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Increasing crop yield is a critical research target for future food security, and advancing our understanding of the factors contributing to plant growth is vital if yields are to be improved effectively.  This thesis sets out the requirement for a unified perspective on plant growth and investigates the relative limitations imposed by carbon and nitrogen sources and sinks on growth.  I firstly demonstrate that source-sink interactions underpin plant growth when viewed through three perspectives: physiology, allocation and development.  I then report data from experimental manipulations of the carbon and nitrogen source:sink ratios in domesticated annual and wild perennial barley.  I measured resource uptake, metabolites, partitioning and growth, to gain an integrated perspective of the contribution of sources and sinks to growth in my system.  The key findings of this experimental work are:

· Annual barley shifts from being more carbon sink limited to more carbon source limited during vegetative development.
· Growth in annual barley is carbon sink limited and growth in perennial barley is carbon source limited during vegetative development.
· Growth in both species is nitrogen sink limited during vegetative development

This implies that annual barley may not respond favourably to future elevated carbon dioxide; an increase in carbon and nitrogen sink capacity during vegetative growth will be required to improve source capacity and yield effectively.  The supply of carbon and nitrogen to crops is a pertinent issue in the current global context of rising CO2 levels and increasing environmental pollution via nitrogen fertiliser use.  To implement the findings of this research effectively for crop improvement, it will be important to carry out field experiments over the whole lifetime of the crop, and to gain a deeper understanding of how carbon and nitrogen interact in the context of plant growth.
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[bookmark: _Toc331253002]Chapter 1: General introduction


Growth is a fundamental and fascinating area of biology.  The sessile nature of plants means that their growth patterns are essential for resource capture – plants must grow towards the resources they require, using leaves to capture light and carbon dioxide, and roots to obtain water and soil nutrients.  Whilst plants employ a dazzling array of resource acquisition strategies, from symbiotic interactions with soil microbes to maximise uptake of limiting nutrients (Read, 1991), to the enterprising photosynthetic activity of the glumes and awns of cereal grains (Sanchez-Bragado et al., 2014), they are also balancing growth and survival, a key trade-off that comprises a significant axis of variation in global plant traits (Wright et al., 2004; Díaz et al., 2016).

Not only is plant growth an interesting field of study in its own right, it is also of vital importance for humanity, since we are heavily dependent on plants for food, fuel, shelter, clothing, medicines and oxygen.  Growth contributes strongly to crop yield, and in a world of food insecurity and climate change (Ackerman and Stanton, 2013; FAO et al., 2014; Ort et al., 2015), deepening our understanding of the factors limiting crop growth will be essential if future yields are to be maintained and increased in the face of environmental change.  The supply and demand for resources is, just as in our global economy, a critical system underpinning growth and survival in the micro-economy that exists within each plant.  Source tissues provide net intake of resources from the environment and have a net export of these resources to the rest of the plant; sink tissues have a net uptake of resources from the source.  During vegetative growth, leaves are net sources for carbon and roots are net sinks, whilst the opposite is true for nitrogen, and the finely-tuned balance between source and sink activity is a vital influence on plant growth (White et al., 2016; Chapter 2).  

Myriad research efforts, including a number of global consortia, have been concentrated on the improvement of crops, investigating how yields may be increased and crops may be safeguarded against future climate change (e.g. von Caemmerer et al., 2012; Reynolds et al., 2012; Ort et al., 2015) and although many of these focus primarily on improving carbon source capacity via photosynthesis, there has also been significant research into the need for sink improvement in concert with source development (e.g. Foulkes et al., 2011).  However, different disciplines define growth in very different ways and a framework for using source-sink interactions to underpin and therefore unite different perspectives on growth has not previously been established.

Furthermore, whilst a range of experimental manipulations has been used to probe the relative contribution of source and sink to growth – including alterations of substrate availability, removal or inactivation of source or sink tissues, and genetic modification (reviewed by White et al., 2016) – such experiments have generally focused on carbon.  However, both carbon and nitrogen are important resources for plant growth, being the two mineral nutrients required in largest quantities (Sakakibara et al., 2006), and there is significant crosstalk between signalling pathways for these two elements (Stitt and Krapp, 1999).  A view encompassing sources and sinks for carbon and nitrogen is therefore important if we are to improve the growth and yield of crops effectively for future harvests.  

This thesis outlines a holistic view of growth, uniting perspectives from different disciplines, and then employs this integrated outlook to elucidate the relative contributions of carbon and nitrogen sources and sinks to growth in two barley species.  

Chapter 2 emphasises the need for an integrated view of growth, encompassing physiology, allocation and development.  This chapter extensively reviews the relevant literature and develops a novel synthesis of three perspectives on growth into a model that demonstrates how source and sink underpin growth.  This chapter considers the importance of studying plant growth, sets out definitions of sources and sinks with examples, discusses the varying control of growth during ontogeny, reviews source-sink manipulations in the literature, discusses regulatory factors such as molecular feedbacks and finally unifies three perspectives on growth – physiology, allocation and development – into one equation.

Subsequent chapters of this thesis (Chapters 3-5) move towards the integrated viewpoint outlined in Chapter 2, using simultaneous measurements at the whole plant scale of photosynthesis, intermediate metabolites, storage metabolites, allocation and growth, at different times during vegetative development.  This experimental work is carried out in barley, which is the second most widely grown cereal crop in the UK and is also important globally.  

Chapter 3 investigates how carbon sources and sinks interact during the vegetative development of annual barley, testing an innovative approach for investigating carbon source limitation (transient elevated CO2 treatment) coupled with a better-established method for looking at carbon sink limitation (defoliation).  This chapter includes measurements of carbon uptake, metabolites, allocation and growth to build a holistic picture of source-sink limitations and it tests the feasibility of using non-destructive growth measurements to estimate relative growth rate at the time of harvest.  The key finding of Chapter 3 is that sink limitation diminishes as plants get larger and growth slows during the vegetative development of annual barley.  The growth methodology worked well but the effect of transient CO2 was too subtle to be a useful experimental manipulation and the defoliation treatment did not induce expected effects, necessitating a change of approach in the following chapters.

Chapter 4 builds upon Chapter 3 and employs a longer-term, non-invasive manipulation of carbon source activity: a gradient of CO2 is used to diminish or enhance the carbon supply through photosynthesis, to investigate the role of carbon source limitation in controlling differences in growth rate between species.  In this chapter and in Chapter 5, two species of barley are used: a fast growing domesticated elite annual barley and a slow growing wild perennial barley.  This enables deeper analysis of source and sink limitation on growth, through investigation of congenerics with different growth habits.  This chapter further expands on Chapter 3 by measuring metabolite concentrations in each major compartment of the whole plant, both pre-dawn and pre-dusk.  As well as carrying out measurements of the parameters explored in Chapter 3, this chapter includes the use of additional diagnostics such as amino acid:sucrose ratio to look at source limitation, and tillering to look at plasticity of allocation, and focuses on one time point during development in order to build up an in-depth characterisation of the two species.  This chapter found that growth in annual barley is more limited by carbon sink development, revealed by carbohydrate accumulation under elevated CO2, while growth in perennial barley is more limited by carbon sources during vegetative development, shown by its ability to increase photosynthetic rate and sink allocation under elevated CO2.  This developmental plasticity in the perennial reflects an opportunistic capacity to respond to changes in CO2. 

Chapter 5 moves towards a fuller characterisation of the barley species studied in Chapter 4, by using a nitrogen gradient analogous to the CO2 approach in Chapter 4 to investigate the contribution of nitrogen source and sink to vegetative growth in annual and perennial barley.  In this chapter, measurements were performed three times during vegetative growth to look for developmental effects, focusing on the time at which maximum relative growth rate occurs using data obtained from earlier chapters.  As for the experiments presented in the earlier chapters, Chapter 5 looks at uptake, metabolites, allocation and growth, and introduces a new method to measure nitrogen uptake rather than carbon uptake.  Chapter 5 found that growth in annual barley is more limited by nitrogen sink development than growth in perennial barley during vegetative development, but both species showed evidence of nitrogen sink limitation.  

Finally, Chapter 6 draws together the findings of this thesis to provide the holistic insight into source and sink limitation of growth that I advocate here. 
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Growth is a major component of fitness in all organisms, an important mediator of competitive interactions in plant communities, and a central determinant of yield in crops.  Understanding what limits plant growth is therefore of fundamental importance to plant evolution, ecology, and crop science, but each discipline views the process from a different perspective. This review highlights the importance of source-sink interactions as determinants of growth.  The evidence for source- and sink-limitation of growth, and the ways in which regulatory molecular feedback systems act to maintain an appropriate source:sink balance, are first discussed. Evidence clearly shows that future increases in crop productivity depend crucially on a quantitative understanding of the extent to which sources or sinks limit growth, and how this changes during development. To identify bottlenecks limiting growth and yield, a holistic view of growth is required at the whole plant scale, incorporating mechanistic interactions between physiology, resource allocation, and plant development. Such a perspective on source-sink interactions will allow the development of a more integrated, whole-system level understanding of growth, with benefits across multiple disciplines.




[bookmark: _Toc322267576][bookmark: _Toc322267698][bookmark: _Toc322267862][bookmark: _Toc331253005]INTRODUCTION

Growth rates of plants vary widely: even in constant environmental conditions, relative growth rate can vary six-fold among species (Grime and Hunt, 1975).  This is not surprising given the astonishing variety of ecological niches occupied by plants in all the major biomes, where adaptation comes in part from matching growth rate to available resources (Díaz et al., 2004).  Growth is controlled by proximate physiological and developmental mechanisms, but ultimately depends upon ecological adaptations and evolutionary history: plants with different growth strategies succeed in different ecosystems, and in different niches within those ecosystems.  For example, in the dynamic, diverse rainforest environment, rapidly-growing seedlings and lianas will quickly colonise gaps, whilst slow-growing epiphytes often stay poised and wait for a gap in the canopy before upregulating their rates of photosynthesis and growth (Hubbell and Foster, 1992).  Ecological life history theory points towards a growth-survival trade-off (e.g. Baraloto et al., 2010), which helps to explain species differences in growth rate (Metcalf et al., 2006), and leads to niche partitioning (Wright et al., 2010).  Growth rate therefore represents a major axis of ecological variation among species, which correlates with changes in resource availability and risk of mortality, but trades off against defence and storage (Grime, 1977; Herms and Mattson, 1992; Rose et al., 2009; Turnbull et al., 2012). 
 
Proximate causes of growth rate variation include both external and internal factors (Körner, 1991).  Externally, plants are affected by a plethora of abiotic and biotic factors including nutrient and light levels, temperature, competition and herbivory, all of which influence the supply and demand for essential resources, and plants must ensure that growth rates are attuned accordingly (Bloom et al., 1985; Coley et al., 1985).  Internally, plant growth is constrained by molecular, physiological and developmental processes: metabolic rates determine the capacity to take up and store resources, whilst allocation during development, rates of cell division and expansion, and developmental transitions from vegetative to reproductive growth all have important effects on resource use and partitioning.  These internal processes can all be understood within the framework of source-sink interactions: source activity refers to the rate at which essential external resources are acquired by the plant and made available internally, whilst sink activity refers to the internal drawdown of these resources. This drawdown encompasses resource sequestration in growth and storage, plus resource losses through respiration or exudation.  By necessity, the relationships between sinks and sources are both finely tuned and tightly regulated by feedback and feedforward mechanisms, many of which are now well characterised within tissues at the molecular level (e.g. Smith and Stitt, 2007; Lawlor and Paul, 2014).  Since plants are sessile and can only influence external factors to a limited degree, the internal factors are well controlled.  As a consequence, it is these internal interactions of source and sink activity that must be responsible for the large intrinsic variation in relative growth rate among species under common environmental conditions. 

The general principles governing the diversity in intrinsic growth rate among wild species also underpin the variation in yield potential among crop genotypes.  The current need to increase crop productivity for food and fuel, due to a rapidly-increasing global population, is urgent and well-documented (FAO et al., 2014).  Yield increases in rice and wheat due to breeding and genetic techniques are currently around 1% per year, a trajectory too low to meet future requirements, and this has motivated the development of global consortia for crop improvement (von Caemmerer et al., 2012; Reynolds et al., 2012; Ort et al., 2015).  The primary focus for many of these is boosting photosynthetic carbon acquisition (source activity), yet sink activity is also believed to limit grain development in many major crops (Acreche and Slafer, 2009; Peterhansel and Offermann, 2012; Slewinski, 2012).  Global efforts to elucidate the responses of crop photosynthesis and yield to future elevated atmospheric CO2 conditions show that the translation of a large and sustained stimulation of photosynthesis into growth and yield differs markedly between species and often falls short of the expected response (Long et al., 2006a). Achieving future yield targets requires that this translation of improved photosynthesis into yield is made effectively through enhanced sink development.  To achieve the 70% increase in crop productivity required by 2050, a greater understanding of the relationships between photosynthesis and growth, and the factors underpinning growth rates, is therefore essential.

This review discusses current understanding of plant growth rates, considering a range of factors from molecular to ecological, with a particular focus on source-sink interactions.  It emphasises the importance of sources and sinks as determinants of growth and as targets for crop improvement.  For the first time, this review argues the case for a fully integrated network analysis of physiology, allocation and development when considering growth across the diversity of wild and crop plants.  It highlights source and sink limitation as key areas where understanding could be improved, and suggests that quantitative estimates are required of how sources and sinks limit growth, the extent to which these limitations change at different stages of development within the same species, and their differences in species which vary in allocation and life history strategies.  
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Source tissues are net exporters of an elemental resource required for plant growth, such as carbon or nitrogen, while sink tissues are net importers and are responsible for resource assimilation.  Mature leaves are net sources of carbon but sinks for nitrogen, whilst root tissues are net sources of nitrogen but sinks for carbon.  Cells require carbon and nitrogen for growth and development; nitrogen to maintain protein turnover; and carbon for respiration to fuel metabolic processes.  Other elements are also vital for growth, such as oxygen obtained from the air, hydrogen from water, and minerals found in soil including the macronutrients potassium and phosphorus, and numerous micronutrients. This review focuses on carbon and nitrogen only, because these elements are commonly limiting for growth, and effectively illustrate the balance between source and sink tissues.  Carbon is usually exchanged between sources and sinks as simple sugars, typically sucrose. The equivalent currency of exchange for nitrogen includes both inorganic ions (NO3-) and organic forms (typically amino acids).     

Source tissues are generally responsible for the acquisition of resources from the external environment, although the remobilization of stored resources (e.g. to subsidise reproduction or regrowth after disturbance) may also turn a sink into an internal source.  A general definition of source strength should therefore consider the export rate of a particular resource from the source tissue. However, C- or N-uptake from the external environment is more commonly and easily measured than internal fluxes of sucrose or inorganic and organic nitrogen. Consequently, the term “source strength” usually refers to the net rate of uptake (mol s-1) for a particular resource from the external environment:

		       (Equation 1),

where source size refers to the total biomass of source tissue (g), and source activity is the specific uptake rate of the resource (mol g-1 s-1; based on Geiger and Shieh, 1993). 

Sink tissues are net receivers of resources from source tissues (Doehlert, 1993).  Whilst all tissues have some sink activity, leaves are net sinks for nitrogen transported from the root system, and roots are net sinks for sucrose exported from leaves.  Sink strength refers to the net rate of uptake (mol s-1) for a particular resource by a defined tissue within the plant:

	                     (Equation 2),

where sink size is the total biomass of sink tissue (g), and sink activity refers to the specific uptake rate of the resource (mol g-1 s-1). Sink activity involves the utilisation of resources for the synthesis of new tissues, including the synthesis of structural components such as cell walls, or the maintenance and modification of existing tissues, including the synthesis of non-structural components including enzymes, storage and defence compounds. Sink activity also encompasses the expenditure of resources in respiration or root exudation. In practice, therefore, it is usually quantified via the net accumulation rate of a particular resource in a tissue over time, after accounting for the losses from respiration and exudation. 

Source tissues thus take up resources from the environment and export them to sinks, which draw down resources within the plant.  The parallels with financial transactions are clear in this conceptualisation of plant function, and the next section considers the molecular currencies traded between sources and sinks.
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Carbon

Mature leaves are net sources of carbon.  Carbon dioxide is fixed to generate triose phosphate in photosynthesis, which is then converted to starch for diurnal storage in the chloroplast (Smith and Stitt, 2007; Gibon et al., 2009; Stitt and Zeeman, 2012; Pilkington et al., 2015), or to sucrose for export from the leaf or storage in the vacuole.  

Net carbon sink tissues include roots, tubers, reproductive structures and young leaves.  Sucrose may itself be stored directly, or it may first be converted to storage polymers. These polymers are typically starch or fructans, depending on the species; some plants store additional compounds such as raffinoses (Atkinson et al., 2012).   Starch is stored in the amyloplasts and chloroplasts of many higher plants (Müller-Röber et al., 1992); amyloplasts are found in seeds, shoot storage tissues and roots, whilst chloroplasts are found in leaves and stems (and are the only repository for starch within leaves).  Starch is also the primary carbohydrate in the grains of many crops, including wheat, rice and maize, and in the tubers and storage roots of vegetables (Pollock and Cairns, 1991; Zeeman et al., 2010).  Carbon storage in the stems of many temperate grasses consists primarily of fructans (Pollock and Cairns, 1991; Scofield et al., 2009), water-soluble fructose polymers which confer some resistance to low temperatures (Sandve et al., 2011).  Typically, fructans and sucrose are stored together in the stem, as in wheat, barley and oat (Slewinski, 2012).  Significant stem storage of starch is rare in cereals – rice being a notable exception, storing sucrose in leaves and starch in stems (Murchie et al. 2009), and being unable to synthesise fructans naturally (Kawakami et al., 2008).  Stem storage of carbohydrates is an important buffering system for recovery after grazing and for supplying photosynthate to cereal ears during grain filling, especially during drought (Schnyder, 1993; Ruuska et al., 2006; Slewinski, 2012), and is thus a relatively labile sink. For growth, a major use of photosynthate is the synthesis of cell wall polysaccharides such as cellulose and hemicellulose, in all parts of the plant.  Indeed, almost half of plant cell wall biomass is comprised of carbon (Körner, 2012).

In addition to the assimilation of resources in sink tissues, the utilisation of resources in respiration and exudation constitute a further sink, since these processes also contribute to resource drawdown.  Maintenance respiration can represent a significant carbon cost to the plant (Penning de Vries, 1975); for example, respiration constitutes 70% of the carbon sink in Pinus halepensis (Klein and Hoch, 2015). Carbon and nitrogen are released through root exudation of a variety of compounds including organic acids, sugars, polysaccharides, ectoenzymes such as acid phosphatase, and sloughed-off cells and tissues (Marschner, 1995).  Exuded metabolites have many functions (Badri and Vivanco, 2009) such as modifying the rhizosphere to provide a desirable environment for beneficial microorganisms and providing signals to aid recruitment of arbuscular mycorrhizal fungi, contributing to immunity (Cameron et al., 2013).  These processes may be substantial – one meta-analysis of annuals found that 30-60% of net photosynthetic carbon is allocated to roots, of which 40-90% is lost in respiration and exudation (Lynch and Whipps, 1990).  

Nitrogen

In contrast to carbon, roots are net sources for nitrogen, while shoot tissues are net nitrogen sinks until senescence when their nitrogen is remobilised (Aerts and Chapin, 2000).  Annuals remobilise nitrogen for reproduction whilst perennials may remobilise nitrogen for reproduction or for growth and storage in subsequent years.  Inorganic nitrogen is taken up by roots as nitrate (NO3–) or ammonium (NH4+), and may be utilized in growth or exported from the root.  Assimilation of nitrogen into amino acids takes place in both roots and shoots, although the relative proportions depend on the species and are still debated (Nunes-Nesi et al., 2010).  Approximately 80% of wild plant species benefit from mycorrhizal associations in which specialised fungi aid the uptake of phosphorus and sometimes organic nitrogen (Read, 1991).  Organic nitrogen may also be taken up from the soil in the form of free amino acids.  Nitrogen is exported from roots as nitrate (transported in the xylem), amino acids or amides (both transported in the phloem).  

Root and leaf nitrogen concentrations are positively correlated, but a global survey of wild grassland species found that leaf nitrogen concentration is more than double that of roots in the same species (Craine et al., 2005).  The main use of nitrogen for growth is in proteins and there is a particularly high demand in leaves, where the complex, enzyme-rich photosynthetic machinery is assembled and maintained.  Photosynthetic proteins encompass the majority of leaf nitrogen – for example Rubisco (EC 4.1.1.39) typically accounts for between 10 and 30% of leaf nitrogen content but can account for up to 50% of leaf nitrogen content (Ellis, 1979; Sage et al., 1987; Evans, 1989).  Through Rubisco, carbon source activity is directly connected with leaf nitrogen sink activity, providing one way in which source and sink activity are intrinsically coordinated.  Nitrogen partitioning into photosynthetic proteins is a flexible trait, varying between species and as resource availability changes (Evans, 1989). 

Nitrogen may be stored as nitrate in the vacuole, or as proteins (Millard, 1988).  Vegetative storage proteins (VSPs) may comprise up to 50% of soluble protein in vegetative tissues (Liu et al., 2005). Protein storage occurs primarily in seeds, although some legumes, tuber-formers and deciduous trees species have additional storage proteins (Shewry, 1995).  VSPs have been well-studied in soybean, and the nitrogen sink-to-source transition occurring in leaves during ontogeny is correlated with a decrease in VSP gene expression in this species (reviewed by Staswick, 1990). In both potato and soybean, removal of nitrogen sink tissues upregulates nitrogen storage in other parts of the plant, indicating a buffering role for VSPs in maintaining source:sink balance (Staswick, 1990).  In contrast, grasses such as wheat (annual) and rice (usually grown as an annual) are less reliant on protein stores beyond those in the seed, yet can still accumulate nitrogen when conditions are favourable.  For example, excess nitrogen in wheat accumulates in the lamina of upper leaves or the true stem of the peduncle, and just as stem carbohydrate reserves are important for grain-filling in grasses, this stored nitrogen is thought to provide a nitrogen buffer for use during grain-filling (Pask et al., 2012).  Non-leaf nitrogen stores, such as the culm in grasses, may also play a role in plant recovery after grazing.
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A plant that has optimised its source:sink ratio can grow using balanced allocation of source and sink sizes and activities (Equations 1-2), facilitated by molecular feedbacks.  However, at any point in time, most plants are not fully optimised, meaning that the creation of either more source or sink tissue could increase growth: in these cases, the potential source or sink strength (Equations 1-2) has not been realised (Patrick, 1993).  The extent to which these potentials are met may be investigated using environmental or genetic manipulations, and are discussed later in this review.  

Resource uptake changes over time due to fluctuations in the external environment, such that the total supply of a particular resource over the lifetime of the plant cannot be predicted in advance.  The plant reacts to these fluctuations in resource availability by modifying its investment in resource acquisition and consumption (Freschet et al., 2015).  At the most general level, a suitable balance between leaf and root tissues is critical for balancing the acquisition of carbon and mineral nutrients.  Allocation to shoot and root is adjusted depending on available resources so that, for example, the allocation of resources to root growth is increased in low nitrogen soil conditions.  Co-limitation by carbon and nitrogen has been demonstrated experimentally and optimisation of these resources has been considered in models (Woodrow, 1994; Iwasa, 2000; Guilbaud et al., 2015) yet due to environmental and developmental constraints plants do not always achieve perfect co-limitation in vivo.
 
Greater insights into this balancing of sources and sinks at the whole plant scale can be gained by analogy with metabolic systems within cells or tissues. In plant metabolic networks, control of the overall flux is typically shared between several enzyme steps, although many elements in the system exert only a limited effect (Fell and Thomas, 1995; e.g. Raines, 2003; Araújo et al., 2012).  If the dynamic internal system of resource fluxes among source and sink tissues is analogous to such a metabolic system, then overall control of the flux of materials into growth is also likely to be shared among multiple elements. This flux control analogy generates two predictions. 

The first prediction is that multiple elements in the system share control of the growth rate, and growth will increase if their sizes or activities are raised together.  In contrast, most elements exert limited control, and are present in excess.  The most resource-efficient solution for the developing plant is therefore to tune down investment in those components with little influence, and increase allocation to the elements exerting a high degree of control.  Such regulation must be a dynamic process that balances fluctuations in external resource availability with ontogenic changes in the demand for resources. Analogous examples from metabolism show how such reallocation among elements in the system can optimize enzyme activities to increase fluxes (Woodrow, 1994; Zhu et al., 2007).  However, in a whole plant system, this optimisation process must operate within the context of life history strategies of investment in growth verses defence or storage (the growth-survival trade-off). 

The second prediction generated by the flux control analogy is that development of new source and sink organs during ontogeny shifts the overall control of growth to different elements in the system.  This effect is expected because changes in the number, size and activity of plant organs during development alters the internal capacity of a plant to acquire and consume resources, and is well supported by experimental evidence. For example, some plants transition from sink to source limitation during the shift from vegetative to reproductive growth (examples within Arp, 1991; Marschner, 1995; Rogers and Ainsworth, 2006). Equivalent effects arise when plants are exposed to external environmental conditions which change resource acquisition rates, or if the numbers or activities of source or sink organs are manipulated experimentally. The evidence for such effects is considered in the next section of this review.

In combination, these external and internal factors mean that the acquisition and consumption of resources must be balanced over time by a combination of coarse and fine internal regulatory controls. This control, in turn, operates within a general life history strategy of investment in growth verses storage or defence, which means that the growth rate is not necessarily maximised under particular internal and external constraints.

The situation for crop plants is simpler, since breeders aim to maximise lifetime growth and reproductive allocation within monospecific communities (Denison, 2012). Current views on source-sink relations in crop plants point towards a co-limitation of growth by sources and sinks during grain-filling (Álvaro et al., 2008; Acreche and Slafer, 2009; Peterhansel and Offermann, 2012; Slewinski, 2012) yet growth could be further optimised.  One line of evidence for the lack of optimisation of source and sink to maximise growth comes from experiments where plants are grown at elevated CO2 (discussed later, in Table 1).  Such experiments aim to predict the responses of plants to future climatic conditions, and increase the carbon source activity of plants in a non-invasive manner.  The increase in photosynthesis under elevated CO2 demonstrates that source activity typically limits growth under ambient CO2 levels.  However, the increases in photosynthesis and yield seen when plants are grown under elevated CO2 do not match the magnitude of those predicted from theoretical modelling and extrapolation of chamber experiments (Long et al., 2006a; Ainsworth et al., 2008a; Leakey et al., 2009).  These results suggest a degree of sink limitation of growth, which could be due to nitrogen limitation.  Responses to CO2 do vary between species (Poorter, 1993) and some plants are able to upregulate source and sink in concert.  For example, high CO2 can stimulate nitrate uptake to balance source and sink capacity (Stitt and Krapp, 1999).  When external nitrate levels are low, elevated CO2 levels cause an increase in both the rate of nitrate uptake and the activity of a high affinity nitrate transport system in wheat roots (Lekshmy et al., 2009), representing an upregulation of nitrogen source strength through increased activity (Equation 1).

In order to improve crop yields, a greater, more integrated understanding of how plant growth rates are limited by sinks and sources for carbon and nitrogen, and the shifts in limitation that occur during the lifetime of a plant, is required.  Only by grounding modelling and experimental work in mechanistic knowledge of source:sink relationships will plant growth be effectively understood – and potentially manipulated – at every stage of development in order to maximise yield.
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Evidence that growth may be controlled by both source and sink strengths comes from manipulation experiments and studies of natural variation among species.

Manipulation experiments

Manipulating the source:sink balance shows that source and sink strengths often operate below their full potential, due to the limitations imposed by environmental and developmental changes discussed above.  Historically, such manipulations involved physically manipulating the plant or its environment: for example, source activity may be altered by elevated CO2, defoliation, or shading, while sink activity may be altered by sink removal or sink chilling.  However, modern genetic approaches may now be used to alter source and sink activity with greater elegance.  Table 1 outlines a range of source:sink manipulations and summarises their results.  Broadly speaking, increasing either source or sink may increase growth, suggesting that both can limit growth to a certain extent.  Sources and sinks regulate each other by molecular feedback mechanisms (discussed later), and evidence for these is seen at the whole-plant scale when manipulation of the source affects sink activity, and vice versa.  

Table 1.  Experimental manipulations of the carbon source:sink balance, illustrating that: (a) both sources and sinks affect plant growth; (b) sources and sinks regulate each other by feedback mechanisms; (c) source and sink strength can be altered by the plant, to alleviate perturbations of the source:sink balance.  ‘+’ denotes treatments applied in combination; ‘/’ denotes alternative treatments.



	Species
	Manipulation
	Effect
	Key result
	Reference

	SOURCE MANIPULATIONS

	Eucalyptus globulus
	Defoliation
+
Debudding 
	Reduces source

Reduces sink
	Defoliation increases photosynthesis in other leaves; source:sink biomass ratio is main driver of this change
	Eyles et al., 2013

	Three chalk grassland species 
	Defoliation 
+ 
Elevated CO2 
	Reduces source

Increases source
	In two species, photosynthetic acclimation to elevated CO2 was alleviated by defoliation, which restores the source:sink balance
	Bryant et al., 1998

	Lolium perenne
	Canopy-cutting 
+ 
Elevated CO2 
	Reduces source

Increases source
	Photosynthetic acclimation to elevated CO2 was alleviated by cutting the canopy which restores the source:sink balance
	Rogers et al., 1998

	Phaseolus vulgaris
	Defoliation /
Reduced light
+
Elevated CO2
	Reduces source


Increases source
	At ambient and elevated CO2: defoliation increases photosynthetic rate in other leaves, reduced light decreases photosynthetic rate
	von Caemmerer & Farquhar, 1984

	Lolium perenne
	Elevated CO2 
+
Canopy-cutting 
+
Low nitrogen 
	Increases source

Reduces source

Reduces sink
	Photosynthetic rate decreased in low nitrogen, but this effect was reduced when the source:sink balance was restored by canopy-cutting
  
	Ainsworth et al., 2003

	Dactylis glomerata
	Elevated CO2 
	Increases source
	Shortening of cell cycle in shoot and root meristems
	Kinsman et al., 1997

	Species
	Manipulation
	Effect
	Key result
	Reference

	Triticum aestivum
	Elevated CO2 
	Increases source
	Cell division and expansion affected 
	Masle, 2000

	SINK MANIPULATIONS

	Various species
	Elevated CO2
+
Removal of sinks / Low nitrogen
/ Low temperature 
	Increases source


All reduce sink
	Reducing sink capacity increases acclimation of source activity
	Arp, 1991

	Arabidopsis thaliana
	Low temperature 
+
Genetic manipulation of T6P/ SnRK1 signalling pathway 
	Reduces sink

Affects integration of sucrose levels and growth
	Altered signalling pathway reduced plant capacity to recover from sink limitation
	Nunes et al., 2013

	Various species
	Inhibition of sucrose export from source leaves 
	Reduces apparent sink demand
	Inhibition of photosynthesis
	Ainsworth and Bush, 2011

	Glycine max
	Elevated CO2  
+
Genetic modification to make a determinate line of a cultivar normally showing indeterminate growth 
	Increases source

Reduces sink
	Reduced sink capacity and decreased photosynthesis, due to increase in source:sink balance
	Ainsworth et al., 2004

	Solanum tuberosum
	Transgenic reduction of ADP-glucose pyrophos-phorylase 
	Reduces sink capacity by reducing starch synthesis
	Tuber sinks adapted by increasing sucrose content
	Müller-Röber et al., 1992

	Solanum tuberosum
	Transgenic reduction of ADP-glucose pyrophos-phorylase 
+
Transgenic expression of fructan biosynthesis enzymes 
	Reduces sink capacity by reducing starch synthesis

Increases sink
	Plants avoided yield reductions by synthesising fructan instead
	Zuther et al., 2011

	Tricitum aestivum
	Transgenic modification to increase sucrose uptake in developing grains 
	Increases sink
	Storage protein synthesis increased
	Weichert et al., 2010

	Species
	Manipulation
	Effect
	Key result
	Reference

	Triticum aestivum
	Elevated CO2 
+
Addition of nitrogen in proportion to growth
	Increases source

Increases sink
	Acclimation of photosynthesis did not occur when nitrogen was added in this way
	Farage et al., 1998

	Abutilon theophrasti and 
Setaria faberii
	Elevated CO2 
+
Large size / 
High nutrients
	Increases source

Both increase sink
	Increase in growth and yield in response to elevated CO2 was higher when sink capacity was also increased
	McConnaughay et al., 1993

	Triticum aestivum 
	Elevated CO2 
+
Cultivars with high and low harvest index
	Increases source

Different sink sizes

	Increase in photosynthesis and growth was dependent on high sink strength: only seen in cultivar with high harvest index
	Aranjuelo et al., 2013

	Brassica spp.
	Elevated CO2 
+ 
Species had different sink sizes
	Increases source

Different sink sizes
	Long-term growth increases were dependent (to an extent) on species-specific sink size 
	Reekie et al., 1998




Elevated CO2 increases the potential carbon source activity of the plant by stimulating photosynthesis, and this typically translates into faster growth (Table 1; e.g. McConnaughay et al., 1993; Christ and Körner, 1995; Masle, 2000; see also Taylor et al., 1994; Ranasinghe and Taylor, 1996; Long et al., 2006b; Ainsworth and Rogers, 2007; Leakey et al., 2009), also affecting cell patterning, cell expansion, and plant architecture (Kinsman et al., 1997; Pritchard et al., 1999; Masle, 2000).  Growing plants in large pots increases the potential carbon sink activity, due in part to increased nitrogen availability, generally leading to increased growth (Table 1; McConnaughay et al., 1993; Poorter et al., 2012), and experiments comparing species or cultivars with different sink sizes reveal that growth is faster when sinks are larger (Table 1; Reekie et al., 1998; Aranjuelo et al., 2013).

Reduction of source leaf area by defoliation usually leads to an increase in photosynthesis in the remaining leaves, to maintain source activity within the plant and support the sinks (Table 1; von Caemmerer and Farquhar, 1984; Eyles et al., 2013).  This could indicate sink limitation of growth because leaves are not carrying out their maximal potential rates of photosynthesis under normal conditions.  In contrast, decreasing sink capacity – for example, by inhibiting sucrose export from leaves to reduce the apparent sink demand – leads to an inhibition of photosynthesis (Table 1; Ainsworth and Bush, 2011) mediated by an increase in leaf carbohydrates (Sheen, 1990). 

