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Abstract 
 

Aims: The subject of the present thesis was the functional identification of the substrate pools 

forming the respiratory carbon supply system of perennial ryegrass (Lolium perenne L.). Of 

particular interest was (i) to determine their size, turnover rates and their contributions to 

carbon release in respiration of shoots and roots of intact plants, and (ii) to explore the effects 

of plants’ nitrogen supply level on substrate pool properties.  

Materials and Methods: Stands of perennial ryegrass were grown in controlled 

environments with continuous light and a contrasting level of nitrate supply by otherwise 

identical and constant growth conditions. Individual plants were labeled with 13CO2/12CO2 for 

periods ranging from 1 h to 1 month, followed by measurements of the 13C/12C ratios of 

shoot- and root-respired CO2 in the dark. The time courses of tracer incorporation into 

respired CO2 were analyzed with compartmental models, a mathematical tool which helped to 

extract information about the number and characteristics of the substrate pools supplying 

carbon to respiration.  

Results and Discussion: Compartmental analysis of CO2 respired by plants grown in high 

nitrogen supply level revealed that 95% of shoot and root respiration was supplied by three 

substrate pools which differed greatly in their rates of turnover. A very slow pool whose 

kinetics could not be characterized provided the remaining 5%. Two small, rapidly turned 

over pools of current assimilate provided almost half of respired carbon, while the other half 

was supplied by a big short-term store with slower turnover. This was true for both shoots and 

roots, and from this and further evidence, we argue that shoot and root respiration was 

supplied by the same substrate pools. The same model explained the time course of tracer 

incorporation into CO2 respired by plants grown in nitrogen limited conditions equally well. 

The size of the respiratory supply system, however, increased by 30% with nitrogen 

limitation, and half-lives were, at least in part, dramatically increased. Long-term stores 

became a substantial carbon source, and this resulted in a longer mean residence time of 

carbon in the respiratory supply system: from 36 h in full nitrogen supply to almost 6 d under 

nitrogen limited conditions.  

Conclusions: This work presents for the first time a conceptual model of the respiratory 

carbon supply system of perennial ryegrass which was based on empirical evidence, and it 

revealed a tight plant-level integration of respiratory carbon pools and fluxes. The model was 

proved to be valid for a range of external nitrogen availability, even though substrate pool 

properties showed pronounced responses to the level of nitrogen supply. The residence time 
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of carbon in the respiratory supply system was closely linked to plants’ nitrogen status and 

mainly controlled via current photosynthate and deposition/mobilization fluxes involving 

either short-term storage (in high nitrogen supply) or long-term storage (in low nitrogen 

supply) components. The major part of the respiratory carbon was located in above-ground 

biomass, which placed the shoot in the position of controlling carbon allocation within the 

respiratory supply system.  
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Zusammenfassung 
 

Zielsetzung: Die vorliegende Arbeit befasst sich mit der Identifizierung der funktionellen 

Eigenschaften jener Substratpools, die das Kohlenstoff-Versorgungssystem der Respiration 

von Deutsch Weidelgras (Lolium perenne L.) darstellen. Insbesondere sollte sowohl deren 

Größe und Umsetzungsrate erfasst als auch ihre quantitative Bedeutung als Kohlenstoffquelle 

für die Respiration von Spross und Wurzel von intakten Pflanzen bestimmt werden. Ein 

weiteres Augenmerk lag auf den möglichen Auswirkungen des Stickstoffversorgungsniveaus 

der Pflanzen auf die Eigenschaften der respiratorischen Substratpools.   

Material und Methoden: Pflanzenbestände von Deutsch Weidelgras wurden in 

kontrastierenden Stickstoffversorgungsniveaus im Dauerlicht unter kontrollierten 

Bedingungen angezogen. Einzelne, zufällig ausgewählte Pflanzen wurden mit 13CO2/12CO2 

für Zeiträume von 1 h bis 1 Monat isotopisch markiert; am Ende der Markierungszeiträume 

wurden die Respirationsraten von Spross und Wurzel sowie die Isotopensignatur des 

respirierten CO2 im Dunkeln gemessen. Die Erscheinungsraten von markiertem Kohlenstoff 

im respirierten CO2 wurden einer kompartimentellen Analyse unterzogen; dies ist eine 

mathematische Vorgehensweise, um Informationen über Anzahl und Eigenschaften jener 

Substratpools zu erhalten, die an der Kohlenstoffversorgung der Respiration beteiligt sind.  

Ergebnisse und Diskussion: Die kompartimentelle Analyse von spross- und wurzel-

respiriertem CO2 von Pflanzen aus hohem Stickstoffversorgungsniveau ergab, dass die Respi-

ration beider Organe im Wesentlichen von drei Substratpools mit Kohlenstoff versorgt wurde, 

die erhebliche Unterschiede bezüglich ihrer Halbwertszeiten aufwiesen. Während gut die 

Hälfte des respirierten Kohlenstoffs eine Kurzzeitspeicherung im größten Pool des Systems 

erfuhr, stellten zwei kleinere Substratpools, die sehr rasch von Assimilaten rezenter 

Photosynthese umgewälzt wurden, etwa 40% des respirierten Kohlenstoffs bereit. 

Langzeitspeicher waren in diesen Pflanzen als Kohlenstoffquelle von untergeordneter 

Bedeutung und konnten kinetisch nicht charakterisiert werden. Diese Sachverhalte hatten für 

Spross und Wurzel Gültigkeit, und nicht zuletzt dies deutete daraufhin, dass sowohl die 

Spross- als auch die Wurzelrespiration von denselben Substratpools versorgt wurde. Bei 

stickstofflimitierten Pflanzen konnte dasselbe Konzept des 3-Pool-Versorgungssystems der 

Respiration nachgewiesen werden. Dieses beinhaltete allerdings eine etwa 30% größere 

spezifische Menge an Kohlenstoff als jenes gut mit Stickstoff versorgter Pflanzen, und die 

Pool-Halbwertszeiten nahmen zum Teil erheblich zu. Des Weiteren fiel einem 

Langzeitspeicher eine wesentliche Rolle als Kohlenstofflieferant für die Respiration zu, was 
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insgesamt dazu führte, dass sich die Verweildauer von Kohlenstoff im respiratorischen 

Versorgungssystem von 1,6 Tagen bei hohem Stickstoffniveau auf knapp 6 Tage mit 

Stickstofflimitierung verlängerte.  

Schlussfolgerungen: Mit vorliegender Arbeit wird erstmalig ein konzeptuelles Modell für 

das respiratorische Versorgungssystem von Deutsch Weidelgras vorgestellt, welches auf 

empirischem Beweis basiert. Es beinhaltet, dass die Komplexität des respiratorischen 

Substratstoffwechsels in Spross und Wurzel auf wenige wesentliche Komponenten (d.h. 

Kohlenstoffpools und Kohlenstoffflüsse) auf der Ebene der ganzen Pflanze reduziert werden 

konnte. Die Gültigkeit des Modells war nicht vom Stickstoffernährungszustand der Pflanzen 

beeinflusst, obwohl dieser zum Teil erhebliche Auswirkungen auf die Eigenschaften der 

respiratorischen Substratpools hatte. Die Verweildauer von Kohlenstoff im respiratorischen 

Versorgungssystem war stark von der Stickstoffversorgung abhängig und wurde 

hauptsächlich über Kohlenstoffflüsse zwischen Produkten rezenter Photosynthese und 

Kurzzeitspeichern (bei guter Stickstoffversorgung) bzw. Langzeitspeichern (bei Stickstoff-

Limitierung) reguliert. Da der Großteil des respiratorischen Kohlenstoffs in oberirdischer 

Biomasse lokalisiert war, fiel möglicherweise dem Spross eine Kontrollfunktion der 

Kohlenstoffallokation im respiratorischen Versorgungssystem zu.  
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Chapter I: General Introduction 

 
From both agronomical and ecological perspectives, knowledge about the trade-offs in 

resource allocation between the two essential requirements of plants is of particular interest: 

the need for growth (as the concept of plant competitiveness) and the need to survive and 

keep the organism in a functional state (including defense mechanisms against biotic and 

abiotic stress; Matyssek et al., 2002). However, the mechanisms that control and regulate the 

allocation of plants’ external resources are not well understood. This is the core subject of the 

research association SFB 607 ‘Growth and Parasite Defense – Competition of Resources in 

Economic Plants from Forestry and Agronomy’ (http://www.sfb607.de), which integrates 

work about resource allocation at physiological, biochemical and molecular scales.  

The present work is part of this interdisciplinary research program with focus on 

carbon allocation at the whole plant level. In particular, it deals with the respiratory carbon 

supply system of perennial ryegrass (Lolium perenne), the most important C3 forage grass in 

temperate humid grasslands. Respiration is an integrated component of plants’ carbon 

metabolism, which operates for both growth and maintenance functions. In terms of plants’ 

carbon balance, respiration represents an expense of carbon, caused by the breakdown of 

organic compounds and the subsequent release of CO2. Depending on species, developmental 

stage and growth conditions, 30–80% of the carbon provided by photosynthesis may be 

consumed by respiration (Dewar et al., 1998; Gifford, 2003; Van Iersel, 2003). In a 

physiological sense, however, this investment of carbon is essential, since it ultimately allows 

the growth and survival of plants by the conversion of assimilate into a usable form of energy 

(ATP) and reducing nucleotides (like NAD(P)H; ap Rees, 1980; Amthor, 1989; Fernie et al., 

2004; Plaxton and Podestá, 2006). Respiration is furthermore a source of carbon skeletons, of 

building blocks for the biosynthesis of various organic compounds, and hence, respiration 

plays a decisive role in carbon allocation between the sinks that it serves.  

Respiratory carbon metabolism is a highly complex network which involves several 

metabolic pathways including glycolysis, the TCA-cycle and the oxidative pentose phosphate 

pathway (Heldt, 2005). It operates in functionally distinct organs throughout the plant and a 

variety of biochemical compounds can serve as substrates for respiration (ap Rees, 1980; 

Heldt, 2005). Indeed, carbohydrates are usually considered as the biochemical compounds 

posing the major source of respired carbon (ap Rees, 1980; Tcherkez et al., 2003). But plants 

have the capacity to respire various substrates, like organic acids, proteins or fatty acids, 

though the latter may become important substrates particularly in conditions of carbohydrate 

http://www.sfb607.de/
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starvation (ap Rees, 1980; Brouquisse et al., 1991; Dieuaide-Noubhani et al., 1997; Tcherkez 

et al., 2003). Thus, the carbon in respired CO2 may principally originate from a mixture of 

metabolic compounds, but it is actually not known how much each category contributes.  

Besides a biochemical classification, substrate pools in general may as well be 

differentiated upon their functions within plants’ carbon metabolism. They may act as short-

term stores (to buffer temporary imbalances in resource supply, like in dark periods), long-

term stores (e.g. to enhance regrowth after grazing or mowing), or they may involve substrate 

deriving directly from current photosynthesis, (i.e. substrate, that is transported to sinks 

immediately after photosynthetic fixation). It was repeatedly shown that carbon in respired 

CO2 may originate from both current assimilation products and from stores. This was true for 

respiration of leaves (Nogués et al., 2004), for root systems of several herbaceous species 

(Kouchi et al., 1985; Lötscher and Gayler, 2005), and for respiration of ryegrass canopies 

(Schnyder et al., 2003). The functional identity of all substrate pools forming the respiratory 

supply system of a plant, however, is largely unknown. In grasses, both current assimilation 

products and stores also serve as substrates for growth (Lattanzi et al., 2005; Wild et al., 

unpublished results) and for root exudation (Dilkes et al., 2004). Thus, a mechanistic concept 

of the substrate supply systems serving different sinks may be based on the functional 

identification of their carbon pools. This could help to reveal the links between competing 

sinks at the level of substrate pools and improve the understanding of plant allocation patterns 

towards functionally distinct requirements. The aim of the present thesis was to identify the 

respiratory substrate pools and to develop a mechanistic model of the respiratory supply 

system of perennial ryegrass. 

For the functional identification of pools one can take advantage of an inherent feature 

of metabolic carbon pools: they show turnover. Turnover implies that there is a flux of carbon 

atoms through pools, even when they remain at constant size, and pools of different 

functional-biochemical identity may turn over at different rates. These fluxes can be traced 

with isotope techniques without any relevant disturbance of biochemical and biophysical 

properties of the system. By changing the carbon isotopic composition of atmospheric CO2, 

the photosynthetic fixation flux is altered (i.e. labeled) immediately, while the isotopic 

composition of the respiratory CO2 efflux only starts to change once tracer arrives in the 

substrate pools supplying respiration. The time course of tracer incorporation into respired 

CO2 carries information about the number and the characteristics of the pools involved.  

Depending on the size of the system and the flux through it, however, substrate pools 

may exhibit turnover rates differing in several orders of magnitude. For a comprehensive 
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description of the whole system, labeling should ideally be conducted until the slowest turned 

over pool reaches a ‘new’ isotopic equilibrium, that is, when its carbon is fully exchanged 

with tracer. Principally, the long-lived radioactive isotope 14C can be used in labeling studies. 

Since its first use by plant physiologists (Ruben and Kamen, 1941), 14C labeling was often 

and successfully applied and served, for instance, to discover the path of carbon in 

photosynthesis (Calvin and Bassham, 1962; see Benson, 2002 for a historical overview of the 

early work with 14C). The long-term labeling of big systems (like intact plants), however, 

would require large quantities of expensive 14C and pose problems considering environmental 

health. For these reasons, labeling systems with stable carbon isotopes (13C/12C) have been 

developed (Deléens et al., 1983; Kouchi and Yoneyama, 1984; Geiger and Shieh, 1988; 

Schnyder, 1992; Schnyder et al., 2003). They are safe to use and take advantage of the 

differences in the abundance of 13C in atmospheric CO2 and that of commercially available, 

less expensive CO2. 

For the assessment of system dynamics with stable isotopes of carbon, discrimination 

processes caused by kinetic and equilibrium isotope effects have to be taken into account. 

They occur in carbon exchange mechanisms of metabolic pathways and in gas exchange 

processes between the atmosphere and the plant (Park and Epstein, 1961; Farquhar and 

Richards, 1984; Gleixner et al., 1993; Ghashghaie et al., 2003), the latter being sensitive to 

growth conditions like water availability (Farquhar and Richards, 1984; Schnyder et al., 

2006), irradiance (Hanba et al., 1997) or nitrogen supply (Sparks and Ehleringer, 1997; 

Hikoska et al., 1998). Since labeling with stable isotopes requires the detection of relatively 

small differences in 13C/12C ratios, discrimination effects could potentially alter the isotopic 

signature of the carbon fixed in photosynthesis and hence, bias the estimation of the amount 

of tracer and so the system dynamics.  

For the experiments described in the present thesis, a dynamic labeling approach was 

used and the time course of tracer incorporation in respired CO2 served to develop the 

mechanistic concept of the respiratory supply system of perennial ryegrass. The experiments 

were conducted in controlled growth facilities as described by Schnyder et al. (2003). All 

critical aspects of labeling with 13CO2/12CO2 could be fully accounted for, inter alia by 

keeping the environmental conditions for the plants constant throughout the experiments. 

With the use of modern gas-exchange measurement techniques, the expression of the carbon 

isotope discrimination was assessed online and (near) continuously to ensure that plants were 

growing in isotopic equilibrium before the onset of labeling. The change in the isotopic 

signature in respired CO2 with labeling could therefore be assigned purely to tracer content 
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and was not caused by other effects. Thus, the conceptual model of the respiratory supply 

system of perennial ryegrass could be developed and validated with so far not attained 

reliability. 

