third wet season, 

December 2013. LSDs for total above-ground dry matter and total root dry matter 

were 22.54 and 7.297, respectively, at P=0.05. Further details of statistical 

significance of dry matter components are presented in Table 2. 
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Fig.6. Root dry weight presented as the square root of (RDW + 0.5) over soil depth 

increments for five harvests for three years: a) wet season 1 at flowering time 2011; 

b) at physiological maturity, December 2011 (WS1); c) at the end of dry season 

regrowth, April 2012; d) at physiological maturity, December 2012(WS2); and e) at 

physiological maturity, December 2013(WS3). The level of significance is stated as 

significant (*) or not significant (ns). The original root dry weight is stated in the 

upper scale as (RDW) for the same data point stated in SQRT (RDW+0.5). 
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Fig.7. Grain weight per plant (left hand side) and harvest index (right hand side) for 

four perennial wheat derivatives, one perennial grass and one annual wheat grown 

in the harvest year of 2011(a and d), 2012(b and e), and 2013(c and f). LSDs for 

grain weight per plant and harvest index were 3.293 and 0.184, respectively, at 

P=0.05. Further details of statistical significance of dry matter components are 

presented in Table 2. 
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Fig.8. Grain number per ear (left hand side) and single grain weight(g) (right hand side) 

for four perennial wheat derivatives, one perennial grass, and one annual wheat grown in 

the harvest year of 2011(a and d),2012(b and e),and 2013(c and f). LSDs for grain 

number per ear and single grain weight 11.84 were 0.008076, respectively, at P=0.05. 

Further details of statistical significance of dry matter components are presented in 

Table 2. 
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Fig.9. Above-ground dry matter (g) for dry-season water deficit plotted 

against well-watered, for one annual wheat (Wedgetail), four perennial wheat 

derivatives (CPI-147235a,CPI-147280b,OK7211542,11955), and one 

perennial grass(CPI-148055) over four harvests: (a) DS2012 (after first dry 

season regrowth at end of April 2012), (b) WS2012 (after second wet season 

regrowth, December 2012 at the end of December 2012, (c) DS2013 

(harvested after second dry season regrowth at end of April 2013) and (d) 

WS2013 (harvested after third wet season regrowth at end of December 

2013). In each case, DM under DS-WD is plotted against its equivalent DM 

under WW in the same season, relative to the 1:1 line. The linear regression 

between WD and WW is also shown, together with its statistical significance. 
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Fig. 10. Within-season comparisons of regrowth generation and thus, above- and 

below-ground dry matter production for the annual wheat Wedgetail, four 

perennial wheat derivatives (CPI-147235a, CPI-14280b, OK7211542, 11955), 

and one perennial grass (CPI-148055)over three consecutive wet seasons (2011–

13). Different generations are compared across planting times with the same 

season and presented as (a) Sowing — May 2011,Harvest — December2011, (b) 

Sowing — May 2012, Harvest — December, 2012,, (c) Sowing — May 2011, 

Harvest — December 2012, (d)Sowing — May 2013,Harvest — December 

2013, (e)Sowing — May 2012, Harvest — December 2013, , and (f )Sowing — 

May 2011, Harvest — December 2013. LSDs for total above-ground dry matter 

and total root dry matter were 44.42 and 6.65, respectively, at P=0.05. 
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4 Chapter 4 

Source-sink manipulation on dry matter partitioning in  

perennial wheat 

Abstract 

Resource allocation patterns were examined in source and sink manipulation 

conditions in a controlled ambient Australian environment in two experiments. The 

first experiment compared annual wheat against three-year-old perennial wheat   

derivatives and perennial grass, and the second experiment compared annual wheat 

against two-year-old perennial wheat derivatives and perennial grass. Resource 

allocation priorities differed between annual and perennial growth habits over the 

plant life span. For example, annual wheat contributed more resources towards seed 

yield, while perennial wheat contributed more resources for the purpose of survival 

in a summer or harsh winter climate. A change in source or sink demands within a 

specific environment could lead to a change in resource allocation priorities. An 

increase in average seed size compared to that under control conditions may have 

resulted from a restriction in seed number, while a decrease in seed size could have 

resulted from a source limitation observed in the perennial wheat derivative, CPI-

147235a. Alternatively, a smaller seed size and greater biomass may have been 

correlated with a greater priority allocated to survival rather than grain yield in the 

perennial grass, CPI-148055. This is explored for annual wheat, perennial wheat 

derivatives and perennial grass in this chapter. 

4.1 Introduction 

Source-sink manipulation has been an important research topic because it may 

lead to a better understanding of barriers to yield improvement (Fischer et al. 1977; 

González et al. 2014). The extent to which plant productivity is determined by source 
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limitation (availability, or the capacity to generate photoassimilate by 

photosynthesis), as opposed to sink limitation (allocation, or the potential capacity to 

accumulate, store, or metabolise the photosynthetic products) is of continuing 

research interest. Source and sink control are only appropriate terms within a certain 

environment, and at a certain level of allocation; that is, a plant sink-limited at a 

certain level of seed production, or within a specific environment, could become 

source-limited at higher levels of seed production or under specific environmental 

pressures (Flore and Layne 1999).The crop yield is the final balance between the 

supplies of assimilate (source) and the capacity of using available assimilates for 

grain development (sink). Any changes to the source or sink or their interactions 

changes the source-sink balance in plants and thus can influence crop yield. 

Assimilates are carbohydrates and sugars that are used in grain filling, and are 

produced by photosynthetic activities by functional green areas of the plants. On the 

other hand, grain number and their potential size determine the sink strength of the 

plant. 

Source or sink limitation may be correlated with resource levels (Shipley 2002) 

or life forms (like trees, shrubs, grasses) as a function of annual or perennial life 

history (Marañón and Grubb 1993). Sink-limitation may be more pronounced in 

perennials than annuals due to longer periods available for resource accumulation 

and more conservative reproductive strategies (Masnatta and Ravetta 2011). 

Alternatively, Arp (1991) hypothesised that the presence of larger vegetative sinks in 

perennials could make them more source-limited than similar annuals. In a study 

with perennial rye (Secale cereale × Secale strictum (C. Presl) C. Presl subsp. 

strictum (syn. Secale montanum Guss.)) forages, perennial wheat derivatives 

(Triticum aestivum L. × Thinopyrum elongatum (Host) D. R. Dewey), and their 
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annual analogues, Jaikumar et al. (2014) reported interactions between life history 

and source-sink dynamics.  

Studies of source and sink manipulation require modifying the plant’s ability to 

produce, or use, photosynthate, by altering source and sink capacity, for example, in 

woody perennials such as cherry (Prunus cerasus L. and Prunus avium (L.) L.) (Flore 

and Layne 1999), in maize crops (Zea mays L.), soybean (Glycine max L.) and wheat 

(Triticum aestivum) (Borrás et al. 2004), annual wheat (Fischer and Wilson 1975), 

and perennial wheat (Jaikumar et al. 2014). Various studies with annual wheat 

identified different limitations in different situations: a sink constraint in the 

vegetative periods (Harrison et al. 2010), a source limitation immediately prior to 

anthesis (Amthor 2001), and co-limitations throughout grain filling particularly in 

modern cultivars (Borrás et al. 2004). Cruz-Aguado et al. (1999) reported that 

carbohydrate concentration at anthesis determined whether wheat was source- or 

sink-limited, and that this affected the number of florets fertilised, with plants only 

fertilising and retaining those florets they could easily fill. Yield potential in 

perennial wheat was only 50–70 % of that of annual wheat (Murphy et al. 2010; 

Jaikumar et al. 2012). Nevertheless, source-sink balance might be different in 

perennial wheat that requires contributions of assimilate to fodder for livestock, 

residual biomass for  improved ground cover against soil erosion, and improved 

water balance against salinity (Angus et al. 2001; Bell et al. 2010; Glover et al. 

2010). However, incorporating foreign chromatin from perennial genomes such as 

Thinopyrum elongatum may decrease sink capacity and other agronomic 

characteristics, relative to an annual wheat plant type, at least in the short term 

(Reynolds et al. 2001). In a field study, Jaikumar et al. (2014) compared perennial 

wheat and perennial rye with their annual analogues over one year, and measured 

changes in the source-sink balance of shoots manipulated in terms of carbohydrate 
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pools (comprised of starch, soluble fructans, insoluble fructans, sucrose, glucose, and 

fructose), regrowth ability, and changes in grain size. They concluded that perennial 

wheat was sink-limited for grain filling in all cases. Jaikumar et al. (2014) found that 

perennial cereals functioned below their maximum photosynthetic capacity, and that 

regrowth in the next season was not affected by the source–sink balance. Jaikumar et 

al. (2014) worked with perennials within the first year of plant growth and did not 

measure the roots. Hence, further studies of the source-sink balance are required at 

the whole plant level, particularly investigating the role of roots as an alternate sink 

over a duration of more than one year. Such studies may examine source-sink 

manipulation and patterns of resource allocation as affected by life history, or growth 

habit, using replanted annual wheat and the regrowth of perennial wheat derivatives 

and perennial grass. 

Consequently, in this study, source (partial shading) and sink (removal of some 

spikelets) were manipulated to examine patterns of resource availability and 

allocation in an annual wheat, four perennial wheat derivatives, and a perennial 

grass, under well-watered conditions. Presumably, the perennials must invest in 

vegetative structures for regrowth in the next year, so the priority of the ear as a sink 

may be reduced, and this may be exacerbated under stress. Likewise, when the grain 

sink is limited, perennials may prioritise sinks for regrowth, whilst annuals may 

promote later tillers for grain production. Such a study should provide information 

about how life history affects the prioritisation of resource allocation in annual 

wheat, perennial wheat derivatives and perennial grass, which has implications for 

perennial wheat improvement under different environmental and managerial regimes, 

and for different products.  
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The study reported here was designed to: a) determine how the resource 

allocation patterns changed with source limitation (shading), sink limitation (spikelet 

trimming from one side of the ear ), and source and sink limitation (both) in the 

patterns of dry matter production and partitioning of ‘Wedgetail’annual wheat 

cultivar, perennial wheatgrass species and perennial wheat derivatives under well-

watered conditions; and b) assist in understanding the differences in sink priority 

among annuals and perennials, particularly differences in the prioritisation of dry 

matter allocation to fill grain versus the investment in regenerative structures, and 

how this may change under stress. The implications for perennial wheat breeding are 

discussed including grain and fodder considerations. 

4.2 Materials and methods 

This study comprised two experiments, conducted in soil columns in the 

screen-house at Charles Sturt University, Wagga Wagga, New South Wales (latitude: 

35.05
°
S, longitude: 147.35

°
E, elevation: 219 m) using the same experimental set-up 

as described previously (Chapter 3, Section 3.2).  

4.2.1 Experiment 1 

4.2.1.1 Experimental design  

The experiment was laid out in a split-plot design, with six genotypes used in 

Chapter 3 replicated three times as the experimental unit. As in Chapter 3, the soil 

columns were sown on 7 May 2011. Checking for dead plants at three years of plant 

age in the third wet season 2013 was done after the perennial entries had survived 

two wet seasons and two dry seasons. During this time, more missing genotypes in 

different treatments were observed. Younger perennial plants were not used in this 

study, since they can have a higher allocation of resources to root growth, which 
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might affect resource allocation and source-sink balance. Three representative 

genotypes including an annual wheat (Wedgetail), perennial wheat derivative (CPI-

147235a) and a perennial grass genotype (CPI-148055) were available for this study, 

and treatments were imposed during the third wet season from the remaining plants. 

The annual wheat, Wedgetail, was replanted on 5 May 2012 and 8 May 2013, as in 

Chapter 3 and maintained with similar management as perennial wheat derivatives 

and perennial grass to create similar cropping soil. Again, at the end of each season, 

the perennial wheat and perennial grass plants were cut back leaving 8–10 cm plant 

height to allow regrowth in the following seasons. Crop management was as 

described for the well-watered treatment in Chapter 3.  

4.2.1.2 Treatments 

Four source-sink manipulation treatments were imposed: control, source 

limitation, sink limitation, and both source and sink limitation. These treatments 

were imposed from spike emergence until physiological maturity in the third wet 

season, under well-watered conditions. The details are as follows: 

a. Control 

Well-watered controls were maintained for comparison with the other 

treatments. 

b. Source limitation 

At spike emergence, shade cloth was used to reduce incoming 

photosynthetically active radiation (PAR) by approximately 70% relative to the 

control treatment. Care was taken in establishing the supporting framework to ensure 

air circulation in the canopy was adequate. 
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c. Sink limitation 

At spike emergence, spikelets were removed from one side of each ear, as they 

emerged from the flag leaf. This treatment reduced potential spikelet number to half 

of that of the control, for each genotype.  

d. Both source and sink limitation  

This treatment simultaneously received both source and sink limitations. At 

spike emergence, soil columns were transferred to the shade, and half of the spikelets 

were removed, as described above.  

4.2.1.3  Measurements 

Regular observations for phenological development were recorded for 

flowering, plant height, tiller number, and ear number. Plants were harvested at 

maturity and the single seed mass measured as described in Chapter 3 Section 3.4.2; 

shoots separated into crown, leaf plus stem, spike and grain; roots separated into 

10 cm depth increments; and the dry weights were recorded. 

