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Abstract 

Aims: The subject of the present thesis is the characterization of morphological features 

and N dynamics of a perennial C4 grass, Cleistogenes squarrosa, a co-dominant species 

in Inner Mongolia Grassland, a natural arid and semiarid ecosystem. First, the effects of 

nitrogen supply and vapor pressure deficit (VPD) on phytomer growth and development 

were investigated based on measurements of phytomer lengths. The knowledge of 

phytomer development is imperative for evaluating the history of leaf isotopic 

signatures (
18

O) and other physiological measures to reconstruct environmental 

conditions and ecophysiological responses of C. squarrosa. The second part of this 

thesis is focused on N dynamics at the leaf and tiller level by using 
15

N labeling, 

especially concerning the N turnover in mature leaf blades of different developmental 

stages. 

Materials and Methods: The experiments were conducted in specialized gas exchange 

and labeling mesocosms. Stands of C. squarrosa were grown in controlled-

environmental chambers with 16-h photoperiod, different combinations of nitrogen (N) 

supply (low N: 7.5 mM; high N: 21.5 mM NO3
-
) and atmospheric vapor pressure deficit 

(low VPD: 0.63 kPa; high VPD 1.58 kPa) but otherwise identical and constant growth 

conditions. Elongation of phytomers was measured daily for 13 days in each treatment 

in four experimental rounds. Then component lengths of immature and mature 

phytomers were measured following dissection. N dynamics was studied in one 

treatment by labeling individual plants with 
15

NO3/
14

NO3 for periods ranging from 24 h 

to 168 h, followed by measurements of isotope compositions in each component of 

phytomers. 

Results and Discussion: The coordination of growth within and between phytomers 

was not affected by N supply and VPD. However, plants exhibited a significant 

response in tillering, showing a clear increase under high N supply. Phytomer tip 

emergence was coincident with the acceleration phase of its elongation and occurred 

when phytomers reached 26% of their final length. Blade elongation stopped when 

phytomers reached 75% of their final length, and when final elongation of the 

preceding phytomer was confined to internode growth. No net change in N content was 

observed in the upper 6 to 7 mature blades, but labeling indicated a turnover rate of bulk 
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N in mature blades of major tillers of 0.36% per hour. N export from the mature tissues 

of a major tiller was approx. 2.5 times higher than N import into the immature part of 

the same tiller. Thus, N export of major tillers seemed to supply other parts of the plant. 

In accordance with this interpretation, the growth rate of the whole shoot was about 

three times higher than that of major tillers, due to continued production of young tillers. 

Thus, the excess of mobilized N must have served as a substrate for young tiller growth. 

These results indicated that N dynamics at the tiller level is integrated with that of the 

remainder of the shoot. 

Conclusions and perspectives: This work presented for the first time a quantitative 

analysis of phytomer growth and development, and N dynamics of a wild, perennial C4 

grass. Results revealed a strong coordination of elongation both within a phytomer and 

between successive phytomers on a tiller. These relationships were virtually unaffected 

by nitrogen nutrition and VPD, providing important insight into environmental 

influences on plant morphological and phenotypic plasticity. The knowledge of 

phytomer development can help to interpret isotopic signatures of plant parts in terms of 

underlying dynamics and can also assist in reconstructions of e.g. short-term 

hydrological changes (as shown in a companion PhD thesis) or in archived materials 

(e.g. herbaria), and so, may help to re-evaluate environmental changes in the Mongolia 

grassland ecosystem. N turnover in mature blades assessed by N labeling revealed a 

much higher contribution of N mobilization in mature tissue than that had been derived 

from observation of net changes in N content alone. Additionally, the analysis of N 

dynamics revealed that N mobilized from a major tiller is not only used for its own 

growth but also for the remainder of the shoot. In future studies, the analysis of sink-

source relationships in tiller N dynamics should be explored in more depth, such as 

quantifying the contribution of N mobilziation from mature tissue to immature tissue 

growth. By labeling with higher temporal resolution, such as in a diurnal circle, the 

analysis of the coupling of N dynamics and C dynamics in leaves by the concomitant 

13
C labeling should provide valuable insights.   
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Zusammenfassung 

Ziele: Ziel der vorliegenden Arbeit ist die Beschreibung der morphologischen 

Eigenschaften und der N-Dynamik von Cleistogens squarrosa, einem perennierenden 

C4-Gras. Dieses Gras ist eine co-dominante Art im Grasland der Inneren Mongolei, 

einem natürlichen semiariden bis ariden Ökosystem. Im ersten Teil der Arbeit wurden 

die Auswirkungen unterschiedlicher N-Versorgung und atmosphärischen Wasserstress 

(Wasserdampfsättigungsdefizit) auf Wachstum und Entwicklung sukzessiv an einem 

Trieb gebildeter Phytomere untersucht. Die Kenntnis der Phytomerentwicklung ist 

Voraussetzung für die Auswertung der Isotopensignatur eines Blattes (beispielsweise 

der 
18

O-Signatur) hinsichtlich der Rekonstruktion von Umweltbedingungen und der 

ökophysiologischen Reaktion von C. squarrosa auf dieselben. Im zweiten Teil der 

Arbeit liegt der Fokus auf N-Dynamiken auf Blatt- und Triebebene, untersucht mit Hilfe 

von 
15

N-Markierung, insbesondere die Ermittlung des N-Turnover in vollständig 

expandierten Blättern. 

Material und Methoden: Die zugrundeliegenden Experimente wurden in speziellen 

Gaswechsel- und Markierungskammern durchgeführt. Bestände von C. squarrosa 

wurden darin in einem 16-h Tag und bei unterschiedlichen Kombinationen von N-

Versorgung (Niedrig: 7,5 mM N; Hoch: 22,5 mM N) und Wasserdampfsättigungsdefizit 

(VPD; Niedrig: 0,63 kPa; Hoch: 1,58 kPa) angezogen. Die übrigen Umweltbedingungen 

wurden gleich gehalten. Das Wachstum der Phytomere wurde über ein Intervall von 13 

Tagen täglich gemessen. Diese Messungen wurden in jedem Verfahren in insgesamt 

vier Wiederholungen durchgeführt. Nach einer destruktiven Beprobung im Anschluss 

an das Messintervall wurden die Länge der Einzelkomponenten von  wachsenden und 

vollständig expandierten Phytomeren bestimmt. In einem der Verfahren wurden 

einzelne Pflanzen über Zeiträume von 24 h bis 168 h mit  
15

NO3/
14

NO3 markiert, um die 

N-Dynamiken innerhalb eines Triebes zu erfassen. 

Ergebnisse und Diskussion: Die Koordination des Wachstums innerhalb und zwischen 

sukzessiven Phytomeren war nicht von N-Versorgung und VPD beeinflusst. Die 

Pflanzen zeigten jedoch eine deutliche Reaktion der Bestockung auf die hohe N-

Versorgung. Das Erscheinen der Spitze der Phytomere fiel mit der beschleunigten Phase 

ihres Streckungswachstums zusammen, zu einem Zeitpunkt, als die Phytomere 26% 

ihrer Endlänge erreicht hatten. Die Streckung der Blattspreite war abgeschlossen bei 
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Erreichen von ~75% der Endlänge des gesamten Phytomers, zu einem Zeitpunkt also, 

als das Streckungswachstum des vorgehenden Phytomers schon auf das Internodium 

beschränkt war. In den oberen 6 bis 7 vollständig expandierten Phytomeren der 

Haupttriebe wurde keine Netto-Änderung des N-Gehaltes beobachtet; die N-Markierung 

zeigte jedoch einen N-Turnover in diesen Phytomeren von 0,36% pro Stunde. Der N-

Export aus dem vollständig expandierten Gewebe der Triebe war ca. 2,5-mal grösser als 

der N-Import in das wachsende Gewebe derselben Triebe. Folglich diente der N-Export 

der Haupttriebe der N-Versorgung anderer Pflanzenteile. Gestützt wurde diese 

Interpretation durch die Tatsache, dass die relative Wachstumsrate des gesamten 

Sprosses ca. dreimal höher war als die der Haupttriebe, was mit der andauernden 

Bestockung (d.h. Nebentriebbildung) zu erklären war. Der Überschuss an mobilisiertem 

N diente also vermutlich als Substrat für das Wachstum der Nebentriebe. Diese 

Ergebnisse deuten darauf hin, dass die N-Dynamik eines Triebes in die des gesamten 

Sprosses integriert ist. 

Schlussfolgerungen und Ausblick: Diese Arbeit kombiniert erstmalig die quantitative 

Analyse von Phytomerwachstum und -entwicklung mit der Untersuchung der N-

Dynamiken in einem natürlich vorkommenden, perennierenden C4-Gras. Die 

Ergebnisse zeigen eine enge Koordination des Streckungswachstums sowohl innerhalb 

als auch zwischen sukzessiven Phytomeren eines Triebes. Diese Beziehungen waren 

nahezu unbeeinflusst von N-Versorgung und VPD, und liefern so wichtige Erkenntnisse 

hinsichtlich des Umwelteinflusses auf Morphologie und phänotypische Plastizität. Die 

Kenntnis der Phytomerentwicklung ist hilfreich bei der Interpretation isotopischer 

Signaturen von Pflanzen bezüglich der zugrunde liegenden Dynamiken und kann 

ebenso bei der Rekonstruktion von z.B. kurzzeitigen Änderungen der Wasserversorgung 

genutzt werden (wie in einer parallel durchgeführten Dissertation gezeigt wurde). Diese 

Kenntnisse können auch auf archiviertes Material, z.B. aus Herbarien, angewandt 

werden und können so dazu dienen, Änderungen der Umweltbedingungen in der 

Inneren Mongolei zu rekonstruieren. Die Abschätzung des N-Turnovers mittels N-

Markierung ergab eine wesentlich höhere N-Mobilisierung in vollständig expandiertem 

Gewebe als sie aus der reinen Netto-Änderung des N-Gehaltes abgeleitet worden wäre. 

Zusätzlich konnte gezeigt werden, dass der in Haupttrieben mobilisierte N nicht nur für 

das Wachstum innerhalb dieser Triebe verwendet wird, sondern auch anderen
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Sprossteilen zur Verfügung steht. Die Analyse der Sink-Source-Beziehungen in einem 

Trieb soll noch weitergeführt werden, so z.B. der Beitrag der N-Mobilisierung in 

vollständig expandiertem Gewebe zur N-Versorgung wachsender Triebteile. Eine 

höhere zeitliche Auflösung der Markierung in Kombination mit 
13

C-Markierung, 

beispielsweise im Tag-Nacht-Gang, würde die Analyse der Kopplung von N- und C-

Dynamiken in Blättern noch wertvoller mache. 
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Chapter I  

General Introduction 

 

Study background  

In semiarid and arid ecosystems, net primary production is mainly limited by water 

availability but often co-limited by N availability (Hooper & Johnson, 1999; Bai et al., 

2008). Inner Mongolia grassland forms part of the Central Asian Steppe, the largest 

contiguous biome of the world. It is characterized by a semi-arid climate, and includes 

several vegetation types: meadow steppe, typical steppe, and desert steppe (Xiao et al. 

1995). This grassland exhibits high spatial heterogeneities in soil properties such as 

water, nitrogen and other resources, related to predominant production systems with 

hardly controlled grazing management (Su et al., 2006; Zhou et al., 2008). The 

grassland is dominated by C3 plants (Bai et al., 2008), but often co-dominated by C4 

plants (Chen et al., 2002). C4 plants contribute approximately 20% to the total 

productivity in these grassland communities (Auerswald et al., 2009), but the 

abundance of C4 plants increased by ~10% during the last decades (Wittmer et al. 2010). 

Accordingly, we expect that the performance of C4 plants may relate to their responses 

to atmospheric water stress (i.e. atmospheric vapor pressure deficit, VPD) and nitrogen 

(N) nutrition. So far, related studies have analyzed the relationships between C4 

abundance and water availability, increasing temperature, and grazing  (Wittmer et al. 

2010; Auerswald et al., 2012), and the relations between leaf carbon isotopes 

discrimination and environmental factors (Yang et al. 2011b). However, to elucidate the 

response of C4 plants to environmental factors, we first need to understand the response 

of their morphological development, which is unknown to date for these species and in 

particular for the most abundant one, a perennial grass, Cleistogenes squarrosa. 

Previous studies only characterized plant growth patterns, the allocation of nitrogen and 

carbon in aboveground and belowground tissues in relation to environmental parameters 

(e.g. N fertilizer supply, grazing, precipitation) (Gao et al. 2005, 2007; Kinugasa et al., 

2012). Secondly, no study has investigated the mechanism of N dynamics of C4 plants 

in that grassland. N mobilization in mature plant parts is important for new growth, and 

it seems to be generally related to organ senescence and associated protease activity 
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(Diaz et al., 2008; Masclaux-Daubresse et al., 2008; Girondé et al. 2015). N 

mobilization in vegetative plant parts is also an important mechanism for improving N 

use efficiency of plants in the reproductive stage (Gallais et al., 2006). A study of N 

dynamics in C4 plants of that grassland may enhance the understanding of the 

physiological controls of their abundance in the Inner Mongolia grassland. Thus, the 

goal of my work was to understand the ecological and physiological factors controlling 

morphological development and N metabolism of a C4 grass.  

 

Cleistogenes squarrosa in Inner Mongolia grassland  

In Inner Mongolian grassland, most C4 species are Poaceae and Chenopodiaceae 

(Pyankov et al., 2000; Tang & Liu, 2001). In the last decades, C. squarrosa, an endemic 

perennial C4 bunchgrass, has spread significantly and become a dominant species in 

typical, meadow, sandy steppes (Su et al., 2006; Gong et al., 2008; Miao et al., 2009; 

Bai et al., 2010). The main growth period of this species starts later in the growing 

season than that of C3 plants; significant growth occurs between June and August 

(Liang et al., 2002; Yang et al., 2011a), when on average 64% of the total annual 

precipitation occurs (Auerswald et al., 2012). This is due to the fact that plants of the C4 

photosynthesis type have a higher temperature optimun than C3 plants. C. squarrosa has 

a rooting depth of only ~20 cm (Chen et al. 2001; Jigjidsuren & Johnson 2003), and 

thus is completely dependent on shallow soil water from summer precipitation (Yang et 

al., 2011a). Hence, its‘ competitive strength is likely enhanced by summer rains 

(Auerswald et al. 2012). An early report showed that C. squarrosa was only a small 

component of the Inner Mongolia plant community, which was essentially dominated 

by C3 plants (Liu, 1963). Later, Li (1989) predicted that C. squarrosa would replace 

dominant C3 plants at moderate grazing pressures. Progressively, C. squarrosa 

dominates (86-98%; average of 91%) the C4 community of this grassland system 

(Auerswald et al. 2012). 

 The significant expansion of C. squarrosa must be associated with well 

adapted ecophysiological features. Indeed, C. squarrosa has an ability to produce more 

tillers and more leaves per tiller than other species of the same genus (Liang et al. 2002), 

and remains active and productive even in degraded grasslands (Wang, 1992). Along a 

tiller of C. squarrosa grown under natural conditions, the leaf N content showed a 
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decrease with phytomer rank (Fig. I.1), that was seen as a key factor driving the 

variation of leaf carbon isotope discrimination during photosynthesis (Yang et al., 

2011b). However, what is not evident from this study, is if this N distribution within a 

tiller is an intrinsic characteristic of initial N allocation, or is a result of leaf nitrogen 

turnover. Possibly, this strong gradient in leaf N content along a tiller is related to a high 

rate of N mobilization from old, mature leaves to newly produced leaves at the top of 

the canopy. That result only provided the gradient of leaf N distribution along a tiller 

from a spatial point of view. Further, it is also unclear to which extent the N turnover 

and N mobilization occur simultaneously and whether these relationships change with 

phytomer rank. The differences among phytomer ranks are reflective of morphological 

dynamics. These leaves are produced in chronological order, indirectly providing a 

temporal basis for studying N dynamics. Thus, knowing morphological developmental 

traits such as leaf appearance interval is useful for studying N dynamics in a tiller. This 

motivated me to explore ecophysiological characteristics of C. squarrosa by combing 

the analysis of morphological traits and N dynamics in response to relevant 

environmental parameters such as VPD and N fertilizer supply. 

 

 

 

Figure I.1 N concentration in mature, fully expanded leaves along the axis of a tiller of 

C. squarrosa grown in its‘ natural habitat (data from Yang et al. 2011b). Phytomers 

were numbered basipetally, that is from the youngest to the oldest, starting at phytomer 

2 that bore the youngest fully expanded leaf blade. Error bars indicate SE. 
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Morphological development of grass plants 

Subunit of the morphological structure of a grass plant: the phytomer  

The phytomer can be considered as a fundamental building unit of grass plants and, 

hence, of canopies (McMaster, 2005). A phytomer is defined as comprising a leaf blade, 

leaf sheath, the associated axillary buds, node, and internode (Moore & Moser, 1995). 

The size, number, and spatial arrangement of phytomers determine the architecture of a 

grass tiller (Briske, 1991; McMaster, 2005). Thus, the developmental morphology of 

grass plants is a function of the spatial distribution of a series of phytomers in different 

developmental stages – from recently initiated phytomers to senescent ones (Moore & 

Moser, 1995). Knowledge about the timing and rules of phytomer development or its 

components‘ development is of great interest, as phytomer morphology can serve as a 

basis for understanding the inherent morphogenetic constraints to environmental 

influences on phenotypic plasticity (Boe et al., 2000). 

 

Grass growth and development in relation to its environment 

The morphological development of grass plants can be seen as an accumulation of 

phytomers, successively differentiating from a single apical meristem located at the tip 

of the shoot axis. Phytomer extension results from cell division and elongation of its 

components (Skinner & Moore, 2007). Phytomer extension starts from the initiation of 

a new leaf primordium and is terminated with the full elongation of the internode. 

During phytomer development, certain key events have been identified, which trigger 

the transition between the growth of its components, such as the emergence of the blade 

tip or the ligule. Knowledge of these key events is implemented in functional-structural 

plant modeling, which can be used to simulate shoot development and eventually the 

development of a canopy (Vos et al., 2010). Interactions among phytomer components, 

i.e. leaf blade, leaf sheath, and internode are well coordinated to assure the orderly 

development of the plant. The coordination rules underlying phytomer development 

form an important basis for plant growth models e.g. for cereal crops (Fournier & 

Andrieu, 1998; Buck-Sorlin et al., 2005; Evers et al., 2005; Buck-Sorlin et al., 2008; 
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Vos et al., 2010; Zhu et al., 2014). However, the patterns of phytomer development in 

the wild (i.e. non-domesticated) C4 grass C. squarrosa are not known to date.  

Response to changing environments can result in changes of the rate and/or the 

duration of the elongation of phytomer components (Zhu et al., 2014), thus affecting the 

timing of the aforementioned key events. Numerous studies have pointed out that leaf 

growth rate is very sensitive to water supply (Passioura & Gardner, 1990), vapor 

pressure deficit (VPD) (Ben Haj Salah & Tardieu, 1996, 1997), and nutrient supply, 

especially of nitrogen (Volenec & Nelson, 1983; Gastal & Nelson, 1994). However, 

potential influences of environmental factors on the coordination rules of phytomer 

elongation are not well documented. But, to know the phytomer morphological 

plasticity in different environments is of importance to broaden our understanding of 

plant life-history strategies. 

In grasses, the time interval between the emergences of successive leaves is 

called phyllochron (Klepper et al., 1982) and is usually used to describe specific 

morphological events related to leaf development (Moore & Moser, 1995). This implies 

that not only the succession of the development of phytomer components is well 

coordinated, but also the development of successive phytomers. Combining the 

knowledge on coordination within and between phytomers allows the estimation of the 

developmental stage of young phytomers by the time course of the extension of the 

previous phytomer. This is especially helpful in studies with grasses, as the initial 

development of a phytomer occurs within the pseudostem of the grass tiller, i.e. covered 

by the tube-like structure formed by the sheaths of already fully expanded phytomers. 

Thus, the developmental stage of a phytomer can be determined retrospectively. In 

chapter II, I present phytomer growth for C. squarrosa. These findings are then applied 

to explore N dynamics of growing and mature tissues in tillers of C. squarrosa plants 

grown in the same condition in Chapter III. 

 

Nitrogen uses in grass plants   

In most higher plants, the bulk of N is stored in aboveground organs, primarily in leaves 

(Irving et al., 2010). For a mature leaf to be fully functional, it needs to be equipped 

with the proper protein machinery. Protein turnover, namely synthesis and degradation, 
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is a permanent process over the leaf lifespan (Irving & Robinson, 2006; Hirel et al., 

2007; Imai et al., 2008). The Rubisco protein, which is the most abundant N component, 

constitutes a potential pool of stored N in many species (Huffaker & Peterson, 1974; 

Millard, 1988). In order to support leaf growth, N components such as chlorophyll, are 

required for harvesting light and CO2 (Makino & Osmond, 1991; Hörtensteiner & Feller, 

2002). Therefore, growing leaves have a relative high N demand, and hence they act as 

a strong sink for N. When senescence proceeds in leaves, degradation of proteins 

provides reduced N components for the subsequent mobilization to other parts of the 

plant (Buchanan-Wollaston, 1997). N mobilized from protein degradation in mature or 

senescing leaves serves as the main N source for new growing tissues (Chapin et al., 

1990; Masclaux-Daubresse et al., 2010). Taken together, the mechanism of N dynamics 

of growing and mature tissues in a tiller of C. squarrosa should provide essential 

knowledge to understand linked physiological activities. 

Principally, N can be salvaged from the degradation of proteins in old leaves in 

favor of growing tissues (MacAdam, 2009). N retranslocation from old or shaded leaves 

to sunlit leaves increases the photosynthetic gain of the whole canopy (Hikosaka, 2005). 