Chapter II describes an experiment, where in plants grown with a full supply of 

nitrogen, three major substrate pools that supply carbon to respiration of the shoot and the 

root were identified. A concept for the network architecture of the pool system at the plant 

level is provided. In a next step, the variability of substrate pool characteristics was tested 

experimentally by comparing the respiratory supply systems of plants that grew continuously 

in contrasting levels of nitrogen fertilization with otherwise identical growth conditions. This 

is the subject of chapter III. At the end of the thesis, a summarizing discussion is given, 

including the reliability of the present findings for systems in which a steady-state growth is 

not given.  
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Chapter II: Root and Shoot Respiration of Perennial Ryegrass Are 

Supplied by the Same Substrate Pools: Assessment by Dynamic 13C 

Labeling and Compartmental Analysis of Tracer Kinetics 1 

 

ABSTRACT       
The substrate supply system for respiration of the shoot and root of a perennial grass was 

characterized in terms of component pools, and pool’s functional properties: size, half-life 

(t1/2) and contribution to respiration of the root and shoot. The investigations were performed 

with Lolium perenne L. growing in constant conditions with continuous light. Plants were 

labeled with 13CO2/12CO2 for periods ranging from 1 h to 600 h, followed by measurements of 

the rates and 13C/12C ratios of CO2 respired by shoots and roots in the dark. Label appearance 

in roots was delayed by approximately 1 h relative to shoots; otherwise the tracer time course 

was very similar in both organs. Compartmental analysis of respiratory tracer kinetics 

indicated that, in both organs, three pools supplied 95% of all respired carbon (a very slow 

pool whose kinetics could not be characterized provided the remaining 5%). Pool’s half-lives 

and relative sizes were also near-identical in shoot and root (t1/2 <15 min, ~3 h and 33 h). An 

important role of short-term storage in supplying respiration was apparent in both organs: 

only 43% of respiration was supplied by current photosynthate (fixed carbon transferred 

directly to centers of respiration via the two fastest pools). The residence time of carbon in the 

respiratory supply system was practically the same in shoot and root. From this and other 

evidence, we argue that both organs were supplied by the same pools, and that the residence 

time was controlled by the shoot via current photosynthate and storage 

deposition/mobilization fluxes.  
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INTRODUCTION 
This paper deals with the substrate supply system of respiration in roots and shoots of intact 

plants of a perennial grass, Lolium perenne L. This system is an integral part of the total pool 

of available substrates for growth and maintenance processes in the root and shoot, and a 

major sink for carbon fixed in photosynthesis (Amthor, 1989). In the narrow sense, respired 

carbon mainly derives from a few compounds: malate, pyruvate, isocitrate, α-ketoglutarate or 

gluconate 6-phosphate (Heldt, 2005), which together account for only a small fraction of total 

plant biomass. Conversely, in the broad sense, all respired carbon derives from photosynthesis 

and, ultimately, most of the carbon fixed in photosynthesis is returned back to the atmosphere 

by way of respiration (Schimel, 1995; Trumbore, 2006). Before being respired carbon may 

visit various biochemical compounds in different organs. In principle, the physical and 

biochemical paths taken by carbon before being used as a substrate in respiration can be 

intricate, reflecting the physical and biochemical complexity of plant metabolic networks (ap 

Rees, 1980; Plaxton and Podestá, 2006).  

The intermediary fate (or allocation history) of carbon controls its residence time 

inside the plant (that is, the lapse of time between fixation and respiration). Thus, for instance, 

if carbon fixed in photosynthesis is transferred directly to centers of respiration, then the 

residence time in the plant is short (seconds to minutes). In contrast, if carbon is first 

deposited in long-lived molecules (such as proteins or storage carbohydrates) then the 

residence time is long (days to months). Respired carbon therefore originates from a 

heterogeneous mixture of molecules which cycle more or less extensively through a network 

of biochemical compounds and physical compartments. So, the residence time of respired 

carbon reveals functional properties of the supply system feeding respiration, and can be used 

to shed light on structural-functional differences between supply systems feeding different 

plant parts, such as roots and shoots. We are not aware of any comparative studies of the 

residence time of carbon feeding shoot and root respiration.  

The residence time of carbon can be characterized by quantitative tracer techniques 

(Ryle et al., 1976; Kouchi et al., 1985; Schnyder et al., 2003; Lötscher and Gayler, 2005). 

Studies at the level of whole plants (Schnyder et al., 2003) or with root systems (Kouchi et al., 

1985; Kouchi et al., 1986; Lötscher and Gayler, 2005) have revealed two distinct phases in 

the kinetics of tracer appearance in respired CO2: a phase with fast label appearance, which 

indicated a supply component that was closely connected with current photosynthetic activity, 

and a phase with slow label appearance, which indicated the participation of one (or more) 

store(s) in supplying respiration. Several types of compounds, including starch, vacuolar 
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sucrose and fructan, as well as proteins have been suggested as stores supplying substrates for 

respiration (ap Rees, 1980; Farrar, 1980). It is unknown if the contribution of stores and 

products of current assimilation to respiration is the same or different in shoots and roots.    

Whereas most of the interpretations of label appearance (in dynamic labeling) – or 

label disappearance (in pulse-chase labeling) – in respired CO2 have been qualitative, the 

tracer kinetics can also be quantitatively and mechanistically interpreted in terms of the 

number, size, kinetic properties (half-life, turnover rate) and contribution of the pools which 

compose the supply system of respiration. This is best done using the mathematical 

methodology of compartmental analysis (Atkins, 1969; Jacquez, 1996), which has been 

applied to various problems of the assimilation, transport and metabolism of carbon in plants 

(for instance, Moorby and Jarman, 1975; Prosser and Farrar, 1981; Rocher and Prioul, 1987; 

Bürkle et al., 1998; Lattanzi et al., 2005). A pool is defined here as a set of compounds which 

exhibit the same proportion of labeled carbon atoms; that is a pool represents a ‘space’ in 

which the isotopic composition is uniform (see e.g. Rescigno, 2001). So, in principle, one 

pool can include several populations of anatomical (physical) features and biochemical 

species on the condition that they exhibit the same proportion of label. Most importantly, 

however, by characterizing the pool on the basis of respiratory tracer release, the pool is 

identified by its function, namely supplying respiration with substrate.      

Here, we use compartmental analysis to provide a quantitative description and 

comparison of the compartmental structure and kinetic properties of the supply system 

feeding root and shoot respiration. Specifically, we address the following questions: What are 

the kinetics and sizes of the major respiratory pools supplying carbon to respiration of 

ryegrass (Lolium perenne L.)? How are these pools connected? How do shoot and root differ 

in terms of carbon supply by those pools? And, what are the contributions of current 

assimilation and stores to respiration? 

One basic difficulty in the characterization of carbon pools supplying respiration is a 

sufficient range of tracer application (or chase) times. Putative substrates for respiration have 

turnover times in the range of <1 h to many days (Simpson et al., 1981; Dungey and Davies, 

1982; Farrar and Farrar, 1986; Rocher and Prioul, 1987; Schnyder et al., 2003) or possibly 

weeks, meaning that labeling (or chase) times must vary by about four orders of magnitude, if 

all components of the respiratory supply system are to be characterized. Typically, however, 

the range of tracer exposure (or chase) times has been much narrower, thus capturing only fast 

or slow pools. In this study, we aimed to characterize all major components of the respiratory 

supply system by using labeling times ranging from 1 to 600 h. To this end, we labeled all 
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carbon assimilated by individual plants with a known constant 13C/12C ratio in CO2 over a 

period of up to 25 days, when respired CO2 had reached 95% label saturation [this labeling 

method is termed ‘steady-state labeling’ in ‘classical’ plant physiology literature (e.g. Geiger 

and Swanson, 1965; Geiger et al., 1969), but is now referred to as ‘dynamic labeling’ 

(Ratcliffe and Shachar-Hill, 2006)]. The 13C/12C ratio of respiratory CO2 produced in the root 

and shoot was measured at various times, and the time course of tracer in respired CO2 was 

evaluated with compartmental analysis. 
 

MATERIALS AND METHODS 
Plant material and growth conditions 

Seeds of perennial ryegrass (Lolium perenne, cv. Acento) were sown individually in plastic 

pots (350 mm height, 50 mm diameter) filled with 800 g of washed quartz sand (0.3 - 0.8 mm 

grain size). The bottom of every pot had a drainage hole (7 mm diameter) covered with a fine 

nylon net. Pots were arranged in plastic containers (760 x 560 x 320 mm) at a density of 378 

plants m-2. Two containers were placed in each of two growth chambers (Conviron E15, 

Conviron, Winnipeg, Canada). Plants were grown in continuous light, supplied by cool white 

fluorescent tubes. Irradiance was maintained at 275 µmol m-2 s-1 PPFD at the top of the 

canopy. Temperature was controlled at 20 °C and relative humidity near 85%. The stands 

were irrigated by flooding the boxes every 3 h briefly with modified Hoagland solution (2.5 

mM Ca(NO3)2 , 2.5 mM KNO3, 1.0 mM MgSO4, 0.18 mM KH2PO4, 0.21 mM K2HPO4, 0.5 

mM NaCl, 0.4 mM KCl, 0.4 mM CaCl2, 0.125 mM Fe as EDTA, and micronutrients). Stands 

were periodically flushed with demineralized water to prevent salt accumulation.  

 

CO2 control in the growth chambers  

The two growth chambers formed part of the 13CO2/12CO2 gas exchange and labeling system 

described by Schnyder et al. (2003). Air supply to the chambers was performed by mixing CO2-

free air and CO2 with known carbon isotope composition (δ13C, with δ13C = [(13C/12Csample) / 

(13C/12Cinternational VPDB standard)] – 1), using mass flow controllers. Control was facilitated by 

measuring concentration and δ13C of CO2 online every 20 – 30 min by an infrared gas 

analyzer (IRGA, Li-6262, Li-Cor Inc., Lincoln, NE, USA) and a continuous-flow isotope-

ratio mass spectrometer (CF-IRMS, Delta Plus, Finnigan MAT, Bremen, Germany).  

One chamber received 13C-depleted CO2 (δ13C –28.8‰), and the other 13C-enriched 

CO2 (δ13C –1.7‰) (both from Linde AG, Höllriegelskreuth, Germany). The δ13C and 

concentration of CO2 (360 µL L-1) inside the chambers were kept near constant by 
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periodically adjusting airflow and CO2 concentration in the inlet air of each chamber. The rate 

of CO2 supply to the chambers exceeded the CO2 exchange rate of the plant stands by a factor 

of 9. This minimized effects of photosynthesis and respiration on δ13C and concentration of 

CO2 in the chambers and suppressed the recycling of respiratory CO2.  

Chamber doors were equipped with custom-made transparent air-locks which had 

small ports through which plants could be handled and sampled. These air-locks assured 

minimal disturbance of the δ13C and concentration of CO2 in the chamber atmosphere when 

chambers had to be opened during the experiment. Empty chamber tests of air-locks 

demonstrated that with doors opened for 20 min, the CO2 concentration in the chambers 

changed by only 4 µL L-1, and δ13C by about 1‰. Twenty minutes after closing the chambers, 

CO2 concentration and δ13C in the chambers had returned to set-point values.  

 
13C labeling  

From three weeks after imbibition of seeds, when plants had three tillers, individual plants 

were labeled by swapping randomly selected plants between chambers. Thus, plants growing 

in the chamber with 13C-enriched CO2 were transferred to the chamber with 13C-depleted 

CO2, and vice versa. Plants were kept in the presence of the ‘new’ CO2 for 1, 2, 4, 8 or 16 h; 

or for 1, 2, 4, 8, 12, 17 or 25 d. At the end of given labeling intervals, plants were removed 

from the stands and transferred to a root/shoot respiration measurement system. This was 

done for at least 4 replicate plants for each labeling interval. To minimize possible size- and 

development-related effects on respiration, labeling periods were scheduled in such a way that 

labeling duration and plant age at sampling were not correlated. 

 

Respiration measurements 

Shoot and root respiration rates as well as the δ13C of shoot- and root-respired CO2 of 

individual plants were measured in the gas exchange system described and used by Lötscher 

et al. (2004) and Klumpp et al. (2005). This system included four single-plant cuvettes 

interfaced to an IRGA and CF-IRMS via Teflon tubes. The cuvettes were kept in a 

temperature-controlled cabinet held at the same temperature as the two growth chambers. 

Each cuvette consisted of an open cylinder (200 mm height, 153 mm diameter) and a top and 

bottom plate (all made of polyvinylchloride), which could be opened and closed quickly to 

insert a pot. The bottom plate contained a duct that matched exactly the cross-sectional area of 

the pot. A similar system was used to seal the bottom of the pot. Rubber seals and vacuum 

grease ascertained that cuvettes were air-tight. Air with known constant δ13C (-5‰) and 
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concentration of CO2 (223 µL L-1) was supplied to the cuvettes at a rate of 0.75 L min-1 after 

passage of a humidifier. Air flow was controlled by mass flow controllers. Each cuvette had 

two outlets: one in the shoot section on the opposite side of the inlet, and the other at the 

bottom of the pot which enclosed the root compartment. Air in the shoot compartment was 

ventilated by a fan. Part of the air stream feeding the shoot compartment (0.25 L min-1) was 

drawn through the root compartment with a gas-tight Teflon-lined peristaltic membrane 

pump. The air was then dried and the flow to a multi-way valve block (sample air selector, 

SAS) controlled by a mass flow controller. The remaining air from the shoot compartment 

was directly conveyed to the SAS. A reference air line (0.9 L min-1) was also connected to the 

SAS. The SAS sequentially sampled the reference air line and the eight sample air lines and 

fed the air to the IRGA and CF-IRMS as described in Schnyder et al. (2003).  

Prior to measurements, just after removal from the growth chambers, the pots were 

rinsed with demineralized water, which was previously aerated with CO2-free air for one day. 

Plants were then enclosed in the respiration cuvettes and the cuvettes flushed with CO2-free 

air. After excess water had drained off the bottom section of the cuvette, all measuring air 

lines were installed and air flow rates were adjusted, as described above. These procedures 

aimed at removing all extraneous air from shoot and root compartments as quickly as 

possible.  

A full measurement cycle of all four cuvettes was completed in ~45 min and included 

three replicate measurements of δ13C and concentration of CO2 in the air exiting the shoot and 

root compartment of each cuvette plus one reference air measurement. Dark respiration of 

shoot and root was recorded for about 5 h, thus yielding six full measurements for each plant 

(cf. Fig. II.1). First reliable measurements of the rates and δ13C of shoot respiration were 

obtained ~30 min after removing plants from the stands, but it took up to 1.5 h to purge the 

root system free of all extraneous CO2 (cf. Lötscher et al., 2004). Therefore, it can be ruled 

out that photorespiratory CO2 release has contributed to the measured isotopic signal, since 

the time to purge the cuvettes previous to measurements was much longer than the duration of 

the (photorespiratory) post-illumination burst. Each δ13C sample was measured against a 

working gas standard which was previously calibrated against a VPDB-gauged laboratory 

CO2 standard. The standard deviation of repeated single measurements was 0.10‰ for δ13C 

and 0.34 µL L-1 for the concentration of CO2 on average of all measurements. The respiration 

rate of roots decreased slightly (~6%) during the 5 h measurement period, while that of shoots 

was constant. Average rates were used to calculate specific respiration rates on a carbon basis.  
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Plant harvest and elemental analysis 

Immediately after the termination of respiration measurements, plants were removed from the 

pots, washed free of sand, dissected into shoot and root, weighed, frozen in liquid nitrogen, 

and stored at -30 °C. All samples were freeze-dried for 72 h, weighed again, and ground to 

flour mesh quality in a ball mill. Aliquots of 0.75 mg ± 0.05 mg of each sample were weighed 

into tin cups (IVA Analysentechnik e.K., Meerbusch, Germany) and combusted in an 

elemental analyzer (Carlo Erba NA 1110, Carlo Erba Instruments, Milan, Italy), interfaced to 

the CF-IRMS, to determine carbon and nitrogen contents.  