4.2.2 Experiment 2 

Because a number of perennial plants died in Experiment 1, reducing the 

number of soil columns with perennial plants available for sampling, the experiment 

was repeated with additional genotypes, and with additional measurements. Three 

replicates of twelve genotypes were planted in Experiment 2 (Table 1), but again, 

there was considerable plant death, with sufficient plants remaining for only two 

replicates of five genotypes. In addition, there were two missing columns for Ot-38, 

which were allocated to the both treatment. There were no spare columns available 

for any additional sampling. A hot summer and harsh dry weather prevailing at the 

site (Chapter 3; Fig. 1) contributed to lower survival. 
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4.2.2.1 Experimental design 

The experiment was laid out in a split-plot design, with twelve genotypes 

replicated three times as the experimental unit. In this case, the soil columns were 

sown on 8 May 2013, and treatments were imposed during the second wet season, 

after the perennial entries had survived one wet season and one dry season. The 

annual wheat, Wedgetail, was replanted on 5 May 2014. At the end of each season, 

the plants were maintained following cultural management as described for the well-

watered treatment in Chapter 3.4.1 to 3.4.2.  

4.2.2.2 Genotypes 

Twelve genotypes were selected for the repeat experiment, including one 

annual wheat, six perennial wheat derivatives, and five perennial grasses. These 

genotypes were chosen based on survival, regrowth and yield contribution in field 

evaluations at Cowra and Woodstock in New South Wales (Hayes et al. 2012; Larkin 

et al. 2014). In addition, the genotypes were chosen such that each perennial wheat 

derivative had a representative for its annual wheat and its perennial grass parent in 

the list. Accordingly, perennial wheat derivatives of increasing genomic and 

cytogenetic complexity were selected, from CPI-147235a to OT-38, to OK72. In 

addition, a cross with Triticum durum instead of Triticum aestivum was also 

represented. Further details are presented in Table 1.  

4.2.2.3 Measuring carbohydrate using BRIX 

On each sampling occasion, one tiller (the primary tiller) was cut at ground 

level and placed into a zip lock plastic bag (on ice in an esky), and taken to the 

laboratory. Leaves were removed from the sampled tiller and the stem separated at 

each node. Each internode was then squeezed separately using a garlic press to 

extract the sap. The sap samples were measured with a handheld BRIX refractometer 
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(RFH113ATC, Omega) and the reading recorded against the referred node as degree 

BRIX, which is a measure of sucrose content. In some instances, especially at 

physiological maturity in upper nodes, sap could not be extracted due to a lack of 

moisture, so ºBRIX measurements could not be taken. Dry weights of severed tillers 

were included in shoot and total dry weights. 

4.2.2.4 Calculation of contribution from different sources to spike dry weight  

Apparent contributions to spike DW from different sources were estimated by 

adapting the methods of Kumar et al.(2006): 

DMa = TDM mat - TDM fl  ---------------------------------Eq (1) 

DMb = SDMfl- SDM mat  ---------------------------------Eq (2) 

DMc = CDM fl- CDM mat ---------------------------------  Eq (3) 

DMd = RDM fl- RDM mat ---------------------------------  Eq (4) 

TDM is the total shoot dry matter, SDM is the leaf plus stem dry matter, CDM is 

crown dry matter, RDM is root dry matter, mat is at physiological maturity, fl is at 

flowering, DMa is the apparent contribution to spike DM at physiological maturity of 

current photosynthesis from flowering to physiological maturity, DMb is the apparent 

contribution of  dry matter partitioning from leaf plus stem-to-spike dry weight at 

physiological maturity, DMc is the apparent contribution of  dry matter partitioning 

from crown-to-spike dry weight at physiological maturity, DMd is the apparent 

contribution of  dry matter partitioning from root-to-spike dry weight at 

physiological maturity. 
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Measured values of spike dry weight were then compared with estimates from: 

Current photosynthesis (DMa) --------------------------------- Eq (5), 

Current photosynthesis + leaf stem redistribution (DMab) -------------------------Eq (6),  

Current photosynthesis + leaf stem + crown redistribution (DMabc) ---------Eq (7), 

Current photosynthesis + leaf stem + crown + root redistribution (DMabcd) ----Eq (8) 

4.2.3 Statistical analysis 

A split-plot design was used in this experiment, where genotypes was the main 

plot and source-sink manipulation was the sub-plot. To conduct analysis of variance 

(ANOVA) for different sampling occasions, source-sink manipulation was tested 

against main plot error as genotypes, and genotype and its interaction with source-

sink manipulation were tested against the residual error. Least Significant 

Differences (P<0.05) were calculated to examine statistical significance among 

treatments, genotypes and their interaction. Statistical analysis was conducted using 

Genstat 16
th

 edition (GenStat® for Windows10.0, VSN Int. Ltd, UK, 2013). The 

figures were drawn using Sigmaplot 10 software. Regressions were obtained using 

Microsoft Excel.  

4.3 Results 

4.3.1 Experiment 1 

4.3.1.1 Maximum and minimum temperature and rainfall at the experimental 

site 

Maximum and minimum temperature and rainfall are shown in Fig. 1 for the 

additional period (2013–14) in addition to in Chapter 3 Fig.1 and 2 for Experiment 1. 
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The temperature varied from 44 C to -5 C. The hot and dry summer was observed in 

the month of January in 2012 during the experimental period. 

4.3.1.2 Summary of ANOVA 

Treatment was a significant source of variation for days to flowering, and the 

yield components only (Table 2). While grain weight, grain number and harvest 

index were largest in the control treatment, single grain weight was largest in the sink 

treatment. Genotype was a significant source of variation for all traits except plant 

height. In general, the perennial grass, CPI-148055,had the highest values for many 

growth parameters such as days to flowering, tiller and ear number, and biomass of  

most plant components. The perennial wheat, CPI-147235a, had the highest stem dry 

weight and grain number per plant, while Wedgetail had the highest spike dry 

weight, grain weight, single grain weight and harvest index. The interactions 

between treatment and genotype were significant for tiller number, spike dry weight 

and the yield components, as examined below. 

4.3.1.3 Flowering days and plant height 

Genotypes differed significantly in time to flowering, from 140 days in 

Wedgetail to 172 days in CPI-147235a and 214 days in CPI-148055 (Table 2). 

Flowering occurred 14 days earlier in the Sink treatment with half of the spikelet 

removal. Plant height averaged 100 cm and did not vary significantly among the 

genotypes. Although Wedgetail was 9 cm shorter and CPI-148055 was 5 cm taller, 

these differences were not significant for plant height. 

4.3.1.4 Number of tillers/plant and number of ears/plant 

Tiller number per plant differed significantly with genotype, and in its 

interaction with treatment (Fig. 2). In the control treatment, Wedgetail, CPI-147235a 
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and CPI-148055 had 15, 40 and 130 tillers per plant, respectively. In CPI-148055, 

tiller number tended to increase under sink limitation, but decreased significantly 

under source limitation. While a similar pattern was expressed in CPI-147235a, it 

was non-significant, as was also found in Wedgetail, whose tiller number remained 

stable. Ear number per plant was the same across treatments, but genotypes differed 

with Wedgetail, CPI-147235a and CPI-148055 averaging about 14, 27 and 46 ears 

per plant, respectively. Genotypes differed strongly in the proportion of their tillers 

forming ears, with Wedgetail at 92%, CPI-147235a at 60%, and CPI-148055 at only 

37%. 

4.3.1.5 Number of grains per plant and single grain weight 

In Wedgetail and the perennial wheat derivative (CPI-147235a), grain number 

per plant was significantly reduced (about halved) by source limitation, and more 

severely reduced (about quartered) by sink limitation, although these differences 

were not significant in CPI-148055, which had very few filled grains per plant 

(Fig. 5). In Wedgetail and CPI-147235a, the combination of both source and sink 

limitation resulted in similar grain numbers to source limitation alone. In the control 

treatment, CPI-147235a had 500 grains per plant, Wedgetail had 270 grains per 

plant, and CPI-148055 had only 27 grains per plant.  

For single grain weight in Wedgetail and CPI-147235a (Fig. 5), source 

limitation significantly decreased grain size, but a sink limitation significantly 

increased it, with both limitations combined being intermediate. Grain size was very 

small and unresponsive in CPI-148055. In the control treatment, genotypes differed 

significantly in mean grain weight, from about 4 mg in CPI-148055 to 20 mg in CPI-

147235a to 36 mg in Wedgetail.  
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4.3.1.6 Grain weight per plant and harvest index 

Under control conditions, Wedgetail and CPI-147235a contributed grain 

weights of about 9 and 10 g per plant, respectively, while CPI-148055 yielded only 

0.1 g per plant (Fig. 4). The source-sink limitations reduced grain weight per plant 

significantly in Wedgetail and CPI-147235a, but not in CPI-148055. The reduction 

tended to be less under sink limitation alone, but this did not differ significantly from 

source and both source and sink limitations. In combination, grain weight per plant 

was low and unresponsive in CPI-148055.  

Under control conditions (Fig. 4), the harvest index was 20% in Wedgetail, 

which was significantly greater than in CPI-147235a and CPI-148055, with harvest 

indices of 8% and 7%, respectively. Source-sink limitations significantly reduced the 

harvest index only in Wedgetail, halving it under sink limitation, and reducing it 

further under source limitation, with both resulting in an intermediate response. 

Reductions in the harvest index were non-significant for the limitation treatments in 

CPI-147235a and CPI-148055. 

4.3.1.7 Dry matter partitioning  

Genotypes differed significantly in their biomass allocation (Fig. 3), but 

source–sink treatment had no significant effect and the interaction between genotype 

and treatment was also non-significant, except for spike dry weight. Unfortunately, 

the significant interaction for spike dry weight was mainly due to bird damage, 

which affected spike dry weight in Wedgetail under control and sink limitations, 

despite the efforts with netting and ear bagging. In contrast, shade cloth proved an 

effective barrier to birds for Wedgetail, in the shade and both treatments. In the 

absence of bird damage, presumably the control would have significantly exceeded 

the limitation treatments in spike dry weight in Wedgetail, as it had in CPI-147235a. 



- 111  - 

 

In contrast, CPI-148055 was non-responsive, and the treatments did not differ 

significantly. 

CPI-148055 had a significantly greater total dry weight, root dry weight, leaf dry 

weight and crown dry weight per plant than the other genotypes (Table 2). CPI-

147235a had a significantly greater stem dry weight, and was similar to CPI-148055 

in having a significantly higher shoot dry weight than Wedgetail. Wedgetail and CPI-

147235a both had significantly greater spike dry weights than CPI-148055.  

4.3.2 Experiment 2 

4.3.2.1 Meteorological data 

Fig. 1 shows the meteorological condition for Experiment 2 (2012–14) for the 

additional period (2013–14), with an overlapping experimental period in the same 

site as Experiment 1 (climate data was presented for 2011–13 in Chapter 3 Fig.2 in 

this thesis), with Fig. 1b showing the comparison between ambient and shade 

conditions, and Fig. 1c showing the long-term means for ambient conditions. 

4.3.2.2 Plant growth 

Table 3 shows that the source-sink treatments had no effect on plant growth 

and dry matter partitioning characteristics, but genotype had a statistically significant 

effect (P<0.05) on plant height, numbers of tillers and ears per plant, and shoot and 

root dry weight. The five genotypes averaged 216 days to flowering. The perennial 

wheat derivatives, CPI-147235a and OT-38, were 35 cm taller than Wedgetail and 

the two perennial grasses (Thinopyrum elongatum and CPI-148055). CPI-148055 

had the most tillers, but fewest spikes per plant. The perennial grasses had 

significantly lower shoot dry weights, but significantly higher root dry weights than 
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the other entries. CPI-147235a had a significantly higher total dry weight than the 

other entries, due to its higher shoot dry weight.  

Nevertheless, treatment was significant for flowering, plant height, tiller 

number per plant, and effective tiller %, at probability levels of 0.10 to 0.20, which is 

considered reasonable with only two replicates, and with consistency in biological 

responses. Sink limitations delayed flowering relative to that in the control treatment. 

Plant height decreased under the sink treatment with spikelet removal, but increased 

under shade, with etiolation. Sink limitation resulted in decreased plant height and 

higher tiller number per plant, and lower effective tiller %. The interactions between 

treatment and genotype were not statistically significant, even at reduced P<0.20. 

4.3.2.3 ºBRIX measurement in different nodes 

For each node, across treatments and sampling times, raw values of ºBRIX are 

plotted in Fig. 6. More than 100 data points were available for nodes 1 to 3, with 

fewer available at higher nodes. Treatment symbols indicate a tendency to lower 

values of ºBRIX for source limitation and both limitation treatments, and a tendency 

to higher values in control and especially sink limitation treatments. Presumably, any 

spread within ºBRIX values relates to the time of sampling, which, together with 

treatment, is examined more closely in the following figure. Nevertheless, Fig. 6 

demonstrates that Node 3 appears to provide the best separation of treatments for 

ºBRIX, so values of water-soluble carbohydrate concentrations derived from Node 3 

are used in the following more-detailed figure. 

4.3.2.4 ºBRIX measurement and source-sink balance relationship  

ºBRIX values (as an indicator of water soluble carbohydrate concentrations) 

are presented in Fig. 7, at flowering (pre-treatment), for the four source-sink 
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limitation treatments, at 10 days after flowering, and at maturity, for the mean and 

five individual genotypes. 