Mature leaves act as an active importing agent of xylem nitrogen as well as an agent of 

exporting nitrogen to the phloem (Yoneyama & Takeba, 1984), providing a suite of 

organic N-compounds for plant growth and biomass maintenance. For C. squarrosa, a 

field study in its natural habitat showed a steep gradient in N content of leaf blades on a 

tiller (Yang et al., 2011b). The processes underlying the generation and eventual 

maintenance of that gradient have not been studied. Thus, we do not know how the 

processes of N import, turnover and export in the different leaves along a tiller – 

including developing, mature and senescing ones – interact to generate the N gradient 

observed by Yang et al. (2011b). For such studies, a grass tiller can conceptually be 

divided into two types of tissue: one is the immature tissue that is characterized by high 

N demand for organ growth and development acting as a strong N sink; the other is the 

mature tissue that potentially serves as the endogenous N source and the place where the 

overwhelming majority of photosynthesis is realized. This functional distinction of N 

partitioning between source and sink tissue can be considered as the basis of the N flux 

analysis in tillers of C. squarrosa presented in Chapter III of this thesis.  
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Quantitative analyses of the N supply for leaf growth of grasses mainly comes 

from studies tackling the question from the sink side (Lattanzi et al., 2005; Lehmeier et 

al., 2013). These studies investigated the origin of N used for new leaf growth in Lolium 

perenne (a C3 grass) and Paspalum dilatatum (a C4 grass) and showed that N recycled 

from internal ―stores‖ (likely including Rubisco in senescing leaves) may account for 

more than half of all N used for new leaf growth. However, the actual 

physical/morphological origin of remobilized N and the actual N fluxes between 

specific sink and source organs of a tiller have not been examined to date. The 

understanding of how this process is regulated by source organs is also limited. Such 

analyses need to be integrated into analyses of N dynamics in a tiller in order to 

comprehensively illustrate plant N economy. 

Stable N isotopes have been employed as a tracer in physiological studies to 

examine the movement of labeled substrates within biochemical processes, organisms, 

even ecosystems. Much of the information about N fluxes in plants, about N utilization 

during plant growth and development has been obtained by the use of 
15

N tracer studies 

(De Visser et al., 1997; Robinson et al., 1998; Comstock, 2001; Evans, 2001; Lattanzi 

et al., 2005; Lehmeier et al., 2013). A common feature of these studies is that N 

dynamics was analyzed at the individual leaf level by 
15

N labeling. However, we lack 

knowledge of N dynamics on larger scales such as the tiller level, hindering our 

understanding of N economy of the whole plant. In this study, I combine the analysis of 

N turnover in mature tissue and utilization of mobilized N in growing tissue with the N 

dynamics of plants at the tiller level using 
15

N and 
13

C labeling. 

 

Aim  

Although there are some field studies describing the response of C. squarrosa growth to 

environmental factors at the whole-plant level, no study has characterized its growth at 

the phytomer level. In addition, there is limited knowledge on N dynamics in a tiller of 

C. squarrosa and it is therefore unclear if N dynamics is affected by the N turnover of 

sink and source organs and/or by N demand of other parts of plants. These issues are 

extremely important for understanding the ecophysiological characteristics of C. 
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squarrosa. My work provides an opportunity to identify the underling mechanisms for 

the expansion of this grass species in the Inner Mongolia grassland.  

The objectives of this work were  

1) To provide fundamental information on morphological features of growth 

and development of a C4 grass C. squarrosa, and how these respond to N fertilizer 

supply and VPD conditions (Chapter II). In particular, chapter II analyzes the 

coordination and time course of phytomer growth and development in response to its 

environment.  

2) To investigate how C. squarrosa plants mediate N fluxes in tillers (chapter 

III), taking advantage of information obtained in chapter II, to better understand N 

metabolism in the context of the whole plants‘ physiology. Particularly, emphasis is 

given to the N dynamics of blades of different ages in mature tissue, which is the 

primary tissue for photosynthesis, N turnover and the main source of endogenous N for 

growing tissues. N import for tiller growth is discussed by the analysis of the time 

course of tracer incorporation in immature tissue (chapter IV). Based on the above 

results, I try to characterize the framework of sink-source relationships in the N 

dynamics of a vegetative grass tiller.  

3) To illustrate the usefulness of the knowledge of the morphological 

development of C. squarrosa to deliver a time scale for the reconstruction of 

environmental conditions and ecophysiological responses.  

To this end, experiments were conducted in specialized gas exchange and 

labeling mesocosms with identical and constant growth conditions except for nutrient 

supply and relative humidity. Effects of N fertilizer supply and water stress (as 

atmospheric water stress) on phytomer growth were tested by combinations of low (0.63 

kPa) or high (1.58 kPa) VPD with low (7.5 mM) or high (22.5 mM) N fertilizer supply 

during plant vegetative growth. In the treatment combination of low N and low VPD, 

15
NO3/

14
NO3 labeling was applied to disentangle net N fluxes into recent N import and 

N mobilization, thus quantifying N turnover in mature leaves along a tiller in 

dependence of their ages.  
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Chapter II 

Effects of nitrogen fertilizer supply and vapor pressure deficit 

on phytomer growth and development in a perennial C4 grass 

(Cleistogenes squarrosa) 

 

ABSTRACT  

Phytomers are basic morphological units of plants. Knowledge of phytomer 

development is essential for understanding morphological plasticity, functional-

structural modeling of plant growth, and the usage of leaf characteristics to indicate 

growth conditions at the time of production (e.g. stable isotope signals). Yet, systematic 

analysis on the process of phytomer development is unavailable for wild or perennial C4 

grasses. Also, effects of environmental factors, such as nitrogen nutrition or vapor 

pressure deficit (VPD), on coordination events of developmental processes of C4 

grasses have not been studied. This study investigates phytomer growth and 

development in Cleistogenes squarrosa, a predominant C4 grass in the Eurasian steppe, 

grown at low (0.63 kPa) or high (1.58 kPa) VPD with low (7.5 mM) or high (22.5 mM) 

nitrogen supply in controlled environments. Elongation of phytomers on marked tillers 

was measured daily for 13 days. Then lengths of immature and mature phytomer 

components (blade, sheath and internode) of all phytomers were measured following 

dissection. Nitrogen nutrition and VPD had no effects on coordination of growth within 

and between phytomers: phytomer tips emerged when phytomers reached 26% of their 

final length, coincident with the acceleration phase of its elongation; blade elongation 

stopped when phytomers reached 75% of their final length and elongation of the 

preceding phytomer was confined to the internode. The relationship between fraction of 

final phytomer length and days after tip emergence for all treatments was well described 

by a sigmoidal function: y = 1/{1 + exp[(1.82 − x)/1.81]}. Cleistogenes squarrosa 

exhibited little morphological plasticity at phytomer-level in response to nitrogen 

supply and VPD, but a clear increase in tillering under high N supply. Also, the 

invariant coordination of elongation within and between phytomers was a stable 

developmental feature, thus the quantitative coordination rules are applicable for 
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predicting morphological development of C. squarrosa under contrasting levels of 

nitrogen nutrition or VPD. 
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INTRODUCTION 

The morphology of almost all grasses can be conceptualized as a hierarchical 

arrangement of subunits, termed phytomers, which are composed of a leaf blade, leaf 

sheath, node, internode, and axillary buds in the leaf axil at the node between the leaf 

and the stem (Moore & Moser, 1995). Phytomer development can be described as the 

succession of its components‘ elongation which follows an invariable developmental 

sequence: the leaf blade starts to elongate first, followed by the sheath and the internode 

(for some species) (Fournier & Andrieu, 1998). The size, number, and spatial 

arrangement of phytomers determine the architectural organization of individual tillers 

(Briske, 1991; Boe et al., 2000). Therefore, knowledge of phytomer growth and 

development serves as a basis to elucidate the rhythm of grass growth.  

It has been repeatedly shown that the growth of phytomer components as well 

as the growth of successive phytomers is well coordinated and synchronized by certain 

events (e.g. leaf tip emergence or ligule emergence); namely, the dynamics of phytomer 

development are repeated in a certain sequence along the axis of a branch or tiller 

(Moore & Moser, 1995; Boe et al., 2000; Boe & Casler, 2005; Forster et al., 2007). 

Synchrony between emergence events and the dynamics of organ extension has been 

observed for species in which the internode does not elongate, such as C3 grasses in the 

vegetative stage (Skinner & Nelson, 1995; Fournier et al., 2005), and for species with 

internode elongation, such as grasses during the generative (or reproductive) stages 

(Lafarge & Tardieu, 2002; Zhu et al., 2014). The coordination rules underlying 

phytomer development form an important basis for plant growth models in different 

cereal crops, e.g. maize (Fournier & Andrieu, 1998; Zhu et al., 2014), wheat (Evers et 

al., 2005; Vos et al., 2010) and barley (Buck-Sorlin et al., 2005; Buck-Sorlin et al., 

2008). The need to quantify the coordination of phytomer elongation, the timing of 

developmental events, growth duration, phyllochron and final phytomer number is 

critical for crop modeling (Evers et al., 2005). Furthermore, carbon and oxygen isotope 

compositions of leaf cellulose are potentially powerful tools for reconstruction of 

environmental conditions, e.g., oxygen isotope composition of leaf cellulose reflects 

mainly source water isotopic signal and evaporative demand (Helliker & Ehleringer, 

2002). Accordingly, oxygen isotope composition of leaf cellulose of C. squarrosa was 

shown to reflect VPD of the growth environment (Liu et al., 2016). For this type of 
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studies, the predictability of phytomer development is essential for the dating of isotopic 

signal imprinted in plant material. In addition, the knowledge of phytomer development 

provides important insights into environmental influences on plant morphological and 

phenotypic plasticity (Boe et al., 2000). In wild (i.e. non-domesticated) or perennial C4 

grasses phytomer development as well as the potential influence of environmental 

factors on coordination rules has not been studied, which impairs our understanding on 

the plasticity and predictability of morphological development.  

In principle, environmental influences on plant development can result from 

changes in component elongation rate or from changes in component elongation 

duration (Zhu et al., 2014), or from the timing of development events. To explicitly 

elucidate how plants respond to varying environments, studies performed in the field 

and in controlled conditions have shown that leaf elongation rate in grasses is very 

sensitive to water supply (Passioura & Gardner, 1990), vapor pressure deficit (VPD) 

(Ben Haj Salah & Tardieu, 1996, 1997), and nutrient supply, especially of nitrogen 

(Volenec & Nelson, 1983; Gastal & Nelson, 1994). Nitrogen (N) deficiency slows leaf 

blade growth (Kavanová et al., 2008), decreases mature leaf size (Vos & van der Putten, 

1998) and reduces leaf appearance rate (Metay et al., 2014), but there is apparently little 

effect on leaf initiation (Ma et al., 1997). It has been reported that high evaporative 

demand reduces maize leaf elongation rate due to water deficit (Ben Haj Salah & 

Tardieu, 1996, 1997). Accordingly, one may propose that phytomer growth and 

development in a wild grass with internode elongation in the vegetative state also 

responses to alterations of N and VPD supply. To know this phytomer morphological 

plasticity in different environments is of importance to broaden our understanding of 

plant life-history strategies.  

Our objectives were to investigate phytomer growth and developmental 

characteristics of a perennial C4 grass (Cleistogenes squarrosa) and its morphological 

response to factorial combinations of nitrogen fertilization and VPD treatments. C. 

squarrosa is a perennial C4 grass and a co-dominant species in Inner Mongolia 

Grassland, a natural arid and semiarid ecosystem (Wang & Wang, 2001; Bai et al., 

2008). C. squarrosa has higher relative abundance in warm habitats such as sunny 

slopes (Gong et al., 2008), and it has been noted by authors that moderate to heavy 

grazing increased its relative abundance (Gong et al., 2008; Liang et al., 2002). Due to 



Chapter II: Phytomer development under contrasting N supply and VPD                     13 

 

the dominance in many grassland types especially degraded grasslands, C. squarrosa is 

considered as a key species for sustainable grassland and livestock management in this 

area (Liang et al., 2002). In Inner Mongolian grasslands, water and nitrogen are the 

primary limiting factors for plant growth (Bai et al., 2008); furthermore, interaction 

effects of N and water strongly influences physiology and morphology of dominant 

species (Gong et al., 2011). Moreover, soil properties exhibit strong spatial 

heterogeneity in nitrogen and other resources due to the inattentively managed grazing 

activities, e.g. grazing influences N turnover via faeces and urine redistribution (Giese 

et al., 2013). Thus, understanding phytomer development of C. squarrosa and its 

response to VPD and N nutrition, has important implications for improving productivity 

and forage quality in this grassland. In this work, I hypothesized, first, that phytomer 

development in C. squarrosa exhibits coordination rules similar to those found in other 

grasses, but with quantitatively different dynamics in phytomer development. Second, I 

predicted that the growth, characterized by both leaf and internode elongation, and the 

final length of phytomers are affected by N supply and VPD, mediated by the well-

established effects of N and water stress on leaf elongation in other grasses (see above). 

Third, I predicted the constancy of coordination rules within and between phytomer 

growths across treatments. Aiming at quantitative descriptions on phytomer 

development of C. squarrosa, I assessed phytomer elongation both for visible growth 

(i.e. after emergence of the blade tip above the surrounding sheath of preceding 

phytomers) and invisible growth (i.e. before blade tip emergence), thus covering the 

whole elongation from (near) initiation to cessation of elongation.  

 

MATERIALS AND METHODS  

Plant material and growth conditions  

Seeds of C. squarrosa were collected in autumn 2010 and 2012 in the Xilin River 

watershed, China. Four seeds were sown in individual plastic tubes (5 cm diameter, 35 

cm high) filled with quartz sand (0.3-0.8 mm diameter). Tubes were placed in free-

draining plastic boxes (length: 77 cm, width: 57 cm, depth: 30 cm) with 164 tubes per 

box. Two boxes were placed in each of four growth chambers (Conviron PGR15, 

Conviron, Winnipeg, Canada). One week after sowing, plants were thinned to one plant 

per tube so that final density was 234 plants m
-2

. Except for nutrient supply and VPD, 
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growth conditions were the same in all chambers: 16 h light period with a 

photosynthetic photon flux density of 800 µmol m
-2

 s
-1

 at canopy height during the light 

period, provided by cool-white fluorescent tubes, and constant air temperature of 25 °C 

throughout the light-dark cycle. CO2 concentration in the light period was kept constant 

between 380 and 390 μmol mol
-1

. Every eight hours, a modified Hoagland nutrient 

solution (see below) was supplied by an automatic irrigation system. The nutrient 

solution was completely renewed after four weeks, i.e. in the middle of experiments. 

The study had a factorial design with two treatment factors, nitrogen supply 

and VPD; and each factor had two levels. Experiments were conducted in two separate 

runs with a low and high rate of N supply. All four chambers were supplied with a 

nutrient solution containing 7.5 mM N (N1) in the first run, and 22.5 mM (N2) in the 

second run, in the form of equimolar concentrations of calcium nitrate and potassium 

nitrate (Ca(NO3)2 and KNO3). In each experimental run, two chambers were operated 

with a relative humidity of 80% and the other two with 50% relative humidity, yielding 

a VPD of 0.63 kPa (V1) and 1.58 kPa (V2), respectively. Thus, every combination of N 

supply and VPD (N1
 
V1, N1

 
V2, N2

 
V1 and N2

 
V2) was replicated in two growth 

chambers. The concentration of other nutrients was kept the same in both nutrient 

solutions: 1.0 mM MgSO4, 0.5 mM KH2PO4, 1 mM NaCl, 125 µM Fe-EDTA, 46 µM 

H3BO3, 9 µM MnSO4, 1 µM ZnSO4, 0.3 µM CuSO4, 0.1 µM Na2MoO4.  

 

Monitoring and measurements of plant growth and calculation of phytomer 

elongation  

Sixteen plants per treatment (eight plants per growth chamber) were tagged when the 

first true leaf had emerged. I started to measure phytomer elongation on main tillers on 

the 24
th

 day after the imbibition of seeds. At the start of elongation measurements, the 

main tiller had at least ten emerged leaves. Elongation measurements lasted until the 

37
th

 day after imbibition. This corresponds to a thermal time of 925 degree days, close 

to the thermal time of the main vegetation period for C. squarrosa in Inner Mongolia 

(Liang et al. 2002). This also ensured that a sufficiently high number of phytomers 

completed their growth during the experiment. Each day, the distance between the tip of 

a phytomer and the next older visible ligule, and also the distance between successive 

visible ligules was measured to the nearest 0.5 mm. Our preliminary data showed that 
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sheath elongation stopped with the emergence of the ligule (data not shown). Thus, 

phytomer elongation was calculated as the change of distance from phytomer tip to the 

next older visible ligule. A phytomer was considered fully expanded when the distance 

from its tip to the next older visible ligule had ceased to change. After elongation 

measurements and the following dissection (see below), ranks of phytomers were 

counted basipetally starting from the tip of the main tiller. In most cases, tips of 

phytomers 4 and 5 appeared (leaf tips emerged) and terminated elongation during the 

observation period between 24 and 37 d after imbibition. These data were used to 

calculate ‗visible growth duration‘ and the visible time course of phytomer elongation. 

Phytomer tip emergence was defined as the moment a blade tip had grown past the 

highest visible ligule of the preceding phytomers. However, as elongation 

measurements were performed only once a day, a phytomer tip could have emerged 

before our first observation on that phytomer. Therefore, the time lag between tip 

emergence and our first observation on that phytomer was estimated as the distance 

between the tip of the phytomer in question and the next older visible ligule divided by 

the elongation rate measured just following tip emergence; and this time lag was 

accounted for in the calculation of days after tip emergence. The phyllochron was 

calculated as the time interval between the appearances of successive phytomers. The 

number of tillers formed at the base of the shoot was also recorded. 

 

Measurements on length of phytomers and their components 

At the end of each experiment, all main tillers (16 main tillers from 16 plants per 

treatment) on which elongation rate had been measured were sampled and dissected into 

individual phytomers. On these dissected phytomers, the lengths of blades, sheaths, and 

internodes were measured to the nearest 0.5 mm, and phytomer length was obtained as 

the sum of the length of its components. Thus, destructive measurements provided the 

actual length of blades, sheaths, internodes, and the total length of successive phytomers. 

Dissected tillers included fully expanded phytomers, emerged (i.e. visibly growing) 

phytomers, and unemerged (invisibly growing) phytomers whose tips had not yet 

emerged. A scheme of phytomer arrangement along successive nodes on one tiller is 

presented in Figure II.1. Within a tiller, all phytomers are arranged along an axis. The 

basipetal succession of phytomers corresponds to a gradient of increasing phytomer age. 

Each phytomer is composed of a leaf blade, a leaf sheath, a node and an internode. 
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Phytomer elongation starts with the (tip of the) blade and successively passes over to 

elongation of the sheath and internode. The sheath of a given phytomer enclosed the 

internode of the next younger phytomer and a part of its sheath. In the dissection, only 

phytomers with a length > 4 mm were taken into consideration excluding the shoot apex 

with shorter phytomers and primordia.  

 

 

 

 

Figure II.1 Schematic of a mature phytomer and its components, and arrangement of 

phytomers along a tiller of C. squarrosa. The ligule (or collar; not shown) marks the 

blade-sheath junction, and the node forms the site of insertion of the leaf on the stem. 

Immature, growing phytomers are situated at the tip of the tillers (note: for simplicity, 

the scheme depicts only two growing phytomers, but up to five concurrently expanding 

phytomers in different developmental stages are found along the distal part of tiller axis 

upon dissection).  

 

Assessing coordination within a phytomer and between phytomers 

The length of successive, fully expanded phytomers (obtained from destructive 

measurements) was used to determine ontogenetic changes in the final length of 

phytomers, i.e. the relationship between final phytomer length and phytomer rank. By 

extrapolating this relationship, the final length of still growing phytomers (immature 

ones) was predicted. That prediction was performed for each individual tiller, using the 
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data from that same tiller. The fraction of final phytomer length (fL) for immature 

phytomers was calculated as:      

 

fL = La/Lp                                                                                                                                                                           Eqn 2.1 

 

where La is the actual phytomer length at a given time, Lp is predicted final phytomer 

length.  

Accordingly, the fraction of final phytomer length is 1 for a fully expanded phytomer. 

In an analogous manner, the fractional contribution of components (blade, sheath, and 

internode) to final phytomer length was calculated as the ratios of actual blade-, sheath-, 

and internode-length to predicted final phytomer length. 

The coordination of elongation within a phytomer was assessed by plotting the 

fractional contribution of components (blade or sheath or internode) to final phytomer 

length against the fractions of final phytomer length. The coordination of elongation 

between phytomers was assessed by analyzing the relationship between fractions of 

final phytomer length of successive phytomers. The normalized length of components 

and phytomers was used to compensate for heterogeneity in plant size, which is higher 

for wild plants than for genetically much more uniform cultivars. 

 

Constructing the time course of phytomer development 

A young phytomer grows within the sheath tube of the preceding phytomer before tip 

emergence. Therefore, the complete time course of the development of a phytomer 

includes a visible phase (tip emergence - full expansion) and an invisible phase 

(initiation - tip emergence). These time courses were all established by plotting the 

fraction of final phytomer length against their ages (days after tip emergence). 

The visible time course of phytomer development was established using the 

data of phytomers (numbers 4 and 5) on which the elongation rate had been monitored 

from tip emergence to full expansion. From the dissection of plants, the final length of 

those phytomers was obtained, and the actual length of those phytomers on each day 

during expansion was calculated retrospectively using the measured daily elongation 

rate. Thus, the fraction of final phytomer length of those phytomers was calculated 
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using Eqn 1 (using the actual measured final length as denominator) for each day from 

tip emergence to full expansion.  

The initial phase of phytomer development was established using the data of 

younger phytomers which were not fully elongated (immature) at the time of dissection. 

For these phytomers, their fractions of final phytomer length were determined using 

Eqn 1. As their ages (the corresponding days after their tip emergence) were not known, 

these had to be estimated. In each tiller, an immature phytomer was selected that had 

reached 60 – 80% of its final length (typically the second oldest immature phytomer). 

Using the visible time course of phytomer development (see previous paragraph) the 

time after tip emergence of this particular phytomer was estimated. This time minus the 

respective number of phyllochrons gave the time after tip emergence for each phytomer 

younger than the selected one on this tiller. I plotted the fraction of final phytomer 

length against the calculated age of those immature phytomers to obtain the initial phase 

of phytomer development that included the invisible phase and overlapped with a small 

range of the visible phase of phytomer development. The construction of the initial 

phase of phytomer development was done separately for each treatment, using the 

treatment-specific data. The visible time course and initial phases of phytomer 

development were then combined to obtain the complete time course (i.e. the fraction of 

final phytomer length vs. days before/after tip emergence). 