 

Analysis of water-soluble carbohydrates 

Water-soluble carbohydrates were extracted and quantified as described by Schnyder and de 

Visser (1999).  

 

Data analysis 

The proportion of carbon in shoot- and root-respired CO2 that was assimilated before 

(unlabeled) and during labeling, funlabeled-C and flabeled-C (where flabeled-C = 1 – funlabeled-C), was 

calculated as by Schnyder and de Visser (1999):  

  

(1)  funlabeled-C = (δ13CS – δ13Cnew) / (δ13Cold – δ13Cnew),  

 

where δ13CS, δ13Cold and δ13Cnew are the δ13C of respiratory CO2 produced by the labeled 

sample plant, and non-labeled plants growing continuously in the chamber of origin (‘old’) or 

in the labeling chamber (‘new’). δ13CS, δ13Cold and δ13Cnew of shoots were obtained as  

 

(2) δ13CX= (δ13Cin Fin – δ13Cout Fout) / (Fin – Fout),  

 

where X stands for ‘sample’, ‘new’ or ‘old’ (as appropriate), and δ13Cin, δ13Cout, Fin and Fout 

are the isotopic signatures and the flow rates of the CO2 entering and leaving the shoot 

cuvette, respectively. Calculations for the root compartment were done in the same way in 

considering that the concentration and δ13C of the CO2 entering the root compartment was 

equal to that in the shoot compartment (cf. Klumpp et al., 2005).   

The δ13C of shoot-respired CO2 of individual control plants as well as that of labeled 

plants did not change during the 5 h of respiration measurements (p>0.05). From 1.5 h after 

transfer the δ13C of root respiration was also stable (cf. Fig. II.1). Barbour et al. (2007) have 
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observed rapid and pronounced changes in δ13C of respired CO2 during the first few minutes 

following light-to-dark transition in Ricinus communis L. We did not observe such effects, 

probably because first measurements started 30 minutes after removal from the chamber. 

Thus, δ13C of respiratory CO2 of the shoot or root of one plant was taken as the mean of all 

the measurements of a plant. This was true for all measurements, except for shoots labeled for 

only 1 h: in these funlabeled-C increased markedly during the measurement (Fig. II.1), suggesting 

depletion of a rapidly labeled carbon pool. In that case, regression analysis was applied and 

funlabeled-C was taken as the y-intercept of the linear regression of funlabeled-C (y) versus time after 

removal from the growth chamber (x) (Fig. II.1). This procedure ensured that funlabeled-C in 

shoot- and root-respired CO2 of each plant referred to the same time in darkness and provided 

thus the basic reference points for the estimation of pool properties.  
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Figure II.1: Time course of the fraction of 
unlabeled carbon in CO2, respired by 
shoots (closed symbols) and roots (open 
symbols) of perennial ryegrass plants 
during respiration measurements, for 
plants that were previously labeled for 1 
h (triangles) and 24 h (circles). Error bars 
denote ± 1 SE (n=4). The dashed line 
denotes the linear regression for shoots 
labeled for 1 h (y = 0.83 + 0.48x, r2 = 
0.74). The regression for the other 
labeling times was non-significant (not 
shown). 

 

 

Carbon isotope discrimination, Δ13C (defined as Δ13C = (δ13CCO2 – δ13Crespiratory CO2) / (1 + 

δ13Crespiratory CO2), was determined for non-labeled plants from both chambers. Chambers did 

not differ (p>0.05), as would be expected from the fact that growth conditions were the same. 

However, there was a difference in Δ13C of shoots and roots (23.2‰ ± 1.0 SD versus 25.8‰ 

± 0.7 SD), consistent with the observations of Klumpp et al. (2005). This effect was 

accounted for in the labeling data evaluation by using shoot- and root-specific δ13Cnew and 

δ13Cold values in eqn 1 (above, see also Schnyder and de Visser, 1999). 

Refixation of respiratory CO2 was considered unimportant in this work. Principally, 

there are two aspects of refixation which are potentially relevant: one relates to refixation of 

respiratory CO2 that has been released into the chamber atmosphere, the other concerns 
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(internal) refixation within the photosynthetic tissue. Refixation of respired CO2 from the 

chamber atmosphere was insignificant in this open, rapidly turned over system, in which the 

rate of CO2 supply to the chambers exceeded the stand CO2 exchange rate by a factor of 9. 

The carbon isotope composition of CO2 in the chamber air was measured near-continuously, 

and these measurements were taken as the actual source CO2 isotope composition. Moreover, 

the small number of labelling plants present in a chamber at any moment had no measurable 

effect on the isotopic composition of CO2 in chamber air. Internal refixation was estimated 

using knowledge of 13C discrimination in shoot biomass, and assumptions about the fractional 

contribution of leaf respiration to stand respiration, and the ratio of respiration to 

photosynthesis. With a 13C discrimination of 23.0‰, the ci/ca ratio (the ratio of leaf internal to 

atmospheric CO2 concentration) of leaves was near 0.82 (Farquhar et al., 1989), thus the 

probability for refixation of leaf-respired CO2 was approx. 18%. Assuming that leaf-respired 

carbon accounted for about one third of plant respiration, and that total plant respiration in 

light was one third of the photosynthetic flux, the contribution of refixation to total 

photosynthetic CO2 fixation was approx. 1.6% (0.18 x 0.3 x 0.3 = 0.016 = 1.6%). This effect 

was considered insignificant. 

 

Compartmental modeling of tracer time course in respired CO2 

The model shown in Fig. II.4 was described mathematically assuming that the system was in 

steady-state, an assumption supported by constant specific growth and respiration rates of 

shoots and roots. Estimated turnover rates and half-lives assume first-order kinetics.  

The fraction of tracer in each compartment with respect to time was given by:  

 

(3a) funlabeled-C-Q1 =  

= (Q1 * funlabeled-C-Q1 + FIn * flabeled-C – F10 * funlabeled-C-Q1 – F12 * funlabeled-C-Q1) / Q1 

(3b) funlabeled-C-Q2 = (Q2 * funlabeled-C-Q2 + F12 * funlabeled-C-Q1 + F32 * funlabeled-C-Q3 –  

– F23 * funlabeled-C-Q2 – F20 * funlabeled-C-Q2) / Q2 

(3c) funlabeled-C-Q3 = (Q3 * funlabeled-C-Q3 + F23 * funlabeled-C-Q2 – F32 * funlabeled-C-Q3) / Q3   

(3d) funlabeled-C = (F10 * funlabeled-C-Q1 + F20 * funlabeled-C-Q2) / (F10 + F20),  

 

where Q1, Q2 and Q3 are the pool sizes and FIn is the flux of photosynthetically assimilated 

carbon (tracer) that enters the respiratory system. Since the system is in steady-state, and FIn 

equals the specific respiration rate, FIn = FOut, FOut = F10 + F20 (Fig. II.4), F12 = F20 and F23 = 

F32. Indices refer to donor and receptor pools, respectively. Index 0 represents the 
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environment. The fraction of unlabeled carbon in shoot- or root-respired CO2 is funlabeled-C. 

This is the measured parameter against which the model prediction is compared. funlabeled-C-Qi is 

the fraction of unlabeled carbon in the pool Qi, flabeled-C is the constant fraction of fully labeled 

carbon entering the system after start of labeling.  

In order to fit the initial part of the tracer time-course observed in root respiration, a 

Delay 2 was inserted between the beginning of labeling and the start of tracer incorporation 

into Q1. In other words, tracer entered Q1 in the root model a little later than in the shoot 

model, which would account for phloem transport time from shoot to root. Delay 2 was not 

necessary to simulate the tracer time-course observed in shoot respiration.  

To model the stable degree of labeling in the first hours (Fig. II.3, insets), a Delay 1 between 

tracer acquisition in pool Q2 and its efflux in F20 (Fig. II.4) was required in both shoot and 

root simulations. Mathematically, funlabeled-C-Q2 in eqn. 3d was forced to lag temporally behind 

funlabeled-C-Q2 in eqns. 3b and c for the numerical value of Delay 1. Since Delay 1 operated only 

on the release side of Q2 (i.e. F20), it had no effect on the estimation of the half-lives of Q2 and 

Q3. Considering the steady-state of the system, it is important to note that Delay 1 and Delay 

2 only apply to tracer content in respired CO2, and not to the rate of respiration itself. 

These equations were implemented in a custom-made program using the free software 

‘R’ (R Development Core Team, 2007). Initial values for pool sizes, fluxes between pools and 

delays were inserted, and the set of numerical equations (3) was solved. In that way, a tracer 

time course across the entire labeling period (600 h) was generated. The goodness of the fit 

was expressed as the root mean squared error (RMSE):  

 

(4) 
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with x and X the observed and model-predicted funlabeled-C at labeling time i, and n the number 

of labeling times.  

This procedure was followed many times by stepwise and systematic variation of pool 

sizes, fluxes and delays to identify the combination of values yielding the minimum RMSE 

(Table II.1, Fig. II.5).  

Optimized pool sizes and fluxes served to calculate the half-life of a pool of size Qi:  

 

(5) t1/2(Qi) = ln(2) / (Fi / Qi),  
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with Fi the sum of all fluxes leaving the pool Qi.  

Based upon optimized fluxes, the contribution of a pool Qi (CQi) to respiratory carbon 

release was derived, which is defined here as the probability of tracer moving in a certain flux 

of the respiratory system (cf. Fig. II.4):  

 

(6a)  CQ1 = F10 / (F10 + F12)      

(6b) CQ2 = (1 - F10 / (F10 + F12)) * F20 / (F20+F23) 

(6c)  CQ3 = (1 - F10 / (F10 + F12)) * F23 / (F20+F23) 

and CQ1 + CQ2 + CQ3 = 0.95 

 

CQ1 is thus the probability that tracer enters the system and leaves it in F10 without visiting 

any other pool. CQ2 implies, that tracer enters Q2 via Q1 and is respired in F20 without moving 

through Q3. CQ3 is the probability of tracer cycling through the storage pool at least once.  

 

Validity of model assumptions 

As is the general case for compartmental analyses (e.g. Farrar, 1990; Lattanzi et al., 2005) the 

present one was based on the assumptions, that (1) the system is in a steady-state, (2) fluxes 

obey first-order kinetics and (3) pools are homogeneous and well mixed (Farrar, 1990; 

Lattanzi et al., 2005). Assumption (1) was well satisfied in the experiment: specific growth 

and respiration rates of shoots and roots were constant (see Results and Discussion). Also, the 

carbon to nitrogen ratio of biomass (24:1) did not change (p>0.05, data not shown). Growing 

plants in continuous light ensured that short-term changes of pool sizes and fluxes (which are 

common to plants growing in day/night cycles) did not occur. Assumption (2) is probably 

false in a strict sense, but its practical validity seems supported (see Farrar, 1990 for a 

discussion).  

Assumption (3) is perhaps the most drastic simplification in the model. Probably, the 

different pools are not truly homogeneous, but may comprise several biochemical compounds 

located in different spatial compartments, such as protein and fructan pools in different 

leaves. However, further compartmentalization did not improve goodness of fit, indicating 

that the kinetic properties of the components of a pool were similar. The observed lags for 

tracer arrival in the root and respiratory carbon release from Q2 represent exemptions from the 

well-mixing assumption, which were explicitly accounted for by inserting (and optimizing) 

appropriate delays.  
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Tracer studies normally assume that isotopic discrimination in pool exchange 

processes can be neglected. In the present study, any effects of carbon isotope fractionation 

during photosynthesis, transport and metabolism on carbon isotope composition of respired 

CO2 were accounted for in the evaluation of labeling data by assessing (and correcting for) 

isotopic discrimination in unlabeled plants (see de Visser et al., 1997).  

 

RESULTS 
Meeting the steady-state conditions of compartmental analysis: constant specific growth 

and respiration rates 

Inferring the number and kinetics of mixing pools by compartmental analysis relies on several 

assumptions (see above). A major one is that the system under consideration shows no change 

in time except for tracer content (referred to as ‘metabolic steady-state’ by Ratcliffe and 

Shachar-Hill, 2006). By performing the present study in controlled environments, constant 

growth conditions were provided: plants grew with continuous illumination, and temperature, 

relative humidity and CO2 concentration were maintained at constant values throughout the 

experiment. Water and nutrients were supplied frequently. 

During the experiment, shoots and roots exhibited constant specific growth rates 

(shoot: 0.085 g C g-1 shoot-C d-1 ± 0.011 CI0.95, root: 0.072 g C g-1 root-C d-1 ± 0.014 CI0.95). 

Moreover, specific respiration rates were steady throughout the labeling period (p>0.05; Fig. 

II.2), with shoot respiration (0.97 mg C g-1 plant-C h-1 ± 0.13 SD, n=60) being nearly twice as 

high as root respiration rates (0.53 mg C g-1 plant-C h-1 ± 0.09 SD, n=60). Further, due to the 

similarity of shoot and root specific growth rates, the shoot to root ratio (3.8 g C g-1 C) was 

near constant. No differences in the rates of growth and respiration were observed between 

growth chambers (p>0.05). These results indicate that plants were growing near 

exponentially, with constant specific demands on respiration, and thus the system was 

virtually in a steady-state.  
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Figure II.2: Specific respiration rates of 
shoots (closed symbols) and roots (open 
symbols) of perennial ryegrass, labeled for 
different time intervals, and of non-labeled 
controls (C, left panel). Each value is the 
mean of four to ten replicate plants (±1SD). 
Dashed lines indicate average values. Note 
the logarithmic scaling of the x-axis. 

 

 

Water-soluble carbohydrate concentration in root and shoot biomass 

Water-soluble carbohydrates (WSC) accounted for 0.337 g C g-1 of total shoot-C (± 0.035 SD, 

n=6). This was more than four times higher than the concentration in the roots (0.079 g 

WSC-C g-1 root-C ± 0.006 SD, n=6).  

 

Labeling kinetics of respired CO2 in the shoot and root 

The time courses of tracer incorporation into shoot- and root-respired CO2 were strikingly 

similar (Fig. II.3), except that first label incorporation into respiratory CO2 of roots occurred 

with a delay of approximately 1 h, and that the degree of labeling of root-respired CO2 was 

about 5% less than that of shoots during the first week of labeling.  

The labeling kinetics revealed five distinct phases: (i) a fast initial labeling, (ii) a lag 

period of a few hours in which the degree of labeling did not change (Fig. II.3, insets), (iii) a 

period which lasted until about 1 d of labeling in which the fraction of unlabeled carbon 

decreased rapidly, (iv) a period until about 8 d in which the fraction of unlabeled carbon 

decreased at a slower rate, and (v) a final period which lasted until the end of the experiment 

(25 d of labeling) in which the fraction of unlabeled carbon in respiration remained near 5% 

(Fig. II.3).  
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Figure II.3: Evolution of the fraction of unlabeled carbon (funlabeled) in CO2 respired by shoots 

(A) and roots (B) of perennial ryegrass during labeling. Each value is the mean of four to 
six replicate plants (±1SE). Lines denote model predictions (Fig. II.4). Insets expand the 
first 48 h.  

 

Compartmental model of substrate pools for respiration 

The labeling kinetics reflected the operation of a substrate pool system supplying respiration. 

The structure of this system (number of pools, links between pools, delays, and sites of tracer 

entry and outlet) was determined by analysis of the tracer kinetics of respiratory CO2 (Fig. 