At flowering, reference values of BRIX were 30 in Thinopyrum intermedium 

CPI-148055 and its perennial wheat derivative Ot-38, and slightly lower at 24 in 

Thinopyrum elongatum and its perennial wheat derivative CPI-147235a. 

Unfortunately, no reference value at flowering was available for the Wedgetail 

annual wheat.  

Values of ºBRIX tended to be maintained in the control treatment, and were 

maintained or even slightly increased under the sink limitation treatment. ºBRIX was 

lower in the both limitation treatment, and in the source limitation treatment when 

Thinopyrum intermedium was present. ºBRIX was slightly lower at maturity than at 

10 days after flowering. Values of ºBRIX were low in Wedgetail in the control, 

perhaps as a result of bird damage. Assuming Wedgetail’s value in control should 

have been higher, it followed a similar pattern across treatments to other entries, but 

at lower values of ºBRIX throughout. This needs to be properly tested.  

4.3.2.5 Contribution to spike dry weight from different sources 

The results on apparent contribution of different sources of assimilates to spike 

dry weight have been presented in Fig 8. For Wedgetail, CPI-147235a and T. 

elongatum, DMabcd (current + leaf/stem + crown + roots) may have been the best 

predictor of spike DW, while for OT-38 and T. intermedium CPI-148055, the best 

predictors seem to have been DMab and DMabc, respectively (i.e. without roots). 

Importantly, the best predictor’s forCPI-148055, OT-38 and T. elongatum fell on the 

1:1 line, but 235a was slightly lower and parallel, while Wedgetail was also parallel 

but much lower, perhaps due to investment in spike structure.  
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4.4 Discussion 

4.4.1 Resource allocation pattern changes in source-sink manipulation 

In our experiment annual wheat showed lower stem dry matter at maturity in 

the source limitation treatment and in both the source and sink limitation treatment 

condition than under control conditions. Demand by the grain was controlled  by 

stem reserve mobilisation (Madani et al. 2010). Stored excess carbohydrate in stem 

tissues could protect against source-sink interactions throughout the life span and in 

varied environmental conditions in grasses (Ruuska et al. 2006). In annual wheat, 

carbohydrate was stored in stem progressively until the rapid grain filling stage when 

this reserve partitioned to the grain development (Ruuska et al. 2006).The trend 

observed in annual wheat is consistent with that in the previous literature, which has 

found that shading promoted the use of stem reserves in barley plants for grain filling 

(Bonnett and Incoll 1993). In wheat, each gram of assimilates from stem 

remobilisation has been reported to produce 0.93 grams of grain (Gent 1994). 

Previous research comparing annual wheat to perennial wheat by Jaikumar et al. 

(2014) found evidence of annual wheat being co-limited (little change in seed mass 

to changes in source : sink balance), and similar findings were reported by other 

researchers (Borrás et al. 2004; Reynolds et al. 2005; Alvaro et al. 2008). 

In this experiment, sink strength was manipulated through removal of the 

spikelets from one side of the ear, and this might also reduce source strength by 

reducing green parts of spikelets. However, the small reduction in green parts might 

have a negligible impact on current photosynthesis when compared to total area of 

green plants and their contribution to grain growth. A contribution of 35% of 

growing grain requirement was potentially supplied by spike photosynthesis (Evans 

and Rawson 1970). Thus, the trimming of spikelets of one side of the ear might 
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effectively increase the assimilate availability for the remaining grains. A shading 

treatment investigated the effect of reducing incident sunlight by ~70% from control 

conditions to manipulate the source and evaluated the effect of reducing assimilate 

supply from photosynthesis, as well as the redistribution of assimilates and 

carbohydrates and sugars on grain yield and total dry matter partitioning for 

perennial wheat and perennial grass (and compared the effects to those for annual 

wheat). These two techniques were combined to manipulate the source and sink and 

termed as source and sink manipulation for this experiment. 

Source and sink balance when manipulated by shading during grain filling 

causes source limitation, and thus increased demand from the growing kernels 

primarily dependent on stem and spike reserves for a source of carbon to support the 

grain filling process. Shade cloth used in this study reduced light by 70%, so 

photosynthesis would be limited compared to under unshaded conditions. 

McCormick et al. (2006) found reductions of total sucrose in a study investigating 

the relationship between photosynthetic source tissue and shading in sugarcane 

(Saccharum spp.) by using a black sleeve constructed from 90% shade cloth. 

4.4.2 Sink priority differences in source-sink manipulation 

Carbohydrate partitioning in whole plants is  dependent on the nature of the 

plant life cycle (Thompson and Stewart 1981). Annual grain plants use all of their 

reserve carbohydrates for viable seed production as they only have one chance of 

reproduction before their life cycle ends. However, perennials store carbohydrates in 

stems, roots, and rhizomes for regrowth in the following season. Sugarcane, a 

perennial grass, has high concentrations of stored carbohydrates in stems and 

rhizomes(Matsuoka and Garcia 2011). The photosynthetic rate in sugarcane species 

has also been found to be inversely related to the sucrose accumulation (Irvine 1975; 
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Pollock et al. 2003). Thus, carbohydrate partitioning patterns depends on the growth 

habits and life spans of annual and perennial plants. 

In our study, perennial wheat showed evidence of being less sensitive to source 

limitation than annual wheat as indicated by there being little reduction in stem dry 

weight compared in the control plants. Increased seed mass in sink manipulation 

revealed that the perennial wheat was sink-limited. This finding of sink limitation in 

perennial wheat has also been reported by previous studies (Jaikumar et al. 2014). 

The mechanism by which perennial wheat met the increased sink demand might be 

explained by translocation of more reserves from stem and leaf to support grain 

growth. We observed a greater degree of changes in these components compared in 

the control plants and longer lived green leaves in association with showing less 

midday depression. 

 We found a higher root allocation in perennial grass and this confirmed the 

existence of a secondary sink and showed evidence of a response to the source:sink 

changes. Perennial grass showed little change in seed mass and more root allocation 

in sink manipulation as a physiological response to changes in the source:sink 

manipulation in a similar direction in larger effects. Continued regrowth of new 

tillers and leaves in perennial grass might be involved in maintaining reproductive 

allocation at lower levels using large carbohydrate reserves. This conservative 

resource allocation strategy might promote survival under different environmental 

conditions in perennials and thus longer life spans. Perennials maximise efficiency 

by maintaining larger reserves in roots, and supporting survival over longer life 

spans. Although in early stages of development annuals and perennials have similar 

root shoot ratios; perennials differ from congeneric annuals by allocating energy to 

roots at later ontogenetic stages (Garnier 1992). Root allocation varied among 
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perennials and perennial grass had the highest root allocation amongst the perennials 

(Larkin et al. 2014). These patterns were found to exist in the case of annual wheat, 

and perennial wheat and perennial grass in this study. 

The extent of dry matter partitioning was lower for annual wheat and perennial 

wheat derivatives from the actual redistribution in Experiment 2 (Fig. 11) in source-

sink manipulation conditions. The results of the contribution of dry matter 

redistribution patterns in annual wheat compared with perennial wheat and perennial 

grass in source-sink manipulations was found to contribute to spike dry weight in the 

perennial grasses and one of the perennial wheat derivatives, OT-38. Partitioning of 

dry matter used in the adaptation of rainfed lowland rice explained the redistribution 

patterns under drought stress, as reported by Kumar et al. (2006). 

4.5 Conclusion 

Perennial wheat derivatives and perennial grass showed more sink limitation 

than annual wheat and demonstrated compensatory responses in their seed size and 

root growth in relation to changes in the source-sink balance. Perennial grass showed 

no substantial change in biomass in response to sink manipulation. Resource 

allocation towards root growth and a failure to produce grain were more important 

for survival and persistence in perennial grass. 
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4.7 Tables and figures 

Table 1. Pedigree for genotypes used in Experiment 2. 

No. Genotypes  Reported pedigree  
Country of 

origin  
Source  

Source 

reference  

1 Wedgetail  T. aestivum Australia  (Cultivar)  EGA Wedgetail  

2 CPI-147235a  

T. aestivum (CS) / T. 

elongatum / T. aestivum 

(M)  

USA  WSU  PF5R1-0009  

3 
Thinopyrum 

elongatum 
Thinopyrum elongatum 

Israel and 

Mediterranean 

France 

USDA-

ARS, 

Logan, 

Utah via 

CSIRO 

(Larkin et al. 

2014) 

4 Ot-38 

Partial amphiploid derived 

from Triticum aestivum / 

Thinopyrum intermedium 

Former USSR CSIRO 

Otrastajuscaja 

38 , 

(Banks et al. 

1993) 

5 CPI-148055 T. Intermedium USA  TLI  IWG 3182  

6 
Ok7211542 

 

Partial amphiploid derived 

from T. aestivum / T. 

ponticum 

USA  

 

CSIRO  

 
(Sando 1935) 

7 

Goshawk /T. 

elongatum 

 

 

A 2n = 56 amphiploid 

between bread wheat 

Goshawk “s” and 

Thinopyrum elongatum 

(2n = 14)  

Mexico 

 

CIMMYT 

Via CSIRO 

(Mujeeb-Kazi et 

al. 2008) 

 

8 

Kharkov 

/Agropyron 

elongatum 

 

A 2n = 56 amphiploid 

between bread wheat 

Kharkov and Agropyron 

species 

USA 
AWCC,AU

S6770 

(Armstrong and 

Stevenson 1947) 

9 

Stewart 

/Agropyron 

elongatum 

 

 

A 2n = 42 amphiploid 

between durum wheat cv 

Stewart  and Thinopyrum 

elongatum  ( 2n = 14) 

USA 
AWCC,AU

S20238 

(Jenkins and 

Mochizuki 

1957) 

10 
Tyrell tall 

wheat grass 

Thinopyrum ponticum(cv. 

Tyrell) 
Introduced   

(Hayes et al. 

2012) 

11 
Uplands 

Cocksfoot 

Dactylisglomeratassp. 

hispanica 
Zamora, Spain  

http://pericl

es.ipaustrali

a.gov.au/pb

r_db/ 

CPI134670 

12 
Holdfast 

phalaris 

Phalaris aquatic L 

(phalris) cv. Holdfast 
 (Oram and Schroeder 1992) 
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Table 2.Growth, dry matter partitioning and yield components of different genotypes and source-sink balance manipulation treatments presented 

below as (a) mean of source-sink balance treatments and genotypes (b mean of source sink balance treatments, genotypes and their interactions 

for one annual wheat (Wedgetail), one perennial wheat (CPI-147235a) and one perennial grass (CPI-148055) in control, source, sink  and both 

treatments. Data included one-year-old annual wheat and three-year-old perennial wheat and perennial grass in 2013 at Charles Sturt University, 

New South Wales, Australia. The level of significance is described as * (if P<0.05), ** (if P<0.001) and ns (non-significant). 

 

(a) Mean of source-sink balance treatments and genotypes. 

  

  

Flowering 

days 

Plant 

height 

(cm) 

Number 

of 

tillers / 

plant 

Number 

of ears / 

plant 

Leaf 

dry 

weight 

Stem 

dry 

weight 

Spike 

dry 

weight 

Crown dry 

weight 

Root dry 

weight 

Number 

of grains 

/ plant 

Single 

grain 

weight 

(mg) 

Grain 

weight 

(g) / 

plant 

Harvest 

index 

Treatment 

Control 179.7 99.1 62.7 28.4 22 65.6 13.6 23 18 256.2 20.17 6.27 0.0841 

Source 178.2 104 56.8 26.9 22 60.3 11.8 16.2 15.4 128.9 9.92 1.64 0.0203 

Sink 164.7 104.4 64.1 27.9 21 61.8 8.6 19.2 19.7 70.7 30.5 2.84 0.0435 

Source and sink 178.8 91.2 64 33.7 23 55.4 12 19.7 16.8 142.6 13.76 1.86 0.0309 

Genotypes 

Wedgetail 139.8 91.5 15.7 14.4 8 21.4 15.6 3.3 3.9 171.6 30.99 4.46 0.0959 

CPI-147235a 172.4 106 46 27.4 23 93.7 12.5 6.8 12.2 257.9 22.05 4.95 0.0379 

CPI-148055 213.8 101.5 123.9 45.8 34 67.2 6.4 48.6 36.3 19.2 2.74 0.05 0.0003 
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(b) Mean of source-sink balance treatments, genotypes and their interactions. 