 

Statistical analyses   

The effects of N supply (low and high N: N1 and N2), VPD (low and high VPD: V1 

and V2) and their interaction on phytomer growth parameters were analyzed by two-

way analysis of variance (ANOVA) using R (R Core Team, version 3.1.2, 2012). There 

were 16 replicates (16 main tillers: eight tillers per growth chamber) in each treatment. 

For parameters that were measured on several ranks of phytomers of a tiller, i.e. 

phyllochron, visible growth duration, maximal phytomer elongation rate and final 

phytomer length, the mean value of all phytomers on that tiller was used in the 

statistical tests. For repeatedly observed parameters, e.g. the number of visibly growing 

phytomers, the total number of phytomers, and the number of tillers, the mean values of 

repeated observations on each tiller were used in the statistical tests. The data were 

analyzed with a linear model using the generalized least squares method. This was 
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implemented with the generalized least squares (gls) function by maximizing the 

restricted log-likelihood (REML) method in the ―nlme‖ package (Pinheiro et al., 2014), 

and the chamber effect was also included in the model. None of the analyses yielded a 

significant chamber effect. For the developmental pattern of phytomers, 95% 

confidence bands of regressions were fitted using Sigmaplot (Systat Software, San Jose, 

CA) and used to test for treatment effects. 

 

RESULTS 

Phytomer growth and developmental parameters  

Averaged over all experiments (Table II.1), the number of emerged (non-enclosed) 

phytomers that were growing simultaneously averaged 3.9 per main tiller. The average 

number of phytomers per main tiller observed during the 24
th

 to 37
th

 day after 

imbibition was 14. The phyllochron averaged 2.3 d, and the duration of visible growth 

(i.e. the time span from tip emergence to cessation of elongation) was about 11 d. Mean 

number of tillers was 21 and mean phytomer length was 93 mm (Fig. II.2). In all 

treatments, final phytomer length decreased by about 20% between phytomer number 9 

and number 4 (Fig. II.2). 

 

 

 

Figure II.2 Final (mature) length of phytomers along the axis of the main tiller of C. 

squarrosa under contrasting nitrogen fertilizer and VPD treatments. Phytomer number 

was counted from the tip of the tiller. Error bars indicate SE (n = 16). 
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Effects of VPD and N fertilizer supply or their interactions were relatively 

small or non-significant, except for the effect of N fertilizer supply where high N 

increased the number of tillers by 23% relative to low N (averaged over VPD levels) 

(Table II.1). Also, averaged over VPD levels, high N increased the number of 

phytomers per tiller by 6%, and shortened visible growth duration by 7%. Averaged 

over N levels, high VPD increased visible growth duration by 4% relative to low VPD. 

All other parameters of phytomer growth and development were influenced by the 

interaction of nitrogen fertilizer supply and VPD. Thus, high N increased the number of 

visibly growing phytomers per tiller by 17% and phytomer length by 8%, and shortened 

the phyllochron by 13% at low VPD, but not at high VPD. 
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Table II.1 Growth and developmental parameters of C. squarrosa under contrasting N fertilizer and VPD treatments and the results of two-

way ANOVA for each parameter. 

Parameter 
Treatment  F value 

N1
 
V1 N1

 
V2 N2

 
V1 N2

 
V2  N VPD N × VPD Df 

Nr of visibly growing 

phytomers  (tiller
-1

) 
3.6 ± 0.1 3.8 ± 0.1 4.2 ± 0.1 3.8 ± 0.1  6.083⃰ 2.257 8.276⃰ 58 

Nr of phytomers  (tiller
-1

) 13.4 ± 0.2 13.3 ± 0.2 14.5 ± 0.2 13.7 ± 0.2  8.073⃰ 4.035 1.938 59 

Phyllochron (days leaf
-1

) 2.4 ± 0.1 2.4 ± 0.0 2.1 ± 0.0 2.4 ± 0.1  8.627⃰ 2.663 4.734⃰ 60 

Visible growth duration 

(days) 
11.0 ± 0.5 11.8 ± 0.2 10.6 ± 0.2 10.6 ± 0.3  12.131⃰ 4.604⃰ 3.498 57 

Nr of tillers 19.7 ± 1.8 17.6 ± 1.0 24.0 ± 1.1 21.7 ± 1.6  7.754⃰ 2.005 0.003 60 

A low or high N fertilizer supply (N1 or N2) was combined with low or high VPD (V1 or V2). Values are means ± SE (n = 16). The number of 

visibly growing phytomers on a tiller, the number of phytomers per main tiller, and the number of tillers at the base of the plant are mean 

values for the period between 24 and 37 days after imbibition; phyllochron was measured on phytomer ranks 1-10; visible growth duration, the 

period from tip emergence to the cessation of elongation, was measured on ranks 4-5. Asterisk indicates significant effect (P < 0.05). Df is the 

degree of freedom for the denominator in F and the degree of freedom for the numerator is 1 in all cases. 
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Coordination within a phytomer 

The contributions of phytomer components (blade, sheath and internode) to final 

phytomer length in expanding phytomers did not show treatment effects (Fig. II.3A – C; 

see Fig. II.S1 in Appendix 1 for confidence intervals of the different treatments), so data 

of all treatments were pooled for further analysis. Solid lines in Fig. II.3A – C denote 

regressions with y = 0.73/{1 + exp[(0.37− x)/0.17]} (R
2 

= 0.90; residual standard error = 

0.06) for blade (A); y = 0.46/{1 + exp[(0.94 − x)/0.13]} (R
2 

= 0.78; residual standard 

error = 0.07) for sheath (B); y = 0.04*x – 0.0063 (R
2
=0.06) for internode (C). The 

relationship between the contribution of components to final phytomer length and 

fractional final phytomer length showed a gradual transition between different phytomer 

ranks (from just after initiation of rapid expansion to near-fully expanded). Hence, the 

phytomers of different ranks were treated as representing one phytomer in different 

developmental stages. Within a phytomer, initial expansion was exclusively due to 

blade elongation (Fig. II.3A). Transition between blade and sheath elongation was a 

relatively sudden event. Sheathes were first measured when phytomers had reached 

approx. 50% of their final length (Fig. II.3B); moreover, initial sheath elongation was 

slow. When blade length had reached 66 ± 1% (SE) of final phytomer length, blades 

ceased to elongate and rapid sheath elongation began. As the phytomer had attained 75% 

of its final length by that time, initial sheath elongation must have contributed 9% to 

final phytomer length. Internode elongation started when the phytomer had reached 

approx. 80% of its final length (Fig. II.3C). Transition between sheath and internode 

elongation also appeared to be a relatively sudden event, as internodes significantly 

contributed to phytomer elongation only when sheath elongation was nearly terminated.  
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Figure II.3 Fractional contributions of phytomer components to the final length of 

phytomers at successive stages of phytomer elongation of C. squarrosa under 

contrasting N fertilizer and VPD treatments. Panel A, blade; panel B, sheath; Panel C, 

internode. The solid lines were fitted to the data of all treatments. Stage of elongation is 

given by the fraction of final phytomer length, estimated as the ratio of the actual 

phytomer length to the predicted final phytomer length (see Methods). All data were 

obtained from destructive measurements. Each point corresponds to a single 

measurement.   



Chapter II: Phytomer development under contrasting N supply and VPD                   24 

 

Coordination between successive phytomers 

The coordination of development of successive phytomers was investigated by plotting 

their fractions of final phytomer length (Fig. II.4). At the time of the final sampling, five 

phytomers, including emerged and unemerged phytomers, were expanding 

simultaneously on the main tiller. Moreover, the fractions of final phytomer length 

showed a gradual transition between different phytomer ranks, indicating that these data 

almost contained all developmental stage phytomers. 

 

 

 

Figure II.4 Relationships between the lengths of two successive immature (non-fully-

elongated) phytomers. Different symbols denote different phytomer ranks: open squares, 

PS−1 vs. PS; crosses, PS−2 vs. PS−1; open diamonds, PS−3 vs. PS−2; open circles, PS−4 vs. 

PS−3. PS indicates the phytomer that bore the youngest emerged ligule (youngest near-

fully elongated phytomer with ligule visible above the surrounding leaf sheath of the 

next older phytomer); PS−1, PS−2, PS−3 and PS−4 refer to progressively younger phytomers. 

Each point corresponds to a single measurement.  

Similar to the relationship within a phytomer, the relationships between 

phytomers was not affected by treatments (Fig. II.5). A sigmoidal function (solid line) 

was fitted to the combined data of all treatments (y = 1.34/{1 + exp[(0.91 − x)/0.24]} 
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(R
2 

= 0.90; residual standard error = 0.1). A given phytomer (Pn−1) did not elongate 

significantly until the preceding phytomer (Pn) had reached approx. 25% of its final 

length. Then, Pn−1 elongated more slowly than Pn until Pn had reached approx. 50% of 

final phytomer length. When the younger phytomer (Pn–1) had elongated to approx. 20% 

± 3% (SE) of its final length, both phytomers elongated at nearly the same rate until Pn 

was near-fully elongated (defined here as 99% of the final length). At that time, Pn–1 had 

reached 79 ± 2% (SE) of its final length, which corresponded to the length at which 

blade growth stopped (see previous paragraph).  

 

 

 

Figure II.5 Relationships between the lengths of two successive immature (non-fully-

elongated) phytomers of C. squarrosa under contrasting N fertilizer and VPD 

treatments. A low or high N fertilizer supply (N1 or N2) was combined with high or low 

VPD (V1 or V2). Pn refers to any given immature phytomer and Pn–1 to the 

corresponding next younger phytomer. Symbols differentiate treatments: closed circles, 

N1
 
V1; open circles, N1

 
V2; closed squares, N2

 
V1; open squares, N2

 
V2. All data were 

obtained from destructive measurements. Each point corresponds to a single 

measurement. Solid line denotes a sigmoidal function fitted to the combined data of all 

treatments: y = 1.34/{1 + exp[(0.91 − x)/0.24]} (R
2 

= 0.90; residual standard error = 0.1). 
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Kinetics of a phytomer development 

For a small number of phytomers (mainly ranks 4 and 5), the observation period of 

phytomer elongation covered the complete visible phase of phytomer development, 

which began with the appearance of the leaf tip and ended with the cessation of 

internode elongation. In all treatments, the visible time course of phytomer elongation 

followed a sigmoidal pattern (colored symbols in Fig. II.6). The parameters of 

corresponding sigmoidal functions were shown in Table II.2 with confidence intervals. 

This relationship was nearly identical for the four treatments (also see Fig. II.S2 in 

Appendix 1) 

 

Table II.2 Coefficients and confidence intervals of the fitted two-parameter sigmoidal 

regressions for visible time course of phytomer elongation in four treatments. 

 

Parameter 
Coefficients ± 95% confidence interval 

N1
 
V1 N1

 
V2 N2

 
V1 N2

 
V2 

b 1.73 ± 0.07 1.90 ± 0.08 1.71 ± 0.05 1.82 ± 0.07 

X0 1.87 ± 0.07 1.94 ± 0.08 1.69 ± 0.05 1.73 ± 0.07 

R
2
 0.98 0.97 0.99 0.99 

The equation: y = 1/(1 + exp(− (x − x0)/b)) 

 

The curve denotes the two-parameter sigmoidal function for all data: y = 1/{1 

+ exp[(1.82− x)/ 1.81]}( R
2 

= 0.96; residual standard error = 0.04). At the time of tip 

emergence, phytomers had attained approx. 26% of their final lengths in all treatments. 

After tip emergence, phytomer length increased linearly with time until reaching approx. 

85% of final length, approx. 5 days after emergence. Thereafter, phytomer elongation 

decreased, but continued for another 6 days. The visible period of phytomer elongation 

(defined here as 99% of the final length) terminated at about 11 days after tip 

emergence. 
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Figure II.6 Time course of the fraction of final phytomer length in C. squarrosa under 

contrasting N fertilizer and VPD treatments. A low or high N fertilizer supply (N1 or 

N2) was combined with low or high VPD (V1 or V2). Colored circles represent the 

visible phase of the time course of phytomer development (see Materials and Methods): 

green circles, N1
 
V1; purple circles, N1

 
V2; red circles, N2

 
V1; blue circles, N2

 
V2. 

Black and white symbols represent the initial phase of phytomer development based on 

predictions of age and the final length: closed circles, N1
 
V1; open circles, N1

 
V2; 

closed squares, N2
 
V1; open squares, N2

 
V2. Tip emergence was defined as the moment 

a leaf blade tip had grown past the highest visible ligule of the preceding phytomers. 

The curve denoted the two-parameter sigmoidal function for all data: y = 1/{1 + 

exp[(1.82− x)/ 1.81]}( R
2 
= 0.96; residual standard error = 0.04). 

 

The reconstruction of the initial phase of phytomer development using the 

immature phytomers was based on the notion that the difference in age between 

successive phytomers corresponds to the phyllochron. Thus, data on immature 

phytomers and phytomers which finished elongation during the observation period 

could be combined to establish the complete time course of phytomer elongation from 

3.5% of final phytomer length to cessation of elongation (Fig. II.6).  
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Data of immature phytomers (black and white symbols in Fig. II.6), for which 

the age had been estimated, and data of phytomers, for which the age had been directly 

measured (colored symbols in Fig. II.6) fit a two-parameter sigmoidal function: y = 1/{1 

+ exp[(x0 − x)/ b]}, with y denoting the fraction of final phytomer length, x days after tip 

emergence, b the slope of the curve, and x0 the time when phytomer growth rate was 

maximum. The individual function was fitted to the complete time courses of phytomer 

elongation for four treatments (Fig. II.S3 in Appendix 1).The comparison of parameters 

of four functions was shown in Table II.3. 

 

Table II.3 Coefficients and confidence intervals of the fitted two-parameter sigmoidal 

regressions for the complete time courses of phytomer elongation in four treatments. 

 

Parameter 
Coefficients ± 95% confidence interval 

N1
 
V1 N1

 
V2 N2

 
V1 N2

 
V2 

b 1.69 ± 0.07 1.84 ± 0.07 1.79 ± 0.06 1.82 ± 0.07 

X0 1.97 ± 0.07 2.02 ± 0.07 1.61 ± 0.05 1.75 ± 0.07 

R
2
 0.96 0.96 0.98 0.97 

The equation: y = 1/(1 + exp(− (x − x0)/b)) 

 

There was no significant treatment effect on the complete time course of 

phytomer expansion. Phytomers reached maximal growth rate at about 2 d after tip 

emergence in all treatments. Starting from 3.5% of final length, the estimated time until 

tip emergence was approx. 4 d. The phase of near-linear maximum elongation began at 

about 1 d before appearance of the leaf tip when the phytomer had reached approx. 20% 

of final phytomer length, and ended about 4.5 d after tip appearance when the phytomer 

had reached approx. 85% of final length. These phases corresponded with the phases of 

blade and sheath elongation (Figs. II.3A&3B). The last elongation phase was associated 

with internode elongation, which occurred at considerably lower rates (Fig. II.3C).  
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Relationships between the length of blade and sheath of preceding phytomer 

The blade had the length ranging from 35 to 80 mm in four treatments. Correspondingly, 

the sheath length of preceding phytomer ranged between 15 and 40 mm (Fig. II.7). the 

blade lengths were correlated with the lengths of previous sheaths. In all treatment, the 

blade length increased linearly with the length of previous sheath. The relationships 

were fitted by a linear regression. The slope of regression was 1.86 under low nitrogen 

and high VPD conditions, and 1.28 under high nitrogen and low VPD conditions. There 

were two intermediate slopes (1.52 and 1.56) in other two treatments. These slopes were 

significantly different from zero (Table II.4), indicating blade length strongly responded 

to the sheath length of preceding phytomer. However, the slope of fitted linear 

regression was not significantly differed in four treatments.  

 

 

Figure II.7 Relationships between the length of a blade and the length of its preceding 

sheath (i.e. length of blade Nr. n-1 vs. length of sheath Nr. n) in mature phytomers of C. 

squarrosa under contrasting N fertilizer and VPD treatments. A low or high N fertilizer 

supply (N1 or N2) was combined with low or high VPD (V1 or V2). Panel A, N1
 
V1; 

Panel B, N1
 
V2; Panel C, N2

 
V1; Panel D, N2

 
V2. The solid line indicates the fitted 

linear regression.  
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Table II.4 Coefficients and confidence intervals of the fitted linear regressions between 

the length of a blade and the length of its preceding sheath (i.e. length of blade Nr. n–1 

vs. length of sheath Nr. n) of mature phytomers in four treatments in Fig. II.7. 

Parameter 
Coefficients ± 95% confidence interval 

N1
 
V1 N1

 
V2 N2

 
V1 N2

 
V2 

a 1.56 ± 0.66 1.86 ± 0.53 1.28 ± 0.65 1.52 ± 0.44 

Y0 24.50 ± 14.29 13.76 ± 12.54 27.99 ± 15.86 21.53 ± 10.05 

R
2
 0.30 0.39 0.17 0.43 

The equation: y = a*x + y0 

 

DISCUSSION  

The current study showed little morphological plasticity of C. squarrosa at phytomer-

level in response to nitrogen supply and VPD, and the main variation in morphology 

was observed in tillering across N levels. The coordination of growth within a phytomer 

and between phytomers of C. squarrosa was virtually unaffected by N nutrition and 

VPD. Although plant development is highly sensitive to environmental conditions 

(Moulia et al., 1999), to the best of our knowledge, growth coordination in Gramineae 

has so far only been studied in relation to temperature (most often expressed as thermal 

time; e.g. (Lafarge & Tardieu, 2002; Fournier et al., 2005). In field studies, where VPD 

inevitably varies over the growing period, the timing of key events of phytomer 

development was fully explained by thermal time, which indicates that VPD had no 

effect on coordination (Lafarge & Tardieu, 2002; Fournier et al., 2005). 

The constancy of coordination across treatments should be related to the 

regularity of trigger events. The emergence of the blade tip is recognized as one trigger 

event for coordination, although the exact signaling involved is not clear yet (Fournier 

et al., 2005; Zhu et al., 2014). Sheath tube length affects the development of a young 

phytomer (Wilson & Laidlaw, 1985; Casey et al., 1999), as cell production of the blade 

is thought to be regulated by the light signal received by the emerging blade tip. In this 
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study, the relationship between blade length and previous sheath length showed no 

treatment response. Moreover, at the time of tip emergence, phytomers had reached on 

average 26% of their final length with very little variation between treatments. Hence, if 

N nutrition and VPD treatment do not affect the relationship of blade and sheath tube 

length, coordination rules can be generalized for C. squarrosa across nitrogen and VPD 

treatments.  

 

Coordination of phytomer development  

The elongation of a phytomer of C. squarrosa followed a sigmoidal pattern similar to 

that found in other grasses like maize (Fournier & Andrieu, 2000), wheat and tall fescue 

(Fournier et al., 2005). It has been shown that, for wheat and tall fescue (Fournier et al., 

2005), the elongation of a leaf can be subdivided into four phases. While in this study, 

the initial phase of phytomer elongation was not captured, the acceleration phase, the 

quasi-linear phase and the elongation-decay phase were also apparent in C. squarrosa. 

The transition between the acceleration phase and the quasi-linear phase occurred 1 d 

before the tip emergence. Thus, the first phase of visible elongation corresponded to the 

quasi-linear phase of phytomer elongation, when phytomer elongation was still 

exclusively due to blade elongation. Maximum elongation rates were observed at 2 d 

after tip emergence, when phytomers had reached 52% of their final length. This 

corresponded to blade elongation, as final blade length contributed 63% to final 

phytomer length. Although elongation rates during the visible growth phase were 

continuous without a significant break, transition between blade and sheath growth must 

have occurred suddenly, as significant sheaths were only observed when blades were 

(nearly) fully elongated as revealed also in the destructive harvest. Research on a variety 

of grass species has shown that significant internode elongation is synchronized with 

the end of elongation of the associated sheath in maize (Hesketh et al., 1988), in 

sorghum (Lafarge et al., 1998) and in barley (Kirby et al., 1994). Here, the final gradual 

fading out of phytomer elongation was mainly associated with internode elongation. 

Hence, elongation rates for the internode were significantly lower than elongation rates 

of blade and sheath. This difference is associated with the activity of different 

meristems responsible for leaf (blade plus sheath) and internode growth.  
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Elongation of successive phytomers was also tightly coordinated: thus, the 

acceleration phase of the elongation of a young phytomer commenced, when the 

preceding phytomer had reached approx. 25% of its final length, i.e. when the tip of the 

preceding phytomer emerged. This may also indicate a signal transduction within a tiller 

based on tip emergence; as some studies discussed the regulation of shoot development 

by hormonal signals (Tamas, 1995; Horvath et al., 2003; Schmitz & Theres, 2005). 

When a phytomer terminated elongation, the blade of the next younger phytomer was 

fully expanded and its internode started to elongate.  

Due to the tight coordination in phytomer growth across N and VPD levels, the 

time course of phytomer development was describable using one single equation. The 

duration of elongation from the time when the phytomer had reached 3.5% of final 

length until the cessation of elongation (99% of final length) was approx. 13 d, which 

corresponds to 185 degree days - approx. half of the thermal time necessary to complete 

phytomer elongation in Sorghum bicolor (assuming the same base temperature of 

10.8 °C, Lafarge & Tardieu, 2002), a C4 annual grass and crop species. Moreover, the 

duration of the linear elongation phase was about 6 d, i.e. 85 degree days in this study, 

which is again approx. half of that reported for S. bicolor (Lafarge & Tardieu, 2002).  

 

Effects of VPD and N supply on plant morphology 

The overall effects of VPD and N supply on phytomer development were small. N 

fertilization supply slightly increased the number of visibly growing phytomers and 

phytomer length, and shortened the phyllochron at low VPD but not at high VPD. 

Positive effects of nitrogen fertilization and low VPD on leaf elongation are well 

established (MacAdam et al., 1989; Gastal & Nelson, 1994; Ben Haj Salah & Tardieu, 

1996; Vos & van der Putten, 1998; Tardieu et al., 2000; Kavanová et al., 2008). 