II.3), including multi-exponential curve fitting to the tracer kinetics (similar to e.g. Moorby 

and Jarman, 1975), and consideration of established compartmental concepts of respiratory 

carbon metabolism (e.g. Farrar, 1990; Dewar et al., 1998), while respecting the (reductionist) 

principle of parsimony (‘all other things being equal, the simplest solution is the best’):  

1) The fast initial labeling of respired CO2 [phase (i)] revealed a respiratory activity fed 

by a substrate pool very close to photosynthetic metabolism and hence rapidly 

renewed by assimilated tracer. This pool was named Q1 and its respiratory activity F10. 

2) Further respiratory tracer release occurred only after a delay of several hours [phase 

(ii)], revealing the existence of a second respiratory activity (F20) fed via another pool. 

3) Fitting of a dual-exponential (instead of a mono-exponential) decay function to the 

tracer kinetics beyond 4 h of labeling increased the goodness of fit and gave a better 

distribution of residuals. More exponential terms, however, improved neither the fit 

nor the distribution of residuals. This indicated the existence of (at least) two 

additional respiratory substrate pools with distinct turnover times [phases (iii) and 

(iv)]. These pools were named Q2 and Q3. 

4) A small residual respiratory activity (~5%) [phase (v)] could not be characterized in 

terms of pool size and half-life because it released no tracer during the duration of 
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labeling. 

5) The fact that pools Q2 and Q3 were resolved by respiratory tracer kinetics meant that 

respiratory activity F20 was fed via Q2, the faster of the two pools. 

6) Of the several possibilities to arrange pool Q3 in the model (e.g. by exchanging with 

Q1, Q2, or with both Q1 and Q2) we chose the simplest and biologically most 

meaningful: pool Q3 supplied respiration by acting as a store, thus, by exchanging 

carbon with Q2. 

7) The 0.8-h delay in labeling of respiratory CO2 in roots relative to that in the shoot was 

interpreted as the time required for phloem transport of tracer from shoot to root. 

A three-pool model with one delay was capable of accounting for all of the above-mentioned 

features of shoot respiration (Delay 1 in Fig. II.4). The same model with an additional (~0.8 

h) delay for tracer release fitted root respiration (Delay 2). In this model – a map of 

respiratory carbon metabolism of the shoot and the root – carbon fixed in photosynthesis 

entered the respiratory system via Q1, where it was either respired or transferred to Q2. In Q2 

carbon was either respired directly or first cycled through Q3 before being respired via Q2. 

This is not the simplest three-pool model (this would consist of three independent and isolated 

pools, each receiving tracer and each releasing CO2), but it is the simplest with biological 

consistency able to reproduce the observed tracer kinetics. Additional pools were not 

supported by the number of exponential terms found, and different arrangements of pools and 

fluxes were not supported by goodness of fits (e.g. linking Q3 to Q1 instead of to Q2). 

 

 

 

 

 

 

 

  

 

Figure II.4: Three-pool model of the substrate supply system of dark respiration of the shoot 
of perennial ryegrass. Carbon fixed in photosynthesis enters the respiratory system via pool 
Q1, where it is either respired (respiratory flux F10) or transferred to pool Q2. In Q2 carbon is 
either respired directly (F20) or first cycles through Q3 before being respired via Q2. 
Respiratory tracer release from Q2 is associated with a delay. Functional characteristics of 
the pools (size, half-life and contribution to shoot and root respiration; Table II.1) were 
estimated by translating the model into a set of differential equations, and fitting the model 
to the tracer kinetics of shoot respiration. The same model also fitted the tracer kinetics of 
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dark respiration of the root, but included an additional delay of 0.8 h for tracer release in F10 
and F20. Arrows and boxes are scaled to indicate the magnitude of fluxes and pool sizes. 

 

This model was translated into a set of differential equations (similar to Lattanzi et al., 2005) 

which described the system in terms of fluxes between pools and the environment, and 

implemented in a custom-made program using the free software ‘R’ (R Development Core 

Team, 2007). The program systematically tested millions of preset values for pool sizes, 

fluxes between pools and delays to find the lowest root mean squared error (RMSE). This 

extensive evaluation, first, assured that the absolute minimum RMSE was identified rather 

than a ‘local’ minimum, and second, revealed its sensitivity to changes in parameter values 

(Fig. II.5). These procedures were performed independently for the shoot and root data, thus 

generating independent estimates of system properties for the shoot and root.  
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Figure II.5: Sensitivity of the goodness of model fits for the shoot (A-C) and the root (D-F) to 

departures from optimized values of pool size (A, D), half-life (B, E) and contribution to 
respiration (C, F). Sensitivity is expressed by the root mean squared error (RMSE) of the fit 
(minimum RMSE indicates the optimum value of a model parameter). The solid line 
represents Q1, the dotted line Q2, and the dashed line Q3. Note the logarithmic scaling of the 
x-axis for pool size and half-life. 
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Pool sizes, half-lives and contributions to respiration 

Pool’s half-lives were derived from fitted pool sizes and fluxes. The contribution of each pool 

to respiration was determined as the probability of carbon cycling through that pool before 

being respired. Pools Q1, Q2 and Q3 differed greatly in size and half-life (Table II.1). The 

relative sizes of the three pools were similar in the shoot and root, but root pools were 30 to 

50% smaller than shoot pools because root respiration rate was half that of the shoot (Fig. 

II.2).  

 

Table II.1: Optimization results for the parameters of the model shown in Figure II.4, as 
applied to the tracer time courses of shoot and root respiration (Fig. II.3). Model parameters 
include the size, half-life and percentage contribution to respiration of pools Q1, Q2 and Q3. 
Together, the three pools accounted for 95% of shoot and root respiration. The remainder 
was supplied by sources which released no tracer within the 25 d-long labeling period (Fig. 
II.3). The quality of the fits is expressed as the root mean squared error (RMSE).  

Pool Shoot Root 

 Size (mg C g-1 plant-C) 

Q1 ≤0.2 ≤0.2 

Q2 9.7 6.9 

Q3 70.3 45.0 

 Half-life (h) 

Q1 ≤0.1 ≤0.2 

Q2 2.9 3.4 

Q3 33.0 33.2 

 Contribution (%) 

Q1 16 13 

Q2 28 27 

Q3 51 55 

 Delay 1 (h) 

— 3.7 4.1 

 Delay 2 (h) 

— — 0.8 

 RMSE 

— 0.022 0.028 
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Q1 was a very small, rapidly turned-over pool. Both in the shoot and in the root it was 

equivalent to 0.02% of total plant carbon, and its half-life was in the order of 0.1 to 0.2 h. Q2 

of the shoot represented ~1% and Q2 of the root ~0.7% of total plant carbon, and both had a 

half-life of ~3 h (Table II.1). Q3 was the largest: its shoot component comprised 7% and the 

root component 4.5% of total plant carbon. The half-life of Q3 was virtually identical in both 

organs: 33 h. In total, 13.2% of all plant carbon formed part of respiratory substrate pools.   

Although Q1 was a very small pool, it served a significant role in respiration: 16% of 

shoot respired carbon and 13% of root respired carbon cycled only through Q1 (Table II.1). 

The bulk, 79% of shoot respiration and 82% of root respiration, was supplied by Q2. 

Respiration via Q2 was supplied by direct transfer of current photosynthate via Q1, and by 

carbon that first cycled through Q3 (Fig. II.4). Direct transfer accounted for 28% of shoot 

respiration and 27% of root respiration. This meant that two pools whose carbon was renewed 

very rapidly by current photosynthetic assimilation supplied 44% of shoot respiration and 

40% of root respiration. On the contrary, Q3, with a half-life of 33 h, played a (short-term) 

storage role and was the main source of substrates for respiration: 51% of all carbon respired 

in the shoot and 55% of that respired in the root cycled through this pool at least once before 

being respired (Table II.1). In both organs, 5% of respired carbon derived from a pool that 

could not be characterized in terms of size and half-life. Sensitivity analyses showed that 

estimates of pool’s size, half-life and contributions to respiration were well constrained by the 

data (Fig. II.5).  

 

DISCUSSION  
The identity of respiratory substrate pools 

This work indicates the existence of three pools supplying 95% of all substrate for respiration 

in intact plants of L. perenne. A most distinctive difference between these pools was the speed 

of carbon exchange by current assimilate: half-lives differed by almost four orders of 

magnitude between the fastest (Q1) and the slowest pool (Q3) (Table II.1, Fig. II.5). Each of 

these pools did likely not represent a single biochemical compound with a specific spatial 

location; rather they were probably mixtures of substrates distributed in different tissues and 

organs throughout the plant. Heterogeneous as they may be, these mixtures shared 

nonetheless a common pattern of tracer incorporation/release that compartmental analysis 

recognized. Hence, derived half-lives can be compared with known half-lives of putative 

substrates for respiration with the aim of attributing functional-biochemical identities to Q1, 

Q2 and Q3. 
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Q1 very quickly incorporated and released tracer. Thus, it was intimately connected with both 

CO2 fixation and respiration. Its rapid turnover rate is consistent with the speed of labeling of 

primary photosynthetic products that are also involved in decarboxylation, including organic 

acids (Calvin and Bassham, 1964). Q1 also contributed to root respiration, indicating a 

phloem-translocated component. Malate could have been a major constituent of Q1: it is 

rapidly labeled in leaves (Heber and Willenbrink, 1964), it is translocated to roots (Imsande 

and Touraine, 1994) and it is thought to be decarboxylated there (Imsande and Touraine, 

1994; Stitt et al., 2002). Malate concentration is high in plants growing on nitrate (Leport et 

al., 1996), and may serve as a control and substrate for the nitrate uptake system (Imsande and 

Touraine, 1994). If this conclusion is true, then the relevance of Q1 would depend on nitrogen 

source. We know of no other comparative studies of whole shoot and root respiratory tracer 

kinetics, which would allow an assessment of the generality of the present finding. Nogués et 

al. (2004) reported a rapid incorporation of tracer in CO2 respired by Phaseolus leaves, 

consistent with tracer kinetics in Q1. But no study of tracer incorporation in root respiration 

has reported the existence of Q1, Perhaps, the participation of Q1 in respiration is not a 

ubiquitous feature. An essential factor in identifying Q1 was the existence of a few-hours lag 

between tracer incorporation and release from Q2 (see below). Had there been no lag, then 

tracer release from Q2 would have overlain that of Q1, rendering it unnoticeable.  

The half-life of Q2 (3 h) was close to, but longer than, the half-life often ascribed to a 

pool of ‘transport sucrose’ (1 to 2 h: Moorby and Jarman, 1975; Bell and Incoll, 1982; Farrar 

and Farrar, 1986). This pool is composed of sucrose in the cytoplasm, apoplast, and sieve 

tubes and companion cells of the phloem in actively photosynthesizing and exporting C3 

leaves (Geiger et al., 1983). The present study derived respiratory pool kinetics from 

measurements at the scale of whole shoots and roots, that is, from tissues of very different 

developmental status: growing (sink), mature and senescing. We know of no studies of the 

kinetics of the transport pool in vegetative sink tissues. In the leaf growth zone of Festuca 

arundinacea the turnover rate of total tissue sucrose varied between <1 h and ~4 h, depending 

mainly on growth rate and related sucrose import and use (Schnyder and Nelson, 1987). 

Sucrose turnover in metabolically active sink tissue would, it seems, be similar to that in 

actively photosynthesizing leaves. Therefore, an interpretation of the half-life of 3 h of Q2 is 

that it represents the (activity-weighted) mean of the kinetics of the transport pool extending 

over both source and sink tissues in the plant.  

There was a substantial delay between tracer uptake and respiratory tracer release from 

Q2 (Delay 1, Figs. II.3 and II.4, Table II.1). This effect was observed in both shoot and root, 
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and therefore must have been related to metabolism and not to transport. Results of others 

suggest some delay between the arrival of sucrose in sink tissue and its use in respiration: in a 

study with Festuca arundinacea Allard and Nelson (1991) found that 90% of the tracer 

imported into leaf growth zones was still present in the water soluble carbohydrates fraction at 

2 h after labeling source leaves, and hardly any label was present in structural material. In the 

work of Kouchi et al. (1985) and Lötscher and Gayler (2005) respiratory tracer release from 

roots of legumes did not start until ~2 h or longer after the beginning of labeling. But Dilkes 

et al. (2004) observed a very rapid labeling of root exudates in wheat, and no evidence for a 

marked delay between tracer release via exudates and respiration. A similar lag was observed 

in other experiments with L. perenne growing with a limited supply of nitrogen (chapter III), 

showing that the present observation was not a singular result. We cannot rule out the 

possibility that growth in continuous light was a factor. However, we cannot envisage the 

physiological mechanism of such an effect.  

The half-life of 33 h and the large size of Q3 suggest a storage pool. Nonstructural 

carbohydrates are generally considered as the main source of respired carbon (ap Rees, 1980; 

Tcherkez et al., 2003) and some of them are used as temporary stores (Smith and Stitt, 2007). 

In C3 grasses, such as L. perenne, carbohydrate storage occurs mainly in vacuoles in the form 

of sucrose or fructan (Farrar and Farrar, 1986; Pollock and Cairns, 1991; Vijn and Smeekens, 

1999). Starch was only a trace component of biomass in this study (<1% of plant dry wt, data 

not shown), but water-soluble carbohydrates were present at high concentration, particularly 

in the shoot. A storage pool with a half-life in the range of 12 h to 24 h is often found in C3 

plants and ascribed to vacuolar sucrose (Moorby and Jarman, 1975; Bell and Incoll, 1982; 

Farrar and Farrar, 1986). The dynamics of fructan turnover are less clear. Its half-life was 

found to be in the range of 2 to 5 h in leaf blades of Hordeum distichum and two Poa species 

(Farrar, 1989; Borland and Farrar, 1988), and 14 to 18 h in leaf sheaths of Poa (similar to a 9 

to 15 h half-life of vacuolar sucrose; Borland and Farrar, 1988). Fructan stored in wheat stems 

did not turnover during the storage phase (Winzeler et al., 1990). 

Proteins constitute another large plant fraction which turnover is closely connected 

with respiratory pathways (Lea and Ireland, 1999). Half-lives of soluble proteins are in the 

order of 3.5 to 8 days (Simpson et al., 1981; Dungey and Davies, 1982), much longer than the 

half-life of Q3. This indicates that if proteins contributed to Q3 then this contribution must 

have been relatively small. Forcing the model to split Q3 into two storage pools gave tentative 

support to this conclusion as it yielded one pool with a half-life of 20 h contributing ~40% of 

total respiration and the other pool with a half-life of ~4 days contributing ~10% of total 
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respiration.  

 

The size of the respiratory substrate pool system and carbon use efficiency 

Collectively the respiratory substrate pool system comprised 13.2% of the total carbon mass 

of plants, and most of this (~87%) was contained in Q3, the storage pool. In comparison, 

water-soluble carbohydrates accounted for 28% of total plant carbon, meaning that it 

contained much more carbon than all respiratory pools combined. This is expected because 

stores supply not only respiration but also carbon skeletons for new biomass. Assuming that 

water-soluble carbohydrates were the exclusive substrate for respiration (thus neglecting any 

contribution of other putative substrates such as malate or proteins), then 47% of the water-

soluble carbohydrate-C was allocated to respiratory CO2. In that case, the remainder (53%) 

must have been allocated to new (structural) biomass. This corresponds to a carbon use 

efficiency (CUE) of 53% for water-soluble carbohydrates. This is a conservative (i.e. low) 

estimate of the CUE of water-soluble carbohydrates, as it ignored possible contributions to 

respiration by other substrates. Yet, this efficiency is close to empirical and theoretical 

estimates of photosynthetic CUE in young herbaceous plants (van Iersel, 2003).   

 

Are shoot and root respiration supplied by the same pools? 

