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Abstract

This thesis investigated the structural and fumetiomplications of segmental organisation of
two hydroponically grown perennial ryegrassolium perennel.) cultivars, Alto and
Aberdart in spring and autumn, for around 90 daysach season. The objectives included
describing tiller axis morphology, studying leafdaroot turnover pattern in a phyllochron
(leaf appearance interval) time scale, and studywmgt-shoot and tiller-tiller functional
relations. In the Spring experiment a total of 156-segments or phytomers developed, 10 —
11 of which bore roots. In the Autumn experimenbtal of 22 — 23 phytomers developed, 17
— 18 of which bore roots. New leaves appeared nreguently in autumn and achieved
significantly greater final leaf length, dry weigimd lamina area through a significantly faster
rate of leaf extension, though with significantljoster elongation duration compared to
spring leaves. However, autumn leaves had signifigdonger life span and lower specific
leaf area. The individual leaves achieved maximotg@synthetic capacity between 12.5 and
14.8 days after appearance. The individual rootibgaphytomers in autumn bore a
significantly higher number of roots (2.4) tharspring (1.7). At successively more developed
phytomers root main axis length, root dry weigbtrlength including branches, surface area
and volume increased linearly up to phytomer 6fer7oth of the cultivars in both seasons
whereas dry matter deposition rate per phytomerdpgrand mean root diameter decreased
gradually. Branching to quaternary order was olesrduring root development. Principal
component analysis of root morphology data detestatistically significant morphological
variation between genotypes of each cultivar batltasis for differentiation was not visually
evident. Roots older than 10 leaf appearance iakem autumn decreased gradually in
volume while still increasing in total branch lehgfhis was interpreted as evidence of root
death in some branches while the remainder cordirelengation. Tiller root:shoot ratio
varied seasonally, possibly mediated by faster teah root appearance rate at successive
phytomers in spring, andce-versain autumn. Excision of adult daughter tillers sigantly
reduced number of root-bearing phytomers of thenntidler which indicated slower new
root appearance rate at the main tiller. A sigaffic proportion of root derived N and
assimilated C from daughter tillers was translatdtethe main tillers and this may explain
why daughter tillers remain smaller in size thaeirtiparent tillers. Evidence for a proposed
oscillation of N concentration within the tiller iaxof Hordeum vulgard.. linked to N uptake

by successive developing leaves was also examiegak N concentration oscillation was
detected, with the highest concentration just pieagach leaf appearance event. Evaluation of
ryegrass root morphology from a segmental perspectinough logistically challenging, has
provided previously unavailable information on tif@e course of root mass accumulation
and of root branching. This methodology could bedus future to further explore the carbon
economy of the root system and the factors that fimal root size.
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Chapter 1: Introduction

1.1 Background

The predominant land use in New Zealand is pastmgetulture, with lowland and hill
country pastures together covering around 14 nf baatal land area of 27.6 m ha. About
53% of New Zealand’s export income is provided bg pastoral industries (Ballingall
and Lattimore, 2004; Statistics New Zealand, 200M¢w Zealand’s economy was
strongly based on agricultural exports in the fivatf of the 28 century, and for a brief
period in the late 1970s and early 1980s agricaltyroduction was subsidised to
encourage expansion. Despite vulnerability to daimmesterest rate adjustments,
increased exposure to global market forces andréh@val of agricultural subsidies
during the mid-1980’s, meat and milk productionnfrpastoral agriculture has increased
over the last 20 years due to production interaifom (Smith and Montgomery, 2004;
MacLeod and Moller, 2006). The intensification Heeen driven directly by a fall over
time in inflation-adjusted market prices for agtiaral products. This intensification of
agricultural production has placed pasture landdeurpressure and has led to serious
concerns related to soil quality (Sparling and Bpér, 2004; La Schipper et al., 2007),
biodiversity (Moller et al., 2008) and other asgedf environmental sustainability
(Mackay, 2008). The impacts on the wider landscap@roduction intensification on
pastoral land have been the focus of some recerdws (e.g. Monaghan et al., 2007,
Williams et al., 2007; Mackay, 2008; Moller et &008). According to Jay (2007) “the
New Zealand dairy industry faces political and coencral pressure to improve its
environmental performance on the one hand whilentaming economic efficiency and
commercial competitiveness in a global marketplasethe other”. The same pressures
also face other sectors of the New Zealand pastodaistry. To allow farmers to adopt
more environmentally friendly production practicegintain their life-style, and also to
remain competitive in the world market as a coungmpduction will need to intensify
through a combination of improved efficienciesalitpoints in the production cycle, both
on the farm and after product leaves the farm gatethe fundamental level, better
knowledge of sward dynamics and morphological deit@aints of productivity can assist
breeders to develop superior genetic lines, and hedp farmers to develop efficient
fertilizer practices, and achieve efficiencies they areas such as water use. During an

earlier phase of agricultural intensification betwethe 1950s and the 1970s, following
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World War Il (Molloy, 1980), a good number of sudsearch projects were funded by
various governments as part of the post-war regowdany of these studies conducted in
the post war period tended to compartmentalisesggaswth into a series of component
processes that were studied separately, in patiqalot formation, tillering, and leaf
turnover. Notable examples are reviewed in Chaptéioreover, studies which consider
the position of attachment and age of individualsgrroots are almost unknown. However,
funding emphases have shifted since the 1980sreme@rch of this type has been greatly
reduced in volume, while at the same time technoligvelopments have provided new

opportunities to understand plant processes.

With this context in mind the present study wagiedrout with a broad aim of exploring
the idea that a grass plant is best understoodtifunatly in terms of the segmental
morphology common to grasses as a botanical farmgywill be demonstrated in Chapter
2, such an approach potentially integrates compgmecesses like root or leaf formation,
previously more commonly studied separately. Paatnyegrass was chosen because it is
the dominant pasture species in New Zealand ang mier temperate countries of the
world (Anderson, 1954; Belgrave et al., 1990).

The primary goal of the study was therefore to dbecin detail the segmental
morphology of the ryegrass tiller with a view taarlying the coordination between
different plant organs including roots and leaves@arent tiller, and between parent and
daughter tillers in order to provide a basis fohamcing the application of sward
dynamics knowledge. As a result of such a studyeowdd expect better understanding of
grass eco-physiology especially in relation to us@ading internal competition within
the plant, as indicated by mass flow of resource$ eomparative size increases of
different plant organs. Another potential applioatiof such knowledge would be

mechanistic computer modelling of the tiller umtdiller populations.
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1.2 Objectives
From the broad goals above, specific objectivestiits study (in logical rather than
chronological order) were:

i) To provide morphological data on segmental orgaioisaf the tiller axis
and numbers of live leaves and roots and their agesvo perennial
ryegrass cultivars of contrasting breeding backgdou

i) To study the pattern of leaf turnover on the tibetis and photosynthetic
efficiency of the individual leaves of known age;

i) To study in detail the pattern of root developmeantelation to position on
the tiller axis, including data on dry matter acclation, degree of root
branching, root diameter classes, length of indialdoot axes, total root
length, total root volume, and root surface are@rg others;

iv) To explore the hypothesis of Mattheet al. (1998; 2001) that plant
architecture (specifically the physical separatarsites of root and leaf
formation on the tiller axis) may provide a sigrthht spontaneously
increases root:shoot ratio in spring and decreesedshoot ratio in autumn;

V) To explore the exchange between parent tiller aadghter tiller of
recently assimilated carbon (C) and recently aegumitrogen (N), given
that a daughter tiller is inserted on the tilleisaxetween the root and shoot
systems of the parent;

Vi) To explore the hypothesis of Irving (unpublishegk $\ppendix 1) that the
segmental organisation of grasses, together wehrélcovery of N from
Rubisco degradation in older leaves for reuse disesvin the plant (Irving
and Robinson, 2006) should result in oscillatiortiséue N concentration
in the tiller axis that might have a signallingeoh coordination of plant

processes.

1.3 Experimental sequence

The chronological sequence of experimentation ihtfefrom the logical sequence above
because initially it was planned (on advice of sugers) to make a detailed investigation
of the oscillation in N concentration of the tillaxis observed in unpublished data of
Irving, as set out in Objective (vi) above. Howewehen observations of Irving were not
reproduced in three experiments conducted betweay 2007 and March 2008, it was
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decided instead to make a broader study of the matwgical organisation of perennial
ryegrass tillers, exploring how the segmental oiggtion of the tillers contributes to
coordination of root and shoot systems and thereatfiexchanges between a parent tiller
and a daughter tiller attached to the tiller ax@pnmen the root and shoot systems of the

parent tiller.

Chronologically, six experiments were conductedraveperiod of 2% years from May
2007 to September 2009. Five out of six experimatlised plants in hydroponic culture
as extraction of single roots of plants grown iil 8w measure dimensions of individual
roots would have been problematic. As mentionedvap&xperiment 1 explored the
evidence for N concentration oscillation in théetilaxis, mediated by Rubisco recovery
from older leaves and recycling to younger leaveghdr on the tiller axis. This
experiment used seedling plants of barldyordeum wvulgarelL.). Two follow-up
experiments, Experiment 2, and Experiment 3, agsing barley seedlings in hydroponic
culture and grown in soil, respectively were coridddetween late 2007 and March 2008.
Experiment 3 was unsuccessful and is not reponteiis thesis.

Experiments 4 and 5 then addressed the broadeicatiphs of segmental morphology for
the ecophysiology of perennial ryegrass. These rexpats utilised adult tillers of
perennial ryegrass obtained by breaking up matiargtgdug up from field swards of two
cultivars with widely different breeding backgrownb extract adult or ‘dominant’ tillers
for further study in hydroponic culture. In this yi was possible to have an experiment
design structure of different plant genotypes dlgneeplicated. Experiment 4 was
conducted during the winter-spring period (Juneeednber 2008) and Experiment 5 was
conducted during autumn-winter (March — Septemb@d92. Subsets of plants were
harvested from these two experiments for specifippses to address objectives (i), (ii)
and (iii) above. Although it was recognised thataa needed when comparing results of
different experiments, it was expected that congpariof results from plants grown in
increasing day length in Experiment 4 and decrgagay length in Experiment 5, would
allow preliminary evaluation of the hypothesis ttted segmental plant architecture would
result in root:shoot ratios differing seasonallybj€ztive iv). Experiment 6 (C and N
labelling experiment) was conducted in autumn 200Bjective (v) was addressed by

feeding'C-enriched C@to leaves of°N enriched ammonium sulphate to roots of main
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or daughter tillers and using isotope ratio mascispmetry to detect movement of the

isotopic tracers from main to daughter tillersyme-versa

1.4 Thesis structure
The results from the four experiments reportedoaesented in this thesis in nine chapters,
sequenced logically rather than chronologicallyaddlress the 6 objectives set out above.

The introductory chapter (Chapter 1) is followedabseview of literature (Chapter 2).

Chapter 3 provides ‘tiller axis maps’ similar tm#le of Yanget al. (1998) for the two
perennial ryegrass cultivars studied in Experinde(dand also Experiment 5). The data for
Chapter 3 came from an early harvest of a smabledutf plants in Experiment 4. Chapter
3 is provided so as to define the plant structweuning under the particular growing
conditions, and also to orientate the reader todtita presentation conventions used for
the remainder of the thesis to indicate the poihtattachment on the tiller axis of
particular leaves or roots. In particular, Cha@eeports the numbers of leaves and roots
present on the tiller axis, the positions on thiertiaxis where leaf senescence and root
initiation occurred and the size and status ofésaand roots at each position (phytomer)

on the tiller axis.

Chapter 4 and Chapter 5 describe the turnover axfele and roots, respectively, under
increasing day length in a winter-spring experim@xperiment 4) and under decreasing
day length in an autumn-winter experiment (Expentris. Chapter 6 presents root-shoot
relations and evaluates whether there is evidefig®asonal change in shoot:root ratio
(Objective iv). Chapter 7 presents results obtainid stable isotope tracers (Objective v).
Additionally and unexpectedly, when measuring mtiof *>N:**N and **C:**C in

individual leaves and roots, isotopic fractionatieithin the shoot and root systems was
detected, and this too is reported in Chapter 7ap@r 8 explores the question of N
concentration oscillation in the tissues of bangignts based on results of Experiment 1
and Experiment 2 (Objective vi). The results ardectively discussed in Chapter 9. Table

1.1 below summarises the layout of the thesis.
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Table 1.1Chapter structure of the thesis

Chapter Theme Contents
1. Introduction Context and overview of the research.
2. Literature review Review of earlier research findings and identifmat

of gaps in present understanding.

3. Tiller morphology Tiller axis maps of leaf and root size by phytomer
number on the axis are compiled for two perennial
ryegrass cultivars as a basis for further invettiga
and discussion.

4. Leaf turnover and Leaf number and length described according to
phytomer position for two perennial ryegrass caits/

of contrasting breeding background when grown
hydroponically under increasing or decreasing day
length.

photosynthesis

5. Dynamics of root Root dimensions at successive phytomers when grown
under increasing or decreasing day length quadtifie
and root production rates inferred for two perehnia
ryegrass cultivars of contrasting breeding backgdou

production

6. Root-shoot interrelations  Root-shoot relations in changing seasonal enviroime
explored. Morphogenetic variations associated with
seasonal variations investigated. Daughter tillers’
variations contribution to main tiller’s roots explored.

and seasonal morphogenetic

7. Functional implications of C-N relations in segmental organisation explored.
L Evidence of'®*N:**N and ¥C:*°C fractionation in the

segmental organisation
root system detected.

8. Evidence of N concentrationEvidence for oscillation in tissue N concentratms a

_ result of N remobilization and reallocation evagdat

oscillation

9. Overview and conclusions Key results summarised and discussed and possible
follow-up research work identified.




Chapter 2: Literature Review

2.1 Grassland in a global context

Grasslands cover more than one-third of the eastlwgace (Shantz, 1954). This estimate
includes both natural grasslands and pasturestérhenatural grassland is used here to
mean areas where the climax vegetation is grasstdteh because of insufficient rainfall
to support forest, while pasture is used to inédigaassland artificially created from forest,
natural grassland, or other vegetation for agngalt purposes. Over the last three
centuries, pasture land has expanded from 5 mikimh in 1700 to 31 million krfiin
1990, mostly at the expense of natural grassla@afdéwijk and Ramankutty, 2004) and
forests (Shantz, 1954). New Zealand is a good ebkawipa country where pasture land
expansion has occurred at the expense of foredtsiamlar pasture land expansion has
occurred in many other temperate parts of the wgrély, 1937; Prentice et al., 1992;
Hopkins and Wilkins, 2006). Pasture land expansias been driven by the increasing
world demand for livestock products as world popata has increased (Levy, 1937;
Hopkins and Wilkins, 2006).

The basic function of grasslands is to provide fleeduminant livestock. The pastures of
temperate regions of the world meet the feed denassdciated with production of 80%
of the world’s cow milk and 70% of the world’'s beahd veal meat (Wilkins and
Humphreys, 2003). In addition to the basic functminfeed supply to drive animal
production, grasslands increasingly contribute tomglementary agronomic and
environmental objectives, such as, reduction df esmision by supporting slope stability,
improvement of soil structure, water conservatmnservation of plant genetic resources,
and provision of habitat for wildlife (Barnes andelsbn, 2003; Humphreys, 2005;
Hopkins and Holz, 2006). They also contribute t@ialp economic and recreational
activities at national, regional and catchmentes#éReid, 2005; Hopkins and Holz, 2006).
As a result of a growing interest in integratingqgluiction, conservation and recreational
use of grasslands around the world, a new empkassging among grassland scientists
at the beginning of the Zkcentury has been to achieve inter-disciplinargaesh from a
multifunctional vision (Hervieu, 2002; Hopkins ahtblz, 2006; Hopkins and Wilkins,
2006). This approach seeks to mitigate the negafieets of intensification of production

systems through use of science to develop agrralltpractices that have better
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conservation outcomes (Lemaire et al., 2005). Towaga grasslands in a way that
provides both high productivity and sustainabilitfy the production system, requires a
solid framework of knowledge of all aspects of gsbem functionality and keys to
maintaining biodiversity (Kemp and Michalk, 2007).

A desired outcome of the emergence of the multifonal approach to grassland
management would be collaboration between neighbgucountries in establishing
principles and practice. This would require develept of a global perspective on
geographic patterns of grassland productivity amdlluse, and of how these patterns are
related to annual precipitation and other agro+emmental conditions. To some extent
collaboration between countries is already begigriom happen. A recent article has
modelled the spatial distribution of grassland picitvity and land use in Europe (Smit et
al.,, 2008) and funding for agricultural researchthi the European Union is now
providing a vehicle for research into nutrient aygl and environmental sustainability

when grasslands are seen as multifunctional systems

2.2 The role of and need for component studies

Perhaps unexpectedly, one side effect of an enwphasi developing grassland
management strategies that emphasise integratidoodf production, recreational, and
other human needs, is the emergence of a view pghaduction systems could be
intensified on land designated to provide the foatput within a multifunctional system.
Such views are seen, for example, in a analysigesfds in European dairy farming
systems (Lowe, 1995). This author notes the neadtégrate a diversity of objectives
relating to human need for food, attractive cowsitty, adequate services and facilities,
and sources of employment. This is very much intresh with the emphasis that has
prevailed, at least in Europe and many other Wiestations, over the last 20 years. While
the politics were actually quite complex, one fadtwat has shaped current priorities is
that farming subsidies aimed originally (at leastpart) at ensuring security of food
supply within Europe, through local production, tedover-production and food surpluses.
This in turn led to a focus on researching the remvnental benefits of de-intensification
of production systems. For example, issues likeagament of biodiversity in temperate
European grasslands (Partel et al.,, 2005; Hopkind Bolz, 2006) and nutrient
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management in grazing systems (Oenema et al., 208V@ emerged as issues that

administrators require farmers to plan for.

These changed research priorities were in turnectstl in research outputs. It is
noticeable that during the last 20 years when rekeiato de-intensification has been a
greater priority, the content of grassland scigocenals has changed. Reflecting this, a
majority of articles in Grass and Forage Scienc& the 1980s focused on herbage
production and factors affecting production, andbbhge quality, while between 2000-
2005 a number of articles discussed issues otlar pinoduction such as soil nutrient
status and its management, the diversity and mamagfeof soil microbial populations

and other issues related to biodiversity, and emvirental and social benefits.

However, now it is increasingly recognised that gfoduction elements within
multifunctional grassland systems are actually ¢oiriiensified while at the same time
maintaining or improving environmental sustainapibf those systems, there will clearly
be a need to revisit component research into aspeictecophysiology relevant to
grassland intensification. A major gap in underdiag in the area of grassland
ecophysiology, is the interrelationship of root ambot systems in a broad sense and their
sub-processes in a more detailed sense. For exafoplBlew Zealand’s major pasture
species, perennial ryegrass, comparatively ligl&known about how total root growth is
allocated between locations within the root systemabout the interrelationship between
an adult tiller, branch shoots, and their root eys. In this context there is a need to
provide scientific understanding of grass ecopHggyp to underpin production
intensification within future multifunctional grdasd systems and at the same time
improve understanding of how component processeh @s leaf, tiller, and root
formation are functionally integrated. A potentyaliseful approach is to define shoot and
root dynamics in terms of the segmental morpholofythe grass plant, as proposed by
Matthew et al. (1998) and Yang et al. (1998). Témainder of this chapter will therefore
review the current understanding of how awarenésegmental morphology of grasses
can assist in understanding of leaf, shoot and fmwobation processes, with particular

emphasis on perennial ryegraksl{um perennd..).
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2.3 Emergence of understanding of segmental morplamy in grasses

A majority of historical research into the functiah grassland plants has focused on
processes presumed to directly contribute to svpmodluctivity. Notable examples of
topics studied include: leaf turnover and relateassnflow processes e.g., Bircham and
Hodgson, (1983), considerations determining liglptare (e.g., Parsons et al., 1983a;
Parsons et al., 1983b) and population dynamicsrassgswards e.g. Kays and Harper
(1974). The collective emphasis of such studiesali represented by the volum&he
Grass Crop(Jones and Lazenby, 1988).

By contrast, a much smaller number of studies leymored the functional significance
of the segmental morphological structure of thesgrtller. Evans (1928) reported the
presence of nodal structuredea mayd.. after observing the vascularisation pattern. He
showed that single vascular bundles seldom passighrmore than two nodes without
branching. Arber (1934) is another earlier examplea study which mentions the
segmental architectural structure of graminacedast® including cereals, grasses and
bamboo. Evans and Grover (194@)died the developmental morphology of the growing
point of the shoot and the inflorescence of eigidcges of grasses including perennial
ryegrass. That study noted the presence of a dbaped growing point (i.e., the apical
meristem) and also a segmental shoot axis whictesishoot components like the leaf
and tiller bud, and which may contain elongate@rmbde units. Other classic studies of
grass segmental morphology were made around thes by e.g. Sharman, (1942; 1945a,;
1947) Sharman (1945b; 1947) observed a series of leahgodia at different
developmental stages while studying the stem apekizomes, young aerial shoots and

the main shoot ofgropyron repens.

The detailed study of Etter (1951) on Kentucky bdmass Poa pratensid..) was one of
the first to move beyond simple description of $egmental structure and investigate the
link between segmental structure and field behavidhis study by Etter (1951) mapped
the development of individual shoots of Kentuckydgrass in the field over three years,
noting events occurring over time on each phytoofethe mapped shoots. The study
observed that component parts of Kentucky bluegshests, for example the leaf blade
and sheath, the internode, axillary bud, and tegbaoots immediately below the leaves

all represent stages of development seen on anployytemer over time but displayed at
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any one time by successive phytomers along thetsha®. These component parts arise
from the growing point in a defined sequence bdgmmwith the formation of the leaf

primordium and then the leaf blade, followed by thaf sheath. The internode between
successive leaves may elongate or remain shotfirzalty roots are formed as a last stage

in the development cycle of a single phytomer ghowrtit.

After this time there was widespread awarenesh@fsegmental structure of the apical
meristem and the functional significance of thatléaf production but a tendency to still
view sward processes as being mass flow or populétsed. For example, Jewiss (1966)
described the morphology and developmental stagdwei growth of the leaf primordium
and transformation into an emerging leaf at thetgimers below the apical meristem, and
in the same article reported seasonal tiller karid mortality patterns of two grass species
under contrasting defoliation managements. Howeadata on tiller birth and death were
not in any way linked to the description of segnaéntganisation of the apical meristem.
This development came rather later with studie$ sascthat of Neuteboom and Lantinga
(1989); they described the pattern of increase lantptiller number over time and
associated site filling ratio, and recognised tl¢eptial contribution to tillering of the

prophyll buds.

Another emphasis pursued by some researchers wiedih@ the vascular architecture of
grasses. Hitch and Shaman (1971) after studying/diseular pattern of festucoid grass
axes, described the basic pattern underlying theptaex structure of the nodal plexus, the
details of leaf insertion at a node, and detailsa the leaf trace system connects the leaf
to the main axis. Bell (1976a; 1976b) made an extig detailed study of the vascular
architecture ofLolium multiflorumLam., showing the interconnections between thé lea
trace system of successive leaves, and the vasdatails of tiller insertion and root
insertion in the main tiller axis. He found thatlkeghytomer possesses a vascular plexus.
Awareness that phytomers are delineated from e#wdr @t the vascular level, and not
just by the occurrence of external organs like ésawr roots, gives a hint of how
fundamental this segmental structure might be terdening functional behaviour of

grasses.

One of the earlier studies to recognise the pakfor using knowledge of segmental

morphology to understand integration of plant glowtrocesses was that of Silsbury
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(1970). This author noted that when a grass tileriewed as a series of phytomers, the
component organs of the phytomer are the leafjritegnode, the axillary tiller and the
root(s). However, despite increasing awareneshefsegmental organization of grass
shoots and studies such of those of Etter (1958) Qitsbury (1970), many authors
continued to describe models for understandingtglamction that did not acknowledge
the segmental architecture of the grass root systémious articles on seasonal root
growth published between the 1960s and the 1980siaered root formation in a grass
tiller to be a seasonal phenomenon that occurs alyn(Jacques, 1956; Jacques and
Schwass, 1956; Caradus and Evans, 1977). Botheaema Schwass (1956) and Caradus
and Evans (1977) described a seasonal pattern whesé new roots form in autumn-
winter-spring, while Garwood (1968) reported thatvnroot production in UK peaks in
spring. This viewpoint was also supported by othethors, including Stuckey (1941),
Troughton (1951), and Baker and Garwood (1959)oAsequence of acceptance that root
growth is a seasonal process was a tendency tmagswt growth would not therefore be
segmentally organised. Fig. 2.1 illustrates theswof grass plant architecture as it shows
the segmental organization of shoot componentslepiction of root organization does

not show any segmental structure (from Jewiss, 1972

From the 1980s onwards, a number of authors haempted to represent the grass plant
in computer models and simulate behaviour of fE&hts as a summation of segmentally
organised processes as first introduced by aulii@sSharman (1942), Etter (1951) and
Silsbury (1970). Klepper et al. (1984) modelled tbet axis of the wheat plant based on
the number of nodes recorded at the tiller axistand developed an association between
leaf sites and root initiation at the same nodéh woots appearing after the senescence of
the leaves. Leaf senescence interval was recorgl&ine (1983) while studying leaf life
span over the changing seasons throughout the gmdrthe leaf senescence process was
modelled by Woodword (1998) In perenne

12



Chapter 2 Literature review

Leaf lamina

Leaf sheath

Emerging leaf

Stem apex and leaf primordia
Developing leaf
Tiller bud

Fig. 2.1 Diagrammatic longitudinal section of the vegetativass tiller showing position
of stem apex and production of leaves and tilleosnfleaf primordia and buds,
respectively (Jewiss, 1972). Note that in this dngwno phytomer-related age

difference between roots is indicated.

Acknowledging the segmentally organised attachmehtindividual roots at sites
previously bearing leaves, Matthew and Kemball 7)2&udied the allocation of current
photosynthate down the tiller axis from youngeolder nodal positions in the root system
of L. perenne Their results are reported in Section 2.4.2.owelSection 2.4 which
follows, attempts to integrate the emerging knogkdhat establishes the concept of

segmental organization of grass tillers.
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2.4 Segmental organisation as an integrating prinple for component

processes of grass tiller form and function

In this section a brief review of historic reseamrhgrass form and function is provided.
Here, information that focuses on mass flow proegssich as leaf growth and death, or
on measures at a sward level such as total roat pgsunit ground area at a point in time,
is sequenced in such a way as to highlight cukeatvledge and indicate areas where the
operation of the segmental morphology to influeficen and function is less well

understood.