Although high VPD clearly increased the leaf-level transpiration rate and decreased 

stomatal conductance in the same experiment (Gong et al., 2016), the non-significant 

VPD effects on phytomer growth parameters may be due to the non-limiting water 

supply in this experiment, i.e. the supplementation of nutrient solution with a frequency 

of three times per day. Grass species were shown to be able to adjust root hydraulic 

conductance in response to VPD (Ocheltree et al., 2014) to maintain a high leaf water 

potential if water supply is sufficient. The main variation in plant morphology was 
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observed in tiller development and growth, namely, the number of tillers was 

significantly increased by 23% by N supply. These results are in line with the findings 

that whole-plant relative growth rate of C. squarrosa increased following N addition but 

not affected by VPD (Liu et al., 2016). A positive effect of N supply on the tillering of 

grasses is a common response (Longnecker et al., 1993; Baethgen et al., 1995; 

McKenzie, 1998), as N fertilizer promotes the outgrowth of axillary meristems to 

produce more tillers (McSteen, 2009). For barley, it has been shown that wild varieties 

exhibit a similar affinity to N as crop cultivars (Bloom, 1985). Thus, the low N 

treatment exerted only a moderate limitation, which did not limit the development of 

individual phytomers. However, the reduced phyllochron in the high N treatment might 

be responsible for the positive effect on tillering, as it increases the number of axillary 

meristems. 

 

CONCLUSIONS  

Results revealed a strong coordination of elongation both within a phytomer and 

between successive phytomers on a tiller of C. squarrosa, a wild, perennial C4 grass. 

The coordination in phytomer development was virtually unaffected by nitrogen 

nutrition and VPD, which indicates that tiller development of C. squarrosa can be 

captured using general quantitative coordination rules across VPD or nitrogen nutrient 

levels. On the other hand, a clear response in tillering to N addition was observed. 

Similarly, a field study showed that both tiller weight and tiller density responded to N 

and water supply in this grassland ecosystem (Gong et al., 2015). These results 

emphasize the importance of understanding tillering kinetics in modeling the whole 

shoot morphological development of C. squarrosa. Tip emergence, a key event, may 

have a crucial role in signal transduction to coordinate phytomer elongation. 

Accordingly, the time course of phytomer development was established using 

observations on visibly growing phytomers, applying a sigmoidal function. This 

quantitative discription of phytomer development potentially can be used for: 

functional-structural modeling, analyzing morphological plasticity, and elucidating 

environmental factors using leaf isotopic signals of C. squarrosa.  
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Chapter III 

Nitrogen dynamics in a perennial C4 grass (Cleistogenes 

squarrosa) at the leaf and tiller level during vegetative growth 

 

ABSTRACT  

N dynamics in aerial tissues of plants is crucial for N metabolism of the whole plant, 

and has been investigated intensively because of its relationship to biomass yield and 

quality. However, there is little quantitative information on N dynamics of individual 

tillers in perennial grasses particularly during vegetative growth. This study was 

performed in controlled environmental conditions and assessed N dynamics of a 

perennial C4 grass (Cleistogenes squarrosa) at the vegetative stage. N dynamics was 

investigated in the immature part of major tillers (the totality of immature phytomers 

that are expanding at the tip of a tiller) and the successive fully developed mature and 

senescing leaves along major tillers using dynamic 
15

N-labeling with nitrate. 
15

N 

labeling served to separate net fluxes of nitrogen into (labeled) and (non-labeled) fluxes 

in both mature and immature tissues. Based on published knowledge on the site of N 

reduction and assimilation, it was assumed that initially labeled N import into leaves 

(via the xylem) occurred essentially as nitrate, while export (in the phloem) was near 

exclusively in the form of amino acids. The turnover rate of bulk N in mature blades 

was 0.36% per hour. N export from the mature tissues of major tillers was approx. 2.5 

times higher than N import into the immature part of the same tiller. Net changes of N 

content would have strongly underestimated N turnover in mature tissue, as N content 

in the upper 6 to 8 mature blades was nearly constant during the experiment. 

Remarkably, the growth rate of the whole shoot was about three times higher than that 

of the major tillers, due to continued tiller production. Evidently, the excess of 

mobilized and exported amino acid-N was used as a substrate for young tiller growth, 

indicating that N dynamics at the tiller level is integrated with that of the remainder of 

the shoot. 
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INTRODUCTION 

Nitrogen (N) is most often the growth-limiting plant nutrient in natural and 

anthropogenic ecosystems (Aerts & Chapin III, 2000). Most of the N taken up by plants 

is allocated to the aerial tissues, mainly leaves, to satisfy the high N demand of the 

photosynthetic apparatus and associated metabolic machinery (Evans, 1989; 

Hörtensteiner & Feller, 2002; Hikosaka, 2004). While organic N mobilized from seed 

reserves and inorganic N taken up from the soil (or air in the case of N fixing plants) 

represent the main N sources for growth in early developmental stages, organic N 

mobilized from vegetative organs contributes increasingly to the growth of vegetative 

and reproductive organs during later developmental stages of seed plants (Lemus et al., 

2008; Heaton et al., 2009; Strullu et al., 2011; Dohleman et al., 2012; Kering et al., 

2012). By way of steady-state 
15

N/
14

N labeling experiments, investigations of leaf 

growth and associated 
15

N/
14

N dynamics in leaf growth zones and in adjacent recently-

formed leaf tissue, and compartmental modeling (Lattanzi et al., 2005; Lehmeier et al., 

2013) have demonstrated very significant contributions (24-76%) of N mobilization to 

the N supply of the leaf growth process in C3 and C4 grasses in mixed and pure stands. 

Such analyses, previously performed at the individual leaf level, have not – as yet – 

been performed at the whole tiller or plant levels. Also, to my knowledge, the 

concurrent processes of N mobilization in source tissues and use in growing sinks have 

not been studied jointly in grasses during vegetative growth. The present work 

addresses this question, by investigating N dynamics of the whole range of growing, 

mature and senescing leaves on mature tillers of a perennial C4 grass, Cleistogenes 

squarrosa.  

Shoots of grasses in the vegetative state are virtually an assembly of individual 

tillers. A tiller consists of a linear arrangement of successively produced phytomers, 

with each phytomer composed of a leaf blade, a leaf sheath, a node (and associated 

axillary buds), and an (elongated or unelongated) internode. In mature vegetative tillers, 

the production of new phytomers at the tip of the tiller occurs in tandem with the 

senescence of older phytomers that are situated at the base of the tiller. In dense stands, 

the vertical arrangement of leaves causes an attenuation of light availability with depth 

in the canopy (Monsi & Saeki, 2005). Thus, particularly in herbaceous stands, the 

senescence of leaves is associated with a displacement to progressively more shaded 
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positions in the canopy. Senescence and shading cause N mobilization in leaves (Hirose 

& Werger, 1987; Millard, 1988; Diaz et al., 2008) and it is thought that such mobilized 

N is an important N source for growing tissues. The senescence and shading-driven N 

mobilization has been recognized as an important mechanism supporting the 

optimization of canopy photosynthesis and N use efficiency (Field, 1983; Hirose & 

Werger, 1987; Farquhar, 1989; Grindlay, 1997; Bertheloot et al., 2008; Posada et al., 

2009). Unsurprisingly, that mechanism is expected to be more important in dense than 

open canopies (Hirose & Werger, 1987).  

N moving through a plant experiences a sequence of metabolic pathways. 

While the majority of the N taken up by plant roots is in the form of inorganic N, 

mainly nitrate (Andrews, 1986; Masclaux-Daubresse et al., 2010), the supply to sink 

tissues occurs in the form of organic N (Sugiharto & Sugiyama, 1992; Gastal & Nelson, 

1994; Baki et al., 2000; Scheurwater et al., 2002). The metabolic pathways linking 

nitrate to organic N forms include nitrate and nitrite reduction, GS/GOGAT cycle, 

amino acid synthesis, and protein synthesis and degradation (Lea & Forde, 1994; Hirel 

& Lea, 2002; Novitskaya et al., 2002; Irving et al., 2010; Dechorgnat et al., 2011; Li et 

al., 2012; Schluter et al., 2012). Amides and amino acids act as the predominant 

intermediate which transfers N for growing tissues (Feller et al., 2008; Masclaux-

Daubresse et al., 2008; Distelfeld et al., 2014). These organic N forms can be derived 

from current assimilation of N taken up from the soil, and from N mobilization (Hirel & 

Lea, 2001; Novitskaya et al., 2002; Stitt et al., 2002; Lalonde et al., 2003; Dechorgnat 

et al., 2011). N mobilization involves the degradation of leaf proteins into amino acids 

and other nitrogenous compounds, and the subsequent reallocation of these compounds 

(Mei & Thimann, 1984; Buchanan-Wollaston, 1997; Gregersen et al., 2008, Avice & 

Etienne, 2014).  

In this study, I employ a new approach to enhance the understanding of the N 

dynamics linking sinks and sources of N within mature, major tillers and the whole 

shoot of C. squarrosa. In that, the tiller is conceptually divided into phytomers of 

increasing age, particularly distinguishing between the composite of immature, still 

growing phytomers (termed ‗immature tissue‘, IMT) and the composite of mature and 

senescing tissues (MT) (Fig. III.1). As it is growing, continuously producing new 

phytomers, the IMT is treated as the tiller-scale net sink for N. Conversely, the MT (and 

its component phytomers) is considered as potential source of organic N. This 
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conceptualization provides the basic framework for a quantitative analysis of N fluxes 

in a tiller. In every leaf appearance interval, the IMT ‗exports‘ the equivalent of the 

youngest mature phytomers‘ N content (that is net N export rate of the IMT corresponds 

to the amount of N in the youngest mature phytomer divided by the leaf appearance 

interval). In a steady-state – that is assumed (and also verified) in this work – the net 

export of N from the IMT must be balanced by an equivalent net import of N. Dynamic 

labeling (as in Lattanzi et al., 2005; Lehmeier et al., 2013) is added to this approach in 

order to study the turnover of N in the different phytomers, particularly in their leaf 

blades, and to assess – in particular – the incorporation of newly absorbed nitrate-N and 

export of old, previously assimilate N in mature leaf blades of increasing age.  

 

 

 

Figure III.1 Schematic representation of growth in a tiller of C. squarrosa over one leaf 

appearance interval. The tiller is divided in two functionally distinct compartments, 

immature tissue (IMT) and mature tissue (MT), with each composed of a number of 

phytomers (shown as solid-lined boxes). Mature phytomers are numbered consecutively 

from the youngest (P2, the phytomer that bore the youngest emerged ligule) to the oldest 

(n). The grey dash-dotted box denotes the IMT that is composed of immature phytomers. 

The black dash-dotted box denotes the MT. Two mature phytomers are highlighted by 

colored boxes. Within one leaf appearance interval, one mature phytomer is added to the 

MT, and P2 turns to P3, and so on. P2 is exported out of IMT and referred to as ―recently 

exported tissue‖, i.e. RET.  
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MATERIALS AND METHODS  

Plant material and growth conditions  

The experiment was performed in two growth chambers (Conviron PGR15, Conviron, 

Winnipeg, Canada) that formed part of a modernized version of the controlled 

environment mesocosm system described by Schnyder et al. (2003). Four seeds of C. 

squarrosa were sown in individual plastic tubes (4.5 cm diameter, 35 cm high) filled 

with quartz sand (0.3-0.8 mm diameter). Tubes were placed in free-draining plastic 

boxes (length: 77 cm, width: 57 cm, depth: 30 cm) with 164 tubes per box. Two boxes 

were placed in each growth chamber. One week after sowing, plants were thinned to 

one plant per tube so that final density was 234 plants m
-2

. Plants grew under 16/8 h 

light/dark photoperiod with a photosynthetic flux density of 800 µmol m
-2

 s
-1

 at canopy 

height. Air temperature was set at 25 °C throughout the light-dark cycle. Relative 

humidity was controlled at 80%. CO2 concentration in the light period was kept 

between 380 and 390 μmol mol
-1

. Stands in two chambers received a modified 

Hoagland nutrient solution with 7.5 mM nitrate-N as the sole N source. The N source 

was in the form of equimolar concentrations of calcium nitrate and potassium nitrate 

(Ca(NO3)2 and KNO3). The nutrient solution also included 1.0 mM MgSO4, 0.5 mM 

KH2PO4, 1 mM NaCl, 125 µM Fe-EDTA, 46 µM H3BO3, 9 µM MnSO4, 1 µM ZnSO4, 

0.3 µM CuSO4, 0.1 µM Na2MoO4. Every eight hours, the nutrient solution was supplied 

by an automatic irrigation system. The nutrient solution was completely renewed after 

four weeks, i.e. in the middle of the experiment. 

 

Labeling strategies  

The labeling strategy followed the principles outlined by Lehmeier et al. (2013). In one 

chamber, stands grew with a nutrient solution with 0.37 atom% 
15

N-nitrate [with atom% 

15
N = 

15
N / (

14
N + 

15
N) × 100] and 

13
C-enriched CO2 (δ

13
C of -5‰). The other chamber 

received 1 atom% 
15

N-nitrate and 
13

C-depleted CO2 (δ
13

C of -48‰). These treatments 

were implemented at sowing. Except for the differential 
15

N- and 
13

C-labeling, all other 

conditions were kept identical in the two chambers. Labeling started 47 d after 

imbibition of seeds, estimated as the date of first watering of pots. 
15

NO3/
14

NO3 labeling 

was performed by swapping randomly selected plants between two growth chambers 

(i.e. 0.37 atom% 
15

N-nitrate
 
→

 
1 atom% 

15
N-nitrate and vice versa) (Fig. III.2). Plants 
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were labeled for 24, 48, 96 or 168 h. For each labeling duration, four plants (two plants 

per chamber) were swapped shortly before the beginning of the light period. Thus, all 

labeled plants experienced one or several full diurnal cycles in the ―new‖ environment. 

To prevent the uptake of ―old‖ nutrient solution just after transfer to the ―new" 

environment, the pot of each transferred plant was rinsed with the ―new‖ nutrient 

solution just before placement into the ―new‖ chamber. 

 

 

 

Figure III.2 Experimental scheme. Labeling experiments were performed with plants of 

C. squarrosa grown in two growth chambers. Stands in two chambers received a 

modified Hoagland nutrient solution with 7.5 mM nitrate-N as the sole N source. Except 

for the N isotope composition of the nutrient solution and the C isotope composition of 

the CO2 all conditions were kept the same in each chamber. Transferred plants were 

labeled in the new environment for targeted durations. Four plants were sampled in each 

labeling interval. 

 

Sampling procedures and leaf area measurements 

After plants were labeled for target durations, two major tillers of each plant (one main 

tiller and one secondary tiller, which had approximately the same size as the main tiller) 

were excised at the base of the shoot. Tillers were dissected by phytomer, starting at the 

tip. The youngest phytomers that were fully enclosed within the sheath of the youngest 

mature phytomer were not dissected but collected together and combined in one sample 

with the partly visible immature phytomers (IMT) (Fig. III.1). For successive phytomers 

(that is phytomer no. 2 to n), the leaf blade, leaf sheath, and the stem section 

corresponding to these phytomers were collected separately. The rest of the shoot, 

including all other tillers, was collected as a whole. The entire root system was also 
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collected following washing with tap water. In phytomer no. 2, the ligule of the leaf had 

emerged from the surrounding sheath of the next-older leaf, the leaf blade was fully 

expanded, and the sheath was near-fully elongated (see Chapter II).  

In addition to labeled plants, each of the two chambers contained plants that 

were grown continuously with the same isotope compositions of nitrate-N. These so-

called ‗labeling controls‘ were sampled in the same way as labeled plants. The N 

isotope composition of these control plants served as end members in the two-member 

mixing model for the assessment of the fraction of tracer in a labeled sample (see 

below). All samples were quickly frozen in liquid nitrogen, freeze-dried to constant 

weight (72 h at -80 °C), weighed and ground to fine homogeneous powder with a ball 

mill, and stored at room temperature before analysis of isotope composition. 

Besides samplings in the labeling experiment, from 43 d to 54 d after 

imbibition of seeds, a series of samplings were conducted regularly in both chambers at 

three or four day intervals to measure leaf area. On each sampling date, four plants were 

randomly chosen in each chamber and two major tillers of each plant were dissected in 

identical manner as labeled plants (see above) to obtain leaf blades. Leaf blades were 

arranged on white paper (Fig. III.3), and then photographed for measurements of leaf 

area using the Images J software (National Institutes of Health, Bethesda, Maryland, 

USA). After taking photographs, these leaf blades were processed in the same way as 

labeled plants. 
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Figure III.3 Representative images of different developmental stage blades in a tiller of 

C. squarrosa. Leaf blades were photographed at 43, 47, 49, and 54 days of age. All 

plants sampled were in the vegetative growth. Blades were arranged from the left to 

right on white paper according to their positions in a tiller (i.e. from the tip to the base 

of the tiller). All blades were fully expanded except for the youngest exposed blade, 

near the tip of the tiller. 

Elemental and isotopic analysis  

The N and C content, and the N and C isotope composition of aliquots of sample 

material (0.7 ± 0.05 mg dry matter) were determined after combustion in an elemental 

analyzer (NA 1110; Carlo Erba Instruments) interfaced to a continuous-flow isotope 
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mass ratio spectrometer (Delta Plus; Finnigan MAT). Laboratory standards (wheat 

powder) were measured after every 10 samples to determine the precision of the isotope 

analysis and for possible drift correction. All samples and laboratory standards were 

measured against a reference gas, which was previously calibrated against secondary 

standards (IAEA-CH6, IAEA-N1, IAEA-N2, Vienna, Austria). The precisions (standard 

deviation) of laboratory standards for isotope composition was 0.003 atom% (
15

N) and 

0.12‰ (
13

C), and for element content were 0.02% (N) and 0.37% (C), respectively. For 

the uncertainty associated with sample preparation, one sample was measured 

repetitively and exhibited the same precisions as laboratory standards.    

 

Specific leaf N, specific leaf mass, and relative growth rate calculations  

Specific leaf N, SLN (g N m
-2

) and specific leaf mass, SLM (g dry mass m
-2

) were 

calculated by dividing the N mass and dry mass of leaf blades by their respective areas. 

Growth analyses were conducted using the classical approach (Evans, 1972), in which 

relative growth rate of a plant is calculated as ((ln plant mass) at time 2 − (ln plant mass) 

at time 1)/time interval between harvest 1 and 2. For tiller growth, RGR was derived 

from the slope of the fitted linear regression line for tillers collected between 47 and 51 

d after imbibition in considering the change of the number of leaves within a tiller in 

that time span. This time interval of plant age matched that of the plants used in 

investigations of N dynamics. 

 

The fraction of tracer in a sample  

The N in a labeled sample included a fraction that was taken up prior to the transfer 

between chambers with different atom%
15

N of the nutrient solution (funlab-N) and a 

fraction that was taken up after the transfer (flab-N; with funlab-N + flab-N = 1). flab-N was 

calculated by isotopic mass balance as: 

 

flab-N = (atom%
15

Nspl – atom%
15

Nold) / (atom%
15

Nnew – atom%
15

Nold),                  Eqn 3.1 

 

with atom%
15

Nspl denoting the N isotope composition of the labeled sample, and 

atom%
15

Nold and atom%
15

Nnew the two end-members of the mixing model that 

correspond to the N isotope compositions of the labeling control plants that were grown 
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continuously in the growth chamber of origin (‗old‘) of a plant and the ‗new‘ growth 

chambers to which the plant was transferred for labeling. For the calculation of the 

fraction of tracer in a specific sample, I used the tissue- und time-specific atom% 
15

N as 

end members in the mixing model. In the present labeling experiments, I did not find an 

effect of the transfer direction of labeled plants, i.e. from 1.0 atom% 
15

N to 0.37 atom% 

15
N or vice versa, on flab-N (data not shown).  

 

N import and export in immature tissue of a tiller 

The analysis of N fluxes in IMT of a tiller followed the principles described by Lattanzi 

et al. (2005) and Lehmeier et al. (2013), which studied the N fluxes in leaf growth 

zones. The net N import into IMT (Iimt) was equated with the net N export out of the 

IMT, assuming a steady-state. Net N export out of IMT (Eimt) was taken as the N mass 

of the youngest (near-)fully expanded phytomer (that corresponded to the ‗recently 

produced tissue‘ in Lehmeier et al. 2013) – approximated by the mass of N in the leaf 

sheath plus blade of phytomer no. 2 (NL2) – divided by the leaf appearance interval (Te). 

In that phytomer, the N content in leaf blade and sheath made up 89% ± 3% of total 

phytomer N (data not shown). Thus, N import into IMT [Iimt: g h
-1 

tiller
-1

] was 

estimated as:  

 

Iimt = Eimt = NL2/Te.                                                                                                   Eqn 3.2 

 

Te was 57.6 hours, i.e. 2.4 days, as shown in Chapter II. Eqn 3.2 was based on the notion 

that IMT is in a physiological steady state, where the N content of IMT is constant. 

Indeed, our data did not indicate a change of the N content of the IMT during the 

experimental period (see Figure III. 6 in results section). 

 

N import, net change, and export in mature tissue of a tiller  

N import into the MT [Imt: g h
-1

] was estimated from tracer uptake of the MT measured 

by short-term (i.e. 24 h) labeling, and calculated as: 
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Imt = RImt × Nmt,                                                                                                        Eqn 3.3 

 

with RImt [h
-1

] the relative N import rate, that is the change of the fraction of labeled N 

in MT over a diurnal circle and Nmt the N mass of the MT. 

 

By the same logic, N export out of the MT [Emt; g h
-1

] was calculated as REmt [relative 

N export rate; h
-1

] multiplied by Nmt (24-h labeled plants), thus: 

 

Emt = REmt × Nmt,                                                                                                     Eqn 3.4 

 

with REmt the difference between RImt and RNmt (REmt = RImt – RNmt). RNmt, the relative 

change rate of the N mass of the MT [h
-1

], was calculated from the change of the N 

mass over the experimental period. The detailed steps to derive these parameters are 

shown in a flowchart (see Fig. III.4). 
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Figure III.4 Flow chart of the individual steps to derive different flux parameters for 

mature tissue and mature blades in a tiller. 