The most striking result of this work was the great similarity of root and shoot respiratory 

tracer kinetics (Fig. II.3). This meant that the same compartmental model fitted the root and 

shoot data equally well (Table II.1, Fig. II.5): number of pools, their half-lives and relative 

sizes and their relative contributions to respired carbon were practically the same in both 

organs. The only notable difference was that tracer appearance in root respiration was delayed 

by ~0.8 h (Delay 2, Table II.1), a time entirely in agreement with phloem-transport velocity 

(Windt et al., 2006). These features are consistent with a single three-pool system feeding 

shoot and root respiration.  

If the supply system for root and shoot respiration consisted of only three pools, where 

were they located? Q1 and Q2 supplied respiration directly and were active in the root and 

shoot (Fig. II.4), so both must have had shoot and root compartments connected via the 

phloem. Conversely, a large part of Q3 must have been located in the shoot. This is because 

the ‘root component’ of Q3 would have been equivalent to >30% of the carbon mass of the 

root system (calculated by multiplying Q3 root of 45 mg C g-1 plant-C with the shoot to root 

ratio of 3.8, and dividing by the estimated CUE of 0.53) a value much greater than the total 

mass of non-structural carbon in the roots (WSC: 7.9% of root carbon, protein: 10% of root 
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carbon, estimated from nitrogen content and a 3.1 carbon to nitrogen ratio). So, only a 

fraction of the respiratory CO2 of roots could have come from stores located in the root. 

Accordingly, most of the Q3-derived respiratory CO2 of roots must have come from the shoot 

store(s). Indeed, as is typical in grasses (Sullivan and Sprague, 1943; Davidson and 

Milthorpe, 1966a), the bulk of non-structural carbohydrates and protein (94% and 83% of 

plant total, respectively) were contained in the shoot.  

 

The role of stores and current photosynthesis in supplying respiration 

More than half of respired carbon cycled, at least once, through a storage pool before being 

respired. Clearly, stores were a central part of respiratory carbon metabolism. That a 

significant fraction of respiration is supplied by stores has been suggested before (Kouchi et 

al., 1985; Kouchi et al., 1986; Dilkes et al., 2004; Lötscher and Gayler, 2005), although the 

kinetic properties of pools were not determined in these studies, nor the localization and 

operating controls discussed. This study revealed that these carbon stores were quite short-

lived, and therefore might have a limited capacity to sustain current carbon use rates over 

extended periods.  

Yet, carbon stores used in respiration showed a longer half-life (this study) than those 

supplying leaf growth (Lattanzi et al., 2005). Thus, leaf growth seems to be much more 

dependent on continued assimilation of carbon, which agrees well with results on carbon 

allocation shortly after severe defoliation: most carbon used for leaf growth was new (Avice 

et al., 1996; Schnyder and de Visser, 1999) while that sustaining root respiration was largely 

old (Avice et al., 1996). Indeed, rapid and drastic decrease of root respiration following 

defoliation (Davidson and Milthorpe, 1966b), may be due to the fact that substrate for root 

respiration is essentially derived from current CO2 fixation and stores in the shoot. Thus, the 

localization of most of the respiratory substrate in the shoot indicates that the control of root 

activity by the shoot would occur via the control of both current photosynthate- and storage-

mobilization.  

In conclusion, this work revealed a tight plant-level integration of respiratory substrate 

pools and fluxes. Incidentally, the results of this work suggest that the tracer kinetics of root 

respiration can be inferred from that of the shoot (which was near-identical to that of the 

root), which is useful information for partitioning of autotrophic and heterotrophic respiration 

in ecosystem-scale studies. Future work should address the possible variability and controls of 

substrate pool properties (half-life and size) and of their contributions to root and shoot 

respiration.  
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Chapter III: Nitrogen Deficiency Increases the Residence Time of Carbon 

in the Respiratory Supply System of Perennial Ryegrass and Reveals a 

Constitutive Role of Long-term Stores 

 

ABSTRACT 
Knowledge about the possible variability and controls of substrate pools for plant respiration 

is scarce. Here, we studied the effects of plants’ nitrogen nutrition on the respiratory carbon 

supply system of Lolium perenne L.. Plants were grown in stands with two contrasting levels 

of nitrogen fertilization in continuous light and labeled with 13CO2/12CO2 for intervals of 1 h 

to 696 h duration, followed by measurements of rates and isotopic signatures of shoot- and 

root-respired CO2 at each labeling time. The tracer time courses of plant-respired CO2 were 

calculated and analyzed with compartmental models. Although growth and respiration rates 

were affected strongly by nitrogen fertilizer supply, the same model explained the respiratory 

labeling kinetics equally well in both nitrogen treatments. In each case the model included 

three substrate pools which differed strongly in their rates of turnover. Together, the three 

pools accounted for 21.9% (low nitrogen) and 16.6% (high nitrogen) of total plant carbon. 

Thus, nitrogen limitation considerably increased the size of the respiratory substrate supply 

system. Moreover, nitrogen limitation greatly slowed the turnover (i.e. increased the half-life) 

of the two larger pools, and it strongly increased the contribution of long-term stores to 

substrate supply of respiration. Thus, nitrogen stress resulted in a longer mean residence time 

of carbon in the respiratory supply system: from 36 h in full nitrogen supply to almost 6 d 

under nitrogen limited conditions.  
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Introduction 
Knowledge about the factors governing the residence time of respiratory carbon in plants is of 

fundamental importance to understand processes from plant allocation patterns to ecosystem 

carbon fluxes and even global carbon balance. In principle, the residence time of respiratory 

carbon is determined by the size of the respiratory supply system and by the flux through it, 

the respiration rate. The time lag between the photosynthetic assimilation of tracer and its 

occurrence in root- or ecosystem respiration is often consulted to assess the residence time of 

carbon, and this lag may vary by several orders of magnitude between plant functional groups 

(Ekblad and Högberg, 2001; Bowling et al., 2002; Johnson et al., 2002; Knohl et al., 2005; 

Carbone and Trumbore, 2007). However, respiration draws on carbon from both current 

photosynthetic activity (new carbon) and from stores (old carbon), which is commonly found 

among species (Ryle et al., 1976; Flanagan et al., 1996; Lötscher and Gayler, 2005; Carbone 

and Trumbore, 2007). Thus, the residence time of respiratory carbon in the plant depends also 

on the kinetic and functional characteristics of respiratory substrate pools and their 

contribution to respiration.  

Recently, Lehmeier et al. (2008; in the following referred to as chapter II) described 

the respiratory carbon supply system of the shoot and root of a perennial grass, grown in a 

controlled and constant environment, to consist of three major substrate pools. Two small, 

rapidly turned over pools of current photosynthate provided fast routes for almost half of 

respired carbon to be released within half a day after photosynthetic assimilation. The other 

half was provided by a big short-term store with a half-life of more than one day (chapter II). 

Thus, carbon stores are an integral and important component of respiratory carbon 

metabolism, and hence, directly interacting with the provision and the use of assimilate. It 

might therefore be expected that the pattern of carbon allocation towards those functionally 

distinct respiratory substrate pools reflects the availability of external resources for the plant. 

It is not known, however, whether the concept of a three-pool respiratory carbon supply 

system holds true for a range of environmental conditions, nor how resource availability 

affects the residence time of respiratory carbon.  

Nitrogen nutrition, in particular, may be assumed to affect all components determining 

the residence time of carbon in the respiratory supply system. The concentration of 

carbohydrates – considered as the major source of respired carbon (ap Rees, 1980; Tcherkez 

et al., 2003; chapter II) – usually increases with nitrogen limitation (Robson and Deacon, 

1978; Evans, 1983; Lawlor et al., 1989; Morvan-Bertrand et al., 1999), thus potentially 

increasing the size of the respiratory supply system. On the other hand, the respiration rate 
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was often found to be positively correlated with nitrogen concentration in the biomass 

(Makino and Osmond, 1991; Reich et al., 2006). Therefore, a positive relationship between 

the speed of turnover of respiratory carbon and the nitrogen nutrition via its effect on the 

source/sink relationship seems intuitive. 

Excess carbon brought about by nitrogen limitation, however, might be deposited in 

metabolically inert long-term stores, which do not participate in accommodating day-to-day 

fluctuations of carbon metabolism; such storage strategies are indeed commonly described in 

literature (Chapin et al., 1990). If this was true, then the turnover rates of those pools which 

are actually routing most of the carbon to the centers of respiration, would show a less 

pronounced response to nitrogen limitation.  

Thus, the assessment of nitrogen effects on the kinetic properties of carbon pools 

supplying respiration may provide important information about the role of long-term stores of 

carbon. To this end, we followed the approach described in chapter II for a quantitative 

description of the effects of nitrogen nutrition on the respiratory carbon supply system. We 

grew plants of perennial ryegrass (Lolium perenne, cv. Acento) in a steady-state with either 

low or high supply of nitrogen. Plants were dynamically labeled with 13CO2/12CO2 for periods 

ranging from 1 h to almost 1 month, followed by measurements of rates and isotopic 

signatures of respired CO2. The time course of tracer incorporation into respired CO2 was 

evaluated in terms of the number and the characteristics of the substrate pools supplying 

carbon to respiration. This information was extracted with compartmental analysis, a 

mathematical tool that has often been applied to study carbon fluxes in source leaves (e.g. 

Moorby and Jarman, 1975) but which has only recently received attention in characterizing 

sink systems (Lattanzi et al., 2005; chapter II). Specifically, we addressed the questions 

whether the plants’ nitrogen supply level affects (i) the number of respiratory substrate pools 

and the structure of the system, (ii) the pools’ sizes, turnover rates and their contributions to 

respiration, as well as the residence time of carbon in the respiratory system, (iii) the carbon 

use efficiencies of substrates and (iv) the functional identity of pools, that is, in particular, 

whether long-term stores become an important source for respiratory carbon in nitrogen 

limited growth conditions.  

 

Materials & Methods 
Plant material and growth conditions 

As described in chapter II, seeds of perennial ryegrass were sown individually in plastic pots 

filled with washed quartz sand and arranged in plastic containers at a density of 378 plants  
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m-2. Two containers were placed in each of four growth chambers (Conviron E15, Conviron, 

Winnipeg, Canada). Plants were grown in continuous light, supplied by cool white fluorescent 

tubes. Irradiance was maintained at 275 µmol m-2 s-1 photosynthetic photon flux density at 

plant height. Temperature was held at 20 °C, relative humidity near 85%. The stands of two 

chambers received a modified Hoagland solution by an automated irrigation system 

containing 1mM NO3
- throughout the experiment (low nitrogen), while the other two stands 

always received a nutrient solution with 7.5 mM NO3
- (high nitrogen). The composition of the 

nutrient solution was (1) for low nitrogen: 1 mM KNO3, 1 mM MgSO4, 0.18 mM KH2PO4, 

0.21 mM K2HPO4, 0.5 mM NaCl, 0.7 mM K2SO4, 2 mM CaCl2; micronutrients: 125 µM Fe–

ethylenediaminetetraacetic acid, 46 µM H3BO3, 9 µM MnSO4, 1 µM ZnSO4, 0.3 µM CuSO4, 

0.1 µM Na2MoO4; (2) for high nitrogen: 2.5 mM Ca(NO3)2 , 2.5 mM KNO3, 1.0 mM MgSO4, 

0.18 mM KH2PO4, 0.21 mM K2HPO4, 0.5 mM NaCl, 0.4 mM KCl, 0.4 mM CaCl2; 

micronutrients were the same as in low nitrogen.  

 
CO2 control in the growth chambers and 13C labeling 

Air supply to the four growth chambers was performed by mixing CO2-free air and CO2 with 

known carbon isotope composition (δ, with δ = [13C/12C sample / 13C/12C VPDB standard] – 1). Within 

a nitrogen supply level, one chamber received 13C-depleted CO2 (δ13C –28.8‰), while the 

other received 13C-enriched CO2 (δ13C –1.7‰; both CO2 from Linde AG, Höllriegelskreuth, 

Germany). Control was facilitated by measuring concentration and δ13C of CO2 entering and 

leaving each chamber online every 20-30 min by an infrared gas analyzer (IRGA, Li-6262, 

Li-Cor Inc., Lincoln, NE, USA) and a continuous-flow isotope-ratio mass spectrometer (CF-

IRMS, Delta Plus, Finnigan MAT, Bremen, Germany). Both δ13C and concentration of CO2 

(360 µL L-1) inside the chambers were kept near constant by adjusting airflows and [CO2] in 

the chamber inlets. For a more detailed description see Schnyder et al. (2003) and chapter II. 

From three weeks after imbibition of seeds in high nitrogen supply, and from six 

weeks in low nitrogen, individual plants were labeled by swapping randomly selected plants 

between chambers (13C-enriched CO2 → 13C-depleted CO2 and vice versa). Since low 

nitrogen plants grew more slowly, the labeling of low nitrogen plants was delayed so that 

plants in both treatments were compared at a similar size. This aimed to minimize eventual 

size-related effects on the respiratory supply systems between treatments. Plants in high 

nitrogen were kept in the labeling chamber for 1, 2, 4, 8 or 16 h; or for 1, 2, 4, 8, 12, 17 or 25 

d. The durations of labeling in the low-nitrogen treatment were 1, 2, 4, 8, or 16 h; or 1, 2, 4, 8 

or 29 d. Labeling periods were scheduled in such a way that labeling duration and plant age at 

sampling were not strictly correlated.  
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Respiration measurements 

Respiration of labeled plants as well as of non-labeled control plants was measured as 

described by Lötscher et al. (2004) and Klumpp et al. (2005). In brief, the system allowed the 

near simultaneous measurement of the rates of dark respiration as well as of the isotopic 

signatures of shoot- and root-respired CO2 of individual plants. The system included four 

cuvettes, each for a single plant, which could be opened and closed quickly to insert a pot.  

For measurements, plants were removed from the stands, installed in the cuvettes and 

kept in a growth cabinet held at the same temperature as the growth chambers. Every 45 min, 

three replicate measurements of CO2, respired by shoots and roots of an individual plant were 

taken and dark respiration was recorded for ~5 h. Measurements of rates and δ13C of shoot 

respiration reached a constant value by ~30 min after removing plants form the stands. 

However, it took ~1.5 h to purge the root-system free from extraneous CO2 (cf. Lötscher et 

al., 2004). Each δ13C sample was measured against a working standard gas which was 

previously calibrated against a VPDB-gauged laboratory CO2 standard. The standard 

deviation of repeated single measurements was 0.08‰ for δ13C and 0.33 µL L-1 for the 

concentration of CO2 on average of all measurements. During the 5 h measurements, dark 

respiration rates of roots decreased by about 3% and 6% for plants grown in low and high 

nitrogen supply, respectively, while that of shoots was constant during measurements in both 

treatments. Therefore, average rates served to calculate specific respiration rates. A detailed 

measurement protocol is given in chapter II.   

 

Plant harvest and elemental analysis 

Immediately after the termination of respiration measurements, plants were removed from the 

pots, washed free of sand, dissected into shoot and root, weighed, frozen in liquid nitrogen, 

and stored at -30 °C in chest freezers. All samples were freeze-dried for 72 h, weighed again, 

and ground to flour mesh quality in a ball mill. Aliquots of 0.75 mg ± 0.05 mg of each sample 

were weighed into tin cups (IVA Analysentechnik e.K., Meerbusch, Germany) and 

combusted in an elemental analyzer (CarloErba NA 1110, CarloErba Instruments, Milan, 

Italy), interfaced to the CF-IRMS, to determine carbon and nitrogen contents.  