2.4.1 Unit of grass growth: the phytomer

Early awareness of the segmental structure of thesgshoot has been mentioned in the
previous section. The phytomer is the basic growimigjin the segmental architecture of a
grass tiller (Jewiss, 1966; Silsbury, 1970). Arebitrally it is a ‘building block’ in the
grass tiller axis, comprising a node and an intgéencA phytomer during its life cycle
undergoes a series of developmental changes awer (frig. 2.2 from Matthew et al.,
2001). These developmental changes include theatowmof a leaf, the senescence of the
leaf and recycling of N and other nutrients to thet of the plant, the possible release
within a limited time window of a leaf axillary buthb form a branch shoot, possible
internode elongation, and normally the formatiomaaits from its node over the course of
its life cycle. Silsbury (1970) notes that the gtwf an individual leaf, internode or root
is limited but that of the axillary bud is theooatily unlimited as it bears an apical
meristem which is capable of producing new phyt@n@nly reproductive development
at the stem apex terminates ongoing developmeméwfphytomers (Silsbury, 1970). The
production and death of phytomers which comprise tiher axis is dynamic. In the
developmental cycle of a phytomer, meristematits@lthe apical tip of a stem undergo a
complex cell division pattern which eventually rigsun differentiated tissues forming the
phytomer unit. After the developmental sequenceriesd above, old phytomers die and
decompose from the distal end together with thgarched roots and thus maintain a more
or less constant number of phytomers on the tdbes at any one time, and hence a
constant morphology for the tiller, despite turnoweé phytomers on the axis (Matthew,
1992).
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EL
ML ™
\\\I\\
SL. "
AM
Soil surface ‘AB OT

\

Fig. 2.2 Stylised diagram of a grass tiller showing diffdreevelopmental stages of the
component phytomers. AM, apical meristem; EL, elimy leaf; ML, mature leaf;
SL, senescing leaf; DT, daughter tiller; AB, axiyldoud; R, root. The life cycle of
an individual phytomer on the true stem is indidatey the progression of
morphological development from top (younger phytmnassociated with leaf

production) to bottom (older phytomers associatétth woot production) (From
Matthew et al., 2001).

Given that the tiller axis comprises a series afcessively more developed phytomers in
a linear series below the apical meristem, asdestribed, it is therefore of interest to
review what is known of the developmental procesdesach stage in the life history of

the phytomer. Section 2.4.2 below discusses theiesgiql developmental steps of a
phytomer in detail.
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2.4.2 The developmental sequence of a phytomer

2.4.2.1 Leaf growth

The visually obvious phases of leaf developmerstirgd) to expansion of the leaf lamina,
and increase in dry weight, surface area or spdeifif area after its appearance are in fact
only a part of the overall life cycle of a leaf. er'tiull cycle includes: i) primordia
formation and development, ii) ligule formation) leaf appearance, iv) leaf development,

V) maturity and eventual senescence.

2.4.2.2 Apical meristem to leaf primordium

The first phase of leaf growth begins within theydostem cylinder, which is made up of
the quasi-cylindrical sheaths of the previous lsa®erdenal et al., 2008). The
developmental anatomy and morphology of leaf prai@rformation from the apical
meristem in a grass tiller axis apex has beenetiioy many authors e.g., Sharman (1942)
in Z. mays Sharman (1945b) iA. repens Hamilton (1948) inAvena sative.., (Cooper,
1951) inLolium spp, Soper and Mitchell (1956) In multiflorumand L. perenneand
Soper (1956) ifPaspalum dilatatunh.

Sharman (1947) classified the tiller axis apek.gberenneas being of ‘intermediate type’
on the basis of the number of primordia on its affex10 primordia). He also noted that
the number of primodia on the apex varies from igseo species but within a species it is
usually fairly constant. For example, multiforumhas a ‘long type’ stem apex with up to
30 primorida per apex whereas the short aperyza satival. or Z. mayscontains only
1-3 primordia. Yang et al. (1998) counted 6-7 lpamordia on the perennial ryegrass

tiller axis below the apical meristem.

At the tiller axis apex, the apical meristem und@gsuccessive periclinal divisions of the
dermatogen and hypodermis (in this type of celisiin divided cells appear in parallel
with the parent cells forming a layer of cells) &8han, 1940) that give rise to cresentic
protuberances (Sharman, 1945b; Sharman, 1947)t®legeral spread of the divisions,
the crescents later change into a collar shaperrt®&m 1947; Jewiss, 1966). The collar
then grows upwards, and encloses the next youmgsert and the apex (Sharman, 1947).
This cresentic structure that forms from the aptaine is termed the leaf primordium.

The production of leaf primordia on the tiller axdpex is generally continuous (unless
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reproductive organogenesis occurs) and the intéetaeen the appearance of successive
leaf primordia is termed thelastochron (Esau, 1977) (also spelled ‘plastochrone’,
Sharman, 1942). The vascular anatomy of develol@afyprimordia has been studied in
order to trace plastochron differences (Hitch andhr®an, 1971; Bell, 1976a; Bell,
1976b). Soper and Mitchell (1956) and Soper (19&@npared the stem apex bf
perenne and P. dilatatum and reported that. perennebears higher numbers leaf
primordia on its stem apex but althouBh dilatatumbears fewer leaf primordia on the
stem apex, that species has more leaves elongaimgurrently. In a given environment
the rate of development of leaf primordia, as jutigg rate of leaf appearance, is fairly

constant (Cooper, 1951).

For Z. maysSharman (1942) described key stages in anatomésadlabment of the leaf

primordium inside the whorl of leaf sheaths anderdabf the emerged leaf, using

plastochrons as the time-unit. Initially at ‘plastoon 0’ the leaf primordium appears as a
crescentic protuberance, extending in width uhtiéé-quarters of the axis is encircled by
the primordium (plastochron 1), and finally the saxs completely encircled by the

primordium (plastochron 2). Parts of meristems stilt active although the tip ceases
meristematic activity. Protophloem appears in thedian strand (plastochron 3), the
meristamatic activity of the tip ceases, and tingt ign of the axillary bud appears as a
raised structure (plastochron 4). Next, the legfilé is formed and the leaf tip of the
emerging leaf is visible (plastochon 5), after whielongation of the emerged leaf,
accompanied by maturation of the constituent tsfgeurs in a comparatively short time
frame (plastochron 6). Elongation of the leaf sh€ptastochron 7) and rapid extension of
the internode and final maturation of epidermal @od-epidermal tissues then occur
(plastochron 8). Finally leaves senesce and roppear at the same phytomer 10-12
plastochron intervals after the first appearancehefinitial crescentic protuberance. In
older plants the interval between the time when ldad fully develops and the root

appears may increase gradually. Eoperennethe duration between the leaf primordium
initiation and root appearance is about 10-11 jghstm intervals (Yang et al., 1998) and

similar anatomical developmental stages are presefurZ. mays

2.4.2.3 Leaf ligule formation
The intercalary meristem initially located at thesb of the leaf primordium is responsible

for ligule development (Sharman, 1942; Sharmanbh®4initially there is no delination
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between leaf lamina and leaf sheath. Leaf ligulen&dion is therefore an important
transitional phase which is required to delineae meristematic activity for developing
the blade and sheath. The leaf ligule forms aswgrowth of the epidermis (Sharman,
1941). Chaffey (1985a; 1985b) studied the structfréhe ligule in detail forLolium
temulentuni. using both light and electron microscopy. Inddudinal section, the ligule
is wedge-shaped and in transverse section it sdbaped (Chaffey, 1985b). Soper and
Mitchell (1956) also reported a wedge-shaped siracof the ligule forL. perennein
longitudinal section. The leaf ligule is widesttile middle, tapering at the end. In tall
fescue, the ligule is observed to become visibleroscopically as a small protuberance
after periclinal divisions at the adaxial epiderrfgkinner and Nelson, 1994). Finally a
band of parenchymatous tissue forms, which divithesintercalary meristem into two
parts. Leaf lamina growth continues from the upgmat (Begg and Wright, 1962) and the
lower part is responsible for leaf sheath format{@awiss, 1966). Once the intercalary
meristem is delineated by the leaf ligule, meristgencell division starts both in the upper
and lower parts of the developing lamina and thetaith the leaf blade and leaf sheath
elongate simultaneously (Skinner and Nelson, 198%gntually, the leaf tip becomes

visible above the whorl of the subtending sheatkthertiller axis.

2.4.2.4 Leaf appearance

The time interval between two successive leaf éipgearing is termed thghyllochron
(Ar). A is commonly expressed in thermal time (growingrdeglays per leaf, GDBG

d) which provides a time-scale for studying plamrphogenesis (Lemaire and Agnusdei,
2000; Bartholomew and Williams, 2005). Davies ambfias (1983) estimated 110 d
leaf* for L. perenneand Lattanzi et al. (1997) estimated £€2d leaf' for L. multiflorum
using 0°C as the base temperature. Téwf appearance rate(LAR), which is generally
calculated as the inverse of; AKlepper et al., 1982), is considered to be anoirtgmt
factor in determining shoot morphogenesis and piatetiller production (Davies, 1974).
In the grass tiller axis, the production of sucoas¢eaves is generally continuous and is
regulated by a number of interrelated factors, sagshproduction of the leaf primordium
and the succeeding phytomer; leaf initiation; le&dngation; length, architecture and
dimensions of the whorl (Skinner and Nelson, 199%gre are various opinions regarding
the regularity of leaf appearance in the tillersaxtome scientists consider that the
regularity in leaf appearance is associated wili édongation which is dependent on the

rate of initiation of primordia at the apex, i.the same ‘physiological clock’ controls the
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development of all leaves (Erickson and Michelirf857; Maksymowych, 1973; Hay and
Kemp, 1990). Other scientists are in favour of l&regulation system originally proposed
by Sharman (1942) and Etter (1951). According te tkelf-regulating dynamic’
hypothesis, the emergence of a particular leafgdraicular time controls leaf elongation
for that leaf, and that in turn decides the timwmigemergence for the successive leaf
(Malvoisin, 1984; Wilson and Laidlaw, 1985; Duraatal., 1999; Durand et al., 2000;
Fournier et al., 2005). IrfFestuca arundinaced&chreb.,Skinner and Nelson (1994)
reported that the ligule initiation at the specpicytomer n, is synchronized with the leaf
initiation at a phytomer n+1, and tiller initiaticat the phytomer n-1. This co-ordinated
mechanism of leaf initiation at phytomer n and lkegunitiation at phytomer n-1, was also
found to be synchronous for cessation of sheatldoasion at the phytomer n-2 (Skinner
and Nelson, 1995). Sartie (2006) measured the itweeval between leaf tip appearance
(Ar) and leaf ligule appearance gPof successive leaves for a mapping populatic2Oo¥
plants and 2 parents (Grasslands Impact and GralssBamson) ih. perenne In this
study Aq was typically greater thaniAindicating leaf elongation duration was greater
than the interval between two successive leaf appea events andyAand Ay were
reported to have broad sense heritability value®.42 and 0.61, respectively (Sartie,
2006). Once a leaf tip becomes visible, the leamprdium immediately below is
triggered to follow an identical series of devel@ntal steps (Durand et al., 2000).
Developmental morphogenesis oFaarundinacedeaf was conceptualized by Durand et
al. (2000) as a succession of co-ordinated aasitmeristematic cell division at the
division zone, cell elongation at the elongationeand cell maturation at the maturation
zone. In this model the cell division activity dtet division zone ceases when the
elongating leaf inside the pseudostem (at nodechieges a length equal to the sheath
length of the leaf of the phytomer n-1; activitytla elongation zone continues and sheath
elongation commences. This set of co-ordinatioresuaccurately predicted the leaf
formation patterns of plants studied by those agth®ome studies have indicated that the
events of grass leaf elongation are related togamyp of the leaf growth zone (Williams,
1974; Martin, 1988; Fournier and Andrieu, 2000; Mukt al., 2001). The appearance of
the leaf tip above the whorl and the emergencéetbllar are the more distinctive events
in leaf developmental morphogenesis as highlighte&ournier et al. (2005). Verdenal et
al. (2008) inL. perenngested the self-regulation mechanism for architettcontrol and
found that the self-regulation model could satisfaty explain the majority of

guantitative architectural traits, including: (ipet timing of leaf appearance (leaf
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appearance rate, LAR), (ii) their final length (Blland (iii) the appearance of tillers

(tiller appearance rate, TAR) with a correlatiorfficient of 0.98.

2.4.2.5 Leaf elongation and extension

The elongation zone of a grass leaf blade or shedibcated at the leaf base, enclosed
within the whorl of mature sheaths (Soper and MilicHL956; Davidson and Milthorpe,
1966; Kemp, 1980). Fdt. arundinaceahe elongation zone responsible for epidermal cell
division is restricted to the basal 1.5 to 2.0 nivia¢Adam et al., 1989; Skinner and
Nelson, 1994). Epidermal cells above the basakitinizone then elongate only until they
are displaced to a distance of 7 to 40 mm aboveadi® of attachment to the tiller axis,
but mesophyll cells adjacent to epidermal cellstiome to divide for a longer period
(MacAdam et al., 1989). Once the epidermal celhg#tion has ceased the secondary cell
wall forms (MacAdam and Nelson, 1987), cells staaturing, and also the photosynthetic
apparatus is built (Skinner and Nelson, 1995). Ddrat al. (1999) referred to the
cumulative effect of leaf elongation and extensasteaf elongation rate (LER) LER is
generally measured as mm or cm leaf elongationgigb. Fig. 2.3 (from Skinner and
Nelson, 1995) illustrates the physiological proesssvolved during leaf elongation,
extension and maturation. Data for chloroplasticatibn included in that figure were
taken from Dean and Leech (1982). Forarundinaceanew epidermal cell production
ceases at about 65% of FLL; at this stage the altmng zone shrinks as divided cells
complete the elongation process and mature, ansl ttil leaf attains its final length
(Skinner and Nelson, 1994). In grasses, the celliymtion rate at the division zone, the
number of cells produced per file, and the rate dacdation of cell elongation at the
elongation zone control LER. LER together wikaf elongation duration (LED)
determine the size of the individual leaf and ttracture of canopy at a particular time
(see Fig. 2.4). For an individual leaf, Flcan be calculated as a product of LER and LED.
LED of an individual leaf is not necessarily equal A¢, although closely related. As
mentioned above, Sartie (2006) observeg td be greater than A Similarly Robson
(1967) observed that number of extending visibdéés ranged between 1.0 and 1.2. This
meant that FLL increased for successive leaves, thatd LED was greater than;A
(Lemaire and Agnusdei, 2000). LED of an individdebf has been shown to be
proportional to the A A mature leaf senesces at the end of its lifexspaaf life span
(LLS) is the measure of duration of a leaf in daysGDD from its appearance to its

senescence. In a steady-state condition, the LAR, of leaf death and LLS of the
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individual leaves interact together to determine mhaximum number of live leaves per
tiller (NLL) (Lemaire and Chapman, 1996). NLL thé&n more or less constant for a
species and genetically determined (Lemaire ang®@ha, 1996). NLL can be estimated
as the product of LLS and LAR, or LLS estimatedtlas quotient of NLL and LAR
(Lemaire and Agnusdei, 2000). LLS in often calcedatn thermal time. Fok. perenne
and forF. arundinaceawith a A¢ of 110°C d and 230C d and with NLL being 3.0 and
2.5 per tiller, respectively, the LLS would be 380d and 570C d (Lemaire, 1988). Ih.
perenne,Davies (1977) in the UK recorded 2.55 to 2.87 lewaves per tiller. Fulkerson
and Slack (1994) in Australia and Yang et al. ()998New Zealand recorded 3-4 live
leaves per tiller.

)| CELL DIVISION |
4| CELL EXPANSION |
.o~ | SECONDARY CELL WALL |
o~ | CHO DEPOSITION |

.~ | CHO UTILIZATION |

0 ':0 30 ;40 60 ;70 distance (imm)

L ———

4~ | INSOLUBLE N DEP. |

o~ | TOTALNDEP.|  _~[RUBISCO DEP. |

4~ | CHLOROPLAST REPLICATION |

Fig. 2.3 Growth and associated physiological processes gl@liongation of a tall fescue
leaf blade. In the figure, the ligule is locatecdbabl mm above the point of leaf
attachment to the apex. Deposition of N-containaognpounds occurs largely
during cell division; deposition of carbohydrat€HO) occurs largely during cell
expansion; synthesis of Rubisco occurs during heafuration sometime after N

deposition (From Skinner and Nelson, 1995).
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Fig. 2.4 Interrelationship between morphological and growdts including among
others leaf elongation rate (LER), leaf elongatiomation (LED), leaf appearance

rate (LAR), tiller appearance and leaf area indeX) (from Bahmani et al., 2000).
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2.4.2.6 Tillering

A tiller axis which contains a series of phytomarstes shoot and root components and
these together constitute a tiller (Etter, 1951islB¥, 1991; Yang et al., 1998). An
individual ryegrass tiller contains 18-19 live pbiyters at differential developmental
stages; i.e., six to seven leaf primordia (where tiidest one elongates within the
pseudostem), one elongating leaf, generally thiee rhature or senescing leaves and
eight or more root-bearing phytomer positions (Yat@l., 1998; Matthew et al., 2001).
Each phytomer produces an axillary bud in the afxthe subtending leaf and this bud has
the potential to develop into @aughter tiller (DT), depending on growing conditions
(Jewiss, 1972)The tiller on which the axillary bud producing a figinates is often
referred to as thearent tiller or main tiller (MT). The developmental process of the
phytomers of a daughter tiller follows that of gharent tiller. Each daughter tiller again
produces new phytomers at its stem apex and a taugler may in turn fornsecondary
tillers. The process of new axillary bud formation andtiation thus results in a

hierarchical tiller organization (Langer, 1963; Kehoom and Lantinga, 1989).

2.4.2.7 Root formation and development

At a certain phytomer developmental stage, genenaar the time when leaf senescence
occurs, one or more roots are initiated from thgqmer. Root initiation and development
is the last morphogenetic function of a phytomen E perenne root initiation occurs
generally at the fourth to sixth phytomer positioaunting the emerging leaf as position 1
or at 10-12 plastochron intervals from leaf primond initiation (Yang et al., 1998). As
with leaf appearance on the tiller axis, initiatioh roots on successive phytomers is
coordinated to occur at a similar stage of phytoo®relopment and the time interval
between root initiation events at successive phgtsis termed thehizochron. Klepper

et al. (1984) inTriticum aestivunL. described a naming system for the root axegyTh
found that at the tiller axes, adventitious roatgih to appear approximately at the same
time that the tiller attached to that phytomer appe Matthew and Kemball (1997)
differentiated the degree of root development atiogrto phytomer position on the tiller
axis. They also used radiocarbon to assess the avathyg quantity of photosynthate
reaching roots of various ages and found that rootsted at younger phytomer positions
receive a comparatively higher share of recentyuaed C compared to roots at lower
nodal positions further down the tiller axis. Acdimg to Matthew et al. (1998), in steady

state growing conditions, the plastochron and ktizon for a specific phytomer position
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should be approximately equal as the phytomer an architectural building template
that initiates both the leaf primordium and thetspthough with a time delay between the

two events.

Soper (1959) studied root anatomy of a group asgga and clovers includithg perenne
She found that that the lateral rootsLofperennemaintain a vascular connection with
their parental root axis which in turn originatesnh the pericycle of the tiller axis (Soper,
1959). Similarly, Felix et al. (2002) in a reviewt#led ‘Maize root system and genetic
analysis of its formation’ reported that crown motiginate from the underground nodes
of the developing stem whereas the lateral rooigimate from the pericycle of
differentiated roots. IfT. aestivumadventitious roots initiate at the base of thatlo leaf
(counting downward from the emerging leaf) (Kleppeal., 1984). More developed roots
are found at successively older nodes. Generally to four roots appear from each node
(Klepper et al., 1984).

2.4.2.7.1 Root production in field swards

As mentioned in Section 2.3, a large number ofimaNew Zealand and British studies
found that root formation and development in a graward is a seasonal phenomenon
(e.g.,Stuckey, 1941; Jacques and Edmond, 1952udacd956; Jacques and Schwass,
1956; Baker and Garwood, 1959; Garwood, 1968; @araohd Evans, 1977). Stuckey
(1941) in a study in the USA classifiedperennaoots as being of ‘annual type’ meaning
that roots were replaced each growing season. lw Realand, Jacques and Schwass
(1956) grewL. perenneplants in cylindrical pipes filled with soil andented numbers of
‘white’ roots and ‘other than white’ roots to segi@ new and old roots, respectively. They
counted an average of 21.8 white roots per platiteabeginning of autumn. During April
and May (end of autumn) that number increased twd®n 40 and 50 per plant and plants
maintained that figure through June with a peakluty (winter) of 64 white roots per
plant. The number of white roots per plant decréasesr time from winter towards the
end of spring when each plant was observed to Hawite roots only. These authors
observed quite similar trends in white root forroatifor L. multiflorum and F.
arundinacea They also recorded the highest total number obtsroper plant
(approximately 400 roots) between February and Mgbeginning of autumn) and the
lowest in September in spring (approximately 206tsh Caradus and Evans (1977) in

New Zealand reported a result consistent with tesafl Jacques and Schwass (1956) for
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new root formation (<5 cm long with fewer than tlaterals) in the top 5 cm of soil. The
article reported highest new nodal root formatiorthe@ top 5 cm soil (roots A for L.
perenneand Trifolium repensL. in autumn (>5000 if). For L. perennea second peak
was recorded in mid-winter (approximately 3500°)nmand that decreased afterwards
towards the end of spring (<400 new nodal roo§.riThe article also reported that at
various soil depths (lower than 5 cm soil depthpgé@neral most of the new nodal roots
form at the end of spring (October), followed bynter and autumn. In lfledicago sativa

L. sward, a UK study by Baker and Garwood (1959)nfb the highest total root and
stubble weights in a sward in December (early w)ntkhan any other season. However,
Garwood (1968) recorded highest number of new rmo®spril (spring with the number
of new roots gradually increases between Septertidegrinning of autumn) and April
(beginning of spring) from approximately 200 nevotoff to more than 500 per?fta
decreasing trend from April to September faor Perennein the UK. The concept of
‘seasonal pattern of root production’” and ‘annuabtr replacement’ has brought
contradiction with some later reports on root gtowased on segmental architecture of
the grass tillers. Matthew et al. (1991) broughtraaresting report studying root growth
using a ‘refilled core technique’. This study vielweot formation in a grass sward as a
continuous process but indicated that root devetpnmight be modified by soll
conditions at particular depths in the soil profileparticular seasons. This study reported
that seasonal deposition of new root mass as neghdwy the refilled core technique
broadly followed the seasonal curve for herbagaumctation above ground with root
production being about 15% of shoot productionrat ane time (Matthew et al., 1991).
Hence, it appeared the previously reported seaguatéérn of root production was not
confirmed, but it is clear that if root productienorganised on a phytomer basis like leaf
production, the seasonal pattern reported by Matttteal. (2001) is predicted, rather than

the annual growth of new roots as reported byeraalithors.

2.4.2.7.2 Root production at the phytomer level

Later studies by C Matthew further reinforced tlb@aept of continual root production at
the tiller axis. For example, Yang et al. (1998)yded a map of tiller axis architecture of
L. perennaandF. arundinaceaThis map describes the developmental status dbpters
on the tiller axis in a sequence from the apicatistem, including leaf primordia, the
emerging leaf, mature and senenscing leaves, atdaonation and development at the

senescence of the oldest leaf. For the eight maldtkillers the authors recorded eight live
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root-bearing phytomers along with four live leayes L. perenneand seven live root-
bearing phytomers along with five live leaves fararundinacea That study reported
only the number of roots at each phytomer with mtaited information on state of
development but their result clearly indicates fhet that as the number of root-bearing
phytomers is much greater than that of leaves,srbave a longer turnover cycle than
leaves and that the individual roots have a lifensperhaps as much as twice the life span
of an individual leaf. Root data recorded by Matthend Kemball (1997) added more
information providing an indication of tissue flowt the successive root-bearing
phytomers in the tiller axis as that article repdrroot dry weights and root length per
phytomers for the tillers of approximately 3 montiisage. In this study, root dry matter,
main axis length and total length followed a lingancreasing trend up to thé"Goot-
bearing phytomer (Pr6) counting from the youngesting phytomer and for phytomers
below Pr6 did not change much. This study alsontedahe number of roots observed at
each phytomer position as being close to two aatrdsult is consistent with Matthew et
al. (1998) and Yang et al. (1998). The authors disaved equations for estimating the
rate of root dry matter accumulation (Matthew et #998). The model estimates the rate
of root mass accumulation for a tiller is the prodaf individual final root mass (RDW
number of roots formed per phytomerp,Rind the rate of appearance of root-bearing
phytomers on the tiller axis (PrAR). In a separsiedy in Germany, Lattanzi et al.
(2005b) also reported the continual root growtlthattiller axis ofL. Perennestudying
functional heterogeneity in the pattern of rootwgito and N accumulation capacity at
different phytomers in defoliated condition comphte undefoliated condition, the results
are comparable with Matthew and Kemball (1997) dadg et al. (1998).

2.4.2.7.3 Root life span

For L. perennethere are a few reports which have explored roogevity Troughton
(1981) prevented the formation of new root axe&édmping the tiller base dry with a layer
of sand over the soil mixture. Under no-defoliataord defoliation to a stubble height of 3
cm at 3—weekly intervals, respectively, the mearvigal for L. perenneplants for the
defoliated and un-defoliated treatments were rasmdyg 365 days and 191 days, which
was considered to be the root life span. This taadicates the maximum possible life
span of newly forming root is much higher than Gaoa/ (1967) estimated on the basis of
average time for which main axis of root or latdma@nches remained white, namely 61 to

188 days. Jacques and Schwass (1956) reportednttatgrass sward 68% roots are
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replaced annually which means the expected ramisfian would be more than 365 days.
Watson et al. (2000) measured the root longevity.operenneand T. repensusing a
video camera and digitized images in the minirhimottubes at sites in UK and Italy.
Images were taken at 7 day intervals for first @kgeand thereafter 28-42 day intervals.
Root mortality was inferred from the disappearawceroots between dates or with
disintegration of the cortex. At both locationsegh authors reported many roots surviving
less than 21 days. F&r perenne greater mortality of roots was recorded in Itadgth
84% roots surviving less than 21 days, than in Uére 38% of roots survived less than
21 days. They also found that 15% of rootdoperenneat the UK sites survived over
196 days but no roots at the Italian sites survifgdmore than 196 days. The authors
hypothesized that survival differences were maphhe to temperature variation in two
sites.

2.4.2.7.4 Genetic variations in root characterist

Breeding perennial ryegrass for root charactesstias advanced only recently.
Knowledge of root traits potentially offers a widawntribution to agronomic fithess and
nutritional efficiency of pastures but the lag iesearch progress is probably due to
technical difficulties inherent in research intotdtraits. However, J. Crush and co-authors
in New Zealand have recently published a seriemrtigles that clearly indicate scope for
further genetic development &f perennecultivars for root characteristics. Crush et al.
(2005) studied the root system distribution andrtingrate efficacy for eleven grass
species includindg.. perenneand L. multiflorum They reported wide variation between
species in maximum rooting depth and distributiérramt DW at various soil depths.
They reported that more than the 75% of root DW..gberennewas recovered from the
top 30 cm soil although maximum rooting depth wasud 1 m.Cynosurus cristatus.
was the shallowest rooted species in a comparistn M other grass species. Hor
cristatusno root DW was recorded below 50 cm while multiflorum was one of the
deeper rooting species with roots that penetraieddre than 1 m depth. In later studies
the same research group reported genotypic variatiooot distribution. Root DW was
found to vary significantly even between accessiohwild type L. perenneas well as
betweenbreeding lines and cultivars. This study also ndked selection for merit based
on shoot performance did not necessarily resudtlarger root system (Crush et al., 2009).
Genotypic variation in root system distribution 188 R progeny of two parents with

contrasting shoot morphology, ‘Grasslands Samsad’ ‘@&rassland Impact’ for nitrate
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interception and response to moisture stress wasrteel by Crush et al. (2007). The
progenies of these two parents showed wide vanatiodoot system distribution although
both of the parents were shallow rooting (Cruskalgt2007). Some of the progeny also
responded to moisture deficit by increasing root @Wd root growth but for some other
progeny root DW decreased on exposure to moisteiieid(Crush et al., 2007). Crush et
al. (2006) reported statistically significant geyme¢ variations in distribution of root DW
among fifteen genotypes from each of twenty hdiffsimilies of ryegrass but found no
consistent family effects. In a recent study (Craslal., 2010b) the same research group
found that the progeny of contrasting root systeattgpn of fourL. perennepools with
variation in vertical distribution in root DW weteue to type after one cycle of selection
meaning the breeding for root system shape is Ipessihese pools of experimental
results are helpful fdc. perennebreeding based on root system characteristics.