  

 

Floweri

ng days 

Plant 

height 

(cm) 

Number 

of 

tillers / 

plant 

Number 

of ears / 

plant 

Leaf dry 

weight 

Stem dry 

weight 

Spike dry 

weight 

Crown 

dry 

weight 

Root 

dry 

weight 

Number 

of grains 

per plant 

Single 

grain 

weight 

(mg) 

Grain 

weight 

(g) / 

plant 

Harvest 

index 

Treatment  

Level of significance * ns ns ns ns ns ns ns ns ** ** ** * 

LSD at P 0.05l 8.55 14.94 22.08 10.29 5.70 19.91 5.95 9.47 6.39 57.88 4.571 1.483 0.03 

Genotypes 

  

Level of significance * ns ** ** ** ** * ** ** ** ** ** ** 

LSD at P 0.05l 7.40 12.94 19.12 8.91 4.90 17.24 5.15 8.2 5.53 50.13 3.959 1.284 0.03 

Treatment X genotypes 

Level of significance ns ns * ns ns ns * ns ns * ** * * 

LSD at 5 P 0.05l 14.81 25.88 38.24 17.82 9.80 34.48 10.30 16.4 11.07 48.34 7.917 2.569 0.05 
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Table 3. Summary of means for source-sink balance manipulation treatments and different genotypes and ANOVA  results  arranged 

according to source-sink manipulation and genotypes for one annual wheat (Wedgetail),  perennial wheat derivatives (CPI-147235a, Ot-38) 

and  perennial grasses (Thinopyrum elongatum, CPI-148055) in control, source, sink and both source and sink manipulation treatments. Data 

included one-year-old annual wheat and two-year-old perennial wheat and perennial grass in 2014 at Charles Sturt University, New South 

Wales, Australia. The level of significance is described as * (if P<0.05) and ns (non-significant). 

 

Flowering  in 

days 

Plant height 

(cm) 

Spike no Tiller no. Effective 

tillers 

(%) 

Above-ground 

dry matter 

(g/plant) 

Below-

ground dry 

matter 

(g/plant) 

Total dry 

matter  

(g/plant) 

Treatment (T)         

At physiological  

maturity in control 
Condition  

198.20 62.04 11.51 19.94 82.09 44.20 11.25 55.47 

Source 208.70 68.69 14.63 22.09 76.33 50.2 11.59 63.40 

Sink 236.40 57.52 11.83 27.88 68.43 45.74 13.01 59.12 

Both source and sink 220.00 70.36 13.17 14.01 96.75 51.83 12.78 64.69 

Genotype (G)         

Wedgetail 220.60 46.91 14.66 14.87 100.00 46.61 5.42 54.97 

CPI-147235a 219.30 85.56 13.91 16.96 87.20 65.46 6.62 72.48 

Ot-38 214.70 82.61 16.3 26.26 67.41 47.67 4.49 55.62 

Thinopyrum elongatum 208.10 58.81 14.54 15.17 97.53 34.41 21.53 54.98 

CPI-148055 214.90 41.36 4.10 44.05 40.39 35.04 24.79 61.60 

LSD (Treatment) 31.13 ns 14.52 ns 5.08 ns 10.54 ns 18.80 ns 9.73 ns 2.97 ns 12.25 ns 

P value 0.099 0.177 0.618 0.148 0.115 0.361 0.439 0.499 

LSD (Genotype) 32.87 ns 17.43* 5.83* 11.83* 21.51* 11.25* 2.83* 10.71 ns 

P value  0.883 0.001 0.007 0.009 0.001 0.001 0.001 0.057 

LSD (T × G) 71.01 ns 33.12 ns 11.59 ns 24.04 ns 33.75 ns 22.19 ns 6.78 ns 19.22 ns 

P value 0.596 0.549 0.442 0.170 0.255 0.872 0.556 0.849 
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Fig.1. Daily maximum and minimum temperature recorded during the experimental 

periods (a); maximum temperature, minimum temperature and rainfall at the 

experimental site during the study period for ambient Vs shade conditions (b); and 

the long-term average for ambient conditions (c). 
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Fig.2. Number of tillers plant
-1 

and number of ears plant
-1 

for one annual wheat 

(Wedgetail), one perennial wheat (CPI-147235a) and one perennial grass (CPI-

148055) in control (open ambient condition without any manipulation), source 

(plants under shade cloth), sink (spikelets of one side of the ear removed) and both 

(combined use of shade cloth and spikelets of one side of the ear removed) source 

and sink manipulation treatments. LSD0.05 values for number of tillers and ears per 

plant were38.24 and 8.91, respectively. Further details of statistical significance of 

dry matter components are presented in Table 2.Data included one-year-old annual 

wheat and three-year-old perennial wheat and perennial grass in 2013 at Charles 

Sturt University, New South Wales, Australia. 
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Fig.3. Dry matter partitioning per 

plant for one annual wheat 

(Wedgetail), one perennial wheat 

(CPI-147235a) and one perennial 

grass (CPI-148055) in control (open 

ambient conditions without any 

manipulation), source (plants under 

shade cloth), sink (spikelets of one 

side of the ear removed) and both 

(combined use of shade cloth and 

spikelets of one side of the ear 

removed) source and sink 

manipulation treatments. LSD0.05 

values for spike, leaf, stem, crown and 

root were 10.3, 4.9, 17.24, 8.2 and 

5.53, respectively. Further details of 

statistical significance of dry matter 

components are presented in Table 2. 

Data included one-year-old annual 

wheat and three-year-old perennial 

wheat and perennial grass in 2013 at 

Charles Sturt University, New South 

Wales, Australia. 
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Fig.4. Grain weight (g) plant
-1

and harvest index for one annual wheat (Wedgetail), one 

perennial wheat (CPI-147235a) and one perennial grass (CPI-148055) in control (open 

air without any manipulation), source (plants under shade cloth), sink (spikelets of one 

side of the ear removed) and both (combined use of shade cloth and spikelets of one 

side of the ear removed) source and sink manipulation treatments. LSD0.05 values for 

grain weight and harvest index were 2.569 and 0.05336, respectively. Further details of 

statistical significance of dry matter components are presented in Table 2. Data included 

one-year-old annual wheat and three-year-old perennial wheat and perennial grass in 

2013 at Charles Sturt University, New South Wales, Australia. 
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Fig.5. Number of grains plant
-1 

and single grain weight (mg) for one annual wheat 

(Wedgetail), one perennial wheat (CPI-147235a) and one perennial grass (CPI-148055) in 

control (open ambient conditions without any manipulation), source (plants under shade 

cloth), sink (spikelets of one side of the ear removed) and both (combined use of shade cloth 

and spikelets of one side of the ear removed) source and sink manipulation treatments. 

LSD0.05 values for grains per plant and single grain weight were 48.34 and 7.917, 

respectively. Further details of statistical significance of dry matter components are 

presented in Table 2. Data included one-year-old annual wheat and three-year-old perennial 

wheat and perennial grass in 2013 at Charles Sturt University, New South Wales, Australia. 
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Fig.6. ºBRIX values as recorded at different node positions (N1 as first node from the base 

to N7 as seventh node from the base) of annual wheat (AW), perennial grass (PG) and 

perennial wheat (PW) under four different treatment conditions (both, control, sink, and 

source). The interaction effect, the effect of different annual and perennial wheat types and 

effect of different treatments are presented in panel a, b and c, respectively. The LSD0.05 

value for the interaction of node position and wheat type (in panel b) is 5.05 and LSD0.05 

value for treatment (in panel c) is 1.91. 
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Fig.7. ºBRIX values for  the means of the genotypes, perennial wheat (Ot-38) and  perennial 

grass (CPI-148055) (left hand side of the graph) and annual wheat (Wedgetail), perennial 

wheat (CPI-147235a), and perennial grass (Thinopyrum elongatum) (right hand side of the 

graph) at flowering (sampling plants at flowering after they have been grown under open 

ambient conditions without any manipulation), control (sampling plants at physiological 

maturity, that have been grown under open ambient conditions without any manipulation), 

source (sampling plants at physiological maturity plants grown that have been grown under 

shade cloth), sink (sampling plants at physiological maturity half of the total spikelets of 

each ear ) and both source and sink (sampling plants at physiological maturity that have been 

grown under the  combined use of shade cloth and  half of the total spikelets of each ear) 

manipulation. The source-sink manipulation treatment was significant and LSD0.05 was 5.12. 

Data included one-year-old annual wheat and two-year-old perennial wheat and perennial 

grass in 2013 at Charles Sturt University, New South Wales, Australia. 
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Fig.8.Apparent contributions of different sources of dry matter for spike dry weight; 

Wedgetail, Kharkov, CPI-147235a, Ot-38, CPI-148055.The dry matter components that 

contributed to spike dry weight for each genotype in each source-sink manipulation 

treatment were plotted against the measured spike dry weight, to establish the likely sources 

for spike dry weight in each case: DMa contribution of current photosynthesis equation (5), 

DMab contribution from leaf stem redistribution equation (6), DMabc leaf stem crown 

redistribution equation (7) and DMabcd leaf stem crown root redistribution equation (8). 
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5 Chapter 5 

Root growth and water extraction by perennial wheat derivatives 

 

Abstract 

In this study, perennial wheat derivatives and perennial grass were examined 

for the association of root growth and soil water extraction providing drought 

avoidance during extended drying down conditions. Four perennial wheat derivatives 

and a perennial grass genotype of a third-year stand were compared to the annual 

wheat, Wedgetail, under both well-watered and extended drying down conditions in 

Australia. The criteria for drought resistance were survival for longer under drought, 

greater maximum root depth, and greater capacity to extract soil water. Successful 

genotypes were able to extract more water from depth (i.e. avoidance strategy), 

obtain more water and maintain hydration by effective metering of water, using it 

productively for dry matter production and in root growth. After water was withheld, 

the drought-resistant perennial wheat derivatives CPI-147235a, Ok7211542) and 

perennial grass genotypes (CPI-148055) formed extensive root systems at deeper 

depths (evidenced at 150cm soil layer) and showed greater water extraction from 

deeper soil layers and longer survival. This was the first comprehensive study, with 

third-year stands of perennial wheat derivatives and perennial grass providing 

evidence of drought resistance as a benefit of extensive root systems and greater 

water extraction from deeper soil layers, which was also consistent with potential 

benefits for improved system sustainability. 

Keywords: Drought, water extraction, root growth, perennial wheat, relative water 

content, stomatal conductance, water deficit, maximum root depth. 
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5.1 Introduction 

The incidence of drought is predicted to be more severe and protracted in the 

next 30–90 years over many land areas (Dai 2013). Under the climatic changing 

context, drought has been, and is becoming an acute problem constraining plant 

growth and terrestrial ecosystem productivity, in many regions all over the world, 

including Australia. Australia’s agro-climatic regions were reviewed for the 

perennial wheat potentials and found promising (Bell et al. 2010). To contribute to 

environments of prolonged drought, perennial wheat would need to apply a 

combination of three strategies:(1) ‛escaping' the drought period through appropriate 

phenology and summer dormancy; (2) ‛avoiding’ or minimising water deficit 

through roots accessing deep soil water; and (3) adopting tolerance mechanisms to 

that slow water loss such as osmotic adjustment, dehydration tolerance, etc. 

The sustainability of environmental systems is threatened by the replacement 

of perennial native vegetation with annual crops (Glover et al. 2010), which can lead 

to water table rises, acidification and salinity due to the movement of water and 

nutrients below the shallow root zone (Angus et al. 2001).Environmental 

sustainability can be restored without discontinuing grain production by using the 

perennial version of grain crops as an alternative crop production system. This could 

also provide environmental advantages through resource uptake commonly lost 

below the root zone of annual wheat. Perennial wheat has been developed by 

hybridising annual wheat with perennial wild relatives (Wagoner 1990) and would 

provide improved environmental services (Ridley et al. 2001; Crews 2005). Despite 

these environmental services, perennial wheat would produce lower grain yield as 

resource allocation in perennials might differ from that in annuals. Physiological 

trade-offs may occur between persistence and grain yield in perennials to allocate 

resources to enable the regrowth (DeHaan et al. 2005; Murphy et al. 2009). 
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Perennials would have more extensive root systems than annuals by the second year 

of stand establishment (Blum 2010) and even in the early growth stage (DeHaan et 

al. 2005). With deeper roots, the perennials might be able to acquire additional 

resources (Glover et al. 2010). Annual wheat access to subsoil water has been shown 

to increase crop water use efficiency three times with respect to total seasonal water 

use and two times in regards to post-anthesis water use under similar  environmental 

conditions(Kirkegaard et al. 2007). During the first year of stand establishment, 

perennial grass showed a higher level of dehydration tolerance than annual wheat by 

surviving on low soil moisture (Larkin et al. 2014).  

A number of studies have explored the potential to grow perennial wheat in 

Australian conditions. The profitability of perennial wheat in mixed crop-livestock 

farming systems was explored using MIDAS, a bio-economic model (Bell et al. 

2008). Environmental and agronomic prospects were reviewed (Bell et al. 2010). 

Germplasms produced in the USA (amphiploid lines developed by crossing T. 

elongatum X Triticum aestivum, with the recurrent parent T. aestivum) (Murphy et al. 

2010) were evaluated and the biological feasibility of perennial wheat was confirmed 

in field conditions(Hayes et al. 2012). Several more detailed experiments evaluated 

forage-biomass production under serial defoliation, dry matter partitioning over 

growth cycles and dehydration tolerance and survival during drought (Larkin et al. 

2014).  