Combining experimental treatments that affect both source and sink provides evidence that sources and sinks work together and feed back on each other.  Photosynthetic acclimation at elevated CO2 concentration is a decrease in photosynthetic capacity that reduces the magnitude of the CO2-induced stimulation in photosynthetic rate at elevated CO2.  Acclimation acts to reduce the ratio of source:sink activity and thus adjust source:sink balance toward equilibrium.  Combining defoliation and elevated CO2 treatments (which decrease and increase the source, respectively) shows that photosynthetic acclimation under elevated CO2 is alleviated by defoliation, supporting the hypothesis that it is sink-mediated (Table 1; e.g. Bryant et al., 1998; Rogers et al., 1998; Ainsworth et al., 2003). The alleviation of acclimation occurs because defoliation opposes the effect of elevated CO2 by decreasing the source:sink ratio, and higher levels of photosynthesis can thus be maintained in the remaining leaves.  The opposite effect is seen when the source is increased but the sink is reduced.  For example, when physical removal / restriction of sinks or genetic manipulation to reduce sink size is combined with elevated CO2, leading to an increase in the source:sink balance, source activity is decreased in order to return toward equilibrium (Table 1; Arp, 1991; Ainsworth et al., 2004).  Combining low nitrogen or low temperature – which restrict sink development – with elevated CO2 has a similar effect (Table 1; Arp, 1991).  In contrast, increasing carbon sink capacity under elevated CO2, by using high-yielding cultivars or adding nitrogen, facilitates increased photosynthesis (Table 1; Farage et al., 1998; Aranjuelo et al., 2013).  

Differences among species

In some species, developmental plasticity allows for greater flexibility when the source:sink balance is perturbed.  Potato and citrus may easily increase their sink size, so tend to suffer less from feedback inhibition of photosynthesis (Paul and Foyer, 2001), and nitrogen-fixing legumes are easily able to increase their sink size in response to elevated CO2 (Rogers et al., 2009).  

The physical mechanism of carbon export is important for the coordination of source and sink.  Growth determinacy in soybean prevents an increase in photosynthesis at high CO2, whilst poplar trees have high photosynthate export and maintain elevated photosynthesis at high CO2 (Table 1; Ainsworth et al., 2004; Ainsworth and Bush, 2011).  Species which are symplastic loaders (many trees and shrubs) transport sucrose from source tissues into the phloem through developmentally-fixed plasmodesmata, whereas apoplastic loaders (many herbaceous species) use developmentally-plastic membrane transporters (Ainsworth and Bush, 2011).  Therefore, at high CO2, symplastic loaders cannot upregulate photosynthate export to the same extent as apoplastic loaders.  As a result they tend to accumulate more non-structural carbohydrates in their leaves (Körner et al., 1995) and can show a smaller increase in photosynthesis under elevated CO2.  However, despite their symplastic loading strategy, trees are generally well able to maintain photosynthetic stimulation under elevated CO2 (Ainsworth and Rogers, 2007) although some species are capable of both symplastic and apoplastic loading and many species have not yet been characterised. 

Taken together, this evidence clearly demonstrates that source and sink can both limit growth, and that feedbacks enable a degree of compensation.  Species with greater plasticity can be more flexible in their response to manipulations of source and sink.
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Regulation of source:sink balance is essential for enabling plants to maintain a growth rate appropriate for a given availability of resources.  Storage allows the assimilation of more resources than are needed in growth, to create a reserve for future development in a fluctuating environment or recovery from disturbances such as grazing.  However, carbon assimilation must be appropriate for the available sink strength, in order to create a sufficiently large store which is still within the limits imposed by sink potential – thus sinks must feed back on sources to regulate their activity.  Similarly, source activity must influence sink strength so that appropriate sinks may develop and plants can fully realise their growth potential for a given resource availability.  Furthermore, the high metabolic costs of carbon and nitrogen assimilation mean that regulation of source and sink is vital to avoid wasting energy.  

A complex molecular network including carbon- and nitrogen-derived signals and phytohormones has evolved to integrate the uptake, assimilation and allocation of resources (Nunes-Nesi et al., 2010).  Many mechanisms of these molecular interactions are now well established although the puzzle remains incomplete at the whole plant scale.  Figure 1 illustrates key feedforward and feedback mechanisms regulating the source:sink relationship.  Carbon- and nitrogen-derived feedforward and feedback signals act on sources and sinks of both carbon and nitrogen.  This allows sources and sinks to modify their own activity, and also to regulate that of other tissues, creating molecular signalling links between source and sink.

Carbon feedbacks

Leaf carbohydrates feed into a complex network, affecting transcription, translation and post-translational processes in order to balance carbon supply and demand (reviewed in Fig. 1).  For example, a high carbon status upregulates nitrogen source and sink activity (Fig. 1; arrows 7 & 9) and carbon sink activity (arrows 5a & 5c), whilst downregulating photosynthesis (arrows 2 & 3).  In contrast, a low carbohydrate content in the leaf leads to the repression of carbon sink activity (arrow 5b).  The presence of such a regulatory feedback loop in the leaf has long been investigated: in 1868, Boussingault first proposed that assimilate accumulation could decrease photosynthesis by feedback (Neales and Incoll, 1968), yet the precise mechanism for sucrose signalling remains unknown (Reda, 2015). 
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Figure 1.  A range of feedback mechanisms fine-tunes the source:sink balance and therefore plant growth.  Signals derived from both carbon (green) and nitrogen (blue) regulate source-sink relationships.  Feedbacks operate at the tissue level (arrows 1-4 and 6-9) and at the whole-plant level (arrows 5 and 10).  Narrow grey arrows represent net movement of carbon and nitrogen from source (lighter) to sink (darker) tissues within the plant.  




The partitioning of carbon into starch and sucrose is an important point of carbon source-sink regulation (directly affecting arrows 2 & 5 in Fig. 1) and is controlled by several factors.  For example, trehalose-6-phospate is believed to influence starch synthesis by redox-regulation of AGPase, a key enzyme in starch synthesis, whilst the degradation of starch is regulated by a variety of enzymes, by the circadian clock, and possibly by starch-derived signals or even the level of starch itself (Smith and Stitt, 2007).  It is important to note that most research into sugar and starch regulation has been carried out in Arabidopsis and it is therefore necessary to expand current knowledge of regulatory mechanisms in crop plants, which may not share the same mechanisms.  For example, the starch degradation pathway in the endosperm of cereal grains differs from that in Arabidopsis leaves (Smith, 2012), whilst mutation of PGM, an enzyme important in starch synthesis and essential for normal growth in Arabidopsis, does not affect all species equally, suggesting the use of different metabolic pathways or storage compounds (Stitt and Zeeman, 2012).


Nitrogen feedbacks

Just as carbon availability impacts both on carbon and nitrogen source and sink activities, nitrogen availability regulates the uptake and storage of carbon (reviewed in Fig. 1).  A high nitrogen status increases the rate of carbon acquisition in photosynthesis and also upregulates carbon sinks (Fig. 1; arrows 1 & 4).  Nitrogen also increases the assimilation of nitrate by the enzyme nitrate reductase, to upregulate nitrogen source and sink activity (Fig. 1; arrows 6 & 8), and increases shoot:root allocation, enabling the plant to acquire more carbon and make use of the available nitrogen (arrow 10).  Furthermore, nitrate increases root cytokinin production and export (Fig. 1, arrow 10), important for meristem generation and function in shoot and root (Su et al., 2011).


Crosstalk

Tight control of the source-sink relationship is facilitated by points of crosstalk between carbon- and nitrogen-signalling pathways.  This enables plants to maintain a degree of co-limitation for sources and sinks, and carbon and nitrogen.  Starch synthesis is regulated by nitrate as well as by sugar: nitrate downregulates transcription of the gene encoding the regulatory subunit of AGPase, an enzyme involved in starch synthesis.  This negative regulation by nitrate lowers starch accumulation and allows more leaf sugar to be exported for growth when nitrate levels are high (discussed by Stitt and Krapp, 1999). Leaf sugars are involved in the transcription and post-translational regulation of nitrate reductase (Fig. 1, arrow 9), enabling plants to coordinate carbon and nitrogen supply (Stitt and Krapp, 1999; Kaiser et al., 2002): sugars increase the level of nitrate reductase (Reda, 2015) whilst low sugar levels repress its transcription (Klein et al., 2000).

Coordination is enhanced still further by crosstalk between sugars and phytohormones (for recent review, see Lastdrager et al. (2014)).  This contributes to developmental processes such as meristem activity (which is generally upregulated by cytokinins, e.g. Fig. 1, arrow 4) and lends an added layer of complexity to growth regulation (Eveland and Jackson, 2012).  For example, sugars interact with abscisic acid (Teng et al., 2008) and with auxin (Stokes et al., 2013).  Sugars can also act directly on development, independently of phytohormones, and are believed to be important for regulating meristem activities (Eveland and Jackson, 2012).  Furthermore, sugar levels influence the transcription of thousands of genes; sugars and the circadian clock regulate each other; and sugars induce phytochrome-interacting factors, which regulate growth (Lastdrager et al., 2014).  

In summary, molecular feedbacks including carbon- and nitrogen-derived signals regulate sources and sinks for carbon and nitrogen. Crosstalk exists both between these signals and with growth regulators.  With such elaborate molecular mechanisms in place – and given sufficient resources – increasing the sink activity of a plant might be expected to increase its source activity, and vice versa.  However, as discussed above, experimental manipulations of sink strength and of source strength reveal that growth cannot always be altered as expected (e.g. Long et al., 2006a).  It has thus become important to increase knowledge of the potential strengths of source and sink, the limits to their physiological interactions, and to better incorporate known molecular mechanisms of the source-sink relationship into models of whole-plant growth.  Moreover, in order to effectively increase crop yield, it may be necessary to manipulate the molecular feedback mechanisms between source and sink, in addition to manipulating the strengths of source and sink themselves.  A source-sink-based perspective on growth is therefore an essential cross-disciplinary tool for understanding and increasing the growth and yield of crops.
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Different disciplines have alternative perspectives of plant growth.  Advancing the mechanistic understanding of growth that is necessary to realise improvements in crop growth will require a unification of these disciplines and their perspectives.  Here, a parsimonious model of plant growth which unites these different perspectives is presented.  An extremely simplified system is used for illustration.  Reality is certainly not as simple as the system presented here, where various factors have been omitted for simplicity, clarity and ease of unification: both intrinsic (additional resources and tissue types within the plant, and feedbacks between internal processes) and extrinsic (environmental limitations on physiological and developmental processes), since plant growth and development are the product of genetic and environmental processes (e.g. Prusinkiewicz et al., 2009; Pantin et al., 2012).   Rather than provide comprehensive models of growth, this section highlights key processes of interest for each of the three perspectives on growth, and uses equations to demonstrate the focus of each.  In each perspective, the processes of interest depend on source and sink activities and tissues, and the equations are finally united to form a basic holistic model of plant growth which is underpinned at every level by source:sink interactions.

Growth may be conceptualised in a number of different ways, and may be viewed through different lenses depending on the perspective adopted.  Three classic perspectives on growth are based on: the physiology of resource acquisition and loss; the internal allocation of resources to source and sink organs; and the morphogenetic development of source and sink tissues.  Crucially, these three alternative perspectives, adopted by communities of scientists from different disciplines are all readily conceptualised within the context of source-sink interactions.

Here, equations have been used to illustrate each definition of growth, by considering a highly simplified system in which a single resource (carbon) is acquired by a source tissue (leaves) and used by sinks (in both leaves and roots).  This system enables the limitations on growth to be formally defined in a readily interpreted form, yet still allows growth to be viewed through the three alternative lenses presented. Each of the three perspectives presented is, by mathematical definition, true. However, each is based implicitly upon an alternative hypothesis about the critical intrinsic controls on growth. 

At its most fundamental level, growth may be defined as an increase in plant mass over time.  For simplicity, growth is considered equivalent to net organic carbon gain, and the acquisition of other resources is ignored.  The dry weight of organic carbon in the plant is WP, and absolute growth rate (AGR) is thus net carbon gain over time, in g day-1:

			 	 (Equation 3).

Growth may now be defined in various ways according to the perspective adopted, but the central definition (Equation 3) is retained.  The different approaches to explaining growth focus attention on different primary limitations.


Physiology

The first approach is physiological: a flux balance of organic carbon for the plant based on the loss and acquisition of this essential resource to and from the atmosphere via the processes of photosynthesis and respiration (Lambers et al., 1989; Poorter and van der Werf, 1998).  

This carbon-based balance viewpoint on growth is adopted widely in crop production models and in Ecosystem and Earth System Models (EESMs) which simulate the physical properties and carbon exchange of the vegetated land surface (e.g. Knorr, 2000; Sitch et al., 2003; Lu and Ji, 2006; Zaehle and Friend, 2010) and are ultimately used to project future global change (Friedlingstein et al., 2014; IPCC, 2014).  This flux balance approach expresses the AGR as the difference between photosynthesis and respiration:

      			(Equation 4a),
										

where A is gross photosynthetic carbon uptake in g C day-1 g-1 leaf mass, WL is total leaf mass (g), and R is respiratory carbon loss in g C day-1 g-1 plant mass.  Note that not all of the inorganic carbon captured by photosynthesis is converted to biomass, and so R includes the metabolic costs of biosynthesis, translocation, exudation, and the uptake and assimilation of nitrogen needed for growth (“growth respiration”), as well as those associated with maintaining existing tissues (“maintenance respiration”) (reviewed by Amthor, 2000).

Respiration may be partitioned between photosynthetic and non-photosynthetic tissues:
    
	                  (Equation 4b),

where the subscripts L and R denote leaf and root tissues respectively.  A simple case is considered here, but this approach may be easily extended to include other sink tissues such as storage organs, stems and reproductive tissues.  

This basic model views growth as the net accumulation of organic carbon.  However, the approach is limited because, while respiration is one component of sink activity, the sink activities of growth and storage are not explicitly considered, and accounting for sink limitation requires modifications to the model (Fatichi et al., 2013). Furthermore, recent authors have argued that A and R do not control plant growth rate. Instead, it is argued that growth is controlled by the supply of mineral nutrients and water, and the plant regulates A and R to meet its growth requirements (Körner, 2012; Fatichi et al., 2013; Körner, 2013). Without accounting for sink activities and their feedbacks on photosynthesis, the approach illustrated by Equations 4 cannot provide a complete description of the processes controlling growth.

Allocation

A second approach considers the internal allocation of resources to either photosynthetic or non-photosynthetic tissues.  These tissues represent net carbon sources and sinks respectively. 

The philosophy underlying this approach is that allocation of resources to leaves (especially to leaf area) accelerates growth, whereas allocation to non-photosynthetic tissues (in this case, roots) has an opposing effect.  Allocation is an important determinant of growth rate, and this viewpoint is classically adopted by ecologists when considering the ecological strategies of plants (Grime and Hunt, 1975), resource limitations on growth (McConnaughay and Coleman, 1999; Yang and Midmore, 2005), and the growth-allocation trade-off as a constraint on life history decisions (Bazzaz et al., 1987).  It is also considered dynamically in relation to resource limitation in global vegetation models (e.g. Higgins and Scheiter, 2012) and in crop simulation models (e.g. Weir et al., 1984; Brisson et al., 1998; Jamieson et al., 1998).

The change in plant mass over time is the product of leaf area ratio, net assimilation rate and plant mass:
			
    (Equation 5a),

where LAR is leaf area ratio (m2 leaf area g-1 plant mass) and NAR is net assimilation rate (g plant mass m-2 leaf area day-1).

Viewed through the lens of carbon allocation, growth depends critically on the availability of photosynthetic tissue, expressed as the LAR.  The LAR is in turn a product of SLA, the ratio of leaf area to leaf mass (efficiency of leaf area deployment, m2 g-1 leaf mass), and LMR, the ratio of WL to WP (dimensionless):

				(Equation 5b).


Both SLA and LMR vary with WP.  At any point in time, by definition, leaf area (L, in m2) is therefore given by the following equation:

                        			(Equation 5c),

where SLA(WP) and LMR(WP) denote WP-dependent values of SLA and LMR.  The LAR changes over time in accordance with changes in allocation during growth, and the components of LAR therefore vary with plant mass, WP:  


    (Equation 5d),

where  and  describe the effects of allocation changing over time. 

The allocation perspective on growth, like the physiological perspective, can be interpreted in terms of source-sink interactions.  For carbon, leaves constitute a net source whilst roots constitute a net sink.  Thus Equation 5d describes the change in the carbon source over time, and equivalent equations for roots would describe the change in the carbon sink.  

These first two perspectives, which look at growth through the lenses of physiology and allocation, are ultimately resource-driven.  The physiological perspective defines growth as being driven by carbon acquisition from, and losses to, the external environment, although in reality sink feedbacks are also important here.  The allocation perspective is driven by the allocation of carbon to structures that are responsible for its net acquisition or consumption.  

Development

The third perspective encompasses the developmental processes of organ initiation, growth and termination.  These processes represent carbon sinks.  

In contrast to the first two approaches, which are resource-driven, the third perspective considers the developmental process explicitly, and this is the approach applied by developmental biologists working on growth in Arabidopsis and crop plants. This perspective also impinges on large-scale macroevolutionary comparisons among species, since the evolution of development must inevitably drive changes in potential growth rate, for example in transitions between woody and herbaceous life forms (Dodd et al., 1999) or in transitions between determinate and indeterminate growth (Shishkova et al., 2008).

Cells divide and expand at a rate that is ultimately limited not by the speed of resource acquisition from the external environment (although this does influence meristem activity, e.g. Pritchard et al., 1999; Granier et al., 2007) but by intrinsic constraints set by the internal resource balance, the cell cycle and developmental programme.  Again, internal source-sink interactions underpin these processes.  Because cell division and expansion, and the creation of new meristems through branching constitute sinks for carbon, modelling growth from a developmental perspective places greater emphasis on the limitation of growth by sink rather than source activity.  Ultimately, cell division rate is limited by molecular constraints: for example, plant genome size is negatively correlated with cell cycle time (Francis et al., 2008) and with root meristem growth rate (Gruner et al., 2010).

Complex formulations for organ initiation, expansion and termination have been developed, but a simple case is considered, for illustrative purposes.  If growth is considered in terms of morphogenetic constraints and development, without taking into account environmental parameters, it can be expressed as a function of the number and mass of cells:

				(Equation 6a),

where C  is the number of cells in the plant, dependent on the division rate dC/dt in cells day-1, and m is the mass of organic carbon in each cell, g cell-1.

As in Equation 4b, this can be partitioned into developmental processes occurring in leaves and in roots, where WL and WR refer to the dry mass of organic carbon in the leaf and root respectively:


	(Equation 6b).




Unification

The three perspectives on growth can be unified to show their interrelated nature, and to illustrate the overarching dependence of growth on source-sink relationships.  Whilst the physiological perspective focuses on metabolic processes which exchange carbon with the external environment, the allocation perspective focuses on the tissues which carry out net acquisition and drawdown of carbon, and the developmental perspective focuses on the rate of cell division in these tissues, all three perspectives are underpinned by source:sink interactions.

The mass of leaf and root tissues, seen in Equations 4b and 6b (relating to physiology and development respectively), are dependent on allocation and can be expressed as follows:


				(Equation 7a),

			(Equation 7b).


Substituting for dWP/dt in Equation 6b using Equation 4b unifies the physiological and developmental perspectives:


		(Equation 8a),

and substituting in the definitions of WL and WR  seen in Equations  7 incorporates the allocation perspective, to give:



									     (Equation 8b)

where the dependence of SLA and LMR on WP has been suppressed for ease of presentation.

This unifies the three lenses for looking at growth, and can be rearranged as:

      
]		 
 (Equation 9a),

which is an expression of, for carbon:

 			(Equation 9b).

Equation 9 illustrates an important point: it is relatively easy in a single mathematical formulation to encapsulate the intrinsic limitations on growth imposed by the physiology of resource capture, internal resource partitioning, and morphogenetic constraints on organ development.  Equation 9 is not intended to be a realistic and detailed representation of growth – as discussed, it makes manifold simplifying assumptions and ignores several important components.  Rather, it is intended to illustrate the potential value of taking such a unifying approach, as in the more realistic, detailed representations of the plant system developed by Chew et al.  (2014) and Evers et al. (Evers et al., 2010; Vos et al., 2010).   This unification is conceptually useful for understanding how the critical processes of source and sink development and activity interact to limit growth in different species.  A key step forwards will be model representation of the mechanisms that govern the crosstalk and interactions between different components.

Crucially, Equation 9 shows that source-sink interactions underpin all the aspects of growth described in the preceding equations.  A balance between source and sink is essential for plants to grow and develop efficiently.  Increased organ initiation, faster cell growth and larger organ size will strengthen sinks; changes in the root:shoot ratio or leaf area ratio can alter the balance between carbon and nitrogen source and sink tissues; while uptake rates of carbon and mineral nutrients are primary determinants of source strength.  A holistic understanding of growth rate should therefore draw on the concepts of source and sink strength, recognising that each depends on the size and activity of the relevant tissue (Equations 1 and 2).  Integrating molecular interactions at the tissue level (Fig. 1) with the behaviours of whole plants in terms of physiological regulation, allocation to different tissues and developmental processes will be critical for building a picture of the interactions between the three components discussed above. In order to increase crop yield effectively, it will be essential to build comprehensive growth models in which the source:sink balance is the cornerstone underpinning physiological, allocation-based and developmental mechanisms for growth limitation. This will create an integrated perspective that allows the effects of this vital determinant of growth to be realised.
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An integrated understanding of source-sink relationships, growth and yield is a vital next step in ongoing efforts to increase crop productivity, and requires a number of key “unknowns” to be addressed: (1) Which components in the plant system of sources and sinks exert the strongest control over growth in major crops?  (2) How do these source and sink limitations change during the crops’ lifetimes?  (3) Through what developmental or physiological mechanisms do these limitations arise? (4) Via genetic modification or selective breeding, to what extent is it possible to manipulate these processes to upregulate source and sink together, at the appropriate stage of development, to improve crop production?

We advocate the development of an integrated perspective, unifying physiological limitations on fluxes, controls on growth allocation, and the development of sink tissues, to successfully improve crop growth. A holistic view of the mechanistic interactions between sinks and sources is needed at the whole plant scale during the trajectory of growth and development, in order to identify bottlenecks limiting growth rate.  To address this knowledge gap, it will be vital to develop a greater understanding of the physiological processes operating at intermediate scales between molecular mechanisms and whole-plant traits.  Ideotypes for future crops have been proposed (Sreenivasulu and Schnurbusch, 2012; Bennett et al., 2012; von Caemmerer et al., 2012; Reynolds et al., 2012; Ort et al., 2015), but reaping the maximum possible gains from these approaches requires a parallel effort in understanding how and when source and sink capacity limit growth and yield.
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The source:sink balance underpins plant growth.  Here, short-term elevated carbon dioxide (CO2) and partial defoliation treatments were used to increase and decrease the carbon source:sink ratio respectively at three timepoints during vegetative growth in annual barley (Hordeum vulgare) plants grown at 280 μmol mol-1 CO2.  It was hypothesised that plants undergo a transition from being more sink limited to more source limited during development, such that the impact of a transient elevated CO2 treatment at 1500 μmol mol-1 CO2 (which alleviates source limitation) on growth would be greater later in development, and the impact of partial defoliation (which alleviates sink limitation) on photosynthesis in the remaining leaves would be greater earlier in development.  Overall, no significant increase in net photosynthesis or relative growth rate was revealed under the elevated CO2 treatment, but the leaf carbohydrate concentration was greatly increased, indicating that sink limitation was exacerbated by this treatment.  The difference between plants exposed to elevated CO2 and control plants is greater for growth and smaller for leaf carbohydrate concentration later in development, suggesting a decrease in sink limitation over time, since additional carbon was invested in growth rather than storage, although these trends are not statistically significant.  Defoliation had no impact on photosynthetic rate or capacity, or on leaf carbohydrate content.  However, there were developmental effects in both treatments: net photosynthetic rate, relative growth rate, leaf mass per area and leaf carbohydrate and protein concentrations decreased significantly during development, whilst hexose:sucrose ratio increased during development.  Overall, these data tentatively support the hypothesis of a transition from greater sink limitation towards greater source limitation during vegetative development but there are fundamental limitations to the approach taken here. 
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INTRODUCTION

Source-sink relations are critical determinants of plant growth.  Sources acquire resources whilst sinks use or sequester resources, and an appropriate balance between source and sink is vital for successful growth in a fluctuating environment.  In order to take a holistic view of the source-sink balance and the contribution of sources and sinks to growth, it is essential to consider source strength, allocation and sink development simultaneously through measurements of photosynthesis, metabolites, partitioning and growth (White et al., 2016; Chapter 2).  Manipulating the source:sink ratio enables the relative extents to which source and sink limit growth to be assessed (White et al., 2016), which will be an important component of achieving crop yield increases (Murchie et al., 2009).  A variety of techniques – with varying degrees of invasiveness – may be employed to manipulate the source:sink ratio, such as defoliation (von Caemmerer and Farquhar, 1984; Bryant et al., 1998; Eyles et al., 2013), genetic modification (Müller-Röber et al., 1992; Ainsworth et al., 2004; Weichert et al., 2010; Zuther et al., 2011; Nunes et al., 2013), and increased substrate availability (McConnaughay et al., 1993; Kinsman et al., 1997; Reekie et al., 1998; Farage et al., 1998; Masle, 2000; Aranjuelo et al., 2013).  

Applying source and sink manipulations at different times during development will be important for understanding ontogenetic patterns in the factors that limit growth (White et al., 2016).  Many plants undergo a shift from being primarily sink limited to primarily source limited during the course of development (Arp, 1991; Marschner, 1995).  This is because earlier in growth, plants do not have a strong sink capacity to store resources, while later in growth, plants have developed storage organs and will be primarily limited by the capacity of the source to acquire resources.  The transition from sink to source limitation often occurs at the onset of reproductive growth (Arp, 1991), since reproductive organs such as cereal grains are major sinks for resources.  Here we hypothesised that this transition is not abrupt, but that plants show a trend of decreasing sink limitation and increasing source limitation during vegetative growth, as plants move through ontogeny towards reproduction and non-reproductive sink organs develop during vegetative growth.  We therefore expected that manipulating the source:sink ratio to increase the source relative to the sink would have greater effects later in development when the source is limiting, and that manipulating the source:sink ratio to decrease the source relative to the sink (and thus increasing the ratio of sink to source) would have greater effects earlier in development when the sink is limiting. 

Treatments were imposed to manipulate the carbon source:sink ratio in annual barley (Hordeum vulgare cv. Optic).  Barley is the second most widely grown cereal crop in the UK and amongst the most widely grown crops globally: in the 2013-14 growing season, 144 million metric tons of barley were produced worldwide, of which 60 million were produced in the European Union and the majority of the rest produced in the former Soviet Union, the Middle East, Canada and Australia (USDA-FAS, 2016).  In Europe, barley was amongst the top 20 agricultural commodities produced in 2012 (FAO, 2014) and the UK was the fourth largest European Union cereal producer in 2014 (Eurostat, 2015).  Therefore, barley is not only a useful experimental model species that is easy to cultivate and harvest in controlled environment growth chambers, but also a crop with important global relevance for cereal improvement. 

To increase the carbon source:sink ratio, an elevated carbon dioxide (CO2) treatment of 1500 μmol mol-1  was imposed for 14 days on plants grown at 280 μmol mol-1 CO2.  This transiently increased the availability of carbon and therefore increased carbon source activity relative to the sink.  To decrease the carbon source:sink ratio, a partial defoliation treatment was imposed on plants grown at 280 μmol mol-1 CO2.  This involved the removal of carbon source tissue at a single point in time, thereby reducing the carbon source activity relative to the sink.  The short-term elevated CO2 treatment was expected to increase photosynthetic rate (Long et al., 2004) and increase the growth rate (McConnaughay et al., 1993), but because the control of growth shifts from source towards sink in this treatment, non-structural carbohydrates were expected to build up in the leaf (Rogers and Ainsworth, 2006).  The opposite was expected in the short-term defoliation treatment, where removal of photosynthetic leaves shifts the control of growth from sink to source, leading to a decrease in the concentration of non-structural carbohydrates in remaining leaves (as observed after defoliation, Rogers et al., 1998, and when a subset of leaves was rendered photosynthetically inactive, Jaikumar et al., 2014), and an increase in the photosynthetic capacity of the remaining leaves (von Caemmerer and Farquhar, 1984; Eyles et al., 2013).  Each manipulation was compared to a common control.  

Based on the hypothesis that plants transition from sink towards source limitation during vegetative growth, we predicted that the increase in growth under short-term elevated CO2 would be greatest later in development when the source is more limiting to growth (because increased CO2 alleviates source limitation), and that the increase in leaf carbohydrate concentration under short-term elevated CO2 would be greatest earlier in development when sink is more limiting to growth.  Conversely, we expected that the increase in photosynthetic capacity after partial defoliation would be greatest earlier in development when the sink is more limiting to growth (because defoliation increases the relative size of the sink compared to the source), and that the decrease in carbohydrate concentration in the leaves that remain after defoliation would be greatest later in development when the source is more limiting to growth.
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Plant material and growth conditions

Seeds of Hordeum vulgare cv. Optic, an elite UK spring barley variety (HGCA, 2013), were obtained from the John Innes Centre (Norwich, UK).  Seeds were germinated on wet filter paper, transplanted to 10-litre pots filled with a 1:10 sand:vermiculite mix and topped with an additional layer of sand to aid root development of the seedlings.  Plants were grown in one control controlled environment growth chamber (BDR 16, Conviron, Isleham, UK) at the University of Sheffield, adapted to scrub CO2 using soda lime.  Plants were grown under a 16-hour photoperiod with day/night temperatures of 20/18 °C, 50% humidity, and daytime light levels of 600 μmol photons m-2 s-1 at plant height resulting in a daily light integral of 34.56 mol photons m-2 day-1.  The CO2 concentration in the control chamber was 280 μmol mol-1 CO2.  This is the pre-industrial atmospheric CO2 level and was chosen because it is recent enough that plants are able to grow well – photosynthesis in modern plants is adapted to pre-industrial CO2 concentrations (Zhu et al., 2007) – yet it is sufficiently low that a large difference in CO2 level can be achieved using the elevated CO2 treatment.  A second controlled environment growth chamber (BDR 16, Conviron, Isleham, UK) was used to impose the elevated CO2 treatment; this chamber provided 1500 μmol mol-1 CO2, but all other conditions were identical to those in the control growth chamber.  During seedling establishment and initial water-saturation of the growth medium, plants were watered with 200ml Reverse Osmosis water twice daily.  Long Ashton’s nutrient solution was introduced 8 days after germination, and the frequency of watering was gradually reduced over the following week until plants were watered three times per week with 400ml 20% Long Ashton’s nutrient solution.  

Elevated CO2 transient and partial defoliation treatments

For the transient elevated CO2 treatment, plants were transferred from the control chamber to the elevated CO2 chamber 14 days before harvest.  10 extraneous plants were kept in the elevated CO2 chamber throughout the experiment to provide a canopy, so that the experimental plants being transferred to the elevated CO2 chamber would experience similar shading from neighbouring plants as they had done in the control chamber, rather than experiencing an increase in light level that would confound the effect of elevated CO2.

For the partial defoliation treatment, 50% of the leaf material was removed using scissors 8 days before harvest (5 days before for harvest 1).  This treatment involved removing alternate leaves from every tiller, removing a representative sample of older and younger leaves.  Defoliated and control plants were kept in the control growth chamber throughout the experiment.

Treatments were carried out at three timepoints during the vegetative growth stage such that measurements were repeated three times: 4, 6 and 10 weeks after germination.  Six sets of measurements had been scheduled, but the experiment was truncated due to a Ramularia infection which led to severe leaf damage developing in plants before the fourth harvest.  For the third harvest, only undamaged leaves were measured.  For each set of measurements, three plants were transferred to elevated CO2, three plants were defoliated, and three plants were used as controls; thus a total of 27 plants were measured in the study.

Gas exchange measurements 

Leaf gas exchange measurements were performed in the growth chambers, using a portable open gas exchange system (LI-6400XT with Leaf Chamber Fluorometer attachment, LI-COR Biosciences, Lincoln, Nebraska, USA).  These measurements were made at regular intervals from the time each treatment was applied until each harvest.  For the elevated CO2 treatment, measurements of net photosynthetic rate were made under chamber conditions on elevated CO2 plants and control plants to confirm that the treatment had increased source activity, following a 2-minute acclimation period in the leaf cuvette.  For the defoliation treatment, which was expected to upregulate photosynthetic capacity in the remaining leaves, A/Ci curves, dose-response functions of net photosynthetic rate (A) to leaf internal CO2 concentration (Ci), were measured for defoliated plants and control plants by running an autoprogramme measuring A at a range of values of Ci.  These curves were also measured for defoliated plants before the defoliation treatment was imposed so that pre-existing differences in photosynthetic parameters could be accounted for during analysis.  The youngest fully expanded leaf was selected for gas exchange and the same leaf on each individual was always used.  The reference CO2 values used were 320, 200, 100, 50, 320, 320, 600, 800, 1000, 1200, 1400, 320 μmol mol-1, with wait times of 60-150 seconds between points to enable photosynthesis to reach steady state.  Curves were performed at a photon flux density of 1500 μmol photons m-2 s-1 in order to light-saturate photosynthesis, relative humidity of approximately 60% (controlled by keeping a constant H2O mol fraction), leaf temperature of 20°C, and a flow rate in the leaf cuvette of 300 μmol s-1.  These curves were subsequently modelled using the approach of Sharkey et al. (2007).  Due to technical problems, only stabilised ambient measurements of net photosynthesis and stomatal conductance were measured for plants at 10 weeks old (the third harvest).   