2.4.2.7.5 Fine roots and root hairs

For L. perenneMatthew (1992) estimated mean root diameter betve2 and 0.3 mm,
whereas the diameter of the fine laterals mightess than 0.1 mm (Evans, 1970). Care
(1999) measured the root hair structure, and raotriecruitment irL. perennecultivars:
Grasslands Nui, Grasslands Supernui, Vigour andding line Ruakura, and. repens
For the cultivar Grasslands Nui mean root hair flengas around 500 pum, root hair
diameter measured between 12-13 pum, and the nuailr@ot hairs per mm root was
1250 at high phosphorus and 1370 at low phosphdhes diameter of the main root axis
was around 0.25 mm. Root hairs have very shortsjiien of a few days. Matthew et al.
(2001) using data from Reid (1981) and Care (1@3®mated that root hairs potentially
contribute approximately 90% root surface areaaisa of only 10% root volume.

2.4.3 Factors affecting patterns of growth and devepment

2.4.3.1 Effects on shoot growth and development

A number of environmental and physical factorsuefice shoot growth and development
in grasses. Temperature, light intensity, day lengutrient supply, and availability of

moisture are among the most important.
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2.4.3.1.1 Temperature

Temperature is a major determinant of leaf elooga@nd LAR. A large number of
experimental results have shown that the LER isngly affected by temperature
(Silsbury, 1970; Robson, 1972; Roy, 1972; Peact®k5c; Peacock, 1976; Thomas and
Norris, 1977; Keatinge et al., 1979; Baker and Ygam 1987). Peacock (1975b; 1976)
and McMaster et al. (2003) confirmed that a chandeER is brought about by a change
in the temperature of the leaf meristematic zoree tlee stem apex rather than through the
general effect of soil or air temperature on plantemperature below the optimum
reduces the length of epidermal cells, which resulshorter FLL although the number of
epidermal cells remains similar (Cooper, 1964). Ruany different temperate grass
species the temperature at which maximum LER ocisutsetween 20-2& (Mitchell,
1956; Cooper, 1964; Lemaire and Chapman, 1996). inERases exponentially over the
average daily temperature range of 0°C2then increases in a linear fashion up to the
optimum temperature (Lemaire and Chapman, 1996),fiaally significantly decreases
above the optimum temperature (Cooper, 1964; Fetrigl., 1996). An LER reduction
from 30 pm mifl to zero was observed In temulentumwhen the temperature of the
expansion zone was reduced from°20to 2°C. In the field the A is typically linearly
related to thermal time up to an optimum growingperature (e.g., Silsbury, 1970; Hay
and Tunnicliffe Wilson, 1982; Klepper et al., 19&avies and Thomas, 1983; Frank and
Bauer, 1995; Kirby, 1995; Durand et al., 1999; Boegnd Gawith, 1999). Experimental
evidence suggests that the leaf dry matter prooiudiy the individual vegetative tillers is
largely explained by temperature (Thomas and Norfi877). Since temperature
influences both the LAR and LER (Cooper, 1964; \4ills and Biddiscombe, 1965;
Robson, 1969; Peacock, 1975a) it is a vital deteanti of the seasonal productivity of
grass plants (Munro and Davies, 1973) as the durati the growing season of perennial

swards is predominantly determined by temperature.

2.4.3.1.2 Light

Light influences leaf growth and tiller productidn. fact light intensity at the stem apex
coupled with temperature plays a profound role amtml on leaf growth. Kays and
Harper (1974) reported that for a similar sowingsity of L. perenneseedlings, a lower
light intensity significantly reduced the mean argight of tillers and the number of tillers
per unit area. These authors further indicated gBHtshading in a dense sward increases

leaf length and decreases tilleringLinperenngKays and Harper, 1974). Shade treatment
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reduced LAR and TAR on the main shoot, delayedtities appearance at the leaf axil,
reduced site filling ratio and reduced the numietillers per plant drastically (Bahmani
et al., 2000). At the individual leaf level undemslated shade treatments the LER and
LED significantly increase compared to full ligheatments (Bahmani et al., 2000). This
difference can be attributed to increased leaftter@and leaf area per tiller as a result of
higher leaf elongation rate under shade treatm@aiuijer et al., 1999). Allar@t al
(1991a) showed that iR. arundinaceahe newly developed leaf blades at low irradiance
(midday PPFD of 600 pmol s, wavelength 400-700 nm) were 54-65% longer and 56-
77% greater in leaf area but were 12% thinner dsallawer in specific leaf weight by 25%
compared to the leaves formed at high irradian@®@umol ¥ st). Low irradiance
reduced the total stomatal density by 17-24% coethbéo high irradiance and increased
air space within the leaf blade by about 25% (Allat al., 1991a). At low irradiance (600
pumol m? s*) CO, exchange rate (CER, umol4s™ ) per unit leaf area was 14-25% lower
than high irradiance (2000 pmol“ns™) for the youngest fully expanded leaf blade$ of
arundinacegAllard et al., 1991b). High-irradiance was foundoe associated with higher
stomatal density (Allard et al., 1991b) and higstemata conductance than low-irradiance
leaves which are closely associated with maximurR Gihereas at low-irradiance lower
CER is not only associated with lower stomatal cmtance but also internal GO
concentrations (Allard et al., 1991a). Under loghti stress plants increase specific leaf
area (SLA) to maximize light interception per umW and change physiological
processes to enhance the efficiency of C utilizafiéllard et al., 1991a; Kephart et al.,
1992; Sanderson et al., 1997).TnaestivumBos and Neuteboom (1998) studied LED,
LER and A as a response to light intensity and also repdttatincrease in irradiance
increased the ratio between LED ang Ahese authors explained that an apparent delay

in leaf appearance was due to the faster rateabtleeath elongation.

In addition to the effects of light intensity, vations in light quality also cause some
remarkable responses in grass plants. IEoperenne Deregibus et al. (1983) citing
Deregibus and Sanchez (1981) reported that plantsngin a chamber illuminated with
fluorescent light and irradiated with red at thel e daily light period recorded a higher
TAR than plants irradiated with far-red. In a fuatlstudy, Deregibus et al. (1983) found
that far-red exposure at the end of day for 20uteis (0.10 W i light intensity, 700-
1000 nm wavelength) decreased tillering signifiganbmpared to far-red for 20 minutes

followed by red light (3 w i, 600-700 nm wavelength) exposure for 10 minute®3at
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days after treatment. Similarly, youhg multifforumseedlings growing under white light
with a higher red:far-red ratio (2.2) exhibited gnsficantly higher tillering rate
(Deregibus et al., 1983) compared to seedlingsvatréd:far-red ratio (1.1). A decrease in
red/far-red ratio reduced tillering and site filirout that did not change phyllocrhon as
reported in a later study by Gautier et al. (1989). perenne Casal and Alvarez (1988)
reported that blue light treatment reduces FLL éyucing leaf sheath length. In contrast
Gautier et al. (1999) reported that tillering, diteng and Az were not affected by the
reduction of blue light. The reduction in blue ligh perceived by cryptochrome 1 and the
reduction of far-red is perceived by phytochroméyAanovsky et al., 1995; 1998). Ballare
et al. (1987) found that the reflection of far-tedgreen leaves lowers the red:far-red ratio
of horizontally propagated light and modifies tlamaopy light environment. This modified
ratio can change the rate of stem elongation (Bakd al., 1990). Mutual shading also
reduces photosynthetic photon flux density (PPOR)llawave-lengths for the leaves in

lower canopy strata.

2.4.3.1.3 N Supply

N is an essential constituent of proteins, antiésritext most abundant constituent of plant
tissue after C/H/O. Hence plant leaf growth is eysdtically and greatly affected by N
supply. Increased N availability generally increadsoth the rate of expansion of
individual leaves and the rate of tillering through increase in site filling (Wilman and
Pearse, 1984; Gastal and Lemaire, 1988). Increlesddexpansion rate under high N
availability in turn results in greater FLL (Gastdlal., 1992; Gastal and Nelson, 1994).
High N supply has been found to increase the ratstant (length gained per unit length
present, (Erickson, 1976)) for elongation by 9% #me mean epidermal cell elongation
rate by 22% (MacAdam et al., 1989). High N suppépancreases cell division rate of the
mesophyll cells, which constitute 42% of the cresstional area of the leaf blade, and the
ratio between mesophyll cells and epidermal céitdgnec and Nelson, 1984; MacAdam
et al., 1989). High N supply not only increases thte of cell production but also
increases the duration of cell elongationFlrarundinaceaepidermal cells of a high-LER
genotype elongated for 82 h at low-N and 90 h ghHhN, and those of a low-LER
genotype elongated for 61 h at low N and 72 h ghiN (MacAdam et al., 1989). N
supply stimulates cell production rate but finalll cength remains less affected
(MacAdam et al., 1989; Gastal and Nelson, 1994keret al., 1997). Some studies report

that in response to increased N supply cell eloogatate increases but cell elongation
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duration decreases (Gastal and Nelson, 1994; Fatla., 1997); in other studies both

processes appear to be unaffected (MacAdam et389; Gastal and Nelson, 1994). N

availability can decrease LAR by increasing shéatlyth of the successive leaf (Cruz and
Boval, 2000). At lower levels of N availability theduction in leaf expansion is often

found to be associated with accumulation of nonestiral carbohydrates such as fructans
(Volenec and Nelson, 1984).

2.4.3.1.4 Photosynthesis in relation to leaf age

It has been known for a long time that leaf phobtisgtic capacity declines with leaf age
(Jewiss and Woledge, 1967; Wilhelm and Nelson, 19Wlhelm and Nelson (1978)
found that leaves df. arundinaceaachieve maximum photosynthetic capacity (CER) at
the time of collar formation. They also reportedtt@ER declines approximately 15-20%
per week. Similarly, Khaembah (2009) measured tée photosynthetic rate of fully
expanded.. perenneleaves of different ages and reported that younigdly expanded
leaf had the highest net photosynthetic rate afiaid®0 pmol COm? s* at 11 days after
leaf tip appearance, and that declined gradualrooaind 15 pmol COm? s at 30 days
after leaf tip appearance. The decreasing ratdatogynthetic capacity with leaf aging is
probably associated with Rubisco turnover as Maad. €t1983) showed that in the leaves
of O. SativaRubisco content increases rapidly when a leafxjgaeding, reaches a
maximum value when the leaf is fully expanded amehtdeclines as the leaf ages. This

pattern has recently been confirmed.irperenng Khaembah, 2009).

2.4.3.2 Factors affecting root growth

2.4.3.2.1 Temperature

Temperature has a marked effect on root growthdawvetlopment and ultimately overall
plant productivity. The optimum temperature is tilaatwhich rate of root elongation,
biomass production, branching, water and nutrigiméke characteristics and root-microbe
interactions are optimum (McMichael and Burke, 20@2arkson et al. (1986), on the
basis of root dry weight change at varying tempgetfound 17C to be the optimum
temperature for root growth @f. perenne Brown (1939) on the basis of root biomass
reported 18C as the optimum temperature for root growthPbleum pratensis.. For
blue grama Bouteloua gracilisL.), an optimum temperature range (at which average
elongation rate of adventitious root axes was 2i3day’) was reported to be between
24-27°C in field conditions (Wilson and Briske, 1979) a@# °C in a plant growth
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chamber (Briske and Wilson, 1977). For perenne Troughton (1957) reported that
maximum root production is associated with a saihperature range fluctuating between
15 °C and 25°C, while Hunt and Thomas (1985) in an experimerthwi perennecv.
Grasslands Ruanui in hydroponic culture reporte@mmarent optimum temperature over
the range PC to 33°C. A low or high temperature rather than the optimean vitally
modify the root structure and function. Arndt (1938&ported that exposure Glossypium
hirsutumL. roots growing in a greenhouse to a temperavfirgPC for an hour caused
severe injury to the roots and markedly reduced thater absorption capacity. These
heat treated roots showed limited elongation, abdoamal branching with irregular
diameter. Pardales et al. (1991) found that laegposure to 4« temperature of roots of
Sorghum bicoloiL. increased the inhibition of root growth wheraquis were returned to
25°C. For curly parsleyRetroselinum crispuni.) out of five root-zone temperature
treatments (18, 21, 24, 27 and’Gp maximum growth was obtained at°C8and 24C
(Eidsten and Gislergd, 1986). In the same studytshod root growth were severely
retarded at 3& constant temperature in the root zone. A share texposure of 36
temperature in the root zone for 30 minutes eaghcdased retarded growth (Eidsten and
Gislergd, 1986).

Temperature may affect root longevity (Hendrick degitzer, 1993) although this is
very difficult to measure. Fitter et al. (1999) meeed root longevity in minirhizotrons for
a soil temperature difference of 2@ at 2 cm soil depth and reported no separableteffe
on root longevity. Forbes et al. (1997) observeat thots ofL. perenneunder controlled
conditions exhibited 30% root mortality after 35/dat 15C while those growing at 2C
had 84% root mortality. Over a 35 day measuremeno@ they observed a clear decrease
in longevity with increasing temperature with alsag higher root length measured at
15°C than at 29C or 27C. On continuous exposure to a temperature &€ 2idany roots
died after 14 days and only 16% roots survived & days. This indicated a
comparatively short life span bf perenneoots at temperature over®®D A higher death
rate of older roots at higher temperature mightsidg be explained by high respiration

loss of substrate and C starvation as a consequence

2.4.3.2.2 Light
In grasslands, root growth is reported to be closskociated with solar radiation rather

than temperature. Fitter et al. (1998) studied protluction, turnover and respiration in
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two grasslands in the UK, one dominatedHA®stuca ovind..; and the other byuncus
squarrosusL. and Nardus strictalL. Their data indicated no pattern of temperature-
dependency in the rate of root respiration. Th@irason rate was instead found to be
correlated with the mean total solar radiation flikis result suggests that root growth is
determined more by resource availability and sosmk relationships rather than

dominant environmental factors such as temperdkitier et al., 1998; 1999).

Light influences root growth and its architectuseper and Mitchell (1956) counted fewer
adventitious roots with smaller diameter from ptagtowing in shade at 23 than those
grown in full daylight at 12C. Exposure of the shoots to light influences tireation of
root axis growth and gravitropic orientation of t®@Lu et al., 1996; Takano et al., 2001)
and thus can change root architectureOlnsativa Morita and Yamazaki (1992) found
that shoots exposed to a 14 h light period (10/0gPafter a dark treatment led to vertical
extension of dark-grown nodal roots but dark caadg in general resulted in the root
axes to extending horizontally. Similar results evatso reported by Takano et al. (2001)
in O. sativa,and by Lu et al. (1996) id. mays Under exposure to continuous red or far-
red light the roots move downward. Phytochrome #hes primary photoreceptor for far-
red light-regulated processes which control grapitr responses of roots i.e., gravitropic
orientation and inhibition of root elongation (Takeet al., 2001; Correll and Kiss, 2005).
For red light medicated processes both PhytochrAraad Phytochrome B modulate the
gravitropic responses &. mays(Lu et al., 1996). Correl and Kiss (2005) foundtthed
light treatment of dark-grown roots decreased thie 0f root elongation by 30% in
Arabidopsis probably due to diversion of energytla exposure of light for other
processes like cotyledon expansion and greening.

2.4.3.2.3 Moisture status

Soil moisture status has a pronounced effect oml¢tvelopment, morphology and growth
of roots. In the experiment of Troughton (1981)amed in the Section 2.4.2.7 where
plants ofL. perennewnere prevented from forming new roots by drying tbp layer of soil,
the subsequent introduction of moisture in theasigpere resulted in the rapid production
of new root axes. Dry soil surface conditions affermination prevent adventitious root
formation and a period of at least three days atinaous moist conditions is essential for
adventitious root formation ih. perenneto recommence after the moisture deficit ends

(Cornish, 1982). A comparatively high water potahts required for adventitious root
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extension for both.. perenneand Phalaris arundinaced.. (Cornish, 1982); and forF.
aestivumthe threshold value is -1.5 MPa (Ferguson andv&agit, 1968). Sharma and
Ghildyal (1987) by contrast found no significantrigion in root axis elongation for
fluctuating soil water tension regimes between3(@d -0.45 MPa id. aestivumThe
results indicated that moisture status at the saiflace is an important factor controlling

adventitious root growth.

2.4.3.3 Factors affecting root function

2.4.3.3.1 Root responses affecting nutrient uptake

Root morphological characteristics strongly inflaemutrient uptake (Boot, 1989) for
both mobile and immobile nutrients. InLa perennesward higher nitrate interception is
associated with comparatively larger root systemas tthe average root system (Crush et
al., 2005). Modelling for nitrate uptake in relatido root system size and distribution
suggest that a deeper root system and increasotglength density deeper in the soil
profile reduce nitrate-leaching (Thorup-Kristensé®01). High N supply has been
associated with increase in root biomass and tomdtsratio but specific root length,
specific root area, mean root diameter and frequehdine roots were unaffected (Boot
and Mensink, 1990).

As for N, the increased interception of inorganfogphorus which is a non-renewable
and immobile nutrient element is associated wiibt @rchitecture, frequency and length
of root hairs and distribution of roots deeper be tsoil (Lambers et al., 2006) and
mycorrizhal symbiosisL. perennebreeders aim to develop cultivars which are more
efficient at acquiring inorganic phosphorfrem soil and/or more efficient at using
phosphorus. Some articles suggest that phosphertilizition has a direct effect on
biomass partitioning (De Groot et al.,, 2001). A Ighosphorus status decreased
production and export of cytokinins from roots (Kei et al., 1989). One theory is that
change of biomass partitioning may be linked tongeain cytokinin production, and
possibly associated with a decreased rate of umiakemetabolism of N (Kuiper et al.,
1989). Lower phosphorus status was also associadéd higher total root-length
production without a proportional change in roobrbass (Steingrobe et al., 2001),
leading to greater amounts of uptake of immobikoueces, such as phosphorus. Other
observations also showed that increase in speoificlength is also associated with lower

inorganic phosphorus-supply (Schroeder and Jan@35)2 These results suggest that
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when phosphorus is limited plants produce more fows as an adaptation strategy for

higher phosphorus-acquisition.

As nutrients are distributed in soil in a hetercgmrs manner roots need to respond to
local nutrient patches to enhance nutrient capfttedge, 2004). Grass roots show
different types of plasticity responses when entenimg nutrient-rich patches. The plastic
changes can be limited to individual roots such esngation of individual roots
(Bilbrough and Caldwell, 1995), or the structure tbé whole root system might be
changed such as, increase in total root length @eloet al., 2000), increase in root
production (Gross et al., 1993), and increase tfar®of lateral root branching (Farley and
Fitter, 1999). Faster growing grass species prodigreficantly higher root numbers, root
length density and root biomass in nutrient riclicbas under heterogeneous nutrient
supply compared to slow growing species (Franseml.et1998; Robinson and Van
Vuuren, 1998). The increase of both root biomassbiison, 1994) and specific root
length (Eissenstat and Caldwell, 1988) significamitrease root length density.

Reduction in specific root length is usually refegtin increased root diameter and vice
versa but an increased tissue density can alsa@eeshecific root length. Morphological
and physiological plasticity responses of roots& iheterogeneous soil environment have
been reviewed by Hodge (2004). Increased nutriptatke rate of the grass root system is
a physiological plasticity response which is inflaed by uptake capacity or ion affinity
of the roots. Local nitrate supply at a higher @nication (1.0 mM nitrate) yielded many
lateral branches compared to the remainder ofdbesystem in contact with lower nitrate
(0.01 mM nitrate) (Drew and Saker, 1975). In fdotlowing a local nutrient-deposition
event, physiological responses occur before moguicdl responses (Drew and Saker,
1978; Robinson, 1994).

2.4.4.2.2 Root responses affecting water uptake

Water uptake capacity of plants depends on rootphwogical characteristics and

physiological properties and the plasticity of mat different levels of soil water

availability. Morphological plasticity of the rosiystem allows plants to adapt to different
soil nutrient status and moisture availability (Rson, 1994; Hodge, 2004). Root length
density was positively correlated with water uptakée under adequate soil moisture

availability, at various soil depths in an expenrhef Ehlers et al. (1991). Maximum
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water uptake rate from individual soil layers (nafimed by evapo-transpiration rate)
found linearly associated with root length (norreedl by specific root length) (Ehlers et
al., 1991). Ehlers et 401991) also reported that maximum specific uptaite per cm root
length is inversely related to the square-rootooft length density and also to the square-
root of specific root length. Huang and Fry (198&)orted that root morphological and
physiological characters which influence water kptanay differ from genotype to
genotype of a species. I arundinacea under limited water supply, deeper rooted
genotypes had increased specific root length, awer electrolyte leakage compared to a
shallow-rooted genotype. The shallow-rooted germtgfso produced lower dry weight
and suffered greater turgor loss (Huang and Fr@81L9Generally, plants producing
thinner roots have higher specific root length, aihis considered more efficient in terms
of biomass utilization required to achieve nutrianguisition (Eissenstat, 1992). A deep
rooting system has been identified as one of seveis that is important for water
deficit (drought) resistance (Sheffer et al., 198fgrcum et al., 1995; Carrow, 1996).
Root branching at deeper rooting depth has beesidened to be an important drought
tolerance mechanism (Marcum et al., 1995). Jupp Med/man (1987) studied root
morphological and physiological traits &f perenneunder low water potential and
reported that more negative water potential promtateral root initiation and elongation,
and increases total root length. The degree of hwbogical plasticity is sometimes
species-specific or genotype-specific and also mggpen morphological traits of the root
system to some extent. Molyneux and Davies (19&8)exd the capacity for deep rooting
of three pasture species and observed that in sdafait conditions, seedlings @factylis

glomeratal. can penetrate to a much deeper soil depthlthprrenneandP. pratense

2.4.4 Intra-plant competition

2.4.4.1 Root-shoot relations

The co-ordination of growth of shoot and root sysds a topic that has received much
research attention. The interdependence betwedrsystem and shoot system has been
explained in the literature from many different mioological and physiological
perspectives related to their form and functione Tanctional balance between shoot
system and root system defines biomass partitiorinly relations, and water relations.

Knowledge of this balance is useful to manage emvirental changes.
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Wilson (1988) grouped the models controlling rdubst balance into four categories:
allometric models, functional equilibrium modeldiornley’s model on C and N uptake
and transport, and hormone models. The allometddeis propose a fixed ratio of shoot
growth rate to root growth rate. This approach aesua linear relationship between
logarithmic values of root weight and shoot wei@ghtoughton, 1956). The allometric
model is useful to explore inter-specific differeacin root-shoot partitioning in plants
growing in the same environment. The slope betwegarithmic root:shoot ratio (k) is
generally stable but sensitive to environmentalngea such as nutrient status and also
developmental changes of crop plants, for exant@esition from vegetative growth to
flowering. Functional equilibrium models define ttagio of shoot activity to root activity
(Brouwer, 1963; de Willigen and van Noordwijk, 198These models consider that the
relationship between the shoot and root systemsearegulated by various events e.g.,
reduction of photosynthetic area by grazing. Irhiadttype of model, Thornley (1972)
considered the C:N ratio of plants as a controlliagtor in functional equilibrium and
expressed the functional equilibrium model in terwofs the supply, transport and
utilization of C and N. The fourth model categofWdilson (1988) is a hormonal model,
the essence of which is that hormones produceldeimaot control shoot growth anete-

versa

Hunt and Thomas (1985) studied the leaf, tiller armbt appearance rate for
hydroponically-grown plants of perennial ryegrabsey reported that between 7 and 20
°C, the ratio between LAR and root appearance wasstant and this ratio was
independent of increasing light from 0 to 250 W.rivitchell (1953) found that Aof two
types ofL. perenngAberystwyth S23, a British. perenneand SR, a short rotation New
Zealand selection from hybridisation betweken perenneand L. multiflorun), were
constant at different light intensity and day-midgbtperature. For example,; Avas
around 6 days at 11 W light intensity, 13°C day temperature and around@ night
temperature; and was around 9 days at 31.5 Wlight intensity and same day-night

temperature.

The dry matter partitioning between roots and sheafries depending on plant species,
growth stage, environmental conditions, and timehe growing season. Parsons and
Robson (1981) studied the C partitioning to roetd.i perenneswards in spring and

autumn after radio-isotope'*C0O,) labelling. They reported that under full light
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interception, current assimilate allocation to soatas never more than 25% and for the
established swards was less than 15%. For a lamyg @f grass species Sheehy (1977)
reported as overall average of 2986 distribution below ground. Rapid leaf elongation,
development and shorter turnover cycle of leavespaved to roots are likely to demand
much higher C patrtitioning to shoots than rootsydning spaced plants where the root
system is still being established the C partitigrim roots may be up to 50% (Ryle, 1970).
In established swards, Parsons and Robson (19&BEnau a gradual decrease in the
partitioning of current assimilate to roots frone theginning to the end of autumn (14%
reducing to 10%). C partitioning also gradually ldes in a seedling sward from 20% to
12% from beginning to end of autumn (Parsons anbisBo, 1981). The partitioning of
current assimilate to roots remained lower than 1@%inter and increased to around 12%
at the beginning of spring but then drasticallylehecd to 4% at the onset of flowering
(Parsons and Robson, 1981).

Plants maintain a balanced root:shoot ratio and tha removal of part of one organ can
modify the growth of another until a balance isestablished (Klepper, 1991).
Danckwerts and Gordon (1987) lin perennestudied long-term partitioning, storage, and
re-mobilization of assimilates for defoliated anadefoliated plants, up to 22 days after
“CO, labelling. They reported that defoliation virtyatopped the production of new
roots at the tiller bases, because plant resowrees directed towards new top growth.
Assimilated C was found to be apportioned to rotiller bases and tops approximately
equally within the first 24 hours. After 1 to 4 daghe importedC from the roots and
tiller bases declined whereas th&C was found to be accumulated at the shoots
continuously about 6 days after feeding (Danckwarnd Gordon, 1987). It was evident
from these results that roots and tiller bases Igulgile assimilate for the new top
growth (Danckwerts and Gordon, 1987). A substargiv®unt of**C assimilated by the
fed leaf (4%) remained in roots and tiller basegeassable reserves (Danckwerts and
Gordon, 1987). Lattanzi et al. (2005b) defoliat€®o/0f the shoot area of a 65-day old
sward and found that after 15 days the defolialadtp accumulated significantly lower
dry matter at all rooting nodes. A total root drgight of only 118 mg plaftfor the
defoliated plants was recorded, compared with 1§ptant' for the un-defoliated plants.
Growing roots were more affected compared to thderaloots under defoliation treatment
indicating greater and sustained demand of C fititahroot construction (Lattanzi et al.,

2005b). InPhaseolus vulgarig.., removing half of the seedling root system &&eged
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root growth relative to shoot growth until a balano root-shoot ratio was achieved
(Brouwer and De Wit, 1969). Geisler and Ritz (19B1Y. aestivumas cited by Klepper
(1991) found that root pruning decreased dry matteduction, reduced tillering and also
reduced the growth of new tillers. ln perenngJames and Hutto (1972) found that plants
growing in solution culture showed increased plgrawth under treatments involves
‘tiller separation’ and ‘removal of root apiceseatments. The authors believed these two
treatments probably increased root branching wreehlted in significant increase of net
assimilation rate arising from higher productionogtokinin (James and Hutto, 1972).
Another possible explanation is that tiller sepgaratind pruning of root apices reduce the

effect of the respective sinks in reducing shootgh.