Water use efficiency of perennials might be different in relation to plant age 

and in different soil moisture conditions compared to that of annuals in subsequent 

years. The aim of this paper is to provide information with regards to water 

extraction of three-year-old perennial wheat in response to an extended drying down 

period, and thereby to assess the hydrological benefits. If perennial wheat derivatives 

grow in prolonged soil moisture deficit conditions, then the ability to extend roots 
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deeper into the profile to extract further water and reach the lower limit of plant-

available water will be more compared to that for the annual wheat cultivar, 

Wedgetail. During extended drought events, perennial wheat derivatives may show 

greater drought resistance than annual wheat. Trade-offs between productivity, 

survival and regrowth are expected as a mechanism of living plants in response to 

soil moisture deficit. In a multi-year experiment (between 2011 and 2013), perennial 

wheat derivatives of three-year-old  and a perennial grass and annual wheat were 

assessed under extended drought conditions, especially in relation to changes in root 

growth and water extraction from deeper soil layers. The guiding hypotheses of this 

study were: 

(1) During periods of extended drought, third-year stands of perennial grass and 

perennial wheat derivatives would be able to achieve higher water extraction from 

deeper soil layers than annual wheat. 

(2) Resource allocation and trade-offs between productivity, survival and regrowth 

would be different in perennial grass and perennial wheat derivatives compared to in 

annual wheat in response to soil moisture deficit conditions.  

5.2 Materials and methods 

Two experiments were conducted to address these objectives. The first 

experiment examined plant response to prolonged water deficit under controlled 

conditions in soil columns in the screen-house. The second experiment involved the 

sampling of roots and soil water from field experiments in Wagga Wagga and 

Cowra, for field validation purposes.  
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5.2.1 Experimental design 

The experiment was conducted in soil columns in the screen-house at Charles 

Sturt University, Wagga Wagga, New South Wales (latitude: 35.05
o
S, longitude: 

147.35
o
E, elevation: 219 m) using the same experimental set-up as described in 

Chapter 3. The experiment was laid out in a split-plot design, with six genotypes 

replicated three times as the basis of each experimental or sampling unit. As in 

Chapter 3, the soil columns were sown on 7 May 2011, and treatments were imposed 

during the third wet season, after the perennial genotypes had survived two wet 

seasons and two dry seasons. The annual wheat, Wedgetail, was replanted each year, 

on 5 May 2012 and 8 May 2013, as is Chapter 3. Again, at the end of each season, 

plants were cut leaving 8–10 cm from the soil surface at the end of December and 

May each year. Cultural management was as described for well watered in Chapter 3, 

until treatments were imposed during wet season three in 2013.  

5.2.2 Treatments 

Four treatments were imposed from 13 August 2013, when perennial plants 

were at maximum tillering stage in the third cycle of wet-season regrowth: 

5.2.2.1 Well-watered:  

Two sampling units were retained in the screen-house, with watering continued 

at fortnightly intervals throughout the experiment. One sampling unit was harvested 

after the wet season crop reached physiological maturity, as a control for the water 

deficit treatment (5.2.2.2).  

5.2.2.2 Water deficit:  

Two sampling units were transferred to a rainout shelter. Water was withheld 

from maximum tillering until physiological maturity of the main stem, which was 

defined as 80% senesced. One sampling unit was harvested at physiological maturity. 
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5.2.2.3  Well-watered and rewatered: 

The second sampling unit was cut back to 8–10 cm in plant height and allowed 

to regrow for 28 days, and was then harvested as a control for the water deficit and 

rewatered treatment (5.2.2.4).  

5.2.2.4  Water deficit and rewatered: 

The second experimental unit was moved back to the screen-house were cut to 

a height of 8–10 cm and allowed to regrow for 28 days, and was then harvested to 

assess capacity for regrowth following prolonged water deficit. 

A layer of fine gravel (5–8 mm crushed gravel used for an8–10 mm thick 

layer) was applied to each soil column prior to treatment imposition, to reduce 

evaporation loss from the soil surface. In all other periods and treatments, soil 

columns were watered at fortnightly intervals. For the rewatering treatments, the first 

watering was applied after cutting the straw, to commence the 28-day regrowth 

period.  

5.2.3 Measurements and calculations 

5.2.3.1  Meteorological data 

The meteorological conditions prevailing during the experimental period were 

presented in Fig. 1a. The temperature and relative humidity inside the rain shelter 

were measured using data loggers and found to fluctuate relative to the temperature 

and relative humidity outside of the screen-house (Fig. 1b).  

5.2.3.2  Phenology 

Plant height, number of tillers per plant, number of ears per plant, days for 

flowering and harvest days (defined as 80% of senescence) were presented in 
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Table 1. The perennial wheat derivative (CPI-147235a) and perennial grass (CPI-

148055) did not initiate reproductive growth and thus were not presented (Table1). 

5.2.3.3 Destructive sampling 

At physiological maturity, above-ground biomass was separated for the leaf, leaf 

sheath and stem, and spike. Below-ground biomass was separated for the roots and 

crowns and dried at 70 °C in dehydrator for 72 hours and dry weight was measured. 

For root extent, roots were collected, washed and dried at 70 °C in a dehydrator, and 

their dry weights were measured. All plant samples were dried in a dehydrator at 70 

°C for 72 hours. Soil columns were opened by cutting the PVC tube horizontally half 

and opened the soil core. For soil moisture measurements at harvest, the soil columns 

were opened, the soil cores were segmented every 10 cm depth and the wet weights 

of each soil segment were measured immediately. Conventional temperature for soil 

drying is 105 
o
C for measuring soil bulk density; however, to calibrate to the required 

temperature, the dry soil weight was measured at both 70 °C and 105 °C. After 

drying, sample root washing commenced to separate roots from the soil samples. At 

105 °C, no root samples could be collected. All roots were cooked in the high 

temperature and became brittle and were unable to be separated from the soil 

samples. In comparison, soil dry weight measured at 70 °C allowed measurements of 

both soil and root dry weight. The preliminary study showed that the soil segments 

dried at varied temperature (70 
o
C and 105 

o
C) had negligible impact on soil dry 

weight (mean difference was 0.125%, N=22). Therefore, for dry weight, soil 

segments were dried at 70 °C in the dehydrator for 72 hours and dry weight was 

measured. 

 

5.2.3.4  Water loss measurement 

A hand winch (Manutec) fitted with a weighing cell was used for lifting and 

weighing the soil columns. Water loss measurement was done by weighing soil 

columns at 2–3 times per week up to harvest. The weight difference from each soil 

column containing a plant was measured, and water use was calculated by the weight 

difference and presented as % water loss. 
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Plants were harvested (all plants at harvest were at their physiological maturity 

depending on genotypes or in a condition where 80 % of the plant parts were dried) 

and the patterns of soil water extraction for all genotypes were measured for a 

particular soil depth as volumetric water content (VWC). After harvest, water loss 

through the soil profile was measured and expressed as volumetric water content 

(VWC) for every soil depth. At harvest, wet soil weight and dry soil weight were 

measured. The gravimetric water content (GWC) (%) was calculated according to 

(Brady 1990) using the formula: 

    
                                           

                     
     

Bulk density (BD) was calculated according to (Brady 1990)using the formula: 

   
                      

                    
 

The volumetric water content was calculated by: 

Gravimetric water content × bulk density (as the volumetric density of water is 1). 

5.2.3.5  Relative water content (RWC) 

Relative water content (RWC) measured the water status of the plant and was 

calculated according to (Barrs and Weatherley 1962).Similar aged leaves(the second 

fully expanded leaf) from all entries were sampled weekly in the morning at 9.30 am 

after withholding the watering treatment until the leaves had dried or died. A 

comparative sampling was done at the same time on the well-watered control plants. 

The plant samples were carried in a controlled temperature bag, and weighed 

immediately. The leaf samples were then floated on water for 4 hours to assess their 

turgid weight. Then leaf samples were gently dried with filter paper to remove excess 
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moisture and then weighed. The samples were oven dried at 70 °C for 48 hours and 

then their dry weights were measured. Then RWC was estimated using the formula: 

    
                         

                         
     

5.2.3.6 Stomatal conductance 

A leaf porometer (Decagon SC-1) was used on the top of the most fully 

expanded leaf to measure stomatal conductance. The measurement was done in the 

water deficit treatment at 11 am in the morning on both upper and lower leaves of the 

plants at weekly intervals after withholding watering until each leaf was showing 

signs of curling. 

5.2.3.7 Field validation 

For validation purposes, Experiment 2 comprised soil core sampling, which 

involved using a soil drilling rig from four field experiments. In March 2014, soil 

cores were taken from perennial wheat evaluation sites (G x E) in Wagga Wagga and 

Cowra, and in March 2014 and March 2015, soil cores were taken from pure stand 

plots in a perennial wheat mixtures experiment (Mix) at Cowra. Further details of the 

experiments from which these samples were taken are provided by Newell et al. 

(2015). Samples were taken at the end of the dry season, prior to the commencement 

of the autumn planting rains for wheat, when soil profiles were expected to be at 

their driest. To confirm results obtained under controlled conditions during 

prolonged drought, soil cores were taken from plots of annual wheat, the best 

performing perennial wheat derivative CPI-147235a, and the perennial grass CPI-

148055, with three replicate cores obtained for each genotype at each of the four 

sites. Cores were taken to 150 cm depth, and divided into 30 cm depth increments. 
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Estimates of volumetric water content were obtained as described above, then roots 

were washed from each sample, dried and weighed.  

5.2.4 Statistical analysis 

Available plant growth data were subjected to an analysis of variance 

(ANOVA) at well-watered and water deficit levels. Water loss was analysed over 

time against six genotypes using a completely randomised design. Volumetric water 

content, root dry weight and relative water content were analysed against soil depth 

for the six genotypes in a completely randomised design. Relative water content and 

stomatal conductance were analysed against days after water was withheld in the six 

genotypes as factorial analysis. The field validation experiment was conducted using 

a randomised complete block design. Root dry weight (RDW) data was analysed 

against four locations at different sampling times. The RDW data has been presented 

as square root transformed values (SQRT+0.5). The least significant difference (P = 

0.5) was calculated to test the level of significance among treatments. Statistical 

analysis was done using GenStat 16
th

 edition (GenStat® for Windows10.0, VSN Int. 

Ltd, UK, 2013). The figures were produced using Sigmaplot 10 software.  

5.3 Results 

Water use patterns of all genotypes were evaluated by measuring water loss % 

and leaf RWC, and soil volumetric water content (VWC) at harvest. Stomatal 

conductance, root dry weight, phenology, and total dry matter at harvest were 

measured to explain the plant physiology supporting survival in extended drying 

down conditions. 

5.3.1 Water loss (%) 

A gradual decline in water loss (%) was exhibited in all genotypes up until 

about day 21, after which water loss declined much more slowly as water availability 
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became increasingly restricted (Fig.). Although the declining pattern in water loss 

(%) was consistent through time for all genotypes, there was a distinct variation in 

their ability in this regard. Three perennial wheat derivatives (CPI-147235a, CPI-

147280b and OK7211542) were able to use more water and their values did not 

significantly differ (P=0.05) from those for perennial wheat grass CPI–148055. 

However, the annual wheat (Wedgetail) and one of perennial wheat derivatives 

(11955) extracted less soil water at 71 days of withheld irrigation. The cumulative 

water loss differed (P=0.05) significantly. In perennial wheat derivatives CPI-

147235a, the amount of water loss was highest (10.34%) and statistically similar to 

that forOK7211542 (9.96%), CPI-147280b (9.08%) and the perennial wheat grass, 

CPI-148055 (9.20%). The lowest amount of water lost was found in the perennial 

wheat derivative, 11955 (7.22%), which did not differ from the loss of water in the 

annual wheat, Wedgetail (7.26%). 

5.3.2 Volumetric water content (VWC) 

For a particular soil depth, VWC is determined by the availability of soil water 

and use by plants. The upper limit of plant-available water (field capacity) for the 

drained soil profile, based on values below 120 cm depth from which some 

genotypes did not draw water, was considered to be 14% volumetric water content 

(Fig. 3). The deepest layer was ignored in this estimate, as some water can pond at 

the base of the column before drainage. The lower limit of plant-available water was 

considered to be 4 % volumetric water content (Fig. 3), based on the consistent lower 

limit of extraction down the soil profile. Values below 4 % in the top 30 cm of soil 

were attributed to soil evaporation losses. Volumetric soil water content generally 

increased with soil depth at harvest. Soil volumetric water content was around 4 % in 

the upper 60 cm of the soil profile, but ranged from 4 to 8 % from 60 to 100 cm 

depth, and from 4 to 19 % below 100 cm. Genotypes differed significantly (P=0.05) 
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in volumetric soil water content (%) with soil depth. The perennial wheat derivative, 

CPI–147235a, was able to extract the most water, to the lower limit of plant-

available water throughout the soil profile. Two other perennial wheat derivatives, 

Ok7211542 and CPI–147280b, were able to extract water to the lower limit down to 

110 cm depth, but incompletely after that. The perennial wheat grass, CPI–148055, 

was more conservative in its water extraction below 80 cm depth, but did lower its 

VWC to 8 % in deeper layers. In contrast, the annual wheat, Wedgetail, and the 

perennial wheat derivative, 11955, used little soil water below 100 cm depth.  