 

Estimation of N fluxes in individual mature blades  

In an analogues manner to the calculation of RImt, the relative N import rate [RI: h
-1

] of 

individual mature leaf blades was estimated as the change of the fraction of 
15

N tracer 

over 24 hours. As above, that procedure was based on the assumption that all N import 

occurred in the form of labeled N, and hence import of non-labeled N into mature leaf 

blades was negligible. This assumption is based on the study of N assimilation in maize 

with 
15

NO3 labeling, which showed that 93% of newly absorbed nitrogen to the shoot 

occurs via nitrate (Murphy & Lewis, 1987). The main finding of nitrogen primary-

assimilation or mobilization in vegetative tobacco plants also suggested that older 

senescing leaves import inorganic N and progressively export organic N such as amino 

acids (Masclaux-Daubresse et al., 2000).  
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RN, the relative change rate of the N mass of a leaf blade [h
-1

] was estimated 

from the change of N mass per unit leaf blade area (SLN) per unit time. The latter was 

calculated from the change of SLN associated with the passage of a leaf from one leaf 

age category to the next (i.e. when leaf blade i becomes leaf blade i+1) divided by the 

average SLN of the two leaf age categories and the time needed for the passage (the leaf 

appearance interval): 

 

,                                                                                           Eqn 3.5 

 

with SLNBi+1 (g N m
-2

) and SLNBi (g N m
-2

) the SLN of leaf blades i+1 and i, 

respectively. These calculations were performed separately for each tiller. The concept 

of this calculation was based on the notion that the pattern of SLN distribution in a tiller 

did not vary during the experimental period. Support for that assumption is presented in 

Tables III.2 & 3 (see results section). These calculations implied that the difference in 

SLN between two successive leaf blades, leaf blade i and leaf blade i+1, was entirely 

due to net accumulation/incorporation or loss associated with the transition from one 

leaf age category to the next. 

 

Statistics  

Data were analysed using R software (R Development Core Team, 2008). Linear mixed 

models were used to account for random effects and nesting in the data. To assess 

differences in patterns of N distribution between sampling days (plant age), the SLN 

was compared using the lme function [nlme package (Pinheiro & Bates, 2014)]. The 

model included phytomer number, quadratic phytomer number as fixed factors; and 

chamber, and tiller as hierarchically nested random effects. Since the chamber did not 

yield a significant effect, this random effect was discarded in the mode. The adequacy 

and assumption of models were graphically and statistically evaluated. SLN data were 

tested for linear and quadratic relationships with phytomer number; the 95% confidence 

intervals of parameters were compared to determine whether slopes were significantly 

different. If confidence intervals of parameters did not overlap, the relationships 

e
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between SLN and phytomer number was considered significantly different between 

plant ages. 

 

RESULTS 

Plant growth 

For C, the RGR (RGRC) of the whole shoot was about 2-fold higher than that of the 

major tillers (Fig. III.5A). This disparity was even greater for N, as RGRN of the whole 

shoot was about 3-fold higher than that of the major tillers (Fig. III.5B). Indeed, during 

the experiment daughter tillers were continuously produced (Figure III.6), as evidenced 

by visual observation. However, I did not actually quantify the rate and time course of 

daughter tiller formation and the RGR of these younger tillers.  
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Figure III.5 Natural logarithm of C mass (A) and N mass (B) versus time in different 

plant parts of C. squarrosa. Lines indicate linear regressions. Linear regression for 

whole shoot C: Y = 0.1085*X + 1.153, R
2
 = 0.32; for total plant C: Y = 0.117*X + 

1.094, R
2
 = 0.34; for major tiller C: Y = 0.059*X + 1.089, R

2
 = 0.17. Linear regression 

for whole shoot N: Y = 0.095*X – 1.391, R
2
 = 0.24; for total plant N: Y = 0.102*X – 

1.491, R
2
 = 0.29; for major tiller N: Y = 0.033*X – 1.040, R

2
 = 0.10. 
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Figure III.6 Representative images of a C. squarrosa plant at different developmental 

stages.  

 

Clearly, however, the higher RGR of whole shoots relative to the major tillers 

was due to continued daughter tiller formation and growth. Including roots in the 

growth analyses yielded a slightly higher RGR of the total plant than of the whole shoot 

for both N and C masses. Thus, clearly, N demand of whole shoots or plants was higher 

than that of the major tillers, which were formed at the beginning of plant development 

(the main tiller and another tiller of similar size, see above).  

  

Nitrogen in immature tissue and mature tissue of a major tiller  

The N mass of IMT (Nimt) was 6% of the total N mass of a major tiller (Table III.1). 

Furthermore, Nimt did not change significantly during the labeling experiment (Figure 

III.7). This result supported the notion that the IMT was in an approximate 

physiological steady state. As N mass of the IMT did not change, the N import into the 

IMT must have equaled the N export. Meanwhile, Nmt increased slightly by 2.2 µg h
-1

. 

Total N import into the MT (estimated from short-term labeling) averaged 8.4 µg h
-1

, 

strongly exceeding the N net change (i.e. accumulation) in the MT. N export from the 

MT was 6.1 µg h
-1

, approximately 2.5 times the rate of total N import in the IMT. 
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Table III.1 Nitrogen mass and fluxes in immature tissue, mature tissue of a major tiller 

during the labeling experiment. Values are means ± SE (4 ≤ n ≤ 8). Values denoted by 

different letters are significantly different between the immature and mature tissue at P < 

0.05.  

Parameter   Immature tissue 
 

Mature tissue 

N mass (g  tiller
-1

)   118.2
a
 ± 5.3 

 
1881.9

b
 ± 58.7 

N import (g h
-1

 tiller
-1

)   2.5
a
 ± 0.6 

 
8.4

b
 ± 1.3 

N export (g h
-1

 tiller
-1

)   2.5
a
 ± 0.6 

 
6.1

b
 ± 0.7 

N net change (g h
-1

 tiller
-1

)   0
a
 

 
2.2

b
 ± 0.2 

 

 

 

Figure III.7 Changes of N mass in immature tissue of a tiller of C. squarrosa over the 

time. Values are means ± SE (4 ≤ n ≤ 8). The dotted line denotes an average value. A 

linear function fitted to all individual data: y = -0.003*x + 0.26 (r
2 

= 0.04; p = 0.15; n = 

60).The change of N mass over time was not significant.
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Leaf N distribution in mature tissue of a tiller 

 

 

Figure III.8 N mass per unit leaf blade area (specific leaf N; SLN; A), N concentration 

(B), and dry mass per unit leaf area (specific leaf mass; SLM; C) in mature blades of a 

major tiller of C. squarrosa. Values are means ± SE (n = 32). Leaves were numbered 

basipetally, that is from the youngest to the oldest, starting at leaf 2, the leaf with the 

youngest fully expanded leaf blade in a tiller.  
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In young mature blades of major tillers (Fig. III.8A), there was no significant 

variation of SLN. In older mature blades, deeper in the canopy, SLN declined clearly 

from 0.89 to 0.75 g N m
-2

 between blade 7 and blade 10. Overall, SLN declined by 

approximately 15% from the 2
nd

 to the 10
th

 blade. The pattern of N concentration was 

rather similar to that of SLN (Fig. III.8B). Within a tiller, the N concentration from 

blade 2 to blade 7 did not change significantly, but tended to decrease from blade 7 

downwards. Thus, N concentration also decreased by 12% from blade 2 to blade 10. 

Variation of dry mass per unit leaf area (SLM) was very minor and ranged between 41 

and 44 g m
-2

 (Fig. III.8C). SLM remained constant in the top three blades, and 

significantly decreased by 8% from the 4
th

 blade to the 10
th

 blade. The patterns of SLN 

along major tillers did not change significantly with plant age during the experimental 

periods, again supporting the conditions/assumptions of the methodological approach 

taken in the work (Tables III 2 & 3). 

 

Table III.2 Comparison of parameter a between plant ages. Parameters were 

estimated by a quadratic regression of specific leaf nitrogen as a function of 

phytomer number (y and x, respectively) (y = a* x
2
 + b*x + c). 

Plant age Parameter a  Lower CI  Upper CI  

43 0.0001a  -0.0002  0.0003  

44 -0.0005a  -0.0009  -0.0002  

47 -0.0003a  -0.0006 

-0.0002 

 0.0000  

48 -0.0001a   0.0001  

50 -0.0005a  -0.0008  -0.0001  

54 -0.0003a  -0.0004  -0.0002  

Columns show the plant age (days after imbibition of seeds), parameter a and 

its confidence interval (95% CI). Different letters indicate statistically 

significant differences between groups with p-value < 0.05 (for details of the 

statistic, see ―Material and Method‖ in chapter III). 
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Table III.3 Comparison of parameter b between plant ages. Parameters were 

estimated by a quadratic regression of specific leaf nitrogen as a function of 

phytomer number (y and x, respectively) (y = a* x
2
 + b*x + c). 

Plant age Parameter b  Lower CI  Upper CI  

43 -0.0010a  -0.0043  0.0022  

44 0.0057a  0.0005  0.0109  

47 0.0024a  -0.0024 

-0.0059 

 0.0073  

48 -0.0014a   0.0031  

50 0.0040a  -0.0009  0.0089  

54 0.0032a  0.0013  0.0051  

Columns show the plant age (days after imbibition of seeds), parameter b and 

its confidence interval (95% CI). Different letters indicate statistically 

significant differences between groups with p-value < 0.05 (for details of the 

statistic, see ―Material and Method‖ in chapter III). 

 

N fluxes in different age categories of mature leaf blades in a major tiller 

24 h-long 
15

N labeling demonstrated significant incorporation of tracer into the different 

leaf age categories of mature leaf blades (Fig. III.9). The fraction of labeled N ranged 

between 0.06 and 0.11, and was higher in the younger leaf age categories (that were 

positioned in the upper part of the canopy) than in the older mature blades, lower in the 

canopy. In all age categories of leaf blades, relative import rate [RI: h
-1

] greatly 

exceeded the net changes of leaf blade N that were associated with the maturation/aging 

process (Fig. III.10). 
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Figure III.9 Fraction of labeled N in mature blades of a tiller of C. squarrosa after 24 h-

long 
15

N labeling. The labeling period included a 16-h light period and 8-h dark period. 

Leaves were numbered basipetally, that is from the youngest to the oldest, starting at 

leaf 2, the leaf with the youngest fully expanded leaf blade in a tiller. Values are means 

± se (n = 4) 
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Figure III.10 N fluxes in different leaf age categories of mature blades along major 

tillers of C. squarrosa. Leaves were numbered basipetally, that is from the youngest to 

the oldest, starting at leaf 2, the leaf with the youngest fully expanded leaf blade in a 

tiller. Values are means ± se (import: n = 4; net change: n = 32; export was calculated 

by the difference between import and net change).  

The relative net change of N [RN: h
-1

] in the younger mature leaf blades (2 to 5) 

was near nil and became only significant and negative (meaning net export) for leaf 

blades 6 and older. As N import was much higher than the net change in all leaf age 

categories, all leaf blades exhibited a significant N export in the form on non-labeled N. 

There was little variation of N export between leaf blades in different position on a tiller 

except for the oldest leaf blade that exhibited a decreased export rate. 

 

DISCUSSION  

This work presents a quantitative analysis of N fluxes in sink and source tissues in 

major tillers of a perennial C4 grass. The compartmentalization of IMT (sink tissue) and 

MT (source tissue) on a tiller led to a better understanding of N fluxes in the two 

functionally distinct compartments. N export in the form of non-labeled N out of the 

MT strongly exceeded net N import into IMT, showing that the IMT of the major tiller 

is not the only sink for the endogenous N mobilized from MT and, accordingly, that N 
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mobilized in the MT of a tiller may be exported to other plant parts, namely younger 

daughter tillers or roots. Apparently, N mobilized from all mature leaf blade age 

categories is an endogenous N source supplying growing tissues and mediates tiller N 

metabolism. The mobilization of endogenous (non-labeled) N from mature blades 

started as soon as they were fully expanded and was massive in all mature leaf blade age 

categories of major tillers. Importantly, the export of non-labeled N, determined via 
15

N 

labeling, strongly exceeded the net flux. Again, this feature was largely independent of 

the age of mature leaf blades.  

 

Tiller growth related to the whole plant growth 

There are basically two ways to perform plant growth analyses. In the first, C economy 

determines the relative growth rate of plants, which has been considered to be driven by 

biomass deposition. In an analogous way, growth also can be analyzed from the 

viewpoint of N economy (Garnier, 1991). Plants have to balance the growth of tillers, 

shoot, and roots in a way to match the prevailing environmental conditions to enable 

optimal performance by these organs. In this experiment, the RGRC of the whole shoot 

was twice as high as the RGRC of major tillers. Moreover, the RGRN of the whole shoot 

was about 3-times higher than the RGRN of major tillers. This indicates that the ratio of 

growing to mature tissue (i.e. IMT and MT) on the major tillers, which were sampled in 

great detail, must have been different in the rest of the whole shoot. The greater 

disparity of RGRN than of RGRC also suggested that the relative N incorporation rate in 

the younger tillers was much greater than in the major tillers. Indeed, several studies 

demonstrated that the N concentration of younger tillers was higher than that of old 

tillers, because the old or major tillers developed and produced progressively more non-

assimilating biomass (more old leaves) (Jónsdóttir & Callaghan 1990; Akmal et al., 

2010). A high RGR of young plant tissue is associated with a high proportion of 

metabolically very active tissue with a strong demand for assimilated N (Niemann et al., 

1992). In the current study, only 6% of the N mass was allocated to IMT of major tillers. 

Thus, N mobilization in the MT of the major tillers sustained not only its own IMT but 

also other sinks within the plant. From the present data it appears that a major sink 

―outside‖ the major tillers is branching, i.e. the production of side tillers.  
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Characteristics of N dynamics in source organs of a tiller 

In some way, leaf nitrogen distribution within a tiller reflects the canopy N distribution. 

The N content was higher in the six uppermost blades than in the older ones, apparently 

responding to the light gradient within the canopy. Several studies demonstrated that the 

vertical nitrogen distribution within a canopy is non-uniform and enhances the 

photosynthetic N use efficiency at plant and canopy scale (Pons et al., 1993; Shiraiwa & 

Sinclair, 1993; Grindlay, 1997). A study performed under field conditions showed that 

N content of the three uppermost leaves of C. squarrosa was much higher than that of 

the older leaves within the same tiller (Yang et al., 2011b). Along the tiller of C. 

squarrosa plants grown under field conditions, the N content decreased by 45% among 

the nine leaf blades at the top of the canopy. However, it only decreased by 11% in the 

current study. Possibly, this is related to a difference in light extinction between the 

natural environment conditions and the controlled environment in the present study. 

Also, the difference could be related to a difference in nutrient and water availability, 

which would trigger differences in the longevity of leaves.  

A significant net change (loss) of N content was only observed for leaf blade 6 

and older (Fig. III.10) and might be related to a steeper light gradient in the lower part 

of the canopy. Without labeling, the invariance of the N content in younger leaves 

(blade no. 5 and younger) might have been (mis)interpreted as if these leaves did not 

participate in contributing mobilized N for export. However, tracer incorporation clearly 

showed that N turnover was active in those leaves that were still exposed to full light. 

Importantly, turnover was associated with release and export of non-labeled N from the 

leaf N pool. Clearly this work shows that N mobilization is not limited to senescence 

and/or shading conditions.  

N import into mature blades must have occurred mainly in inorganic form, i.e. 

as (labeled) nitrate, whereas N export – likely resulting from turnover of leaf proteins – 

must have occurred mainly in organic form, i.e. predominantly as amino acid-N. It has 

been reported that 93% of 
15

N was transported to the shoot as nitrate in 
15

N-nitrate fed 

maize plants (Murphy & Lewis, 1987), and tropical legume species assimilated most of 

their nitrate in the leaves (Andrews, 1986). Moreover, little nitrate is detected in phloem 

exudates of senescing leaves (Schobert & Komor, 1992) and amino acids deriving from 
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photosynthetic protein degradation are generally transported to N-demanding tissue via 

the phloem (Feller & Fischer, 1994; Feller et al., 2008).  

The significant N turnover in mature blades supporting N mobilization is 

similar to that found in pigeon pea (Cajanus cajan) by Sanetra et al. (1998) and 

Malagoli et al. (2005). Here, in these mature blades, N was turned over at a rate of 0.36% 

h
-1

, corresponding to nearly 9% per day. N import into mature blades was far greater 

than the N net change. Since the import of N was in form of labeled N (new N), this 

must have been balanced by an equivalent export of non-labeled N (old N) that was 

available for other sink tissues. Possibly the actual rate of N import is even greater than 

that estimated from the rate of N import, if 
15

N-nitrate is imported and immediately 

reduced/assimilated and then exported from tissues within the 24h labeling interval. 

While the results do not provide evidence for immediate export of newly assimilated N, 

it can be concluded that these mature leaves act as a temporal storage organ by 

importing N from uptake and exporting old N (i.e. mainly amino acids produced from 

leaf protein degradation). 

The present study showed that mature blades had similar N turnover rate in the 

upper part of a tiller (B2 to B7) and slightly decreased in low position leaves. Consistent 

with this, studies with 
15

N labeling of one leaf of rice plants (Oryza sativa L. cv. 

Notohikari) in a limiting N fertilizer condition showed that both N import and Rubisco 

synthesis were almost constant for eight days after leaf full expansion (Imai et al. 2005) 

and started decreasing at 16 days after leaf full expansion (Imai et al., 2008). Another 

study compared the turnover of Rubisco in two mature leaves of rice (Suzuki et al., 

2001), the youngest fully expanded one and a slightly senescent one. The results 

showed that Rubisco synthesis deceased in slightly senescent leaf. The difference in age 

of the two leaves corresponded to two leaf appearance intervals. Obviously, C. 

squarrosa kept identical N turnover in more leaves than the rice plants studied by 

Suzuki et al. (2001). Perhaps this is related to the fact that C4 grasses have a greater 

number of leaves in given developmental stages: in C. squarrosa I found that five 

leaves were growing simultaneously in a tiller (Table II.1), and mature tillers had more 

than 10 green leaves (Fig. III.3). Conversely, a rice plant has three to four fully 

expanded leaves per tiller at nearly all times in the whole life cycle (Suzuki et al., 2009; 

Dunand & Saichuk, 2014). 
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Given the absence of protein turnover studies in C. squarrosa, some other 

studies of protein turnover may provide preliminary insight into the correlation between 

leaf N and protein turnover. Namely, the average turnover rate of total protein was 6% 

per day in expanded leaves of wheat (Huffaker & Peterson et al., 1974), 12 % per day in 

barley (Dungey & Davies et al., 1982), and 10% per day in maize (Simpson et al., 

1981). These results compare well with the 9% per day N turnover in C. squarrosa 

leaves as observed in this work. Although there may be some species differences in the 

turnover of leaf proteins, it can be suggested that N turnover in the young mature leaves 

was generally in conformity with the rhythm of protein synthesis and degradation.  

Conclusion 

The use of 
15

N labeling allowed the partitioning of net fluxes of N into (labeled) import 

and (non-labeled) export fluxes in the leaves that made up the MT of major tillers. The 

present results illustrate a significant N export out of MT of major tillers, strongly 

exceeding export assessed from net changes in N mass. The resulting turnover rate for 

total N in mature blades was 0.36% h
-1

. Significant mobilization of endogenous (non-

labeled) N was observed in all mature blades, including the youngest fully expanded 

leaf, indicating it started as soon as leaves were fully expanded. N export from the MT 

of major tillers was approx. 2.5 times higher than N import into the IMT of the same 

tiller. However, due to continued tiller production in this plant, the growth rate of the 

whole shoot was about 3 times higher than that of the major tillers. Combing all results, 

the excess of mobilized and exported amino acid-N means that it is used as a substrate 

for young tiller growth, showing that N dynamics at tiller level is integrated with that of 

the remainder of the shoot.  
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Chapter IV 

General and Summarizing Discussion 
 

This study provides detailed information on morphological traits and N dynamics in a 

perennial C4 grass – C. squarrosa – that is an endemic and co-dominant species in the 

Central Asia steppe. The work was based on observations of the dynamics of shoot 

vegetative tissue linear expansion, and of N dynamics in mature (MT) and immature 

tissues (IMT) of major tillers on the basis of quantitative dynamic 
15

N labeling. In 

chapter II, morphological development of grasses subjected to different N fertilization 

and VPD treatments were compared and summarized. This showed that phytomer 

development was virtually unaltered by any of the treatments or treatment combinations. 

Established coordination rules of growth of phytomer components within and between 

successive phytomers were then used to determine time courses of phytomer and blade 

development. The further application of phytomer development in the reconstruction of 

leaf isotopic signals is well illustrated in this chapter. Besides, the findings in chapter II 

were of fundamental importance in the work of chapter III, as well as in other work that 

was performed in the frame of the DFG project ―Drivers and mechanisms of 
13

C 

discrimination in Cleistogenes squarrosa‖ that served as the experimental platform for 

the present work. The highlight of chapter III is the revelation of N exchange between 

MT and IMT of a major tiller and the demonstration how the N economy of a mature 

major tiller is integrated with N processes at the whole shoot or plant level. A 

significant N mobilization in mature blades of a major tiller was found using 
15

N 

labeling. The possible fate of that mobilized N is discussed by exploring relative growth 

rates of tiller and the whole shoot (chapter III) and N substrate pools for IMT of the 

same tiller (chapter IV). 

To my knowledge, so far the phyllochron has not been employed in the 

characterization of N fluxes between successively produced organs of a tiller. Other 

approaches dealt with observations of the export or disappearance of N from source 

organs over time (Rossato et al., 2001; Yasumura et al., 2007; Schulte auf‘m Erley et 

al., 2010). In this work, knowledge of the phyllochron enabled calculation of N fluxes 

in successive mature blades of a tiller on the basis of changes of SLN (N content per 



Chapter IV: General and Summarizing Discussion                                                        61 

 

leaf area) over a leaf appearance interval. Furthermore, I present an approach for 

analyzing N export from IMT of a tiller with respect to the phyllochron. Obviously, 

understanding morphogenetic dynamics is helpful for the analysis of N dynamics in a 

tiller. 

In what follows, I attempt to shed light on the wider implications of the results 

of the major studies of this work (chapters II and III) and on how they relate to each 

other. In the context, I also wish to provide a more detailed conceptual framework for 

the analysis of sink-source relationships in the N dynamics of a vegetative grass tiller. 

Finally, I show how the works on morphological dynamics have contributed to other 

works performed on the same experimental platform (in particular the PhD thesis of 

Haitao Liu, see coauthored manuscripts given in Appendices 3 and 4) and can be 

helpful in future experimental and (retrospective) ecological or environmental studies 

(e.g. by use of archived plant material).  

 

Morphological developments under contrasting N supply and VPD conditions: 

same or different?  