 

Analysis of water-soluble carbohydrates 

Water-soluble carbohydrates in plant biomass were analyzed similarly to the procedure 

described by Thome and Kühbauch (1985). In short, 60 and 80 mg of freeze-dried ground 

material of shoot and root samples, respectively, were weighed in Eppendorf tubes and 
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extracted with 2 mL H2O for 10 min in a water bath at 93 °C. Afterwards, samples were 

cooled down and transferred to a rotating Heidolph shaker for 45 min at room temperature 

and then centrifuged by 10 000 rpm for 15 min. A 0.2 mL aliquot of the supernatant was 

transferred to a preparative HPLC system for separation of water-soluble carbohydrate 

fractions. Separation occurred in a Shodex KS 2002 (Showa Denko, Japan) chromatographic 

column held at a temperature of 50 °C and a system pressure of 17 bar and elution rate of 0.9 

mL min-1 using HPLC gradient grade (Baker, The Netherlands) as eluent. After 45 min, the 

samples had passed the HPLC-system and were immediately conveyed to a continuous-flow 

system. There, 1.25% (v/v) sulfuric acid was added to the samples at a rate of 0.9 mL min-1, 

and di- and oligosaccharides were hydrolyzed to monosaccharides in a sample loop of 12.5 m 

length which was kept in a water bath at 95 °C. The samples arrived at a spectral photometer 

(K-2500/A4080, Knauer, Germany), which operated at wave length of 425 nm and quantified 

the carbohydrates by measuring the reducing power of the hydrolyzed carbohydrates with a 

potassium ferricyanide solution as described by Suzuki (1971). Analytical grade fructose  

(D(-)-Fructose, Merck, Germany) served as standard for carbohydrate quantification. The 

measurement cycle from start of HPLC-analysis to the colorimetric measurements took 110 

min. The concentration of carbohydrate fractions on a plant level were calculated from the 

carbohydrate contents of shoot and root samples and the shoot- and root-mass fractions of the 

individual plants.  

 

Data analysis 

At a given labeling duration, the proportion of carbon in shoot- and root-respired CO2 that 

was assimilated before (unlabeled) and during labeling, funlabeled-C and flabeled-C (where flabeled-C = 

1 – funlabeled-C), was calculated as by Schnyder and de Visser (1999):  

  

(1)  funlabeled-C = (δ13CS – δ13Cnew) / (δ13Cold – δ13Cnew),  

 

where δ13CS, δ13Cold and δ13Cnew are the δ13C of respiratory CO2 produced by the labeled 

sample plant, and non-labeled plants growing continuously in the chamber of origin (‘old’) or 

in the labeling chamber (‘new’). δ13CS, δ13Cold and δ13Cnew of shoots were obtained as  

 

(2) δ13CX = (δ13Cin Fin – δ13Cout Fout) / (Fin – Fout),  

 

where X stands for ‘sample’, ‘new’ or ‘old’ (as appropriate), and δ13Cin, δ13Cout, Fin and Fout 
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are the isotopic signatures and the flow rates of the CO2 entering and leaving the shoot 

compartment, respectively. Calculations for the root compartment were done in the same way 

in considering that the concentration and δ13C of the CO2 entering the root compartment was 

equal to that in the shoot compartment (cf. Klumpp et al., 2005).  

It was shown for plants in high nitrogen supply, that the δ13C of shoot-respired CO2 of 

non-labeled control plants as well as that of labeled plants did not change during the 

respiration measurements (except in plants labeled for 1 h, which was accounted for in the 

calculations; see chapter II). The same was true for low-nitrogen plants, and from 1.5 h after 

transfer, the δ13C of root respiration in both treatments was stable, too. Thus, δ13C of 

respiratory CO2 of the shoot or root of one plant were taken as the means of the 

measurements. The fraction of unlabeled carbon in CO2 respired by a plant (Fig. III.3) was 

obtained as 

 

(3) funlabeled-C = (funlabeled-C shoot * Rshoot + funlabeled-C root * Rroot) / (Rshoot + Rroot) 

 

where Rshoot and Rroot are the (absolute) respiration rates of shoot and root, respectively. 

 

Compartmental analysis of tracer time courses in respired CO2 

The labeling kinetics of CO2 respired by plants grown with either low or high level of 

nitrogen supply shows that tracer incorporation into respired CO2 occurred in distinct phases 

(Fig. III.3), which reflected the operation of substrate pools supplying carbon to respiration. 

The structure of the systems (number of pools, links between pools, and sites of tracer entry 

and outlet) were determined by analyzing the tracer time courses with compartmental models 

as described in chapter II. This included (i) the fitting of exponential decay functions to the 

tracer kinetics to determine the number of mixing pools (similar to e.g. Moorby and Jarman, 

1975) and (ii) the consideration of established compartmental concepts of respiratory carbon 

metabolism in arranging pool networks (e.g. Farrar, 1990; Dewar et al., 1998).  

It is important to note, that the respiratory substrate pools are exclusively 

differentiated upon their functions as sources of respired carbon, exposed by their half-lives. 

That is, a pool may contain a variety of biochemical compounds, even compartmented in 

physical distinct tissue, which, however exhibit the same proportion of label with time, and 

are thus recognized by compartmental analysis as one individual pool (Atkins 1969, Jacquez, 

1996; Rescigno 2001).  

The analysis resulted in the three-pool model shown in Figure III.4 which, considering 
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the principle of parsimony, provided the best fits to the labeling kinetics. This model was 

translated into a set of equations, which described the respiratory supply system in terms of 

fluxes between pools and the environment under the assumptions, that pool sizes are steady, 

and that fluxes obey first-order kinetics. The fraction of tracer in each compartment with 

respect to time was given by:  

 

(4a) funlabeled-C-Q1 =  

= (Q1 * funlabeled-C-Q1 + FIn * flabeled-C – F10 * funlabeled-C-Q1 – F12 * funlabeled-C-Q1) / Q1 

(4b) funlabeled-C-Q2 = (Q2 * funlabeled-C-Q2 + F12 * funlabeled-C-Q1 + F32 * funlabeled-C-Q3 –  

– F23 * funlabeled-C-Q2 – F20 * funlabeled-C-Q2) / Q2 

(4c) funlabeled-C-Q3 = (Q3 * funlabeled-C-Q3 + F23 * funlabeled-C-Q2 – F32 * funlabeled-C-Q3) / Q3   

(4d) funlabeled-C = (F10 * funlabeled-C-Q1 + F20 * funlabeled-C-Q2) / (F10 + F20),  

 

where Q1, Q2 and Q3 are pool sizes and FIn is the flux of assimilated carbon (tracer) that enters 

the respiratory system. The system is considered as steady and thus, FIn equals the specific 

respiration rate, FIn = FOut, FOut = F10 + F20 (Fig. III.4), F12 = F20 and F23 = F32. Indices refer to 

donor and receptor pools, respectively. Index 0 represents the environment. The measured 

parameter against which the model prediction is compared is funlabeled-C. funlabeled-C-Qi is the 

fraction of unlabeled carbon in a pool Qi. flabeled-C is the constant fraction of fully labeled 

carbon entering the system after the start of labeling.  

To account for the stable degrees of labeling from ~2-4 h (Fig. III.3), a delay was 

inserted in the model (Fig. III.4) by forcing funlabeled-C-Q2 in eqn. 4d to lag temporally behind 

funlabeled-C-Qi in eqns. 4b and c for the numerical value of the delay. The delay only applied to 

tracer content in F20, and had therefore no effect on the assessment of Q2 and Q3 half-lives.  

The set of equations (4) was implemented in a custom-made program using the free 

software ‘R’ (R Development Core Team, 2007) with the aim of fitting the model to the tracer 

kinetics. Initial values for pool sizes, fluxes between pools and the delay were inserted, and 

the equations were solved. In that way, a tracer time course across the entire labeling period 

(696 h for low and 600 h for high nitrogen) was generated. The quality of the fit was 

expressed as the root mean squared error (RMSE).  

 This procedure was followed millions of times by stepwise and systematic variation of 

preset values for pool sizes, fluxes between the pools and the delay. In doing so, the 

combinations of pool sizes, fluxes and the delay which gave the best fits, i.e. the lowest 

RMSEs, were then taken as the ones closest to the real properties of the respiratory supply 
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systems. The extensive scanning procedure with numerous possible combinations further 

revealed the sensitivity of the fits to changes in parameter values (Fig. III.5).  

Optimized pool sizes and fluxes served to calculate the half-life of a pool of size Qi:  

 

(5) t1/2(Qi) = ln(2) / (Fi / Qi),  

 

with Fi the sum of all fluxes leaving the pool Qi.  

Based upon optimized fluxes, the quantitative contribution of a pool Qi (CQi) to 

respiratory carbon release was derived, which is defined here as the probability of tracer 

moving in a certain flux of the respiratory system (cf. Fig. III.4):  

 

(6a)  CQ1 = F10 / (F10 + F12)      

(6b) CQ2 = (1 - F10 / (F10 + F12)) * F20 / (F20+F23) 

(6c)  CQ3 = (1 - F10 / (F10 + F12)) * F23 / (F20+F23) 

 

CQ1 is the probability that tracer enters the system and leaves it in F10 without visiting any 

other pool. CQ2 implies, that tracer enters Q2 via Q1 and is respired in F20 without moving 

through Q3. CQ3 is the probability of tracer cycling through Q3 at least once.  

The mean residence time (MRT) of carbon in the respiratory supply system was 

calculated as the flux-weighted average of the half-lives of the three pools: 

 

(7)  MRT = (t1/2 * CQ1 + t1/2 * CQ2 + t1/2 * CQ3) / ln(2) 

 

The analysis of tracer time courses conducted in the present study holds assumptions 

generally made in compartmental modeling, namely: (1) the system is steady, (2) fluxes obey 

first-order kinetics and (3) pools are homogeneous and well mixed. Support for the validity of 

assumption (1) is presented in the following section. Assumption (2) is probably false in a 

strict sense, but support for its practical validity has been found repeatedly (see Farrar, 1990 

for a discussion). For a discussion of assumption (3) the reader is referred to chapter II, as the 

approach in the present chapter is carried out analogously.  
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Results 
Rates of growth and respiration and photosynthetic carbon use efficiencies 

The level of nitrogen supply had large effects on several plant growth parameters (Table 

III.1), but there were no differences between growth chambers within nitrogen supply levels, 

(p>0.05; data not shown). During the experiment plants grew at constant specific rates (Fig. 

III.1). Linear regression of ln-transformed carbon mass data yielded average increments of 

1.58 mg C g-1 C h-1 in low nitrogen supply, and 3.23 g C g-1 C h-1 at high nitrogen supply. So, 

the specific growth rate at high nitrogen was twice that at low nitrogen (Table III.1). Within 

one nitrogen treatment, specific growth rates of shoot and root were similar (chapter II; data 

for low nitrogen not shown). This resulted in near constant shoot to root ratios that averaged 

3.0 and 3.8 g C g-1 C for plants in low and high nitrogen supply, respectively (Table III.1), in 

good agreement with generally observed effects of nutrient limitation on carbon allocation 

patterns (Mooney et al., 1995; Poorter and Nagel, 2000).  
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Figure III.1: Total carbon mass of perennial 
ryegrass grown with a nitrogen supply of 
either 1.0 mM (open symbols) or 7.5 mM 
(closed symbols). Each value is the mean 
of 3-6 replicate plants. Lines denote 
linear regression (p<0.05; see also Table 
III.1). Note the logarithmic scaling of the 
y-axis. 

 

 

Table III.1: Growth parameters of perennial ryegrass grown with either a low (1.0 mM) or a 
high (7.5 mM) supply of nitrogen. Values are means of 56 and 60 replicate plants for low and 
high nitrogen, respectively, ± 1SE. Significant differences are based on a t-test, ***P ≤ 0.001. 
Parameter Low nitrogen High nitrogen  

Specific respiration rate, mg C g-1 C h-1 0.99 ± 0.03 1.50 ± 0.02 *** 

Specific growth rate, mg C g-1 C h-1 1.58 ± 0.31 3.23 ± 0.21 *** 

Specific Nitrogen uptake rate, mg N g-1 N h-1 1.16 ± 0.33 2.40 ± 0.20 *** 

Shoot : root ratio  2.96 ± 0.10 3.84 ± 0.14 *** 

C : N ratio (w/w) 48.8 ± 1.3 24.1 ± 0.5 *** 
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The respiration rate is often found to be positively correlated with the nitrogen status of plants 

(Makino and Osmond, 1991; Reich et al., 2006). In accordance, the specific respiration rate of 

plants in high nitrogen supply was 1.50 mg C g-1 C h-1, about 50% higher than in low nitrogen 

(0.99 mg C g-1 C h-1, Table III.1). This corresponded to photosynthetic carbon use efficiencies 

[CUEs, with CUE = growth rate / (growth rate + respiration rate)] of 0.61 and 0.68 for plants 

in low and high nitrogen supply, which is well in the range of CUEs reported for young 

herbaceous plants (Gifford, 2003; van Iersel, 2003). In low nitrogen plants, the carbon to 

nitrogen ratio in biomass was twice as high (Table III.1) and their specific respiration per unit 

nitrogen was 30% higher rate than with high nitrogen supply (Fig. III.2). Rates in both 

treatments, however, were constant throughout the labeling period. Along with constant 

specific growth rates, this indicated that the systems were virtually in a steady-state. Thus, 

one basic assumption of compartmental analysis can be considered as met.  
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Figure III.2: Specific respiration rates of 
perennial ryegrass grown with a nitrogen 
supply of either 1.0 mM (open symbols) 
or 7.5 mM (closed symbols), labeled for 
different time intervals, and of non-
labeled controls (C; at left). Each value is 
the mean of 3-12 replicate plants (±1SE). 
Average rates were 46.3 ± 0.8 (n=56) and 
35.7 ± 0.7 (n=60) for low- and high-
nitrogen plants, respectively (dashed 
lines). Regression analysis yielded no 
significant trends (p>0.05). Note the 
logarithmic scaling of the x-axis. 

 

 

Labeling kinetics of respired CO2 

The time courses of tracer incorporation into CO2, respired by plants of both nitrogen supply 

levels occurred in several distinct phases (Fig. III.3). In both nitrogen treatments, (i) a phase 

of a fast initial labeling was observed which was followed by (ii) a period where the degree of 

labeling remained constant. In that phase, respired CO2 was more strongly labeled (+7%) in 

high nitrogen than in low nitrogen plants (0.84 vs 0.91 funlabeled-C; Fig. III.3, inset). After 3-4 h, 

(iii) the fraction of unlabeled carbon decreased again in both treatments. It exhibited a faster 

rate of decrease in high nitrogen where this phase lasted until ~1 d of labeling, while it 

proceeded until ~2-4 d in low nitrogen (Fig. III.3).  
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Figure III.3: Time course of tracer 
incorporation into CO2 respired 
by perennial ryegrass plants 
grown with a nitrogen supply of 
either 1.0 mM (open symbols) 
or 7.5 mM (closed symbols) 
during labeling. Each value is 
the mean of 3-6 replicate plants 
(±1SE). Lines denote model 
predictions (Fig. III.4). Inset 
expands the first 48 h. The data 
points at 8 d labeling duration 
overlap.  

 

 

Thereafter, (iv) the fraction of unlabeled carbon in low nitrogen decreased at a very slow rate, 

and at 29 d, about 11% of respired carbon was still unlabeled. In high nitrogen supplied 

plants, the last phase exhibited a much faster rate of tracer incorporation and it was practically 

complete after 12 d, when the residual unlabelled respiratory activity had decreased to ~5% 

(Fig. III.3). The tracer kinetics in respiratory CO2 of shoots and roots was very similar in low 

nitrogen (data not shown), the same as at high nitrogen (chapter II).  