C relations between root and shoot systems have demonstrated in a study with
Panicum maximunk. by Carvalho et al. (2006). For the 7-week-oldnts the authors
labelled the MT, old primary tiller and youngestnpary tiller with **CO,.They reported
that after*’C labelling, 70-85% radiocarbon was recovered ftbm shoots of both MT
and primary tillers but only 12-16%, 6-12% and <€2.3adiocarbon was recovered
respectively from the roots of MT, old primaryeilland young primary tiller of the same
plant. This result indicates that for an aduletill5-6 times the quantity of photoassimilate
is allocated to the shoot system as to the rodesysA similar result was also obtained by
Clifford et al. (1973) irL. multiflorum Lehmeier et al. (2008), while studying the source
of energy for root and shoot respirationLinperennefound that both the shoot system
and the root system have constant specific groatigsrand specific respiration rates and
these organs maintain a shoot:root ratio of 3.8dy*© during exponential growth of the
L. perenneplants. The ratio is quite close to the propodio@ partitioning observed
between shoot system and root system by Carvalhb €006) inP. maximumLattanzi

et al. (2005a) reported that a majority of C used for mead growth is derived from new
assimilates and from short-term stores. The C ursegspiration for both root and shoot is
supplied by the same substrate pools (Lehmeidr, &QD8).

2.4.4.2 Main tiller-daughter tiller exchange of C ad N

Clifford et al., (1973) used“C-urea for labelling the individual leaf lamina &ither main
tiller or daughter tiller of youngs. multiflorumplants. They reported a systematic flow of
the radiocarbon label from leaf lamina to root sgsivia the shoot axis. The study found

that after 24 hours of labelling the labelled indial lamina of the daughter tiller
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exported 21% and 31% of radiocarbon to the shodtraats of the MT respectively, but
the leaf lamina of the MT exported only 15% of tadiocarbon to the DT, whereas 33%
of radiocarbon was recovered from the roots. Thkas argued that C exchange between
tillers involves the shoot axis. Colvill and Mar8h@981) reported that the degree of
support from the MT towards primary tillers is imgely proportional to the dry weight of
the primary tillers. The older primary tiller beceman independent assimilatory unit
when it reaches a dry weight of about 25 mdg. .irperenneeven though some import of
main shoot assimilate continues (Colvill and Malsh#981). Anderson-Taylor and
Marshall (1983) fed the MT, first primary tiller drsecond primary tiller oHordeum
distichumL. with **C0O,. Only 10% of total assimilated C was recovered frorgans
other than the labelled after 24 hours. They fotlvad the MT exported assimilate equally
to all other tillers and roots but the primaryeil exported the majority of the assimilate
to the roots of the main tiller. In the experimentCarvalho et al(2006) (see previous
section) when young primary tillers were labelle-7.4% of radiocarbon to totafC-
photoassimilate was recovered from the roots of MIE when MT was labelled, a
maximum 1.7% of radiocarbon was recovered fromrtimes of the DTs (young or old).
The result suggests that DTs probably provide aifsignt share of respiratory energy to
the older roots of MT.

Welker et al. (1987) in a study involvingSchizachyrium scopariunfMichx.) Nash
reported that N was translocated from a labelled tdTsecondary and tertiary tillers
within a tiller hierarchy, and had a decreasingadtion gradient towards younger tillers
whose position in the hierarchy were more distalattated from the MT. That was likely
because the transport of N from the MT to a teyttdier occurs via the primary tiller and
secondary tiller. IrD. sativa,Mimoto et al.(1990) labelled the roots witfiN-ammonium
nitrate solution for 9 days. The seedlings werdtla Imore than a month old at labelling.
The labelling process was followed by the suppliefee solution for another 14 days of
a selected primary tiller (fourth daughter till&¥T4) from seedlings when the first leaf of
DT4 emerged. The authors reported that at tHedsy after labelling, the DTs of DT4
received the highest percentage of translocaedDT41 received 47%, DT44 received
49%; DT41 and DT44 were the DT of DT4 whereas DW&E the elder) followed by N
recovered at DT4 itself (40%), N transported to @4%), younger primary tillers, (DT5,
7%, DT7, 9%), elder niece tillers (daughter tillefsDT3, 2%), elder primary tiller, DT3
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(2%). The results indicated that the new growth prakimal sink receive a higher share

of transported N compared to older and distal sinks

2.4.4.3 N cycling between organs

It has been reported far. perennethat a significant quantity of N is recycled fraider
senescing leaves to the newly developing leaf gitnddi remobilisation (Ourry et al., 1988;
Millard et al., 1990; Thornton et al., 1993). Thistdnce in terms of phytomers on the
tiller axis between the senescing leaf and the yeamherging leaves ih. perenneis
generally three phytomers and that between thessamngleaf and newly emerging root is
one phytomer (Yang et al.,, 1998). The vascular miegdion as described by Bell
(19764a,1976b) indicates that N moving from the seimg leaf to the tiller axis would be
more readily withdrawn by the comparatively neasinks of the tiller axis such as newly

initiating roots, than by the more distant elonggtieaf.

Some studies have reported that the relative dartton of N remobilization towards new
growth is greater than the supply from N uptakeudgawein et al. (2001) reported that
remobilized N contributed respectively 70% and 8%l contained in new growth of the
above-ground components feestuca rubral.. andAgrostis capillarisL. in early spring.
The proportional contribution of remobilized N, aNduptake for new growth was shown
to depend on N supply to the plant from the soimited N supply from the soil
accelerated the N remobilization from old leavesnéw growth (Millard et al., 1990;
Ourry et al., 1990; Thornton et al., 1994). Alseqguent defoliation has been reported to
stimulate tillers to accelerate N uptake rate (ldaaet al., 2008), in that case the
contribution to new growth from N remobilizationofn the older leaves is reduced
(Thornton and Millard, 1997; Lestienne et al., 20@Burry et al(1988) and Millard et al.
(1990) reported fromt®N labelling experiments that following defoliatian substantial
amount of N was remobilized from the amino acidd proteins of the stubble (mainly)
and roots for regrowth. Immediately following agsdefoliation event, N remobilization
was found to be the major source of N for regro(@urry et al., 1989) as defoliation
reduces N uptake by the roots (Lestienne et a6R0n a regularly defoliated sward, N
remobilization was reported to depend on N supplgt emperature. A comparatively
greater N remobilization occurred when ammonium sgsplied rather than nitrate. The
N remobilization reported was also greater al@QGompared to 12C (Thornton et al.,
1993).
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2.4.4.4 C recycling within the root system

It is clearly evident from Matthew and Kemball (I99that allocation of current
photosynthate is predominantly towards younger eo@ts. The study reported that 70%
of total radiocarbon was recovered from the fivaeinyger phytomers (Prl- Pr5) whereas
Pr6 had achieved nearly final root mass and mahawis length. The data suggested that
main axis elongation is a strong sink that requaemajor share of photoassimilates
(Matthew and Kemball, 1997). The older roots olsdira very low share of recently
assimilated C. In fact a major share of around 4bfsto-assimilated C gets lost through
respiration, 34% and 8.5% remains in top and stased respectively and only 13.5%
reaches the roots (Danckwerts and Gordon, 1987nimgahat less than 4% of total
photoassimilates reaches below Pr6. C turnovetdaraoots is not much studied for
perenneroots and data on this point could answer questatnout the source of energy for
respiration and maintenance of fine rootd irperenneswards. Tissue turnover within the
root system might be one potential source of Csfistat and Yanai, 1997). In grasses
the potential sources of old C are the carbohydstdees in sheath bases and stems
(Chatterton et al., 1989; Thom et al., 1989), andna acid derived C from protein
turnover. Thornton etl. (2004) reported that in. perenneold C contributes 41.7% of C

in root exudates and the rest of the total exudatsspplied by newly assimilated C.

2.5 Questions relevant to further component resealc

Present understanding of developmental morpholdgy grass tiller is the synthesis of
sixty years of extensive research studies in diffeareas, including mass flow or tissue
flow in terms of growth and death of leaves andtspsegmental morphology of the
above-ground and below-ground components of tjllgnsysiological processes and
anatomical organisation of the grass shoot and sgstems. Section 2.3 illustrates that
even though the presence of segmental units igrides shoot system was understood in
the 1950’'s and 1960’s, the understanding that #meesorganisational patterns apply to
root development took another 40 years to emergeeSauthors have reviewed the
ecophysiological basis for different levels of plahant and plant-environment
interactions. For example, Robson et(&B88) described the form and function of grass
plants from seed germination, vegetative developmesproductive development and
related physiological events; Chapman and Lemdi@93) discussed morphogenetic

factors that can change the course of plant groaviti development, Nelson (2000)
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discussed the reciprocal interactions between deaivth and tillering, Schnyder et al.

(2000) and Thornton et.g2000) reviewed the C and N use in growth zonesRewson

et al. (2000) described ecophysiological aspectoof form and function. Nevertheless
the detail surrounding segmental organisation & g@nass root system and how this
impinges on root-shoot relations and interactiorgwben tillers in a hierarchical

relationship remains imperfectly described. Thigwpe highlighted by the review article

‘Understanding shoot and root developmématthew et al., 2001) which has traversed
these points and indicated ways in which improvetbvwedge of the segmental

architecture of in the grass shoot can potent@iytribute to future improvement of plant

performance.

As introduced in section 2.4.2.7, some earlier rspom the New Zealand and United

Kingdom describe the annual pattern of root reptes® from the grass swards (e.g.,
Stuckey, 1941; Troughton, 1951; Jacques and Sch8S§; Baker and Garwood, 1959;

Caradus and Evans, 1977). Those results showedsistency with each other and failed
to clearly explain the root growth pattern at thrasg sward. Conversely, from another
series of studies which emphasized the evidengeesence of segmental organisation in
the grass tiller suggested that root formation deslelopment in the grass tiller is a
continuous process (Matthew et al., 1991; Matthed/ léemball, 1997; Yang et al., 1998;

Matthew et al., 2001; Lattanzi et al., 2005b). Rertstudy is therefore needed to confirm
whether root initiation and root development in tiller axis has any seasonal pattern
during continuous root production at the tillersaxburand et al., 2000; Fournier et al.,
2005; Verdenal et al., 2008).

Section 2.4.2.7 on ‘Root formation and developmestiewed the existing knowledge of
root development irL. perenne As indicated in that section, information on pemal
ryegrass root developmental processes, and seasutatlon in nodal root formation and
branching pattern are also scarce in the literafline present study will therefore try to
fill the gaps in the literature to some extent. Beaiter understand root development and
turnover, a possible approach is to dissect ragots the tiller axis in order of root age, so
that root development can be documented inx &iMAe scale, similar to Sharman’s (1942)
leaf turnover cycle in a plastochron time scalestédy of this kind will also describe the

co-ordination between successive phytomers duriog development in the same way
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that progressive leaf development at successiveopters as described by Fournier et al.
(2005).

A recently developed viewpoint is root appearancetlze tiller axis is governed by
seasonal variation in day length and temperatueg firimarily modifies the leaf
appearance interval over time and so timing of mqmiearance for that position on the
tiller axis. Day length and temperature determhreettme interval between the emergence
of two successive leaves and thus the time intdrgbleen the events of appearing roots
at the two successive root-bearing phytomers dukela@y in root appearance at the same
phytomer (e.g., Hunt and Thomas, 1985; Matthew.ef1898). Seasonal variations in day
length and temperature coupled with a delay of séyllochrons between leaf and root
appearance events at a phytomer mean that ther@assibility of ‘desynchronisation’
between shoot and root formation cycles, and hefieemorphogenetic variation in root

to shoot allocation (Matthew et al., 1998).

As illustrated in Section 2.4.4.2 the work of Cdinaet al. (2006) and some other
previous studies such as Clifford et al. (1973) @udvill and Marshall (1981) revealed
that DTs feed the roots of MT once they are esthbli and they probably have a
significant role in feeding older roots of MT whicluffer C starvation due to reduced
supply from the tiller of origin (Matthew and Kemhbd997). The interrelations between
MTs and DTs for dry matter partitioning, and C ah@xchange are much less studied in

L. perenneswards.

Considering the above information, the followingda aims were determined for the
three year Ph D research programme:

1. To provide a description of root development forperennein phyllochron time
units, similar to that of Sharman (1942) for leaaes an analysis of implications
for root ecophysiology;

2. To conduct a preliminary investigation of whethermnmt seasonal ‘decoupling’
(desynchronisation) of phyllochron and rhizochnofiuences root:shoot relations.

3. To investigate aspects of root-shoot and tilldedtil translocation with
consideration of root age and position when sargpiiots for measurement.

4. To provide information on how daughter tillers mtighodify the pattern of root

development and turnover of the parent tiller.
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Chapter 3: Tiller Morphology

3.1 Introduction

Chapter 2 has included a detailed review of thepmalogical development of a phytomer
and has indicated gaps in existing knowledge reélaiehe fact that very few past studies
have considered the influence of plant architectasea factor determining biological
behaviour of grass shoot and root systems andirtkebetween them. A fundamental
requirement in order to understand grass plantiteatbre is a tiller axis map defining the
number of phytomers on the tiller axis, the statbiphytomers at specific positions, and
the time frame required for a phytomer newly forna¢dhe tiller axis to begin leaf, and
later root formation. However, as noted in secfd$ such data are sparse in the literature
and plant structure can change according to groworglitions. It was therefore decided
that to assist in planning of measurements to beedaout to answer research questions
raised in Section 2.5, an early harvest of a subbgqtlants from a larger experiment
reported in Chapters 4-6 would be made to provideap of phytomer development on
the tiller axis and indicative information aboutesiof leaves and number and size of roots
at various positions on the tiller axis. This prehary harvest involved plants of two
perennial ryegrass cultivars with different bregdimackgrounds; a New Zealand-bred
cultivar, Alto, and a United Kingdom-bred cultivétberdart.

3.2 Materials and Methods

Cores of soil approximately 8 cm in diameter andtaming a healthy perennial ryegrass
plant were collected in July 2008 from paddockMassey University No. 4 Dairy Farm,
previously sown in either Alto (bred by NZ Agriseddd, Christchurch, N.Z.) cultivars of
perennial ryegrass, or Aberdart (bred at the umstifor Grassland and Environmental
Research, Aberystwyth, U.K.). From these coreglsiadult tillers were broken out and
established in a hydroponic culture system on § 20D8. Hydroponic culture was used
for ease of access to the root system. The firstdaughter tillers produced by plants in
hydroponic culture were allowed to develop, andssgoent daughter tillers were
removed. Plants were inspected daily and timingath leaf appearance event noted.
Approximately 85 days later, by which time phytome&rhich had had live leaves when

established in the hydroponic culture system nowvwaell developed roots, two randomly
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selected plants of each of the two cultivars weaevésted and dissected under 15x
magnification using a binocular microscope. Leaaes roots of each plant removed
sequentially, according to phytomer position on tiler axis. As plants described here
were chosen from among plants being grown for ¥peement reported in Chapter 4, the
reader is referred to Section 4.3 for further detai the hydroponic culture regime and of
the measurement of individual leaves and rootsa Ratlected for the four test plants of
the main tiller and the two daughter tillers at testructive harvest included number and
position on the tiller axis of live leaves and rbearing phytomers, and for individual
phytomer positions, leaf length, leaf dry weighdptr axis length, total root length per
phytomer, root dry weight per phytomer and numbewoots per phytomer, as relevant to
each phytomer position. Leaf area of the individledves was estimated using the
equation 0.7 x leaf length x leaf width (C Matthgrsonal communication). Total root
length for each phytomer was obtained using theiflrrddNewman Method (Tennant,
1975, see section 5.3.6). Leaf appearance rate (lg€Res tillet* d*) at each phytomer
was calculated as the inverse of leaf appeararieeval (days). Root-bearing phytomer
appearance rate (PrAR, Pi)dwas estimated assuming that root-bearing phytomer
appearance interval would be equal to the prewooisterved leaf appearance interval of
that phytomer. Total shoot dry weight (includingepdostem), root dry weight and
number of roots per tiller were calculated by sungnihe data for all phytomers for the
individual tiller. One-way ANOVA was carried outinog Minitab 15 statistical software
(Minitab Inc. State College, Pennsylvania) to corethe variation between two cultivars

for each trait.
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3.3 Results

3.3.1 Schematic description of the tiller axis

Plants harvested at this time carried on averageB@ive leaves per main tiller and the
total number of phytomer positions in the tillensaaveraged 17.5 for Alto and 19 for
Aberdart (p=0.038, Fig. 3.1).

P Alto Aberdart
1 Leaf emergence Leaf emergence
2 Leaf elongation T Leaf elongation
3 de
4 !
5 Pr
6 Root initiation | 1 SL-YR co-location Root initiation
7 2
8 Root elongation | 3 Root elongation
9 4
10 5
11 | Root branching | 6 Root branching
12 7
13 8
14 9
15 10
16 11
17 12
18 13
19 14

Fig. 3.1 Schematic map for the main tiller axes lajlium perennecultivars Alto and
Aberdart indicating the number, P, and developmetédus of phytomers present
on the tiller axis, with the emerging leaf desigmbP1. Pr indicates the number of
root-bearing phytomers with the youngest root desigd Prl.de denotes the
delay between leaf and root appearance at the pagtemer position, and was
approximately 5 phyllochrons for these plants. ®ldacells indicate the presence
of leaves; SL, senescing leaves; YR, young roatso(see Robin et al., 2010).
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The phytomer position P6 was the mean positionhathwroot initiation was observed at
the time of harvest. For Alto the phytomer posisidil — P6 bore leaves with an even
progression of leaf developmental stage from ldahgation at P1 to yellowing and

visible senescence at P6. Similarly, phytomer pmst P6 — P17 bore roots at
progressively more advanced developmental stages Bhort unbranched main axis
initials in the region P6 — P8, to highly developiakely branched structures at the
lowermost phytomers. A similar pattern was obser¥ed Aberdart, except that in

Aberdart the first 8 phytomer positions bore liveaves, meaning that at phytomer
positions 6 to 8, young roots co-located on the esgghytomer with mature leaves.

Phytomers P6 — P19 bore roots in the 2 Aberdaetdil The total number of root-bearing
phytomers per tiller showed a statistically sigrafit difference between the two cultivars
(p=0.038) but the number of live leaves per tilligifered only marginally between the

cultivars (p=0.095).

3.3.2 Leaf appearance rate

Aberdart maintained a faster rate of leaf appearahan Alto (Table 3.1). For both
cultivars the leaf appearance interval was 13 @daythe start of the Experiment (P11 in
Alto and P13 in Aberdart, respectively) and theeafeaves appeared at successively
shorter intervals with this trend more pronounced Aberdart, which had a leaf
appearance interval at the end of the experimebt®tlays, compared with 7.5 days for
Alto (Table 3.1). The longest leaf appearance wateof 13 days was recorded when the
day length was comparatively short. Leaf appearanterval became shorter with
increasing day length as the experiment progresskd. difference between the two

cultivars for mean leaf appearance rate was statilst significant (p=0.035).
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Table 3.1Leaf appearance interval at different phytomeitmrss for Alto and Aberdart
perennial ryegrass cultivars during a 90 d growghiqal in spring. The youngest
leaf was used as the reference point and was aeejas P1. Note that P2 is the
most recent and P11 of Alto and P13 of Aberdarfitseobserved leaf appearance
event. Appearance interval for roots on succegsiwgomers at positions P6-P13

is assumed to equal leaf appearance interval aetb@me phytomers.

Phytomer Leaf appearance interval
position (P) (d leaf!)
Alto Aberdart
1 - -
2 7.5 5.0
3 7.5 5.0
4 8.0 6.5
5 8.0 6.5
6 6.5 6.5
7 7.5 6.0
8 8.5 6.5
9 9.0 7.0
10 9.5 8.0
11 13 9.0
12 9.0
13 13

3.3.3 Root development

All the root-bearing phytomers except the few lowest were phytomers for which leaf
appearance had been observed early in the expdyiamah it was assumed that the age
difference of roots at successive phytomers wasroxppately given by the leaf
appearance interval observed for each phytomerrdaioehad a higher total number of
root-bearing phytomers per tiller, a higher averagenber of roots per phytomer,R

(p=0.058) and thus a higher total number of roetstiier compared to Alto (Table 3.2).
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Table 3.2 Root-bearing phytomer appearance rate {Pragsumed to be the same as for

the leaf at that position) and number of roots pkeytomer (R) at different

phytomer positions for Alto and Aberdart perenmydgrass cultivars during the

90 d growth period. The phytomer bearing the yoahgsot was designated as Prl.

Root-bearing

Appearance rate of root-bearin

j Number of roots per phytomer

phytomer phytomers Rp
(Pr) (Pr d¥
Alto | Aberdart Alto | Aberdart

1 0.15 0.15 15 15
2 0.13 0.17 2.0 2.0
3 0.12 0.15 1.0 2.5
4 0.11 0.14 1.0 4.0
5 0.11 0.13 1.0 15
6 0.08 0.11 15 15
7 0.11 1.0 1.0
8 0.08 1.5 1.5
9 1.0 1.0
10 1.5 2.0
11 2.0 1.0
12 2.0
13 2.5

Mean 1.36 1.85

3.3.4 Variation in leaf and root size at successiy@ytomer positions

For both cultivars the leaves at successive phytenvere progressively larger in terms of

final leaf length and leaf dry weight (Fig. 3.2)hél longest final leaf lengths recorded
were 43 cm for the cultivar Aberdart and 37 cm tfee cultivar Alto at P2 (Fig. 3.2a).

However, the cultivar effect was statistically ngignificant. Individual root lengths and

weights were more variable than leaf length andylteso the pattern of change across

successive phytomers was less well defined for datd than for leaf data. In general, the

longest roots were at the oldest phytomers whetteasoot weight did not appear to

increase after Pr4 (Fig. 3.2). A strong positiverelation between total root length per

phytomer position and root dry weight per phytompesition was observed (p<0.001).

51



Chapter 3 Tiller morphology

(a) Leaf length B Aberdart OAlto (b) Leaf dry weight
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Fig. 3.2 Variation between phytomer positions for (a) leafdth, (b) leaf dry weight, (c)
root length and (d) root dry weight of Alto and Abart — perennial ryegrass
cultivars. Vertical bars indicate standard erroeath phytomer position. For leaf
data the emerging leaf (P1) is the reference pamok for the roots the youngest

root-bearing position (Prl) is the reference point.

3.3.5 Comparison of main and daughter tillers

The DT1 is the first formed and lower on the tiller axvhereas DT2 was later formed and
usually attached to the main tiller axis one phytoribove DT1. For the cultivar Alto, the

two daughter tillers had generated a mean totdbgbhytomer positions per tiller (6 live

leaves and 10 root-bearing phytomers). For thaveultAberdart, DT1 had 16 phytomer

positions per tiller (6 lives leaves and 10 roottieg phytomers) and DT2 had a mean
total of 14 phytomer positionss (5 live leaves &dbot-bearing phytomers). The data

presented are the average of four plants.

Compared to the main tiller, daughter tiller phy&rpositions of comparable age showed
statistically significant size reduction for leanigth (p=0.016, Fig 3.3a), leaf dry weight
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(p<0.001, Fig 3.3b), root length (p=0.014, Fig 3.dad root dry weight (p=0.003, Fig
3.3d).

(a) Leaf Length WParent tiller (b) Leaf weight
ODaughter tiller 1
50 - ODaughter tiller 2 120 -
= 100 A
£ 40 o0

\J < 80 -

5% B 60 A

z 20 Z 40 -

= 10 1 = 20 -

O T T T T T 1 0 K

1 2 3 4 5 1 2 3 4 5
Leaf Number Leafnumber
(c) Root length (d) Root weight
250 f 35 1
g 200 - _ 97
N7 8 25 -
T 150 - < 20 1
= 25
s 100 A K4
& % 10
50 1 K 5
0 - 0
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Phytomer position Phytomer position

Fig. 3.3 Variation between main tiller and daughter tillems successive phytomer
positions for (a) leaf length, (b) leaf dry weiglit) root length and (d) root dry
weight averaged accross Alto and Aberdart perengegrass cultivars. Vertical

bars indicate standard error at each phytomeripositor leaf data the emerging

leaf is the reference point (P1) and for root dHte youngest root-bearing

phytomer position (Prl) is the reference point.

Consistent with differences at the phytomer letahl shoot dry weight per tiller and total
root dry weight per tiller showed statistically sificant difference between the main and
the daughter tillers (p=0.001, Table 3.3). Howeke, variation in total number of root
producing phytomers per tiller was not statisticalignificant between the main and the
daughter tillers. Root production rate and roohghtion rate were tended to be higher for

the main tiller than for either of the daughteet (p=0.10, Table 3.3).
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Table 3.3Variation in shoot and root morphological traietween main tillers (MT) and
daughter tillers (DT) averaged across Alto and Abkdr perennial ryegrass
cultivars. DT2 is typically one phyllochron youngdran DT1 and they were
therefore located on adjacent phytomers, and ofgoasithe tiller axiskR,, number
of roots per phytomeW, dry weight; DM, dry matter; Pr, root-bearingypomer

positions. Data presented are the average + S&uotiflers from two cultivars.

Tiller ~ ShootDW  Root  Number of root- Ry Root DM Root axis
type (mg) DW bearing increase elongation rate

(mg) phytomers mg Prtd* cm Prtad?

MT 769154  234+36 12.25+0.70  1.59+0.13 0.57+0.18 1.38+0.32

DT 1 449+51  114+12 10.75+0.25 1.33+0.13 0.36%0.18 0.67+0.35
DT 2 380+39  104+18 10.0+0.70 1.42+0.13 0.29+0.16 0.75+0.24

p value 0.001 0.001 0.15 0.37 0.10 0.056

3.4 Discussion

Even though number of live leaves and live rootsewsgnificantly different between
cultivars, a comparable sequential pattern of leafl root development across the
phytomer positions at the tiller axis for two perah ryegrass of contrasting breeding
background are evident (Fig. 3.1). The patterreisegically similar to that reported from
early studies aimed at elucidating plant strucatrhe phytomer level (Etter, 1951; Yang
et al.,, 1998). As discussed in Chapter 2 the pattérleaf turnover has been studied
previously but the pattern of root turnover halsabeen studied for perennial ryegrass.
One important visual observation was that rootBrat typically showed commencement
of branching and the degree of branching incregsadually as indicated by rate of root
length increase at the successively developingogomgts (Fig. 3.3). The degree of root
branching, the increase in root length and othet dimensions such as increase in root
surface area and volume at the successively dawnglgmhytomers should be studied
further in greater detail for a larger set of ptatd understand root dynamics. The co-
efficient of variation for root dry matter increagesuccessive phytomers was very high
but a comparatively rapid increase in root dry Weigt successively developing
phytomers for the first few younger phytomers jbsiow the root initiation region
indicated high C requirement for root constructodnhese younger roots (Fig. 3.3), which
is likely supplied by canopy photosynthesis. Deiaation of the rate of photosynthesis of
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the individual leaves at the different developmkestage and estimation of rate of canopy
photosynthesis per tiller might assist in the ustierding of the share of assimilated O

being used in root construction.