Determination of non-structural carbohydrates and protein
Leaves were harvested at the end of the photoperiod.  A subsample of leaf midsections representing all leaf ages were flash frozen in liquid nitrogen, stored at -80°C, and cryoshipped to Brookhaven National Laboratory for analysis.  Metabolites were extracted from the frozen tissue using sequential ethanol extractions.  All biochemical analysis was conducted in standard 96-well microplates (Microtest Plate 96-Well Flat Bottom, Sarstedt, Nümbrecht, Germany), using a robotic liquid handling system (Evolution P3 Precision Pipetting Platform, Perkin Elmer, Waltham, MA, USA).  

Ethanol soluble carbohydrates (glucose, fructose, sucrose, low degree of polymerisation (LDP) fructan) were analysed using a continuous enzymatic substrate assay as described previously (Ainsworth et al., 2007) adapted for measuring sucrose in the presence of LDP fructans (Harrison et al., 1997).  After testing the assay of Harrison et al. (1997) it was decided to omit the coupling enzyme phosphoglucomutase (EC 2.7.5.1) and the substrate glucose-1-phosphate and simply multiply the signal associated with fructose liberated from sucrose by two rather than independently measure the liberated glucose.  As described previously, a glucose assay mix of HEPES buffer containing 3.6U well-1 glucose-6-phosphate dehydrogenase and sufficient ATP, NADP and inorganic phosphate to complete the subsequent enzymic reactions was added to an aliquot of the ethanol extract obtained from the frozen tissue samples.  Enzymes were added sequentially; when the amount of NADPH released due to the presence of a given carbohydrate stabilised, the next enzyme was added.  In this manner, 1U well-1 of the enzymes hexokinase (EC 2.7.1.1), phosphoglucose-isomerase (EC 5.3.1.9), sucrose phosphorylase (EC 2.4.1.7) and a combined solution of exo-inulinase (EC 3.2.1.80) and endo-inulinase (EC 3.2.1.7) was added in HEPES buffer.  The NADPH signal associated with each carbohydrate in the sample was measured at A340 (ELx808, BioTek, Winooski, VT, USA) and converted to nmol hexose equivalents using a standard curve loaded on each plate.

The pellets from the ethanol extraction were heated to 95°C in 0.1M NaOH, to solubilise protein. A commercially available protein assay kit (Pierce BCA protein assay kit, Thermoscientific, Rockford, IL, USA) based on the Lowry method was used to measure protein content (Lowry et al., 1951) using BSA as a standard.  Following the protein assay, samples were neutralised with HCl. 

For the starch and high degree of polymerisation (HDP) fructan assay, starch and HDP fructans from 40 µl aliquots of the suspended pellet material were digested using enzymes in 60 µl 0.05M acetate buffer as follows.  Starch: 0.17U well-1 amyloglucosidase (EC 3.2.1.3) and 0.1U well-1 α-amylase (EC 3.2.1.1); starch and HDP fructan: 0.1U well-1 exo-inulinase (EC 3.2.1.80), 0.1U well-1 endo-inulinase (EC 3.2.1.7), 0.17U well-1 amyloglucosidase and 0.1U well-1 α-amylase.  Plates were incubated overnight at 37°C.  40 µl of the supernatant from the overnight digest was transferred to each well of a 96-well microplate.  262µg ATP well-1, 349µg NADP well-1 and 3.6U well-1 glucose-6-phosphate dehydrogenase (EC 1.1.1.49, grade II) were added in a buffer of 0.1M HEPES/KOH, 3mM MgCl2, ph7.0 to initiate the reaction. Microplates were centrifuged for 1 minute to remove bubbles, then inserted into a plate reader, and the NADPH associated with the carbohydrates in the sample was measured at A340 (ELx808, BioTek, Winooski, VT, USA). 

Starch and HDP fructans were assayed by sequentially adding 1U enzyme in HEPES buffer to each well as follows, using the rationale for the soluble carbohydrates assay (Ainsworth et al., 2007).  Starch: hexokinase (EC 2.7.1.1); starch and HDP fructan: hexokinase, phosphoglucose-isomerase (EC 5.3.1.9). HDP fructan values were obtained by subtracting the starch assay values for starch from the starch and fructan values for combined starch and fructan.  This approach was necessary because preliminary recovery experiments had shown that digesting fructan using exoinulinase and endoinulinase also degraded a small amount of starch, leading to an artificially high value for fructan content which was corrected using the approach described here.  Starch and HDP fructan content was measured as nmol hexose equivalents, using a standard glucose curve loaded on each plate.

Growth at elevated CO2 can lead to carbohydrate accumulation in leaves (Rogers and Ainsworth, 2006) thus metabolite data are expressed here per g carbohydrate-corrected dry weight (CCDW) in order to avoid a dilution effect when assessing the concentrations of other metabolites (Rogers et al., 2006).  CCDW is obtained by subtracting the mass of total non-structural carbohydrate from the dry mass of each sample. 

Growth and allocation

Relative growth rate (RGR) was calculated using a non-destructive method based on projected area in plants subjected to the elevated CO2 and control treatments.  Plants were photographed at regular intervals starting 3 weeks after germination (PowerShot G9, Canon, Tokyo, Japan). Each time, plants were photographed six times from the side against a white background and rotated 60 degrees between successive photographs.  Leaf area in pixels was derived from each image using Image J (U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/) and converted to mm2 using a scale bar included in the photographs.  This enabled area-based RGR, expressed as m2 m-2 day-1, to be obtained using the area data during the CO2 treatment period.  

For all plants in the study, total dry mass was measured when the destructive metabolite harvest was carried out, and used to calculate root:shoot ratio.  The dry mass of the leaf samples that were flash frozen was obtained by measuring fresh mass before freezing and later converting it to dry mass based on the relationship between fresh and dry mass recorded for other leaves.  Leaf area was also obtained for these samples, enabling leaf mass per unit area to be calculated for all plants in the study.  The dry mass of the rest of the plant was obtained by oven-drying plant material.  The total dry mass of each individual was then correlated with area for plants of different ages and sizes.  Dry mass was strongly correlated with photographed leaf area (r2 = 0.98).  No image data was collected prior to the third harvest due to Ramularia infection.  Both root:shoot ratio and leaf mass per unit area were obtained based on total tissue dry weight rather than carbohydrate-corrected dry weight.

Statistical methods

All data were analysed in R (R Core Team, 2015) using Type II ANOVA, simultaneously testing for effects of harvest time and treatment.  Each treatment was analysed separately: data from elevated CO2 and defoliation treatments were each compared with common control plants.  Logarithmic transformations were performed on metabolite data prior to analysis to improve the fit of the models.
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Elevated CO2 transient

Contrary to predictions, the transient elevated CO2 treatment has only a weak effect on leaf photosynthesis, measured under growth chamber conditions (Fig. 1).  Although the rate of photosynthesis is 61% higher in plants under elevated CO2 at the harvest 6 weeks after germination, it is not significantly higher at the harvests at 4 and 10 weeks after germination (Fig. 1), leading to a weak treatment effect overall (F(1,14) = 5.14, p<0.05). Photosynthesis decreases significantly over time (F(1,14) = 9.09, p<0.01), in the successive sets of measurements that preceded each of the three harvests (Fig. 1), although no effect of time was seen within each set of measurements.
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Figure 1.  Net photosynthesis is not increased during a two-week elevated CO2 treatment (filled triangles, dashed line) compared to controls (filled circles, solid line) in annual barley harvested 4 and 10 weeks after germination, but is increased in plants harvested 6 weeks after germination. Overall, net photosynthesis decreases across the three harvests.  For each plant, photosynthesis was measured under growth chamber conditions (either elevated CO2 or control) multiple times during a two-week elevated CO2 exposure period and the results averaged.  Data show mean ± SE (n=3).  Means from the two treatments are slightly offset to enable them to be seen properly.


Relative growth rate (RGR; Fig. 2) during the period of elevated CO2 decreases over time (F(1,7) = 25.42, p<0.01), similar to the trend in photosynthesis (Fig. 1).  Contrary to expectations, there is no effect of CO2 on RGR (Fig. 2), yet CO2 does affect biomass allocation.  Plants exposed to elevated CO2 allocate more biomass to shoot than root (Table 1).  They have a lower root:shoot ratio and higher LMA (leaf dry mass per unit area, g m-2) than controls (treatment effect on root:shoot ratio: F(1,14) = 5.9, p<0.05; for LMA: F(1,14) = 5.2, p<0.05).  LMA decreases significantly over time in elevated CO2 and control plants (F(1,14) = 42.9, p<0.001).  However there are no treatment x harvest interactions (for root:shoot ratio, p>0.1; for LMA, p>0.3).
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Figure 2.  Relative growth rate (RGR; daily gain in aboveground area relative to total aboveground area, m2 mm-2 day-1) during two-week treatment period is not increased under elevated CO2 (filled triangles, dashed line) compared to control (filled circles, solid line) in annual barley harvested 4 and 6 weeks after germination.  No image data could be collected for the harvest at week 10.  RGR decreases across the two harvests, yet is decreased to a greater extent in the control plants.  Data show mean ± SE (n=3).  

Table 1.  Plants exposed to elevated CO2 allocate more biomass to shoot than root, in annual barley harvested 4, 6 and 10 weeks after germination.  Leaf mass per unit area (LMA, g m-2) is higher and root:shoot ratio is lower, compared to controls.  LMA decreases significantly over time in plants exposed to elevated CO2 and in control plants but there is no interaction.  Data show mean ± SE (n=3).  

	
	Treatment
	4 weeks
	6 weeks
	10 weeks

	LMA 
	Elevated CO2
	76.3 ± 2.1
	74.1 ± 2.6
	51.4 ± 2.2

	LMA
	Control
	69.0 ± 3.7
	63.8 ± 2.5
	50.2  ± 0.72

	Root:Shoot
	Elevated CO2
	0.50 ± 0.07
	0.48 ± 0.03
	0.51 ± 0.01

	Root:Shoot
	Control
	0.54 ± 0.02
	0.58 ± 0.01
	0.81 ± 0.17



Consistent with hypotheses, elevated CO2 has a significant effect on leaf carbohydrate levels, an indication of sink limitation (Rogers and Ainsworth, 2006).  Total non-structural carbohydrate (TNC) concentration (the sum of glucose, fructose, sucrose, short- and long-chain fructans, and starch) is significantly higher under elevated CO2 (F(1,12) = 46.88, p<0.001).  This effect is notable at all ages but diminishes over time: 4 weeks after germination, TNC is 116% higher under elevated CO2; by 10 weeks after germination it is 73% higher, as expected if plants undergo a transition from sink towards source limitation during ontogeny (Fig. 3).  However, analysis revealed no treatment x harvest interaction (p>0.2).
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Figure 3.  Total non-structural carbohydrate (TNC) concentrations in leaf tissue are significantly higher in plants exposed to a two-week elevated CO2 treatment (filled triangles, dashed line) than in control plants (filled circles, solid line).  TNC concentration decreases across the three harvests and decreases more in elevated CO2 than in control plants.  TNC concentration is the sum of glucose, fructose, sucrose, short- and long-chain fructans, and starch concentrations.  Data are expressed in mmol glucose equivalents per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (n=3).



A large fraction of the increase in TNC under transient elevated CO2 (Fig. 3) is due to significant increases in starch and long-chain fructan concentrations (for starch, F(1,12) = 86.50, p<0.001; for long-chain fructans, F(1,12) = 28.76, p<0.001).  There is no treatment x harvest interaction for either starch (p>0.6) or long-chain fructan (p>0.3).  The treatment differences are consistently high in all harvests, with concentrations of starch and long-chain fructan always more than 100% higher in plants exposed to elevated CO2 compared to control (Fig. 4).  In these plants, starch concentration is 153% higher at 4 weeks, 193% higher at 6 weeks and 127% higher at 10 weeks.  The relative effect of elevated CO2 on long-chain fructan is even greater overall: long-chain fructan concentration is 210% higher at 4 weeks, 295% higher at 6 weeks and 105% higher at 10 weeks, compared to controls.  
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Figure 4.   Storage carbohydrate concentrations in leaf tissue are significantly higher in plants exposed to a two-week elevated CO2 treatment (filled triangles, dashed line) than in control plants (filled circles, solid line).  A, starch; B, long-chain fructan.  Data are expressed in μmol glucose equivalents per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (n=3).


Hexose:sucrose ratio is an indicator of sink limitation (Moore et al., 1999), since hexoses repress photosynthesis when the sink is limiting, mediated by the sugar sensor hexokinase (Jang and Sheen, 1994; Rogers and Ainsworth, 2006).  The hexose:sucrose ratio (Fig. 5) increases over time in both elevated CO2 and control plants (F(2,12) = 40.60, p<0.001) and is slightly higher in plants exposed to elevated CO2 (F(1,12) = 8.60, p<0.05), but there is no treatment x harvest interaction (p>0.7).  In contrast, the concentrations of TNC (Fig. 3) and protein (Fig. 6) decrease over time in the leaf with significant effects of harvest age (for TNC, F(2,12) = 47.92, p<0.001; for protein,  F(2,12) = 33.36, p<0.001).  
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Figure 5.  Hexose:sucrose ratio in leaf tissue increases across harvests in plants exposed to a two-week elevated CO2 treatment (filled triangles, dashed line) and in control plants (filled circles, solid line).  Data are expressed in μmol glucose equivalents per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (n=3).
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Figure 6.  Protein concentration in leaf tissue decreases over time and is not higher in plants exposed to a two-week elevated CO2 treatment (filled triangles, dashed line) than in control plants (filled circles, solid line).  Data are expressed in g protein per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (n=3).


Partial defoliation

Contrary to the hypothesis that defoliation would increase photosynthesis, especially earlier in development, defoliation does not affect photosynthetic activity or capacity in the remaining leaves (Fig. 7).  Differentials of four parameters were obtained by subtracting the value after defoliation from the value before defoliation for each individual.  These parameters are: steady state light-saturated net photosynthesis under ambient conditions, at the start of the A/Ci curve (Fig. 7A); steady state stomatal conductance at the start of the A/Ci curve (Fig. 7B); maximum carboxylation capacity of Rubisco (Vc,max) modelled from the curve (Fig. 7C) and electron transport capacity (Jmax) modelled from the curve (Fig. 7D). 
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Figure 7.  Defoliation has no effect on photosynthetic parameters obtained from A/Ci curves, in plants exposed to a 1-week defoliation treatment (hollow circles, dashed line) in comparison with control plants (filled circles, solid line).  A, net photosynthesis recorded at the start of the curve; B, stomatal conductance recorded at the start of the curve; C, maximum carboxylation efficiency of Rubisco, Vc,max, modelled from the curve; D, electron transport capacity, Jmax, modelled from the curve.  For each parameter the differential is shown: value after defoliation was subtracted from value before defoliation for each individual.  A/Ci curves were performed during the day before defoliation was imposed and again the day before harvest.  For plants at 10 weeks old, only steady state light saturated ambient measurements of net photosynthesis and stomatal conductance were measured, since no curves could be performed.  Data show mean ± SE (n=3).
Defoliation and harvest time have no main effects on these parameters, and whilst there is a treatment x harvest interaction for stomatal conductance (F(1,14) = 7.46, p<0.05), with lower stomatal conductance in defoliated plants compared to controls 10 weeks after germination, there are no treatment x harvest interactions for net photosynthesis (p>0.1), Vc,max (p>0.8) or Jmax (p>0.8).  

Net photosynthesis measured in control plants the day before harvest (Fig. 8) does decrease during development (F(1,7) = 53.23, p<0.001), but plant age does not affect stomatal conductance, Vc,max or Jmax for these plants.
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Figure 8. Light-saturated net photosynthesis under ambient CO2 in control plants decreases across the three harvests.  Data shown are from A/Ci curves carried out the day before harvest.  Data show mean ± SE (n=3).



Contrary to predictions, defoliation does not affect TNC in the remaining leaves (Fig. 9).  As with the elevated CO2 plants, leaf TNC (Fig. 9) and protein (Fig. 10) decreases significantly in defoliated plants over time (for TNC, F(2,12) = 59.87, p<0.001; for protein, F(2,12) = 26.37, p<0.001).  Hexose:sucrose ratio increases over time (Fig. 11), but whilst the harvest time effect is significant (F(2,12) = 35.26, p<0.001) there is no treatment effect.
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Figure 9.  Total non-structural carbohydrate (TNC) concentration in leaf tissue is no higher in plants exposed to defoliation (hollow circles, dashed line) than in control plants (filled circles, solid line).  TNC concentration decreases across the three harvests.  Data are expressed in mmol glucose equivalents per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (n=3).
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Figure 10.  Protein concentration in leaf tissue decreases over time and is not higher in plants exposed to defoliation (hollow circles, dashed line) than in control plants (filled circles, solid line).  Data are expressed in g protein per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (n=3).
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Figure 11.  Hexose:sucrose ratio in leaf tissue increases across harvests in plants exposed to defoliation (hollow circles, dashed line) and in control plants (filled circles, solid line).  Data are expressed in μmol glucose equivalents per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (n=3).



Because plants were partially defoliated 5 or 8 days before harvest, RGR and root:shoot ratio could not be measured.  However, LMA in the remaining leaves was measured at harvest for these plants.  LMA (Table 2) decreases significantly over time in defoliated and control plants (F(1,12) = 27.2, p<0.001), as seen for elevated CO2 and control plants (Table 1), but there is no effect of defoliation treatment on LMA.  



Table 2.  Leaf mass per unit area (LMA, g m-2) decreases significantly over time in defoliated and control barley plants harvested 4, 6 and 10 weeks after germination.  Data show mean ± SE (n=3, except for LMA after defoliation treatment at 4 weeks where n=1).  

	
	Treatment
	4 weeks
	6 weeks
	10 weeks

	LMA
	Defoliation
	71.1
	71.8 ± 2.6
	54.5 ± 3.6

	LMA
	Control
	69.0 ± 3.7
	63.8 ± 2.5
	50.2 ± 0.72
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In order to investigate the extent to which source and sink limit growth in annual barley, a short-term elevated CO2 treatment was applied to plants that had developed in control conditions to increase the carbon source:sink ratio, whilst a 5- or 8-day partial defoliation treatment was applied to separate plants to decrease the carbon source:sink ratio.  Leaf total non-structural carbohydrate (TNC) concentration is increased under elevated CO2, suggesting sink limitation, an effect which appears to diminish over time indicating a shift from sink limitation towards greater source limitation during vegetative growth.  However the defoliation treatment has no effect on the parameters measured here and is deemed ineffective.  The results from this study have subsequently enabled the development of effective methods for source:sink manipulation in barley, discussed in the following chapters of this thesis.  

Elevated CO2 transient does not increase photosynthesis

Contrary to predictions, elevated CO2 does not increase net photosynthetic rate except at the second harvest, after 6 weeks of growth (Fig. 1).  The imposition of sink limitation by elevated CO2 – reflected in the increased TNC levels – could cause feedback inhibition of photosynthesis by acclimation resulting in an apparent lack of photosynthetic response (Rogers et al., 1998; Long et al., 2004).  This could be caused proximately by a decrease in Vc,max brought about by changes in the amount or activity of Rubisco, by RuBP-regeneration limitation, or by a direct sink feedback due to triose phosphate limitation (Sharkey et al., 2007); A/Ci curves would be required to investigate the limitation.  Elevated CO2 treatments are often applied for months or years, and photosynthetic acclimation occurs over these longer timescales (McConnaughay et al., 1993; Bryant et al., 1998; Farage et al., 1998; Rogers et al., 1998; Ainsworth et al., 2003, 2004; Aranjuelo et al., 2013).  In all these cases, photosynthetic acclimation is alleviated when the carbon sink is increased.  Shorter-term studies reveal that whilst photosynthesis is increased under elevated CO2 over a time period of seconds or hours (Makino and Mae, 1999), over a period of days or weeks acclimation occurs due to carbohydrate feedback or nitrogen limitation (Stitt, 1991; Makino and Mae, 1999) which may be linked to a decrease in Rubisco content (Cheng et al., 1998).  Here, the elevated CO2 treatment is imposed for only two weeks so that equivalent data could be collected at all three time points, yet even on this relatively short time scale it appears that the sink is insufficient – supported by the metabolite data discussed later in this section – and that photosynthetic acclimation occurs at 4 and 10 weeks after germination under transient elevated CO2.

Elevated CO2 transient affects biomass allocation but not growth rate

RGR decreases over time in elevated CO2 and control plants, revealing developmental effects on growth rate, yet does not differ significantly between treatment and control (Fig. 2), particularly at the first harvest where photosynthesis also does not differ (Fig. 1).  This lack of the expected growth response to the high CO2 transient could be because the treatment was imposed for an insufficient length of time to observe long-term effects on photosynthesis and growth, since the effect of elevated CO2 on plant growth is well-documented (Leakey et al., 2009).  Elevated CO2 plants have a slightly higher rate of growth than control plants at harvest 2, which matches the results for photosynthesis (Fig. 1).  Although not statistically significant, it is worth noting this developmental trend.  This tentatively supports the hypothesis that the source capacity becomes more limiting later in development, since the elevated CO2 plants at harvest 2 appear better able to take up the additional CO2 in photosynthesis and utilise the acquired carbon for growth.  This indicates a decrease in sink limitation between harvests 1 and 2.  Earlier in development, at harvest 1, if plants are more sink limited due their small size and lack of sufficient storage organs, they will be less able to utilise any additional carbon fixed under elevated CO2 conditions. The increase in source capacity due to elevated CO2 thus leads to a much smaller relative increase in RGR at harvest 1 compared to harvest 2. 

The increased leaf mass per unit area (LMA) and decreased root:shoot ratio in plants exposed to elevated CO2 (Table 1) indicate greater allocation of biomass to shoot tissues in these plants.  This is contrary to expectations, since plants generally invest in acquiring the resource that is limiting – which in the case of elevated CO2 is usually nitrogen, requiring greater allocation to roots.  However the significant build up of leaf carbohydrates can explain the greater LMA and lower root:shoot ratio under elevated CO2: the average increase in TNC is 0.09g g-1 CCDW under elevated CO2, an increase of 9%, and the average increase in LMA is 9.7% under elevated CO2.

Leaf carbohydrates accumulate under elevated CO2 transient 

In accordance with hypotheses, the elevated CO2 treatment does result in an increase in leaf TNC (Fig. 3).  This suggests sink limitation of growth under elevated CO2, since plants are unable to utilise the additional carbon and instead store it in their leaves (Rogers and Ainsworth, 2006).  This CO2-mediated increase diminishes over time, suggesting a weakening of sink relative to source limitation through development, although analysis did not reveal a significant interaction between treatment and harvest time.

The composition of leaf TNC is also informative: an increase in starch and fructan, which is observed for the elevated CO2 plants (Fig. 4), is indicative of sink limitation (Rogers and Ainsworth, 2006), and fructan is a key repository for excess photosynthate in barley (Schnyder, 1993).  An increase in the end-of-day hexose:sucrose ratio (Fig. 5) is a further indication of sink limitation, since this suggests a high futile cycle rate of excess leaf sugars, which cycle between hexoses and sucrose (Moore et al., 1999; Rogers and Ainsworth, 2006).  This cycle is mediated by invertase activity, which hydrolyses sucrose into hexoses and thus increases the hexose:sucrose ratio, leading to feedback inhibition of photosynthesis (Goldschmidt and Huber, 1992; Jang and Sheen, 1994).  High hexose levels decrease Rubisco expression and photosynthesis (Moore et al., 1999; Long et al., 2004) and hexokinases play important roles in the sugar-mediated repression of photosynthesis (Jang and Sheen, 1994; Granot et al., 2013; Kelly et al., 2013).  As would be expected, the hexose:sucrose ratio is higher in elevated CO2 plants than control plants yet, contrary to expectations, it increases over time, suggesting an increase in sink limitation.  This apparently contradicts the decrease in sink limitation suggested by the responses of RGR and non-structural carbohydrates over time discussed above. 

Partial defoliation does not increase photosynthesis in remaining leaves

Contrary to expectations, steady state photosynthetic rate and photosynthetic capacity measured using A/Ci curves are not higher in defoliated plants than in control plants (Fig. 7).  This suggests that defoliation does not lead to an upregulation of photosynthetic capacity in order to alleviate source limitation.  Rather, photosynthetic capacity is unaffected by this treatment.  Notably, barley is well-adapted to grazing and new leaves grew in the place of those which had been removed – and the new leaves were not measured.  It is also possible that the treatment was imposed for insufficient time for upregulation of photosynthesis to occur (for example, the defoliation treatment used by von Caemmerer and Farquhar, 1984 was imposed for 18 days), although the elevated CO2 data of Cheng et al (1998) suggest that changes in Rubisco content may occur on relatively short timescales.  

Partial defoliation does not affect leaf carbohydrates

The TNC concentration of leaves is also unaffected by defoliation (Fig. 9), which also goes against expectations and further indicates that source limitation has not been effectively imposed by this treatment, since plants are able to maintain normal concentrations of leaf carbohydrates rather than needing to increase export to sink organs.  As with the CO2 treatment, the decrease in TNC observed over time in defoliated and control plants suggests a weakening of sink relative to source limitation during development: an increase in sink strength over time could lead to this pattern, with additional storage pools for carbohydrates developing over time and reducing carbohydrate build-up in the leaves.  However, as for the elevated CO2 plants, an increase in hexose:sucrose ratio is observed over time for the defoliated plants (Fig. 11).

Overall ontogenetic effects

Across both treatments and in control plants, steady state net photosynthesis, measured at ambient conditions for elevated CO2 plants and under saturating light for defoliated plants, decreases during development in all plants (Figs. 1, 8). Leaf protein concentration follows the same trend and is unaffected by either treatment (Figs. 6, 10).  LMA also decreases during development in plants exposed to both treatments and in controls (Tables 1 and 2), suggesting a developmental trend towards thinner leaves with less protein per unit area and consequently lower rates of photosynthesis, since photosynthetic proteins constitute a major part of leaf nitrogen (Ellis, 1979; Evans, 1989; Spreitzer and Salvucci, 2002).  This makes an important contribution to the decline in TNC during development (Figs. 3, 9), showing lower source activity relative to sink activity, which could arise from larger plants with better developed sinks, alongside reduced rates of leaf photosynthesis.  The change in protein concentration may also be due to leaf expansion: as leaves get larger, vacuoles can take up a greater proportion of each cell, leading to a lower observed cytosolic protein concentration which may account for the decrease in protein concentration seen here.

Limitations

The defoliation treatment used here did not manipulate the source:sink ratio, and would need to be maintained (by removal of new leaves that grow during the treatment period) and/or extended (to give a longer time period for acclimation) in order to be effective.  However, the invasive nature of defoliation compared to elevated CO2 is likely to introduce confounding factors such as wounding responses and is therefore not an ideal manipulation for future work; instead the use of sub-ambient CO2 could provide a non-invasive method for reducing the source:sink ratio.  Similarly, the timescale of elevated CO2 treatment could be improved – either extended to understand the longer-term effects when plants are grown permanently in elevated CO2, and/or the measurement schedule altered to capture plant responses hours after transfer to elevated CO2 in addition to the responses measured after several days of CO2 treatment. 

Conclusions and future directions

Annual barley appears to transition from being more sink limited to more source limited during vegetative development.  At 4 weeks after germination, a short-term elevated CO2 treatment reveals that plants are sink limited: TNC concentration increases, leading to photosynthetic acclimation and a lack of growth response.  At 6 weeks after germination, plants are better able to use the increased TNC, meaning that an elevation of photosynthesis can occur and additional carbon can be invested in faster growth under elevated CO2.  The decrease in TNC seen in all plants in the study over time further suggests a decline in sink limitation towards greater source limitation.   

The results from this study were greatly informative in designing the experiments outlined in the rest of this thesis.  The successful use of elevated CO2 in imposing sink limitation, seen in the increase in non-structural carbohydrates, meant that this manipulation could be used with confidence for future work to impose carbon sink limitation.  However, the lack of growth and photosynthetic responses under elevated CO2 highlighted a need to impose source:sink manipulations for longer, and manipulations were applied for the entire duration of the experiment in subsequent work.  The lack of any response to defoliation treatment, coupled with the regrowth of leaves during this treatment, pointed to the need for more elegant, non-invasive manipulations to be used in future studies: firstly the use of sub-ambient CO2 and elevated CO2, and secondly the use of a nitrogen gradient.  

TNC and fructan concentrations provided good diagnostics for sink limitation in this study, and the relationship between sink limitation and foliar carbohydrates is well established.  However, the hexose:sucrose ratios reported here do not agree with the trend seen in other carbohydrate levels.  For diagnosing sink limitation this measurement is both less robust, as it is an indicator of invertase activity which is a more robust measurement (Moore et al., 1999), and less well-established: most studies focus on TNC, and much of the early work on hexose signalling was carried out in protoplasts making it perhaps less physiologically relevant for whole plant studies (e.g. Jang and Sheen, 1994).  Thus for subsequent work, measurement of hexose:sucrose ratios was not used as a diagnostic for sink limitation.  The amino acid:sucrose ratio is a better indicator of carbon source limitation (Paul and Driscoll, 1997; Stitt and Krapp, 1999; Isopp et al., 2000) and links carbon and nitrogen metabolism, and this was utilised in subsequent experiments, in which amino acid data were available.

To build on the findings of this work, in addition to the methodological improvements noted above, subsequent experiments were expanded to include another species (a congeneric wild perennial barley) and whole plant metabolite analysis (by harvesting leaf sheaths and roots, in addition to leaves).  In order to deepen understanding of carbohydrate accumulation, in one experiment plants were harvested pre-dawn in addition to pre-dusk in order to assess diurnal patterns and to obtain the start-of-day baseline carbohydrate levels.  Measurement of free nitrate and free amino acids, in addition to protein, enabled a more complete profile of nitrogen metabolite pools in different organs to be obtained in subsequent experiments.  A different cultivar of annual barley was used in subsequent experiments so that seed pre-treated with fungicide could be used, in order to guard against Ramularia infection, but an elite UK annual spring malting barley was chosen again in order to facilitate comparison of results.
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[bookmark: _Toc322267593][bookmark: _Toc322267715][bookmark: _Toc322267879][bookmark: _Toc331253020]Chapter 4: Carbon source-sink limitations differ between two species with contrasting growth strategies

A modified version of this chapter is in press and is cited as ‘Burnett et al., 2016’ in this thesis.
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Understanding the limitation of plant growth rate by carbon source and sink strengths is a critical knowledge gap that hinders efforts to maximise yield in future germplasm. We sought to explain how differences in growth rate between species arise from source-sink limitations, using a model system comparing a fast-growing domesticated annual barley (Hordeum vulgare cv. NFC Tipple) with a slow-growing wild perennial relative (Hordeum bulbosum). Source strength was manipulated by growing these plants at sub-ambient and elevated CO2 concentrations ([CO2]), diagnosing the limitations on vegetative growth imposed by source and sink by measuring relative growth rate (RGR), developmental plasticity, photosynthesis and major pools of carbon and nitrogen metabolites. We found that growth was sink limited in the annual but source limited in the perennial. RGR and carbon acquisition were higher in the annual, but photosynthesis responded weakly to elevated [CO2] indicating that source strength was near maximal at current [CO2].  In contrast, photosynthetic rate and sink development responded strongly to elevated [CO2] in the perennial, indicating significant source limitation. Sink limitation was avoided in the perennial by a high degree of sink plasticity, manifested as a marked increase in tillering and root:shoot ratio at elevated [CO2].  The annual lacked this plasticity and accumulated more non-structural carbohydrates. In contrast, free amino acid concentration was higher in the perennial supporting the hypothesis of carbon source limitation.  This work suggests that alleviating sink limitation during vegetative development could be important for maximising the growth potential of elite cereal crops under future elevated [CO2].
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Global population growth, economic development and climate change are exerting increasing pressure on our global food supply, raising demand that must be met, in part, by improving crop yields (Ainsworth et al., 2008b; Godfray et al., 2010; Foley et al., 2011; von Caemmerer et al., 2012; Reynolds et al., 2012; FAO et al., 2014; Ort et al., 2015). Increasing yield depends critically on a firm understanding of plant growth, which is in turn underpinned by the interactions between carbon and nitrogen sources and sinks (White et al., 2016). Sources provide net uptake of resources from the external environment whilst sinks cause a net internal drawdown of these resources. For carbon, mature leaves are sources and roots are sinks, and the balance between them is achieved by well-characterised molecular crosstalk mechanisms (Smith and Stitt, 2007; Lawlor and Paul, 2014; White et al., 2016). Decades of research into the effects of elevated CO2 have demonstrated that increasing source activity through a stimulation of photosynthesis often does not translate into corresponding yield increases (Long et al., 2006a; Ainsworth et al., 2008a; Leakey et al., 2009), although this depends on the species (Yamori et al., 2016). Similarly, increasing sink capacity does not always translate into greater yield under field conditions (Weichert et al., 2010).  A holistic approach to growth and yield considering both source and sink capacities is therefore essential for developing higher yielding crop varieties (White et al., 2016).

One strategy for understanding the fundamental limitations on growth is to investigate the natural diversity of growth rates in wild plants.  In wild species, one of the major causes of growth rate variation is life-history (Grime and Hunt, 1975; Garnier, 1992).  Annual and perennial growth strategies enable plants to allocate resources in a way that is appropriate for their environment: annuals grow quickly and invest everything in reproduction in the first year before they die, whilst perennials grow more slowly and conserve resources for the following season (Garnier, 1992; Iwasa, 2000; Bennett et al., 2012). Annuals are typically seen as having flexible growth strategies for exploiting fluctuating environments, whereas perennials have more conservative growth strategies – i.e. lower allocation to reproduction and slower growth (Atkinson et al., 2012, 2014). Although perennials with large storage organs may never be sink limited, annuals generally transition from sink to source limitation during development when they switch from vegetative to reproductive growth (Arp, 1991), and perennials lacking large storage organs are likely to undergo this transition as well. Because perennials grow more slowly than annuals and transition to the reproductive growth stage later, they are therefore likely to be sink limited for a longer period of time. 