 

The respiratory carbon supply systems and substrate pool properties 

Generally, tracer studies often aim at determining the number of pools involved in a certain 

process. Tracer appearance in different phases indicates the concerted involvement of distinct 

pools with different rates of turnover. In the present case, compartmental analysis revealed 

that the three-pool model shown in Figure III.4 adequately described the labeling kinetics of 

CO2 respired by plants at both nitrogen supply levels (cf. RMSE, Table III.2). In both nitrogen 

treatments, a compartmental model with less than three pools was not able to adequately 

simulate the tracer kinetics as was evident from the quality of the fits and the distribution of 

residuals. On the contrary, four-pool models did not improve the fits, and – hence – would 

have caused over-parameterization of the model. So, the following (three-pool) 

compartmental model was defined: tracer fixed in photosynthesis entered the system via pool 

Q1, from which it was either respired directly via F10 or entered Q2. Once in Q2, carbon either 

cycled through pool Q3 or left the system directly in the respiratory flux F20 without visiting 

Q3. In each nitrogen supply level, tracer appearance in F20 only occurred after a delay of 3-4 h 

after the onset of labeling (Fig. III.4, Table III.2).  
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Figure III.4: Compartmental model of the 
three pools supplying carbon to respiration 
of intact perennial ryegrass plants. Tracer 
enters the plant during photosynthesis and 
is respired via Q1 (F10) or Q2 (F20). ‘Delay’ 
means a lag between tracer acquisition by 
Q2 and its release in respiration. Func-
tional characteristics of the pools (Table 
III.2) were estimated by translating the 
model into a set of differential equations, 
and fitting the model to the tracer kinetics. 

 

 

This delay was observed in both shoot and root respiration in both nitrogen treatements 

(chapter II, no data shown for low nitrogen plants), and, therefore, was not related to long-

distance transport. Accordingly, the delay must have been the consequence of some delay 

related to sink metabolism. The delay was well constrained by the data and it was very similar 

in both treatments. So, if it was influenced by nitrogen supply, the effect must have been 

small.  

In both nitrogen treatments, the three pools differed greatly in size, half-life and 

contribution to respiration (Table III.2). Collectively they comprised 17% of the total carbon 

mass of plants at high nitrogen supply, and 22% at low nitrogen supply. Thus, nitrogen 

limitation caused a considerable increase in the relative size of the respiratory supply system. 

This increase derived mainly from large increases of pools Q2 and Q3. Q2 doubled in size with 

decreasing nitrogen supply, and Q3 increased by about 20%. On the whole, Q3 was by far the 

biggest pool, representing more than 80% of all respiratory carbon at both nitrogen supply 

levels. In both nitrogen treatments Q1 was the smallest and fastest pool, showing a half-life of 

approximately 30 minutes. Due to its rapid turnover, the time resolution in the period of short 

labeling duration was not high enough to give more precise estimates of Q1 half-lives. Thus, 

any eventual difference between treatments could not be detected. In contrast, the half-lives of 

the pools Q2 and Q3 were well constrained by the data and showed dramatic responses to 

nitrogen supply: the half-life of both pools increased by a factor of 6 with nitrogen limitation 

(Table III.2).  
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Table III.2: Optimized parameters (size, half-life and percentage contribution to respiration 
of pools Q1, Q2 and Q3) of the model shown in Figure III.4 fitted to tracer time-courses 
shown in Figure III.3. The quality of the fit is expressed as the root mean squared error 
(RMSE).  

Pool low nitrogen high nitrogen 

 Size (mg C g-1 plant-C) 

Q1 1 1 

Q2 40 19 

Q3 178 146 

 Half-life (h) 

Q1 0.4 0.5 

Q2 20 3.4 

Q3 263 40 

 Contribution (%) 

Q1 9 15 

Q2 60 28 

Q3 31 57 

 Flux (mg C g-1 plant-C h-1) 

F10 0.09 0.23 

F12, F20 0.90 1.28 

F23, F32 0.47 2.53 

 Delay (h) 

— 3.2 3.5 

 RMSE 

— 0.008 0.020 

  

The labeling kinetics necessitated that respiratory CO2 efflux preceded via two pools (see also 

chapter II). Despite its small size, Q1 supplied a significant 15% of total respired carbon via 

F10 in high-nitrogen plants, while this proportion was only 9% in low nitrogen (Table III.2, 

see phase (ii), Fig. III.3, inset). The major part of respiration was supplied via F20 in both 

treatments. This flux included both the part of photosynthate passing directly through Q2 [cf. 

phase (iii)], and carbon which cycled through Q3 [cf. phase (iv)]. In high nitrogen supply, the 

direct transfer component accounted for 28% of respiration, while 57% of respired carbon had 

first cycled through Q3. This ratio was effectively reversed in plants with low nitrogen supply, 

as the contribution of Q3 decreased to 31% while the direct transfer component actually 
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doubled to 60% (Table III.2). The increase in size of Q3, but mainly the dramatic decrease in 

the flux of carbon through Q3 caused a substantial increase of the mean residence time of 

carbon in the respiratory supply system: calculated via the flux-(i.e. contribution)-weighted 

average of the three pools’ half-lives the mean residence time was 36 h at high nitrogen and 

135 h at low nitrogen.  

 

Concentration and carbon use efficiency of water-soluble carbohydrates  

Collectively, water-soluble carbohydrates accounted for 370 mg C g-1 plant-C in low nitrogen 

supply, almost 30% more than in high nitrogen (Table III.3). This difference was essentially 

due to the higher concentration of fructans in low nitrogen plants. In both treatments fructans 

accounted for the largest fraction of water-soluble carbohydrates. By contrast, the 

concentrations of glucose and fructose were lower in low nitrogen, while no difference in 

sucrose concentration was observed between treatments (Table III.3). Regardless of the 

nitrogen supply level, sucrose and hexoses together only accounted for 4% of total plant 

carbon.  

The carbon use efficiency of carbohydrates was calculated as CUE = 1 – (size of the 

respiratory substrate pools / total water-soluble carbohydrate content) in assuming that 

carbohydrates were the only substrate for respiration. CUE was 0.41 in low nitrogen and 0.43 

in high nitrogen plants. The value of 0.43 for high nitrogen plants is a little lower than that 

reported in chapter II, since there, the asymptotic 5% of tracer time course (Fig. III.3) was 

neglected in the estimation of respiratory substrate pool sizes.  

 

Table III.3: Content of water-soluble carbohydrate fractions of perennial ryegrass grown with 
either a low (1.0 mM) or a high (7.5 mM) supply of nitrogen. Values are means of six 
replicate plants ± 1SE, along with the significance of the difference based on a t-test. *P ≤ 
0.05; NS, not significant, P > 0.05. 
 Low nitrogen High nitrogen  

 mg C g-1 plant-C  

Fructan 331 ± 22 242 ± 20 * 

Sucrose 21 ± 1 23 ± 1 NS 

Glucose     7 ± 0.3 11 ± 1 * 

Fructose 11 ± 1 14 ± 1 * 
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Discussion 
The same model describes the respiratory supply systems of both nitrogen treatments 

The present work characterizes the effects of nitrogen availability on the respiratory carbon 

supply system of perennial ryegrass growing in a steady-state. Both with low and with high 

nitrogen supply, it was apparent that three major substrate pools provided carbon to plant 

respiration. Moreover, since the distinct phases of tracer incorporation into plant-respired CO2 

were qualitatively very similar in the two treatments (Fig. III.3), the same three-pool model 

(Fig. III.4) predicted both data sets equally well. In both cases it was the simplest model with 

biological consistency that accounted for all of the observed features of the respiratory 13C 

tracer kinetics. This model included all essential and no redundant elements of the respiratory 

supply system making it a useful tool for investigations of the control of respiratory substrate 

metabolism by biotic and abiotic factors. This was also manifest in the sensitivity analysis of 

pool parameters which showed that the effect of nitrogen on respiratory system features were 

well constrained by the data (Fig. III.5), clearly differentiating features that were affected 

from those that were not affected by nitrogen nutrition.  
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Figure III.5: Sensitivity of the quality of model fits for plants grown with a supply of either 

1.0 mM nitrogen (A-C) or 7.5 mM (D-F) to variation of the optimized values of pool size 
(A, D), half-life (B, E) and contribution to respiration (C, F). Sensitivity is expressed by the 
root mean squared error (RMSE) of the fit (minimum RMSE indicates the optimum value of 
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a model parameter). The solid line represents Q1, the dotted line Q2, and the dashed line Q3. 
Note the logarithmic scaling of the x-axis for pool-size and half-life. 

 

The functional identity of respiratory substrate pools 

In both low and high nitrogen supply, Q1 was the smallest and (with t1/2 ≈ 30 min) the most 

rapidly turned over pool (Table III.2). Such a pool, having a half-life of ≤15 min, was shown 

to supply respiration of shoots and – with a 1 h delay due to phloem transport – the roots in 

high nitrogen plants (chapter II). The same was true for plants in nitrogen limitation (data not 

shown). Since the fractions of unlabeled carbon in plant-respired CO2 were obtained by a 

flux-weighted average of shoot and root respiration, i.e. not differentiating for transport, the 

half-lives of Q1 in both treatments were a little longer than those assessed at the shoot and root 

level.  

The contribution of Q1 increased with high nitrogen supply (Table III.2), and with a 

much higher respiration rate of those plants, the respiratory efflux F10 more than doubled (Fig. 

III.4, Tables III.1 and III.2). These results agree with the notion that this pool contains organic 

acids involved in nitrate uptake (chapter II), as nitrate uptake rates were much lower in 

nitrogen deficient plants (Table III.1). The conclusion, that organic acids become a 

quantitatively more important carbon source in respiration with nitrogen supply level, is 

supported by findings that the respiratory quotient may rise above unity with nitrate supply 

(Bloom et al., 1989; Bloom et al., 1992), a value that suggests substantial decarboxylation of 

organic acids. 

The pool Q2 exhibited a central function in the respiratory supply system, as it served 

as carbon source for the storage pool Q3 and it was the main site of respiratory activity (F20, 

Fig. III.4, Table III.2). Q2 characteristics, however, responded so strongly to nitrogen supply 

level, that one must wonder, if this pool actually had the same physical/chemical identity in 

both nitrogen treatments. In high-nitrogen plants, the half-life of 3.4 h for Q2 (Table III.2) is 

close to half-lives often attributed to the pool of ‘transport’ sucrose (Bell and Incoll, 1982; 

Farrar and Farrar, 1986). A comparison of Q2 size and the concentration of sucrose in plant 

biomass (Tables III.2 and III.3) supports the opinion that Q2 in high nitrogen supplied plants 

mainly contained ‘transport’ sucrose. But, in nitrogen limited plants, the size of Q2 was larger 

than the total quantity of sucrose (Tables III.2 and III.3), demonstrating that it must have 

included a further component. Considering the notion of carbohydrates as the major source of 

respired carbon (ap Rees, 1980; Tcherkez et al., 2003), Q2 in low nitrogen plants probably 

included a fructan component. Fructans are the main form of carbohydrate storage in 

vegetative plant parts of cool-season C3 grasses, such as L. perenne, and their storage occurs 
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in vacuoles (Pollock and Cairns, 1991; Vijn and Smeekens, 1999). Possibly, at low nitrogen, 

Q2 represented a flux-weighted mean of respiratory activities from two sub-pools with 

transport and short-term storage functions which had turnover characteristics that were too 

similar to be resolved by tracer kinetics. With the present data alone, it is not possible to 

estimate how much each of those putative components contributed to Q2. But the half-life of 

20 h for Q2 at low nitrogen (Table III.2) suggests that the storage component was probably 

substantial.  

Delivering 57% of plant-respired carbon, the storage pool Q3 was the major source for 

respiration in high nitrogen supplied plants, and its half-life of 40 h demonstrated that it 

operated as a short-term store (Table III.2). This functional component presumably 

corresponds to the vacuolar carbohydrate storage component of Q2 in nitrogen limited plants. 

Thus, Q2 in low nitrogen may have been functionally equivalent to Q2 plus Q3 in high 

nitrogen plants. Considering the fact that Q2 in low nitrogen supplied 60% of respired carbon 

(including carbon from both transport and short-term storage component), short-term stores 

must have become less important with nitrogen limitation. In these plants, however, Q3 

functioned as a long-term store and provided 30% of plant-respired carbon (Table III.2), 

while a distinct pool with the same functional identity was apparently absent in plants with 

full nitrogen supply.  

The half-life of Q3 of 263 h in nitrogen limited plants (Table III.2) appears far too long 

for a pool in leaf blade vacuoles (Farrar, 1989). Leaf sheaths are generally considered as a site 

of long-term carbon storage in grasses, and may become especially important in conditions 

when carbon supply by photosynthesis exceeds the sink demands (Pollock and Cairns, 1991). 

This was perhaps the case for plants in nitrogen limitation, as was indicated by the increase of 

the water-soluble carbohydrate concentration of 80 mg C g-1 C relative to high nitrogen plants 

(Table III.3). Following the notion of carbohydrates being the main source of respired carbon, 

then about two-thirds of this increase must have been allocated to the respiratory supply 

system, whose size increased by 53 mg C g-1 C with nitrogen limitation (Table III.2). Thus, 

the present results indicate that long-term stores became an integral part of plants respiratory 

carbon metabolism and an important source of respired carbon in nitrogen limited growth 

conditions. Interestingly, long-term stores of carbohydrates contributed very little substrate 

for leaf growth at both nitrogen supply levels (Wild et al., unpublished results). This suggests 

that, at least in conditions of nitrogen limitation, growth and respiration may draw on different 

substrate pools.  
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The size of the respiratory supply systems and carbon use efficiencies 

The present compartmental model describes a sink system that comprises all the metabolic 

carbon in the plant that is eventually lost in respiration. In high nitrogen plants, the size of this 

system, i.e. the sum of the three pools, was equivalent to 166 mg C g-1 plant C. With nitrogen 

limitation, the size of this system increased by 30% (Table III.2). Assuming, that the bulk of 

respiratory substrate pools – particularly Q2 and Q3 – was made up of carbohydrates, then 

59% and 57% of the total water-soluble carbohydrates were allocated to respiration in low 

and high nitrogen supplied plants, respectively. Neglecting other sinks like exudation, the 

remainder was allocated to new structural biomass or (long-term) storage yielding a CUE of 

water-soluble carbohydrates of 0.41 and 0.43 at low and high nitrogen, respectively. Thus, 

despite of the fact that the nitrogen supply level had dramatic effects on the speed of storage 

turnover and the pattern of short- and long-term storage use (Table III.2), it had only little 

influence on the carbon use efficiency of water-soluble carbohydrates in total.  

The CUE of carbohydrates is considerably lower than the photosynthetic CUE of >0.6 

estimated by growth analysis. The reasons for this discrepancy could be manifold, but it may 

indicate that the conversion efficiency of current assimilation products into substrate for 

growth was much higher than the photosynthetic CUEs so that the lower values of CUEs of 

carbohydrates were compensated for. Possibly, the discrepancy could be due to a high 

efficient use of amino-C as substrate for growth.  

 

The mean residence time of respiratory carbon 

The most distinctive difference between treatments was the increase of the mean residence 

time of carbon in the respiratory supply system from 1.5 d to almost 6 d with nitrogen 

limitation. This was partially caused by the effect of nitrogen on the physical determinants of 

the residence time: the size of the system increased by 32%, and the respiration rate decreased 

by 30% (Tables III.1 and III.2). Assuming first-order system kinetics, these factors explain 

approximately a doubling of the mean residence time, which is only about half of the 4-fold 

increase of mean residence time that was actually observed. The remaining – and actually the 

most important – effect on the mean residence time came from the shifts in the contributions 

of functionally distinct substrate pools (Table III.2).  