The fact that successively younger phytomers etdudbincreased leaf length and dry
weight for both of the cultivars would likely hatseen caused by a combination of two
factors. First, as transplanted tillers increasesize over time in the hydroponic system,
to a final shoot weight of 769+54 mg (Table 3.3yam higher than values of <120 mg
typically reported in field swards (Kays and Harpg&®74; Bahmani et al.,, 2001), an
associated increase in leaf length would be expgecg&econdly, in normal regrowth of a
tiller following defoliation the coordination rulegoverning timing of leaf elongation of
successive phytomers (Section 2.4.2.4) mean tlwt gaccessive leaf will continue cell
division and elongation for a little longer thar tlast (Verdenal et al., 2008). The fact that
individual roots generally did not show a corregqfing increase in root dimensions from
the oldest to comparatively younger root-bearingt@mers could indicate that individual
roots continue to grow for a much longer time theaves although the co-efficient of
variation was very high for root data and thesensocould usefully be clarified in a later

study.

The number of live leaves per tiller in this sty@y-8 leaves per tiller, Fig. 3.1) was much
higher than that of field swards, which has beeteshdetween 2.55 to 2.87 by Davies
(1977), 3.5 to 4.0 by Fulkerson and Slack (1994) Enlkerson and Donaghy (2001) and
3.0-4.0 by Yang et al. (1998). The reason for tighdr than normal number of leaves per
tiller is unclear and without precedent in therbterre that the author is aware of, but may
relate to the comparatively high level of N suppty hydroponic culture and plant
manipulation (see section 3.2). It is not clea Higher than normal number of leaves per
tiller would in some way alter root dynamics andstpoint needs to be borne in mind
when interpreting data.

Chapman and Lemaire (1993) have noted that NLbesproduct of LLS and LAR. The
significantly higher number of live leaves perdilifor the cultivar Aberdart than Alto is
therefore consistent with the observed faster LAR\lmerdart than of Alto (Table 3.1).
Variation in leaf appearance rate between cultivaisame environmental conditions has
previously been reported (Hume, 1991; Brock etl#96; Sartie et al., 2009). It might be
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worthwhile to revisit the morphological developmensequence and photosynthetic
capacity of the leaves at the successive phytofoetsoth of the cultivars in response to

changing LAR in increasing and decreasing day lengt

As the experiment progressed, the increasing dagthepromoted an increasingly faster
rate of leaf appearance (leaves per day) for boltivars and this was expected based on
the known association between increased temperahdea decrease in the phyllochron
(Peacock, 1975c; Thomas and Norris, 1977). Thengsison that at a particular phytomer
the rhizochron is determined by the phyllochron fioe leaf at that phytomer needs
confirmation but visual observation suggested aeneprogression in root maturity
moving down the tiller axis, as reported by Matth&wemball (1997), meaning that this
assumption would be at least approximately truetiiMav et al. 1998). In field conditions
the roots usually appear at the tiller axis atdbeescence of the eldest leaf, generally at
4-6 leaf appearance intervals (P4-P6) (Matthewl.etl@91; Yang et al., 1998). This
study observed the co-location of older leavesyamohg roots at the same phytomer even
though the mean position of root appearance atiltee axis is quite consistent (5 leaf
appearance intervals, Fig. 3.1) with the previaort of Yang et al. (1998). A spatial lag
in leaf and root appearance at the tiller axihatdame phytomer means that in growing
conditions of increasing day length a tiller wikmerate new leaves at a faster rate than
that which applies for the appearance of new reairing phytomers. The phytomers
initiating new leaves will have been formed in cibiotis of longer day length than the
older phytomers initiating new roots. Conversatyconditions of decreasing day length
the leaf appearance rate will be lower than theeagmce rate of root-bearing phytomers
(Matthew et al. 1998; Matthew et al. 2001). If ¢heare not compensations in terms of
seasonal change in the source sink relationshipdeet leaves and roots, then this day
length effect on the number of leaf and root itibia events, and therefore on the ratio
between the two, could potentially provide a seabarhange in root: shoot ratio,
increasing root production in increasing day len@ring) and decreasing it in autumn.
The expected variation in root: shoot ratio duehanging day length and arising from
spatial separation of leaf and root appearance tnfighstudied in a second experiment

with decreasing day length to test this hypoth@detthew et al., 1998).

The significant reduction in size of leaves andsai the phytomers of comparable age of

daughter tiller compared to the main tillers indécha slower growth rate of the daughter
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tiller compared to the main tiller (Fig. 3.3). Thassumption is supported by marginally
lower main axis elongation rate and dry matter easing rate of the daughter tillers
compared to the main tiller (Table 3.3). The reswliggested that daughter tillers are
possibly involved in supplying C for the developmeh main tiller, as shown for the
tropical grasg?anicum maximunfCarvalho et al., 2006), hence limiting their owowth
rate. Therefore the functional relations betweemrtiker and daughter tiller for C and N
relations might also be studied for better undeditay of main tiller and daughter tiller
relations during their development.

3.5 Summary

* A general pattern of root development at succeggmygomers was established for
the four plants in the test harvest but furthedgtaf the root development cycle
using a larger data set is desirable;

* Inference about root development rate from the @apn of root dimensions at
successive phytomers may be distorted by the isergatiller size over time after
transplanting to the hydroponic system, and ingeasiton to clarify this point
would be helpful;

» Determination of photosynthesis rates of individiealves in order to estimate the
extent to which root growth may be photosynthatated is also desirable;

* Plants in this study have an unusually high nundbéeaves per tiller and it is not
clear if this would affect dynamics of root prodoat

* The delay of around 6 leaf appearance intervalwdzt formation of a leaf and
formation of a root at the same phytomer could pd#y cause a seasonal change
in root:shoot ratio and a repeat experiment undatrasting day length conditions
would allow this hypothesis to be tested;

* The smaller size of daughter tiller leaves andgpovmpared to main tiller organs
of the same age suggests daughter tiller size maiynited by export of substrates

to the main tiller, and tracer studies could beduseexplore this point further.
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Chapter 4. Leaf Turnover and Photosynthesis

4.1 Introduction and Overview

In Chapter 3 the morphology of a vegetative grales tvas discussed in brief. In a grass
tiller, the tiller axis is composed of a seriesnobdular units called phytomers forming a
vascular connection that unites the above-grounidbatow-ground components (Yang et
al., 1998). The growth of leaves above ground bag been known to exhibit a pattern of
turnover with coordinated, simultaneous producton senescence (e.g., Silsbury, 1970;
Robson, 1973; Robson et al., 1988; Pilbeam, 1992y [@nd Ducrocq, 2000; Fulkerson
and Donaghy, 2001). On this basis, leaf turnoveukhhave a co-ordination with root
dynamics, a point which is often neglected in tiberdture. This experiment set out to
define patterns of leaf and root turnover, withuffisiently long observation period for
leaf and later root production on the same phytenmier be observed. Moreover,
information on the ‘architectural’ integration obat and shoot systems through the
segmental organization of the tiller axis and titie-tiller relationships can also be

obtained in this type of study.

Because of the quantity of observations generdkede chapters have been allocated to
discuss them. In the present chapter, the dynaofit=af production at successive nodes
in increasing day length in winter-spring and ircrégasing day length in autumn are
presented. The photosynthetic capacity of leavesfing age is also considered, and the
associations among the leaf morphological traksexplored. Chapter 5 presents data on
root development at successive phytomers of ther tdxis. Chapter 6 discusses the
implications of the data in terms of the relatiapsbetween plant architecture and plant
function, especially with respect to the inter-segial relationships between above and
below ground components and tiller-tiller relatioi$ie plant growth conditions will be

described in this chapter but the materials anchaust relevant to leaf, root, and tiller

investigations are presented in respective chapters
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4.2 Objectives

1. To build an understanding of leaf turnover on thiertaxis of L. perenneby
measuring morphological differences between leaakssuccessive phytomer
positions;

2. To carry out these leaf measurements for two pémempegrass cultivars with
contrasting breeding background (Alto and Aberdant)contrasting growing
conditions of increasing or decreasing day lengtbrder to explore the nature of
variation in leaf turnover across cultivars andsses;

3. To determine the extent of variation in leaf moriplgy between genotypes within
cultivars (Alto and Aberdart) compared to the Vol between cultivars and
seasons for leaf morphology and turnover;

4. To investigate the variation in net photosynthetite of leaves at different
positions on the tiller axis and to determine # frattern of variation changes with
cultivar, genotype, or season.

4.3 Experimental

4.3.1 Experimental site

The plants were grown in a hydroponic culture sée Fig. 4.4 in section 4.3.3) in a
glasshouse at the Plant Growth Unit (PGU) at Massayersity, Palmerston North, New
Zealand (latitude 4019’ South, longitude 1746’ East, altitude 25 m above sea level).
Laboratory work was done at the Institute of NdtuR&sources, Massey University,

Palmerston North.

4.3.2 Seasonal timing of experiments

Two separate experiments were conducted in wimeng and autumn (Fig. 4.1). In
winter-spring, plants were grown from 1 July 20088 September 2008, and in autumn
from 3 March 2009 to 31 May 2009. These two Experita were in fact Experiment 4
and Experiment 5 in the overall sequence of workilfie@ Ph D programme, but will be
referred to here as Spring and Autumn experimeaspectively. In the Spring experiment
the plants experienced increasing day length anthenAutumn experiment the plants

experienced decreasing day length.
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\ Autumn experiment
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Fig. 4.1 Positioning of the Spring and Autumn experimentthini the seasonal cycle of

| o

day length change.

4.3.3 Weather data

In both experiments hourly temperature data intheeglasshouse were recorded using a
micrologger (Model Z, HortPlus.com). In the Auturexperiment hourly temperature data
were also recorded using a data logger (Skye Dagabio/€” Instruments Ltjl The Skye
data logger also recorded light data from 4 Maro@2to 31 May 2009 in the Autumn
experiment. In spring light data were collectedrfrt July 2008 to 11 July 2008 while the
Skye data logger was placed in another glasshdutbe dnstitute of Natural Resources,
Massey University, about 1 km away from the Plandv@h Unit. Total sunshine hours
per day were obtained from daily climatological evsitions recorded at the New Zealand
AgResearch Ltd. Grassland Research Centre, Pabnexkirth, about %2 km distant from

the site of the experiment.

Thermal time in growing degree days (GO, d) was calculated takind@ as the base
temperature and using the equation:

)(Enax+Tmin)/2 - Tbase

Growing degree days (GDD
Where Tax and T are the maximum and minimum temperature recordedday; Pase

(base temperature) is the temperature below whiaivty does not occur.
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Average data for GDD, PAR (for the available daysjnperature, total sunshine hours
per day in the Spring and Autumn experiments agpearTable 4.1. The day to day
variation in average daily temperature in the twpeziments is shown in Fig. 4.2. The

trend in GDD per day over the course of the twoeexpents is shown in Fig. 4.3.

Table 4.1 Mean values for variation in daily temperature digtit intensity during the

Spring 2008 (Experiment 4) and Autumn 2009 (Expernitrb) experiments.

Weather data Data source Spring Autumn  SEM p
2008 2009 (experiment)

#Thermal time in growing degre#licrologger
days, GDD{C d) 8.6 154 0.38 <0.01
*PAR (MJ m? d}) Skye sensor1.19+0.966.93+0.35 - -
Sunshine hours {9 AgResearch 3.7 4.9 0.35 0.047
Mean maximum temperaturé)  Micrologger 16.3 25.4 0.37 <0.01
Mean average temperatuf€Y Micrologger 11.6 18.6 0.32 <0.01
Mean minimum temperaturég)  Micrologger 6.94 11.7 0.38 <0.01

#Daily thermal time increment; *Incomplete data

——Autumn 2009 ——Spring 2008

Temperature°C)
=
(6}
— 7

0 10 20 30 40 50 60 70 80 90

Days after transplanting

Fig. 4.2 Daily average temperature during the Spring (1 loly28 September) and
Autumn (3 March to 31 May) experiments.
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Fig. 4.3 Variation in daily thermal time (growing degree da{DD), °C d) during the
Spring 2008 (1 July to 28 September) and Autumn92(® March to 31 May)

experiments.

4.3.4 Plant materials

Two commercial cultivars ofL. perenne Alto and Aberdart were used in these
experiments. Alto is a New Zealand bred, diploade Iflowering cultivar released by New
Zealand Agriseeds Limited (Anonymous, 2006). Atdisted in sales brochures as having
a flowering date “+14” (Anonymous, 2006). Floweridate is generally assessed based on
50% head emergence (Laidlaw, 2004) and the scotenglicates a cultivar that flowers
14 days later than Grasslands Nui against whicldiong dates of other cultivars are
typically benchmarked by breeders. The flowerintgdar Grasslands Nui (0), is typically
around 22 October, but this varies by 2 — 3 weeksnfyear to year and between
geographic regions. A cold, late spring delays hepdvhereas a warm spring can cause

flowering to occur earlier.

The cultivar Aberdart is bred by the Institute ofa€sland and Environmental Research
(IGER), UK (Wilkins and Lovatt, 2004), a diploicate flowering (+15 days), high sugar
ryegrass (Downing and Gamroth, 2007; Hoekstra et2807), marketed by Germinal
Seeds in New Zealand. The late flowering cultivenes of interest in the industry as they

have a longer vegetative growth phase in springrbethe onset of reproductive growth
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and associated loss of feed quality. Plants ofiailtAberdart were endophyte free but
plants of Alto were infected with AR1 fungal endgph

4.3.5 Experimental design

To provide a population of plants for study, in le@xperiment, plants of 10 genotypes
from each cultivar were chosen and adult tilleradsid out from each plant to provide 6
clonal replicates of each genotype. Any small d&emgtillers attached to tillers at
transplanting were removed. The clonal replicatesewtransplanted to the hydroponic
unit with three clonal replicates of each genotgpanged as shown in Table 4.2 and Fig.
4.4. The length of tillers from pseudostem baskeab tip at transplanting was 20-25 cm.
Plant spacing at transplanting was 12 cm x 12 cdhtlns 12 plants were accommodated
in each tray of 60 cm x 42 cm (4 plants x 3 plant$)e individual tillers were supported
by polystyrene sheets with 2 cm diameter holedaruplants to grow in (Fig. 4.4). In the
Spring experiment, plants were held in place byrfaabber strips and in the Autumn
experiment by wire paper clips. The transplantetividual tillers were allowed to grow
in hydroponic solution for 84 days and 83 dayspeetively, in Spring and Autumn
experiments before commencing destructive harvgstiarvesting took place over 8
consecutive days in each experiment. Hence thetidaraf the Spring experiment was
88+4 days and that of Autumn experiment was 8734 dBuring the growing period only
the parent tiller and first two daughter tillers reeallowed to develop and all other
daughter tillers were removed soon after they agged&or ANOVA purposes, trays were
not represented in the statistical model becausgenti solution was cycled among all
trays and positions of trays on the table of th@rbgonic unit were rotated weekly. It was
therefore considered that observations for indi@iculants within a tray-group would be
uncorrelated, and that the experiment could theedfe analysed using plants within trays

as the experimental units, as in a completely ramsked design.
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Table 4.2 Allocation of plant material to hydroponic culturays. Each hydroponic tray
contained 6 Alto and 6 Aberdart tillers as of parkar genotypes as indicated. ‘A’
denotes cultivar Alto and ‘B’ denotes cultivar Abart. 1-10 are the individual
genotypes of each cultivar. The hydroponic unittamed 10 trays in all with the
same layout duplicated. Trays were moved weeklg toew position, and their

orientation rotated 18&t the same time.

Tray 1 Tray 2 Tray 3 Tray 4 Tray 5

BS B3 Bl |Al0 A4 A7 |B7 BS5 B3 |A8 A3 A9 B9 B8 B4
B2 B4 B8 |A5 A9 A6 (B6 B10 Bl |A7 Al A2 |B10 B2 B6
A5 A3 Al |B10 B4 B7 |A7 A5 A3 |[B8 B3 B9 |A9 A8 A4
A2 A4 A8 |B5 B9 B6 |A6 Al0 Al |[B7 Bl B2|Al0 A2 A6

Fig. 4.4 The hydroponic plant culture unit approximately 8eks after establishment of
perennial ryegrass plants of cultivars Alto and vdagt in the Autumn experiment
(Experiment 5). The hydroponic unit can accommod2®e trays but in the
experimental design a total of 10 trays were inrafpen. Each tray contained 12

plants.
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4.3.6 Hydroponic culture system

The hydroponic culture system comprised two sulbesys each with its own reservoir
tank of 120 L capacity with nutrient solution cygleom the reservoirs to ten 12 L trays
on a bench above. Hence there were 20 trays ihaonthapproximately 250 L nutrient
solution circulating in each sub-system. In Figk. #he unit is shown with 10 trays in place.
Each tank was fitted with a submersible pump delingenutrient solution to one of two
30 mm diameter PVC perimeter pipes (see Fig. 4dmnfwhich small feeder tubes
delivered nutrient solution to each tray at appmately 30 L . Solution in the trays was
continually aerated from a compressed air suppig, ffowed out through an overflow
pipe back to the reservoir tank through a gravityeh return system. The nutrient
solution was changed weekly, with nutrients asaatdid in Table 4.3 dissolved in tap
water. The acidity was adjusted daily to a range5@46.0 using 6N HCI or 2N KOH as
required. A pH stabilizer (MES, 2(N-Morpholino) attesulfonic acid) was also added
(0.2 mM, 97.6 g per 250 L). Electrical conductivdlthe nutrient solution was measured
periodically using a conductivity meter (BluefaBombo Meter) to gauge nutrient uptake
by plants.

Table 4.3 Chemical composition of the nutrient solution usedhe hydroponic culture
system. Quantities shown in the right hand columa tae amount required to

make 250 L of nutrient solution.

Chemical name Formula Molecular mass, g Strength 2504/
Na Di-hydrogen Phosphate Ng#rO4 120 0.6 mM 18
Magnesium Chloride MgGl 95 0.6 mM 14.25
Potassium Sulphate >BOy 174 0.3 mM 13.05
Calcium Chloride CagGl 83 0.3 mM 6.225
Ortho-boric Acid HBO; 51 50 uM 0.638
Ferrous-EDTA Fe-EDTA 376 90 uM 8.46
Mn Sulphate Tetra-hydrate Mn$@H,O 223 9 uM 0.502
Zinc Sulphate ZnSHIHO 288 0.7 uM 0.050
Cupric Sulphate CuS®H,0 250 0.3 uM 0.019
Sodium Molybdate N#o4.2H,0 242 0.1 uM 0.006
Ammonium Nitrate NHNO; 80 1 mM 20
MES 488 0.2 mM 97.6
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Electrical conductivity (EC) of a newly mixed nanit solution was typically 6 dS+and
EC when the solution was changed after one weekas@snd 4 dS fhin the Spring
experiment and 3 dS hin the Autumn experiment at the later stage oheageriment
when plants were bigger in size. The temperaturth@fnutrient solution was recorded

intermittently.

4.3.7 Growth measurements

The tip of the leaf lamina for all leaves of eaengnt tiller was cut off at transplanting as
a marker so that any new leaf appearance everd beuéasily identified. The date of leaf

appearance intervals of all new leaves was recofead transplanting to harvest for 60

plants, 30 plants from each cultivar and 3 clomgllicates from each genotype, in each
experiment. Length increase in centimetres fordlomgating leaves was recorded every

alternate day.

4.3.8 Photosynthesis measurement

Net CQ exchange rate of leaf laminae was measured in Bgiing and Autumn
experiments using a CIRAS2 Portable PhotosyntheSistem. Photosynthesis
measurement was carried out for the 5 youngestplesitions from each measured tiller.
In the Spring experiment on 12 September 2008phwtosynthesis rate of leaves of two
clonal replicates from six genotypes of each cattiwas measured while in the Autumn
experiment on 1 April 2009, the photosynthesis aitéeaves of three clonal replicates
from five genotypes of each cultivar was measufé@ measurements were carried out at
420 ppm C@ concentration, 1000 pmol frs* PPFD and at ambient temperature. The
leaves were allowed to acclimatise to the cond#tionthe chamber of the CIRAS2 for
five minutes before recording the net £€xchange rate. Leaf age in days, leaf lamina
length (cm), and leaf lamina width (nearest 0.5 mmgre recorded on the day of
photosynthesis measurement for the respectiveplesifions. Leaf area inside the cuvette
was measured using the formula: leaf lamina widtthe mid-point between lamina and

ligule x leaf length inside the cuvette.

4.3.9 Destructive harvest
A total of 57 plants were harvested in the Sprixgegiment, those being 3 clonal

replicates from 9 genotypes for the cultivar Alfapts of a 18 genotype died) and 3
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clonal replicates and 10 genotypes for the culti®berdart. The number of live leaves,
and the length and width of individual leaf laminvaere recorded. Individual leaf laminae
were dried in a hot air draft oven at 80 for 48 hours and then weighed. Similar
measurements and data recording were carried aboéiAutumn experiment for 32 plants:
two clonal replicates of 8 genotypes for the twttiears. The remaining genotypes and

clonal replicates were not harvested due to tinmstcaint.

4.3.10 Phytomer (P) nomenclature

At the destructive harvest the youngest visiblé Veas used as a reference point and its
phytomer (P) denoted number 1 (P1) (Fig. 3.1). 8smigely older phytomers were
numbered sequentially P2, P3, P4, etc. When a #tl@lestructive harvest carriedive

leaves these were numbered Ph- P

4.3.11 Leaf data collection
Data were collected on various shoot traits ascatdd below. The emerging leaf was
always considered the reference point.

i) Leaf appearance interval(Ai) — The date of appearance of successive leaves
was recorded. Leaf appearance interval (phyllochweas determined as the
number of days between the appearance of two ssicedsaves. Awas also
calculated in growing degree days (GO, d). Leaf appearance rate (LAR,
leaves &) was calculated d¢Ay .

i) Age of phytomer positions— Age of individual phytomers bearing a particular
organ was estimated based on theofthe corresponding leaf. The age of a
phytomer was taken to be 1 d on the day when #ifetile was first seen at the
ligule of the preceding leaf.

i) Leaf elongation duration (LED, d) — The length of time between the day of
leaf tip appearance and day a leaf lamina ceasedation.

iv) Leaf lamina length (FLL, cm) — FLL was measured as the distance frioen t
ligule to the leaf tip.

V) Leaf lamina width (LW, mm) — LW was measured to the nearest 0.1 mm
using a binocular microscope with an eyepiece coimiga an engraved scale,

by adjusting the zoom until 100 scale units spanhexn on a ruler. On the
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leaves for which photosynthetic measurements wamed out, leaf width was
measured to the nearest 0.5 mm by eye using awittel mm gradations.

Vi) Leaf lamina dry weight (LDW, mg) —Individual leaf laminae segments from
ligule to leaf tip were dried in a hot air draftesvfor 48 hours at 6C and
LDW recorded to the nearest mg.

vi)  Leaf area(LA, cm?) — The area of individual leaf laminae was estimatsidg
a form factor (Bryson et al.,, 1997) assuming LA 7 & FLL x LW (C
Matthew, personal communication).

viii)  Leaf life span (LLS) — LLS was calculated as the difference inglbgtween
the date of leaf tip appearance and the date athwdti least 80% of the leaf
area of the same leaf had senesced visually.

iX) Number of live leaves(NLL) — Total number of live leaves per tiller was
recorded at the destructive harvest.

X) Photosynthetic rate (NPR) —Net photosynthetic rate of the individual leaves
was measured in pmol G@?s™. A log-normal curve was fitted for the NPR
of leaves at the different leaf positions on thiertiaxis following the
methodology of Irving and Robinson (2006) for c#dting a leaf Rubisco
turnover curve. Regression equations assuming @arlindecline in
photosynthesis capacity over time for older leawese obtained for each
cultivar in each experiment using NPR of P3 — PSleédve the NPR of the
older leaves at P6 and later’(RD.95). From summing the values so obtained
for NPR of individual leaves, total photosynthes&pacity of the individual
tillers was estimated. A linear regression to eateyNPR for older leaves was
chosen after first calculating and comparing arlogmal fit. The two estimates
differed only slightly but the linear fit had thigher R.

The following leaf traits were derived from the raeged variables:

Xi) Leaf elongation rate (LER, cm d") — This was calculated as LER = FLL /
LED, LER was also calculated in growing degree dags mm length increase
per°C GDD).

xii) ~ Number of elongating leavegNEL) — Assuminga steady-state pattern of leaf
turnover, the number of elongating leaves perrtidiea particular time was

calculated as the quotient of LEQYA
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xiii)  Specific leaf area(SLA, cnf g*) — Specific leaf area of individual leaf laminae

was calculated as area per g dry weight.

4.3.12 Analysis of variance (ANOVA) for the leaf taits

There was variation between experiments and geastyp the number of phytomers
developed over the experiment duration. In the rigprexperiment individual tillers
developed 8 — 13 leaves and in the Autumn expetinieme were 13 — 20 leaves. For a
consistency in data structure the youngest 10 pimste from the Spring experiment and
the youngest 16 phytomers from the Autumn experimeere taken to conduct an
ANOVA. Thus there were a total of 1082 data for ith@ividual leaf traits: 570 from the
Spring experiment and 512 from the Autumn experinf€able 4.4).

Table 4.4Leaf data structure for conducting analysis ofaraze (ANOVA)

Experiment  Cultivar  Genotypes Clonal Phytomers  Actual Actual Total

replicates  per plant no. of total no. of  phytomers

used in phytomers phytomers in ANOVA

ANOVA plant*

Spring Alto 9 3 10 8-11 253 270

Aberdart 10 3 10 8-13 301 300

Autumn Alto 8 2 16 13-20 236 256

Aberdart 8 2 16 13-17 264 256

Total 1054 1082

The ANOVA of the individual leaf traits was perfoeoh using the GLM command of the
Minitab 15 (Minitab Inc. State College, Pennsyhsnstatistical software package. A
nested split-plot design was followed for the asmly Statistical variation between two
experiments (Spring and Autumn), two cultivars, @gpes of each cultivar within
experiment, phytomers of each cultivar within expent and experiment x cultivar
interactions were the selected sources of varidbonvhich a user-defined statistical test
was done (Appendix 4.1). The clonal replicatesamfhegenotype for each cultivar within
experiment were considered as the experimentas.uhd test the effects of experiments,
cultivars and experiment x cultivar interactionise tmean square for genotypes of each
cultivar within experiment was used as the erromtelo test the effect of genotypes of
each cultivar and phytomers of each cultivar witekperiments the clonal replicates of
each genotype for each cultivar were used as tlor &rm in a user-defined model
(Appendix 4.1).
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4.3.13 Correlation analysis and principal componentinalysis (PCA) for the

leaf traits

Pearson correlation coefficients between the medsand derived leaf traits of the
individual tillers were obtained using the Minitab statistical software package (Minitab
Inc. State College, Pennsylvania). Mean BED, LER, NEL, LW, FLL, LDW, LA, SLA,
NPR, LLS of the individual leaves and NLL per tilfer 16 plants of each cultivar in each
experiment were used for the correlation analysigpéndix 4.2). Plants used in this
analysis were those for which NPR data were aJaildlising the same data set, a PCA
was carried out in Minitab 15 (Minitab Inc. Statellége, Pennsylvania). The principal
component (PC) scores were stored and ANOVA offtBescores was performed using
the GLM procedure as above to explore the stadissignificance of between experiment,

cultivar, and cultivar x experiment effects.