Despite this well developed ecological theory, we do not currently know the extent to which slower growth in perennials than annuals arises from greater source or sink limitation.  Experimental manipulations of the source:sink balance provide insights into the relative contributions of source and sink processes to growth rate, and may be achieved through a variety of techniques including: sink removal (Arp, 1991); genetic modification (Ainsworth et al., 2004; Weichert et al., 2010; Zuther et al., 2011); source removal (von Caemmerer and Farquhar, 1984; Bryant et al., 1998; Rogers et al., 1998; Eyles et al., 2013); inhibiting resource export from the source (Ainsworth and Bush, 2011); and increasing source activity using elevated CO2 (Kinsman et al., 1997; Masle, 2000).  Here, we alter the atmospheric CO2 concentration ([CO2]) to non-invasively manipulate the source:sink ratio in barley – elevated [CO2] to increase the source strength and sub-ambient [CO2] to decrease it – with current [CO2] as a reference against which to compare the source manipulations. This approach enables analysis of source and sink limitation under current [CO2], and strong CO2 treatments are applied in order to produce large perturbations of the system.  In C3 plants, [CO2] affects carbon source strength directly through one well-understood process i.e. carbon assimilation by Rubisco, and therefore avoids wounding responses and other confounding effects, which may arise from alternative approaches for source:sink manipulation. We took a holistic approach to investigating source-sink interactions, measuring the responses of growth, photosynthesis and key carbon and nitrogen metabolite pools on the same plants.  Together, these simultaneous measurements of growth, carbon uptake and carbon utilization allowed us to diagnose source and sink limitation in our model system.  For example, a high concentration of free amino acids indicates carbon source limitation (Paul and Driscoll, 1997; Stitt and Krapp, 1999; Isopp et al., 2000; Rogers et al., 2006), whilst a build-up of non-structural carbohydrates in leaves indicates carbon sink limitation (Rogers and Ainsworth, 2006; Ainsworth and Bush, 2011). 

In order to elucidate physiological mechanisms underpinning differences in growth rate, this study compared domesticated annual barley (Hordeum vulgare cv. NFC Tipple) and a wild perennial relative (Hordeum bulbosum).  Annual barley is sink limited during grain filling (Schnyder, 1993; Bingham et al., 2007; Serrago et al., 2013), yet to our knowledge no study of source- and sink limitation during the vegetative growth stage has been made in this species.  The annual barley used here is an elite agricultural spring barley from the HGCA recommended list (HGCA, 2014) and has a fast-growing life-history strategy. The perennial is a wild species from Turkey, which is able to grow in diverse habitats but generally occupies nutrient-rich environments (von Bothmer, 1996). Plants were grown at different CO2 conditions from germination to harvest, which occurred during the vegetative growth phase of the life cycle.  We predicted that annual barley, which grows faster than perennial barley, would be sink limited during vegetative growth, and the perennial would be more strongly sink limited (Jaikumar et al., 2014). Based on this hypothesis we would expect the fast-growing annual to show a greater increase in growth and photosynthesis in response to elevated [CO2] than the perennial (Poorter, 1993; Roumet and Roy, 1996).  This is because the elevated [CO2] alleviates source limitation and will therefore have a greater effect in the plants which are less sink limited (Bryant et al., 1998; Rogers et al., 1998; Ainsworth et al., 2003).  In contrast, we expected that the more strongly sink limited, slower-growing perennial would show a greater increase in storage of carbon rich metabolites under elevated [CO2].
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Plant material and growth conditions

Seeds of Hordeum vulgare cv. NFC Tipple and Hordeum bulbosum (Accessions GRA1031 and GRA947) were obtained from Syngenta and IPK Gatersleben respectively. Seeds were germinated on wet filter paper and transplanted to 4-litre pots filled with 1:10 sand:vermiculite and topped with an additional layer of sand to aid root development of the seedlings. Plants were grown in controlled environment growth chambers (BDR 16, Conviron, Isleham, UK) at the University of Sheffield, two of which had been modified to scrub CO2 using soda lime. Plants were grown in three chambers with fixed CO2 levels of 180 µmol mol-1, 400 µmol mol-1 and 1500 µmol mol-1 for 61 days. 180 and 1500 µmol mol-1 were chosen in order to impose strong carbon source and sink limitations.  All chambers had a 12-hour photoperiod with day/night temperatures of 20/18°C, 65% humidity, and daytime light levels of 600 µmol photons m-2 s-1 at plant height resulting in a daily light integral of 25.92 mol photons m-2 day-1. Plants were kept adequately watered with 20% Long Ashton’s nutrient solution.  During seedling establishment, plants were watered daily – with 150ml Reverse Osmosis water for 8 days and with 150ml Long Ashton’s solution thereafter.  After 17 days, plants were watered three times per week with 150ml Long Ashton’s solution until 29 days old, 225ml until 45 days old, and 450ml thereafter. 

Photosynthesis measurements and metabolite harvests were carried out three times in consecutive weeks, between 46 and 61 days after germination (DAG). In each of these harvest weeks, six annuals from each CO2 level were harvested (three at dawn and three at dusk), giving a total of 54 individuals across three weeks.  In the first and third of these harvest weeks, six perennials from each CO2 level were harvested (three at dawn and three at dusk), giving a total of 36 individuals. 



Relative growth rate, root:shoot ratio and tillering

RGR was calculated based on the plant mass that had been derived from weekly imaging of above ground biomass, beginning when plants were two weeks old. Plants were photographed (PowerShot G9, Canon, Tokyo, Japan) six times, from the side against a white background, with the plant rotated 60 degrees between successive photographs. A scale bar of known length was included for calibration.  Leaf area in pixels was obtained for each photograph using Image J (U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/), and converted to mm2 using the area of the scale bar.  A batch of 29 additional plants, not used in the main study, was also photographed weekly.  At nine time points between 33 and 60 DAG, individuals from this batch were separated into leaf, leaf sheath and root, and oven-dried to provide a calibration curve for leaf area and dry mass for each species. These curves were then used to predict dry mass for each plant for each set of six photographs (Fig. S1; r2 = 0.97 for species-based calibration). Individual growth curves showing predicted dry mass over time were obtained for each plant using a nonlinear mixed-effects model obtained by stepwise selection and used to estimate RGR at multiple timepoints by differentiation, where more than three timepoints had been measured. 

The calibration was also used to predict root:shoot ratio for the plants in the main study.  For each of the oven-dried individuals, the relative contribution of shoot and root to whole plant mass was recorded and the mean fraction of root and shoot was calculated.  This was then applied to the plant mass predicted for the plants in the main study using calibration of image data, to give an estimate of root:shoot ratio for each individual.

Tillers were counted the day before metabolite harvests were carried out.




Photosynthesis

Diurnal measurements of photosynthesis were made the day before plants were harvested for metabolite assays.  51 annual and 26 perennial individuals were measured (the remaining plants were too small for gas exchange measurements to be performed).  Instantaneous net photosynthetic rate was measured every 3.5 hours between 30 minutes after dawn and 30 minutes before dusk, using the LI-6400XT Portable Photosynthesis System (LI-COR Biosciences, Lincoln, NE, USA). Net photosynthetic rate was measured in situ within growth chambers, under the ambient environmental conditions of each chamber described above. These measurements were used to obtain a curve of photosynthesis during the photoperiod for each plant, and the area underneath was integrated to give a daily rate of net carbon fixation per unit area. 

A/Ci curves were measured for 15 individuals (9 annuals and 6 perennials) when plants were 54 days old, using the LI-6400XT Portable Photosynthesis System with the following settings: PAR 2000 µmol m-2 s-1; leaf temperature 20°C; air flow 300 µmol s-1.  Each plant was acclimated under growth [CO2] for approximately 20 minutes, then [CO2] was reduced stepwise to 50 µmol mol-1, and then increased stepwise to 1400 µmol mol-1.

Metabolites 

Plants were harvested from 47 to 61 DAG, within one hour before dawn and one hour before dusk. Samples were flash frozen in liquid nitrogen, stored at -80°C, and freeze-dried prior to analysis.  For small plants, the entire plant was harvested; for larger plants, representative samples of leaf, leaf sheath and root from both young and old tissue were harvested.  In the first week, plants were harvested at 47, 48 and 49 DAG.  In the second week, plants were harvested at 52, 53 and 54 DAG.  In the third week, plants were harvested at 59, 60 and 61 DAG.  Three replicates from each species from one chamber were harvested on each date, with the exception of the second week when only annuals were harvested.  The order of chambers was randomised in each of the three harvest weeks. 

Metabolite analysis was carried out at Brookhaven National Laboratory. Metabolites were extracted from the freeze-dried ground tissue using sequential ethanol extractions. 
Ethanol soluble carbohydrates (glucose, fructose, sucrose, low degree of polymerisation (LDP) fructan), starch, high degree of polymerisation (HDP) fructan and protein were analysed as described in Chapter 3 of this thesis. 
Total free amino acids were quantified using fluorescamine. 15µl 0.1M sodium borate buffer, 90µl fluorescamine and 100µl water were combined with 2µl of ethanol extract in a black 96-well microplate (Nunc MicroWell, Thermo Fisher Scientific, Waltham, MA, USA). Following a 5 minute dark incubation, fluorescence (360nm excitation, 460nm emission, 40 nm bandwidth) was measured (Synergy HT, BioTex, Winooski, VT, USA) and converted into nmol amino groups using a standard glutamate curve loaded on each plate. 
The Griess reaction was used to quantify free nitrate. First, 0.005U well-1 nitrate reductase (EC 1.7.1.3) and 50 nmol NADPH in 0.11M potassium phosphate buffer were added to a 10µl aliquot of the ethanol extract.  Each microplate was shaken.  Following a 30 minute incubation (dark, room temperature), 20µl 0.25mM phenazine methosulfate was added to each well.  Plates were shaken again and incubated for a further 20 minutes.  45µl 1% w/v sulfanilamide in 5% phosphoric acid followed by 45µl 0.02% N(1-Napthyl)ethylendiamine dihydrochloride was added to each well. Following another shake and a 5 minute incubation, A540 was measured (ELx808, BioTex, Winooski, VT, USA) and converted into nmol nitrate using a standard nitrate curve loaded on each plate.

Metabolite data were expressed per g carbohydrate-corrected dry weight, obtained by subtracting the mass of total non-structural carbohydrate from the dry mass of each sample.  Technical and analytical replicates were run for all assays (Fernie et al., 2011). 
Statistical Methods

Analysis was performed using R (R Core Team, 2015). Analysis of variance models incorporating error terms reflecting the split-split plot design of the experiment were carried out for each variable measured.  Logarithmic transformations were performed on all data prior to analysis to improve the fit of the models.  For photosynthesis, TNC, amino acids and amino acid:sucrose (Figs. 2, 4, 6, 7), small error bars are present but are obscured by symbols.
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Perennial barley shows greater developmental plasticity in response to elevated [CO2] than the annual species

Repeated imaging measurements of projected shoot area enabled multiple, non-invasive and non-destructive measurements to be made for each plant in the main study. Additional plants, grown purely for calibration of the image data, were harvested destructively throughout the duration of the study to calibrate shoot area against plant mass and root:shoot ratio for each species (Fig. S1).  This calibration was applied to the plants in the main study, to generate a growth curve of mass against time for each individual (Fig. S2), enabling growth rate to be estimated for each individual at the time when it was destructively sampled for metabolite analysis. 

Relative growth rate (RGR; the efficiency of whole plant dry mass increase obtained from calibration of shoot area, and measured in g g-1 day-1) was obtained from individual growth curves by differentiation. RGR was higher in the annual than perennial plants, and greater at higher CO2 levels (Fig. 1).  Stepwise model selection was used to choose fixed effects, and the effects of species and [CO2] on the maximum plant size and the time to reach half size were each highly significant (p<0.001) – although these are additive effects with no significant interaction between [CO2] and species.  
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Figure 1. Relative growth rate (RGR; daily gain in dry mass relative to whole plant dry mass, g g-1 day-1) is higher in annual (solid line) than perennial (dashed line) barley, and is greater at higher [CO2].  A, elevated [CO2]: 1500 µmol mol-1; B, current [CO2]: 400 µmol mol-1; C, sub-ambient [CO2]: 180 µmol mol-1. 

In both species, the increase in RGR was greater between 180 and 400 µmol mol-1 CO2 than between 400 and 1500 µmol mol-1 CO2.  Peak RGR in the annual increased by 17% between 180 and 400 µmol mol-1 CO2, but only 5% between 400 and 1500 µmol mol-1 CO2.  Peak RGR in the perennial increased by 21% between 180 and 400 µmol mol-1 CO2, but only 6% between 400 and 1500 µmol mol-1 CO2.  However the difference between annual and perennial remained relatively consistent: peak RGR in the annual was 21%, 18% and 17% higher than in the perennial, at 180, 400 and 1500 µmol mol-1 CO2 respectively.

The modular nature of plant body plans means that, in order for RGR to increase, plants must either increase the biomass of existing organs, or initiate new structures through branching (tillering, in the case of grasses).  Tillering in the perennial increased by 163% between 180 and 1500 µmol mol-1 CO2, whereas the number of tillers in the annual increased by just 15% across the same CO2 range (Table 1). This highly significant species x [CO2] interaction (F(1,80) = 56 p<0.001) indicates greater developmental plasticity in the perennial. 



Table 1.  Responses of tillering and root:shoot ratio to increasing [CO2]. Annual barley shows very limited tillering and root:shoot ratio responses to increasing CO2 concentration, whilst the perennial shows a dramatic increase in tillering and a significant increase in root:shoot ratio.  Data shown are obtained from 54 annual and 36 perennial individuals across the three treatments.  Tillers were counted directly, whilst root:shoot ratio was estimated non-destructively using imaging.  Data show mean ± SE, reported to three significant figures (annual n=18, perennial n=12). 

	
	Annual, 180 µmol mol-1 CO2
	Annual, 400 µmol mol-1 CO2
	Annual, 1500 µmol mol-1 CO2
	Perennial, 180 µmol mol-1 CO2
	Perennial, 400 µmol mol-1 CO2
	Perennial, 1500 µmol mol-1 CO2

	Tillers 
	13.3 
± 0.753
	13.4
 ± 0.506
	15.3 
± 0.676
	12.4
± 1.275
	17.4 
± 1.341
	32.6
 ± 2.464

	Root:Shoot Ratio 
	0.529 
± 0.00321
	0.544 
± 0.00190
	0.547 
± 0.00187
	0.466
± 0.0174
	0.520 
± 0.00768
	0.542 
± 0.00309




Root:shoot ratio also showed a larger response to increasing [CO2] in perennial than annual barley.  In the annual, the root:shoot ratio increased by only 2.8% between 180 and 400 µmol mol-1 CO2, whilst in the perennial it increased 11.6% between 180 and 400 µmol mol-1, and 4.2% between 400 and 1500 µmol mol-1 (Table 1).  This highly significant species x [CO2] interaction (F(1,77) = 24, p<0.001) provides further evidence of greater developmental plasticity in the perennial.

Perennial barley also shows a greater photosynthetic response to elevated [CO2] than the annual species

Net leaf photosynthetic CO2 assimilation, measured under growth conditions, was recorded at four timepoints throughout the day before each harvest to obtain a daily timecourse of leaf photosynthesis for each individual.  For illustration, means of these timecourses at 400 µmol mol-1 CO2 are shown in Fig. 2A.  The area under each curve was integrated to give the daily rate of net leaf photosynthesis per unit leaf area (Fig. 2B). This value was multiplied by the projected shoot area to estimate the total daily photosynthesis in the whole shoot – i.e. the carbon source strength (Fig. 2C). Annual barley generally has a higher photosynthetic rate than the perennial, but the photosynthetic rate in the perennial shows a much stronger response to [CO2] (Fig. 2B). In the annual plants, the daily photosynthetic rate increased by 87% between 180 and 400 µmol mol-1 CO2, but only by 13% between 400 and 1500 µmol mol-1.  In contrast, in the perennial it increased 58% between 180 and 400 µmol mol-1, but 75% between 400 and 1500 µmol mol-1.  This led to a significant species x [CO2] interaction: F(1,67) = 4.9, p<0.05; Fig. 2B.  Because the annual is a larger plant than the perennial, the difference in whole shoot photosynthetic rate (Fig. 2C) is greater than the difference in the rate per unit area (Fig. 2B). In the annual, the whole shoot daily photosynthetic rate increased by 177% between 180 and 400 µmol mol-1 CO2, but only 25% between 400 and 1500 µmol mol-1.  In contrast, in the perennial it increased 528% between 180 and 400 µmol mol-1, and 123% between 400 and 1500 µmol mol-1.  There was a highly significant species x [CO2] interaction: F(1,66) = 18, p<0.001; Fig. 2C.  A/Ci curves performed 54 days after germination (Fig. S3) revealed a decrease in Vc,max, the carboxylation efficiency of Rubisco, at 1500 compared to 400 µmol mol-1 CO2 in the annual, while Vc,max remained constant in the perennial at 400 and 1500 µmol mol-1 CO2.
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Figure 2. Perennial barley (dashed line) has a more pronounced photosynthetic response to elevated [CO2] than annual barley (solid line).  A, diurnal timecourse of net leaf photosynthesis in annuals and perennials grown at 400 µmol mol-1 CO2.   B, daily rate of net leaf photosynthesis per unit area; C, total daily photosynthesis in the whole shoot, obtained by multiplying the daily rate (B) by projected shoot area. Data show mean ± SE (A: annual n=18, perennial n=9; B: at 180, 400, 1500 µmol mol-1 CO2, annual n=15, 18, 18, perennial n=5, 9, 12; C: at 180, 400, 1500 µmol mol-1 CO2, annual n=15, 18, 18, perennial n=4, 9, 12).
The ratio of photosynthesis to growth is higher in the annual than the perennial (Fig. 3), seen in the plots of individuals (Fig. 3A,B) and means (Fig. 3C,D) with a highly significant effect of species: F(1,61) = 25, p<0.001.  When expressed in g C g-1 day-1 (Fig. 3A), growth shows three clusters corresponding to the decreasing values of RGR as time progresses over the three harvests.  When expressed in g C plant-1 day-1 (Fig. 3B), these clusters are no longer present, and a positive correlation between photosynthesis and growth is seen.  The ratio increases with [CO2] (Fig. 3C) and with plant age at harvest (Fig. 3D).  There was a highly significant interaction of the harvest week x [CO2] (F(4,61) = 16, p<0.001), such that the photosynthesis:growth ratio is greater at higher [CO2], but this trend becomes less pronounced at later harvests.
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Figure 3.  The ratio of photosynthesis to growth is higher in annual than perennial barley and greater at higher [CO2] and in older plants.  A, photosynthesis and growth for individual plants at all times and CO2 levels, expressed in g C g-1 day-1, showing three clusters along the x-axis corresponding to the three harvest times with RGR decreasing as time progresses; B, photosynthesis and growth for individual plants at all times and CO2 levels expressed in g C plant-1 day-1; C, photosynthesis:growth ratio in the three [CO2] treatments; D, changes in the photosynthesis:growth ratio with respect to the mean plant age at harvest.  Data show mean ± SE (C and D: at 180, 400, 1500 µmol mol-1 CO2, annual n=15, 18, 18, perennial n=4, 9, 12).
Annual barley accumulates more non-structural carbohydrates than the perennial species

Plants were harvested for metabolite analysis following the non-invasive measurements of growth and photosynthesis. These harvests were carried out between 47 and 61 days after germination, during the vegetative growth stage. Harvests were carried out immediately before dawn and dusk, enabling the diurnal accumulation of metabolites to be analysed. Plants were separated into leaf, leaf sheath and root, since these represent distinct storage compartments in grasses. Total non-structural carbohydrates (glucose, fructose, sucrose, starch and fructan), protein, free amino acids and free nitrate were measured using a range of enzyme-linked biochemical assays. 

Pre-dawn measurements indicate the basal level of carbohydrates in plant organs, when metabolites accumulated during the previous photoperiod have been utilised for respiration, exported or consumed by growth at night. Before dawn, annual barley had a higher concentration of total non-structural carbohydrates (TNC) than the perennial, and showed a greater accumulation of TNC in leaf sheaths and roots when [CO2] was increased from 180 to 1500 µmol mol-1 (Fig. 4). However, in the leaves, perennial barley showed a stronger TNC response than the annual when [CO2] was increased from 180 to 1500 µmol mol-1 (Fig. 4).  Across all TNC data, there was a significant organ type x time of day x species interaction (F(2,120) = 9.2, p<0.001); a significant organ type x time of day x [CO2] interaction (F(4,120) = 18, p<0.001); a significant organ x species x [CO2] interaction (F(4,120) = 22, p<0.001); and a significant organ x harvest week x [CO2] interaction (F(8,120) = 4.5, p<0.001).  In the leaf, TNC was 114% greater in the annual than the perennial at 180 µmol mol-1 CO2, 57% greater in the annual at 400 µmol mol-1 CO2, but approximately equal (0.4% greater in the perennial) at 1500 µmol mol-1 CO2 (Fig. 4A).  In the leaf sheath, TNC was 29% greater in the annual than the perennial at 180 µmol mol-1 CO2, 57% greater in the annual at 400 µmol mol-1 CO2, and 25% greater in the annual at 1500 µmol mol-1 CO2 (Fig. 4B).  In the root, TNC was 35% greater in the annual than the perennial at 180 µmol mol-1 CO2, 56% greater in the annual at 400 µmol mol-1 CO2, and 97% greater in the annual at 1500 µmol mol-1 CO2 (Fig. 4C).  In both species, TNC concentration is highest at 1500 µmol mol-1 CO2 suggesting that sinks are replete under these conditions.  
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Figure 4. Pre-dawn concentrations of total non-structural carbohydrates (TNC) are higher in the annual (solid line) than perennial (dashed line) barley. A, leaf; B, leaf sheath; C, root.  The overall CO2 response is greater for perennials in the leaf, but greater for annuals in the leaf sheath and root. Data are expressed in µmol glucose equivalents per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (annual n=9, perennial n=6).


Subtracting the mean pre-dawn values from the mean pre-dusk values provides a differential of TNC (Fig. 5), which represents the amount of carbon accumulated during the photoperiod, and is equivalent to the amount of carbon available for respiration, export or growth at night. These differentials are much greater in the leaf than in leaf sheath or root (Fig. 5), since diurnal fluctuations of TNC in leaves are more tightly coupled to the diurnal activity of photosynthesis than the distal sinks of leaf sheath and root.  The perennial shows a greater TNC differential than the annual in leaves at 400 and 1500 µmol mol-1 CO2, yet there is little difference in TNC differentials in leaf sheath and root, across the CO2 concentrations (Fig. 5). Therefore, whilst the basal pre-dawn level of TNC is higher in annuals (Fig. 4), the diurnal accumulation of TNC is greater in perennials for leaves at 400 and 1500 µmol mol-1 CO2 (Fig. 5). 
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Figure 5. The diurnal accumulation of total non-structural carbohydrates (TNC), equivalent to the carbon pool available for nocturnal use or export in the leaf, leaf sheath and root, in annual barley (solid line) and perennial barley (dashed line). Data show the mean pre-dawn concentrations subtracted from mean pre-dusk concentrations, expressed in µmol glucose equivalents per g carbohydrate-corrected dry weight (CCDW).  Different plants were harvested at dawn and dusk, so standard errors cannot be calculated for these data (raw data presented in Table S1).




Perennial barley accumulates more free amino acids than the annual species

Free amino acids are an indicator of source limitation (Paul and Driscoll, 1997; Stitt and Krapp, 1999; Isopp et al., 2000).  A high free amino acid concentration or high amino acid:sucrose ratio reflects a surplus of available nitrogen for biosynthesis, since source limited plants lack sufficient carbon to use along with this nitrogen for growth and development.  The perennial has a higher leaf concentration of free amino acids than the annual (Fig. 6).  In both annual and perennial, free amino acid concentration is highest at 180 µmol mol-1 CO2, which implies a carbon source limitation, and decreases as [CO2] increases (Fig. 6).  Before dawn, amino acid concentration is 41% greater in the perennial than the annual at 180 µmol mol-1 CO2, 127% greater in the perennial at 400 µmol mol-1 CO2, and 12% greater in the perennial at 1500 µmol mol-1 CO2 (Fig. 6A).  Before dusk, amino acid concentration is 67% greater in the perennial than the annual at 180 µmol mol-1 CO2, 47% greater in the perennial at 400 µmol mol-1 CO2, and 64% greater in the perennial at 1500 µmol mol-1 CO2 (Fig. 6B).

There was a highly significant organ x species x [CO2] interaction for free amino acid concentration: F(4,117) = 9.3, p<0.001.    A similar trend for the two species and three CO2 levels is seen for free nitrate (data shown in summary form in Fig. 8) and there was also a significant organ x species x [CO2] interaction for these data: F(4,116) = 6.9, p<0.001.  

The perennial also has a higher free amino acid:sucrose ratio than the annual (Fig. 7), indicative of carbon source limitation.  This ratio is higher pre-dawn since sucrose accumulates during the day.  For leaves, there is a significant species x [CO2] x time of day interaction: F(1,70) = 13, p<0.001.
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Figure 6. Free amino acid concentration is higher in perennial barley (dashed line) than annual barley (solid line). A, pre-dawn; B, pre-dusk.   Data are expressed in µmol amino groups per g carbohydrate-corrected dry weight (CCDW).  Data show mean ± SE (annual n=9, perennial n=6).
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Figure 7.  Ratio of free amino acids to free sucrose, an indicator of carbon source limitation, is higher in perennial barley (dashed line) than annual barley (solid line) at 180 and 400 µmol mol-1 CO2 in leaves pre-dawn.  Metabolites are expressed in µmol amino groups and µmol sucrose per g carbohydrate-corrected dry weight (CCDW), respectively.  The ratio is lower at higher [CO2].  Data show mean ± SE (annual n=9, perennial n=6).
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Developmental plasticity in the perennial enables extra CO2 to be utilised in growth, suggesting source limitation

Increasing [CO2] increases the availability of photosynthetic substrate and suppresses photorespiration (Farquhar et al., 1980).  This increases the potential rate of carbon uptake into the plant, increasing source strength, alleviating source limitation, and increasing the source:sink ratio. Conversely, decreasing [CO2] has the opposite effects. The stronger photosynthetic, tillering and root partitioning responses of perennial than annual barley to increasing [CO2] (Table 1; Fig. 2) suggest that the source is more limiting for growth than the sink in this species during the vegetative stage. This response is not seen to such a great extent in the annual, which shows much smaller increases in photosynthesis, tillering and root partitioning as CO2 levels increase. This suggests that growth in the annual is primarily sink limited, constrained by developmental potential, and that it is operating at near-maximum source activity under current ambient conditions (400 µmol mol-1 CO2).  The ratio of photosynthesis to growth is higher in annual than perennial barley (Fig. 3), a further indication of sink limitation.  Photosynthesis:growth is greater at higher [CO2] in both species (Fig. 3C), indicating sink limitation at elevated [CO2], and as plants become older and leave the exponential phase of growth (Fig. 3D).  

The developmental plasticity seen in the perennial, via its ability to increase tillering and root partitioning in response to a greater carbon source strength, suggests that it is better able than the domesticated annual crop to adapt to fluctuating environmental conditions.  In general, selective breeding of crops has resulted in plants with fewer tillers because, although additional non-flowering tillers provide a selective advantage through competition in wild plants, they reduce the yield of crop stands by diverting resources away from flowering tillers. To an extent, domesticated barley has retained its tillering capacity (Doust, 2007; Sang, 2009). However, under experimental conditions, the perennial barley increased tillering in response to increased [CO2] far more readily than the annual crop.

Altering the root:shoot ratio enables plants to increase access to the most limiting resources by adjusting allocation to nitrogen- or carbon-acquiring tissues (Stitt and Krapp, 1999; Freschet et al., 2015). Under elevated [CO2], nitrogen becomes more limiting for growth, making an increase in root:shoot ratio advantageous. The perennial was better able to make this plastic adjustment to growth (Table 1). However, its greater relative increase in allocation to roots (Table 1) would have also tended to offset its growth response, since roots are heterotrophic and root respiration represents a significant carbon sink. Despite this, the perennial still showed a similar increase in RGR to the annual (Fig. 1).  In combination, these results suggest that the combined response of sink strength (growth and respiration) to [CO2] was stronger in the perennial than annual.  Increasing root allocation enabled the perennial to take up more nitrogen, further increasing its ability to match carbon skeletons with amino acids for growth.

Our findings suggest a more opportunistic growth strategy in the perennial than annual, whereby the use of additional resources is maximised via partitioning into more branches above ground and roots below ground. In contrast, the annual appears to be highly constrained in its ability to develop larger sinks at 400 µmol mol-1 CO2 (Table 1; Fig. 2), and unable to increase these to the same extent as the perennial.  Although the annual has a higher rate of photosynthesis at 400 µmol mol-1 compared to 180 µmol mol-1 (Fig 2B), it does not show an increase at 1500 µmol mol-1 compared to 180 µmol mol-1, suggesting a downregulation of Rubisco amount or activity due to sink limitation.  A/Ci curves (Fig. S3) show that whilst the perennial has a constant Vc,max at 400 and 1500 µmol mol-1 CO2, the annual shows a decrease in Vc,max as CO2 increases from 180 through to 1500 µmol mol-1 CO2, meeting the lower Vc,max of the perennial at 1500 µmol mol-1 CO2 (Fig. S3A).  This indicates acclimation of photosynthetic capacity in the annual at elevated [CO2], due to an exacerbation of existing sink limitation by the CO2 treatment.  It thus seems that the strategy of the annual is for maximal growth under current [CO2] – and as a result it is sink limited.  The annual has been subjected to intense selective breeding that has maximised growth under current ambient CO2 conditions, but suppressed its developmental plasticity, and growth during the vegetative phase is largely unresponsive to increased [CO2]. 

The annual accumulates carbohydrates whilst having low amino acids, suggesting carbon sink limitation

Figure 8 illustrates the metabolite data, expressed as ratios: at 180 µmol mol-1 CO2 relative to 400 µmol mol-1 (“Low Carbon Dioxide” Fig. 8) and at 1500 µmol mol-1 CO2 relative to 400 µmol mol-1 (“High Carbon Dioxide” Fig. 8), in each compartment (leaf, sheath and root), for each species and time of day (raw data may be found in Table S1).  In general, the amount of each non-structural carbohydrate (glucose, fructose, sucrose, starch and fructan) was lower at 180 µmol mol-1 and higher at 1500 µmol mol-1, compared to 400 µmol mol-1 CO2 (Fig. 8). Short- and long-chain fructans represent the major stores for carbon at 1500 µmol mol-1 CO2 in both species (Fig. 8). In contrast, free nitrate, free amino acid and protein levels tended to show the opposite trend (especially for the annual, Fig. 8A,B).

Figure 8 further illustrates the pattern of source limitation in the perennial and sink limitation in the annual seen in the growth and photosynthesis data.  At 400 µmol mol-1, growth in the annual shows strong evidence of sink limitation, shown by a high rate of photosynthesis (Fig. 2), high TNC accumulation (Fig. 4) and low amino acid concentration and amino acid:sucrose ratio – indicating that there are sufficient carbon skeletons available for utilisation of the available amino acid supply (Figs. 6, 7).  At 180 µmol mol-1 CO2, growth becomes more source limited, with lower carbohydrate and higher nitrate and amino acid concentrations compared to 400 µmol mol-1 (Figs. 4, 6, 8A,B).  At 1500 µmol mol-1 CO2, growth becomes more sink limited, with higher carbohydrate and lower nitrate and lower amino acid concentrations (Figs. 4, 6, 8A,B).  This trend 
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is seen at both times of day, but is most pronounced before dawn (Figs. 8A,B), since carbon skeletons and reductants from photosynthesis are required to incorporate free nitrate into amino acids and to assimilate amino acids into proteins.  As a result, the levels of these metabolites decrease during the day as carbohydrates build up.  Although this trend is seen in all organ types, it is most pronounced in leaves, where photosynthesis is strongly coupled to changes in carbon and nitrogen metabolism.

At 400 µmol mol-1, the perennial shows strong evidence of source limitation, having a lower rate of photosynthesis than the annual (Fig. 2), low TNC accumulation (Fig. 4) and high amino acid concentrations and amino acid:sucrose ratio (Figs. 6, 7).  At 180 µmol mol-1 CO2, the perennial remains source limited, so levels of free nitrate and amino acids generally do not increase relative to 400 µmol mol-1 (Fig. 8C,D).  Just as the perennial shows a greater response of tillering and root allocation (Table 1) and photosynthesis (Fig. 2B) than the annual between 400 and 1500 µmol mol-1 CO2, as this alleviates source limitation, it also shows a more dramatic decrease in free amino acids and amino acid:sucrose (Figs. 6, 7) as it is better able than the annual to pair additional sugars from photosynthesis with existing free amino acids to bring about a growth response.  However at 1500 µmol mol-1, growth in the perennial transitions to become sink limited, and the plants have a high carbohydrate content, and low nitrate and low amino acid concentrations (Figs. 4, 6, 8A,B).  Thus the treatments imposed are sufficiently strong that even the annual becomes more source limited at low [CO2], and even the perennial becomes more sink limited at elevated [CO2].   

Total non-structural carbohydrate concentrations are higher in the annual than in the perennial in all organs and at all CO2 levels except in leaves at 1500 µmol mol-1 CO2 (Fig. 4). This provides further evidence that growth in the annual is more limited by the sink than by the source, since it is accumulating carbohydrates rather than using them for growth. At 1500 µmol mol-1 CO2, both annual and perennial are sink limited, leading to a high basal level of TNC in the photosynthetic organs (leaf and leaf sheath).  Accumulation of fructan, a key store for surplus photosynthate during the vegetative growth stage in barley (Schnyder, 1993), is particularly high compared to other metabolites under elevated [CO2] in both species (Fig. 8).  Leaf sucrose is a key driver of phloem loading for photosynthate export (Ainsworth and Bush, 2011).  However, the increase in TNC at elevated [CO2] seen here is primarily driven by increases in storage carbohydrates (fructans and starch, Fig. 8) and not transport carbohydrates (sucrose).  This provides evidence that the carbohydrate accumulation at elevated [CO2] is indicative of sink limitation rather than a reflection of increased phloem loading of recent photosynthate.  Indeed, the increased accumulation of carbohydrates will feed back on phloem transport throughout the plant and phloem loading in the leaf (Ainsworth and Bush, 2011), and high foliar TNC concentration is thus an indicator of sink limitation in both species, whilst the fact that TNC does not accumulate in roots under elevated CO2 in the perennial suggests that carbon transport may be more limiting in this species.  