5.3.3 Root dry weight (RDW) 

Root dry weight data was presented as transformed root dry weight (SQRT + 

(RDW+0.5)) and declined exponentially with soil depth. More root dry weight was 

found in the top 20 cm layer. However, root dry weight was clearly related to soil 

depth and genotype (Fig. 4). There were significant differences for root dry weight 

among genotypes. RDW was highest in the perennial wheat grass, CPI–148055, 

followed by in the perennial wheat derivatives, CPI–147235a, Ok7211542, and CPI–

147280b, and lowest in the annual wheat, Wedgetail, and perennial wheat derivative, 

11955. Root dry weight decreased with an increase in soil depth. Genotypes having 

more roots in the surface also had more at depth (e.g., the perennial wheat grass, 

CPI–148055, and perennial wheat derivative, CPI–147235a). The maximum root 

depths of CPI–148055, CPI–147235a and Ok7211542 exceeded other entries by 

about 15 cm. In the top 30 cm of soil, RDW was much lower in the annual wheat, 

Wedgetail, than in all of the perennial entries. 

5.3.4 Relative water content (RWC) 

Under a drying cycle, relative water content of all genotypes declined sharply 

with the progression of drought days (Fig. 5). RWC was more than 80% (similar 
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RWC at well-watered conditions) at four days after watering was withheld; RWC 

then declined by differing amounts across the test genotypes. At 17 days, after 

irrigation was withheld, the perennial grass, CPI–148055, along with the perennial 

wheat derivatives, CPI–147235a and Ok7211542, maintained higher relative water 

content over the other test genotypes. Under drought stress, the perennial grass, CPI–

148055, along with the perennial wheat derivatives, CPI–147235a and Ok7211542, 

maintained higher (88–95 %) RWC at the beginning of drought stress, but declined 

to a greater extent later in water deficit (43–45%). Interestingly, these three perennial 

wheat derivatives showed the lowest relative water content at 48 days after irrigation 

was withheld.  

5.3.5 Stomatal conductance 

Stomatal conductance declined with the advancement of drought days both in 

upper and lower leaf surfaces for all genotypes (Fig. 6). Stomatal conductance in the 

lower leaf was more than in the upper leaf at 19 days after irrigation was withheld in 

the perennial wheat derivatives, Ok7211542, CPI–147235a and in the perennial 

grass, CPI–148055. In the perennial wheat derivatives, CPI-147280b and 11955, the 

stomatal conductance in the lower leaf was less than that in the upper leaf, and in the 

annual wheat, Wedgetail, the value was almost equal in the upper and lower leaves. 

5.3.6 Phenology 

The annual wheat, Wedgetail, had a moderate plant height, and the lowest 

number of tillers and the second highest number of spikes. The perennial grass, CPI–

148055, had the lowest plant height, and the highest number of tillers, but did not 

produce a spike (Table 1). Among the perennial wheat derivatives, there was 

substantial variation in these parameters. The perennial wheat derivatives, CPI-

147280b and 11955, had higher plant height, a medium number of tillers and higher 
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number of spikes. By contrast, Ok7211542 and CPI–147235a had medium plant 

heights, and a higher number of tillers and moreover, a lower number of spikes. 

5.3.7 Total dry matter 

The perennial wheat grass, CPI–148055, along with the perennial wheat 

derivatives, CPI–147235a, Ok7211542 and CPI–147280b, had significantly higher 

biomass to roots than the annual wheat, Wedgetail, and the perennial wheat 

derivatives and 11955 (Table 2). Conversely, the annual wheat, Wedgetail, and one 

of the perennial wheat derivatives, 11955, showed a significantly higher biomass 

allocation to spikes and leaf sheath and stems. This biomass allocation was 

significantly higher than that of the perennial wheat grass, CPI–148055 along with 

that of the perennial wheat derivatives, CPI–147235a, CPI–147280b and 

Ok7211542. Meanwhile, the perennial wheat grass, CPI –148055, along with the 

perennial wheat derivatives, CPI–147235a, Ok7211542 and CPI–147280b, had a 

significantly higher biomass allocation to below-ground roots and crowns than the 

annual wheat, Wedgetail, followed by the perennial wheat derivatives and 11955. 

The highest below-ground biomass (in crowns) during extended drying down 

conditions was observed in the perennial wheat grass, CPI–148055, followed by in 

the perennial wheat derivative, Ok7211542. It is interesting to note that under well-

watered conditions, perennial wheat derivatives CPI–147235a produced bolder grain 

like that of annual wheat. Although the annual wheat, Wedgetail, showed subtle total 

dry matter at harvest, the perennial wheat derivatives were able to produce a spike, 

whereas the perennial wheat grass, CPI–148055, along with the perennial wheat 

derivatives, CPI–147235a, were unable to produce any spikes during the prolonged 

drought conditions. Leaf sheath and stems contributed the bigger share in total 

above-ground dry matter, except in the perennial grass CPI–148055. In the case of 
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the perennial grass, CPI–148055, the largest portion in below-ground dry matter was 

in the crown. 

5.3.8 Field validation 

5.3.8.1  Root dry weight 

Root biomass (g) and  transformed (SQRT + (RDW+0.05)) in the field at 

different locations with one perennial wheat derivative, CPI-147235a, perennial grass 

CPI-148055 and annual wheat in four locations at different times were shown (Fig. 

8). 

Perennial grass CPI-148055 produced the highest root dry weight (.24~1.83 g) 

in all locations. Highest (1.83 g) root dry weights for perennial grass were found in 

Wagga G × E 2014 and lowest (.24) root dry weights for perennial grass were found 

in Cowra Mix 2014. Most roots were allocated by depth increments in 30 cm soil 

depths for all the genotypes in all locations. The highest root dry weights in 0–30 cm 

soil depths were found in the perennial grass, CPI-148055 (73% of total root dry 

weight of this plant) in Wagga G × E 2014 and the lowest were found in annual 

wheat (0.017 g, which was 90% of total root dry weight of this plant) in Cowra G × 

E 2014. 

In deeper soil layers, to be very small proportion of the root dry weight was 

found in all the genotypes in all locations. However, the perennial wheat derivative, 

CPI-147235a (0.3%–5.4% of total root of this plant) and perennial grass, CPI-

148055 (0.2%–0.4% of total root of this plant), were found to able produce roots to 

depths of 90–120 cm, while no roots were found in these layers for annual wheat. 

5.3.8.2 Volumetric water content 

Volumetric water content was found to be low in upper soil layers (3% to 16%) 

and high in lower soil layers (8% to 22%) (Fig. 7).The perennial grass, CPI-148055, 
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was found to have lower volumetric water content (4% to 12%) in deeper soil layers 

in all locations. However, annual wheat were found to have volumetric water 

contents of 4% to 18% in deeper soil layers. All genotypes were found to have 

almost similar volumetric water contents in all location, except Cowra G × E 2014. 

At soil depths of 60–90 cm, perennial grass and perennial wheat had lower 

volumetric water contents (6%–15%). 

5.4 Discussion 

5.4.1 Water extraction by perennial wheat derivatives  

This comprehensive study comparing perennial wheat derivatives to a 

perennial grass and annual wheat is the first report of their water extraction, root 

distribution and drought resistance characteristics in extended drying down 

conditions. This study allowed testing of the guiding hypotheses that perennial wheat 

derivatives and perennial grass, at the third year of their life, would be able to extract 

more water from deeper soil layers. Third-year stands had the advantage of extensive 

root systems associated with the advantage of the perenniality trait, and thus would 

be able to extract water  and provide additional resource allocation for both survival 

and perennation, and potentially growth and yield. Thus, greater capacity for 

resource capture from depth could potentially compensate in part for any yield trade-

off with perenniality. 

Third-year stands of perennial grass and perennial wheat derivatives produced 

consistently higher root dry weights and were able to extract more water than the 

one-year-old annual wheat in extended drying down conditions. Root dry weight 

increments were consistent with the first hypothesis where higher water extraction 

from deeper soil depth was expected in perennial grass and perennial wheat 

derivatives than in annual wheat during an extended drought period. Perennial grass 
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and perennial wheat derivatives, at the third year of their life, were able to produce 

3–10 times more root dry weight than annual wheat. Extensive root systems down to 

the soil profile played a significant role in water extraction for perennial wheat 

derivatives in this study. As the root systems were already established (plants were 

planted in May, 2011), they had the advantage of being able to withdraw water as 

they needed to in response to the onset of drought. On the other hand, annual wheat 

might be unable to extract water as they had weaker root systems down to the soil 

profile along with one of the perennial wheat derivatives, 11955. At the onset of 

drought, they have to allocate their resources to both root growth and survival. As an 

annual, the annual wheat allocated its resources to spike and grain development. On 

the other hand, the perennial wheat derivatives and perennial grass were found to 

allocate resources for survival, and differed in their resource allocation to that of 

annual wheat. The perennial wheat derivatives (CPI-147235a and Ok7211542) and 

perennial grass (CPI-148055), with more extensive root systems in deeper layers, 

were more efficient in terms of biomass production and water extraction than one of 

the perennial wheat derivatives, 11955, and the annual wheat, Wedgetail, which had 

less extensive root systems. 

Larkin et al. (2014) reported that perennial wheat derivatives were able to 

produce extensive roots in the second year of stand establishment. In this study, the 

perennial grass, CPI-148055, produced 2–4 % more root dry weight than other 

perennial wheat derivatives at a soil depth of10 cm, and most of the dry weight was 

observed to be in the rhizome when samples were examined. Higher rhizome 

production may provide more drought resistance in the perennial grass, CPI-148055, 

but comparable to previous results for the other perennial grass. A comparable study 

with perennial grass (Zhou et al. 2014) reported that high rhizome production could 

supply roots with more carbohydrates, nutrients or water to keep higher root turgor 
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and activity, and provide superior drought resistance traits for a perennial grass 

(Bermuda grass genotypes, Cynodon spp.). 

The extensive root systems reflected at higher dry weights in perennial wheat 

derivatives showed deeper soil water extraction. Perennial grass and perennial wheat 

derivatives were able to extract 3.5–10.5% of plant-available water. Among the 

perennial wheat derivatives, CPI-147235a was able to extract water to the lower limit 

of plant-available water throughout the soil profile. Although the perennial grass, 

CPI-148055, had deeper root systems down to the soil profile, it did not extract water 

at the lower limit of plant-available water below 45 cm depth. Rhizomes in the 

surface layer of the soil profile might be playing a role in drought resistance rather 

than relying on greater roots in deeper soil layers. Similar findings have been shown 

in a previous study with perennial grass, where the researchers found that greater soil 

water extraction by drought–resistant perennial grasses was associated with a larger 

network of rhizomes (underground stolons) rather than a greater root length density 

or maximum rooting depth (Zhou et al. 2014).  

The drought resistant perennial wheat derivatives (CPI-147235a and 

Ok7211542) and perennial grass (CPI-148055) used a dehydration avoidance 

strategy in the present study. They captured more water from every layer of the soil 

profile from 10–150 cm. The genotypic variation of water use from the shallow 

profile was not associated with drought resistance. In the upper 30 cm of the soil 

profile, VWC was below the 4 % lower limit, due to soil evaporation losses (Fig. 3). 

For the perennial wheat derivatives, the genotypic variation in water extraction at 

depths of 100–150 cm was correlated with drought resistance. The critical depth of 

extraction associated with greater drought resistance for perennial Bermuda grass 

genotypes (Cynodon spp.) was 50–110cm (Zhou et al. 2014) and for annual crops, 



- 148   - 

 

the critical depth (Oryza sativa L) was 50–90 cm for upland rice (Lilley and Fukai 

1994), and 30–90 cm for wheat (Triticum aestivum L.) (Gutierrez et al. 2010). 

Perennial wheat derivatives and perennial grass showed the ability to extract 

more water from the soil at the lower limit of available soil moisture than the annual 

wheat (Wedgetail) in this study. The ability to maintain high water status by 

extracting more water from deeper soil layers is one strategy of dehydration 

avoidance (Chaves et al. 2003). This mechanism was followed to provide constant 

water supply during water deficit conditions in perennial species (Volaire et al. 

2009). There were varied differences among the perennial wheat derivatives in this 

regard (Fig.4).The continued ability of perennial wheat derivatives to withdraw more 

water than annual wheat may have been due to their extended root growth in deeper 

soil layers (Fig.4). The maximum root depth of annual wheat and the perennial wheat 

derivative, 11955, was 125 cm, whereas other perennial wheat derivatives continued 

down to 145 cm soil depth. As drought progressed, water was only available in the 

deeper soil layers, so the plants were only able to use this water if they had roots in 

those deeper layers. The genotypes having longer and extensive roots in the deeper 

soil profile showed better water extraction and more prolonged survival in extended 

drying down conditions. 

At the beginning of the study, water was more readily accessible, and 

consequently a sharp decline in water loss % was observed early in water deficit 

(WD) to 21 days. However, the experiment was continued until day 88, indicating a 

high level of drought resistance in perennial wheat derivatives (Table. 1). As WD 

progressed, water extraction slowed to perennial wheat derivatives and annual wheat, 

as water became increasingly limited. At the end of the drying cycle, more water 

extraction (8–10%) was evident in CPI-147235a, CPI-148055, Ok7211542, CPI-

147280b, whereas in annual wheat and in 11955, water loss was 6.2%. This 
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behaviour in response to the progression of drought may be explained by the plants 

having to adjust for the drying of root hairs. Cox et al.(2006) reported that plants 

may have to adjust for the drying of root hairs; only 25-40% of perennial wheatgrass 

roots die off each winter in comparison to 100% of annual wheat roots. In addition, 

perennials may have larger and deeper root systems, and their root systems can be 

expected to be longer-lived, since they must support the plant’s survival through each 

winter, or in Australia, over the hot dry summer. 