4.4 Results

4.4.1 Phyllochron duration

Over the 90 d growing period in the Spring expenm@hyllochron duration decreased
by approximately 4 d with increasing day lengthr Atio the decrease was from 11.2 d to
7.1 d (p<0.001) and for Aberdart from 10.3 d to 6.p<0.001) (Fig. 4.5). Phyllochron
duration measured in thermal time°@ base temperature) did show leaf-to-leaf variation
in the Spring experiment (range 67 — @ d for Aberdart and 59 — 7& d for Alto)
(p<0.001 and p=0.001, respectively) but not systemariation over the course of the
experiment (Fig 4.6). Conversely, in the Autumn exxpent the phyllochron increased
with decreasing day length: from 3.5 to 8.4 d fdtoAp<0.001) and from 4.0 to 7.4 d for
Aberdart (p<0.001) (Fig 4.5). In the Autumn expegiththe correction for thermal time
did not completely remove the tendency for phyllochto increase with decreasing day
length. The phyllochron expressed’® d ranged from 65 to 11°%Z d for Alto and 65 to
105°C d for Aberdart (p=0.018 and p=0.003, respectivEly. 4.6).

The mean value of the phyllochron differed betwdenSpring and Autumn experiments
(7.94 and 5.15 d respectively) (p<0.001), and tamvalue for cultivars averaged over
experiments also differed (Alto 6.85 d, Aberda46d, p=0.009) but the experiment x
cultivar interaction was not significant (p=0.2%imilarly, when the phyllochron was
expressed in thermal time, values for the Sprind) Aatumn experiments differed (73.5
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and 80.0°C d, respectively, p=0.004), as did cultivars (AM@8°C d, Aberdart 73.6C d,

p=0.007, but the experiment x cultivar interactieas non-significant, p=0.72).

13 r
—e— Alto-Spring <+ Q-+ Aberdart-Spring

—e— Alto-Autumn «« Q-+ Aberdart-Autumn

Phyllochron, days
\‘

Phytomer (P)

Fig. 4.5 Phyllochron expressed in days in the Spring andufuat experiments
(Experiments 4 and 5, respectively) for the twoeperal ryegrass cultivars Alto
and Aberdart. Phytomer position 1 is the youngesif.| Vertical bars show
standard error of means at each phytomer for ealttvar in each experiment.
Note that the time sequence on the X-axis reads fight (older phytomers) to

left (younger phytomers).
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Fig. 4.6 Phyllochron expressed in thermal tim¥C (d) in the Spring and Autumn
experiments (Experiments 4 & 5, respectively) foe ttwo perennial ryegrass
cultivars Alto and Aberdart. Phytomer position he youngest leaf. Vertical bars
show standard error of means at each phytomer &oh ecultivar in each
experiment. Note that the time sequence reads figimh (older phytomers) to left

(younger phytomers).

The data for phyllochron duration of successivevdsawere also plotted cumulatively
against time in days and against thermal time. glaefor phyllochron duration expressed
in days showed the seasonal effect as a divergeintee plotted data and the cultivar
effect as smaller vertical separation (Fig. 4.7)héV phyllochron data were plotted
cumulatively against thermal time, the seasonatctfivas greatly diminished but the

cultivar effect remained (Fig. 4.8).
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Fig. 4.7Time course of phytomer accumulation expressedimnutative days for Alto and
Aberdart perennial ryegrass cultivars in the Spramgd Autumn experiments
(Experiments 4 & 5, respectively). Phytomer positiois the youngest leaf.

1400 -+©-+ Aberdart-Autumn y =-74.459x + 1344.9 1
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Fig. 4.8 Time course of phytomer accumulation expressediiutative thermal time°C
d) for Alto and Aberdart perennial ryegrass cultsvan the Spring and Autumn
experiments (Experiments 4 & 5, respectively). Bmgr position 1 is the
youngest leaf.
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4.4.2 Age of phytomer positions

In order to provide a basis for analysing the ticnarse of morphological events such as
root development at a phytomer, each phytomer wag@ed an age at harvest based on
the date of appearance of the leaf located atghgiomer (Table 4.5). In parallel with
season-related and cultivar-related differenceghyllochron, the leaf age at different
phytomer positions showed highly significant vaaat between the two experiments
(p<0.001), cultivars Alto and Aberdart (p<0.001lphdabetween the phytomer positions
within experiment (p<0.001) for each cultivar (Teb#.5). The variation between
genotypes within experiments for each cultivar sigsificant (p=0.008) but the cultivar x

experiment interaction was not significant (p=0.891

Table 4.5The estimated age (days from leaf appearance H3fBg dinal harvest, of the
successive phytomer positions of Alto and Aberg@arennial ryegrass cultivars in

the Spring and Autumn experiments.

Age of the phytomers, days

Phytomers Alto-Spring Aberdart-Autumn Alto-Spring Aberdart-Autumn

1 4+0.45 3+0.45 6+0.85 5+0.84
2 10+0.53 9+0.59 14+1.04 12+0.95
3 17+0.58 16+0.66 21+1.21 19+1.17
4 25+0.69 23+0.69 28+1.21 24+1.17
5 32+0.63 30+0.79 33+1.12 29+1.23
6 40+0.83 37+0.93 38+1.10 34+1.18
7 48+0.95 45+1.04 43+1.21 39+1.25
8 56+1.32 52+1.10 48+1.31 43+1.23
9 66+1.38 61+1.25 53+1.34 48+1.50
10 77+1.63 70+1.48 58+1.36 53+1.60
11 79+1.50 63+1.30 57+1.65
12 68+1.39 62+1.73
13 72+1.24 66+1.80
14 76x1.11 70+1.67
15 80+0.72 74+1.67
16 77+1.69
17 80+1.60

4.4.3 Leaf elongation duration (LED)

LED values (Fig. 4.9) were always greater thanasponding values of A(Fig 4.5). In
the Spring experiment, LED differed between leasippons (p<0.001), ranging between
10.8 d and 11.8 d for Alto and between 11.0 d &h8 #@ for Aberdart but did not show a
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major trend over the duration of the experimeng(Bi9). In the Autumn experiment LED
increased with decreasing day length, from 5.9 @i3a for Alto, and from 6.5 to 13.9 d
for Aberdart (Fig. 4.9).

Seasonal means for LED were 11.2 d for the Spripgement and 8.7 d for the Autumn
experiment (p<0.001), while cultivar means averageer both experiments were 9.6 and
10.3 d for Alto and Aberdart, respectively (p<0.RQA significant (p<0.001) experiment
X cultivar interaction was observed for LED. MeaBD.values for Alto and Aberdart in
the Spring experiment were 11.1 d and 11.3 d, cdsedy, while in the Autumn
experiment the mean LED values for Alto and Aberdesre 8.1 d and 9.3 d, respectively.
Significant genotype differences in LED were aldserved between genotypes of each
cultivar within experiments (p<0.001).

—e— Alto-Spring <+ Q-+ Aberdart-Spring
14 - % —eo— Alto-Autumn = Q-+ Aberdart-Autumn
12
S
o 10 -
|
-
8 -
6 -
4
0 2 4 6 8 10 12 14 16 18

Phytomer (P)

Fig. 4.9 Leaf elongation duration (LED) of Alto and Aberda#grennial ryegrass cultivars
in the Spring and Autumn experiments (Experimengs3} respectively). Vertical
bars show standard error of means at each phytéonezach cultivar in each

experiment. Phytomer position 1 is the youngest lea
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4.4.4 Leaf elongation rate (LER)

In contrast with LED, LER showed a more marked timeand in the Spring experiment
than in the Autumn experiment, with LER in the 8griexperiment increasing from 11
mm d* to 24.7 mm @ for Alto and from 10.1 to 29.3 mmi*dor Aberdart (p<0.001, for
both of the cultivars, Fig. 4.10). A less markedmpe in LER occurred in the Autumn
experiment with values for Alto decreasing from%#m d* to 29.2 mm & for Alto
(p=0.113) and from 39.1 mni‘do 26.1 mm d for Aberdart (p=0.023). The mean LER
measured in the Spring experiment was 18.4 rinamtl in the Autumn experiment 36
mm d* (p<0.001). The mean LER for the two cultivars didt miffer significantly.
However, the experiment x cultivar interaction wagnificant (p=0.032). Mean LER
values for Alto and Aberdart in the Spring experimeere 17.8 mm-dand 19.1 mm T,
respectively, while in the Autumn experiment meaBRLwas 36.8 mm Hand 35.2
mm-d* for Alto and Aberdart, respectively. LER also difd significantly between
genotypes within cultivars (p<0.001).

—e— Alto-Spring «+0-+ Aberdart-Spring
—e— Alto-Autumn <« G+« Aberdart-Autumn

35 ¢
30 -
25

LER (mm db)
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0 2 4 6 8 10 12 14 16 18

Phytomer (P)

Fig. 4.10Leaf elongation rate (LER) at different phytomesgions over a 90 d growing
period for Alto and Aberdart perennial ryegrasstieats in the Spring and
Autumn experiments (Experiments 4 & 5, respectivelertical bars show
standard error of means at each phytomer for eattlvar in each experiment.

Phytomer position 1 indicates the youngest leaf.
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LER measured in mm per unit thermal time (&7 d*) showed a pattern over time in
the two experiments similar to that for LER (mm)dexcept that the highest observed
value was 2.1 times greater than the lowest, wisettea highest value for LER (mm‘d
was 4.2 times greater than the lowest (Fig. 4.1l)the Spring experiment, the LER
varied from 1.49 mmMiC* d* to 2.18 mnC* d*for Alto and from 1.38 to 2.52 mfAC*

d™ for Aberdart (p<0,001) (Fig. 4.11). In the Autumxperiment LER varied from 1.99
mm to 2.88 mnPC* d*! for Alto and from 1.65 mm to 2.65 mAcC™* d* for Aberdart
(p<0.001) (Fig. 4.11). The mean LER measured 1r@82a35 mn°C* d* in the Spring
and Autumn experiments, respectively (p<0.001). MR for the two the cultivars was
similar and the experiment x cultivar interactiomsamot significant. Again, significant

differences between genotypes within cultivars wdrgerved (p<0.001).
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Fig. 4.11Leaf elongation rate (LER) expressed in thermaktimm°C™ d?) at different
phytomer positions for Alto and Aberdart perenmjggrass cultivars in the Spring
and Autumn experiments (Experiments 4 & 5, respebt). Phytomer position 1
is the youngest leaf. Vertical bars show standamr ®f means at each phytomer

for each cultivar in each experiment.
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4.4.5 Number of elongating leaves (NEL)

NEL was always greater than 1.0 and tended to gfBdincrease with time after

establishment of the transplanted tillers (Fig.24.%alues for Aberdart in the Autumn
experiment appeared higher than for Alto but nathim Spring experiment, however, the

cultivar x experiment interaction was non-significgp=0.12).

—e— Alto-Spring -« - Aberdart-Spring
—e— Alto-Autumn <« &+« Aberdart-Autumn

2.6

2.4 | L

Number of elongating leaves
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‘©

1.2 |

Phytomer (P)
Fig. 4.12Number of elongating leaves for Alto and Aberdastgmnial ryegrass cultivars
in the Spring and Autumn experiments (ExperimentsX 45, respectively).
Phytomer position 1 is the youngest leaf. Vertibals show standard error of

means at each phytomer for each cultivar in eapleraxent.
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4.4.6 Final leaf lamina length (FLL)

FLL increased (p<0.001) gradually as plant sizerdased (Fig 4.13). In the Spring
experiment, FLL increased over time from 12.2 cn2@B cm for Alto and from 12.0 cm
to 32.3 cm, for Aberdart. In the Autumn experimeahi corresponding increases were
from 18.7 cm to 36.3 cm for Alto and from 21.6 an86.6 cm for Aberdart.

Leaves attained longer FLL (28.8 cm) in the Autuexperiment than in the Spring
experiment (20.0 cm) (p=0.005). The two cultivalsoadiffered significantly, Alto 23.1
cm and Aberdart 25.7 cm; (p<0.001) as did genotgbesach cultivar within experiments
(p<0.001). The cultivar x experiment interactionrswet significant (p=0.58).

—e— Alto-Spring --«@-+ Aberdart-Spring

—e— Alto-Autumn <« Q-+ Aberdart-Autumn
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Fig. 4.13Final leaf length (FLL) at the different phytomersttions for Alto and Aberdart
perennial ryegrass cultivars in the Spring and Autiexperiments (Experiments 4
& 5, respectively). Vertical bars show standardenf means at each phytomer
for each cultivar in each experiment. Phytomer fpmsil denotes the youngest
leaf.

79



Chapter 4 Leaf turnover and photosynthesis

4.4.7 Leaf lamina width (LW)

LW also tended to increase from older to youngaf p®sitions for both cultivars in both
experiments (p<0.001; Fig. 4.14). LW of the mati@@ves increased over time from 4.88
mm to 6.97 mm for Alto and from 4.77 mm to 7.94 nfion Aberdart in the Spring
experiment. In the Autumn experiment, LW increasedr time from 4.62 mm to 6.62

mm for Alto and 6.12 mm to 7.25 mm for Aberdart.

LW did not differ between the two experiments (1240, but the two cultivars Alto (6.05
mm) and Aberdart (6.77 mm) did vary significantp=0.008), as did genotypes within
cultivars (p<0.001). The experiment x cultivar naetion for LW was not significant
(p=0.88).

9 - —e— Alto-Spring <+ Q-+ Aberdart-Spring
—eo— Alto-Autumn .-+ Aberdart-Autumn

Leaf width (mm)
(@]

Phytomer (P)
Fig. 4.14 Leaf width at different phytomer positions of Alend Aberdart perennial
ryegrass cultivars in the Spring and Autumn expernta (Experiments 4 & 5,
respectively). Vertical bars show standard erroma&fans at each phytomer for

each cultivar in each experiment. Phytomer positi@enotes the youngest leaf.
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4.4.8 Leaf lamina dry weight (LDW)

Reflecting a dependence on FLL and LW, LDW at sssiee leaf positions also increased
as plant size increased over the course of theriexget. The youngest-3 leaves were at
either the elongation or maturation stage. LDW eased over successively appearing
leaves from 26.3 mg to 57.3 mg for Alto and from728g to 78.3 mg for Aberdart in the
Spring experiment (Fig 4.15, p<0.001). In the Autuexperiment, LDW increased from
45.6 mg to 109 mg for Alto and 75.6 mg to 131 mg Aberdart. LDW differed
significantly between the Spring experiment and Almtumn experiment (p<0.001). The
mean LDW of individual leaf laminae in the Autumxperiment (94.2 mg) was more than
double the mean LDW in the Spring experiment (45d). The two cultivars Alto and
Aberdart varied significantly for LDW (60.2 mg ai@é.6 mg, respectively; p<0.001). The

genotypes within cultivars again were significardifferent (p<0.001).

—e— Alto-spring --«@-+ Aberdart-spring
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Fig. 4.15Leaf dry weight (LDW) at different phytomer posit® for Alto and Aberdart
perennial ryegrass cultivars in the Spring and Autiexperiments (Experiments 4
& 5, respectively). Vertical bars show standardenf means at each phytomer
for each cultivar in each experiment. Phytomer tomsil denotes the youngest

leaf.
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4.4.9 Leaf area (LA)

In keeping with increase in measures of leaf sthe, LA of individual leaves also
increased with increasing plant size (p<0.001)calgh this trend is least pronounced for
Aberdart in the Autumn experiment (Fig. 4.16). indual leaves were larger in the
Autumn experiment than those in the Spring expemnm@=0.016; Fig. 4.17). The
cultivars Aberdart and Alto did not differ signiéintly in LA (p=0.532) and cultivar x
experiment interaction was also not significantQ®68). However, genotypes of each

cultivar did show highly significant (p<0.001) défiences for LA of individual leaves.

—e— Alto-Spring ++©-- Aberdart-Spring
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Fig. 4.16Leaf area (cr) at different phytomers for Alto and Aberdart peral ryegrass
cultivars in the Spring and Autumn experiments @&xpent 4 and 5, respectively).
Vertical bars show standard error of means at @agtomer for each cultivar in

each experiment. Phytomer position 1 denotes tbhagest leaf.
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4.4.10 Specific leaf area (SLA)

Compared to FLL and LDW, SLA showed a smaller hatistically significant (p<0.001)
increase at successively younger phytomer positiorisoth experiments. For Alto and
Aberdart SLA varied respectively from 188 to 233°¢ihand from 194 to 254 chg* in
the Spring experiment. Corresponding values wena fi31 to 168 cAg™ and from 115

t0182 cnig’ in the Autumn experiment (Fig. 4.17).

SLA showed highly significant variation between Syring experiment (212 dyg*) and
the Autumn experiment (146 éng®) (p<0.001) but the two cultivars did not differ
significantly (p=0.78). The experiment x cultivanteraction for SLA was also non-
significant (p= 0.48). However, the genotypes afheaultivar did differ significantly for
SLA (p<0.001).
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Fig. 4.17 Specific leaf area (ctg™) at different phytomers for Alto and Aberdart
perennial ryegrass cultivars in the Spring and Autiexperiments (Experiments 4
& 5, respectively). Vertical bars show standardenf means at each phytomer
for each cultivar in each experiment. Phytomer tomsil denotes the youngest

leaf.
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4.4.11 Leaf life span (LLS) and number of live leaas per tiller (NLL)

The mean LLS of the recently died leaf (see Secti@nll) at harvest immediately below
the oldest live-leaf was 61.5 d in the Spring ekpent and 65.9 d Autumn experiment
(p<0.001) and was 59.3 d for Alto and 68.1 d foreAdart (p<0.001). The experiment X
cultivar interaction was also significant (p<0.0®lg. 4.18). NLL at the day of harvest
also varied significantly (p=0.01) between the Bgrand Autumn experiments (7.68 and
10.3, respectively), and between the cultivarsqAdt7.6, Aberdart = 10.3, p<0.01) (Fig.
4.18).

OLeaf life span AlLive leaves
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Alto-spring  Aberdart-spring  Alto-autumn  Aberdart-autumn

Fig. 4.18 Leaf life span (LLS) and number of live leaves piber (NLL) for Alto and
Aberdart perennial ryegrass cultivars in the Spramgd Autumn experiments

(Experiment 4 & 5, respectively). Vertical barsicate standard error of means.

4.4.12 Net photosynthetic rate

The NPR differed significantly between leaf posisap=0.02) (Fig. 4.19). In the Spring
experiment, NPR ranged between 14.3 and 19.2 p@eht’ s* for the cultivar Alto and
between 14.4 and 17.6 umol €@ s*for Aberdart among the youngest five live leaves
(Fig. 4.19). The highest NPR recorded was at leaftjpn 2 for both of the cultivars, with
a value for Alto 19.2 pmol ths? (at 14.8 d) and Aberdart of 17.6 pmofm! (at 12.5 d)
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(Fig. 4.19). The lowest NPR recorded was at leaftfwm 5 (the oldest leaf measured) for
both of the cultivars, Alto 14.3 pmol G@? s*(at 37.3 d) and Aberdart 13.4 pmol £0
m? s'(at 34 d) (Fig. 4.19). In the Autumn experiment tiighest NPR recorded was at
position 3 and was 17.8 pmol’ns® for cultivar Alto at 14.8 d, and 16.7 pmolis® at
14.1 d for cultivar Aberdart (Fig. 4.19). In the thmn experiment, the youngest leaf
position had the lowest NPR for both cultivars. Ta&e for Alto was 13.1 pmol GOn®

s! (at 5.3 d) and for Aberdart 12.0 pmol €@ s* (5.3 d) (Fig. 4.19). The log normal
curves fitted to the NPR (Fig 4.19). Curve paramsetee presented in Table 4.6. Tdhe
andg values, which indicate, respectively, the highdBR and the leaf age at which that
was attained were similar for both of the cultivardoth experiments. Thievalue was
also consistent between the cultivars for each raxeat, but differed between

experiments.

The mean NPR did not differ significantly betweepriBg and Autumn experiments. The
difference between the two cultivars was margial dtatistical significance (p=0.096).
The cultivar x experiment interaction was non-digant (p=0.84), and also the difference

between genotypes within cultivars (p=0.21).
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Fig. 4.19 Net photosynthetic rate (NPR) for five selectedf Ipasitions of Alto and

Aberdart perennial ryegrass cultivars in the Spramgd Autumn experiments

(Experiments 4 & 5, respectively). Vertical bardicate the standard error at each

leaf position for NPR.

Table 4.6 Curve parameters for the log-normal fit of net tolsgnthetic rate (NPR) and

leaf age for Alto and Aberdart perennial ryegras#tivars in the Spring and

Autumn experiments (Experiments 4 & 5, respectivalythe highest NPR (pmol

CO, m? s%); g: leaf age whem occurs (days)f: a measure of curve width (log

days).
Curve parameters Alto- Spring Aberdart-Spring Alto- Autumn Aberdart -Autumn
d 18.6+0.89 16.8+0.81 17.6+0.67 15.8+0.47
f 1.31+0.22 1.42+0.27 1.32+0.24 1.3620.21
g 14.2+1.42 12.3+1.41 13.3+0.67 13.3+1.44
R° 0.15 0.12 0.16 0.21
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At the individual tiller level, the two cultivarsl#® and Aberdart in spring and in autumn,
respectively, had photosynthetic rates (mmob ®®) of 0.37 for Alto in Spring, 0.47 for
Aberdart in Spring 0.57 for Alto in Autumn and 0.&% Aberdart in Autumn in mmol
CO, h'for the all leaf laminae. NPR for all leaf lamingemol CQ m? s') varied
significantly between the two experiments and the ftcultivars but the cultivar x
experiment interaction was not significant (Tablé, 4AAppendix 4.3), although for both
LA per tiller and LDW per tiller, the cultivar x @eriment interaction was highly
significant (Table 4.7). The net photosyntheticerger unit LA, averaged per tiller,
differed between experiments (p<0.001), betweeriveus (p<0.001) and for the

experiment x cultivar interaction (p<0.001) (Ta#l&).

Table 4.7 Leaf area (LA), leaf dry weight (LDW), estimatental photosynthesis of all
leaf laminae (NPR tillet) and ratio between NPR and LA per tiller for Aliad
Aberdart perennial ryegrass cultivars in the Spramgd Autumn experiments
(Experiments 4 & 5, respectively) for 64 tillersrfavhich photosynthesis

measurements were carried out.

LA LDW NPR tiller” NPR/LA
cnt tiller® mgtiller* pmol CGQs* pmol CQ m?s?!

Alto-Spring 65.0 398 1030 15.9
Aberdart-Spring 87.1 444 1230 14.1
Alto-Autumn 116 1140 1750 15.2
Aberdart-Autumn 173 1510 1960 11.4
SEM 5.89 39.7 77.1 0.205
p (Exp) <0.001 <0.001 <0.001 <0.001
p (Cul) <0.001 0.002 0.002 <0.001
p (Exp x Cul) 0.001 0.009 0.903 <0.001

SEM, standard error of mean; pbpholity value of statistical variation.

4.4.13 Association among the leaf traits

4.4.13.1 Correlation Analysis

A and LED were also negatively correlated with LBNEL, FLL, LDW, LA and NLL
but positively correlated with SLA (Table 4.8). Tm®rphological traits NEL, FLL, LDW,
LA, NLL and LER were positively associated betwesath other and all of them were
negatively associated with SLA (Table 4.8). NLL wled strong-positive correlation with
LLS (Table 4.8). In addition, NPR showed a weak tegative correlation with NLL and
LLS (Table 4.8).
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Table 4.8Co-efficients of correlation within perennial ryags cultivars in the Spring and

Autumn experiments (Experiments 4 & 5, respectivéby 11 leaf traits assessed
for 16 tillers each of Alto and Aberdart from edekperiment. A leaf appearance
interval; LED, leaf elongation duration; LER, ledbngation rate; NLL, number of

elongating leaves; NPR, net photosynthetic ratd;, Feéaf lamina length; LDW,

leaf dry weight; LW, leaf lamina width; LA, leaf ea; SLA, specific leaf area,

LLS, leaf life span; NLL, number of live leaves. &tcells contain Pearson

correlation coefficients.

Ar LED LER NEL FLL LDW LW LA SLA.  LLS  NLL
LED 0.87*
LER  -0.85™ -0.88*
NEL -0.67* -0.29* 0.41%
FLL  -0.74* -0.69" 0.94*  0.43*
LDW -0.76* -0.60* 0.83" 0.62* 0.87*
LW 0197 0.266* -0.106 -0.016 0.026  0.126
LA -0.55* -0.48% 0.77* 0.37* 0.89% 0.84* 0.47%
SLA 0757  0.69% -0.74* -0.45% -0.66* -0.77%* 027* -0.47*
LLS -016 <001 015 028" 0.24* 0.24* 012  0.26* -0.08
NLL -0.68* -0.36** 0.48% 0.79™ 049 0.64* 0.04  045% -0.49% 0.62
NPR 007  -006 001  -016 -0.06 -0.11  -0.08 -0.09 .040  -0.28* -0.25*

* ** Sjgnificant atP < 0.05 andP < 0.01, respectively

4.4.13.2 Principal component analysis

The first three principal components from PCA expd 80% of the data variation. PC1
explained 52.8% of the data variation and indicatezbntrast between LER, NEL, FLL,
LDW, LA and NLL with positive coefficients and /A LED and SLA with negative
coefficients (Table 4.9). Analysis of variance RC1 scores indicated a contrast between
the experiments, with negative PC scores for then§pexperiment and positive PC
scores for the Autumn experiment (Appendix 4.4)béith experiments cultivar Alto had
lower PC scores than Aberdart (p<0.001, Table 4RQ) can be explained as a ‘size’ PC
as the plants in the Autumn experiment were latigan those of the Spring experiment
and plants of the cultivar Aberdart were largentidto. PC2 explained 15.4% of the data
variation and showed a contrast between LER and MRR positive coefficients and
LED, NEL, LW, LA, SLA, LLS and NLL with negative @&ificients (Table 4.9). ANOVA
of PC2 scores indicated a contrast between thecwitovars, Alto and Aberdart, with

mean positive and negative scores, respectivelgl€Ta10). Scores for PC2 also differed
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significantly between the two experiments and apeerent x cultivar interaction was
detected (Table 4.10). This PC indicated that glamth longer LED also have longer
LLS, higher NLL, and comparatively greater LW bowker NPR and LER. This trait
combination was seen in the cultivar Aberdart, #rel opposite in Alto. PC3 explained
11.8 % of the data variation, and a notable feawirehis PC was high positive
coefficients for LW and LA (Table 4.9. ANOVA of PC8cores showed no clear
separation between experiments or cultivars andsignificant experiment x cultivar
interaction (Table 4.10) meaning that this variatia leaf morpho-physiological traits
probably represents plant to plant variation (Agped.4).

Table 4.9 Major principal components and their coefficieftsm principal component
analysis of tiller morpho-physiological traits oflté& and Aberdart perennial
ryegrass cultivars in the Spring and Autumn expernta (Experiments 4 & 5,
respectively) Abbreviations are: sAleaf appearance interval (d); LED, leaf
elongation duration; LER, leaf elongation rate (af); NEL, number of
elongating leaves at a time; NPR, net photosynthate (umol COmM? s?); FLL,
leaf lamina length (cm); LDW, leaf lamina dry weidly); LW, leaf lamina width
(mm); LA, leaf area (cA); SLA, specific leaf area (chy?); LLS, leaf life span (d);
NLL, number of live leaves; PC, principal compone@befficients of absolute

value <0.15 suppressed.