To our knowledge, effects of nitrogen on the mean residence time of respiratory 

substrate have not been shown before, minimizing opportunities for discussion. However, the 

finding that the fraction of old carbon in CO2 dark-respired by roots was higher with nitrogen 

limitation after labeling for one photoperiod, has led to suggestion that the use of stores in 
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root respiration depended on plants’ nitrogen availability (Hansen et al., 1992; Lötscher and 

Gayler, 2005). But other studies reported no detectable effect (Kouchi et al., 1986). The 

present study, conducted almost to isotopic equilibrium of the total respiratory supply system 

(Fig. III.3), revealed that the fraction of unlabeled carbon was initially higher in low nitrogen 

(from 1 to 24 h), then quite similar between treatments (from 1 to 2 d), then briefly higher in 

high nitrogen (around 4 d), to be finally higher again in low nitrogen (from 8 d till the end of 

the experiment). Thus, the time to exchange half the respiratory supply system was the same 

in both nitrogen supply levels: 35 h (Fig. III.3, inset). The analysis of tracer time courses with 

compartmental models, however, revealed that the effect of nitrogen on the residence time 

was due to the fact that a long-term storage pool with slow turnover provided significant 

amounts of carbon in low nitrogen, whereas this pool was absent in high nitrogen supplied 

plants. 

This situation may occur frequently in natural and semi-natural ecosystems (like 

managed grassland), where nitrogen limitation is rather the norm than the exception (Afzal 

and Adams, 1992; Bogaert et al., 2000). The isotopic composition of ecosystem respiratory 

CO2 is often taken as an indicator of ecosystem functioning (e.g. Flanagan et al., 1996; 

Buchmann and Ehleringer, 1998; Ekblad and Högberg, 2001). The present results show, that 

when using this approach, especially the dynamics of storage pools needs to be taken into 

account. That the nutrient status of plants exerts an influence on the residence time of 

respiratory carbon in plants (and hence, in ecosystems) has not been shown before and merits 

further examination. 

 

Conclusions 
The residence time of respiratory carbon is tightly linked to plants’ nitrogen status and mainly 

controlled via deposition and mobilization fluxes involving short- and long-term storage 

components. The concept of a three-pool respiratory carbon supply system for grasses, 

however, was confirmed for widely contrasting availabilities of nitrogen to plants. Thus, the 

presented model may serve as a hypothesis for studies of respiratory carbon metabolism of 

plants with different strategies of carbon storage growing in contrasting environments.  
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Chapter IV: General and Summarizing Discussion 
This work presents a comprehensive description of the respiratory carbon supply system of 

intact plants of perennial ryegrass. It is based on the kinetic characterization of the major 

respiratory substrate pools, what allowed to ascribe them a functional-biochemical identity, 

and their identification included three essential steps: (1) the steady-state of plant growth, (2) 

the dynamic 13CO2/12CO2 labeling followed by direct measurements of respired CO2 and (3) 

the analysis of tracer time courses with compartmental models.  

 

Dynamic Labeling, Compartmental Models and Sensitivity Analysis 

One major advantage of the present approach is that plants were grown in controlled and 

constant environments, with a constant isotopic composition of the source CO2. This was 

provided by controlling CO2 in the chamber outlets (Fig. IV.1) and adjusting both CO2 

concentration and air flow at the chamber inlet (see Schnyder et al., 2003). Fluctuations in the 

signature of the photosynthetic flux due to, for instance, diurnal changes in water vapor 

pressure deficit or irradiance, which must be coped with in studies in natural environments, 

were obviated. Respiration measurements of non-labeled control plants which grew in 

isotopic equilibrium therefore provided the exact isotopic signatures of the two end members 

of the mixing model, i.e. of 100% old and 100% new carbon. Thus, the fraction of tracer in 

respired CO2 at each labeling interval could be assessed very accurately (eqs 1, chapters II 

and III).  
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Fig. IV.1: C isotope composition 
(δ) of CO2 leaving the four 
growth chambers during one 
week of the experimental 
period. Values are hourly means 
of four measurements of 
individual chambers with stands 
of 6-week-old (upright and 
downright triangles) and 10-
week-old (circles and dia-
monds) perennial ryegrass 
plants grown in either low or 
high supply of nitrogen, res-
pectively. The standard devi-
ation of the means never 
exceeds the symbols’ size.  
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The large differences in the isotopic composition of the source CO2 of about 27‰ within one 

nitrogen treatment (Fig. IV.1) was much larger than the uncertainty (precision) of CO2 

measurements of ~0.10‰ (1 SD). This allowed the detection of minute amounts of tracer in 

respired CO2, which proved to be essential for the assessment of system dynamics particularly 

in short-term labeling periods (Figs. II.3 and III.3). Also, carbon isotope discrimination (13C) 

of plants grown in chambers with the same level of nitrogen supply but different source CO2 

was very similar (see chapter II; for low nitrogen data not shown). As 13C is very sensitive to 

growth conditions, this indicated that growth in the two corresponding chambers occurred 

under virtually identical conditions, another prerequisite of the present approach.   

The same or similar approaches of dynamic labeling with the aim to characterize 

respiratory substrate pools by direct measurements of respired CO2 have been repeatedly used 

before. Usually, however, the labeling times have been much shorter than in the present study, 

reaching only about 50% label saturation in respired CO2 (Kouchi et al., 1985, 1986; 

Schnyder et al. 2003, Nogués et al., 2004; Lötscher and Gayler, 2005). Labeling almost to 

(new) isotopic equilibrium allowed for the first time not only the determination of the number 

and kinetics of respiratory substrate pools, but actually the evaluation of the pool network and 

the quantification of carbon fluxes within the system and between the system and the 

environment, based on firm empirical evidence. The availability of a large number of 

individual plants in the present study ensured that dynamic labeling could be conducted with 

high temporal resolution, which is of special importance when dealing with pools having high 

turnover rates. Measuring 3-6 replicate plants per labeling interval provided 

representativeness of the data (Figs. II.3 and III.3). 

The successful application of compartmental analysis to a tracer time course requires 

background knowledge about the biological processes and the structure of the real system 

under consideration (Jacques, 1996). Indeed, there is profound knowledge about respiratory 

carbon metabolism at the biochemical level, but there is still only fragmented information 

about the characteristics of the respiratory supply system at the level of organs or whole 

plants (ap Rees, 1980; Farrar, 1985). This suggested a very conservative use of 

compartmental analysis in the present study. We recognized, however, that commercial 

modeling software was of limited explanatory power for this purpose. Although such software 

provided a comprehensive description of the model which gave the absolute best fit, it was 

not discernable, how superior this solution was compared to others. That is, we could not 

answer the question, if the tracer kinetics could be predicted with one or even more other 

combinations of pool sizes and fluxes with almost the same statistical power. To address this 
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problem, we built the custom-made program described in chapter II to gain more insight in 

the optimization process. This procedure not only revealed the ‘best’ model, but in addition it 

demonstrated the responses of the fit to changes in system parameters (Figs. II.5 and III.5). 

This sensitivity analysis not only compensated for error specification of pool properties, but it 

also detected redundant model parameters that were not supported by the data and thus, 

facilitated following the principle of parsimony in a rigorous manner. 

The reductionist approach allowed a straightforward functional differentiation of the 

respiratory substrate pools and has, to our knowledge, not been used before. In principle, it 

may serve to analyze tracer time courses of any compartmental system, and it has already 

been successfully applied to infer the substrate supply system of leaf growth (Wild et al., 

unpublished results).   

 

The Steady-State of Plant Growth 

The analysis of tracer time courses with compartmental models holds the basic assumption 

that the observed system is in a steady state. That is, for an unbiased pool description, the 

system properties must not change with time except for tracer content. This aspect was 

assumed to be met in the present study, but merits further considerations.  

Plant growth in continuous light aimed at achieving a steady-state in the short-term. In 

a natural light regime, storage pools are filled in light and depleted in the dark period (Farrar 

and Farrar, 1986; Gibon et al., 2004). Such fluctuations may not be critical for the steady-state 

assumption if the pool systems’ kinetics is described on a day-by-day basis (see Lattanzi et 

al., 2005). However, in the present study, a specific pool could be considered to have the 

same filling level at the end of each labeling time in terms of total specific carbon, which 

allowed the functional identification unaffected by pool size changes. 

The respiration rates of shoot and root include respiration associated with growth (e.g. 

for the synthesis of shoot and root structural material or for nitrate uptake) and maintenance 

components (e.g. for protein turnover; Amthor, 2000; Cannell and Thornley, 2000). Their 

relative contributions to total respiration are known to change with the growth rate of plants 

(Van Iersel, 2003), and recent work suggests that growth respiration rather draws on products 

of current photosynthesis, while maintenance respiration seems to rely more on old carbon 

(Lötscher et al., 2004). Thus, a change in growth rate could trigger a change in the 

contribution of current photosynthate and stores via a change in the relative contribution of 

growth and maintenance respiration to total respiration. However, the constant specific 

growth rates (Fig. III.1) indicate that the functional requirements of the (vegetative) plants 
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and, consequently, the relative contributions of the respiratory substrate pools (Tables II.1 and 

III.2) were practically steady throughout the experiment. Furthermore, since each of the above 

mentioned processes are associated with particular costs of carbon (Penning De Vries et al., 

1974; Penning De Vries, 1975; McDermitt and Loomis, 1981; Johnson, 1990), the constant 

specific respiration rates (Figs. II.2 and III.2) support the steady-state of the respiratory supply 

system.  

One of the most significant findings of the present work is that shoot and root 

respiration were supplied by the same substrate pools, and a large part of respiratory carbon 

must have been residing in shoot tissue. This was based on the analysis of tracer time courses 

of plants grown in high nitrogen supply level (chapter II), but the same analysis of shoot- and 

root-kinetics of plants grown with low nitrogen supply yielded essentially the same 

conclusion (data not shown). Thus, it seemed that root respiration directly drew on the carbon 

which was supplied via the continuous delivery by phloem transport, and therefore the 

labeling kinetics of root-respired CO2 largely reflected the allocation patterns between shoot 

pools. Supposedly, the continuity of this dynamic system behavior was supported by the 

constant supply of light and other factors such as the undisturbed growth of the plants.  

 

Non-Steady-State Plant Growth 

It might be questioned, if the tight plant-level integration of respiratory carbon pools and 

fluxes observed in steady-state conditions would also hold true for systems in non-steady-

state. Indeed, in other experiments (not presented here) we have obtained experimental 

evidence (Fig. IV.2) that massive disturbance, in this case defoliation, actually disrupted the 

shoot-root integration of respiratory substrate pools, demonstrated by the divergence of the 

labeling kinetics of shoot- and root-respired CO2 (Fig. IV.2). The rate of tracer increase in 

respired CO2 of defoliated shoots proceeded much faster than in non-defoliated shoots (Figs. 

II.3 and IV.2). That is, the ratio of current photosynthate to stores as substrates for shoot 

respiration was higher in defoliated plants, indicating, that a large amount of respiratory stores 

were actually removed with the leaf blades. Conversely, root respiration relied to a larger 

extent and for longer time on pre-defoliation storage pools than the defoliated shoots, 

evidenced by the lower rate of tracer incorporation into respired CO2. 

Removing the majority of mature shoot tissue implies that the remaining shoot 

consists to a higher fraction of actively growing tissue. This also means that the growth 

respiration component gains relatively more importance in defoliated shoots. Root growth, on 

the other hand, was found to be strongly inhibited following defoliation (Davidson and 
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Milthorpe, 1966b; Richards, 1984), implying that maintenance respiration becomes a much 

larger fraction of total root respiration in plants subject to defoliation. Hence, the difference in 

the composition of shoot- and root-respired CO2 with respect to current photosynthate and 

stores is in agreement with the notion, that stores are preferentially used for maintenance 

respiration, while growth respiration rather draws on current assimilate (Lötscher et al., 2004).  
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Figure IV.2: Evolution of the fraction of unlabeled carbon in CO2 respired by shoots (black 

symbols) and roots (open symbols) of perennial ryegrass during labeling. Each value is the 
mean of two to six replicate plants (±1SE). Inset expands the first 42 h. Plants were grown 
in the growth chamber system as described in chapters II and III, with a constant 
Temperature of 20 °C, relative humidity of 85%, 360 µL L-1 [CO2] and a nitrogen supply of 
7.5 mM in the nutrient solution. Plants were grown in day/night-cycles with 16 h 
photoperiods (irradiance 425 µmol m-2 s-1 PPFD at the top of the canopy) and 8 h dark 
periods, indicated by white and black horizontal bars. Shortly before the start of labeling at 
time 0 (i.e. the end of a dark period), when plants were 6-10 weeks old, the plants were 
subject to a severe defoliation, where all leaf blades were removed. Respiration 
measurements were carried out as described in chapters II and III. During the first light 
period following defoliation, virtually no tracer was detected in shoot- and root-respired 
CO2. Thereafter, the fraction of unlabeled carbon in shoot-respired CO2 decreased rapidly, 
and after 8 d of defoliation, it approximated 0. The fraction of unlabeled carbon in root-
respired CO2 only started to decrease in the second light period after defoliation, and it 
occurred at a slower rate than observed for the shoot. Two weeks after defoliation, 20% of 
root-respired CO2 was still unlabeled.  

 

Under steady-state conditions (chapters II and III) plants maintained a constant root/shoot 

ratio throughout the experiment while defoliation caused (i) a dramatic change in the 

root/shoot ratio and (ii) presumably a change in the relative contribution of growth and 

maintenance respiration between organs. This, in turn, might have caused a change in the 
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allocation of stores towards root respiration, while current assimilates were preferentially 

respired in the shoot. 

Two weeks after the severe disturbance of the system, the divergence in tracer content 

between shoot- and root-respired CO2 tended to disappear, indicating that plants were 

restoring the state of a functional equilibrium between shoot and root resource acquisition 

again and the shoot to root transport rate of assimilates, a conclusion which is supported by 

the (nearly) complete recovery of specific shoot and root respiration rates to pre-defoliation 

values (data not shown).  

 

Outlook 

Respiration is the primary metabolic link between photosynthetic carbon gain and the 

subsequent use of assimilate in the sinks which require ATP, NAD(P)H and carbon skeletons. 

Thus, respiration operates in processes of growth (like the construction of new biomass), 

maintenance (like protein turnover) and in processes which may serve both functions (like 

phloem loading; Cannel and Thornley, 2000). Despite this complexity, the present study 

suggests that the respiratory carbon supply system of a whole intact plant may be reduced to 

only a few major components of carbon pools and fluxes. It was also shown that the 

respiratory supply systems of shoot and root are tightly linked. Furthermore, this tight plant-

level integration held true for contrasting levels of nitrogen availability, although the system 

showed a remarkable flexibility concerning the regulation of the pools’ contribution to 

respiration, especially concerning the participation of functionally distinct stores. 

It is tempting to draw conclusions about the participation of a certain pool of the 

proposed model (Figs. II.4 and III.4) to processes associated with growth and maintenance 

requirements. And indeed, the system responses to nitrogen supply (chapter III), and to severe 

defoliation (chapter IV) suggest that the pools of current assimilation products rather served 

in growth respiration, whereas maintenance respiration drew more on old (storage) carbon. 

But although the growth-and-maintenance-respiration paradigm has been proved powerful in 

explaining plants’ physiological responses to their environment, it must be kept in mind, that 

there is not a rigorous separation of respiratory processes as mentioned above. However, it is 

to be expected, that growth respiration processes predominate in growing meristems, while in 

mature tissue, the maintenance component constitutes the major part of respiratory activity. 

Thus, the application of the present approach at a smaller level of integration (like, for 

instance, studying the labeling kinetics of respiration in the growing versus the mature part of 

a leaf) would provide deeper insight into the carbon fluxes which resulted in the conceptual 
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model at the whole-plant level. Furthermore, studying the labeling kinetics of different 

metabolic components as putative substrates for respiration in physically and functionally 

distinct plant tissue (like growing blades or mature sheaths) seems a promising approach to 

move further towards the identification of respiratory substrate pools and fluxes, and thus, 

would help to better understand plant allocation patterns.   
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