Phytomer development was not significantly affected by varying N and VPD supply in 

this study, as shown by invariant coordination rules and visible growth durations. 

Numerous studies reported that the length of the leaf blade or sheath is positively 

associated with the sheath length through which it grows, that is the sheath of the next-

older phytomer (Davies et al., 1983; Wilson & Laidlaw, 1985; Skinner & Nelson, 1994a; 

Casey et al., 1999). This relationship between blade and sheath length of the previous 

phytomer was found unaltered across treatments in this work, indicating that the 

invariance of the timing of key events during phytomer development – emergence of the 

blade tip and of the ligule – was the likely reason for the lack of response of phytomer 

growth parameters to growth conditions. It also demonstrated that the coordination rules 

remained the same in different environments. Related parameters, i.e. the duration of 

phytomer development, the timing of the developmental event (tip emergence), and the 

extension of phytomer components, have been simulated in architecture models of 

wheat (Fournier et al., 2003; Evers et al., 2005). Therefore, the resulting coordination 

rules might be applied to describe the morphological development of C4 grasses under 
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contrasting levels of nitrogen nutrition or VPD. This will allow us to evaluate 

environmental effects on plant morphological plasticity to understand plant life-history 

strategies.  

Notably, the development of whole-plant architecture (e.g. phytomer lengths 

and tillering rate) significantly responded to varying N fertilization and VPD 

environments. Besides, a similar effect of N fertilization supply on plant growth was 

also found (Liu et al. 2016 listed in Appendix 3), showing that plant absolute growth 

rate was increased 45% by high nitrogen fertilizer (relative to low N fertilizer). These 

results indicated that C. squarrosa responded to N supply and VPD in relation to the 

tillering rate and biomass rather than the developmental process of individual organs (i.e. 

at the phytomer level). The change in tillering of plants is believed to be a part of the 

grass domestication process, which influences vegetative architecture (Doust, 2007), 

and is also an obvious source of morphological plasticity (Boe et al., 2000). The 

tendency to enhance tiller production in response to high N fertilizer supply thus may 

act as an adaption of C. squarrosa to changing conditions of N stress and supply in the 

grazed grassland ecosystem of Inner Mongolia.  

 

Light extinction determines spatial N distribution in a vegetative canopy and N 

dynamics in a tiller  

To sustain plant growth, N is required as it plays a key role in canopy photosynthesis. A 

large investment of N was found in young mature leaves in the upper part of a tiller, 

which is of benefit to plants as it generates a high ―reward‖ in the form of increased 

photosynthesis rate. Thus, to allocate more N to leaves which receive high irradiance 

enables plants to maximize canopy photosynthesis (Field, 1983). Such vertical gradients 

of leaf N content in a canopy are adjusted in response to light distribution between 

leaves (Hirose et al., 1988; Hirose et al., 1989; Hirose & Werger, 1994; Anten et al., 

1995; Terashima & Hikosaka, 1995; Hikosaka, 1996). Due to the short leaf appearance 

interval of 2.4 d, plants produced approximately 20 tillers and 14 leaves on the main 

tiller after 37 days of growth (see Fig. III6). The substantial growth of tillers and leaves 

generated a dense canopy, which must have caused an appreciable attenuation of light 

with depth in the canopy. Although I did not measure light extinction in the canopy in 
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this study, the results of concomitant 
13

C labeling may be used as a proxy for light 

distribution, as light availability influences photosynthetic activity. These data 

demonstrated that relative photosynthesis rate – that is C assimilation rate per unit leaf 

blade C per hour – decreased with leaf number, i.e. leaf age and depth in the canopy 

(Figure IV.1A), supporting the idea that light became attenuated from the top to the 

base of the canopy. Relative N import rate was strongly related to relative 

photosynthesis rate of the different age classes of fully-expanded leaf blades (Figure 

IV.1A). The close relationship between relative N import rate and depth in the canopy is 

probably also related to the fact that light drives both the import of nitrate via the xylem 

through an enhancement of transpiration and N assimilation. However, there was no 

significant correlation between relative N export rate and relative photosynthesis rate, 

indicating that relative N export rate was actually independent of relative photosynthesis 

rate. Thus, N mobilization in these mature blades was apparently not determined by 

their photosynthetic activity.  
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Figure IV.1 Relationships between relative photosynthesis rate (RPR) and relative N 

import rate (RNIR in panel A), and relative N export rate (RNER in panel B) in mature 

leaf blades along major tillers of C. squarrosa. RPR was determined via concomitant
 

13
C labeling, and different symbols represent different blade age categories. Blades were 

numbered from the tip to the base of a tiller. The line indicates a linear regression 

between RNIR and RPR: y = 0.444*x + 0.002 (r
2
 = 0.5; p = 0.02). The relationship 

between RNER and RPR is not significant (p = 0.79).  

A study of N import in leaf blades of rice from emergence to senescence 

clearly suggested that N import into a leaf is closely related to the amount of Rubisco 

synthesized throughout the leaf lifespan (Imai et al., 2005). Thus, N dynamics in a tiller 

is not only determined by the N requirement of the sink tissue, but also mediated by N 

turnover of source tissue. As stated by Lattanzi (2004), absorbed N is partly ‗stored‘ 



Chapter IV: General and Summarizing Discussion                                                        65 

 

(probably in the photosynthetic apparatus of mature leaves) before being transferred to 

growing organs, in the form of amino acids. Here, a significant N import and export 

supports the idea that mature blades act as temporal storage organs that might increase 

the N sink strength of the whole plant during development. Similar conclusions were 

previously drawn by Masclaux et al. (2000) and Malagoli et al. (2005), following the 

investigations on N fluxes (uptake of exogenous N and N mobilization to other tissues) 

in source leaves in tobacco and oilseed rape plants, respectively. Importantly, a large 

discrepancy was found between N export out of MT and N import into IMT of the same 

tiller in this study. It suggests that the excess of N export could then serve in other parts 

for balancing the N needs of other sink tissues in the whole plant. This idea is supported 

by the finding of the higher RGRN of the whole plant than the RGRN of major tillers. 

 

Sink-source relationships of N supply in vegetative tillers of grass plants 

The analysis of N dynamics presented in chapter III offers detailed quantitative insight 

into the role of mature leaf tissue in the sink-source system of N in major vegetative 

tillers of C. squarrosa. However, the role of the sink part of the tiller, that is the IMT, 

could not be evaluated in full detail. There is much evidence, that N supply to 

expanding tissue of grasses – including leaves – is in the form of amino acids essentially, 

while N import into MT, e.g. fully expanded leaf blades, occurs mainly (or near-

exclusively) in the form of nitrate, if supplied in that form (Figure IV.2). However, the 

IMT, while only comprising still-developing phytomers, did also contain some fully 

differentiated tissue. The oldest leaf within the IMT was still growing (as a function of 

sheath and internode elongation, see Chapter II), in agreement with the definition. But, 

that same leaf already comprised some fully expanded blade tissue that was directly 

exposed to light. It is known for growing grass leaves, that leaf tissue emerging into 

light is fully photosynthetically competent (Wilhelm & Nelson 1978; Allard & Nelson 

1991), transpiring (Martre et al. 2001), and presumably also able to assimilate N. This 

would mean that some of the N import into the IMT would have been in the form of 

nitrate. Accordingly, amino acid-N import would not account for all of N import into 

the IMT.  

 



Chapter IV: General and Summarizing Discussion                                                        66 

 

 

 

Figure IV.2 Conceptual representation of nitrogen pools (black boxes) and fluxes (blue 

and red arrows) within a tiller of C. squarrosa. The tiller is composed of phytomers of 

different developmental stages (green): IMT comprises several still-growing phytomers; 

P2, the youngest fully differentiated phytomer; P3 … Pn designate phytomers of 

increasing developmental age. Nitrogen is taken up by the root system in the form of 

nitrate and transported to the individual phytomers of the tiller via the xylem (blue 

color). Nitrate is assimilated into amino acids (small black box) within the 

photosynthetically active tissues of the different phytomers (IMT, P2, P3 …. Pn) and 

used in protein synthesis (large black box). Protein turnover (simultaneous synthesis 

and degradation) involves exchange with the amino acid pool. N export in the phloem 

(red) occurs in the form of amino acids. The N supply of growing, heterotrophic tissue 

in the root and shoot occurs in the form of amino acids exclusively (note: the growth 

zone of grass leaf blades and sheaths, as well as of the internodes is fully heterotrophic). 

Green arrows designate ‗tissue flux‘ in the sense that, within one leaf appearance 

interval, a given phytomer passes from the Pi to Pi+1 stage.  

This issue complicates the interpretation of the labeling kinetics of N in the 

import flux (flab I) of IMT that was observed (but not presented) in the experiment 

reported in Chapter III (Figure IV.3). That time course showed that flab I increased in two 

phases: there was a fast increase in the first two days that was followed by a very slow 

increase during the remainder of the labeling period. Notably, the flab I did not even 

reach unity (flab I <1) after 7 days of continuous labeling, showing that import of non-
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labeled N (which must have been in the form of amino acids) continued to be an 

important source of N for the IMT for a very long time. This would also indicate the 

presence of slowly turning over N pools supplying continuously a substantial flux of 

amino acids to developing sink tissues. Indeed the observed N turnover in fully 

expanded leaves (0.36% h
-1

) would mean that after 7 days, the protein pool has been 

exchanged by only 47% by new N, showing that the mature leaves were a lasting source 

of mobilized N. That factor is also illustrated by the long leaf lifespan of C. squarrosa. 

Even in blade 10, which had developed more than 24 days before the start of the 

labeling period, considerable N turnover was evident. Clearly, as long as the leaves 

were not fully senescent, they acted as a significant source of non-labeled N for growing 

sink tissues, which likely included the IMT. 

Interpretation of the fast initial labeling of the N import flux (i.e. the rapid 

increase of flab I) however is more complex, as has been elaborated above, as it may have 

include (unknown) contributions of nitrate, imported via the xylem, and supplying N 

assimilation in the photosynthetically active part of the IMT, as well as rapidly labeled 

amino acids imported via the phloem, supplying the growing heterotrophic part of the 

IMT. Clearly, future work characterizing the N supply system of the IMT must address 

the developmental heterogeneity of that tissue more fully, to test the above 

prediction/hypothesis.  

  



Chapter IV: General and Summarizing Discussion                                                        68 

 

 

Figure IV.3 Fraction of labeled N in the import flux into immature tissue (IMT) of a 

tiller of C. squarrosa during contentious 
15

N labeling. The analysis of N substrate 

supply for IMT followed principles described by Lattanzi et al., 2005 and Lehmeier et 

al., 2013, which analysed the N fluxes in the growth zones of elongating leaves. Tissue-

bound N export out of IMT was estimated as the N mass of the recently exported tissue 

(L2) divided by the leaf appearance interval (2.4 d) (see Materials and Methods, Chapter 

III). Import of tracer-N into IMT was estimated as the sum of tracer-N exported from 

the IMT and the increase of tracer content within the IMT over one leaf appearance 

interval (for details of the calculation, see Supplemental Methods in Appendix 2).  

 

Using knowledge from developmental dynamics as a timepiece in ecophysiological 

studies 

The findings in this work formed the basis for evaluating data of a series of other 

measurements performed on a subset of C. squarrosa plants growing in the same 

experiment. Using knowledge on the phyllochron and on the time course of phytomer 

development allows the determination of the age and developmental stage of leaves on a 

tiller in retrospect, i.e. on plants sampled at any time without the necessity of 

monitoring their growth before sampling. This provided a highly-resolved temporal 

record of ecophysiolgical processes in plants in which oxygen isotope composition of 

leaf cellulose (δ
18

OCel) was investigated. δ
18

OCel is reflective of environmental 

conditions, namely evaporative demand, which is imprinted in the oxygen isotopic 



Chapter IV: General and Summarizing Discussion                                                        69 

 

signature during the process of cellulose synthesis via the evaporative enrichment of 

leaf water (see Liu et al. 2016 for details of the experiment and discussion of the data). 

One subset of plants (i) grown in constant environment, i.e. growing with the same low 

or high VPD from imbibition to sampling (Fig. IV.4), was used to determine δ
18

O of 

cellulose (δ
18

OCel) in mature leaf blades of different ages. A second subset of plants (2) 

were grown for 7 days in a new VPD environment by transfering plants from low to 

high VPD and vice versa (Fig. IV.6), and was used to determine the turnover of 

substrates serving cellulose synthesis in growing leaf blades.  

 

 

Figure IV.4 δ
18

O of cellulose in successively produced mature leaf blades along major 

tillers of C. squarrosa grown under 7.5 mM N fertilizer conditions. Circles: low VPD; 

triangles: high VPD. Major tillers were harvested on the 53
rd

 day after imbibition of 

seeds. Values are means ± standard error (n = 6). Leaves were numbered basipetally, 

that is from the youngest to the oldest, starting at leaf 2, the leaf with the youngest fully 

expanded leaf blade in a tiller (data from Liu et al. 2016 listed in Appendix 3). The 

δ
18

OCel data were obtained from successively produced leaves, and can also be reported 

versus time by using the knowledge of phyllochron. The youngest leaf 2 was last to 

appear among these leaves. Accordingly, the age of older leaves was calculated 

retrospectively, and the leaf number was converted into days after imbibition. These leaf 

blades are major components of MT shown in Figure III.1. 
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By calaculating the age of leaves on a tiller, δ
18

OCel data obtained from 

successively produced mature leaf blades can be analysed as response of leaf cellullose 

synthesis to enviromental conditions over time (Fig. IV.4). δ
18

OCel of leaves grown in 

contrasting but constant VPD differed by 9‰, reflecting the difference in evaporative 

demand. But, in one VPD, δ
18

OCel of leaves produced at different time after imbibition 

was relatively constant, indicating that environmental conditions in the respective 

growth chambers were approximately constant over time. For plants which had been 

transferred to a new environment (i.e. from high to low VPD and vice versa), the 

developmental stage of blades at the time of transfer could be estimated in retrospect 

(Fig. IV.5). These analyses showed that blades which were already fully elongated at 

the time of transfer showed no incorporartion of oxgen into cellulose after the transfer 

(Fig. IV.6). However, incorporation of new oxgen increased linearly with decreasing 

developmental stage at the time of transfer. In growing leaves of different 

developmental stages, the fraction of new oxygen (ƒnew O) in cellulose was not affected 

by the direction of transfer (for complete presentation of the dataset and discussion see 

Liu et al., submitted; Appendix 4). This indicates that the incorporation of cellulose is 

essentially dependent on leaf growth stage and independent of VPD-specific morpho-

physiological traits acquired in the original growth environment. Again, this highlights 

the usefulness of the characterization of phytomer growth and coordination of growth 

between successive phytomers (Chapter II) (1) for interpretation of isotopic signatures 

of plant parts in terms of underlying mechanisms and (2) to assist in reconstructions of 

short-term environmental conditions, here evaporative demand. Clearly, 
18

O records 

presented by the successive leaves produced along a tiller can serve as a timepiece in 

studies of ecopysiological features of C. squarrosa. Such a function of timepiece could 

be helpful for reconstructing past environmental conditions and physiological responses 

using leaf samples gathered from herbariums (Bonal et al. 2011). 
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Figure IV.5 Time course of the fraction of final blade length in C. squarrosa grown 

under 7.5 mM N fertilizer conditions (low and high VPD: panel A and B). Leaf blade 

length was normalized as a fraction of final length. Tip emergence was defined as the 

moment a leaf blade tip had grown past the highest visible ligule of the preceding leaf. 

The solid and gray dotted curves denote a 3-parameter sigmoidal function and 95% 

confidence bands. Panel A (low VPD): y = 1.01/{1 + exp[(1.25 − x)/1.56]}(R
2 

= 0.88; 

residual standard error = 0.1). Panel B (high VPD): y = 1.01/{1 + exp[(1.21 − 

x)/1.51]}(R
2 
= 0.90; residual standard error = 0.1). VPD had no effect on the parameters 

of the function (P > 0.05). Arrows in (A) indicate the ages of leaves at any sampling 

time estimated from (i) the relationship of successive, growing leaves and (ii) the 

phyllochron. Leaves were numbered acropetally, starting at the leaf 1 with the youngest 

exposed blade, near the tip of the tiller. These leaf blades are major components of IMT 

shown in Figure III.1. 
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Figure IV.6 Fraction of new oxygen (ƒnew O) in cellulose of leaf blades of different ages 

in plants 7 days after transfer to a new VPD environment versus fraction of leaf blade 

length at the time of transfer. Circles: transfer from low to high VPD; triangles: transfer 

from high to low VPD. The line denotes a linear function fitted to the combined data of 

two transfer treatments: y = 1 − x (R
2
 = 0.99). Values are presented as mean ± standard 

error (n = 6). Letters with subscripts refer to leaf age at time of transfer (7 days before 

sampling) as indicated in Figure IV.5. Data from Liu et al., Appendix 4. 
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Conclusions and outlooks 

Cleistogenes squarrosa exhibited invariant coordination rules during morphological 

development in response to N fertilization and VPD levels. By using morphological and 

developmental traits and 
15

N labeling, it allowed the estimation of the turnover rate of 

bulk N in mature blades of 9% per day, which is in the range of protein turnover rates 

observed in other species by other researchers. A very significant and closely similar N 

export occurred in mature blades of different ages along major tillers. These export rates 

were much higher than rates of net export assessed from net changes in N mass during 

aging. The N import into mature blades was obviously associated with light conditions 

in the canopy. Results also showed that N exported from the MT of major tillers is not 

only used as a substrate for the growth of IMT in the same tiller but also served other 

plant parts, probably including younger tillers. Thus, N dynamics at the tiller level is 

integrated with that of the remainder of the shoot. The present work provided insight 

into ecopysiological responses of C. squarrosa to environmental changes and its 

increasing abundance in the Inner Mongolia grassland. Furthermore, in retrospective 

studies, the knowledge of phytomer development (i.e. the time course of leaf elongation 

and leaf appearance interval) can be applied to provide a temporal record for isotope 

time series analyses in this grass. It is helpful for the reconstruction of short-term 

hydrological changes, and the reassessment of environmental changes in the Mongolia 

grassland. C. squarrosa may be particularly suitable for time series analyses, as it 

exhibits a short leaf appearance interval (phyllochron) and has up to five concurrently 

growing leaves at different developmental stages during vegetative development. 

The developmental heterogeneity of the IMT was a challenge for the 

understanding of contributions of N assimilation (from exogenous source) and N 

mobilization (from endogenous source) to N supply of the IMT. Future work should 

thus focus on solving the developmental heterogeneity of IMT. A combined analysis of 

N dynamics and C dynamics in leaves on the basis of labeling with higher temporal 

resolution would form a next step, and should help to understand the underlying 

mechanisms of the coupling of N and C metabolism.   
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Appendix 1  

Supplementary figures for chapter II 

 

 

Fig. II.S1 Comparison of fractional contributions of blade (Panle A) or sheath (Panle B) 

to the total length of phytomers at successive stages of phytomer elongation under 

contrasting N fertilizer and VPD treatments. A low or high N fertilizer supply (N1 or 

N2) was combined with low or high VPD (V1 or V2). Panel A and B specify the data 

according to the treatments: closed circles with green lines, N1
 
V1; opened circles with 

purple lines, N1
 
V2; closed squares with red lines, N2

 
V1; opened squares with blue 

lines, N2
 
V2. Panel C (blade) and D (sheath) show the same data, but depict different 

phytomer ranks (open triangles, PS; open squares, PS−1; crosses, PS−2; open diamonds, 

PS−3; open circles, PS−4). PS indicates the phytomer that bore the youngest emerged 

ligule (youngest near-fully expanded phytomer with ligule visible above the 

surrounding leaf sheath of the next older phytomer); PS−1, PS−2, PS−3 and PS−4 refer to 

progressively younger phytomers. All data were obtained from destructive 

measurements. Each point corresponds to a single measurement on one phytomer. Lines 

denote the 95% confidence bands of the fitting function.   
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Fig. II.S2 Comparison of visible time courses of the fraction of final phytomer length 

under contrasting N fertilizer and VPD treatments .A low or high N fertilizer supply 

(N1 or N2) was combined with low or high VPD (V1 or V2). These visible time courses 

were established using data of phytomers on which the phytomer elongation has been 

measured from the time of leaf tip emergence to full elongation. Tip emergence was 

defined as the moment a leaf blade tip had grown past the highest visible ligule of the 

preceding phytomers. Sigmoidal regressions were fitted to each treatment. Lines denote 

the 95% confidence bands of the fitting function. Green circles with green lines, N1
 
V1, 

y = 1/{1 + exp [(1.87 − x)/1.73]} (R
2 
= 0.98, n = 27, residual standard error = 0.03); 

purple circles with purple lines, N1
 
V2, y = 1/{1 + exp[(1.94 − x)/1.90]} (R

2 
= 0.97, n = 

31, residual standard error = 0.03); red squares with red lines, N2
 
V1, y = 1/{1 + 

exp[(1.69 − x)/1.71]} (R
2 
= 0.99, n = 25, residual standard error = 0.03); blue squares 

with blue lines, N2
 
V2, y = 1/{1 + exp[(1.73 − x)/1.82]} (R

2 
= 0.98, n = 26, residual 

standard error = 0.03). A sigmoidal regression was fitted for all data: y = 1/{1 + 

exp[(1.79 − x)/1.81]} (R
2 
= 0.96, n = 109, residual standard error = 0.03). 
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Fig. II.S3 Comparison of the complete time courses of the fraction of final phytomer 

length C. squarrosa under contrasting N fertilizer and VPD treatments. A low or high N 

fertilizer supply (N1 or N2) was combined with low or high VPD (V1 or V2). Colored 

circles represent the visible phase of the time course of phytomer development: green 

circles, N1 V1; purple circles, N1 V2; red circles, N2 V1; blue circles, N2 V2. Black 

and white symbols represent the initial phase of phytomer development based on 

predictions of age and the final length: closed circles, N1 V1; open circles, N1 V2; 

closed squares, N2 V1; open squares, N2 V2. Tip emergence was defined as the 

moment a leaf blade tip had grown past the highest visible ligule of the preceding 

phytomers. Sigmoidal functions were fitted to the complete time courses of each 

treatment. Lines denote the 95% confidence bands of the fitting function. Green circles 

with green lines, N1
 
V1, y = 1/{1 + exp[(1.97 − x)/1.69]} (R

2 
= 0.96, residual standard 

error = 0.04); purple circles with purple lines, N1
 
V2, y = 1/{1 + exp[(2.02 − x)/1.84]} 

(R
2 

= 0.96, residual standard error = 0.04); red squares with red lines, N2
 
V1, y = 1/{1 + 

exp[(1.61 − x)/1.79]} (R
2 
= 0.98, residual standard error = 0.03); blue squares with blue 

lines, N2
 
V2, y = 1/{1 + exp[(1.75 − x)/1.82]} (R

2 
= 0.97, residual standard error = 

0.04).