5.4.2 Resource allocation, survival, regrowth in relation to soil moisture deficit  

In this study, the perennial wheat derivatives, CPI-147235a, Ok7211542, CPI-

147280b, and the perennial grass, CPI-148055, allocated more resources to root 

growth, and maintained higher water uptake rates, than the annual wheat and one of 

perennial wheat derivatives, 11955. Stomatal conductance in upper and lower leaves 

declined as drought progressed, with perennial wheat derivatives showing 35–44% 

stomatal opening in the lower leaf compared to that for annual wheat (Fig. 6). 

Maintaining a greater degree of stomatal opening could allow them to continue to 

photosynthesise under dry conditions, while maintaining a lower canopy 

temperature. The reduced stomatal limitation in perennials compared to in annuals 

was consistent with the differences observed in water extraction during prolonged 

water deficit conditions.  

The leaf relative water content directly reflected the water status of plants. 

Plant growth was responsive to progressive drought stress, and the reactions 

depended on the adaptation to the rapidity, severity, and duration of the drought 

event. In this study, leaf relative water content (RWC) of well-watered plants 

averaged 90% throughout the treatment period, with no significant differences 

among cultivars (Fig.. 5). Under drought stress, significant declines in RWC were 

observed by 17 days to 48 days, dropping to below 80% to 60% in all cultivars. 
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Relative water content at 48 days of the drought period suggested CPI–148055, along 

with perennial wheat derivatives CPI–147235a and Ok7211542, followed a drought 

avoidance strategy relying on further water extraction, relative to the annual wheat, 

Wedgetail, and the perennial wheat derivatives, 11955 and CPI-147280b. In this 

study, genotypes CPI–147235a and CPI–148055 were unable to produce any spikes 

in drought conditions and showed higher water extraction and longer survival in such 

conditions. Cox et al.(2006) reported that perennial plants may shift allocation from 

seed production in a single season to rhizome production in response to stress, to 

increase their chance of survival. Indeed, there is evidence that fitness in perennial 

plants tends to depend more heavily upon the survivorship than on fecundity 

(DeHaan et al. 2005). Seeds are highly nitrogen-demanding tissues. By reducing 

allocation to seeds in drought conditions, they could maintain the allocation of 

nitrogen to key photosynthetic proteins in leaves. The plants may continue to 

photosynthesise, which could allow them to remain alive during a prolonged drought. 

In support of this claim, the perennial Lesquerella mendocinais known to have higher 

leaf nitrogen content than its annual relative L. fendlei (Ploschuk et al. 2005).  

Drought resistant varieties were found to be able to delay tissue dehydration 

through root development, and water uptake in the case of a perennial grass cocks 

foot (Volaire et al. 1998). Longer survival and drought tolerance were found to be 

associated with the capacity of producing roots in deeper soil layers. Data obtained 

from field experiments using  contrasting cultivars were found difficult for 

overriding impact of rooting depth in relation to water status (Volaire et al. 1998). In 

this study, better performing perennial wheat derivatives and perennial grass were 

compared to annual wheat in a field evaluation. Therefore, it would validate result 

obtained from controlled environment in large soil columns showing their full 

potentials. The perennial wheat derivative, CPI-147235a, and perennial grass, CPI-
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148055, were found to be able to produce deeper root growth than annual wheat in 

similar environmental conditions, and their results were found to be consistent with 

the results obtained in control conditions. These findings were consistent across 

control conditions and in field conditions, and indicated that perennial wheat 

derivatives and perennial grass have drought resistance. 

5.5 Conclusions 

This paper has shown that three-year-old perennial wheat derivatives utilised 

several mechanisms for drought resistance. The best genotypes were able to extract 

water from deeper soil layers than the annual wheat during extended drying down 

conditions, using extensive root systems. Under extended drying down conditions, 

third-year stands of perennial wheat derivatives and perennial grass allocated more 

dry matter to roots than annual wheat, indicating the potential for these genotypes to 

enhance their water extraction and survival in drought conditions. Maintaining higher 

relative water content in leaves at the onset of drought and lower relative water 

content at the advancement of drought showed the avoidance mechanisms involved 

in providing drought resistance to these genotypes. This result may have implications 

for the selection of drought–tolerant perennial wheat genotypes of agricultural 

significance, where selection for water use and water extraction during drought may 

be important selection criteria. The results were exciting for the perennial wheat 

derivatives assessed, as these derivatives were derived from overseas germplasms 

and were not intended for Australian conditions. Thus, perennial wheat breeding 

could be a promising new field in Australia. However, the drought resistance and 

water extraction patterns of perennial wheat derivatives and perennial grass observed 

in this study showed that there is capacity to select desired agronomic attributes for 

drought resistance. This might contribute to the systems approach for perennial 
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wheat for Australia by 2030, and would provide flexibility and stability in 

sustainable farming systems in Australia for the future. 
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5.8 Figures and tables 

 

Fig.1. The range of maximum and minimum temperatures throughout the 

experimental period is shown in panel (a). The variation in maximum and minimum 

temperatures inside (30 min difference) and outside (in each day) of rain shelter 

along with relative humidity (yellow bar) are presented in panel (b). 
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Fig.2. Water loss (%) plotted against days after withheld irrigation. Capped lines 

indicate least significance difference values (P=0 .05) 
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Fig.3. Volumetric water content plotted against soil depth. Capped lines indicate 

least significance difference values (P=0.05). 

  

 

 

Fig.4. Root dry weight (RDW) presented as the square root of (RDW + 0.5) plotted 

against soil depth for six genotypes and LSD 0.05 values 0.5141. 
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Fig.5. Relative water content under control (dotted line) and extended drying down 

(solid line) conditions. Capped lines represent least significant difference (P=0.05) 

values for control and extended drying down conditions. 
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Fig. 6. Stomatal conductance in upper and lower leaves plotted against days (9, 14 and 18 

days) after withheld irrigation for one annual wheat, four perennial wheat derivatives and one 

annual grass under extended drying down conditions. Capped lines indicate least significant 

difference values (P=0.05). 
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Fig.7.Volumetric water content in four locations in the field validation for the perennial 

wheat, CPI-147235a, perennial grass, CPI-148055, and annual wheat under different field 

conditions in New South Wales, Australia. 
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Fig. 8. Root dry weight for the perennial wheat CPI-147235a, perennial grass CPI-148055 and 

annual wheat under field conditions: a) Cowra mix 2014; b) Cowra G x E; c) Cowra mix 

2015; and d)Wagga G x E  in New South Wales Australia. 
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Table 1. Phenology for one annual wheat, four perennial wheat derivatives and one annual 

grass under extended drying down conditions. 

 

Genotypes 
Stomatal 

conductance (mmol 

m-2s-1) 

 

Plant 

height 

(cm) 

Tiller 

number 

(per 

plant) 

Ear 

number 

(per 

plant) 

Flowering  

(days after 

water was 

withheld) 

Harvest (days after 

water was 

withheld) 

Wedgetail 72.3 8.7 4.3 45.0 71.0 

CPI-147235a 76.7 26.0 * * 79.3 

CPI-147280b 74.0 25.5 5.5 30.5 82.0 

OK7211542 62.3 32.7 1.0 34.0 79.7 

11955 79.7 19.0 2.3 36.5 88.0 

CPI-148055 30.7 103.3 * * 79.0 

* =no flower produced on ear. 
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Table 2. Total dry matter at harvest for one annual wheat, four perennial wheat 

derivatives and one annual grass under extended drying down conditions. 

Genotype 

name  

Leaf dry 

weight 

(g) 

Leaf 

sheath & 

stem dry 

weight 

(g) 

Spike 

dry 

weight 

(g) 

Crown 

dry 

weight 

(g) 

Root dry 

weight 

(g) 

Shoot 

dry 

weight 

(g) 

Total  

dry 

weight 

(g) 

Wedgetail 3.63 5.86 1.00 1.09 2.72 11.58 14.30 

CPI- 147235a 11.79 33.34 

 

1.77 16.99 46.90 63.89 

CPI - 147280b 7.31 16.23 2.03 3.37 11.24 19.29 26.79 

OK7211542 12.66 24.25 0.02 8.20 15.63 45.12 60.75 

11955 4.77 13.59 0.86 2.53 11.10 21.75 32.85 

CPI- 148055 11.42 8.19 

 

35.20 28.71 54.81 83.52 
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6 Chapter 6: 

General discussion, conclusion and future work direction 

 

6.1 General discussion 

Perennial grain cropping may provide increased flexibility in mixed farming 

systems, with the opportunity to contribute grain and forage while enhancing system 

sustainability. Consequently, this research was conducted in Australia comparing 

perennial wheat derivatives with the dual purpose annual wheat, Wedgetail, and the 

perennial grass, Thinopyrum intermedium CPI-148055. 

 The patterns of the life cycle were studied over generations under well-

watered conditions, especially dry matter production and partitioning (Chapter 3). 

Subsequent experiments examined how these patterns changed under limitations to 

source and sink capacity (Chapter 4) and extended drying down tolerance (Chapter 

5).  These patterns of dry matter partitioning under annual versus perennial growth 

habits, and how these may change under source–sink manipulation and with water 

deficit provided a basis for understanding the potential of perennial wheat derivatives 

under different environmental conditions. This will assist in identifying desirable 

traits for perennial wheat derivatives with improved adaptation to southern 

Australian conditions. In this study, three aspects of resource allocation were studied 

in four perennial wheat derivatives and a perennial grass, and these were compared 

to those of an annual wheat for three continuous years in different environments. The 

results indicated that: 

 In well-watered conditions, perennial grass and perennial wheat derivatives 

were able to produce more root growth along with more above-ground 

biomass in older plants compared to annual wheat. 
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 In source-sink balance manipulations in two separate studies with two-year-

old and three-year-old perennial grass and perennial wheat derivatives, source 

–sink balance manipulations were found to show consistent patterns in 

resource allocation. More root growth and  more biomass production (new 

tiller production) were observed in source–sink balance manipulations in the 

case of the perennial grass and perennial wheat, showing that greater priority 

was given to  resource allocation for survival and perennation. This resource 

allocation priority was different to that for annual wheat in the same source-

sink balance manipulation treatment. 

 In terms of extended drying down tolerance, three-year-old perennial grass 

and perennial wheat derivatives were found to allocate more resources to root 

growth and were able to extract soil water from deeper soil layers compared 

to annual wheat under the same conditions.  

However, the response was varied among perennial grass and perennial wheat 

derivatives compared to that for annual wheat. Resource allocation patterns in 

relation to plant age, source-sink balance manipulation and extended drying down 

tolerance observed in this study were explored, and revealed new findings about 

there being more above- and below-ground biomass production, longer survival and 

water extraction, and hydrological benefits in perennial grass and in perennial wheat 

derivatives over annual wheat. 

6.1.1 Regrowth, dry matter production and partitioning patterns in perennial 

wheat over generations and in seasonal comparisons 

It is acknowledged that survival and grain yield in the following years of 

regrowth with currently available germplasms were a problem in current perennial 

wheat germplasms. In Chapter 3, selected perennial wheat derivatives, which were 

better performers in previous field evaluations, were found to be able to survive up to 
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three years and were able to produce 2–3 fold more biomass and 3–12 fold more root 

growth than annual wheat. 

A benchmark for grain yield for perennial wheat derivatives is to produce 40% 

of annual wheat yield along with additional forage, or 65% of annual wheat yield as 

a grain crop only, in order to be financially viable (Bell et al. 2008). Currently 

available perennial wheat derivatives were able to provide additional biomass or 

forage, especially in the second and third year, as was also observed for the perennial 

grass. The substantial challenge, however, was consistency in providing grain yield 

in the following years of survival, in order for the perennial grain crop to be 

successful (Murphy et al. 2010; Larkin et al. 2014). Greater forage production in late 

summer regrowth (January to April) under southern Australian conditions was 

considered a very important contribution to the economic sustainability of the farm 

(as a provider of additional animal feed for livestock included as a component of 

farming systems). Thus, perennial wheat was able to provide most of the ecosystem 

services at this point by providing surplus forage. However, grain yield was lower 

than that in annual wheat, especially in successive years, and thus increased grain 

yield under regrowth needs more attention with respect to breeding. 

Perennial wheat derivatives were able to regrow in the following season for up 

to three years, and were reported here for the first planting in May 2011, in Chapter 3 

(Fig. 5). With dry season water deficit, however, reduced vigor in the summer 

regrowth, failure to regrow, and plant death were evident following the 2011 planting 

(Chapter 3, Fig. 9). The ability to regrow varied depending on dry season regrowth, 

with a second cycle of dry season water deficit being found to produce much lower 

biomass regrowth and much higher plant mortality. 

In different seasons, older plants were found to produce more above- and 

below-ground dry matter than new plantings. However, seasonal conditions 
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influenced stand establishment and regrowth. Poor stand establishment followed the 

2012 planting, which failed to regrow in the second year in this experimental site, 

even though plants established in 2011 were successfully regrown for the third year 

(Chapter 3, Fig. 10). Unreliable regrowth by similar perennial derivatives in different 

plantings was also reported for the same location in previous studies with perennial 

wheat derivatives (Hayes et al. 2012; Jaikumar et al. 2012).  