The pre-dawn leaf TNC concentrations are consistent with the pattern seen in photosynthesis. At 1500 µmol mol-1 CO2, photosynthetic rate per unit leaf area and leaf TNC concentration are the same in annual and perennial barley. Although the perennial displays a greater response to [CO2] for these parameters, the total rate of photosynthesis and the total concentration of TNC never exceed those of the annual. This implies physiological or developmental limits that are common to both species – the annual is unable to utilise more photosynthate than it acquires at 400 µmol mol-1 CO2, by increasing partitioning to tillers and roots. In contrast, the perennial is able to utilise the additional photosynthate acquired at the highest CO2 concentration, but never exceeds the maximum rates of growth and photosynthesis seen in the annual (Figs. 1, 2, S3). This suggests that, whilst the perennial has greater developmental flexibility, its intrinsic capacities for photosynthesis and growth are no greater than those of the annual.

The daily accumulation of TNC in leaf organs is greater in the perennial than in the annual at 400 and 1500 µmol mol-1 CO2 (Fig. 5), although the perennial has a lower basal level of TNC (Fig. 4). This low basal level suggests that the perennial is highly efficient at utilising the carbon acquired each day – by developing new sinks or enlarging existing ones, seen in the strong tillering response to elevated [CO2] (Table 1), or by increasing TNC storage in the leaf sheath (Fig. 4).  Developing new sinks such as tillers increases sink size, whilst increasing storage in existing sink organs increases sink activity; both enable the plant to upregulate its sink capacity (Geiger and Shieh, 1993; White et al., 2016).  The high rate of tillering translates to a higher sink capacity and high demand for photosynthate which could explain the high accumulation of carbohydrates in these organs.

Ecological strategies

The typical growth strategy of wild annual plants can be caricatured as ‘live fast, die young’, leading to the expectation of a growth strategy that is primarily source limited during the lifetime of the plant, and that enables the annual to maximise the use of available CO2 for growth. We therefore expected the annual to be less sink limited than the perennial during vegetative growth, especially since it is adapted for fertilised soils.  In contrast, we expected the perennial to have a more conservative growth habit, ‘live slow, live long’, which limits photosynthesis and growth but is opportunistic, being better adapted for the possibility of low nutrients in a variable environment yet able to capitalise on rising [CO2] by increasing storage when substrates are available. 

Although plants are typically sink limited during the vegetative stage and transition to source limitation at reproduction (Arp, 1991), many crops are co-limited by sinks and sources during grain-filling (Álvaro et al., 2008; Acreche and Slafer, 2009; Peterhansel and Offermann, 2012; Slewinski, 2012).  We anticipated that during the vegetative stage, the ‘live slow’ perennial would be more sink limited than the ‘live fast’ annual (Jaikumar et al., 2014).  The results confounded these expectations. 

The perennial adopts more of a ‘live fast’ strategy than anticipated; perennials generally store carbon for future use (Atkinson et al., 2012), yet here the perennial showed a dramatic increase in growth under elevated [CO2] rather than an increase in storage, indicating source limitation. Coming from a fluctuating natural environment, and being able to grow in a variety of habitats including roadsides, ditches and rich grassy meadows and at varying altitudes (von Bothmer, 1996), the wild perennial has the plasticity to maximise growth when CO2 is abundant.  However, a perennial confined to unproductive habitats might be expected to display slower growth and greater sink limitation.

In contrast, the developmental plasticity of the annual appears to have been altered through selective breeding such that it cannot adapt to live faster when conditions allow and the results of this study show that it is sink limited during vegetative growth, in addition to being sink limited during reproduction (Schnyder, 1993; Bingham et al., 2007; Serrago et al., 2013).  This suggests that the annual would remain sink limited in the reproductive stage even under elevated [CO2], and its limited developmental plasticity seen in the low [CO2] responses of tillering and root allocation would be mirrored in a poor ability to create sufficient grain sinks to efficiently utilise additional carbon resources under elevated [CO2].  If this were the case, it would be important in the current global context of rising atmospheric [CO2], since the sink strength of barley would limit yield of this important crop, and a concerted effort to increase sink strength would be a vital part of breeding programmes in order to increase yield.  

CONCLUSIONS

Contrary to expectations that the fast-growing annual would be less sink limited and show a greater increase in growth and photosynthesis in response to elevated [CO2], and that the slow-growing perennial would be more sink limited, the results of this study suggest that annual barley is more sink limited and perennial barley is more source limited during the vegetative growth stage.  Our findings thus suggest that annual barley germplasm is optimised for growth at current [CO2] and that future elevated [CO2] is unlikely to facilitate yield increases in this species.  The lack of developmental plasticity in the annual means that new sinks are not readily initiated, which could result in a critical lack of flexibility for developing additional grain sinks and thus increasing yield under elevated [CO2].  The holistic approach taken here enables a broad view of the carbon source-sink balance to be taken, encompassing measurements of resource acquisition, storage, and allocation to growth, in a model system of congeneric species.  In order to draw firm conclusions of agricultural relevance, it will be vital to extend such research: including nitrogen as well as carbon source-sink manipulations, following source-sink processes throughout crop development to their impact on yield; investigating these processes in a wider range of cereal varieties and wild species; and carrying out agronomically relevant experiments in the field.  
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Figure S1.  Log mass against log area, for the additional subset of annual and perennial barley plants harvested throughout the duration of the study in order to establish a calibration between mass and area for the plants in the main study.  r2 = 0.97, meaning that differences in species and plant area account for 97% of variation in plant mass.  Lines show linear regression of area and mass.  Log mass = 1.53 log area – 13.11 (annual); log mass = 1.06 log area – 8.37 (perennial). 
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Figure S2.  Growth curves for all individuals in the main study used to obtain relative growth rate.  Log predicted mass, obtained using mass-area calibration from additional plants (shown in Fig. S1), is plotted against plant age.  Blue lines show the overall mean using fixed effects from model; pink lines show growth curves for individual plants.  Each plant has a unique ID: A denotes annual individuals and PM and PE denote the two accessions of perennial individuals; numbers were assigned to individuals at random.
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Figure S3. A/Ci curves for four individual plants, performed 54 days after germination.  The carboxylation efficiency of Rubisco (Vc,max, proportional to the initial slope of the curve) is downregulated in the annual at 1500 µmol mol-1 compared to 400 µmol mol-1, whilst remaining constant in the perennial.  Curves are representative of a larger dataset.  Growth conditions are as follows.  A, elevated CO2: 1500 µmol mol-1; B, current CO2: 400 µmol mol-1.   A/Ci curves were performed on 15 individuals, but here representative curves are shown.






















Table S1.  Raw metabolite data used to produce Figs. 4, 5, 6, 7, 8.		
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	Plant Number
	Accession Code
	
Species
	Harvest Week
	Time of Harvest
	
CO2
	
Organ
	Harvest Age
	Starch
	HDP Fructan
	Glucose
	Fructose
	Sucrose
	LDP Fructan
	Amino Acids
	Nitrate
	Protein

	 
	 
	 
	 
	 
	μmol mol-1
	 
	days
	nmol Glucose equivalents mg-1 carbohydrate-corrected dry weight (CCDW)
	nmol mg-1 CCDW
	μg mg-1 CCDW

	3
	a
	annual
	3
	Pre-Dawn
	400
	leaf
	59
	83.0
	12.7
	28.3
	42.2
	253.2
	55.1
	58.8
	7.4
	201.6

	3
	a
	annual
	3
	Pre-Dawn
	400
	root
	59
	10.7
	45.2
	10.8
	33.9
	110.2
	65.4
	25.6
	37.5
	134.5

	3
	a
	annual
	3
	Pre-Dawn
	400
	leaf sheath
	59
	48.4
	145.2
	177.1
	123.2
	83.5
	300.8
	125.2
	16.6
	115.7

	4
	a
	annual
	2
	Pre-Dawn
	400
	leaf
	54
	35.9
	4.8
	25.5
	31.1
	191.0
	23.5
	46.1
	15.8
	200.8

	4
	a
	annual
	2
	Pre-Dawn
	400
	root
	54
	4.2
	35.1
	4.9
	16.5
	93.2
	43.1
	20.9
	247.1
	134.1

	4
	a
	annual
	2
	Pre-Dawn
	400
	leaf sheath
	54
	21.5
	129.6
	194.7
	114.7
	57.9
	178.4
	115.3
	53.5
	118.1

	5
	a
	annual
	2
	Pre-Dusk
	400
	leaf
	54
	183.8
	29.2
	44.2
	38.1
	1056.3
	24.6
	102.7
	39.0
	216.7

	5
	a
	annual
	2
	Pre-Dusk
	400
	root
	54
	6.2
	22.1
	9.1
	23.2
	121.2
	25.6
	32.4
	673.4
	147.6

	5
	a
	annual
	2
	Pre-Dusk
	400
	leaf sheath
	54
	67.2
	91.1
	243.1
	146.0
	114.1
	88.5
	181.9
	486.4
	121.0

	6
	a
	annual
	1
	Pre-Dawn
	400
	leaf
	48
	91.9
	19.0
	46.3
	53.3
	366.4
	90.3
	57.0
	143.2
	192.7

	6
	a
	annual
	1
	Pre-Dawn
	400
	root
	48
	3.3
	37.9
	7.8
	25.1
	95.3
	58.5
	18.7
	30.8
	142.8

	6
	a
	annual
	1
	Pre-Dawn
	400
	leaf sheath
	48
	43.0
	122.6
	220.6
	175.9
	2.7
	185.3
	157.2
	162.8
	107.3

	7
	a
	annual
	1
	Pre-Dusk
	400
	leaf
	48
	172.2
	45.3
	46.8
	47.3
	1004.3
	41.5
	69.3
	2.0
	193.2

	7
	a
	annual
	1
	Pre-Dusk
	400
	root
	48
	2.2
	32.8
	7.7
	24.4
	125.1
	43.6
	19.0
	58.0
	132.2

	7
	a
	annual
	1
	Pre-Dusk
	400
	leaf sheath
	48
	73.0
	100.4
	225.4
	131.1
	133.2
	203.6
	141.1
	50.5
	113.6

	8
	a
	annual
	3
	Pre-Dawn
	400
	leaf
	59
	60.4
	15.0
	39.1
	39.2
	254.1
	25.8
	59.4
	1.1
	205.8

	8
	a
	annual
	3
	Pre-Dawn
	400
	root
	59
	9.8
	23.0
	7.3
	19.7
	86.5
	50.6
	19.7
	32.3
	149.1

	8
	a
	annual
	3
	Pre-Dawn
	400
	leaf sheath
	59
	34.1
	126.8
	184.2
	131.8
	39.8
	229.7
	133.8
	14.1
	123.4

	9
	a
	annual
	1
	Pre-Dusk
	400
	leaf
	48
	197.2
	35.5
	53.8
	42.3
	1079.0
	52.4
	78.3
	5.6
	201.2

	9
	a
	annual
	1
	Pre-Dusk
	400
	root
	48
	5.6
	28.8
	10.8
	33.1
	75.2
	51.3
	23.9
	66.8
	130.3

	9
	a
	annual
	1
	Pre-Dusk
	400
	leaf sheath
	48
	78.1
	84.3
	272.8
	167.8
	135.7
	198.8
	182.1
	491.5
	118.8

	14
	a
	annual
	2
	Pre-Dawn
	400
	leaf
	54
	24.9
	9.7
	23.6
	18.4
	146.2
	18.0
	88.8
	26.1
	203.5

	14
	a
	annual
	2
	Pre-Dawn
	400
	root
	54
	5.9
	27.9
	5.5
	11.6
	104.1
	18.5
	54.3
	57.7
	147.5

	14
	a
	annual
	2
	Pre-Dawn
	400
	leaf sheath
	54
	37.8
	66.5
	153.0
	140.3
	
	51.9
	226.4
	330.1
	124.4

	15
	a
	annual
	2
	Pre-Dawn
	400
	leaf
	54
	32.6
	7.4
	41.5
	21.4
	160.3
	12.6
	87.8
	58.5
	207.3

	15
	a
	annual
	2
	Pre-Dawn
	400
	root
	54
	9.0
	27.3
	6.0
	15.5
	88.2
	26.1
	40.9
	114.9
	119.1

	15
	a
	annual
	2
	Pre-Dawn
	400
	leaf sheath
	54
	35.7
	110.5
	162.0
	125.8
	
	108.7
	167.7
	108.3
	119.6

	23
	a
	annual
	3
	Pre-Dusk
	400
	leaf
	59
	177.9
	26.8
	57.1
	52.4
	1012.1
	28.2
	62.6
	11.7
	204.1

	23
	a
	annual
	3
	Pre-Dusk
	400
	root
	59
	7.2
	32.6
	7.7
	26.1
	111.6
	41.8
	19.7
	29.3
	137.8

	23
	a
	annual
	3
	Pre-Dusk
	400
	leaf sheath
	59
	60.3
	93.5
	245.4
	128.6
	148.5
	232.5
	148.8
	82.8
	120.3

	25
	a
	annual
	2
	Pre-Dusk
	400
	leaf
	54
	179.9
	28.7
	56.9
	13.7
	946.0
	17.0
	99.6
	62.2
	218.2

	25
	a
	annual
	2
	Pre-Dusk
	400
	root
	54
	4.0
	16.8
	9.4
	19.6
	136.9
	27.9
	51.1
	98.6
	159.6

	25
	a
	annual
	2
	Pre-Dusk
	400
	leaf sheath
	54
	55.7
	99.4
	203.7
	125.4
	19.1
	105.5
	173.0
	67.7
	119.4

	26
	a
	annual
	3
	Pre-Dusk
	400
	leaf
	59
	175.5
	38.0
	51.8
	49.3
	899.6
	31.6
	66.5
	
	209.4

	26
	a
	annual
	3
	Pre-Dusk
	400
	root
	59
	4.1
	33.1
	8.6
	23.2
	106.0
	41.4
	21.1
	196.6
	132.9

	26
	a
	annual
	3
	Pre-Dusk
	400
	leaf sheath
	59
	59.1
	114.4
	217.4
	118.2
	185.5
	255.6
	124.6
	18.3
	123.3

	28
	a
	annual
	1
	Pre-Dawn
	400
	leaf
	48
	53.9
	11.1
	33.3
	23.0
	247.0
	31.9
	70.5
	8.7
	206.7

	28
	a
	annual
	1
	Pre-Dawn
	400
	root
	48
	5.7
	26.5
	5.2
	16.3
	93.2
	47.1
	22.8
	57.7
	147.6

	28
	a
	annual
	1
	Pre-Dawn
	400
	leaf sheath
	48
	48.0
	93.4
	189.3
	143.6
	118.8
	200.7
	167.5
	62.0
	114.9

	29
	a
	annual
	1
	Pre-Dawn
	400
	leaf
	48
	66.3
	12.3
	35.2
	42.5
	249.5
	57.5
	59.5
	15.8
	188.5

	29
	a
	annual
	1
	Pre-Dawn
	400
	root
	48
	11.9
	36.8
	18.9
	52.5
	65.9
	53.3
	27.9
	29.7
	137.8

	29
	a
	annual
	1
	Pre-Dawn
	400
	leaf sheath
	48
	43.0
	110.7
	218.8
	144.4
	1.4
	154.1
	151.2
	29.0
	113.4

	33
	a
	annual
	3
	Pre-Dawn
	400
	leaf
	59
	57.4
	15.0
	36.4
	44.1
	170.8
	44.7
	66.0
	8.9
	203.6

	33
	a
	annual
	3
	Pre-Dawn
	400
	root
	59
	9.5
	31.1
	7.1
	21.2
	102.4
	56.6
	23.0
	37.0
	143.8

	33
	a
	annual
	3
	Pre-Dawn
	400
	leaf sheath
	59
	33.3
	129.1
	181.7
	102.6
	145.5
	274.2
	118.6
	21.8
	112.9

	37
	a
	annual
	3
	Pre-Dusk
	400
	leaf
	59
	164.5
	36.2
	59.9
	50.9
	919.5
	16.0
	72.8
	14.9
	221.0

	37
	a
	annual
	3
	Pre-Dusk
	400
	root
	59
	3.3
	26.2
	6.6
	18.7
	85.1
	31.0
	24.5
	134.1
	147.0

	37
	a
	annual
	3
	Pre-Dusk
	400
	leaf sheath
	59
	52.3
	89.0
	214.1
	125.4
	108.1
	134.1
	139.0
	40.1
	128.6

	38
	a
	annual
	2
	Pre-Dusk
	400
	leaf
	54
	170.0
	44.7
	54.2
	36.9
	949.1
	47.9
	96.7
	12.9
	212.5

	38
	a
	annual
	2
	Pre-Dusk
	400
	root
	54
	8.7
	27.2
	7.3
	18.4
	115.8
	29.6
	29.2
	609.3
	141.3

	38
	a
	annual
	2
	Pre-Dusk
	400
	leaf sheath
	54
	72.8
	82.2
	242.9
	164.9
	72.4
	99.1
	172.8
	90.3
	111.7

	41
	a
	annual
	1
	Pre-Dusk
	400
	leaf
	48
	176.7
	34.5
	55.6
	43.0
	845.3
	52.9
	65.5
	4.8
	192.1

	41
	a
	annual
	1
	Pre-Dusk
	400
	root
	48
	22.1
	21.1
	8.6
	26.1
	66.1
	52.5
	23.5
	301.2
	139.0

	41
	a
	annual
	1
	Pre-Dusk
	400
	leaf sheath
	48
	80.9
	105.4
	241.4
	179.1
	84.3
	182.1
	196.4
	52.1
	114.2

	44
	a
	annual
	3
	Pre-Dusk
	1500
	leaf
	60
	224.3
	58.8
	60.8
	53.2
	805.9
	109.7
	39.2
	33.4
	173.5

	44
	a
	annual
	3
	Pre-Dusk
	1500
	root
	60
	6.4
	56.0
	8.1
	25.5
	119.7
	76.0
	12.3
	12.5
	129.2

	44
	a
	annual
	3
	Pre-Dusk
	1500
	leaf sheath
	60
	52.2
	163.7
	132.9
	101.4
	28.6
	271.4
	86.1
	59.0
	103.6

	46
	a
	annual
	2
	Pre-Dusk
	1500
	leaf
	52
	268.8
	69.8
	60.8
	81.3
	750.6
	189.9
	32.3
	31.0
	153.2

	46
	a
	annual
	2
	Pre-Dusk
	1500
	root
	52
	3.7
	69.1
	13.2
	37.3
	177.9
	91.5
	14.2
	28.1
	130.9

	46
	a
	annual
	2
	Pre-Dusk
	1500
	leaf sheath
	52
	73.0
	184.6
	172.1
	127.1
	130.1
	389.5
	68.6
	12.1
	97.6

	47
	a
	annual
	3
	Pre-Dusk
	1500
	leaf
	60
	230.9
	52.4
	58.0
	51.3
	848.1
	76.5
	39.1
	24.4
	160.5

	47
	a
	annual
	3
	Pre-Dusk
	1500
	root
	60
	6.5
	47.0
	9.4
	25.4
	133.0
	69.3
	14.6
	95.3
	145.4

	47
	a
	annual
	3
	Pre-Dusk
	1500
	leaf sheath
	60
	60.1
	185.8
	213.6
	142.3
	155.9
	340.4
	99.3
	234.2
	109.8

	52
	a
	annual
	1
	Pre-Dawn
	1500
	leaf
	49
	168.1
	44.6
	36.6
	61.1
	267.2
	161.9
	37.5
	10.4
	173.6

	52
	a
	annual
	1
	Pre-Dawn
	1500
	root
	49
	7.7
	62.4
	11.5
	35.3
	105.9
	85.2
	17.3
	18.5
	138.4

	52
	a
	annual
	1
	Pre-Dawn
	1500
	leaf sheath
	49
	56.7
	166.0
	164.5
	103.5
	33.4
	303.4
	87.0
	35.9
	110.4

	57
	a
	annual
	1
	Pre-Dawn
	1500
	leaf
	49
	136.7
	52.1
	28.5
	57.0
	253.7
	156.9
	40.2
	
	171.6

	57
	a
	annual
	1
	Pre-Dawn
	1500
	root
	49
	5.3
	44.0
	11.8
	35.5
	88.6
	85.3
	18.3
	81.6
	149.5

	57
	a
	annual
	1
	Pre-Dawn
	1500
	leaf sheath
	49
	54.5
	156.3
	190.8
	113.5
	198.9
	269.5
	93.0
	18.6
	113.4

	59
	a
	annual
	1
	Pre-Dusk
	1500
	leaf
	49
	291.1
	67.7
	98.0
	83.8
	977.2
	126.9
	35.9
	27.1
	171.3

	59
	a
	annual
	1
	Pre-Dusk
	1500
	root
	49
	16.6
	49.5
	19.1
	51.1
	117.2
	73.1
	16.3
	39.8
	139.3

	59
	a
	annual
	1
	Pre-Dusk
	1500
	leaf sheath
	49
	82.3
	166.4
	251.0
	182.5
	285.5
	301.6
	100.1
	84.3
	110.4

	60
	a
	annual
	2
	Pre-Dawn
	1500
	leaf
	52
	169.1
	33.4
	46.3
	71.6
	256.3
	185.1
	38.6
	2.8
	179.5

	60
	a
	annual
	2
	Pre-Dawn
	1500
	root
	52
	5.7
	49.3
	11.2
	28.0
	119.4
	71.7
	18.8
	207.2
	139.4

	60
	a
	annual
	2
	Pre-Dawn
	1500
	leaf sheath
	52
	53.8
	137.7
	162.4
	104.6
	113.5
	255.8
	90.8
	27.2
	111.4

	61
	a
	annual
	3
	Pre-Dawn
	1500
	leaf
	60
	149.1
	36.5
	37.9
	53.0
	243.6
	118.4
	38.8
	6.5
	187.1

	61
	a
	annual
	3
	Pre-Dawn
	1500
	root
	60
	10.4
	45.7
	5.7
	14.0
	111.3
	86.9
	17.3
	30.9
	142.5

	61
	a
	annual
	3
	Pre-Dawn
	1500
	leaf sheath
	60
	48.8
	180.2
	149.0
	112.1
	105.8
	346.0
	79.5
	27.1
	112.4

	62
	a
	annual
	1
	Pre-Dusk
	1500
	leaf
	49
	254.6
	57.4
	70.1
	62.1
	850.0
	103.9
	40.0
	9.7
	164.3

	62
	a
	annual
	1
	Pre-Dusk
	1500
	root
	49
	4.4
	56.3
	18.6
	50.1
	118.3
	76.5
	17.1
	21.4
	135.4

	62
	a
	annual
	1
	Pre-Dusk
	1500
	leaf sheath
	49
	80.7
	159.0
	213.4
	147.2
	217.3
	296.1
	84.3
	125.6
	109.6

	64
	a
	annual
	2
	Pre-Dawn
	1500
	leaf
	52
	139.9
	35.1
	31.5
	47.9
	268.5
	67.8
	44.1
	7.7
	185.5

	64
	a
	annual
	2
	Pre-Dawn
	1500
	root
	52
	4.8
	61.0
	11.4
	31.1
	115.8
	76.8
	15.7
	29.6
	144.9

	64
	a
	annual
	2
	Pre-Dawn
	1500
	leaf sheath
	52
	56.9
	168.1
	183.2
	124.8
	46.1
	269.6
	92.0
	14.2
	111.5

	65
	a
	annual
	2
	Pre-Dusk
	1500
	leaf
	52
	247.6
	60.4
	40.9
	34.1
	483.4
	98.2
	16.5
	0.1
	145.0

	65
	a
	annual
	2
	Pre-Dusk
	1500
	root
	52
	3.3
	54.9
	15.0
	39.9
	162.6
	76.2
	19.1
	7.5
	150.3

	65
	a
	annual
	2
	Pre-Dusk
	1500
	leaf sheath
	52
	66.2
	168.4
	195.4
	112.4
	77.2
	305.4
	67.9
	7.1
	97.7

	67
	a
	annual
	3
	Pre-Dawn
	1500
	leaf
	60
	129.4
	48.2
	44.4
	65.8
	255.5
	122.6
	39.5
	
	181.6

	67
	a
	annual
	3
	Pre-Dawn
	1500
	root
	60
	4.2
	43.2
	6.5
	18.3
	100.7
	74.0
	14.2
	12.1
	148.3

	67
	a
	annual
	3
	Pre-Dawn
	1500
	leaf sheath
	60
	37.9
	164.2
	154.8
	127.3
	37.0
	292.4
	81.7
	41.3
	111.8

	68
	a
	annual
	2
	Pre-Dawn
	1500
	leaf
	52
	170.6
	43.8
	39.1
	59.5
	312.8
	145.3
	32.0
	7.5
	179.2

	68
	a
	annual
	2
	Pre-Dawn
	1500
	root
	52
	10.4
	57.1
	10.8
	26.6
	145.0
	88.6
	20.3
	24.4
	141.0

	68
	a
	annual
	2
	Pre-Dawn
	1500
	leaf sheath
	52
	54.6
	165.3
	156.6
	140.1
	28.2
	325.5
	97.7
	48.4
	107.8

	70
	a
	annual
	1
	Pre-Dawn
	1500
	leaf
	49
	151.4
	27.5
	50.0
	66.5
	293.3
	177.8
	46.1
	70.7
	226.7

	70
	a
	annual
	1
	Pre-Dawn
	1500
	root
	49
	8.7
	45.8
	11.9
	32.7
	72.1
	55.8
	16.9
	39.5
	140.9

	70
	a
	annual
	1
	Pre-Dawn
	1500
	leaf sheath
	49
	54.5
	138.0
	211.7
	120.3
	15.6
	185.8
	122.1
	100.0
	113.1

	71
	a
	annual
	1
	Pre-Dusk
	1500
	leaf
	49
	272.8
	85.4
	74.6
	72.6
	962.8
	144.4
	40.9
	29.2
	164.9

	71
	a
	annual
	1
	Pre-Dusk
	1500
	root
	49
	5.9
	57.1
	15.2
	40.0
	129.7
	62.4
	16.0
	113.1
	144.1

	71
	a
	annual
	1
	Pre-Dusk
	1500
	leaf sheath
	49
	78.8
	143.6
	242.1
	152.7
	137.7
	232.6
	106.6
	31.8
	113.3

	75
	a
	annual
	2
	Pre-Dusk
	1500
	leaf
	52
	280.6
	61.0
	65.1
	57.8
	866.5
	133.7
	28.2
	22.7
	162.7

	75
	a
	annual
	2
	Pre-Dusk
	1500
	root
	52
	3.8
	67.7
	10.8
	30.1
	149.8
	91.6
	16.8
	39.3
	147.2

	75
	a
	annual
	2
	Pre-Dusk
	1500
	leaf sheath
	52
	69.0
	160.2
	154.6
	94.8
	248.6
	262.2
	72.9
	9.3
	100.2

	78
	a
	annual
	3
	Pre-Dusk
	1500
	leaf
	60
	277.3
	56.0
	63.1
	39.7
	878.0
	126.5
	36.4
	2.4
	183.6

	78
	a
	annual
	3
	Pre-Dusk
	1500
	root
	60
	9.0
	59.3
	9.8
	28.7
	128.9
	84.7
	14.7
	44.3
	124.7

	78
	a
	annual
	3
	Pre-Dusk
	1500
	leaf sheath
	60
	66.5
	182.0
	174.9
	111.1
	324.5
	430.9
	76.1
	3.9
	106.3

	79
	a
	annual
	3
	Pre-Dawn
	1500
	leaf
	60
	149.6
	51.0
	34.9
	54.4
	232.5
	157.5
	45.7
	21.3
	175.6

	79
	a
	annual
	3
	Pre-Dawn
	1500
	root
	60
	8.6
	56.5
	10.2
	27.3
	99.4
	83.0
	15.6
	62.1
	138.5

	79
	a
	annual
	3
	Pre-Dawn
	1500
	leaf sheath
	60
	48.5
	186.9
	120.9
	85.5
	37.1
	316.1
	82.9
	18.9
	97.5

	86
	a
	annual
	1
	Pre-Dusk
	180
	leaf
	47
	210.2
	27.2
	33.5
	23.4
	1100.3
	44.7
	191.8
	280.4
	210.2

	86
	a
	annual
	1
	Pre-Dusk
	180
	root
	47
	11.8
	8.9
	10.7
	27.3
	66.6
	14.4
	51.8
	507.3
	134.9

	86
	a
	annual
	1
	Pre-Dusk
	180
	leaf sheath
	47
	99.8
	29.6
	244.9
	179.7
	220.4
	114.5
	374.8
	994.3
	127.3

	90
	a
	annual
	3
	Pre-Dawn
	180
	leaf
	61
	23.3
	4.9
	22.7
	16.6
	206.1
	15.9
	78.6
	38.2
	209.8

	90
	a
	annual
	3
	Pre-Dawn
	180
	root
	61
	7.9
	18.2
	6.4
	18.7
	86.5
	13.5
	33.9
	168.6
	127.7

	90
	a
	annual
	3
	Pre-Dawn
	180
	leaf sheath
	61
	35.7
	57.7
	178.4
	136.0
	204.4
	72.5
	206.9
	207.4
	125.1

	91
	a
	annual
	1
	Pre-Dawn
	180
	leaf
	47
	47.3
	11.6
	27.4
	23.9
	247.5
	37.3
	90.8
	92.5
	206.7

	91
	a
	annual
	1
	Pre-Dawn
	180
	root
	47
	6.6
	14.8
	11.9
	32.7
	58.4
	20.7
	37.3
	697.8
	140.7

	91
	a
	annual
	1
	Pre-Dawn
	180
	leaf sheath
	47
	50.6
	50.4
	179.0
	154.7
	
	82.3
	208.7
	465.7
	131.8

	92
	a
	annual
	3
	Pre-Dawn
	180
	leaf
	61
	26.1
	5.0
	20.9
	13.1
	166.0
	12.9
	86.9
	31.0
	220.6

	92
	a
	annual
	3
	Pre-Dawn
	180
	root
	61
	4.2
	12.5
	7.5
	18.3
	62.7
	7.9
	52.1
	257.5
	136.1

	92
	a
	annual
	3
	Pre-Dawn
	180
	leaf sheath
	61
	32.7
	30.7
	153.1
	105.5
	21.8
	41.5
	234.7
	584.4
	130.1

	93
	a
	annual
	3
	Pre-Dusk
	180
	leaf
	61
	102.5
	18.2
	41.4
	28.4
	893.4
	34.5
	86.7
	90.4
	227.6

	93
	a
	annual
	3
	Pre-Dusk
	180
	root
	61
	3.6
	31.8
	9.6
	23.9
	120.2
	12.9
	52.4
	244.7
	139.4

	93
	a
	annual
	3
	Pre-Dusk
	180
	leaf sheath
	61
	64.6
	42.5
	221.9
	129.7
	76.6
	78.4
	211.7
	663.1
	121.4

	94
	a
	annual
	1
	Pre-Dawn
	180
	leaf
	47
	48.9
	8.8
	19.8
	21.2
	259.5
	23.8
	85.8
	161.7
	210.0

	94
	a
	annual
	1
	Pre-Dawn
	180
	root
	47
	7.0
	11.1
	11.2
	30.5
	65.2
	11.6
	35.3
	294.5
	135.0

	94
	a
	annual
	1
	Pre-Dawn
	180
	leaf sheath
	47
	46.4
	41.6
	174.3
	149.7
	
	76.8
	225.6
	509.0
	127.1

	97
	a
	annual
	1
	Pre-Dawn
	180
	leaf
	47
	43.7
	9.1
	17.8
	13.7
	167.4
	31.5
	91.1
	379.0
	205.7

	97
	a
	annual
	1
	Pre-Dawn
	180
	root
	47
	9.3
	8.4
	8.0
	21.1
	51.4
	10.2
	45.4
	358.8
	136.8

	97
	a
	annual
	1
	Pre-Dawn
	180
	leaf sheath
	47
	42.1
	18.7
	132.7
	109.1
	33.3
	23.0
	264.8
	1091.6
	125.4

	98
	a
	annual
	2
	Pre-Dusk
	180
	leaf
	53
	77.1
	10.0
	29.1
	21.2
	799.4
	11.4
	97.3
	58.8
	234.7

	98
	a
	annual
	2
	Pre-Dusk
	180
	root
	53
	6.0
	16.3
	6.8
	13.7
	131.5
	3.0
	39.3
	245.6
	111.8

	98
	a
	annual
	2
	Pre-Dusk
	180
	leaf sheath
	53
	51.5
	24.9
	227.7
	125.5
	116.1
	28.4
	226.7
	664.9
	134.4

	99
	a
	annual
	2
	Pre-Dawn
	180
	leaf
	53
	28.3
	3.6
	20.2
	14.5
	93.7
	9.5
	269.5
	609.9
	194.6

	99
	a
	annual
	2
	Pre-Dawn
	180
	root
	53
	5.7
	7.8
	8.4
	13.2
	41.9
	
	170.7
	551.9
	142.1

	99
	a
	annual
	2
	Pre-Dawn
	180
	leaf sheath
	53
	34.2
	27.4
	83.7
	64.9
	24.8
	16.9
	
	1221.7
	131.3

	102
	a
	annual
	3
	Pre-Dusk
	180
	leaf
	61
	100.0
	20.9
	30.5
	25.0
	879.9
	1.4
	87.3
	7.9
	229.5

	102
	a
	annual
	3
	Pre-Dusk
	180
	root
	61
	7.4
	13.2
	7.3
	18.5
	132.0
	11.0
	44.9
	296.1
	134.3

	102
	a
	annual
	3
	Pre-Dusk
	180
	leaf sheath
	61
	69.3
	41.6
	252.6
	171.7
	73.6
	123.7
	256.6
	266.7
	134.2

	105
	a
	annual
	2
	Pre-Dawn
	180
	leaf
	53
	20.7
	9.4
	39.0
	18.3
	169.3
	16.1
	93.3
	86.0
	205.8

	105
	a
	annual
	2
	Pre-Dawn
	180
	root
	53
	2.8
	15.6
	6.4
	13.6
	65.8
	0.6
	41.1
	278.2
	137.1

	105
	a
	annual
	2
	Pre-Dawn
	180
	leaf sheath
	53
	33.3
	41.8
	123.8
	129.1
	59.6
	15.6
	292.9
	783.8
	128.7

	107
	a
	annual
	3
	Pre-Dusk
	180
	leaf
	61
	114.9
	22.9
	40.7
	31.6
	927.8
	29.6
	93.0
	28.6
	226.1