Trait PC] PCZ PC:
Ay -0.36 - 0.17
LED -0.31 -0.34 -

LER 0.37 0.18 -

NEL 0.26 -0.22 -0.32
FLL 0.36 - 0.23
LDW 0.37 - -

LW - -0.45 0.59
LA 0.31 -0.17 0.46
SLA -0.32 -0.22 -

LLS - -0.49 -0.22
NLL 0.29 -0.34 -0.33
NPR - 0.38 0.23
%variation explained 52.8 15.4 11.8
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Table 4.10Mean principal component (PC) scores from analykisariance (ANOVA) of
the first three PCs based on the leaf data for aftd Aberdart perennial ryegrass

cultivars in the Spring and Autumn experiments @xpent 4 & 5, respectively).

PC1 PC2 PC3
Alto-Spring -2.70 0.43 -0.09
Aberdart-Spring -2.00 -0.99 0.01
Alto-Autumn 1.56 1.46 0.44
Aberdart-Autumn 3.14 -0.89 -0.36
SEM 0.11 0.16 0.21
p (Experiment) <0.001 0.016 0.79
P (Cultivar) <0.001 <0.001 0.24
p (Experiment x Cultivar) 0.005 0.047 0.14

SEM, Standard error of meap; probability of statistical significance in geakzed linear
model €1,39);

4.5 Discussion

4.5.1 Methodology

There were two reasons for the decision to work witers from established field plants,
rather than seedlings, in these experiments. Casorewas that it takes considerable time
(up to 3 months) for a grass seedling to form shaoth the size and structure of those in
field swards, whereas transplanted adult tillersnfed an effective root system within half
that time, reducing the lead time to start measargmfor each experiment. A second
reason is that there is emerging evidence thatcpéat traits in plants are controlled by
different genes in different environments or seag@artie et al., 2010), and presumably
also in plants of different ages. The decision twkwith tillers transplanted from field
swards did mean that it was not possible to mdteheindophyte status of the cultivars
studied. Morphology differences between endophyge-fand endophyte-infected plants
have been shown in some controlled experimentsggpeEerens et al., 1998). However,
morphological differences associated with endoplpyé&sence are not consistent between
experiments and are typically quite small. Hencevéls decided that the benefits of
working with tillers from older field-establishedlapts outweighed the possible
confounding effects of different endophyte statbithe available field material in the two
cultivars studied.

The glasshouse where the hydroponic unit was sitiudid not have an effective means to

reduce temperatures on hot days, and this wasrafeco towards the end of the Spring
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experiment and at the start of the Autumn experinfeeak temperature was controlled to
some extent by deploying a shade cloth over thé sbdhe glasshouse at these times.
Even so, there were occasional instances of dadximmum temperatures possibly
detrimental to ryegrass growth (Fig. 4.2). It ig thriter’'s opinion that the temperature
spikes did not have a major impact on the oveillgon of the results, except possibly at

the start of the Autumn, experiment as discuss&kttion 5.5.2.

Plant roots growing in soil experience heterogeseuiirient supply as soil nutrient status
can vary at a microsite level in the rhizo-sphetedge, 2004). Under field conditions,
plant growth is also subject to limitations impod®d abiotic stresses such as nutrient
deficiency or toxicity, moisture deficiency or fldimg. In hydroponic culture under a
balanced nutrient supply the plants in this expenimcould have been expected to
experience a relative advantage to their growth dedelopment, compared to field
conditions. However, plant nutrient uptake is atowous process, and maintaining
nutrient solution concentration in a steady-stateai hydroponic unit is a challenge.
Uptake of the various nutrients by plants is natessarily in proportion to concentrations
in the hydroponic solution, so that accumulatiordepletion of particular nutrients over
time is a known phenomenon (Bugbee, 2003). In vigwthis consideration, the
hydroponic nutrient solution was refreshed weekigh newly mixed nutrient solution, in

these experiments.

In grass plants, expression of a number of traiteadified by the light environment at the
base of the plant, and this is particularly reléwahere adjacent tillers form a closed
canopy (Kirby and Faris, 1972). Extinction of lighy the canopy reduces the release of
tiller buds to form new tillers (Simon and Lemail€87). Low irradiance also increases
LER and results in longer FLL (Kays and Harper, 4)97The single tiller plants growing
in hydroponics in these two experiments were spateal comparatively large distance
and so would have had high light interception, amaild not have experienced growth
limitations relating to shading as described aba@dveimilar plant to plant distance was

maintained in both experiments.

Some existing reports suggest that DTs supply @lyatbetic carbohydrate to the axis of
the MT (Carvalho et al., 2006). Removal of DTs ntititerefore limit the growth of the

MT to some extent. The removal of DTs after thetftivo produced on tiller main axes
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was to ensure that plant structure would be simpl@rder to assist dissection of roots
from the individual root-bearing phytomers at hatyebut possible effects of DT
amputation on MT behaviour do need to be consideteeh interpreting data from these

experiments.

4.5.2 Phyllochron responses in changing day length

One objective for Experiments 4 and 5 was to pmwdd initial examination of evidence
for the hypothesis (Section 2.5) that root:shotatiens would differ under increasing and
decreasing day length because the delay in rooshadt formation at a given phytomer
on the tiller axis implies a difference in phyll@oh: rhizochron ratio. To do so, the
current experiment needed to achieve change igha@uring each experiment and it is
evident (Fig. 4.5) that this was achieved. Eventhe, fall and rise of the Ain a L.
perennesward as measured by Peacock (1975c) was mucértitgdn in the present study.
Peacock (1975) measured a fall of fom 33.6 d to 7.9 d in spring and a rise from @.2
to 32.7 d in autumn. The present study recordey ardund 4 d fall or rise of Ain both
the Spring and Autumn experiments (Fig. 4.5) as dkperiments were conducted in

glasshouse in controlled temperature.

Wilhelm and McMaster (1995) listed environmentalctas influencing A as:
temperature, nutrient availability, water availdijl salt status, C®concentration and
both light quality and quantity. Temperature abdve optimum shortens the;Aother
listed factors have a comparatively minor influeteg increased C£Oconcentration and
increased light intensity may decrease thenvikereas higher N availability and higher salt
concentration might increase the.AA nearly linear response of the; Ao increase in
thermal time (Fig. 4.6, Fig. 4.8) in this study sefirmed that temperature is the most
dominant factor affecting A In Z. maysBirch et al. (1998) recorded that for a decrease
of irradiance from 9.6 to 1.1 MJ PAR T the A increased by 2-2C d MJ' PAR. A
significant difference between the Spring and Autuexperiments for A duration
expressed in thermal time (see e.g., slope diftmenfor trajectories in Fig. 4.8)
reconfirmed that temperature solely cannot expilaentotal variation in LAR although it
explains vast majority of the variation. The sigraht variation between leaf positions for
Ay in thermal time further suggested that tempergbereseis unable to explain the total

variation in A;. Apart from the environmental factors, thg & successive leaf positions
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might be increased by increase in sheath lengtls @ Neuteboom, 1998; Cruz and
Boval, 2000).

Similar to A, a number of factors may influence LED at suceesdgi developing
phytomers. Those includes: (i) increasing or deingatemperature and day length and
their effect on A: when A; increases LED is also expected to be increasing;Ll(L at
the successive phytomers: FLL should be positieelyelated with LED, (iii) length of
leaf sheath (i.e., pseudostem tube) controllingchwig on and off cell division in the
meristems: longer leaf sheath length might be astsat with greater LED, and (iv)
possible maturity effects meaning that successagds achieved their final size in terms
of FLL; are among many others. FLL data (Fig. 4.1r#)icated that tiller size was
increasing throughout both of the experiments.hi;m Autumn experiment, in decreasing
day length, as Aincreases at the successive phytomer and plaatirstzeases perhaps
factors (i) to (iii) worked additively to each othto increase LED at the successive
phytomer (Fig. 4.9). Conversely, in the Spring ekpent, in increasing day length ag A
decreases at the successive phytomer and planinsizases at the successive phytomer
therefore effect of factor (i) perhaps reduced effect of factors (ii) and (iii) to show

nearly unchanged LED throughout the growing pe(fid. 4.9).

LER being a ratio between FLL and LED, is influethd® any factor affecting either FLL

or LED. Increasing plant size means increasing Rihich again influences LED.

Therefore the factors influencing FLL and LED argerrelated to some extent. The
factors which increase LED are expected to decre&se hence the negative correlation
between these two traits (Table 4.8). LER increasgl successive phytomers in the
Spring experiment but was approximately constamt goytomers P2 to P16 in the

Autumn experiment (Fig. 4.10). The LER increasesjming was probably due to the
additive effect of both increasing day length aadhperature, and increasing plant size.
By contrast, in the Autumn experiment, an antaganetween the effect of decreasing
day length and increasing plant size would haveiwed. When LER was expressed in
thermal time, hence correcting for temperaturectdfethe LER increase with successive
phytomers was seen in both seasons, but a seadiffeaénce in LER increment at

successive phytomers remained (Fig. 4.11). It islaan whether the slope difference
between Spring and Autumn experiments for LER acdation (Fig. 4.11) is because of

a different rate of size increase or if some othetor affected plants differently in the two
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seasons. Comparing proportional change of LER aespckin thermal time (Fig. 4.11) and
that of FLL at the successive phytomers (Fig. 4il@8pes appear that the change in LER
over time was expressed as increased FLL, and aotetled out by an associated
decrease in LED.

In both Spring and Autumn experiments, the incremsdiller size with time was
associated with an increase in the ratio betweeD laad A (NEL) at successive
phytomers (Fig. 4.12). In the Spring experiment LBRs quite consistent (Fig. 4.9)
throughout the experiment ands AFig. 4.5) was decreasing, hence NEL increased.
Meanwhile, constant LED with increasing day leng#isulted in an increase in FLL.
Conversely, in the Autumn experiment both LED andwere increasing at successive
phytomers, but LED was increasing at a faster wétie successive phytomers thag, 80
that once again an increase in NEL and FLL resultedld. at successive phytomer
depends on length of elongation zone (Fourniel.eR@05), length of pseudostem tube,
enclosing leaf sheath length (Verdenal et al., 2008l that also depends on co-ordination
of leaf growth between two successive phytomerin(&k and Nelson, 1994; Fournier et
al., 2005; Verdenal et al., 2008). Hence any ofs¢héactors affecting FLL can also

mediates NEL in turn.

For L. perennecultivars ‘Grasslands Samson’ and Grasslands IthBactie et al. (2009)
reported to be LED>g>A; where Ay is ligule appearance interval for the successive
leaves. A consistently higher ratio of greater thahbetween LED and @AFig. 4.12) in

the present study was similar that of Robson (196i7jhe value of 1.2 and Sartie et al.
(2009) for the value of 1.37 for ‘Grasslands Sarhaod 1.32 for ‘Grasslands Impact’.

Assuming a constant growing environment and stegiyvth rate of tillers LED is
expected to be proportional tgrAHowever, when the environmental factors, suctiaas
length, temperature and PAR are variable over ttosvigg period than the relations

between A and LED are quite complex.
Significantly higher NLL in the Autumn experimeritain in the Spring experiment (Fig.

4.18) was achieved through both comparatively shpiiFig. 4.5) and comparatively long
LLS (Fig. 4.18) in the Autumn experiment. In steadgte LLS is the product ofAand
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NLL (Lemaire and Chapman, 1996). In the case akiasing or decreasing day length the

LLS of the senescing leaf at the leaf position P lsa modelled as:

LLS=Xx+As 1 +As 2+ Ar 3+ +AP-1 ... Equation 4.1

where, X is the age of the youngest leaf, P-1aspibsition of the oldest and mature live
leaf, Asl, As2, As3 are the leaf appearance intervals for the theemgest live leaves,
respectively. For example, a tiller in spring seabaving five live leaves which appeared
in 12, 11, 10, 9 and 8 djAfrom older to younger phytomer positions will haag
estimated 51 d LLS when the youngest visible Iedf day old.

4.5.3 A; and LER as the determinants of plant growth in chaging day length

As in results of Khaembah (2009) and Sartie (2040Rnd LED had a strong negative
correlation with LER (Table 4.8) although Sartieakt(2009) reported a non-significant
correlation between Aand LER and weak-negative correlation between BB® LER. It

is possible that the rate of leaf appearance ewediates the LER (Lemaire and Agnusdei,
2000). In autumn significantly higher LER probaldgntributed higher FLL and LA
compared to spring. Clearly, with increased FLIsatcessive phytomers, LDW, LW and
LA were also expected to sham associated increase (Table 4.8). The interaofidER
with Ay changes other structural traits of the leaves atessive phytomers on other
aspects of tiller development have been present&ii 4.20. The leaves in spring which
developed with longer LED and slower LER had lowssue density per area (higher
SLA). PC1 separated autumn tillers from those ofirfgpfor their larger FLL, greater
LDW, larger NLL as indicated by positive co-effinis and shorter Aand LED as
indicated by negative co-efficients; and for thepagite direction of all of those co-

efficients in Spring (Appendix 4.4, Table 4.10).

LER can be considered as a determinant of plarfoqmeance. As discussed in the
previous section, mathematically; A proportional to LED meaning that this traitturn
will be proportional to FLL and inversely propontial to LER (Lemaire and Agnusdei,
2000). A again directly related to NLL as shortef idcreases NLL andice-versaand
thereby increases LAl (Lemaire and Agnusdei, 200().and LER therefore can be

regarded as core determinants of plant growth @&RY). It has been also discussed in the
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previous section how Amight influence NEL. A change in NEL at the sucies

phytomer can be regarded as an index of changimgt gize over time. Hence further

investigation in determining factors affecting N&buld be of merit.

Environmental variables
Temperature, light, nutrients, water

FLL

\

/ l v \
Morpho-
LED LER Ag/LAR LLS — TPAC | genetic
traits
NEL
SLA LA NLL Structural
traits
\4
LDW Y
LAI

Fig. 4.20The relationship among the main morphogeneticsti@ia grass tiller. LED, leaf

elongation duration; LER, leaf elongation ratg; keaf appearance interval; LAR,

leaf appearance rate; LLS, leaf life span; T,Rétal photosynthetic assimilation by

all leaves per tiller; FLL, final leaf length; SLApecific leaf area; LA, leaf area;

NEL, number of elongating leaves; NLL, number oklieaves per tiller; LDW,

leaf dry weight; LAI, leaf area index (after Lemaiand Agnusdei, 2000). The

traits NEL and TPAIn this diagram have been included using infororafrom

the present study. The arrow direction refers ifleence on the trait.

4.5.4 Leaf photosynthetic capacity and its associah with leaf traits

Reduction of leaf photosynthetic capacity with leging is a well-known phenomenon

(Jewiss and Woledge, 1967; Wilhelm and Nelson, 18R8 more recently it has emerged

that leaf Rubisco concentration also declines Veiéth age in an approximately log normal

fashion (Irving and Robinson, 2006). The preseat\stnvestigated the relation of NPR

with leaf age in a way to explore the possible raathtical relation with leaf Rubisco and

has found that NPR (Fig 4.19) can be seen to dlsod& log normal curve, suggesting that
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the NPR might be associated with Rubisco turnokerdéon et al., 1992; Makino et al.,
1997) (Table 4.6).

A negative association between LLS and NPR inditdtat leaves which live longer
(autumn leaves) can exchange comparatively less &0 unit time (Table 4.8). The
autumn leaves formed with shorte And LED and had longer LLS and faster LER.
Those leaves achieved a higher NPR comparativeljy.edhe ratios between
photosynthetic rate and leaf area per tiller f& two experiments and the two cultivars
were found to differ significantly. The experimert cultivar interaction was also
significant (Table 4.7). These results togetheggest that spring leaves are more efficient
than autumn leaves for GQ@ssimilation. Moreover, the SLA of the spring leawvas
significantly higher than the autumn leaves (Fid.74 suggesting the SLA is positively
related to NPR (PC2 in Table 4.9). Faster LAR aighdr LLS were associated with
higher NLL, and were found to be negatively cotiedawith NPR (Table 4.8).

4.6 Summary

* The growing conditions in these two experiments pidvide the variation in
phyllochron duration necessary to test the hypahibst seasonal change in day
length could potentially lead to seasonal changeoat:shoot ratio although the
change in phyllochron duration was less marked thaome field experiments;

» Differences between Spring and Autumn experimemtplant traits such as the
phyllochron duration were largely but not complgtekplained when traits were
expressed on a thermal time basis;

* Morphogenetic changes associated with increased lelagth and associated
decrease in the phyllochron in the Spring experinveere decreased LED and
SLA, and increased LER, FLL, LDW, and LA at sucoesphytomers, andice
versafor the autumn experiment;

e FLL and LDW increased at successively developingytgiers in both
experiments, confirming results of (Jewiss, Skimar@ Nelson, Durand, Verdenal)
and this effect reinforced the day length effecthi@ Spring experiment and partly
negated it in the Autumn experiment;

* Phyllochron duration as reflected in traits suciga$as previously been attributed

a central role in determining tiller morphogendgiemaire and Agnusdei, 2000),

97



Chapter 4 Leaf turnover and photosynthesis

but the present results in changing environmeraaditions indicate both ,Aand
LER are important in tiller morphogenesis;

* NPR was highest at P2 and declined thereafterrd@lagonship between NPR and
leaf age could be described by fitting a log-nornwairve following the
methodology of Irving and Robinson (2006) for mdidegl change in leaf Rubisco
content with time, suggesting that Rubisco degradamay be the reason for

declining NPR in older leaves.
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Chapter 5: Tiller Axis Dynamics of Root Production

5.1 Introduction and Overview

In Chapter 4 the dynamics of the above ground corapis of the tiller axis have been

discussed. In contrast to leaf turnover, the tuenaf roots has seldom been studied and
there are conflicting reports about whether thecglppattern is defined by seasonal root
production events or more continuous turnover, dudreliminary data set presented in
Chapter 3 suggested the latter. Root data wasctedldrom the same plants used in the
experiments for which the above ground data weesgnted in Chapter 4. The present
chapter discusses the dynamics of the below grocmmhponents and attempts a

description of characteristics of roots at suceespositions on the tiller axis in order to

make inference about root dynamics, in the same thatyleaf dynamics were described

in the previous chapter. Chapter 6 will discussrti@phological relations between root

and shoot, and how seasonal changes in root armt ghowth patterns may result in

morphogenetic variation of root:shoot ratio.

5.2 Objectives

The objectives of experiments reported in this thrapere:

i) To build an understanding of root turnover on thkert axis of L. perenneby
measuring root weight, length, surface area, voluand degree of branching at
successive phytomer positions on the tiller axis;

i) To carry out these root measurements for twperennecultivars (Alto and Aberdart)
with contrasting breeding background in contrasgingwing conditions of increasing
or decreasing day length, in order to explore tarine of variation in root turnover
across cultivars and seasons;

iii) To determine the extent of variation in root marolgy between genotypes within
cultivars (Alto and Aberdart) compared to the vaoia between cultivars and seasons
for leaf morphology and turnover;

iv) To infer from root weight and length data, and framoorded information on historical
leaf appearance at successive phytomers, the tatargtidistribution of root formation

activity;
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v) To explore methodologies for quantifying root braing and to evaluate the potential
for the methodologies explored to deliver inforroatithat would be useful in plant

improvement.

5.3 Materials and Methods
As described in Section 4.3.7, in the Spring antuAun experiments (Experiments 4 & 5
respectively, see Section 4.3.2), root samples welected at the destructive harvest

from the individual tillers of the same plants.

5.3.1 Root-bearing phytomer (Pr) nomenclature

The mean distance measured as number of phytoratredn the youngest leaf position,
P1, (see Section 4.3.8) and first root on thertabes was noted for each tiller (Fig. 3.1).
This time interval in phyllochrons or delay (i.@wumber of phytomer positions) was
denotedde (Fig. 3.1). The root-bearing phytomers (Pr) wetenbered consecutively
beginning with the phytomer with the youngest ragsa reference point (Prl). Thus root

attachment positions at successively older phytemerre numbered Pr2, Pr3, and so on.

5.3.2 Age determination for the roots at root-beang phytomers

The age of roots at a particular Pr was estimatedb on an assumption of steady state
progression of phytomers on the tiller axis fromf [production to root production. That is,
the root at Prl was assumed to be the same ade dsaf at P1 ande was assumed
constant so that the age of roots at successiveomleys below Prl was estimated by
adding the phyllochron for the leaf observed eniliethe experiment at the respective

phytomer, to the age of the root at the phytomewrab

For older phytomers formed in the field for whidtete were no leaf appearance records
to estimate the phyllochron, a value of°80d thermal time per phytomer was assumed by
extrapolating a plot of phyllochron values for thteytomers immediately above (Fig. 4.6,
Appendix 5.1).

To confirm the co-ordination between leaf and ragpearance, lengths in cm of all roots
at each phytomer were measured during the Auturparerent (Experiment 5) at Day 16,
Day 22 and Day 27 after transplanting. This wasedion 6 plants of each cultivar. From
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this data root elongation rate of the main axis (Eihcould be calculated, and the number
of leaves and root-bearing phytomers at each date also recorded (Appendix 5.2).

5.3.3 Root harvest

Roots from the individual phytomer positions on tiiler axis were excised in sequence
from youngest to oldest, using a scalpel and 15gnifization with a binocular dissecting

microscope. Excised roots were carefully teasedtdpam the other roots under water
and stored as described below for later analye. fumber of root-bearing phytomers
per tiller (NPr), number of roots per phytomerXRnd total number of roots per tiller
(NR;) were recorded at harvest for all plants, andehgth of each root main axis (RAL)

was measured in cm for 8 plants from 8 genotypesaoh cultivar (Fig. 5.1).

P

Fig. 5.1 Dissected roots from the tiller axis ofLa perenneplant arranged by phytomer
position (Pr1-Prl16). From left to right the root® arranged from the youngest
(Prl) to the oldest (Prl16).
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5.3.4 Root measurements

A total of 2416 individual roots were isolated frdrhl12 phytomers of 89 tillers in the two
experiments. A number of methodologies for evahgatihe dimensions of individual
roots were considered, ranging from determinatibmoot length by the grid intersect
method and/or root dry weight as in many past ssjdio use of modern scanning
technology and WinRHIZ® and VideoPr8 software. The latter technologies allow
collection of detailed root data such as root Ien{&L) by diameter category, root surface
area (RSA), and root volume (RV) among others, dnat very time consuming. The
approach adopted after consideration was that $@sie measurements (root dry weight)
were made for all harvested roots, and scannedasagre created for subsets of roots to
enable more detailed analysis by software packageh as WinRHIZ&. The more
detailed data were then used to develop calibratiorderive additional data not directly
measured, from the data measured for all rootadtition, some more detailed analyses

of the scanned images of root subsets were made.

Scanning all roots for detailed root data sucham tength (RL), surface area (RSA),
volume (RV) for all those individual roots using MRHIZO® was not feasible
considering time constraints. Therefore roots frovo randomly selected plants of two
different genotypes for each cultivar in each ekpent were scanned and the data
analysed by WinRHIZ® and VideoPr8 (see Section 5.3.7, below) to study progressive
root development at the successive phytomers (@bl b.1 in section 5.3.8). For another
subset only Pr 5 & 7 from the Spring experiment Bnd.1 from the Autumn experiment
were scanned (see Table 5.2 in section 5.3.8) ¢ongparative study on root development
for roots of similar age growing in two differeneéasons. For another set of plants (10
plants x 2 cultivars) in the Spring experiment Rer phytomer (Rp) was determined
using the grid intersect method (Tennant, 1975 Gection 5.3.6 below). Following RL
determinations as just described, dry weight petgrher (RDW) of all remaining roots
was determined as described in Section 5.3.9.dtemaisaged that these data would allow
derivation of calibrations for estimating RL fromDR/, and also allow comparison of
WIinRHIZO-derived data with grid intersect countsrooonly reported in the literature
and so provide improved understanding of previopsiylished data collected by the grid
intersect method.
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Data obtained from root subsets after WinRHIZO saam and their derived data (see
Section 5.3.10) are presented in Chapter 5. A casgrafor the RL data between the grid
intersect method and WIinRHIZO is given in Appengli.

5.3.5 Root preservation and processing

In the Autumn experiment, roots selected for RLedweination by the grid intersect
method or scanning and WinRHIZ@nalysis were preserved in 70% alcohol. Remaining
roots were dried in a forced air draft oven a’60for two days, and dry weights of roots
from the individual phytomers (RDyVwere taken. All roots from the Spring experiment

were preserved in 70% ethanol and stored untiséimeples could be processed.

5.3.6 Root length determination by the grid interset method

As stated in section 5.3.4 to compare the RL beatwte® methods, grid intersect and
WInRHIZO, the total root lengths of all individughytomers (REk) for 20 tillers (10
plants x 2 cultivars, 226 phytomers) of the Spraxperiment were estimated following
the modified Newman method (Tennant, 1975). Int#rseunts were made using 1 Tm
grids and the total length was estimated from dtlewing equation:

Root length (cm) £/, x Intersect count x Grid size (cm)

The data are presented in Appendix 5.3 as compalsbwveen root length obtained for
similar roots using the two methods — modified Nemnversus WinRHIZO. RL data
obtained from WIinRHIZO for the scanned plants amel WinRHIZO-derived RL (see

section 5.3.10) are presented in section 5.4.3.

5.3.7 Root scanning using WinRHIZ& software

Selected roots from the Spring and Autumn expertméee section 5.3.4) were scanned
at the AgResearch Ruakura campus in Hamilton, Nealahd using WinRHIZ®
software (Regent Instruments Inc.) (Fig. 5.2). wdlial roots were placed in the
transparent Regent’s water proof tray. Root brasichiere laid out using a needle and
placed on the scanner so as to avoid overlap @cadf branches. Water was sprayed
intermittently so that root branches did not dryilesfbeing laid out. After arrangement in
this way, roots were scanned in a Regent’s starslaedscanner, 22 x 30 cm, (STD1600+,
Regent Instruments Inc.) to obtain digitized imag@#-F files). A resolution of 210 dpi
(dots per inch) was chosen as optimal for the sedmutput. The TIFF files were stored
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in computer memory. The .TIFF files for the scanneats were then analysed to obtain
detailed root data using ‘WinRHIZOpro’ software. WinRHIZS pro uses separate
colour codes to distinguish the root branches afoua diameter classes. The data
obtained after analysis (ASCII format) were stoireeé Microsoft Excel spreadsheet. For
details about the instrument and software see:
http://www.regentinstruments.com/products/rhizo&khintml.

€003 6 17

N

Fig. 5.2 Root scanner and WinRHIZOsoftware facilities at AgResearch Ruakura
laboratories, Hamilton. The author is scanning itigividual roots of different
phytomers in order to estimate the rate of rootetigment for the two perennial

ryegrass cultivars Alto and Aberdart from Experitseh & 5.

5.3.8 Sample structure for WinRHIZO® scanning

A total of 196 individual roots were scanned. Otitlase, 122 roots were scanned to
define progressive root development at successiwgomers of 2 plants of differing
genotypes from each of the two cultivars and framoheexperiment (Table 5.1). For the
Spring experiment, individual roots from all Prtbé selected plants were scanned but for

the Autumn experiment only individual roots fronteahate root positions were scanned,
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because of time constraints. This decision was maslgause NPr in the Autumn

experiment was much higher than in the spring exjpant.

Table 5.1 Sampling strategy for root scanning to obtain ikkdaroot data using the
WInRHIZO® software to study progressive root developmentsatcessive
phytomer positions (Pr) of Alto and Aberdart peri@hryegrass cultivars in Spring
and Autumn experiments. For No. of phytomers, nusibeparated by “+” are for
two different plants.