Days after tip emergence

-6 -3 0 3 6 9 12 15

F
ra

c
ti
o
n
 o

f 
fi
n
a
l 
p
h
y
to

m
e
r 

le
n
g
th

0.0

0.3

0.6

0.9

1.2



Appendix 2                                                                                                                       93 

 

Appendix 2 

Supplementary methods for chapter IV 

Fraction of tracer in the N import in immature tissue 

The analysis of N supply for IMT elaborated here closely followed the principle 

described by Lattanzi et al. 2005 and Lehmeier et al. 2013, which addressed N fluxes in 

the leaf growth zone. According to N mass balance, the amount of N import into IMT 

was estimated as the sum of N export out of IMT plus change in IMT N mass. Tissue-

bound N export out of IMT was estimated by N mass of the recently exported tissue 

(RET), which was leaf 2 in a tiller after one leaf appearance interval. Thus, import of N 

substrates into IMT can be estimated by the sum of N exported out and the variation 

(negative or positive) in N mass of IMT over one leaf appearance interval. This method 

was then developed to estimate the labeled N fluxes. This assumes all imported tracer 

would be present in IMT and RET by the end of the target labeling duration. This was 

likely true because RET contained the tissue which was produced during the labeling. 

On the other hand, RET was characterized by a low N turnover rate during the 

development stage from the IMT to MT (Mae et al., 1983). Therefore, all imported 

tracer would be firstly deposited in IMT, and any tracer exported out of IMT would still 

be present in recently exported tissue. The estimation of N import into IMT is based on 

the condition that IMT is in a physiological steady state, where the N content of IMT is 

constant. Hence, N import can be equated with N export. During one leaf appearance 

interval, Eimt [g h
-1 

tiller
-1

] the N export from IMT was estimated by the N content in 

RET over one leaf appearance interval. Thus, N import into IMT [Iimt: g h
-1 

tiller
-1

] was 

calculated as 

Iimt = Eimt = NRET/Te,                                                                                                 Eqn S1 

with NRET the amount of N mass in RET, Te the time interval between the emergence of 

successive leaf blades, here equaling 57.6 hours (2.4 days, Yang et al., 2016). 

For the amount of labeled N imported into IMT (Ilab) over a certain time interval, it was 

estimated as the sum of the export of labeled N and the variation in mass of labeled N in 

IMT over the time interval:  
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<Ilab > = <Elab> + IMTlab/t,                                                                                  Eqn S2 

where < > denotes that values were averaged over a time interval. IMTlab as IMTlab t + t 

– IMTlab t, the mass increment of labeled N in IMT during the given interval (t + t and t 

are the end and the beginning of the given labeling interval). Elab denotes the export of 

labeled N in IMT (Elab = flab E × Eimt) over the time interval. Since Iimt, Eimt, and Nimt (the 

N mass in IMT) are constant for IMT that is in steady state, Iimt = Eimt and IMTt = IMTt 

+ t = Nimt. Thus, the fraction of tracer in the N import (flab I = Ilab / Iimt) was calculated as: 

<flab I> = <flab E> + (flab IMT t + t – flab IMT t) × Nimt / NRET,                                          Eqn S3 

Estimation of flab I over t, the time interval required the estimation of (1) flab E; (2) flab 

IMT at the lower (t) and upper (t + t) ends of the time interval. Measured flab E in the 

recently produced tissue represented the average flab E during the time interval of export 

from IMT. Since the estimation of N export out of IMT was based on one leaf 

appearance interval (2.4 d), it determined t, the time interval used for the estimation of 

flab I was also 2.4 d. Two-parameter exponential function was fitted to the time course of 

flab IMT to estimate values at t and t. Iimt was calculated by Equation 2, and Nimt was N 

mass of IMT, a measured value. The four specific 2.4–d (57.6–h) intervals over which 

flab I was estimated by the four harvest dates as follows: hours -33.6 to 24, -9.6 to 48, 

38.4 to 96, 110.4 to 168 for 2.4–d interval. As negative hours -33.6 and -9.6 were time 

when labeling did not commence, the flab IMT was zero at these two time points. 
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ABSTRACT  

Multiannual time series of (palaeo)hydrological information can be reconstructed from 

the oxygen isotope composition of cellulose (δ
18

OCel) in biological archives, e.g. tree-

rings, but our ability to temporally resolve information at subannual scale is limited. We 

capitalized on the short and predictable leaf appearance interval (2.4 d) of a perennial C4 

grass (Cleistogenes squarrosa), to assess its potential for providing highly time-resolved 

δ
18

OCel records of vapor pressure deficit (VPD). Plants grown at low (0.63 kPa) or high 

(1.58 kPa) VPD, were swapped between VPD environments, and exposed to the new 

environment for 7 d with simultaneous 
13

CO2 labeling. Then, leaves were sampled by 

age/position along individual tillers. Five leaves at different developmental stages were 

growing simultaneously. The period of most-active leaf elongation, from 10% to 90% 

of final length, lasted 6.6 d and ~80% of all carbon and oxygen incorporation in whole-

leaf cellulose occurred within 7 d. Cellulose synthesis stopped at (or shortly after) full 

leaf expansion. The direction of change, from low to high or high to low VPD, had no 

differential effect on new oxygen and carbon incorporation in cellulose. Successive 

leaves produced by tillers of C. squarrosa provide a δ
18

OCel record useful for 

reconstructions of short-term hydrological dynamics.  

 

BRIEF SUMMARY STATEMENT 

 Successive leaves formed by tillers of C. squarrosa provide a highly-resolved 

temporal record of oxygen isotope composition of cellulose  

 Cellulose synthesis in leaf blades stops at or shortly after full expansion.  

 VPD-driven changes in oxygen isotope composition of leaf cellulose are 

independent of VPD in the original growth environment 

 

Key words: Cleistogenes squarrosa; carbon-13; isotopic record, leaf (blade) growth; 

oxygen-18; time resolution, tracer; vapor pressure deficit. 
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INTRODUCTION 

The oxygen isotope composition of cellulose (δ
18

OCel) is determined by environmental 

conditions, mainly temperature and relative humidity – which determine evaporative 

demand – and morpho-physiological plant traits which affect the evaporative 

enrichment of 
18

O in leaf water, and the δ
18

O of water in plant compartments that are 

involved in the metabolism of sugars leading up to cellulose synthesis (Barbour 2007, 

Sternberg 2009, Gessler et al. 2014). As they store environmental information, 

chronologies of δ
18

OCel are powerful tools for (paleo-)climate reconstructions (Libby et 

al. 1976, Hong et al. 2000, Roden et al. 2000, Anderson et al. 2002, Treydte et al. 2007, 

Sternberg 2009, Kahmen et al. 2011). In addition, as stomatal conductance is thought to 

modify the δ
18

O of leaf water and hence that of cellulose (Farquhar et al. 1998, 

Scheidegger et al. 2000), it is also expected that retrospective analyses of δ
18

OCel 

archives can shed light on physiological responses of plants‘ gas exchange to past 

climate changes. Annually resolved tree-ring series have spanned periods of centuries 

up to more than 10 000 years in some regions (Pilcher et al. 1984, Briffa et al. 1990, 

Esper et al. 2002, Treydte et al. 2006). At the subannual time scale, state-of-the-art 

methodologies attain a intra-ring sampling resolution equivalent to average tree-ring 

increments of <1 d to a few weeks (Helle & Schleser 2004, Schulze et al. 2004, 

Schollaen et al. 2014). However, exact position-time relationships for within-ring 

signals are not evident (Schleser et al. 1999, Kagawa et al. 2005) and require indirect 

approximations, such as matching of drought periods and maxima of δ
13

C within tree-

rings (Schleser et al. 1999) or extrapolation from dendrometer measurements (Barbour 

et al. 2002, Gessler et al. 2009). 

Other morphological units of plants offer a specific potential for resolving 

subannual isotopic records with precisely dated chronologies of tissue formation. For 

instance, Helle & Schleser (2004) monitored leaf and bud sprouting, and dated tree-ring 

sections by comparison of the carbon isotope composition of cellulose (δ
13

CCel) in the 

sprouting leaves and in highly spatially-resolved tree-ring sections. Helliker & 

Ehleringer (2002) demonstrated that segments of grass leaves provide a record of 

δ
18

OCel variation that results from effects of changed atmospheric vapor pressure deficit 

(VPD) on the 
18

O composition of leaf water and assimilates that were produced during 

the respective periods of leaf segement growth. Grass-tissue-based isotopic indicators 

are of interest in grassland ecosytem studies, e.g. in the semiarid steppes in North China 
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where drought stress is common (Gong et al. 2011) but exhibits high spatio-temporal 

variability (Wittmer et al. 2008). Vegetative tillers of grasses – and some other taxa 

(Schleip et al. 2013) – exhibit a repetitive pattern of leaf production throughout the 

vegetation period. C4 grasses may be particularly suitable for dynamic isotope time 

series analyses, as they exhibit short and predictable leaf appearance intervals 

(phyllochrons) and have several leaves at different developmental stages of the leaf 

growth process during vegetative development (Yang et al. 2016). But that potential has 

not been explored to date.  

A specific challenge in the evaluation of highly spatially-resolved 
18

O records is 

their unknown temporal integration (Kagawa et al. 2005). In other words, it is generally 

not known what time period of assimilation is actually reflected in the δ
18

OCel of a given 

sample. The integration is primarily a function of the turnover time of substrate pools in 

source and sink tissue (including storage/mobilization processes of sugars that may 

participate in cellulose synthesis), and the diversity of cell types, developmental stages 

and characteristic cellulose deposition dynamics of the different cell types in the sample 

(Hemming et al. 2001, Damesin & Lelarge 2003, Gessler et al. 2009, 2014). To our best 

knowledge, there have been no explicit, quantitative investigations of the temporal 

integration in short-term 
18

O records in plant tissues. However, in 1 day-long 
13

CO2 

pulse labelling experiments with Cryptomeria japonica (Japanese cedar) performed in 

spring and fall, Kagawa et al. (2005) observed a half-width of the labeling peak – which 

comprizes ~80% of the label within the peak (given a Gaussian distribution) – 

equivalent to 9 to 28 days of earlywood and 33 to 42 days of latewood formation. 

However, whether or not carbohydrate stores contributed to cellulose synthesis in these 

periods could not be resolved with that approach. In principle, one may expect a similar 

or higher temporal resolution of the 
18

O record of successively formed leaves in grasses 

as rates of successive leaf appearance and elongation are rapid in grasses (Skinner & 

Nelson 1995) and growth substrate pools for leaf growth have a high turnover (Lattanzi 

et al. (2005). 

The objective of this work was to characterize the temporal resolution of the 
18

O 

record that is generated by the successive leaves formed by tillers of C. squarrosa 

following a change of VPD, and hence to evaluate its potential as a quantitative high-

resolution biological chronometer of 
18

O signals. In the same experiment, we performed 

a detailed analysis of the development of successive phytomers, and of their blade, 
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sheath and internode parts, for plants grown in contrasting VPDs (Yang et al. 2016). 

Plants were grown at high and low VPD, swapped between VPD environments and 

exposed to the new environment for 7 days while simultaneously labeling them with 

13
CO2/

12
CO2 mixtures of known constant composition at near-ambient CO2 

concentration. After 7 days-long labeling, the incorporation of new oxygen (derived 

from assimilation in the new VPD environment) and labelled carbon were evaluated in 

leaves of different developmental stages.  

 

MATERIALS AND METHODS 

Plant material and growth conditions 

This experiment used the same plant material and growth conditions as the studies of 

Liu et al. (2016) and Yang et al. (2016). The work was performed in four growth 

chambers that were operated as controlled environment 
13

CO2/
12

CO2 mesocosms, 

similar to the system described by Schnyder et al. (2003). That system permitted 

continuous measurements and control of air temperature, relative humidity, and 

concentration and 
13

C composition of CO2 (δ
13

CCO2) in each chamber.  

Plants were established from seed. Four seeds of C. squarrosa, were sown in 

individual tubes (4.5 cm diameter, 35 cm deep) filled with quartz sand. Tubes were 

arranged in free-draining plastic containers (length: 77 cm, width: 57 cm, depth: 30 cm) 

with 164 tubes per container. Two containers were placed in each growth chamber. 

Before germination, the conditions in all chambers were kept the same with a relative 

humidity (RH) of 80% at a constant growth temperature of 25 
o
C, thus yielding a vapor 

pressure deficit (VPD) of 0.63 kPa. The day of first watering (i.e. imbibition of seeds) is 

designated as day 1, the start of the experiment. One week after first watering, the 

germinated plantlets were thinned to one per tube, and RH adjusted to 50% (providing a 

VPD of 1.58 kPa) in two chambers, while maintaining the VPD of 0.63 kPa in the other 

chambers. The two chambers of a given VPD regime were supplied with CO2 of 

different δ
13

C: a (relatively) 
13

C-enriched CO2 with a δ
13

CCO2 of −6.2 ± 0.1‰ (mean ± 

SD, n = 20) was supplied to one chamber and a 
13

C-depleted CO2 with a δ
13

CCO2 of 

−48.8 ± 0.1‰ (mean ± SD, n = 20) to the other (cf. Fig. S1). Due to carbon isotope 

discrimination during gas exchange of plants, the δ
13

CCO2 was −5.3 ± 0.2‰ (mean ± SD) 

inside the growth chambers with the 
13

C-enriched CO2 and −47.7 ± 0.1‰ inside the 
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chambers with the 
13

C-depleted CO2 (cf. Gong et al. 2016). Except for the VPD and 

CO2 sources, all other environmental parameters were kept the same.  

Light was supplied by cool white fluorescent tubes with a photosynthetic photon 

flux density (PPFD) of 800 μmol m
−2

 s
−1 

at canopy height
 
during the 16 h photoperiod. 

Irradiance was kept constant by periodic adjustments of the distance between the 

fluorescent tubes and the top of the canopy following measurements with a quantum 

sensor (LI-190R, LI-COR, Lincoln, Nebraska, USA). Air temperature was kept constant 

at 25 °C during dark and light periods. CO2 concentration was controlled at 390 μmol 

mol
−1

 during the light period. CO2 and water vapor concentration in chamber air were 

measured by an infrared gas analyzer (LI-6262, LI-COR Inc. Lincoln, USA). A 

modified Hoagland nutrient solution, with 7.5 mM nitrate, was supplied three times per 

day by an automatic irrigation system as described by Liu et al. (2016).  

 

Treatments and sampling 

The experiment was run in duplicate (Fig. S1). Each experimental run had two transfer 

treatments (high-to-low VPD, and low-to-high VPD) and constant VPD ‗controls‘ with 

plants grown continuously at low or high VPD. Some of the δ
18

OCel data from the 

constant VPD treatments were already reported by Liu et al. (2016). In transfer 

treatments, eight plants each were swapped with plants growing in contrasting 

conditions of VPD and δ
13

CCO2. For example, plants grown at low VPD in the presence 

of the 
13

C-enriched CO2 were exchanged with plants grown at high VPD in the presence 

of the 
13

C-depleted CO2. 

Transfers occurred at 1 h before the start of the light period on the 44
th

 day (see 

Fig. S1). Plants were harvested 7 d later at the same daytime. Harvests also included 

plants that had remained in the same environment throughout the experiment (controls, 

see above). Leaves on major tillers (i.e. tillers that had >10 fully developed leaves) were 

sampled by position, i.e. age category (Fig. 1). Except for the youngest exposed leaf, all 

other leaf blades were sampled integrally, by cutting at the ligule. Daughter tillers that 

developed in the leaf axils of older leaves (DT in Fig. 1) were discarded. Same age 

leaves from 15 to 20 tillers were combined in one sample, and three separate samples of 

each age category collected in every treatment in every chamber. The youngest sampled 

leaf (no. 1, Fig. 1) was cut at the point of emergence from the surrounding older leaf. 

Enrolled within that leaf, there was generally an additional tiny leaf tip (the tip of the 
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next younger leaf). That tip was not eliminated from the sample of leaf no. 1. All 

samples were oven-dried for 48 hours at 60 ˚C, and then stored in an exsiccator until 

milling and cellulose extraction. 

 

Estimation of leaf blade developmental and growth stage 

Leaf blade samples collected along tillers were numbered consecutively from the tip of 

the tiller, starting with the youngest sampled leaf age category (Fig. 1). For every 

category (1 to n), the stage of blade development and growth (as a fraction of final blade 

length, fFBL) at the times of transfer and harvest was estimated from knowledge of the 

leaf appearance interval, development of individual phytomers, and the contribution of 

the leaf blade component to phytomer development in the same study (Yang et al. 2016). 

Fig. 2 illustrates the time course of leaf blade elongation, as calculated from phytomer 

elongation and the fractional contribution of leaf blades to phytomer elongation for the 

constant low and high VPD treatments in plants grown at ‗low N‘ (cf. Figs. 3a and 5 in 

Yang et al. 2016), the ‗control‘ treatments presented here. The tip of leaf blades 

emerged from the enclosing sheath of the next older leaf when the blade had reached 31% 

of its final length. The period of maximum leaf elongation rate – taken as the time for 

expansion from 10% to 90% of final length – was 6.6 d, and lasted from 2.1 d before tip 

emergence to 4.5 d after emergence (Fig. 2). Importantly, the leaf appearance interval 

(2.4 d) and final leaf blade length were the same in plants grown constantly in the same 

low or high VPD environment (Yang et al. 2016). Also, transfer of plants from one 

VPD environment to the other did not affect the leaf appearance interval (data not 

shown).  

 

Cellulose extraction 

Aliquots of 50 mg or 25 mg of ball-milled, dry sample material were used to extract α-

cellulose using the procedure of Brendel et al. (2000) as modified by Gaudinski et al. 

(2005). 

 

Measurements of carbon and oxygen isotope composition 

Carbon or oxygen isotope composition was expressed in per mil (‰) as 

              (
       

         
  )                                                                               (1) 



Appendix 4                                                                                                                     114 

 

 

where, Rsample is the 
13

C/
12

C or
 18

O/
16

O ratios of the sample, and Rstandard is 
13

C/
12

C ratio 

in the international V-PDB standard or
 18

O/
16

O ratios in the Vienna Standard Mean 

Ocean Water standard (V-SMOW). 

Carbon isotope discrimination as expressed in leaf blade cellulose (∆
13

CCel) of 

plants kept continuously in a given growth chamber was calculated as: 

        
                    

      

                         
,                                                                                         (2) 

with δ
13

Cchamber CO2 referring to the δ
13

C of CO2 in the atmosphere of the respective 

growth chamber.  

Oxygen isotope enrichment of leaf blade cellulose relative to source water 

(∆
18

OCel) was obtained as: 

        
           

     

               
 ,                                                                                                     (3) 

with δ
18

OSW the oxygen isotope composition of the nutrient solution (Liu et al. 2016).   

Cellulose samples were redried at 40 °C for 24 h, and 700 μg aliquots were 

packed in tin cups for carbon and silver cups for oxygen isotope (size: 3.3 × 5 mm, 

LüdiSwiss, Flawil, Switzerland) and stored above Silica Gel orange (2-5mm, ThoMar 

OHG, Lütau, Germany) in exsiccator vessels. For measurements of δ
18

OCel, samples 

were pyrolysed at 1400 °C in a pyrolysis oven (HTO, HEKAtech, Wegberg, Germany), 

equipped with a helium-flushed zero blank auto-sampler (Costech Analytical 

technologies, Valencia, CA, USA) and interfaced (ConFlo ІІІ, Finnigan MAT, Bremen, 

Germany) to a continuous-flow isotope ratio mass spectrometer (Delta Plus, Finnigan 

MAT). Solid internal lab standards (SILS, cotton powder) were run as a control after 

every fifth sample. All samples and SILS were measured against a laboratory working 

standard carbon monoxide gas, which was previously calibrated against a secondary 

isotope standard (IAEA-601). For δ
13

CCel measurements, each sample was measured 

against a laboratory working standard gas, which was previously calibrated against a 

secondary isotope standard (IAEA-CH6 for δ
13

C, accuracy of calibration ± 0.06% SD). 

A laboratory standard (a fine ground wheat flour) was run after every tenth samples. 

The long-term precision for the SILS was <0.2‰ for δ
13

C and <0.3‰ for δ
18

O. 

 

Fraction of new carbon or oxygen in leaf blade cellulose  

The fraction of new carbon or oxygen (ƒnew) in cellulose of a given leaf age category of 

transferred plants was calculated as 
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ƒnew =  (δsample − δold)/(δnew − δold),                                                                                   (4) 

with δsample, δold and δnew designating the δ
13

CCel or δ
18

OCel (as appropriate) of that same 

leaf age category in transferred plants, plants kept in the chamber of origin (old) or in 

the new chamber throughout the experiment, following the rationale in Schnyder (1992). 

As an exception, for calculation of the fraction of new oxygen (ƒnew oxygen) in plants 

transferred from low to high VPD in the 2
nd

 experiment, we used the mean value of 

repeated measurements from blade 7 to 10 of labeled/transferred plants as the estimate 

of δold. With that procedure we accounted (and corrected) for a deviation of the δ
18

OCel 

of older leaves (leaves no. 7 to 10) from the transfer treatment in the same experimental 

run, and both the control and transfer treatments in the other experimental run (see 

Results).   

 

Statistical analysis 

The effect of leaf age class (i.e. leaf number) on δ
13

Ccel or δ
18

Ocel of controlled plants 

was tested using one-way ANOVA. For each leaf age class, δ
13

Ccel or δ
18

Ocel of 

controlled plants and transferred plants were compared using paired t-tests. Also, the 

difference between ƒnew C and ƒnew O in each leaf age category was tested using a paired 

t-test. A 3-parameter sigmoidal function was used to fit the relationship between 

fraction of final blade length and days after tip emergence, and non-lineal regression 

was performed using SigmaPlot (Ver. 12.5, Systat Software, Inc.).  