	107
	a
	annual
	3
	Pre-Dusk
	180
	root
	61
	5.9
	21.3
	4.3
	10.5
	59.1
	11.1
	35.7
	343.3
	138.4

	107
	a
	annual
	3
	Pre-Dusk
	180
	leaf sheath
	61
	80.0
	45.9
	200.4
	168.3
	175.4
	90.7
	346.0
	1262.4
	125.8

	108
	a
	annual
	2
	Pre-Dawn
	180
	leaf
	53
	7.7
	4.3
	16.3
	11.5
	63.0
	3.1
	118.5
	426.0
	201.5

	108
	a
	annual
	2
	Pre-Dawn
	180
	root
	53
	7.0
	10.9
	3.6
	9.0
	54.2
	
	85.7
	812.9
	138.1

	108
	a
	annual
	2
	Pre-Dawn
	180
	leaf sheath
	53
	28.9
	28.3
	71.6
	61.6
	38.1
	37.1
	373.2
	978.7
	126.7

	109
	a
	annual
	2
	Pre-Dusk
	180
	leaf
	53
	66.4
	15.4
	27.3
	21.5
	809.4
	18.9
	74.5
	3.7
	202.0

	109
	a
	annual
	2
	Pre-Dusk
	180
	root
	53
	4.0
	18.1
	18.2
	49.3
	113.9
	11.4
	36.1
	524.9
	129.7

	109
	a
	annual
	2
	Pre-Dusk
	180
	leaf sheath
	53
	53.4
	51.8
	214.6
	150.3
	87.7
	26.3
	182.1
	122.4
	125.0

	111
	a
	annual
	2
	Pre-Dusk
	180
	leaf
	53
	89.2
	18.1
	30.4
	26.0
	764.9
	13.6
	90.9
	38.8
	228.6

	111
	a
	annual
	2
	Pre-Dusk
	180
	root
	53
	6.7
	19.7
	9.8
	23.8
	107.2
	6.5
	45.5
	271.9
	137.7

	111
	a
	annual
	2
	Pre-Dusk
	180
	leaf sheath
	53
	60.9
	38.9
	223.3
	161.7
	104.5
	26.6
	271.1
	557.9
	136.0

	112
	a
	annual
	3
	Pre-Dawn
	180
	leaf
	61
	27.0
	13.4
	21.1
	15.8
	259.7
	9.9
	82.3
	38.6
	220.6

	112
	a
	annual
	3
	Pre-Dawn
	180
	root
	61
	4.4
	16.8
	6.4
	12.9
	84.3
	3.5
	31.1
	109.4
	133.2

	112
	a
	annual
	3
	Pre-Dawn
	180
	leaf sheath
	61
	27.2
	41.6
	153.4
	123.2
	59.0
	79.8
	220.0
	286.7
	129.4

	114
	a
	annual
	1
	Pre-Dusk
	180
	leaf
	47
	180.0
	41.3
	43.0
	30.1
	1166.7
	20.5
	153.6
	114.9
	231.2

	114
	a
	annual
	1
	Pre-Dusk
	180
	root
	47
	12.6
	3.4
	10.3
	29.0
	99.3
	18.3
	44.5
	295.1
	144.8

	114
	a
	annual
	1
	Pre-Dusk
	180
	leaf sheath
	47
	78.6
	34.4
	166.3
	117.3
	32.3
	72.2
	288.2
	793.1
	122.5

	117
	a
	annual
	1
	Pre-Dusk
	180
	leaf
	47
	182.2
	29.2
	49.9
	42.9
	1089.3
	72.5
	72.2
	4.5
	204.4

	117
	a
	annual
	1
	Pre-Dusk
	180
	root
	47
	4.6
	37.1
	11.7
	36.5
	74.5
	49.0
	27.6
	234.8
	133.0

	117
	a
	annual
	1
	Pre-Dusk
	180
	leaf sheath
	47
	77.0
	113.3
	214.3
	152.0
	136.3
	185.7
	164.2
	24.8
	123.1

	2
	pe
	perennial
	3
	Pre-Dusk
	400
	leaf
	59
	259.2
	30.7
	46.0
	12.0
	1158.8
	16.4
	97.0
	697.0
	184.9

	2
	pe
	perennial
	3
	Pre-Dusk
	400
	root
	59
	6.6
	19.7
	40.5
	32.8
	32.7
	15.4
	130.4
	399.0
	145.6

	2
	pe
	perennial
	3
	Pre-Dusk
	400
	leaf sheath
	59
	63.3
	40.7
	279.6
	46.1
	104.2
	21.4
	193.3
	745.4
	129.0

	3
	pe
	perennial
	3
	Pre-Dusk
	400
	leaf
	59
	246.8
	23.7
	32.0
	10.8
	1107.6
	33.6
	87.6
	58.3
	202.8

	3
	pe
	perennial
	3
	Pre-Dusk
	400
	root
	59
	11.5
	19.1
	37.0
	33.9
	50.5
	11.3
	83.7
	358.0
	148.2

	3
	pe
	perennial
	3
	Pre-Dusk
	400
	leaf sheath
	59
	50.2
	62.4
	233.2
	60.1
	55.0
	60.9
	286.4
	474.4
	131.9

	6
	pe
	perennial
	3
	Pre-Dusk
	400
	leaf
	59
	180.9
	19.4
	19.2
	11.2
	973.1
	43.4
	87.4
	213.8
	201.9

	6
	pe
	perennial
	3
	Pre-Dusk
	400
	root
	59
	6.0
	18.4
	14.4
	23.1
	39.7
	27.2
	65.7
	996.4
	152.0

	6
	pe
	perennial
	3
	Pre-Dusk
	400
	leaf sheath
	59
	77.9
	90.6
	224.7
	94.7
	44.2
	117.9
	263.6
	672.0
	128.8

	8
	pe
	perennial
	3
	Pre-Dawn
	400
	leaf
	59
	142.7
	19.2
	33.5
	12.7
	232.1
	20.2
	103.8
	627.1
	168.4

	8
	pe
	perennial
	3
	Pre-Dawn
	400
	root
	59
	12.9
	32.0
	14.8
	21.2
	70.1
	34.9
	85.1
	234.5
	136.7

	8
	pe
	perennial
	3
	Pre-Dawn
	400
	leaf sheath
	59
	80.0
	80.5
	327.3
	75.9
	23.6
	96.2
	314.2
	380.4
	118.7

	9
	pe
	perennial
	3
	Pre-Dawn
	400
	leaf
	59
	43.3
	8.0
	13.6
	8.8
	215.8
	
	76.5
	1123.0
	186.4

	9
	pe
	perennial
	3
	Pre-Dawn
	400
	root
	59
	7.2
	19.6
	40.7
	28.9
	54.6
	15.6
	93.8
	405.6
	141.8

	9
	pe
	perennial
	3
	Pre-Dawn
	400
	leaf sheath
	59
	33.5
	42.6
	235.3
	64.5
	
	35.7
	255.2
	951.5
	134.3

	10
	pe
	perennial
	3
	Pre-Dawn
	400
	leaf
	59
	51.3
	5.8
	23.7
	15.6
	130.0
	2.0
	154.4
	720.8
	179.0

	10
	pe
	perennial
	3
	Pre-Dawn
	400
	root
	59
	5.6
	42.2
	6.3
	12.9
	79.4
	44.1
	178.3
	764.2
	141.4

	10
	pe
	perennial
	3
	Pre-Dawn
	400
	leaf sheath
	59
	35.9
	44.8
	94.7
	42.1
	222.1
	47.7
	
	1126.4
	144.6

	12
	pe
	perennial
	3
	Pre-Dusk
	1500
	leaf
	60
	318.0
	50.7
	56.6
	21.0
	1457.8
	93.5
	40.0
	
	150.5

	12
	pe
	perennial
	3
	Pre-Dusk
	1500
	root
	60
	5.8
	41.1
	44.7
	39.2
	49.5
	25.7
	25.9
	65.1
	137.9

	12
	pe
	perennial
	3
	Pre-Dusk
	1500
	leaf sheath
	60
	67.9
	92.2
	341.5
	82.1
	93.8
	79.1
	130.8
	47.2
	132.9

	14
	pe
	perennial
	3
	Pre-Dawn
	1500
	leaf
	60
	246.6
	50.0
	30.3
	28.0
	293.7
	220.9
	34.2
	25.6
	155.5

	14
	pe
	perennial
	3
	Pre-Dawn
	1500
	root
	60
	9.2
	23.1
	19.6
	28.2
	45.1
	15.4
	14.0
	53.9
	150.7

	14
	pe
	perennial
	3
	Pre-Dawn
	1500
	leaf sheath
	60
	54.6
	123.3
	257.2
	81.1
	73.3
	84.9
	48.5
	43.4
	112.7

	17
	pe
	perennial
	3
	Pre-Dawn
	1500
	leaf
	60
	201.1
	60.3
	27.4
	21.1
	277.3
	166.1
	38.0
	5.4
	161.8

	17
	pe
	perennial
	3
	Pre-Dawn
	1500
	root
	60
	7.9
	29.9
	23.0
	25.2
	53.1
	34.7
	14.8
	32.4
	139.8

	17
	pe
	perennial
	3
	Pre-Dawn
	1500
	leaf sheath
	60
	58.0
	138.5
	197.0
	86.8
	72.6
	143.6
	81.0
	158.9
	116.7

	20
	pe
	perennial
	3
	Pre-Dusk
	1500
	leaf
	60
	330.9
	34.7
	36.9
	18.5
	1004.6
	211.4
	47.4
	14.4
	143.8

	20
	pe
	perennial
	3
	Pre-Dusk
	1500
	root
	60
	4.9
	39.5
	23.3
	32.0
	62.3
	24.2
	19.1
	17.7
	148.6

	20
	pe
	perennial
	3
	Pre-Dusk
	1500
	leaf sheath
	60
	77.4
	146.4
	249.5
	100.3
	120.0
	167.3
	64.8
	228.9
	110.4

	21
	pe
	perennial
	3
	Pre-Dawn
	1500
	leaf
	60
	158.7
	50.1
	53.7
	63.0
	346.9
	267.8
	41.1
	2.7
	181.8

	21
	pe
	perennial
	3
	Pre-Dawn
	1500
	root
	60
	7.9
	28.1
	28.8
	35.6
	54.9
	16.1
	21.5
	50.7
	151.4

	21
	pe
	perennial
	3
	Pre-Dawn
	1500
	leaf sheath
	60
	53.3
	123.1
	318.6
	65.6
	39.9
	267.9
	74.5
	308.3
	127.5

	23
	pe
	perennial
	3
	Pre-Dusk
	1500
	leaf
	60
	266.0
	42.3
	46.0
	14.3
	1288.9
	69.4
	54.3
	26.4
	171.7

	23
	pe
	perennial
	3
	Pre-Dusk
	1500
	root
	60
	5.9
	25.5
	18.4
	29.1
	44.9
	23.1
	26.9
	286.0
	140.5

	23
	pe
	perennial
	3
	Pre-Dusk
	1500
	leaf sheath
	60
	72.8
	87.9
	275.8
	59.9
	154.0
	146.6
	127.8
	169.6
	137.6

	24
	pe
	perennial
	3
	Pre-Dawn
	180
	leaf
	61
	20.2
	3.0
	8.3
	7.4
	49.2
	4.7
	80.4
	1032.4
	173.4

	24
	pe
	perennial
	3
	Pre-Dawn
	180
	root
	61
	3.0
	9.9
	12.9
	17.9
	41.5
	
	45.3
	468.9
	151.7

	24
	pe
	perennial
	3
	Pre-Dawn
	180
	leaf sheath
	61
	38.3
	21.9
	128.5
	16.8
	134.0
	43.0
	246.4
	1153.8
	141.3

	29
	pe
	perennial
	3
	Pre-Dawn
	180
	leaf
	61
	26.1
	2.3
	14.2
	8.6
	61.6
	13.0
	132.5
	733.8
	194.4

	29
	pe
	perennial
	3
	Pre-Dawn
	180
	root
	61
	4.3
	10.6
	9.2
	11.1
	25.2
	2.6
	50.1
	557.6
	154.0

	29
	pe
	perennial
	3
	Pre-Dawn
	180
	leaf sheath
	61
	39.0
	19.6
	33.2
	12.4
	94.2
	18.0
	289.8
	1138.1
	146.6

	30
	pe
	perennial
	3
	Pre-Dusk
	180
	leaf
	61
	111.0
	14.5
	17.3
	13.0
	618.6
	4.8
	99.9
	774.2
	178.0

	30
	pe
	perennial
	3
	Pre-Dusk
	180
	root
	61
	5.2
	16.0
	20.4
	18.2
	96.4
	16.1
	69.5
	655.8
	143.0

	30
	pe
	perennial
	3
	Pre-Dusk
	180
	leaf sheath
	61
	72.5
	31.5
	162.1
	49.5
	243.9
	65.6
	273.0
	999.2
	130.7

	31
	pe
	perennial
	3
	Pre-Dusk
	180
	leaf
	61
	130.2
	16.7
	25.0
	9.9
	666.5
	2.9
	88.5
	1023.1
	187.6

	31
	pe
	perennial
	3
	Pre-Dusk
	180
	root
	61
	6.3
	15.1
	13.8
	13.6
	115.0
	13.8
	32.9
	685.2
	144.4

	31
	pe
	perennial
	3
	Pre-Dusk
	180
	leaf sheath
	61
	73.2
	19.5
	326.5
	62.7
	350.9
	46.2
	236.8
	1171.9
	151.0

	32
	pe
	perennial
	3
	Pre-Dusk
	180
	leaf
	61
	191.0
	27.0
	13.0
	7.5
	453.8
	9.2
	157.2
	1358.4
	165.1

	32
	pe
	perennial
	3
	Pre-Dusk
	180
	root
	61
	3.4
	15.5
	18.2
	16.7
	102.8
	23.7
	66.0
	479.9
	145.5

	32
	pe
	perennial
	3
	Pre-Dusk
	180
	leaf sheath
	61
	99.8
	20.0
	166.8
	52.6
	212.9
	51.6
	333.1
	1114.3
	132.2

	33
	pe
	perennial
	3
	Pre-Dawn
	180
	leaf
	61
	17.3
	2.1
	10.7
	5.0
	76.5
	2.4
	84.4
	783.6
	182.8

	33
	pe
	perennial
	3
	Pre-Dawn
	180
	root
	61
	7.7
	8.2
	9.3
	14.4
	25.1
	6.9
	34.9
	596.5
	141.9

	33
	pe
	perennial
	3
	Pre-Dawn
	180
	leaf sheath
	61
	42.3
	43.9
	92.9
	37.5
	88.2
	28.2
	214.6
	1110.4
	144.1

	1
	pm
	perennial
	1
	Pre-Dusk
	400
	leaf
	48
	197.6
	37.7
	18.9
	10.8
	896.5
	5.5
	152.0
	1236.8
	199.6

	1
	pm
	perennial
	1
	Pre-Dusk
	400
	root
	48
	9.4
	7.1
	10.8
	9.8
	55.3
	8.4
	136.6
	677.7
	156.6

	1
	pm
	perennial
	1
	Pre-Dusk
	400
	leaf sheath
	48
	66.9
	32.6
	179.0
	50.4
	87.0
	41.8
	366.0
	874.7
	124.5

	2
	pm
	perennial
	1
	Pre-Dawn
	400
	leaf
	48
	76.0
	6.2
	8.4
	6.9
	93.4
	4.9
	272.6
	748.3
	171.2

	2
	pm
	perennial
	1
	Pre-Dawn
	400
	root
	48
	5.7
	11.7
	8.4
	11.0
	39.7
	13.1
	167.6
	737.4
	138.1

	2
	pm
	perennial
	1
	Pre-Dawn
	400
	leaf sheath
	48
	56.3
	42.9
	125.3
	44.8
	36.9
	97.4
	232.7
	821.3
	125.7

	3
	pm
	perennial
	1
	Pre-Dusk
	400
	leaf
	48
	234.9
	10.3
	21.6
	13.5
	938.0
	
	154.2
	669.6
	206.1

	3
	pm
	perennial
	1
	Pre-Dusk
	400
	root
	48
	8.6
	13.9
	12.2
	14.3
	88.1
	27.4
	45.7
	785.2
	147.7

	3
	pm
	perennial
	1
	Pre-Dusk
	400
	leaf sheath
	48
	73.4
	26.9
	240.1
	77.7
	
	67.7
	235.2
	908.6
	134.0

	6
	pm
	perennial
	1
	Pre-Dawn
	400
	leaf
	48
	62.3
	14.3
	9.9
	9.2
	130.4
	6.1
	146.8
	419.2
	189.1

	6
	pm
	perennial
	1
	Pre-Dawn
	400
	root
	48
	4.7
	11.5
	9.5
	10.2
	35.2
	17.4
	85.9
	637.4
	144.5

	6
	pm
	perennial
	1
	Pre-Dawn
	400
	leaf sheath
	48
	50.2
	46.5
	106.1
	34.2
	49.9
	71.4
	408.2
	771.6
	138.0

	7
	pm
	perennial
	1
	Pre-Dawn
	400
	leaf
	48
	51.1
	4.7
	13.6
	10.8
	70.8
	8.5
	143.1
	792.3
	195.3

	7
	pm
	perennial
	1
	Pre-Dawn
	400
	root
	48
	2.9
	8.7
	9.2
	11.7
	45.3
	16.5
	117.7
	632.8
	148.7

	7
	pm
	perennial
	1
	Pre-Dawn
	400
	leaf sheath
	48
	43.5
	37.0
	171.9
	67.9
	
	33.3
	369.2
	1153.3
	121.8

	8
	pm
	perennial
	1
	Pre-Dusk
	400
	leaf
	48
	280.2
	40.0
	33.8
	11.4
	1273.8
	47.0
	121.0
	701.6
	211.7

	8
	pm
	perennial
	1
	Pre-Dusk
	400
	root
	48
	2.9
	18.6
	19.5
	17.5
	45.3
	29.7
	83.5
	450.0
	150.2

	8
	pm
	perennial
	1
	Pre-Dusk
	400
	leaf sheath
	48
	114.0
	43.5
	281.5
	83.0
	243.5
	96.3
	233.1
	897.2
	137.8

	10
	pm
	perennial
	1
	Pre-Dawn
	1500
	leaf
	49
	139.8
	97.5
	48.8
	36.0
	115.5
	216.9
	52.0
	178.1
	177.8

	10
	pm
	perennial
	1
	Pre-Dawn
	1500
	root
	49
	10.0
	14.2
	22.2
	24.8
	43.7
	21.1
	58.0
	694.2
	161.0

	10
	pm
	perennial
	1
	Pre-Dawn
	1500
	leaf sheath
	49
	65.2
	91.3
	265.6
	64.7
	118.5
	108.9
	138.2
	695.9
	150.5

	12
	pm
	perennial
	1
	Pre-Dawn
	1500
	leaf
	49
	75.8
	68.5
	37.0
	46.7
	115.0
	96.2
	50.9
	92.6
	176.7

	12
	pm
	perennial
	1
	Pre-Dawn
	1500
	root
	49
	2.2
	23.7
	25.1
	20.6
	42.6
	13.5
	42.3
	365.2
	153.5

	12
	pm
	perennial
	1
	Pre-Dawn
	1500
	leaf sheath
	49
	49.4
	83.9
	226.0
	41.0
	41.9
	102.5
	101.5
	67.6
	122.5

	13
	pm
	perennial
	1
	Pre-Dusk
	1500
	leaf
	49
	309.4
	59.0
	51.6
	17.6
	1096.5
	252.1
	61.0
	25.3
	158.4

	13
	pm
	perennial
	1
	Pre-Dusk
	1500
	root
	49
	5.0
	19.7
	22.9
	27.0
	58.9
	27.2
	43.2
	943.1
	143.3

	13
	pm
	perennial
	1
	Pre-Dusk
	1500
	leaf sheath
	49
	109.6
	113.6
	319.0
	92.8
	243.0
	187.2
	121.2
	82.8
	108.9

	14
	pm
	perennial
	1
	Pre-Dusk
	1500
	leaf
	49
	233.5
	63.2
	91.2
	66.5
	894.8
	127.4
	60.1
	65.6
	184.7

	14
	pm
	perennial
	1
	Pre-Dusk
	1500
	root
	49
	3.2
	18.2
	31.8
	31.9
	39.1
	17.4
	38.8
	427.3
	155.8

	14
	pm
	perennial
	1
	Pre-Dusk
	1500
	leaf sheath
	49
	83.0
	86.2
	274.5
	61.3
	164.8
	101.7
	102.4
	727.4
	129.7

	18
	pm
	perennial
	1
	Pre-Dawn
	1500
	leaf
	49
	116.0
	42.6
	24.5
	26.2
	147.2
	201.1
	54.7
	38.9
	181.3

	18
	pm
	perennial
	1
	Pre-Dawn
	1500
	root
	49
	9.5
	9.2
	20.7
	20.1
	30.3
	20.7
	28.6
	519.8
	142.5

	18
	pm
	perennial
	1
	Pre-Dawn
	1500
	leaf sheath
	49
	58.6
	84.2
	250.7
	64.6
	29.8
	68.5
	120.4
	725.2
	134.4

	20
	pm
	perennial
	1
	Pre-Dusk
	1500
	leaf
	49
	259.0
	40.1
	83.7
	67.9
	1135.4
	85.9
	74.3
	366.6
	183.2

	20
	pm
	perennial
	1
	Pre-Dusk
	1500
	root
	49
	3.9
	36.7
	29.8
	28.3
	79.7
	35.7
	83.7
	629.0
	132.5

	20
	pm
	perennial
	1
	Pre-Dusk
	1500
	leaf sheath
	49
	76.8
	83.0
	291.9
	120.7
	54.8
	93.8
	181.1
	246.5
	125.9

	23
	pm
	perennial
	1
	Pre-Dusk
	180
	leaf
	47
	204.5
	19.1
	15.7
	10.3
	925.8
	14.3
	189.5
	369.7
	206.0

	23
	pm
	perennial
	1
	Pre-Dusk
	180
	root
	47
	4.9
	10.0
	8.4
	10.6
	65.5
	15.5
	60.1
	620.6
	155.0

	23
	pm
	perennial
	1
	Pre-Dusk
	180
	leaf sheath
	47
	90.3
	21.4
	168.5
	49.3
	228.7
	139.9
	236.4
	837.7
	145.6

	25
	pm
	perennial
	1
	Pre-Dawn
	180
	leaf
	47
	49.2
	11.7
	13.7
	8.0
	96.0
	
	221.2
	771.0
	187.8

	25
	pm
	perennial
	1
	Pre-Dawn
	180
	root
	47
	9.5
	5.3
	6.3
	7.6
	44.8
	2.3
	73.5
	789.0
	151.1

	25
	pm
	perennial
	1
	Pre-Dawn
	180
	leaf sheath
	47
	46.4
	22.5
	92.0
	18.6
	
	80.6
	348.4
	961.8
	138.5

	26
	pm
	perennial
	1
	Pre-Dawn
	180
	leaf
	47
	75.9
	
	10.4
	5.1
	66.2
	13.4
	163.6
	667.1
	189.4

	26
	pm
	perennial
	1
	Pre-Dawn
	180
	root
	47
	4.0
	7.6
	6.2
	6.7
	44.4
	16.1
	87.5
	704.4
	150.3

	26
	pm
	perennial
	1
	Pre-Dawn
	180
	leaf sheath
	47
	64.8
	15.9
	73.5
	12.1
	
	72.5
	360.8
	901.6
	130.2

	27
	pm
	perennial
	1
	Pre-Dawn
	180
	leaf
	47
	56.5
	7.7
	11.2
	6.8
	94.3
	6.8
	254.2
	623.4
	189.4

	27
	pm
	perennial
	1
	Pre-Dawn
	180
	root
	47
	3.0
	18.8
	12.4
	13.2
	51.3
	37.5
	115.3
	633.1
	159.5

	27
	pm
	perennial
	1
	Pre-Dawn
	180
	leaf sheath
	47
	81.9
	53.8
	149.0
	47.6
	87.3
	127.3
	
	674.5
	128.4

	28
	pm
	perennial
	1
	Pre-Dusk
	180
	leaf
	47
	252.4
	28.7
	22.1
	15.2
	968.9
	24.3
	240.5
	638.7
	176.5

	28
	pm
	perennial
	1
	Pre-Dusk
	180
	root
	47
	6.1
	28.3
	7.6
	9.1
	84.2
	49.4
	107.4
	545.0
	153.6

	28
	pm
	perennial
	1
	Pre-Dusk
	180
	leaf sheath
	47
	90.3
	53.3
	149.4
	39.6
	207.7
	166.3
	338.3
	712.0
	122.8

	30
	pm
	perennial
	1
	Pre-Dusk
	180
	leaf
	47
	262.4
	9.8
	20.9
	12.8
	992.7
	
	276.8
	301.6
	201.4

	30
	pm
	perennial
	1
	Pre-Dusk
	180
	root
	47
	6.0
	12.6
	13.3
	15.0
	57.0
	26.4
	73.7
	866.0
	166.9

	30
	pm
	perennial
	1
	Pre-Dusk
	180
	leaf sheath
	47
	77.9
	22.5
	233.0
	62.7
	121.1
	41.4
	413.2
	978.3
	117.0
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Nitrogen is vital for plant growth and is therefore an important agricultural and ecological resource.  The effects of nitrogen on plant growth are underpinned by interactions between nitrogen sources and sinks, which take up and utilise this resource, but the extent to which each limits growth in different species remains unclear.  We tested the hypothesis that slower growing wild perennial barley (Hordeum bulbosum) would be more nitrogen sink limited and that faster growing domesticated annual barley (Hordeum vulgare) would be more nitrogen source limited during vegetative growth.  We applied a nitrogen treatment and measured nitrogen uptake, growth and allocation, and the partitioning of nitrogen and carbon metabolites.  Consistent with hypotheses, the perennial stored more nitrogen suggesting stronger nitrogen sink limitation, and the annual invested more nitrogen in growth suggesting more pronounced nitrogen source limitation.  However, the perennial showed a much greater growth response than the annual to increasing nitrogen treatment.  In both species, nitrogen uptake, growth, tillering, allocation to shoot tissues and nitrogen storage increased with increasing nitrogen treatment, whilst carbon storage showed the opposite trend.  A higher amino acid:sucrose ratio revealed carbon source limitation in the perennial, consistent with previous work on this species.  Overall, growth in both species was predominantly limited by the development of nitrogen sinks, which has important implications for breeding future high-yielding crops.

[bookmark: _Toc322267603][bookmark: _Toc322267725][bookmark: _Toc322267889][bookmark: _Toc331253029]INTRODUCTION

The use of nitrogen fertiliser in agriculture is an increasing cause of concern from both economic and environmental perspectives (Masclaux-Daubresse et al., 2010).  Nitrogen is the mineral nutrient required in second-largest quantities for plants (Sakakibara et al., 2006), and is a vital resource, affecting growth, allocation and phenology (Stitt and Krapp, 1999); nitrate is the most common source of nitrogen for crop plants (Lillo, 2008).  Fertiliser use has led to great increases in crop production, but excess application of nitrogen fertiliser has simultaneously decreased agricultural nitrogen use efficiency and increased environmental damage (Erisman et al., 2008).  For instance, the manufacture and distribution of nitrogen fertiliser via the Haber-Bosch process is a considerable source of anthropogenic carbon dioxide, and agricultural run-off has led to devastating eutrophication in areas such as the Gulf of Mexico (Rabalais et al., 2002).  Appropriate fertiliser application will enable the financial and ecological costs of intensive farming to be reduced, yet the crop requirement for nitrogen must be met in order to maintain and increase yields.  Together, these requirements make nitrogen use efficiency a major target for crop improvement. Extensive research into the best timings for fertiliser application has been carried out, and much is known about nitrate transport and signalling mechanisms (Sakakibara et al., 2006; Miller et al., 2007; Kiba et al., 2011).  However, the whole-plant physiological behaviour linking molecular physiology on one hand, and crop ecology on the other, remains poorly characterised.

The relationships between nitrogen sources and sinks constitute a vital determinant of whole-plant growth behaviour.  The source describes the capacity of the plant to take up a resource – in this case, nitrogen – whilst the sink is the capacity of the plant to utilise that resource.  The nitrogen source:sink ratio is finely tuned by interacting molecular mechanisms, yet our understanding of the extent to which nitrogen source and sink limit growth at different times during plant ontogeny remains limited (White et al., 2016).  Broadly speaking, plants are thought to transition from carbon sink to source limitation during growth (Arp, 1991; Marschner, 1995), but the picture is far from complete, with differences in source and sink limitation observed for a variety of crops, particularly at grain filling (Álvaro et al., 2008; Acreche and Slafer, 2009; Peterhansel and Offermann, 2012; Slewinski, 2012; Jaikumar et al., 2014).  To our knowledge, patterns of nitrogen source and sink limitation have not been extensively researched, yet nitrogen is a vital resource for plant growth, and understanding the limitations to growth imposed by nitrogen sources and sinks as well as carbon sources and sinks will be important for improving crops in a holistic manner (Burnett et al., 2016; White et al., 2016). 

The natural diversity of plant growth rates can be used to investigate the factors that limit growth, and ecological research has advanced our understanding of how growth and nitrogen use by plants is adapted to different soil conditions. Growth rate is considered an important adaptation to variation in soil fertility, which in turn is hypothesised as an important explanation of global trait variation (Wright et al., 2004; Díaz et al., 2016).  Nutrient-poor environments are dominated by slower growing plants, and vice versa (Aerts and Chapin, 2000). Life history strategy is also an important axis of growth rate variation among wild species (Grime and Hunt, 1975; Garnier, 1992), and the growth rate differences between annuals and perennials are well documented (Houghton et al., 2013).  Annuals grow quickly in order to make a high investment in reproduction during their single year of life; perennials grow more slowly in order to conserve resources for future years (Garnier, 1992; Iwasa, 2000; Bennett et al., 2012).  Therefore, annuals generally have a higher relative growth rate (RGR) than perennials, which is especially clear when congeneric species are compared (Garnier, 1992).  The higher RGR of annual plants arises from their greater investment in leaf area and photosynthetic capacity: specific leaf area (SLA, mm2 leaf g-1 leaf) and nitrogen concentration are both higher in annuals, enabling greater carbon acquisition due to a greater light-harvesting area and a greater investment of nitrogen into the enzyme-rich photosynthetic machinery, thus facilitating faster growth (Garnier and Laurent, 1994; Grime et al., 1997; Poorter and van der Werf, 1998; Pierce et al., 2013); SLA correlates with nitrogen concentration (Reich et al., 2003; Wright et al., 2004; Díaz et al., 2016).  Fast growers also have a higher photosynthetic nitrogen use efficiency than slow growers, which leads to a higher rate of growth per unit nitrogen, i.e. nitrogen productivity (Poorter et al., 1990).  In contrast, perennials tend to have lower SLA and nitrogen concentration, and invest more in leaf longevity for longer-term survival.  Plants with lower SLA may also invest proportionately less leaf nitrogen into photosynthetic components (Hikosaka et al., 1998).  

Despite the dominance of slow growers in nutrient-poor environments (Aerts and Chapin, 2000), fast growing species still grow faster than slow growing ones in infertile soil, and species differences in nitrogen productivity also persist at low nitrogen (Campbell and Grime, 1992; Poorter et al., 1995).  As well as having a high nutrient uptake capacity, fast growers have a better ability to alter their uptake capacity in response to nutrient availability, i.e. a greater physiological plasticity (Garnier et al., 1989; Aerts and Chapin, 2000).  Based on this evidence, we therefore hypothesise that growth in fast growing species is more nitrogen source limited, and growth in slow growing species more nitrogen sink limited, such that, even at low nitrogen levels, fast growers will have a higher RGR and lower storage of nitrogen than slow growers. 

Here, we test this hypothesis by comparing the responses of two species of barley to a nitrogen gradient.  We use an elite domesticated annual spring malting barley (Hordeum vulgare cv. NFC Tipple) from the HGCA recommended list (HGCA, 2014) and a wild perennial relative (Hordeum bulbosum) from Turkey, able to grow in diverse habitats (von Bothmer, 1996).  We measured nitrogen uptake (source activity), storage (sink activity) and relative growth rate (sink activity).  We hypothesise that the perennial is inherently limited in its development of nitrogen sinks, since it develops more slowly (Burnett et al., 2016) and lives for longer, and adopts an ecological strategy requiring the conservation of nitrogen rather than extensive nitrogen use.  Based on this hypothesis, we predict that the nitrogen requirement of the perennial is lower than that of the annual.  In contrast, because crops have been bred to exploit high nitrogen availability in soils (Xu et al., 2012), the capacity of the annual to take up nitrogen will be greater and we hypothesise that it will be better able to utilise additional nitrogen in growth in the short-term (long-term analysis of competitive interactions is beyond the scope of this study).  We thus predict that perennial barley will be more nitrogen sink limited, and annual barley more nitrogen source limited, during vegetative growth.  