Root growth was expected to increase over time as a benefit of the perennial 

habit of plant growth. However, perennial wheat grass was observed to die back in 

the following season and regrow again in the next season (Cox et al. 2006). In 

Chapter 3, perennial wheat was found to produce more extensive and longer-lived 

root growth in the following seasons of regrowth. This was consistent with earlier 

work with currently available perennial wheat derivatives in Australia, which had 

greater root growth after the first season of regrowth (Larkin et al. 2014). In this 

research, perennial wheat was able to grow more roots in the following season 

(Chapter 3, Fig. 6).  

Grain yield was expected to be low in perennial habit of plant growth. As 

perennial habit was more dependent on root and rhizome DM for long-term survival, 

compared with seed dispersal in annuals, more perennial dry matter was used for 

survival in hot or dry summer conditions, or in cold and freezing winter conditions. 

In the first season of perennial growth, more dry matter was apportioned to stand 

establishment and root growth. Consequently, yield in the first season was low. 

However, in the following year of stand establishment, the early season capture of 

rainwater and greater early growth enhanced the ability to produce more in the 

second season of regrowth. In this study, I found similar yield trends in the regrown 

perennial genotypes in the second- and third-year stands.  
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6.1.2 Summer regrowth in dry season (DS) 

The perennial wheat derivative, CPI-147235a, and perennial grass, CPI-

148055, had more reliable performance in regrowth yield, biomass production, and 

root growth than other perennial wheat derivatives used in this study. Higher 

mortality in weaker regrown plants in some perennial genotypes (CPI-147280b, 

Ok7211542 and 11955) was observed in this study (data not shown).Vigor of dry 

season summer regrowth after the previous stubble cut differed among regrown 

plants. Plants showing weaker regrowth produced 2–3 tillers, but failed to continue 

to grow and establish, and senesced and died after about one month of regrowth. On 

the other hand, some strong vigorous regrowth plants started with 2–3 tillers, but 

were able to continue to produce new shoots and tillers for greater biomass 

production and establishment. Extreme dry weather was associated with weaker 

regrowth at the end of the 2012dry season, which was hotter and drier than the other 

dry seasons (Chapter 3, Fig. 1). 

6.1.3 Resource allocation pattern in perennial and annual growth habit and 

their changes with source and sink manipulation 

In Chapter 4 (Tables 2 and 3) of this thesis, dry matter partitioning under 

altered source-sink balance during grain filling was shown to strongly affect seed 

size and spikelet number in perennial wheat derivatives. Previous research with 

perennial wheat derivatives compared to annual wheat in the USA found evidence of 

change in grain size and sink limitation for grain filling in relation to source-sink 

balance in perennial wheat (Jaikumar et al. 2014). Greater dry matter partitioning to 

root growth and new tiller production were reported to reduce grain yield in 

perennial wheat derivatives and in perennial grass. Thus, there was a resource cost 

for both perennation and survival in source-sink balance, so not all spikelets set at 

anthesis could be filled (Cruz-Aguado et al. 1999). Increasing dry matter partitioning 
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towards grain yield might potentially increase grain yield in perennial wheat. 

Resource capture in perennial wheat derivatives was explored in comparison to that 

for annual wheat with respect to source-sink manipulation (Chapter 4, Fig. 9), and 

greater resource capture could potentially compensate for yield trade-off in 

perennials. Intensive breeding efforts focused on increased sink strength to pull 

available dry matter towards reproductive allocation should be worthwhile, i.e. filled 

grains, increased seed size, and finally, increased grain yield.  

6.1.4 Water extraction and root growth in extended drying down tolerance in 

perennial and annual wheat 

In this thesis (Chapter 3, Fig. 6), there was evidence of greater root growth by 

perennial wheat derivatives and perennial grass during later stages of regrowth (the 

third year of growth). Perennial wheat and perennial grass were able to extract more 

water by roots from deeper soil layers (Chapter 5, Fig.’s 2 and 4) and to survive 

longer compared to annual wheat under extended drying down conditions. The 

development of a deeper and more extensive root system (especially under extended 

drying down conditions) allowed the perennials to extract water from deeper soil 

depths, where annual wheat could not (Chapter 5, Fig. 2). This is the first report of 

new findings for the water extraction ability of perennial wheat derivatives to 

achieve hydrological benefits in the perennial grain crop literature.  

Perennial wheat derivatives need greater water extraction to adapt to dry 

conditions in Australia. Longer survival under the extended drying down conditions 

was associated with more soil water extraction (Chapter 5, Fig. 5), and the retention 

of less cell water (Chapter 5, Fig. 6) was evidenced in this study. 

Field validation from a different location (Chapter 5, Fig. 7) confirmed the 

ability of the perennial wheat derivatives, CPI147235a, and CPI-148055, to extract 

water from greater depths of the soil profile than annual wheat. Water extraction 
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from deeper soil layers by perennial wheat derivatives under extended drying down 

conditions evidenced in this study add new findings to the literature about water 

extraction ability and drought resistance in perennials. In perennial rice breeding in 

Asia, drought resistance sources were provided from the wild species (Sacks 2014). 

Thus, specific traits of drought resistance could be added by breeding in the case of 

perennial wheat for adaptation to drier environmental conditions in Australia. 

6.1.5 Ecosystem services and disservices provided by perennial grain crops 

This research has contributed to the following understandings of the benefits and 

challenges for perennial wheat (as presented in Chapter 2 of this thesis) and has 

considered specific ecosystem services provided by perennial grain crops. The 

potential benefits of a perennial wheat for the environment were integrated from the 

findings of this study. The results obtained in this study containing new information 

about perennial wheat, in the context of previous research findings, were as follows: 

 More biomass production ability associated with grain yield up to three years 

without the need for reseeding (Chapter 3, Fig. 10).  Both biomass and grain 

might be used as forage (animal feed) in mixed farming systems where 

livestock is included in the farming system and thus provides services to 

ecosystems, as farmers and animals would benefit greatly and are considered 

to be part of ecosystems. 

 Longer-lived and deeper-root systems could reduce nutrient leaching losses, 

and efficient nutrient use by perennial grain crops could serve agro-ecological 

services by translocating nutrients. 

 In this research, the ability of perennial wheat derivatives to lower nutrient 

leaching compared to annual wheat was not examined directly. (Culman et al. 

2013) examined the perennial grain, Kernza wheat grass, at the W.K. Kellogg 
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Biological Station in Hickory Corners in Michigan. They found evidence of 

low soil moisture at lower soil depths and an 86% reduction in total nitrate 

leaching in the second year of growth for the perennial grain, Kernza wheat 

grass, in comparison to that for annual wheat. They also found evidence of a 

13% increase in carbon mineralisation by the second year of growth of 

perennial wheatgrass, in comparison to that for annual wheat. Longer lived 

extensive root systems might be able to take up nutrients at higher rates and 

thus might be able to manage nutrient leaching. Thus, extensive and larger 

root systems might be able to lower concentrations of nitrogen in 

groundwater. 

 Carbon sequestration biomass in perennial wheat was addressed in Chapter 3 

as one of the major ecosystem service providers. Measurements of total dry 

matter partitioning and root growth were taken at different times during three 

years of growing seasons, and perennial wheat and perennial grass were 

found to produce more above- and below-ground biomass, and thus were able 

to sequestrate more carbon compared to annual wheat during the same 

growing seasons. 

 Perennial grain crops provided better ground coverage and reduced soil 

erosion throughout the year, thus serving agro-ecological services through 

soil protection. 

 Improved hydrological balance and water use by water uptake in deeper soil 

layers, with longer and more extensive root systems in deeper soil layers and 

early season growth in perennial wheat offering the potential to capture rain. 

 More above-ground biomass produced in perennial grain crop systems could 

add more soil organic carbon and thus improve soil quality. Soils rich in 

organic matter could improve soil water and nutrient retention, and in turn, 
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improve soil bulk density, soil microbial populations and soil structure to 

improve soil quality and be an important part of sustainable agriculture. 

 Resistance against insect pest attacks through ecologically-based approaches 

like biological control. That is, the provision of long-term habitat and/or 

habitat overwinter or continuous groundcover to predators and parasites 

(natural enemy populations) could support and promote healthy agricultural 

systems - thus, perennial grain crops could ensure higher ecosystem services 

in sustainable agriculture.  

On the other hand, perennial grain systems might contribute to certain 

ecosystem disservices like the hosting of pests and the provision of a reservoir of 

diseases. The long-term persistence and regrowth of perennial grains in fall, 

especially when annual grains were unable to grow, might act as a reservoir of 

pathogens and could thus spread diseases. By providing a presence of all year round, 

perennial grains might contribute to increases in pest and disease populations, and 

could be a threat to ecosystem services. This research did not directly address the 

possibility of perennial wheat acting as a reservoir for pests and/or a disease host. 

However, prior research reported by (Hayes et al. 2012) showed that using 

Thinopyrum  intermedium, Thinopyrum ponticum and Thinopyrum elongatum 

derivatives as disease resistance parents provided good disease resistance for WSMV 

for the derivatives from these parents. A wide variety of examples of pathogen 

resistance has been reported in previous literature, which includes barley yellow 

dwarf virus; however, pathogen resistance was beyond the scope of this current 

study. Nonetheless, it could be assumed that a break-up in the disease cycle could be 

supported by perennial wheat cropping in contrast to that from an annual 

monoculture of wheat.  
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These studies on perennial wheat did not investigate diseases and insect pressure 

directly. However, different research with 150 genotypes including the genotypes 

used in this experiment reported that perennial wheat showed advanced disease 

resistance over rust (leaf, stem and stripe) and wheat streak mosaic virus, and 

confirmed the environmental safety against disease threats by perennial wheat 

incidence in Australian conditions (Hayes et al. 2012). In separate research in the 

USA using different germplasms of perennial wheat, (Jaikumar 2013) found strong 

resistance against Fusarium graminerum and very low susceptibility with very few 

disease symptoms. In a review article, Cox et al. (2005) argued that there were 

longer living root systems in perennial wheat and the existence of crowns as a barrier 

against soil borne pathogens. 

6.2 Conclusion 

In conclusion, these studies were able to confirm the potential for the use of 

current germplasms of perennial wheat and perennial grass. Both were able to 

survive for three years and regrow, and were able to achieve the benchmark in grain 

yield (40% of annual wheat yield with added forage (Bell et al. 2008)). Source-sink 

balance manipulation treatments showed dry matter allocation being prioritised 

towards roots, suggesting perennation and survival priorities in perennial wheat and 

in perennial grass in contrast to that for annual wheat. Greater  spike production and 

bolder seed production abilities in perennials in the source-sink manipulation study 

suggests further breeding efforts could be attempted for higher grain yield in 

perennial wheat. Perennials were found to have longer lived and more extensive root 

systems as they became older. The deeper and longer lived extensive root systems in 

perennials were able to extract more water from deeper soil depths and to support 

longer survival compared to annual wheat under extended drying down conditions.  
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6.3 Directions for future studies 

The number one priority should be to repeat these experiments in the field, to 

translate the results to a per unit area basis, in a situation in which roots are not 

constrained by the soil column, but only by field soil characteristics. Proper field 

validation is essential, in order to translate the principles revealed here into actual 

quantitative performance and survival relationships. 

i. The specific reasons for the failure of perennial wheat derivatives to regrow 

for longer time along with different seasonal planting could be investigated. 

Variable regrowth was observed in some perennial genotypes and also 

confirmed by other researchers for the same genotypes at the same sites in 

different years of planting. This was particularly evident for the reported 

perennial genotypes — those that were showing successful regrowth in one 

season of planting, but that had failed to regrow in different planting years at 

the same site. 

ii. Using newer technology and experimental set-ups like the Rhizo-lysimeter 

and neutron probe for assessing the moisture content of the deeper soil layers 

would allow comprehensive information about root and soil water in deeper 

soil layers without destructive sampling. This could provide more insight into 

perennial wheat growth for longer durations (3–4 years) and reduce the need 

for labour intensive and time-consuming destructive sampling of roots. 

iii. Evaluation of source-sink manipulations and their impact on resource re-

allocation in the field would provide more understanding on dry matter 

partitioning in perennial wheat. 

iv. Crop performance evaluations in multi-location trials using suitable current 

germplasms with the adaptability to target specific environments in field 

trials would provide evidence of perennial wheat ecosystem services.  
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v. Perennial wheat breeding could be done for target environments in Australia. 

vi. Detailed studies about survival and regrowth would be able to provide more 

insight about the physiological attributes controlling regrowth mechanisms in 

perennial wheat.  
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Appendix 

 

Appendix 1. Timeline of activities during the experiment. 

Year Month Activity done 

2011 May-Jun Sowing 

Jul-Aug  
Sep-Oct  
Nov-Dec Harvest at flowering and harvest  at maturity 

2012 Jan-Feb  
Mar-Apr Dry season harvest- DS1 
May-Jun Re-sowing of annual wheat and replanting 

Jul-Aug  

Sep-Oct  

Nov-Dec Harvest at WS2 at maturity 

2013 Jan-Feb  

Mar-Apr Dry season harvest- DS2 

May-Jun Re-sowing of annual wheat and replanting 

Jul-Aug  

Sep-Oct  

Nov-Dec Harvest at WS3 at maturity 

 

 

 