RESULTS 

Leaf development and growth stages 

Based on the time course of leaf blade elongation in relation to the time of leaf tip 

emergence (Fig. 1) and the observations at sampling we estimated that the tip of leaf no. 

1 had emerged 3.6 d before sampling (cf. also Fig. 2) on average of all sampled leaves 

in this age category (leaf no. 1) in every treatment. Therefore, leaf no. 1 had reached 84% 

of its final blade length at the time of sampling (Figs. 1 and 2, Table 1). At the time of 

transfer from one VPD environment to the other, 7 d prior to sampling, this leaf had 

possessed only 5% of its final length. As the leaf appearance interval (2.4 d) was 

constant and the same for the different treatments, times of leaf tip emergence of 

successively older leaf numbers (n) were obtained as ((n – 1) × 2.4 d) + 3.6 d and used 

together with the equation in Fig. 2, to estimate the fraction of final blade length of 

older leaf categories (i.e. leaf no. 2 to <6) at transfer and harvest. Accordingly, only the 
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five youngest leaf age categories experienced some leaf blade elongation following the 

transfer; but within that group, elongation stopped at progressively earlier times for 

leaves at more advanced developmental stages. For instance in leaf no. 3 the blade had 

reached 54% of its final length at the time of transfer, it continued to elongate for 5.1 d 

after the transfer, and hence blade elongation stopped at 1.9 d before sampling. In leaf 

no. 5, blade elongation stopped very shortly after the transfer. In leaf no. 6 and older, 

blade elongation had ceased already at the time of transfer. Overall, only leaf no. 1 and 

2 experienced blade elongation throughout the 7 d long period following transfer. 

 

Carbon isotope composition  

When plants were kept in constant conditions of VPD, the δ
13

CCel of leaf blades did not 

exhibit any significant variation with leaf age (P > 0.05). That is the δ
13

CCel of the 

successively produced leaves was virtually constant (Fig. 3a, b). As expected, δ
13

CCel 

was strongly influenced by δ
13

CCO2. The contrast in δ
13

CCel of plants kept in the 

presence of the 
13

C-enriched and 
13

C-depleted CO2 source was 41.0‰ (± 0.1‰ SD) in 

the 1
st
 experiment (Fig. 3a) and 42.2‰ (± 0.2‰ SD) in the 2

nd
 (Fig. 3b). This contrast 

was virtually independent of VPD as Δ
13

CCel differed little between VPD treatments 

(Δ
13

CCel was 0.9 ± 0.1‰ SD higher at high VPD, than at low VPD, similar to the VPD 

effect on photosynthetic discrimination reported in Gong et al. 2016).  

Where plants were transferred between environments with contrasting δ
13

CCO2 

(and VPD), and kept in the new environment for 7 d, the δ
13

CCel depended strongly on 

developmental stage/age of the leaf at the time of transfer. When leaves had stopped 

expanding prior to the transfer (mature leaves; no. 6 to 11; Fig. 2 and Table 1), their 

δ
13

CCel was virtually the same as that in plants kept in the old/original environment (Fig. 

3). But, within the class of still growing (immature) leaves, the younger the leaf at the 

time of transfer the nearer was its δ
13

CCel to that of the plants grown continuously in the 

new environment. For leaf no. 1 of transferred plants, the δ
13

CCel was almost the same 

as that of the corresponding leaves of plants kept constantly in the respective 

environment.  

 

Oxygen isotope composition  

As expected, continuous growth of plants at low and high VPD led to a different δ
18

OCel 

of leaf blades. On average of all age classes, the δ
18

OCel was 22.9‰ (± 1.2‰ SD) at low 
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VPD and 31.9‰ (± 1.1‰ SD) at high VPD (Fig. 3c and d). At high VPD, the δ
18

OCel 

was very similar in the two experiments. However, at low VPD, the δ
18

OCel was lower 

in the 1
st
 (Fig. 3c) than in the 2

nd
 experiment (Fig. 3d), mainly due to the lower δ

18
OCel 

of the older leaf blades (blades no. 6 to 11). In addition, δ
18

OCel exhibited some 

apparently systematic age-related variation among the younger leaf age classes. Again, 

that effect was particularly evident at low VPD where the δ
18

OCel of leaf blade no. 3 was 

1.9‰ higher than that of the other leaves. That (unexplained) deviation was important 

as it corresponded to 21% of the (average) δ
18

OCel-difference between low and high 

VPD. 

Similar to δ
13

CCel, the δ
18

OCel in leaf blades of transferred plants depended on 

developmental stage at transfer. Thus, within the class of still growing leaves, the 

younger the leaf the closer was its δ
18

OCel to that of plants grown continuously in the 

respective environment. With older leaves that had stopped expanding before the 

transfer (that is leaves no. 6 through 11), δ
18

OCel did not vary systematically as a 

function of age class. Also, the δ
18

OCel of these leaves did not differ significantly from 

that of plants kept in the original environment throughout the experiment. This was true 

except for the δ
18

OCel of the older leaves (no. 6 and older) in the low to high VPD 

transfer treatment in the 1
st
 experiment, which was 2.7‰ higher than that of same age 

leaves in the constant low VPD treatment in the same experimental run. We had already 

noted the particularly low δ
18

OCel of leaves no. 6 to 11 in the constant low VPD 

treatment in the 2
nd

 experiment. 

 

The fractions of new carbon and oxygen in cellulose of transferred plants 

The developmental stage-dependent variations of δ
13

CCel and δ
18

OCel observed in plants 

transferred to a different (new) VPD and altered δ
13

CCO2 were evaluated in terms of 

‗labeling kinetics‘, that is fractions of carbon (fnew C) and oxygen (fnew O) assimilated in 

the new environments and incorporated into leaf blade cellulose (Fig. 4).   

The fractions of new carbon and oxygen revealed near-identical relationships with 

leaf age in the low-to-high and the high-to-low VPD transfer treatments (Fig. 4 and Fig. 

S2). In leaves no. 6 and older, both fnew C and fnew O were not significantly different from 

0. With leaf no. 5 and younger, both the fnew C and fnew O increased in a sigmoidal fashion 

with decreasing leaf age. In leaf no. 1, the leaf blade was near-fully labeled with new 

carbon (i.e. fnew C = 0.97 ±0.01 SE), while the estimated fnew O averaged 0.91 (±0.02 SE). 
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In general, these relationships corresponded with the fraction of final leaf blade length 

that was already present at the time of the transfer (Fig. 5) and, hence, time since 

emergence of the leaf. Thus, the fnew C and fnew O decreased near-linearly with the 

fraction of final blade length that was already present at the time of the transfer.  

Although the general relationships of fnew C and fnew O with leaf age/developmental 

stage were similar, in the case of leaf no. 4 the fnew O was much higher (1.9 times) than 

fnew C (P < 0.05) (Fig. 6 and Fig. S3). 

 

DISCUSSION 

The short-term VPD effect on cellulose-
18

O of growing leaves is independent of 

VPD in the original growth environment  

The transfer treatments – low to high and high to low VPD – did not differ in their 

labeling kinetics, that is their effects on fnew O (or fnew C) of the different age classes of 

growing leaves. This indicates that the δ
18

OCel of cellulose synthesized after the transfer 

was determined chiefly by the VPD in the new environment and, hence, was essentially 

independent of VPD-specific morpho-physiological traits acquired in the original 

growth environment. Thus the original growth environment seemed to have no 

significant after- or memory effects on 
18

O-enrichment of leaf water and (consequently) 

carbohydrates in the new VPD environment and the propagation of the 
18

O signal of 

carbohydrates to that of the newly synthesized cellulose. Principally, a memory effect 

may be expected if the original growth environment has some constitutive effect on 

stomatal conductance that would influence the posterior 
18

O-enrichment of leaf water 

and hence carbohydrates when plant are exposed to a new VPD regime. However, in 

modeling the separate effects of VPD and stomatal conductance on δ
18

OCel, Barbour et 

al. (2002) found only a very minor effect of stomatal conductance when compared with 

that of VPD. Stomatal conductance was 20% less in plants of C. squarrosa when grown 

(and measured) with a low VPD in the same experiment (Gong et al. 2016), but that 

effect probably resulted mostly from the VPD-environment during the measurement of 

stomatal conductance (Schulze 1986, Monteith 1995). Except for transpiration (+27% at 

high relative to low VPD), measurements of other morpho-physiological parameters 

indicated no or little effect of VPD (Gong et al. 2016, Liu et al. 2016): leaf area index 

of the canopies, plant growth rate and mass, leaf mass and dimensions (individual leaf 

area and thickness), and nitrogen per unit leaf area or mass were not affected by VPD in 
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the original growth environment, while net photosynthesis was increased by 11% at low 

relative to high VPD. Additionally, the absence of aftereffects of prior growth 

conditions on the 
13

C-labeling of cellulose (fnew C) in growing leaves supports the view 

that the two VPD transfer treatments had no differential effect on allocation of newly 

synthesized carbohydrates to leaf growth, the turnover rate and size of the relevant 

carbohydrate pools and carbohydrate metabolism associated with cellulose synthesis. 

 

The temporal resolution of short-term VPD effects on whole-leaf cellulose-
18

O  

The temporal resolution of the oxygen isotope record represented by whole-leaf 

cellulose of successively formed leaf blades is influenced by (i) the participation of 

stores (which dampen and broaden the isotopic signal in the carbohydrate supply to 

cellulose synthesis), (ii) the leaf appearance interval (which dictates the rate of 

formation of the individual morphological units that resolve the temporal record), (iii) 

the duration of leaf expansion (that delimits the integration time of the isotopic signal of 

cellulose in primary cell walls at the whole-leaf level) and (iv) the duration of post-

expansion cell wall synthesis (that is related to post-expansion, continued secondary cell 

wall synthesis).  

In general, one should expect that carbohydrate stores can supply substrate to 

cellulose synthesis during leaf growth. In the present work, a contribution of 

carbohydrate stores to cellulose synthesis was potentially detectable in transferred plants 

based on an increased ratio of fnew O to fnew C. In the theoretical situation, that metabolism 

of storage-derived substrate involves no carbonyl oxygen formation, which is unlikely 

(Hill et al. 1995, Barbour 2007, Gessler et al. 2014, Song et al. 2014), or that such 

formation occurs only in unenriched medium water, the oxygen isotope composition of 

storage-derived metabolites should not be affected by a VPD change. However, if 

storage-derived metabolites exchange carbonyl oxygen with evaporatively enriched 

water (e.g. in source leaves), such exchange would generate an ‗oxygen tag‘ or label in 

the new VPD environment, while the carbon isotope composition of the metabolite 

would remain unchanged, elevating the ratio of fnew O to fnew C. In particular, one should 

expect to see such an effect in leaves that terminate cellulose synthesis shortly after the 

VPD transition, when stored carbon still reflects the carbon isotope composition of the 

original growth environment. In agreement with such an expectation, we observed a 

significant divergence of the fnew O to fnew C ratio, supporting some role of stores in 
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cellulose synthesis of leaf no. 4. In leaf no. 5, that effect was not statistically significant. 

Notably, however, such an effect was not evident in the younger leaves (the fnew O to fnew 

C ratio for leaves no. 1 to 3 was 1.01 ± 0.04 SE), indicating that stores supplying leaf 

growth must be turned over very rapidly by assimilates produced in the new 

environment. This conclusion is supported by findings with Paspalum dilatatum, where 

stored carbon contributed only 7% to the total carbon incorporation in leaf growth zones 

during undisturbed growth (Lattanzi et al. 2005). 

Cellulose synthesis ceased at or very shortly after termination of leaf blade 

expansion. That finding is consistent with studies of MacAdam and Nelson (2002) in 

Festuca arundinacea (Schreb.) that indicated a termination of secondary cell wall 

synthesis in leaf blade tissue near the time of its emergence from the surrounding sheath 

of the next-older leaf. Thus, virtually all cellulose synthesis in leaf tissue occurs while 

that part of tissue is fully enclosed within the surrounding sheath of the older leaf and 

non-transpiring.  

The dominant factor determining the temporal integration of the 
18

O-signal in 

whole-leaf cellulose (δ
18

OCel) was the duration of leaf expansion, as we have shown 

(above) that stores likely contributed little to cellulose synthesis and cellulose synthesis 

was mainly associated with the expansion phase. This interpretation is in line with that 

of Helliker & Ehleringer (2002) and is also consistent with the observation that the 

δ
18

OCel of leaf no. 1 was essentially determined by assimilate produced concurrently 

with its growth during the 7 d-long exposure to an altered VPD. Leaves at more 

advanced growth stages at the time of transfer experienced divergent VPD conditions 

during the different phases of leaf growth, which must have led to divergent δ
18

OCel in 

the leaf sections formed in the different phases as in Helliker & Ehleringer (2002).   

The phase of most-active leaf blade elongation lasted 6.6 d, with – on average – 

2.8 leaves at different developmental stages present in that phase simultaneously. At the 

same time, our data indicate that fnew O increased from 0.1 to 0.9 over a leaf number-

interval of 3.4 (growing) leaves, which corresponds to a 8.2 d-long period (obtained by 

multiplying the leaf number-interval by the 2.4 d-long leaf appearance interval). The 

same calculation indicated a period of 5.8 d for fnew C. These relationships all support the 

idea that similar to 80% of all oxygen and carbon incorporation into a leaf blade derived 

from current assimilation over a period of approx. 7 d, again supporting the view that 
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leaf expansion duration was the single most important parameter determining the 

temporal resolution of the whole-leaf blade based δ
18

OCel record presented by the 

sequential leaves produced by a tiller of C. squarrosa. That interpretation coincides 

with that of Wright and Leavitt (2006) who noted a fair correspondence between the 

duration of needle growth and the duration of cellulose synthesis in needles of Pinus 

aizonica.   

Remarkably, the leaf appearance interval and leaf growth duration of grass species 

(and species of other taxa with continuous or ‗succeeding‘ leaf production; e.g. 

Kikuzawa 1984; Schleip et al. 2013) can be predicted/modeled relatively well, as they 

are determined by growth-effective temperature, expressed in degree days above a 

certain base temperature GDD (the sum of daily average temperature above a certain 

base temperature), or other, more complex, functional relationships with (soil or air) 

temperature and other environemntal factors such as day length (Cao & Moss 1994, 

Fournier & Andrieu 1998, Fournier et al. 2005). Also, these parameters can be verified 

by simple means including visual inspection (e.g. Yang et al. 2016). These findings all 

suggest that the 
18

O record presented by the successive leaves formed along tillers of C. 

squarrosa (and probably other C3 and C4 grasses and dicotyledonous taxa) can be 

exploited as short-term isotopic chronologies. Such chronologies could be combined 

with analyses of 
18

O in phytoliths (Webb & Longstaffe 2006) and 
13

C in biomass or 

cellulose of the same tissue (Köhler et al. 2016) for comprehensive reconstructions of 

environmental conditions and physiological adaptations (Barbour 2007, Franks et al. 

2013) using plant tissue from herbaria (e.g. Peñuelas & Azcón-Bieto 1992, Bonal et al. 

2011) or other artificial (e.g. Silvertown et al. 2006) and natural archives such as bogs 

(Ménot-Combes et al. 2002). 
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Figures and Tables 

Table 1. Developmental stages of leaf blades at times of transfer to a new VPD 

environment and harvest/sampling 7 d later, and growth duration in the new 

environment following the transfer (for details, see Materials and Methods and Results). 

Developmental stage is given as leaf blade length expressed as a fraction of final length 

(fFBL), and was inferred from the leaf appearance interval (2.4 d at both low and high 

VPD) and the time course of leaf blade elongation shown in Fig. 1. Growth duration 

after the transfer was calculated as the time needed to reach 98% of final blade length. 

 

  

 

 

 

 

 

Leaf number           (fFBL) at time of Growth duration after  

 transfer harvest transfer 

 % % d 

1   5  84 7.0 

2   19  97 7.0 

3  54  100 5.1 

4  85 100 2.7 

5  97 100 0.3 

≥6  100 100 0 
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Figure 1. Photograph of a tiller of Cleistogenes squarrosa. Leaf blades are numbered 

consecutively from the tip to the base of the tiller, with no. 1 the youngest (exposed) 

leaf and no. 11 the oldest. DT refers to a daughter tiller which has emerged from the 

axillary bud of leaf no. 10 (photo taken from Supporting Information in Liu et al. 2016). 
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Figure 2. Time course of leaf blade elongation of Cleistogenes squarrosa in relation to 

the time of leaf tip emergence. Plants were grown at low VPD (closed circles) and high 

VPD (open circles). Leaf blade length is expressed as a fraction of final length (fFBL). 

Emergence is defined as the time when the leaf tip grows past the highest visible ligule 

of the next fully expanded leaf. The solid curve denotes a 3-parameter sigmoidal 

function for all data: y = 101.19/{1 + exp[(1.22 − x)/1.53]}, R
2 

= 0.89. VPD had no 

effect on the parameters of the function (P > 0.05).  
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Figure 3. Carbon isotope composition, δ
13

CCel (a, b), and oxygen isotope composition 

(c, d) of cellulose, δ
18

OCel, in the different leaves formed along a tiller of C. squarrosa. 

Leaves were numbered from youngest to oldest (cf. Fig. 2). Plants were either kept 

constantly in the same environment (open symbols) or transferred from one VPD 

environment to the other (low to high VPD or high to low VPD) and kept in the new 

environment for 7 d before sampling (closed symbols). In all cases, the transfer of 

plants was associated with exposure to an altered δ
13

CCO2 (see Materials and Methods). 

The experiment had two replications: 1
st
 experiment (a, c), 2

nd
 experiment (b, d). 

Symbols: constant low VPD (open circles); constant high VPD (open triangles); low to 

high VPD transfer (closed circles); high-to-low VPD transfer (closed triangles). In the 

1
st
 (2

nd
) experiment the low VPD chamber received 

13
C-depleted CO2 (

13
C-enriched 

CO2) and the high VPD chamber 
13

C-enriched CO2 (
13

C-depleted CO2). For details of 

treatments see Fig. S1 and Materials and Methods. Values are means ± standard error (n 

= 3).  
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Figure 4. Fractions of new carbon, ƒnew C (a) and new oxygen, ƒnew O (b) in cellulose of 

leaf blades of different ages in plants transferred from low to high VPD (closed 

diamonds) and from high to low VPD (open diamonds). Leaves are numbered from the 

youngest to the oldest (cf Fig. 2). Transferred plants were exposed to the new VPD 

environment for a period of 7 d before sampling. In all treatments, transferred plants 

were exposed to an altered δ
13

CCO2 that provided for a differential labeling of all carbon 

assimilation in the new VPD environment (see Materials and Methods and Fig. S1). 

Values are presented as mean ± standard error (n = 6). 
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Figure 5. Fractions of new carbon, ƒnew C (a) and new oxygen, ƒnew O (b) in cellulose of 

leaf blades of different ages in plants transferred from low to high VPD (closed 

diamonds) and from high to low VPD (open diamonds) as a function of the fraction of 

leaf blade length that was already attained at the time of transfer. Leaves are numbered 

from the youngest to the 6
th

 old blade which has already been fully expanded at time of 

transfer (cf. Fig. 2 and Table 1). Transferred plants were exposed to the new VPD 

environment for a period of 7 d before sampling. The dashed lines are linear regression 

lines for ƒnew C in panel (a): y = −0.01 x + 1.05 (R
2
 = 0.99), and for ƒnew O in panel (b): y 

= −0.01 x + 1.01 (R
2
 = 0.88). Values are presented as mean ± standard error (n = 6). For 

further details see Materials and Methods, Fig. 3 and Fig. S1.  
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Figure 6. Relationship between the fractions of new carbon (ƒnew C) and oxygen (ƒnew O) 

in cellulose of leaf blades of different ages in plants. Data of ƒnew C and ƒnew O transferred 

from low to high VPD and from high to low VPD was combined together due to the 

similar general relationship between ƒnew C and ƒnew O with leaf age/developmental stage. 

Numbers refer to leaf age as indicated in Fig. 2, Table 1. * above a data point indicates a 

significant difference between fnew C and fnew O (P < 0.05). For other leaf categories there 

was no significant difference between fnew C and fnew O of. Dashed lines give the 1:1 

relationship. Values are presented as means ± standard error (n = 6) for both fnew C and 

fnew O.  
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Fi u   S1. Experimental scheme. Two independent experiments were performed with 

plants of C. squarrosa exposed to four treatments in growth chambers: constant low 

VPD, constant high VPD, transfer from low to high VPD, and transfer from high to low 

VPD. In both experiments, the low and high VPD environments received CO2 with 

contrasting δ
13

CCO2 (
13

C-depleted CO2, −48.8‰; and 
13

C-enriched CO2, −6.2‰). 

Transferred plants were kept in the new environment (high or low VPD) for 7 d and 

then sampled in parallel with plants kept constantly at low and high VPD. Three 

samples were collected in each treatment in each experiment. Except for VPD and 

δ
13

CCO2 all conditions were kept the same in all growth chambers.  
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Figure S2. (a) Fraction of new carbon (ƒnew C) in leaf blade cellulose of plants 

transferred from high to low VPD (y-axis) versus ƒnew C in plants transferred from low to 

high VPD (x-axis). (b) Fraction of new oxygen (ƒnew O) in plants transferred from low to 

high VPD (x-axis) versus ƒnew O in plants transferred from high to low VPD (y-axis). 

Data points compare ƒnew C (or ƒnew O) for same age leaves. The solid lines give the 1:1 

relationship. The dashed lines are linear regression lines for ƒnew C in panel (a): y = 1.04 

x + 0.0004 (R
2
 = 0.996), and for ƒnew O in panel (b): y = 0.98 x + 0.01 (R

2
 = 0.98). For

both regressions, the intercept is not significantly different from 0 and the slope is not 

significantly different from 1. Data points show the mean ± standard error (n = 6).  
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Figure S3. Relationship between the fractions of new carbon (ƒnew C) and oxygen (ƒnew O) 

in cellulose of leaf blades of different age in plants transferred from low to high VPD (a) 

and from high to low VPD (b). Numbers refer to leaf age as indicated in Fig. 1 and 

Table 1. The dashed lines are 1:1 lines, and values are presented as means ± standard 

error (n = 6).  
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