Our previous work on these species has uncovered significant carbon sink limitation of growth in the annual, shown by a lack of plasticity of photosynthesis and allocation and increased carbohydrate concentrations under elevated carbon dioxide.  In contrast, the perennial exhibits carbon source limitation, and is able to increase photosynthesis and sink development in response to elevated carbon dioxide, with a high amino acid:sucrose ratio (Burnett et al., 2016).  Since leaves are sources for carbon and sinks for nitrogen, and roots are sinks for carbon and sources for nitrogen (White et al., 2016), it is logical that the carbon sink limited annual will be more nitrogen source limited as hypothesised above, if carbon sink development is being restricted by the availability of nitrogen for growth and root development.  Similarly, it follows that the carbon source limited perennial will be more nitrogen sink limited, if carbon source strength is restricted by the conservative allocation of nitrogen to leaves.  Both species are expected to show an increase in nitrogen uptake, nitrogen storage and growth as nitrogen treatment is increased. However, nitrogen sink limited plants are expected to display a greater nitrogen storage response as nitrogen treatment is increased, due to exacerbation of existing sink limitation, whilst nitrogen source limited plants will show a greater growth response due to alleviation of existing source limitation.  We also hypothesise that both species will show a transition from nitrogen sink limitation towards source limitation during vegetative development, as observed for carbon (Arp, 1991; Marschner, 1995).  This is because younger plants lack a strong sink capacity for resource storage, while older plants have developed storage organs which are resource sinks, and will thus be more limited by source-driven resource acquisition than by sink capacity.  
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Plant material, growth conditions and nitrogen treatment

Seeds of Hordeum vulgare cv. NFC Tipple from the UK and Hordeum bulbosum (Accessions GRA1031 and GRA947) from Turkey were obtained from Syngenta and IPK Gatersleben respectively.  Seeds were first germinated on wet filter paper, then transplanted to 4-litre pots filled with a 1:10 sand:vermiculite mix topped with an additional layer of sand to aid seedling root development.  Plants were grown at the University of Sheffield in controlled environment plant growth chambers (BDR 16, Conviron, Isleham, UK), modified to scrub CO2 using soda lime to achieve 400 μmol mol-1 CO2.  Plants were randomised between three chambers, with the following growth conditions: 12-hour photoperiod with day/night temperatures of 20/18°, 65% relative humidity, 400 μmol mol-1 CO2, and daytime light levels of 600 μmol photons m-2 s-1 to provide a daily light integral of 25.9 mol m-2 day-1.  For the first week, plants were watered daily with Reverse Osmosis water.  Thereafter, plants were watered three times per week with 250ml Long Ashton’s nutrient solution, applied at different concentrations (nitrogen treatments): 1%, 20% (control) and 100%.  Plants were harvested at three times during vegetative growth: 14, 28 and 42 days after germination, because previous work on these species had found that RGR peaks 28 days after germination (Burnett et al., 2016).  Plants were always watered 24 hours before harvest.

15N uptake

15NO3 was fed 24 hours before harvest, for the harvest 42 days after germination.  This measurement had been planned for all three harvests but chemical supply and time constraints meant that this measurement could only be performed for the final harvest.  15N-labelled potassium nitrate and calcium nitrate (10% labelled atom) were substituted for the same mass of unlabelled potassium nitrate and calcium nitrate in the Long Ashton’s nutrient solution, such that the plants received their usual dose of all nutrients. 

A subsample of the ground, freeze-dried material obtained for metabolite harvests (see below) was analysed for 15N enrichment using an ANCA GSL 20-20 Mass Spectrometer (Sercon PDZ Europa, Crewe, UK).  Values from control samples were subtracted from these data in order to give 15N enrichment relative to the baseline level for each organ type and nitrogen treatment (there was no inherent difference in baseline 15N between the two species).

Growth and allocation

Shoot area was obtained by photographing plants twice per week starting eight days after germination (method described in Burnett et al., 2016).  For very young plants, only one photograph was required at each time point.  Shoot area was calibrated with dry mass using a batch of 29 additional plants, not used in the main study, which were also photographed twice weekly.  At five time points, once per week starting 12 days after germination, individuals from this batch were harvested and oven-dried in order to calibrate shoot area to leaf area and dry mass (r2 = 0.88), and to analyse partitioning to different organs.  Mass-based relative growth rate (RGR) was obtained for each individual by converting non-destructive projected area measurements to dry mass using the calibration from destructively harvested plants.

The dry mass fractions of leaf, leaf sheath and root were calculated for each oven-dried individual and the means for each species and nitrogen concentration were obtained.  The leaf fractions for each species and nitrogen concentration were multiplied by the predicted dry mass from photographs for the plants in the main study to give leaf mass ratio (LMR).  Leaf area ratio (LAR) for each individual was obtained by multiplying specific leaf area (SLA, measured on all metabolite harvest plants) by leaf mass ratio (measured for biomass harvests and means for each species and nitrogen level taken).  

Tillers were counted immediately before metabolite harvests were carried out.

Metabolites 

At 14, 28 and 42 days after germination, metabolite harvests were carried out on plants from the main study, since previous work had found that maximum RGR occurs approximately 28 days after germination in these species (Burnett et al., 2016).  For each of the nitrogen levels and species, one replicate from each of the three growth chambers was taken, giving a total of 18 plants at each time point.  For the harvests 14 days after germination, two individuals of the same species and treatment were pooled to make each replicate due to the small size of each individual.  Plants were harvested within one hour before dawn.  Plants were separated into leaf, leaf sheath and root, flash-frozen in liquid nitrogen and stored at -80°C; samples were subsequently freeze-dried prior to analysis.  For small plants, the entire plant was harvested; for larger plants, representative samples of each organ from both young and old tissue were harvested. Metabolite assays were performed at Brookhaven National Laboratory using the protocols described by Burnett et al. (2016).  Elemental CHN was analysed using a 2400 Series II CHN analyser (PerkinElmer, Waltham, MA, USA).  More samples were available for CHN analysis than for metabolite assays, due to the small size of some plants.  Growth at elevated CO2 commonly results in an accumulation of carbohydrate in leaves, particularly when sink development is restricted (Rogers and Ainsworth, 2006), and the low nitrogen treatment here resulted in accumulation of carbohydrates.  Therefore, to avoid the diluting effect which this mass of carbohydrate can have on assessment of other metabolite contents, data were expressed per g carbohydrate-corrected dry weight, obtained by subtracting the mass of total non-structural carbohydrate from the dry mass of each sample as has been done previously (Rogers et al., 2006).

Statistical methods

All data were analysed in R (R Core Team, 2015) using Type II ANOVA.  Logarithmic transformations were performed prior to analysis to satisfy the assumptions of ANOVA.
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Nitrogen uptake

Net nitrogen uptake (Fig. 1) increases significantly with increasing nitrogen treatment (F(2,10) = 54.6, p<0.001), in accordance with the hypothesis that both species will increase nitrogen uptake as nitrogen treatment increases.  Uptake was measured by feeding 15N-labelled nitrate and measuring the 15N:14N ratio in harvested plant material.  There is no significant species effect (either main effect or interaction, p>0.5 in each case) on net nitrogen uptake (Fig. 1). 
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Figure 1.  Net nitrogen uptake rate of annual (filled circles, solid line) and perennial barley (hollow circles, dashed line) increases with nitrogen treatment level.  Uptake was measured over 24 hours before harvesting plants at 6 weeks old.  Data show mean ± SE (n=3).



Growth and allocation

Relative growth rate (RGR)  is consistently higher in annual than in perennial barley, supporting the hypothesis that the annual invests more resources in growth than the perennial, even at low nitrogen (significant effect of species: F(1,11) = 0.0097, p<0.01).  However, this effect decreases as nitrogen treatment increases.  Peak RGR is 375% higher in the annual than in the perennial at 1% nitrogen, 132% higher at 20% nitrogen, and 51% higher at 100% nitrogen.  In accordance with the hypothesis that both species will show an increase in growth rate with increasing nitrogen treatment, RGR increases significantly in annual and perennial barley when nitrogen treatment is increased (F(1,12) =  0.0072, p<0.01).  However, RGR shows a much greater relative increase in the perennial than the annual when nitrogen treatment is increased (Fig. 3): peak RGR in the perennial increases by 287% between 1% and 20% nitrogen, and 77% between 20% and 100% nitrogen, whereas peak RGR in the annual increases by 89% between 1% and 20% nitrogen, and 15% between 20% and 100% nitrogen.
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Figure 2.  Relative growth rate (RGR, g g-1 day-1) is greater in annual (solid line) than perennial (dashed line) barley and increases with nitrogen treatment.  Data are from plants harvested 28 and 42 days after germination.  Data show mean ±  SE (for annuals, n = 5, 6, 4, and for perennials, n = 1, 3 3 at 1, 20 and 100% nitrogen respectively).  
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Figure 3.  Relative growth rate (RGR, g g-1 day-1) shows a much greater increase when nitrogen treatment is increased from 1% to 20%, than when nitrogen treatment is increased from 20% to 100%.  This increase is significantly higher for perennial (hollow bars) than annual (filled bars) barley.  Percentages are obtained from the mean RGR values shown in Fig. 2. 
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Figure 4.  Tillering increases with nitrogen treatment and this effect increases with age in both annual (filled circles, solid line) and perennial (hollow circles, dashed line) barley.  Data show mean ± SE (n=3), for plants harvested 14, 28 and 42 days after germination; at all three ages, plants at 1% nitrogen treatment have only one tiller.


Partitioning of biomass is also affected by nitrogen treatment.  In accordance with the change in RGR, tillering increases dramatically with nitrogen treatment (Fig. 4), and this effect is greater as plants get older (significant nitrogen x age interaction for tillering: F(2,40) = 10.9, p<0.001).  However, there is no difference between species nor a nitrogen x species interaction (p>0.6 in each case).  Allocation to roots (Table 1) decreases at higher nitrogen supplies (for root:shoot ratio, F(1,19) = 40.6, p<0.001; for root mass ratio, F(1,19) = 38.9, p<0.001), but does not differ between species.  In both species, sheath mass ratio and leaf mass ratio (Table 1) increase with nitrogen treatment (for sheaths, F(1,19) = 25.9, p<0.001; for leaves, F(1,19) = 30.1, p<0.001). The annual allocates more biomass to roots earlier in development and more to sheaths later in development whilst the opposite trend is seen in the perennial (significant species x age interactions: for shoot mass ratio, F(1,19) = 16.8, p<0.001; for root:shoot ratio, F(1,19) = 10.6, p<0.01).  


Table 1.  Root:shoot and root mass ratios decrease and leaf and sheath mass ratios increase with increasing nitrogen treatment level in annual and perennial barley.  These data are obtained from the subset of additional plants harvested for biomass calibration.  For root:shoot ratio, root mass is divided by the sum of leaf and sheath mass for each individual and the results averaged.  For leaf, sheath and root mass ratios, the ratio is the dry mass of that organ divided by the dry mass of the whole plant.  18 annuals and 11 perennials were harvested at five timepoints.  Data show mean ± SE (at 1, 20, 100% nitrogen, annual n = 6, 6, 5; perennial n = 4, 2, 5).  For brevity, age effects have not been included in this summary, but they are discussed elsewhere in the manuscript.

	
	Species
	1% nitrogen
	20% nitrogen
	100% nitrogen

	Root:shoot ratio 
	Annual
Perennial
	1.60 ± 0.213
1.54 ± 0.301
	0.80 ± 0.219
0.83 ± 0.176
	0.54 ± 0.113
0.59 ± 0.065

	Leaf Mass Ratio 

	Annual
Perennial
	0.33 ± 0.027
0.27 ± 0.014
	0.42 ± 0.030
0.35 ± 0.014
	0.46 ± 0.012
0.44 ± 0.039

	Sheath Mass Ratio
	Annual
Perennial
	0.07 ± 0.004
0.14 ± 0.054
	0.17 ± 0.029
0.20 ± 0.067
	0.24 ± 0.020
0.19 ± 0.018

	Root Mass Ratio

	Annual
Perennial
	0.60 ± 0.031
0.59 ± 0.054
	0.41 ± 0.055
0.45 ± 0.053
	0.30 ± 0.014
0.37 ± 0.028



Leaf area ratio (LAR, m2 leaf kg-1 plant) is the product of specific leaf area (SLA, m2 leaf kg-1 leaf) and leaf mass ratio (LMR, kg leaf kg-1 plant).  Although LMR is slightly higher in the annual, SLA is slightly higher in the perennial (F(1,45) = 5.97, p<0.05), meaning that LAR is the same in both species (Table 2).  LAR and SLA decrease with age in both species (LAR: F(1,45) = 34.6, p<0.001; SLA: F(1,45) = 42.2, p<0.001), whereas LAR increases with nitrogen treatment (F(1,45) = 56.6, p<0.001), in addition to the increase in LMR documented above (Table 1).  Thus at higher nitrogen treatment levels, proportionately more biomass is allocated to leaves and there is also more leaf area per unit biomass.


Table 2.  Leaf area ratio (LAR, expressed here as m2 leaf kg-1 plant) and specific leaf area (SLA, expressed here as m2 leaf kg-1 leaf) decrease with age, and LAR increases with nitrogen treatment, in annual and perennial barley harvested 14, 28 and 42 days after germination.  SLA is higher in perennial than annual barley overall, whilst LAR does not differ between species.  LAR is the product of SLA (measured on all plants in the main study at the time of metabolite harvest) and LMR (from the subset of plants harvested for biomass calibration; see Table 1).  Data show mean ± SE (n=3). 

	
	Species
	1% nitrogen
	20% nitrogen
	100% nitrogen

	LAR, 14 days
	Annual
Perennial
	11.3 ± 0.476
9.5 ± 0.773
	14.7 ± 1.138
16.1 ± 0.678
	20.0 ± 2.237
19.9 ± 1.676

	LAR, 28 days 
	Annual
Perennial
	12.0 ± 0.227
12.3 ± 3.202
	13.7 ± 0.543
13.6 ± 1.079
	17.3 ± 1.137
16.1 ± 1.842

	LAR, 42 days
	Annual
Perennial
	9.8 ± 0.105
7.7 ± 0.396
	10.3 ± 0.575
10.6 ± 1.210
	12.3 ± 0.163
13.2 ± 0.288

	SLA, 14 days

	Annual
Perennial
	34.3 ± 1.44 
35.1 ± 2.86
	35.0 ± 2.71
46.1 ± 1.94
	43.4 ± 4.86 
45.3 ± 3.81

	SLA, 28 days
	Annual
Perennial
	36.5 ± 0.69 
45.7 ± 11.86
	32.6 ± 1.29 
38.9 ± 3.08
	37.6 ± 2.47 
36.6 ± 4.19

	SLA, 42 days
	Annual
Perennial
	29.6 ± 0.32
28.6 ± 1.47
	24.6 ± 1.37 
30.3 ± 3.46
	26.8 ± 0.35 
30.1 ± 0.65




Nitrogen and carbon metabolites

Overall, an increase in nitrogen treatment leads to an increase in plant nitrogen concentration and a decrease in plant carbon concentration (Figs. 5-8).  The concentration of nitrogen metabolites in leaves, leaf sheaths and roots of annual and perennial barley increases when nitrogen treatment is increased from 1% to 20%, consistent with the hypothesis that both species will show an increase in nitrogen storage as nitrogen treatment increases, yet shows a comparatively smaller change when nitrogen treatment is increased further to 100% (Fig. 5), similar to the response of RGR to nitrogen treatment (Figs. 2, 3).  Nitrate shows a particularly strong response to nitrogen treatment, especially in young leaves and roots (Fig. 5A,F).  The nitrogen treatment has a significant effect on nitrate concentration in leaf (F(1,28) = 21.7, p<0.001), leaf sheath (F(1,11) = 17.9, p<0.01) and root (F(1,29) = 36.1, p<0.001).  Nitrate in the sheath tissue is also significantly higher in the annual (F(1,11) = 45.9, p<0.001).  Amino acid concentration increases with age (Fig. 5), and this age effect is significant in the sheath (Fig. 5D,E; F(1,11) = 20.8, p<0.001).  In leaf and root, amino acids increase with nitrogen treatment (leaf: F(1,28) = 8.4, p<0.001; root: F(1,29) = 13.5, p<0.001).  However, the protein concentration remains fairly constant at all nitrogen treatment levels (Fig. 5), increasing with nitrogen treatment level in the leaf (F(1,28) = 25.4, p<0.001), but otherwise showing no significant change.
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Figure 5.  Partitioning of nitrogen resources in annual (filled symbols, solid line) and perennial (hollow symbols, dashed line) barley.  Panel shows allocation of nitrogen to protein (filled and hollow circles), free nitrate (filled and hollow squares), and free amino acids (filled and hollow triangles).  All data are expressed in mmol N g-1 carbohydrate-corrected dry weight (CCDW).  A, leaf 14 days after germination; B, leaf 28 days; C, leaf 42 days; D, leaf sheath 28 days; E, leaf sheath 42 days; F, root 14 days; G, root 28 days; H, root 42 days.  Leaf and leaf sheath tissues were pooled for the harvests at 14 days.  Data show mean ± SE (n=3).
In contrast to nitrogen metabolites, the storage of carbon metabolites decreases when nitrogen treatment is increased from 1% to 20% but, as for RGR and nitrogen metabolites, this storage shows relatively little change when nitrogen treatment is increased to 100% (Fig. 6).  
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Figure 6.  Non-structural carbohydrates in annual (filled symbols, solid line) and perennial (hollow symbols, dashed line) barley.  Panel shows allocation of carbon to total non-structural carbohydrates (TNC; filled and hollow circles) and to total fructans (filled and hollow triangles) which represent a large proportion of TNC.  TNC is the sum of glucose, fructose, sucrose, starch, short-chain and long-chain fructans.  All data are expressed in mmol C g-1 carbohydrate-corrected dry weight (CCDW).  A, leaf 14 days after germination; B, leaf 28 days; C, leaf 42 days; D, leaf sheath 28 days; E, leaf sheath 42 days; F, root 14 days; G, root 28 days; H, root 42 days.  Leaf and leaf sheath tissues were pooled for the harvests at 14 days.  Data show mean ± SE (n=3).


Fructans are a major store for carbon (Fig. 6), and the roots of both species contain more carbon and less nitrogen than the shoot tissues (Fig. 7).  In general, the tissues of annual barley contain a higher concentration of total non-structural carbohydrate (TNC) than the perennial (Fig. 6).  TNC is significantly higher in the annual in leaf (F(1,28) = 7.7, p<0.01), sheath (F(1,11) 5.3, p<0.05) and shows a species x age interaction in the root: TNC is higher in the annual 14 days after germination but is similar in both species thereafter (F(2,29) = 6.8, p<0.01).  Root TNC also shows a significant nitrogen treatment x age interaction (F(2,29) = 12.7, p<0.001), with the decrease in TNC with increasing nitrogen treatment being most pronounced 14 days after germination (Fig. 6F).  Fructan concentration shows a significant nitrogen x species x age interaction in the sheath (F(1,11) = 10.5, p<0.01), with fructan decreasing more at 28 days in the annual and more at 42 days in the perennial in response to the increase in nitrogen treatment (Fig. 6D,E).  In the root there are significant effects of nitrogen (F(1,28) = 15.1, p<0.001) and species (F(1,28) = 18.6, p<0.001) on fructan concentration: fructan decreases with increasing nitrogen treatment and is generally higher in the  perennial (Fig. 6, F,G,H).

Overall, perennial barley has a higher concentration of nitrogen in its tissues than annual barley (Fig. 7), consistent with the hypothesis that nitrogen sink limitation in the perennial would lead to a greater storage response in this species.  Elemental N content (Fig. 7A,B,C) increases with the nitrogen treatment level in leaf (F(1,33) = 47.6, p<0.001), sheath (F(1,13) = 4.8, p<0.05) and root (F(1,34) = 42.4).  It is also higher in the perennial in leaf tissue (F(1,33) = 6.6, p<0.05), but there is no species x nitrogen treatment interaction.  Carbon:nitrogen (C:N) ratio (Fig. 7D,E,F) decreases with nitrogen treatment in leaf (F(1,33) = 46.3, p<0.001), sheath (F(1,13) = 5.5, p<0.05) and root (F(1,34) = 46.8).  It is also higher in annual barley leaf tissue compared to perennial barley (F(1,33) = 5.9, p<0.05).  The trend shown by Figures 5 and 6, that carbon and nitrogen storage is more affected by an increase in nitrogen treatment from 1% to 20% than by an increase from 20% to 100%, is also seen in Figure 7.
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Figure 7.  Total nitrogen concentration increases with nitrogen treatment and carbon:nitrogen (C:N) ratio decreases with nitrogen treatment in annual (filled circles, solid line) and perennial (hollow circles, dashed line) barley.  Carbohydrate-corrected dry weight (CCDW) was used for these elemental N and C concentrations.  A, leaf nitrogen; B, sheath nitrogen; C, root nitrogen; D, leaf C:N ratio; E, sheath C:N ratio; F, root C:N ratio.  Data show mean across all ages due to lack of significant age effects ± SE (at 1, 20, 100% nitrogen, annual n = 9, 9, 9 in leaf and root and 1, 6, 6 for sheath; perennial n = 4, 7, 9 for leaf, 0, 5, 5 for sheath, and 5, 7, 9 for root).  There are more samples for CHN analysis than for metabolite analysis due to the small size of some samples. 


Perennial barley has a higher amino acid:sucrose ratio (Fig. 8) in the leaves compared to the annual (F(1,28) = 21.8, p<0.001), an indicator of carbon source limitation in this species.
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Figure 8.  Amino acid:sucrose ratio is higher in perennial (hollow circles, dashed line) than annual (filled circles, solid line) barley.  Metabolites are expressed in μmol amino groups and μmol sucrose per g carbohydrate-corrected dry weight (CCDW), respectively.  Data show mean ± SE (n=3).
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In this study, annual and perennial barley were grown along a nitrogen gradient to elucidate the relative contributions of nitrogen source and sink strengths to growth.  Annual and perennial barley show a range of responses to the nitrogen treatments.  As the nitrogen treatment level increases, both species show an increase in nitrogen uptake (Fig. 1), an increase in tillering and allocation to leaves, and a decrease in allocation to roots (Fig. 4; Table 1).  The investment of nitrogen into growth and storage shows large increases when nitrogen treatment is increased from 1% to 20%, but this response is smaller when nitrogen treatment is increased further from 20% to 100%, especially in annual barley, indicating significant nitrogen sink limitation in this species (Figs. 3, 5-7).  Whilst the annual invests more resources in growth overall (Fig. 2), the perennial is better able to invest in growth under high nitrogen levels (Fig. 3), suggesting that growth in the perennial is less nitrogen sink limited than growth in the annual.

Annual and perennial barley do not differ in nitrogen uptake capacity

Annual and perennial barley have the same net nitrogen uptake rate (Fig. 1) indicating that both species are well adapted to extract this vital resource from the environment.  Nitrate efflux can be substantial (Devienne et al., 1994a); here the net influx was measured, and the uptake rates measured here correspond with those of other authors (e.g. Taulemesse et al., 2015).  Both species show a substantial increase in nitrogen uptake with increasing nitrogen treatment level (Fig. 1), consistent with the hypotheses for this study. 


Perennial barley shows a greater growth response to increased nitrogen

As the nitrogen treatment increases from 1% to 20%, plants show a dramatic response, with both the amount of plant material (Figs. 2, 3) and the concentration of nitrogen in that material (Fig. 5) increasing significantly, consistent with hypotheses.

Annual barley grows faster overall (Fig. 2), yet the perennial shows a greater relative growth response when nitrogen treatment is increased (Fig. 3) and has a higher leaf nitrogen concentration (Fig. 7A).  This suggests that under nitrogen-limited conditions (1% nitrogen treatment) the perennial preferentially allocates nitrogen to storage rather than growth, consistent with the hypothesis that the perennial will conserve nitrogen (Campbell and Grime, 1992).  This enables the perennial to be opportunistic in its use of carbon resources, as observed in previous work with these species, which found that the perennial is better able to respond to increasing carbon dioxide compared to the annual (Burnett et al., 2016).  In contrast to the hypothesis that growth in the perennial would be more nitrogen sink limited and growth in the annual more nitrogen source limited, the perennial shows a greater response to increased nitrogen treatment.  This indicates that growth in the perennial is in fact less nitrogen sink limited than growth in the annual.

Perennial barley allocates both nitrogen and biomass to storage organs

Consistent with the hypothesis that perennial barley would show a greater storage response to nitrogen treatment than the annual, the perennial displays a lower allocation of mass to leaves compared to the annual (Table 1), allocating more biomass to the storage organs of leaf sheath and root, with a higher sheath mass ratio earlier in development and a higher allocation to roots later in development.  Since perennial barley has a higher nitrogen concentration and lower C:N ratio in the root compared to the annual (Fig. 7C,F), its greater allocation to roots in terms of biomass fraction enables proportionately greater nitrogen storage at the whole plant level, and its greater allocation to leaf sheaths offsets its lower sheath nitrogen concentration compared to the annual (Fig. 7B).  This is consistent with a conservative growth strategy: the perennial grows more slowly than the annual (Fig. 2) and conserves resources when nutrients are limiting, allocating biomass and nitrogen to storage (Table 1; Figs. 5, 7).  However, our previous work revealed significant developmental plasticity in the perennial, which is carbon source limited and therefore shows a stronger response to increasing carbon dioxide compared to the annual (Burnett et al., 2016).  A conservative, nitrogen-storing strategy thus facilitates opportunistic and flexible responses to changes in the availability of other resources such as carbon.

Contrary to expectations, the perennial has a higher specific leaf area (SLA) (Table 2) and higher nitrogen concentration (Fig. 7) compared to the annual, traits that are generally associated with fast growing species in the ecological literature (Reich et al., 2003; Wright et al., 2004).  This is consistent with previous work on this species (Burnett et al., 2016), which revealed carbon source limitation in the perennial, since it is investing in carbon acquisition by the leaves in order to match carbon and nitrogen supply.  Indeed, the higher SLA and leaf nitrogen concentration observed here for the perennial indicate that it may have the potential to be a rather fast growing species despite its perennial life history strategy.  Potential RGR has previously been correlated with nutrient uptake capacity (Garnier et al., 1989) and here the net nitrogen uptake rates are very similar for annual and perennial barley, although the perennial never matches the RGR of the annual.  LMR (Table 1) and RGR (Fig. 2) are both higher in the annual, such that LAR (the product of SLA and LMR) does not differ between species (Table 2).  Whilst SLA tends to be the major contributor to LAR and thus RGR in herbaceous species (Poorter and van der Werf, 1998), some studies have found that RGR correlates with LMR rather than SLA (references within Garnier, 1992), which is consistent with the higher LMR and higher RGR seen here for annual barley.  Two further points of contention, which go beyond the scope of this study but are of interest here, are whether RGR regulates resource uptake or vice versa (e.g. Rodgers and Barneix, 1988; Garnier et al., 1989), and the extent to which uptake is regulated by demand (Taulemesse et al., 2015).  Indeed, nitrate itself is an important regulator of nitrogen uptake (Masclaux-Daubresse et al., 2010).  In addition to elucidating the relative contribution of nitrogen source and sink to growth, a deeper understanding of the molecular drivers that underpin regulation of nutrient uptake will be an important component of improving nitrogen use efficiency.

It is important to note the assumption that only the labelled nitrogen fed 24 hours before harvest would be taken up during that time.  Plants were grown in large pots and it was assumed that nitrogen would be evenly distributed and depleted around the roots.  Since the substrate was not flushed out with nitrogen-free liquid before 15N-labelled Long Ashton’s was fed, it is possible that some nitrogen from earlier feeds would have been taken up too and the measurement of uptake rate would thus not encompass all nitrogen that was taken up during the 24 hours before harvest.  It is also possible that this creates further bias, if for example there was more nitrogen remaining in pots exposed to the 100% nitrogen treatment than in those exposed to 1% nitrogen, such that the uptake rate at 100% nitrogen would be underestimated compared to at 1% nitrogen due to this dilution effect. 

Nitrate is a key store for excess nitrogen

Nitrate shows a particularly strong response to nitrogen treatment (Fig. 5) because it is a labile store.  Nitrate also shows a strong response to nitrogen treatment in wheat (Devienne et al., 1994b) and Arabidopsis (Tschoep et al., 2009) and, along with protein, constitutes a key store for nitrogen in herbaceous plants (Millard, 1988).  Here, the raw material for nitrogen uptake is nitrate, and this is readily accumulated in plant tissues with relatively low cost since there is no assimilation cost (as would be required for converting nitrate into amino acids).  Accumulating nitrate therefore means that nitrogen can readily be acquired under high nitrogen treatment levels, even if carbon is limiting.  Such carbon limitation could quickly arise in young plants because greater leaf area is required in order to create the carbon skeletons needed for amino acid synthesis; in the leaf, nitrate accumulates with increasing nitrogen treatment 14 days after germination (Fig. 5A), but 42 days after germination amino acids accumulate instead (Fig. 5C) and also build up in the leaf sheath (Fig. 5E).  Compared to nitrate and amino acids, protein concentration remains relatively constant at all nitrogen treatment levels (Fig. 5).  Excess nitrogen is thus stored as nitrate or amino acids, or invested in growth, but is not used to elevate protein concentration.  The lack of an ontogenetic effect on leaf protein during vegetative growth is also notable (Fig. 5): rather than increase leaf protein concentration as leaves get older, plants create more leaf tissue and maintain the same protein concentrations.

High nitrogen increases carbon source limitation

Total non-structural carbohydrate (TNC) concentration decreases when nitrogen treatment is increased from 20 to 100% in both species (Fig. 6) due to increasing carbon source limitation.  Both species show an increase in N concentration and a decrease in C:N ratio as the nitrogen treatment is increased (Fig. 7).  This corresponds with a shift from excess carbon to excess nitrogen in the plants, imposed by the nitrogen treatment: nitrogen limitation increases TNC concentration, and nitrogen excess reduces it (Stitt and Krapp, 1999).  However, this effect is observed when nitrogen treatment is increased from 1% to 20%, but not to 100% (Fig. 7) despite a high nitrate availability and uptake rate, suggesting that plants are reaching their maximum capacity for nitrogen storage.

The increase in leaf and sheath mass ratios in both species at higher nitrogen treatment levels (Table 1) enables greater acquisition of carbon, which becomes an increasingly limiting resource at higher nitrogen treatment levels; conversely, more biomass is allocated to roots in low nutrient environments (Aerts and Chapin, 2000).  Not only does leaf mass ratio increase with nitrogen treatment in both species, but leaf area ratio also increases, as observed by Garnier et al. (1989), enabling greater photosynthetic carbon acquisition since there is a greater, thinner leaf area for light harvesting.  Both species show an increase in tillering as nitrogen treatment is increased (Fig. 4), as observed in wheat by Taulemesse et al. (2015), and especially when plants are older, facilitating a rapid increase in allocation to shoots and thus to carbon acquisition.

Perennial barley has a higher amino acid:sucrose ratio than the annual (Fig. 8) which indicates that it is more carbon source limited than the annual, since the available amino acids that could be used for growth outstrip the corresponding supply of available carbon (Paul and Driscoll, 1997; Stitt and Krapp, 1999; Isopp et al., 2000).  This corroborates the evidence from our previous work (Burnett et al., 2016).  

Annual is more nitrogen sink limited than perennial barley at 20% nitrogen

In addition to the species differences in their nitrogen responses, there are broad similarities revealed by the nitrogen treatment.  The treatment conditions are sufficiently strong that, at 1% nitrogen treatment, growth in both annual and perennial barley is nitrogen source limited, shown by their high C:N ratios (Fig. 7D-F), low nitrogen uptake rates (Fig. 1) and low growth rates compared to 20% nitrogen (Fig. 2A,B).  At 100% nitrogen, growth in the annual is more nitrogen sink limited, shown by its lower ability to increase growth compared to the perennial (Fig. 2B,C; Fig. 3).  Growth under control conditions appears to be more nitrogen sink limited in annual barley, since increasing the nitrogen level dramatically above 20% has a much greater effect in the perennial species.

Contrary to the hypothesis that annual and perennial barley would move from nitrogen sink to source limitation during vegetative growth, there are very few effects of time on the nitrogen source:sink ratio revealed by this study, suggesting either that such a transition does not occur, or that the duration of this study is insufficient to detect it.

Conclusions

Growth in annual barley is more nitrogen sink limited than growth in perennial barley during the vegetative stage.  At 20% nitrogen, annual barley invests more nitrogen in growth, whilst perennial barley invests more nitrogen in storage, consistent with the hypothesis that growth in the annual is relatively more nitrogen source limited and growth in the perennial is relatively more nitrogen sink limited.  However, increasing the nitrogen treatment reveals a more flexible growth response in the perennial species, indicating that it is actually less nitrogen sink limited than the annual.  Annual barley is more carbon sink limited and perennial barley is more carbon source limited, revealed here by the higher amino acid:sucrose ratio in the perennial, in agreement with previous work on these species (Burnett et al., 2016).  Crosstalk between nitrogen and carbon metabolic pathways (Krapp and Stitt, 1995; Masclaux-Daubresse et al., 2010; White et al., 2016) means that plants must not only regulate nitrogen sources and sinks but also balance these with carbon sources and sinks.  The efficiency of nutrient utilisation – not just acquisition – is important for breeders (Santa-Maria et al., 2015), and nitrogen use efficiency is an important target for crop improvement (Murchie et al., 2009; Masclaux-Daubresse et al., 2010), not least because it is an important contributor to photosynthetic efficiency.  The sink limitation uncovered here for annual barley under control conditions implies that barley crops are unable to invest excess nitrogen into growth and storage during the vegetative stage.  Additional nitrogen storage, in order to build up nitrogen reserves for subsequent grain filling, would require greater nitrogen sinks during vegetative growth.  This could reduce the dosage level of fertiliser application later in development and increase yield (rather than grain nitrogen), which is of interest for breeders and farmers working with malting barley (Syngenta Crop Protection, 2011).  Improving source and sink will enable crop ideotypes to be realised (Foulkes et al., 2011) and in addition to an understanding of the contribution of source and sink to growth, it will be important to investigate mechanisms linking supply and demand to effectively improve the nitrogen source:sink balance. 
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[bookmark: _Toc331253033]Chapter 6: General discussion


This thesis has examined the fundamental role played by sources and sinks in determining plant growth, by outlining an innovative holistic approach to plant growth and applying this framework to an important crop, comparing domesticated annual and wild perennial barley species to investigate the impact of carbon and nitrogen sources and sinks on growth.  

Firstly, Chapter 2 laid out the basis for source and sink limitation of growth, synthesised the literature in this area, and created a novel perspective which showed that growth is underpinned by source-sink interactions whether viewed through the lens of physiology, allocation or development.  Chapter 3 put the holistic viewpoint advocated in Chapter 2 into practice by investigating carbon source and sink limitation in annual barley through measurements of photosynthesis, metabolites, allocation and growth in response to defoliation and transient elevated CO2 treatments, and found that annual barley transitions from being more carbon sink limited to more carbon source limited during vegetative growth.  Chapter 4 expanded on the work of Chapter 3, using a longer-term CO2 gradient to manipulate the carbon source, carrying out many more metabolite measurements, and including a second species in order to investigate the difference in source-sink interactions between species with different growth rates.  This work showed that growth in annual barley is more carbon sink limited whilst growth in perennial barley is more carbon source limited during vegetative development.  Finally, Chapter 5 shifted the focus from carbon to nitrogen sources and sinks in order to test their limiting effects on growth, and measured nitrogen uptake, metabolites, allocation and growth in annual and perennial barley grown along a nitrogen gradient and harvested at three time points during vegetative growth.  This work found that both species are nitrogen sink limited during vegetative growth, but that this nitrogen sink limitation is particularly strong in the annual.  
Elasticities 

Plotting elasticities of the parameters measured in chapters 4 and 5 provides a unification of responses to carbon and nitrogen gradients in annual and perennial barley, which is especially pertinent given the crossover between carbon and nitrogen sinks and sources.  Elasticities, or proportional sensitivities, estimate the fractional change in one parameter as a result of a fractional change in another, and may be obtained directly from the slope of log-log plots.  A high elasticity value therefore denotes a strong response of the y-axis parameter to the x-axis parameter: for example, an elasticity of +0.1 denotes a 10% increase in y for a 100% increase in x.  Although elasticities alone are informative, they may also be used to obtain flux control coefficients, which describe relationships between the activity of each process measured (resource uptake, storage and use in growth) and the system as a whole.  This gives even better information about the degree of control exerted by each process over growth, and will be considered in future work.  Here, elasticities are presented to show the responses of resource uptake, storage and use in growth: firstly to CO2 and nitrogen gradients; and secondly to the intermediate pool of transport sugars.  Manipulating CO2 affects the carbon source and the nitrogen sink; conversely, manipulating nitrogen affects the nitrogen source and the carbon sink; transport sugars provide an intermediate pool that is linked to resource uptake, storage and growth.  To enable unification, data shown here are from plants measured 6-7 weeks after germination (47-49 days after germination for the CO2 gradient; 42 days after germination for the nitrogen gradient) and are from plants harvested pre-dawn. 

In annual barley, RGR (Fig. 1A and B) responds more strongly to nitrogen gradient than to CO2 gradient, with an elasticity of -0.175 for CO2 and 0.263 for nitrogen; in the perennial, RGR is more responsive to nitrogen gradient (0.263) than CO2 gradient (-0.003).  The overall r2 value is 0.97 for RGR across the CO2 gradient and 0.71 for RGR across the nitrogen gradient.  However, all these responses are relatively low, suggesting relatively low control of growth rate by resource availability.  Because RGR peaks earlier when plants are grown under elevated CO2 (Chapter 4), growth in plants measured 6-7 weeks after germination is faster at low CO2 than at elevated CO2 giving a negative elasticity, but this is an ontogenetic artefact and the relationship between RGR and CO2 is usually positive (Chapter 4).  For these elasticity plots, RGR values for CO2 show RGR at time of harvest, whilst RGR values for nitrogen show overall RGR (Chapter 5).

In both species, resource uptake (Fig. 1C and D) responds to resource availability, with higher elasticity than that seen for RGR.  This response is especially strong across the CO2 gradient in the perennial, which has an elasticity of 0.531, whilst the annual has an elasticity of 0.284, and both species have an elasticity of 0.333 for nitrogen uptake across the nitrogen gradient.  The overall r2 value is 0.91 for carbon uptake across the CO2 gradient and 0.75 for nitrogen uptake across the nitrogen gradient.  Thus increasing carbon and nitrogen sources respectively has a strong influence on uptake of carbon and nitrogen resources.

Carbon concentration (Fig. 1E and F) increases with CO2 gradient in the perennial, having an elasticity of 0.196, but is unresponsive to CO2 gradient in the annual (0.014) or to nitrogen gradient in either the annual (-0.005) or the perennial (0.015).  The overall r2 value is 0.70 for carbon storage across the CO2 gradient and 0.46 for carbon storage across the nitrogen gradient.  This highlights the carbon source limitation of the perennial in contrast to the carbon sink limitation of the annual, which is unable to utilise additional carbon; neither species alters carbon concentration in response to nitrogen gradient.  In contrast, nitrogen concentration (Fig. 1G and H) responds to the CO2 gradient and the nitrogen gradient in both species.  There are no species differences, and the elasticity of nitrogen concentration is -0.181 across the CO2 gradient and 0.279 across the nitrogen gradient (r2 = 0.48 and 0.94 respectively).  Thus nitrogen storage decreases as the nitrogen sink is increased via elevated CO2, since nitrogen becomes increasingly limiting to growth, and nitrogen storage increases as the nitrogen source is increased, since nitrogen sink limitation is exacerbated under high nitrogen.  
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Figure 1.  Response of relative growth rate (RGR), resource uptake and resource storage to carbon dioxide and nitrogen gradients in annual (filled circles) and perennial (hollow circles) barley measured pre-dawn 6-7 weeks after germination.  Linear regression is shown using solid lines for annual barley and evenly dashed lines for perennial barley.  Where there is no species difference in slope or intercept, a dotdash line is used to denote the overall relationship.  A & B, RGR across CO2 gradient and nitrogen gradient respectively; C, carbon uptake across CO2 gradient; D, nitrogen uptake across nitrogen gradient; E & F, mean plant carbon concentration across CO2 and nitrogen gradient respectively; G & H, mean plant nitrogen concentration across CO2 and nitrogen gradient respectively.  Data shown are individual plant values.
The carbon and nitrogen concentrations used here show mean values per gram plant, obtained by weighting carbon and nitrogen concentrations from CHN analysis according to the fraction of plant material allocated to each organ type (leaf, leaf sheath and root).

Overall, Figure 1 shows that growth is not highly responsive to increasing CO2 or nitrogen in either annual or perennial barley.  Carbon uptake responds strongly to increasing CO2, especially in the perennial, which is more carbon source limited, and nitrogen uptake responds strongly to nitrogen gradient in both species, in spite of the nitrogen sink limitation exhibited by both species and reflected in the increased nitrogen concentration.  Carbon concentration increases with CO2 in the perennial, but not in the annual, and does not respond to increasing nitrogen in either species.  In contrast, nitrogen concentration decreases in response to CO2 gradient and increases strongly in response to nitrogen gradient.  These elasticities generally corroborate the findings of this thesis, that increasing the supply of carbon or nitrogen leads to increased uptake and storage of that resource and increases limitation by the other resource.  In annual barley, growth is more limited by carbon and nitrogen sink capacity, whilst in perennial barley, growth is more limited by carbon source and nitrogen sink capacity, and these findings are reflected here by the particularly strong response of carbon uptake and concentration in response to the CO2 gradient in the perennial compared to the annual.  Since the accumulation of non-structural carbohydrates is greater in the annual under elevated CO2 (Chapter 4), the greater increase in whole plant carbon concentration in response to CO2 seen in the perennial suggests investment of additional carbon into structural components in this species facilitating its flexible response of growth and development to increased CO2.

These parameters may also be plotted against transport sugars, since the key processes of resource uptake, storage and growth are all interlinked by this labile pool of intermediates, which mediates the transfer of carbon and nitrogen resources between sources and sinks.  Here, carbohydrates have been separated into two pools, transport carbohydrates and storage carbohydrates, and protein is used as a proxy for nitrogen storage since it is a strong nitrogen sink.  Transport carbohydrates, labelled here as transport sugars for ease of presentation, are the sum of glucose, fructose, sucrose and short-chain fructans, all of which may be transported within the plant and constitute a relatively temporary and labile pool of carbohydrates.   Storage carbohydrates are expressed here as the sum of starch and long-chain fructans.  These carbohydrate and protein data are expressed as mean values per gram plant, obtained by firstly weighting metabolite concentrations according to the fraction of plant material allocated to each organ type (leaf, leaf sheath and root) and then converting these metabolite data to concentrations of carbon and nitrogen stored in each metabolite pool.

In annual barley, RGR (Fig. 2A) shows a much stronger negative response to transport sugars across the CO2 gradient than the perennial, with an elasticity of -0.457 for the annual and -0.028 for the perennial, whilst both species show a strong increase in RGR in response to transport sugars across the nitrogen gradient (Fig 2B) with an elasticity of 0.580.  The overall r2 value is 0.68 for carbon and 0.46 for nitrogen.  The negative relationship between RGR and transport sugars across the CO2 gradient indicates that increases in RGR when carbon source activity is decreased (since higher RGRs are correlated here with decreased CO2 due to the ontogenetic artefact discussed for Figure 1) depend on drawdown of transport sugars.  Meanwhile, the positive relationship between RGR and transport sugars across the nitrogen gradient suggests that increases in RGR when the nitrogen source is increased depend more on nitrogen than on transport sugar drawdown, since CO2 is not limiting in this case. 

Annual and perennial barley show a strong increase in resource uptake in response to transport sugars, both for carbon uptake across the CO2 gradient and for nitrogen uptake across the nitrogen gradient (Fig. 2C and D), with elasticities of 0.876 and 0.253 respectively.  The r2 values are 0.83 for carbon uptake and 0.43 for nitrogen uptake.  For nitrogen, this indicates a capacity to pair carbon and nitrogen for investing in growth; for carbon, the direct causal relationship between carbon uptake and transport sugars means that the change in sugars is probably due to carbon uptake rather than vice versa.

The concentration of storage carbohydrates responds very strongly to transport sugars in both species (Fig. 2E and F), with elasticities of 1.42 across the CO2 gradient and 0.706 across the nitrogen gradient, and higher values in the perennial, indicating efficient use of sugars and highlighting the lower carbon sink limitation in the perennial compared to the annual which allows the perennial to convert sugars to storage carbohydrates more readily.  The r2 values are 0.83 and 0.73 respectively.  The concentration of protein (Fig, 2G and H), used here as a proxy for storage nitrogen, does not respond to transport sugars across the CO2 gradient in either species, pr  esumably since these sugars are not accompanied by increased free nitrogen with which they may be combined to make protein (elasticity for both species is -0.009, r2 = 0.13).  In contrast, protein concentration does respond to transport sugars across the nitrogen gradient in both species, since these sugars can be used alongside the additional nitrogen made available by this treatment in order to build protein (elasticity for both species is 0.209, with higher values in the perennial; r2 = 0.67).

Overall when the carbon source is manipulated via the CO2 gradient, growth in the annual and photosynthesis and carbon storage in both species show strong relationships with transport sugars, whilst growth in the perennial and protein accumulation in both species do not.  When the carbon sink is manipulated via the nitrogen gradient, growth, nitrogen uptake, carbon storage and protein accumulation in both species respond strongly to transport sugars, with the response for carbon storage being particularly strong.  Thus increasing the carbon source or the carbon sink reveals a strong response of growth in the annual and of carbon storage in both species with respect to transport sugars, whilst increasing the carbon source reveals a strong link between photosynthesis and transport sugars; photosynthesis provides an increase in transport sugars to which growth and storage respond.  
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Figure 2.  Response of RGR, resource uptake and resource storage to transport sugars in annual (filled circles) and perennial (hollow circles) barley measured pre-dawn 6-7 weeks after germination.  Linear regression is shown using solid lines for annual barley and evenly dashed lines for perennial barley; a dotdash line is used where there is no species difference in slope or intercept.  A & B, RGR across CO2 and N gradients respectively; C, carbon uptake across CO2 gradient; D, N uptake across N gradient; E & F, mean plant storage carbohydrate (starch and long-chain fructan) concentration across CO2 and N gradients respectively; G & H, mean plant protein concentration across CO2 and N gradients respectively.  Data show individual plants.
Increasing the carbon sink by increasing the nitrogen source reveals a strong response of growth and nitrogen storage in both species to transport sugars, whereby additional nitrogen can be paired with sugars to allow protein synthesis, especially in the perennial which has a growth strategy reliant on resource conservation.  These elasticities highlight the interdependent nature of carbon and nitrogen sources and sinks, which enables plants to balance the processes of resource uptake, storage and growth in accordance with the availability of both carbon and nitrogen resources.


Conclusions and future directions

Overall, this thesis found that growth in annual barley is limited by the development of both carbon and nitrogen sinks during vegetative growth (Figure 3).  These findings suggest significant issues for the improvement of this fast growing crop.  In contrast, the perennial barley species is carbon source and nitrogen sink limited during vegetative growth, which is consistent with a conservative growth strategy (Figure 3).  The different ecological strategies of the fast growing annual and the slow growing perennial studied here result in different allocation patterns which contribute to the different limitations imposed on growth by sources and sinks in each species.  Compared to the perennial, the annual is significantly more carbon sink limited and also more nitrogen sink limited, suggesting limitation of growth by root development, since roots are the site of nitrogen uptake and allow significant carbon storage.  In contrast, the perennial is more carbon source limited than the annual, as well as being nitrogen sink limited, suggesting limitation of growth by shoot development, because shoot tissues are the site of photosynthesis which enables carbon uptake and provide a major sink for nitrogen in the plant due to the high investment of nitrogen resources into photosynthetic enzymes.  This is supported by the findings of both chapters 4 and 5, which show that the annual grows faster than the perennial (Chapters 4 and 5) and allocates more mass to leaves than the perennial (Chapter 5).  
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Figure 3.  Conceptual diagram highlighting the major findings of this thesis: annual barley is predominantly carbon sink and nitrogen sink limited, whilst perennial barley is predominantly carbon source and nitrogen sink limited.




The fast growing annual exhibits greater accumulation of photosynthate which is used to power growth, and has a higher rate of photosynthesis to facilitate this (Chapter 4).  In contrast, the perennial is more conservative with resources and has a higher concentration of nitrogen (Chapter 5).  Growth in both species is predominantly nitrogen sink limited, suggesting that annual barley would not be able to invest more nitrogen into photosynthesis as it cannot store and use more nitrogen during vegetative growth (Chapter 5), although measurements of photosynthetic capacity in plants grown along a nitrogen gradient would be required to confirm this.  The conservative growth strategy exhibited by the perennial in terms of nitrogen conservation (Chapter 5) contrasts with the fast growing strategy of the annual and enables opportunistic responses to increases in carbon availability (Chapter 4).  This could be due to an inherently lower photosynthetic capacity in the perennial, caused by its conservative use of nitrogen.  This facilitates greater increases in photosynthesis in the perennial under elevated CO2 since this treatment allows photosynthetic rates to increase without any additional nitrogen cost.  Figure 3 summarises these findings.

Our world faces food insecurity and climate change (Ackerman and Stanton, 2013; FAO et al., 2014; Ort et al., 2015), and improving crop yield with consideration of future climatic conditions will be vital for safeguarding future food security (Ainsworth et al., 2008b; Godfray et al., 2010; Foley et al., 2011; von Caemmerer et al., 2012; Reynolds et al., 2012).  Whilst beyond the scope of this thesis, it is worth noting that in addition to the predicted increased CO2 levels, changes in temperature and levels of O3 will affect crop physiology, and many environmental variables interact with one another producing complex effects which must be considered when breeding crops for future environments (Ainsworth et al., 2008b; Ackerman and Stanton, 2013).  Atmospheric CO2 levels are rising quickly, making CO2 experiments not only a useful non-invasive manipulation of the carbon source as shown in this thesis where strong CO2 perturbations were used, but also an environmentally and agronomically relevant way to test the possible responses of crops to future conditions, when appropriate CO2 levels are used.  Crop ideotypes must thrive in future atmospheres, but here the elite annual barley species currently highly favoured by growers in the UK (HGCA, 2014) was unable to utilise additional CO2 for photosynthesis and growth under elevated CO2 (Chapter 4).  Increasing sink capacity alongside source capacity will be an important facet of ensuring effective yield gains (Foulkes et al., 2011),  especially since sink activity can be a major factor limiting grain filling in cereals (Acreche and Slafer, 2009; Peterhansel and Offermann, 2012; Slewinski, 2012).

Increasing carbon source activity is a major target for many breeding efforts (Kromdijk and Long, 2016), and transgenic work reveals increased biomass and yield when source capacity is increased, for example by regulating the amount or activity of the Calvin cycle enzyme SBPase (Rosenthal et al., 2011).  Since future climates will have elevated levels of CO2 compared to those currently experienced by plants, enhancing the carbon source capacity will be an important facet of increasing the yield of crops, and barley is no exception.  However, the fact that yield responses to elevated CO2 often fall short of those predicted (Long et al., 2006a; Ainsworth et al., 2008a; Leakey et al., 2009), coupled with the evidence for carbon sink limitation in annual barley seen here (Chapter 4), suggests that increasing sink capacity alongside source capacity will be vital for increasing yield in this species.   

Increasing source or sink capacity in isolation does not always stimulate the expected increases in yield under field conditions (Long et al., 2006a; Ainsworth et al., 2008a; Leakey et al., 2009; Weichert et al., 2010).  Although elevated CO2 suppresses photorespiration (Farquhar et al., 1980), if sink capacity is insufficient the increased rates of photosynthesis under elevated CO2 can decrease through acclimation (Rogers et al., 1998; Long et al., 2004), leading to changes in biomass and yield which are below the expected responses.  Sink capacity may be increased by increasing the size or activity of the sink (Geiger and Shieh, 1993; White et al., 2016).  Thus manipulating the rate at which sinks can sequester carbon, and/or breeding for increased sink size during vegetative and reproductive growth, can increase the capacity of the sink and facilitate increases in growth and yield.

Although plants generally transition from carbon sink to source limitation during growth (Arp, 1991; Marschner, 1995), annual barley is sink limited during grain filling (Schnyder, 1993; Bingham et al., 2007; Serrago et al., 2013).  Even if sink limitation were to be reduced at later times during ontogeny – currently not the case for annual barley – maximising resource use efficiency early in development could still be useful for improving crop yields.  A key starting point for building on the work of this thesis will be to carry out investigations into the relative limitations imposed by carbon and nitrogen sources and sinks during the whole of crop development, from early vegetative growth right through to grain maturity.  Uniting work on carbon and nitrogen, for instance by measuring photosynthetic capacity along a nitrogen gradient or measuring nitrogen uptake along a CO2 gradient, will enable greater integration of the results seen here.  This will enable potential crossover between, for example, carbon source limitation and nitrogen sink limitation to be established, as well as facilitating the development of a holistic perspective of carbon-nitrogen interactions during ontogeny.  New approaches could also be taken to deepen understanding of the ways in which sources and sinks underpin development, by looking not just at tillering and relative growth rate but also at cell division rate and meristem branching.  Furthermore, experiments similar to those conducted here in growth chambers should be carried out in the field under agronomically relevant conditions and on a wider range of species, in order to confirm and expand the generality of the findings, so that genetic modification or selective breeding may be used to upregulate source and sink together in order to improve productivity.  

Manipulation of the molecular mechanisms controlling communication between sources and sinks for carbon and nitrogen (Stitt and Krapp, 1999; Smith and Stitt, 2007; Masclaux-Daubresse et al., 2010; Lawlor and Paul, 2014; White et al., 2016) could be another target for alleviating sink limitation and enabling increased crop yields.  The signalling pathways facilitating communication between sources and sinks of carbon and nitrogen form another target for crop improvement.  Manipulating the signalling pathway that integrates photosynthesis and starch synthesis, for example, has been shown to increase yield in maize (Nuccio et al., 2015).  Alongside work to increase sink capacity directly, signalling mechanisms in barley could also be investigated as a potential means of increasing growth and yield.  Furthermore, modelling will be an important part of developing future crops through collaborative research.  Zhu et al. (2016) make a strong case for the need for coherent collaboration in order to utilise modelling work effectively.  This will be an important aspect of breeding for increased yield, since modelling can bring about increased understanding of the impacts of, for example, external environmental factors on sources and sinks.  The approach advocated by Zhu et al. is a multi-layer modelling community, enabling insights from the genetic to the ecological level to be integrated into a holistic picture of growth, of great interest for developing breeding goals dependent on environmental factors, and linking with the concept of physiological breeding which unites genetic strategies with phenomic screening (Reynolds and Langridge, 2016).  

However, the need to base models on species-specific parameters must not be under-estimated.  The physiology and metabolism of Arabidopsis do not always map onto those of crop plants (White et al., 2016).  For example, the fact that species differ in their metabolite storage strategies must be treated carefully.  Indeed, the negative correlation between starch and biomass observed in a range of accessions of Arabidopsis (Sulpice et al., 2009) is not borne out by the data presented in this thesis – rather, the fast-growing annual species has a higher rate of carbohydrate accumulation despite having greater biomass.  Growth in plants with different life forms and life histories may be subject to different constraints; in slow growing Arabidopsis accessions, growth is slow because it is sink limited, whereas in perennial barley, growth is slower than the annual because it is source limited and therefore uncorrelated with carbohydrate content.  Whilst the use of Arabidopsis as a model plant is certainly highly valuable, care must be taken to ensure that species-specific characterisations are carried out.  For example, pathways involved in starch synthesis and degradation differ between Arabidopsis and other species (Smith, 2012; Stitt and Zeeman, 2012).

The results presented in this thesis suggest that improving sink strength in annual barley during the vegetative growth stage will be critical for maximising yields of this important crop.  Annual barley is sink limited during grain filling (Schnyder, 1993; Bingham et al., 2007; Serrago et al., 2013) and the findings presented here show that annual barley is also sink limited during the vegetative stage, for both carbon and nitrogen.  It seems that the perennial is better able to utilise additional CO2 than the annual, which has important implications for the role of wild crop relatives in breeding crops suited to future elevated atmospheric CO2.  In terms of nitrogen, reducing fertiliser use will be important for economically viable and environmentally sustainable agriculture in the future (Rabalais et al., 2002; Erisman et al., 2008; Masclaux-Daubresse et al., 2010).  Nitrogen is of vital importance for crop production, and providing a great excess of nitrogen had a relatively small effect on growth in the annual barley studied here (Chapter 5).  Crops have been bred to be able to exploit high levels of soil nitrogen (Xu et al., 2012), yet beyond acquisition the efficient utilisation of this resource is important if we are to develop efficient crops with high yields (Murchie et al., 2009; Masclaux-Daubresse et al., 2010; Santa-Maria et al., 2015) and will potentially enable us to reduce fertiliser application whilst maintaining yield (Syngenta Crop Protection, 2011).  Future crop design for utilising low nitrogen, such as through improving uptake rates at low soil nitrogen concentrations, will be important for crops in areas of poor soil quality in order to reduce the economic and environmental costs of nitrogen fertiliser, and will be especially critical for improving yields in less economically developed countries.  Finally, the translocation of carbon and nitrogen resources accumulated during the vegetative growth stage makes a significant contribution to grain filling (Schnyder, 1993).  

To conclude, if the overall sink strength of annual barley can be improved – both during vegetative growth, in order to accumulate greater reserves for grain filling, and during the reproductive stage, in order to increase the sink capacity of grains – then source manipulations, whether via increased atmospheric CO2 levels due to anthropogenic climate change, or via breeding for increased photosynthetic capacity, will be able to have a greater effect.  
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For relative growth rate (RGR) at different levels of CO2 (presented in Figures 1 and S2 of Chapter 4), a four-parameter logistic model with self-starting routines was fitted to the plant mass data, in accordance with the model discussed by Rees et al. (2010).  The parameters used are the minimum mass, the asymptotic mass, the time when plant mass is halfway between the minimum and asymptotic mass, and the rate of growth; after plotting these parameters the asymptotic mass and the time at half-size were set to vary with species and CO2.

For six plants (PM27, PE29, PE30, PE31, PE32 and PE33), the curves did not fit the data well.  To ensure the analysis was robust, these plants were removed from the analysis and the analysis was repeated.  The qualitative findings of the analysis remained the same: 
· RGR peaks earlier at higher levels of CO2
· The increase in RGR is greater between 180 and 400 μmol mol-1 CO2 than between 400 and 1500 μmol mol-1 CO2
· RGR is higher in the annual than the perennial
and so it was decided to retain these individuals in the analysis.

RGR was then obtained using the equation of Rees et al. (2010), which enabled RGR at different times during development to be estimated.  


For RGR at different levels of external nitrogen (presented in Figures 2 and 3 of Chapter 5), there was insufficient data to fit the four-parameter logistic model used for RGR at different levels of CO2.  For data from the nitrogen manipulation experiment, overall RGR was obtained from initial and final mass using the following equation:




This gave an overall value of RGR for each individual, rather than RGR at different times.  Differences between species and nitrogen treatments were then revealed using Type II ANOVA.  This approach was also taken in Chapter 3, where area-based RGR was used.








R code used to obtain RGR at different levels of CO2:


rm(list = ls (all = TRUE))
require(ggplot2)
require(lattice)
require(gridExtra)
require(doBy)
require(nlme)

# First use the data from destructively-harvested plants to obtain the relationship between mass and area
mydata <- read.csv("Biomass Harvest Data.csv")
mydata$plant <- factor(mydata$plant)
mydata$carbondioxide <- factor(mydata$carbondioxide, levels=c("180ppm", "400ppm", "1500ppm"))
mydata$chamber <- factor(mydata$chamber)
str(mydata)

### Dry masses in grams
### Shoot areas in mm2

#######################################################
#Predicting mass from leaf area for plants harvested destructively
#######################################################

mydata <- transform(mydata, total.mass = root + leaf + stem)
mydata <- transform(mydata, log.mass = log(total.mass))
mydata <- transform(mydata, log.area = log(shootA))


###### Mass and area were correlated using regression analysis.  There was a highly significant area*species interaction (p=0.000169) so separate lines were fitted for each species.
###### The overall model had an R2 value 0.9668 (p < 0.00001)
# we tried out a few; just need species not co2 or accession
# thus we get a separate intercept and slope for each species
# use logged data - makes curves fit well
fit.0 <- lm(log.mass ~ species * log.area, data=mydata)
anova(fit.0)
summary(fit.0)


#######################################################
#Predicting mass from leaf area for the main dataset
#######################################################

area.data <- read.csv("Mean Shoot Areas from Summer 2014 Photos.csv")
# need to have same names in both files, for parameters of interest

area.data <- transform(area.data, log.area = log(Mean.area.mm2))
area.data <- transform(area.data, log.mass.pred = predict(fit.0,newdata=area.data))

# Plot mass against area for destructively harvested plants
par(mfrow=c(1,1),bty="l",pty="s",pch=19, lwd=2, cex.lab=2, cex.axis=2, las=1, tck=-0.02)
plot(log.mass~log.area,data=mydata,subset=species=="a", cex=2, xlab="Plant area (log scale)",ylab="Plant mass (log scale)", ylim=c(-2,2), xlim=c(6,10))
points(log.mass~log.area,data=mydata,subset=species=="p",cex=2, pch=21)
legend("topleft", inset=.02, c("Annual", "Perennial"), pch=c(19,21), cex=2)
n.fit <- lm(log.mass ~ species / log.area -1 , data=mydata)
abline(coef(n.fit)[1],coef(n.fit)[3])
abline(coef(n.fit)[2],coef(n.fit)[4])
summary(n.fit)
# use summary Coefficient Estimates to give intercepts and slopes

# Plot predicted mass against area for main dataset
with(area.data,plot(log.mass.pred~log.area))

# save predicted masses as a csv file
write.csv(area.data, file = "Predicted DW.csv")

#################################
# Short data for analysis
#################################

short.data    <- area.data[,c("log.mass.pred","log.area","age","plant","species","carbondioxide","harvest.age")]

short.data    <- short.data[complete.cases(short.data),]

# select only plants with more than 3 datapoints in order to ease curve-fitting
good.plant    <- names(table(short.data$plant))[table(short.data$plant)>3 ]
short.data    <-  short.data[is.element(short.data$plant, good.plant),]


#################################
# MODELS
#################################

#### Modelling based on predicted mass, for all plants in the main dataset

model.data=groupedData(log.mass.pred~age|plant, outer=~carbondioxide + species,data=short.data)
plot(model.data)

test.fit.nlslist.mass <- nlsList(log.mass.pred ~ SSfpl (age, A, B, xmid, scal) , data=model.data,na.action=na.omit)
test.fit.nlslist.mass
summary(test.fit.nlslist.mass)

fit.nlme.mass=nlme(test.fit.nlslist.mass, random=pdDiag(A + B + xmid ~ 1))
summary(fit.nlme.mass)
# in these plots, blue line = whole dataset, pink line = plant
plot(augPred(fit.nlme.mass,level=0:1))


# because lines do not fit all points, improve model
# if needed, increase max iterations and tolerance (in 'control') in order to run this more complex model
fit.nlme.mass.1=update(fit.nlme.mass, random=pdDiag(A + B + xmid + scal ~ 1))
summary(fit.nlme.mass.1)
plot(augPred(fit.nlme.mass.1,level=0:1))

# plot random effects to see which parameters should be set to vary with species and treatment
ranef.fit.nlme <- ranef(fit.nlme.mass.1, augFrame=T) 
# A = smallest size in model - no difference between species or treatments (observe y-axis scale!)
plot(ranef.fit.nlme,form=A~species + carbondioxide)
# B = biggest size in model - differs between species and treatments
plot(ranef.fit.nlme,form=B~species + carbondioxide)
# xmid = time at half-size in model - differs between species and treatments
plot(ranef.fit.nlme,form=xmid~species + carbondioxide)
# scal = rate of growth - no difference between species and treatments
plot(ranef.fit.nlme,form=scal~species + carbondioxide)
### just B and xmid need to vary with species and treatment

fit.nlme.mass.2=update(fit.nlme.mass.1, random=pdDiag( B + xmid  ~ 1))

# continue improving the model to improve the fits of the curves, using numbers from the model summary 
fit.nlme.mass.3=update(fit.nlme.mass.2,fixed=list(A ~1, B~species+carbondioxide,xmid+scal~1),start=c(-5,1.4,0,0,0,27,9))

fit.nlme.mass.4=update(fit.nlme.mass.3,fixed=list(A ~1, B ~ species + carbondioxide, xmid ~ carbondioxide, scal ~ 1), start=c(-6,3,-1.5,-1.8,-0.55,27,0,0,10))

fit.nlme.mass.5=update(fit.nlme.mass.4,fixed=list(A ~1, B ~ species + carbondioxide, xmid ~ species + carbondioxide, scal ~ 1), start=c(-6,3,-1.5,-1.8,-0.55,27,0,0,0,10))

# most complex model is the best fit:
plot(augPred(fit.nlme.mass.5,level=0:1),xlab="Plant age (days)",ylab="Predicted plant mass (log scale)")

# use the model output to obtain RGR
# in the model summary, things are compared to the alphabetically-first item in each category
# for species, species p is compared against a
# for co2, 180 and 400 are compared against 1500
# in the summary, in Fixed effects, look at xmid(Intercept): 26.29...days until half-size reached, in annual at 1500ppm
# xmid for perennial at 1500ppm is 26.29... + 8.65... days (add the values)
# xmid at 180ppm = 8.87... days longer; xmid at 400ppm = 2.34... days longer
# B (full size) is greatest in Annual at 1500ppm, and is smaller in Perennial (1.84... + (-0.39...))
# B is also smaller at 180ppm (1.84 -.63...) and at 400ppm (1.84 -.22...)
summary(fit.nlme.mass.5)

# using equation of Rees et al. 2010, with values from model as outlined above
RGR.f <- function (A,B,xmid,scal,t)
  ((B-A) * exp((xmid-t)/scal) ) / ( (1+exp((xmid-t)/scal)) * (1+exp((xmid-t)/scal)) * scal )

RGR.a.1500 <- RGR.f(-4.988284,2.324436,26.901748,7.584238,1:60)
RGR.p.1500 <- RGR.f(-4.988284,2.324436-1.039740,26.901748+1.505567,7.584238,1:60)

RGR.a.400 <- RGR.f(-4.988284,2.324436-0.351220,26.901748+1.054286,7.584238,1:60)
RGR.p.400 <- RGR.f(-4.988284,2.324436-1.039740-0.351220,26.901748+1.505567+1.054286,7.584238,1:60)

RGR.a.180 <- RGR.f(-4.988284,2.324436-1.362902,26.901748+2.578045,7.584238,1:60)
RGR.p.180 <- RGR.f(-4.988284,2.324436-1.039740-1.362902,26.901748+1.505567+2.578045,7.584238,1:60)


# plot RGR on three plots, one for each CO2 level

par(mfrow=c(1,1), cex.lab=1.8, cex.axis=1.8, font.lab=2, font.axis=2, family="sans")

plot(1:60,RGR.a.1500,type="l",xlab="Plant Age (days)",ylab="Relative Growth Rate\n", ylim=c(0,0.3), lwd.ticks=6, tck= 0.02)
points(1:60,RGR.p.1500,type="l", lty=2)
text(x=5, y=0.28, cex = 1.8, font = 2, labels = "A")
text(x=25, y=0.28, cex = 1.8, font = 2, labels = (expression(paste("\n1500 ", mu, "mol ", mol^-1, CO[2], "", sep=""))))


plot(1:60,RGR.a.400,type="l",xlab="Plant Age (days)",ylab="Relative Growth Rate\n", ylim=c(0,0.3), lwd.ticks=6, tck= 0.02)
points(1:60,RGR.p.400,type="l", lty=2)
text(x=5, y=0.28, cex = 1.8, font = 2, labels = "B")
text(x=25, y=0.28, cex = 1.8, font = 2, labels = (expression(paste("\n400 ", mu, "mol ", mol^-1, CO[2], "", sep=""))))


plot(1:60,RGR.a.180,type="l",xlab="Plant Age (days)",ylab="Relative Growth Rate\n", ylim=c(0,0.3), lwd.ticks=6, tck= 0.02)
points(1:60,RGR.p.180,type="l", lty=2)
text(x=5, y=0.28, cex = 1.8, font = 2, labels = "C")
text(x=25, y=0.28, cex = 1.8, font = 2, labels = (expression(paste("\n180 ", mu, "mol ", mol^-1, CO[2], "", sep=""))))





[bookmark: _Toc331253036]Appendix II: Papers published and arising


NB Chapters 4 and 5 will be published under my married name.


Chapter 2

How can we make plants grow faster?  A source-sink perspective on growth rate 
Angela C. White, Alistair Rogers, Mark Rees and Colin P. Osborne
Published in Journal of Experimental Botany Vol. 67, No. 1 pp. 31-45, 2016


	Chapter 4 (edited version)

Carbon source-sink limitations differ between two species with contrasting growth strategies
Angela C. Burnett, Alistair Rogers, Mark Rees and Colin P. Osborne
Plant, Cell and Environment – In press.


Chapter 5 (edited version)

Nitrogen sink limitation of growth differs between two species with contrasting growth strategies 
Angela C. Burnett, Alistair Rogers, Mark Rees and Colin P. Osborne
Journal of Experimental Botany – In review.
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