Experiment Cultivar Genotypes No. of phytomers No. of roots scanned

Spring Alto 2 11+13 31
Aberdart 2 10+12 37

Autumn Alto 2 (8+8)* 32
Aberdart 2 (8+8)* 22

Total 78 122

*Even Pr numbers only
*No. roots scanned > No. phytomers becaysefien > 1.

Another 74 individual roots were scanned from patéir phytomer positions of several

genotypes in order to assess the possible existehagenotype differences in root

morphology. Phytomer positions chosen for this ss®ent of genotype differences were
Pr5 and Pr7 from the Spring experiment and Prlfnftbe Autumn experiment (Table

5.2). Pr7 of the Spring experiment and Prl1l of Autuexperiment were of comparable

age. There were a total of 81 individual rootshis tata subset after adding data from 7
roots at positions Pr5, Pr7 and Prll of plantsushetl in the sampling recorded in Table
5.1.

Table 5.2Sample structure to study detailed root morpholaigyhytomer position (Pr) 5,
and Pr7 of plants in the Spring experiment and é&frjdants in the Autumn
experiment for Alto and Aberdart perennial ryegrasisivars.

Experiment Cultivar Phytomer Genotypes Roots
Spring Alto 5 6 15
Aberdart 5 6 17
Alto 7 4 8
Aberdart 7 4 13
Autumn Alto 11 6 14
Aberdart 11 4 14
Total 81
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The following data were obtained using Winrhizotaaie for the individual roots after
scanning:
i) Length of the individual roots (RLin cm which includes both main axis and
branches;
i) Surface area (cthof the individual roots (RS}
iii) Volume (cn) of the individual roots (RY:
iv) Mean diameter (mm) of the individual roots (fRD
V) RL, RSA and RV of individual roots subdivided ini@ different diameter
classes in 0.1 mm gradations from 0.0-1.2 mm;
Vi) Total number of tips of the individual scanned so(RT)) was counted using

Videopro 32 software.

5.3.9 Dry weight estimation for roots preserved iralcohol

In the Spring experiment, all roots were presemnwve@0% ethanol after the harvest and
root subsets for which RAL was measured before wese selected for scanning (section
5.3.8) and RL determination in grid intersect metkgection 5.3.6).

In the Autumn experiment, the selected root subsmtswhich RAL was previously
determined (section 5.3.8) were preserved in 70%nel and remaining harvested roots

were dried in a herbage drying oven at@@or 48 hours to determine their DW.

From both experiments, the roots kept in ethanolsfmanning/grid intersects counting
were dried again in a herbage drying oven 4C6r 48 hours after a thorough wash in
water. Dry weights so obtained for those roots wemeected by for an assumed 22.4%

weight loss of alcohol-soluble sugars during ster@@rush et al., 2010a).

5.3.10 Root data derivation
i) Root dry weight of the individual roots (RDW,): RDW; were recorded for
the individual phytomers (RDW. From those data dry weight of the
individual roots (RDW were obtained as RDWdivided by number of roots
per phytomer (B, assuming that all roots at the same phytomenraatated

similar dry weight.
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i)

ii)

Dry matter deposition rate at each phytomer (DMDQ): DMD, (mg PF db

was estimated from the difference in root dry weigl that Pr from
successively older Pr, assuming the age differafia®ots at the successive
phytomers was equal to the phyllochron at thatAppéndix 5.4). The DMP
was also expressed in terms of C cost (umol C)iderieg 45 pumol C
required per mg dry weight (Amthor, 1984). Total aamt of net CQ
exchange per tiller per day in Spring and Autumpeginents was calculated
form the data presented in Appendix 4.3, takind) &aa of all leaves per tiller
and their net photosynthetic rate (umol ) into account. It was assumed
that 40% of total assimilated G@ets respired (Danckwerts and Gordon, 1987)
and 15% of remaining CQOreaches to the root system (Parsons and Robson,
1981). The root construction cost for the individ&a in mmol CQ Pr* d*

was calculated from DMPassuming 45% C present in the root tissues (see
Chapter 7). Respiration cost during root growth wwasumed to be 17% of
DMD, (Eissenstat and Yanai, 1997). Finally the sharepludto-assimilate
transported to individual phytomers (Rii*) was calculated as a ratio between
total of deposited plus respired g€and total photo-assimilate from G@hat
reached the root system. Data are presented ire Babb in Section 5.5.4.

Root length, surface area, volume and number of tgpper phytomer: After
scanning, RL. RSA, RV, RT, were obtained for the individual roots. Root
length (RLp), surface area (RS root volume (RY¥) and number of tips (R5J

per phytomer were obtained as a product of resgectiot dimension of the
individual root and Rof that particular Pr assuming that all individuabts at
that Pr were of similar size.

Specific root length, surface area, and volumeThe specific root length
(SRL, cm mg), specific root surface area (SRSA,’cmg) and specific root
volume (SRV, mm mg?) of the scanned roots were calculated as the ratio
between the respective individual root data forhetait and dry weights for
those particular individual roots (RDWat the different phytomer positions.

RL, RSA, RV for roots other than scanned:There were a total of 2416
individual roots dissected from 1112 individual td@aring phytomers, from
which only 196 roots were scanned (see Sectio®)5.Bhe RL, RSA and RV

of the other harvested roots were estimated bygeession procedure that
related SRL or SRSA or SRV to RDW, respectively gapdix 5.5). Separate
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regression equations were required for the rootdiftérent ages. The RL or
RSA or RV per phytomer was calculated as the produBL, RSA or RV per
root and R.

Vi) Tissue density (mg crif): Tissue densityat different phytomers was
calculated as RDW divided by RV.

vii)  Dimension corrected surface area:volume ratio (RSARVZ®: The ratio
between square-root transformed RSA and cube-ransformed RV for the
individual roots. Dimension corrected measuremésudace area and volume
can be used to establish a useful geometricalioalédr the roots of variable
geometrical shape. The ratio between surface amelavalume might be
changed due to variable diameter and length, sbéplee roots as the ratio
varies among the objects of different geometribalpe (e.g., sphere, cylinder,
and ellipse). Simple RSA:RV ratios change markedith root diameter
whereas the dimension corrected ratio are theatBtiazinaffected by root
diameter and might possibly detect any underlyiifigrences in root shape.

viii)  Dimension corrected root length:volume ratio (RL/RV®): The ratio
between RL and cube-root transformed RV for théviddal roots. Again the
dimension corrected ratio was explored to try fpasate effects of root shape
from root size.

iX) Predicted root development in steady-state conditits: Assuming root
growth at each phytomer was a steady-state prottessew growth from one
phytomer position to the next was estimated for RDRY;, RSA and RV by
fitting a quadratic curve across the mean valuasefach Pr, except the
youngest 2 phytomers of the Spring and the youndephytomers of the
Autumn experiment. Only the younger 3-9 phytomesifans from the Spring
experiment and 5-14 younger phytomer positions flloenAutumn experiment
which were lying above the daughter tillers (seetiSr 4.3.5) were included
when fitting quadratic curves. For the youngesth®tpmers of the Spring
experiment and the youngest 4 phytomers of the Aotexperiment original
data were used. When calculating root diameteregf roots it was assumed
that all the newly added roots have the same demm&he measure of new
RDW, RL, RSA, and RV, added at each successivalgldped phytomer, was
estimated by subtraction enumerate the differemt@den adjacent phytomer

positions. The mean diameter of entire roots andlynéormed roots at each
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phytomer position was calculated from the respec®SA and RL at each

phytomer position as follows:

Root surface area

Mean root diameter =
T X rootlength

5.3.11 Visual scoring for root branching

The order of root branching (primary, secondarstjaey etc.) at the different phytomers
in succession moving down the tiller axis was sdoaéter visual assessment of the
scanned roots (.TIFF files). To obtain a branchsogre-sheet for all scanned roots,
phytomer positions were numbered from Prl to P{wiiere n is the oldest phytomer) on
the X-axis and the order of root branching (primagcondary, tertiary, or quaternary)

was scored on the Y-axis (see Fig. 5.14).

5.3.12 Statistical analysis

For R,, RDW, RSA, RV an ANOVA structure like that for fedata was used (Table 5.3,
Appendix 4.1). The younger 10 phytomers from thargpexperiment and 16 phytomers
from the Autumn experiment were included (Table).5Er the experiment x phytomer
interaction, only the alternate 8 phytomers (evemunbers) of the Autumn experiment

were analysed with the first eight phytomers of $ipeing experiment (Appendix 5.6).

Table 5.3 ANOVA structure for the root data of Alto and Adart perennial ryegrass
cultivars in the Spring and Autumn experimentsdst tstatistical significance of
experiment, cultivar, experiment x cultivar, gerpgywithin cultivar effects and

effect of phytomer of each cultivar within experime

Experiment Cultivar Genotypes Clonal Phytomers  Total Phytomers
replicates  pertiller phytomers in
ANOVA

Spring Alto 9 3 8-11 253 10
Aberdart 10 3 9-13 301 10
Autumn Alto 2 15-19 270 16
Aberdart 8 2 13-21 288 16

Total 1112 1082
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For SRL, SRSA, SRV, RD and RT a separate ANOVAcstme was used taking data for

only the scanned roots. There were a total of 7@gphers for 2 experiments and 2

cultivars (Table 5.1, Appendix 5.7) for which ANOM#as carried out.

In addition to ANOVA, a PCA was conducted to expltie pattern of association among
the various root traits for the scanned roots afilar age (Pr5 and Pr7 of the Spring

experiment and Prll of the Autumn experiment). Tata set comprised 81 roots, and
could be analysed for the effect of season, cultwal genotype for the root data structure
presented in Table 5.2 (see Section 5.3.4).

ANOVA for the root traits and the PC scores of tfaa in Table 5.2 was carried out in
SAS (SAS Institute Inc., Cary, NC, USA) usingnan-orthogonal linear contrast

(Appendix 5.8) between Pr5 and Pr7 of the Springeement and between Pr7 of the
Spring experiment and Prll of the Autumn experimeémtassess root developmental

differences and seasonal effects on root morphol@gpectively.

5.4 Results

5.4.1 Tiller axis description

5.4.1.1 Number of leaf and root-bearing phytomersrothe tiller axis

Total number of leaves produced during the grovetioal (NLA), number of live leaves
at harvest (NLL), total number of root-bearing piwers at harvest (NPr) and total
number of phytomers (NP) produced over 88x4 d gngwduration in the Spring
experiment were significantly lower than those et over the 87+4 d in the Autumn
experiment (Table 5.4). Aberdart had significartigher NLA, NLL, NPr, NP than Alto
(Table 5.4). A cultivar x experiment interaction svstatistically significant for NLL at
harvest, NLA and NP but non-significant for NPrhatrvest (Table 5.4). There was no
consistent significant difference between the twpegiments or two cultivars fate at a

particular phytomer but a cultivar x experimenenaiction fordewas noted (Table 5.4).
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Table 5.4 Tiller axis statistics for total number of leaf @apance events (NLA), number
of live leaves (NLL) and number of live root-beayiphytomers (NPr) counted at
harvest, delay between leaf and root appearantaratst €) and total number of
phytomer positions developed on the tiller axis NP Spring and Autumn

experiments for two perennial ryegrass cultivalsp And Aberdart.

NLA NLL de  NPr NP NPr/NLA NPr/NLL
Alto-Spring 9.74 6.89 53 970 15.0 0.996 1.42
Aberdart- Spring 10.4 8.38 4.7 10.4 15.1 1.00 1.26
Alto-Autumn 148 838 48 168 21.6 1.14 2.02
Aberdart- Autumn 16.4 12.2 55 18.1 23.6 1.11 1.50
SEM 0.32 0.23 0.115 0.406  0.43 0.008 0.03
p (Experiment) <0.001 <0.001 0.58 <0.001 <0.001 <0.001 <0.001
P (Expormentx 0004 <0.001 0.87 <0.001 <0.001 019  <0.001
Cultivar) 0.042 <0.001 0.006 0.24  0.012 0.13  <0.001

SEM, standard error of mean; p, statistical proiigbi

5.4.1.2 Seasonal variation on age of roots at suss&/e Pr

In the Spring experiment, NLA and NPr per tillerre@mearly equal (Table 5.4). Roots for
Pr10 were estimated to be 89 days old for Altohie $pring experiment (Table 5.5) but
P10 was estimated to be only 77 days old (Tablg. &br Aberdart in the same
experiment the age of Pr10 was estimated to bea86 (Table 5.5) and 79 days for P10
(Table 4.5). As expected, the data indicated thafpring leaves were forming at a faster

rate compared to roots.
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Table 5.5Estimated age of roots at the different root-bepphytomers (Pr) of successive
developmental stages for Alto and Aberdart perdnmjiegrass cultivars in the

Spring and Autumn experiments.

Age of root-bearing phytomers at harvest (d)
Pr Alto-Spring Aberdart-Spring Alto-Autumn Aberdart-Autumn

1 4 3 6 5

2 12 11 11 10
3 21 19 16 14
4 29 27 21 18
5 38 34 26 24
6 46 43 31 28
7 56 53 36 33
8 67 62 40 37
9 78 74 44 41
10 89 86 48 45
11 52 48

12 57 51
13 63 54
14 69 59
15 73 65
16 78 71
17 83 75
18 80

In the Autumn experiment, a significantly higher M\Ras recorded compared to leaf
appearance for both cultivars (Table 5.4). BothoAp<0.01) and Aberdart (p=0.048)
produced significantly more leaf bearing phytoméen root-bearing phytomers over the
study period. The age at P15 for Alto was 81 dawgble 4.5), while that for Pr15 was 73
days (Table 5.5). The age of P17 for Aberdart wasi&ys (Table 4.5) whereas that for
Prl7 was 75 days (Table 5.5). Data indicated thatutumn leaves appeared at a lower

rate than roots

5.4.1.3 Number of roots per phytomer position (R in the Spring and Autumn
experiments

The mean Rfor the cultivar Alto was 1.66 in the Spring expsent and 2.39 in the
Autumn experiment. Rvaried significantly between the two experimemisQ.01, Fig.
5.3). The variation was non-significant between tihie cultivars (p=0.13). Mean Ror
Aberdart was 1.9 in the Spring experiment and dr6&he Autumn experiment. No

significant cultivar x experiment interaction wasted for B (p=0.95) but differences
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between

genotypes of each cultivar varied signmifiya(p=0.032). R values were not

significantly different between phytomer positiongthin experiment and cultivar

(p=0.89).

4.5
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3.5
3.0
2.5
2.0

15

Number of roots per phytomer (R

1.0

0.5

0.0

—6— Alto-spring «+ O+« Aberdart-spring —e— Alto-autumn ---@-- Aberdart-autumn

Harvesting < Transplanting
r Autumn ’
!
| Day Length
11 27 43 62 86 Age of Aberdart tiller (days) - spring
10 18 28 37 45 51 59 71 80 autumn
0 2 4 6 8 10 12 14 16 18

Root-bearing phytomer (Pr)

Fig. 5.3Number of roots per phytomer for Alto and Aberdagtennial ryegrass cultivars

in

Spring and Autumn experiments. Time scale gags of Aberdart phytomers.

For Alto phytomers add approximately 10% (spring) 586 (autumn) to the

number of days on the time scale. Root-bearinggrhgts are counted from the

youngest phytomer with roots. Vertical bars shoandard error of means for

experiment x cultivar interactions.
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5.4.2 Progression of root development at successpaytomers

5.4.2.1 Root dimensions at successive phytomers

RDW; at successively developing phytomers increaseshiig up to phytomer 6-7 (Fig.
5.4) for both of the cultivars, Alto and Aberdart,both Spring and Autumn experiments.
This general increasing trend up to 6-7 phytomeas also observed for RD)(Fig. 5.5).
The DMD, was highest at Prl and showed a decreasing trend Prl to successively
older phytomers (Fig. 5.6). For Alto in the Spriexperiment DM was close to zero at
Pr7. For Alto in the Autumn experiment and Aberdartooth experiments DMPwas
close to zero at Prl1l (Fig. 5.6). This data inéidathat DML} dramatically decreased at
the lower phytomers after 45-50 days from rootiatibtn. RDW at the phytomers with
roots older than 45 days was similar (Fig. 5.4)thia Spring experiment, the value of R
for Alto at Pr 8-10 and Aberdart at Pr 8-11 was dstfor the oldest phytomers and
gradually increased for successively younger phgtsm(Fig. 5.3), and RDWValso
followed a similar pattern (Fig. 5.5). The mean Rp#hd DMD, were significantly
higher in the Autumn experiment (Table 5.6) thae tBpring experiment while no
significant difference was noted between experisidat RDW (Table 5.6). The mean
DMD,, for Aberdart was marginally higher than Alto (Teldl.6). No experiment x cultivar
interaction for RDW RDW, or DMD, was noted (Table 5.6). Significant differences in
RDW; and RDW, between genotypes of each cultivar were notedl€Tal6). DMD, was

not different between genotypes within cultivaralfle 5.6).
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Fig. 5.4 Individual root dry weight (mg) at different phytempositions for Alto and
Aberdart perennial ryegrass cultivars in Spring &udumn experiments. Time
scale gives age of Aberdart phytomers. For Altotpmers add approximately 10%
(spring) or 5% (autumn) to the number of days anetiscale. Root-bearing
phytomers are counted from the youngest phytom#r neibts. Vertical bars show
standard error for the log-transformed data foreexpent x cultivar means
presented as % root dry weight.
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Fig. 5.5 Root dry weight per phytomer (mg) for Alto and Athart perennial ryegrass
cultivars in Spring and Autumn experiments. Timalscgives age of Aberdart
phytomers. For Alto phytomers add approximately 1@%ring) or 5% (autumn)
to the number of days on time scale. Root-bearimggmers are counted from the
youngest phytomer with roots. Vertical bars shoandard error of means at each

phytomer for each cultivar in each experiment.
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Fig. 5.6 Root dry matter deposition rate (mg'Pu™) for Alto and Aberdart perennial
ryegrass cultivars in Spring and Autumn experime(Esperiment 4 & 5,
respectively).Root-bearing phytomers are counted from the younglegtomer
with roots. Vertical bars show back-transformechdéad error of means in % of

the log-transformed data for cultivar x experiment.
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Table 5.6 Statistical probabilityvalues for effect of experiment, cultivar, expegim x
cultivar interaction, genotype within cultivar, ghyner of each cultivar and
experiment x phytomer interaction on various roanehsions of Alto and
Aberdart perennial ryegrass cultivars for the Spand Autumn experiments.

Variables Experiment Cultivar  Experiment Genotype  Phytomers Experiment
X cultivar Within X
Within Experiment phytomer
Experiment  cultivar

cultivar
RDW, 0.007 0.66 0.71 0.01 <0.001 0.73
RDW, 0.15 0.23 0.97 0.007 <0.001 0.037
DMD, 0.012 0.085 0.92 0.79 <0.001 0.01
RAL <0.001 0.14 - - <0.001 0.76
RL, 0.117 0.95 0.07 0.03 <0.001 0.35
RL; 0.004 0.156 0.224 0.007 <0.001 0.116
SRL 0.844 0.536 0.649 - 0.001 -
TD 0.197 0.952 0.04 - 0.535 -
RD 0.22 0.32 0.116 - <0.001 -
RSA, 0.18 0.93 0.026 0.044 <0.001 0.07
RSA 0.004 0.26 0.074 0.009 <0.001 0.003
SRSA 0.384 0.891 0.352 - 0.003 -
RV, 0.01 0.35 0.002 0.055 <0.001 <0.001
RV, 0.15 0.046 0.004 0.01 <0.001 <0.001
SRV 0.36 0.90 0.05 - 0.26 -
RT, 0.047 0.97 0.53 - 0.006 -
RT; 0.93 0.50 0.33 - 0.123 -
RLi/RT; 0.22 0.315 0.494 - 0.016 -

The RL increased up to phytomer 9 for Alto in the Sprexperiment (Pr8 was the
exception) and up to Pr8 in Aberdart (Fig. 5.7)tHa Autumn experiment, Rlincreased

up to Prl5 for Alto and up to Prll for AberdartgFb.7). In the Autumn experiment,
Aberdart exhibited lower Rlat Pr13 — Prl15 (20-30 days after transplanting). (5.7)

when highest temperatures were recorded (2%:38ig. 4.2). RAL increased up to Pr6-
Pr7 in both cultivars and experiments (Fig. 5.8ed&fic root length (SRL) also increased
up to Pr6—Pr7 in both cultivars and experimentg.(bi9). A pattern of increase in RL

(Fig 5.7) and SRL (Fig 5.9) at older phytomers thge with a decrease in mean root
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diameters with increasing phytomer age (Fig. 5M/8% noted and likely indicated the
addition of comparatively finer root branches atevlphytomers. Consistent with this, %
distribution of RL, RSA and RV among different diet@r classes indicated that as the
root growth progressed the proportion of coarsdsralecreased and that of fine roots

increased gradually (Table 5.7).

No significant differences were noted in Rénd RD between the Spring and Autumn
experiments (Table 5.6). Rand RAL were significantly higher in Spring thamtamn.
RLi, RL,, RAL, SRL and RPwere not significantly different between the twatiwars
(Table 5.6). A marginally significant experimentultivar interaction was noted in RL
(Table 5.6). RLand R, differed significantly among genotypes of eachtieat within
experiment. Differences in RLRL,, RAL, SRL and RPwere significant among different
phytomers within experiment and cultivar and inteca the progression of root

development at the successive phytomers (Table 5.6)
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Fig. 5.7 Individual root length (cm) at different phytoméos Alto and Aberdart perennial

ryegrass cultivars in Spring and Autumn experimeiiime scale gives age of
Aberdart phytomers. For Alto phytomers add appratety 10% (spring) or 5%
(autumn) to the number of days on time scale. Rearing phytomers are counted
from the youngest phytomer with roots. Verticaldsinow standard error of means

at each phytomer for each cultivar in each expertme
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Fig. 5.8 Root main axis length at different phytomer posisidor Alto and Aberdart
perennial ryegrass cultivars in Spring and Autumpeeiments. Time scale gives
age of Aberdart phytomers. For Alto phytomers agpreximately 10% (spring)
or 5% (autumn) to the number of days on time sdatmt-bearing phytomers are
counted from the youngest phytomer with roots. $tandard errors are derived
from those of the log transformed data in for tkpegiment x cultivar effect and

are presented as a % for the untransformed data.
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Fig. 5.9 Specific root length (cm mb of Alto and Aberdart perennial ryegrass cultivars
in the Spring and Autumn experiments. Time scaleegjiage of Aberdart
phytomers. For Alto phytomers add approximately 1@%ring) or 5% (autumn)
to the number of days on the time scale. Root-hggrhytomers are counted from
the youngest phytomer with roots. The standardrerace derived from those of

the log transformed data in for the experiment lkivar effect and are presented as
a % for the untransformed data.
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Fig. 5.10 Mean root diameter of the individual roots at diffiet phytomer positions of
Alto and Aberdart perennial ryegrass cultivars he tSpring and Autumn
experiments. Time scale gives the age of Aberdartgmers. For Alto phytomers
add approximately 10% (spring) or 5% (autumn) te tumber of days on time
scale. Root-bearing phytomers are counted fronydh@gest phytomer with roots.
Vertical bars show back-transformed standard esfoneans for the experiment x

cultivar interactions, presented as % of the usfiaamed data.
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Table 5.7 Mean root diameter (mm) distribution among foumaiger classes for (RD) at
different phytomer positions (Pr) and % of totabtréength (RL), root surface area
(RSA) and root volume (RV). Each data point is #werage of two perennial
ryegrass cultivars Alto and Aberdart from two diéfiet experiments, the Spring

and Autumn experiments.

Pr RD % RL distribution % RSA distribution % RV distriboh
(mm)

<0.1| 0.1-| 0.2- | >0.5|<0.1| 0.1-| 0.2- | >0.5 | <0.1| 0.1-| 0.2-| >0.5
02| 05 02| 05 0.2 | 05

0.73 119 106 279 496 1.7 38 222 723 00 1.0 135 854
0.65 99 75 307 520 1.7 34 271 678 03 09 193 795
0.38 345 246 347 63 111 168 511 21.0 26 7.3 47.0 43.1
0.40 39.9 20.3 26.0 139 151 143 342 364 32 6.3 30.2 60.3
0.29 489 243 213 55 205 21.0 355 23.0 51 104 34.0 505
10 0.30 52.0 249 169 6.1 240 225 30.7 228 7.2 11.1 335 48.2

ga b~ W N -

As with RDW, RSA and RV of the individual roots increased up to Pr6 fothbeultivars

in both experiments (Fig. 5.11, Fig. 5.12). R$&lowed a similar pattern to RDWor
the older phytomers but the R¥howed a greater decrease at the older phytomers
compared to RSAFig. 5.11, Fig. 5.12). For Alto in the Spring exipnent, SRSA greatly
increased at Pr2, indicating rapid root branchimgb{e 5.8). For other experiment x
cultivar combinations SRSA gradually increased aui’t5 or Pr6 (Table 5.8). For both
cultivars in the Autumn experiment, SRV was higherPr6 compared to any older Pr
(Table 5.9) and the regression between Pr and SiRMthie Prl-Pr6 was significant
(p<0.001 for Alto and p=0.014 for Aberdart) indicat that SRV is associated with root
age. For Alto in the Autumn experiment, the dedreppattern of SRV between Pr6-Prl7,
with increasing root age was also significant (03@). For Aberdart in the Spring
experiment SRV was higher at Pr4 than older phyter(iEable 5.9). RSfand R\, were
higher in spring than autumn (Table 5.6). R@#d RV were not significantly different
between the two experiments (Table 5.6).; R¥s significantly higher in Alto than
Aberdart (Table 5.6). RSARSA, SRSA, R and SRV were not significantly different
between cultivars (Table 5.6). The experiment xiwal interaction was significant for
RSA,, RSA, RV, and RV (Table 5.6). No significant experiment x cultivateraction
was noted for SRSA, but for SRV and tissue der(3iB) this interaction was significant
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(Table 5.6). TD was 97.4+9.6 mg DW €nfor Alto in autumn followed by Aberdert in
spring (105+8.6 mg cif), Aberdart in autumn (111+11.1 mg &nand Alto in spring
(105+8.2 mg cr). Significant differences were noted between ggmes of each cultivar
for RSA, RSA, RV; and R\, (Table 5.6) reflecting variation in root branchitmgits
among genotypes. The variation between phytometinveach experiment and cultivar
was significant for RSA RSA,, SRSA, R\, and RV (Table 5.6) indicated that rate of
development of roots at different phytomers for tilve cultivars in the two experiments

was diffferent.

—e— Alto-spring «+ G+« Aberdart-spring—e— Alto-autumn - - @ - - Aberdart-autumn

45 ¢ Harvesting < Transplanting

40 r
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25 |
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43 86 Age of Aberdart tiller (days) - spring
18 28 37 45 51 59 71 autumn 80

0 2 4 6 8 10 12 14 16 18
Root-bearing phytomer (Pr)

Fig. 5.11 Individual root surface area at different phytomgnsr) for Alto and Aberdart
perennial ryegrass cultivars in Spring and Auturpegiments. Time scale gives
age of Aberdart phytomers. For Alto phytomers appreximately 10% (spring)
or 5% (autumn) to the number of days on the tinsesdRoot-bearing phytomers
are counted from the youngest phytomer with rodgtstical bars show standard

error of the means at each phytomer for each eultiveach experiment.

125



Chapter 5 Tiller axis dynamics of rgbduction

Table 5.8Specific root surface area (émg?) at different phytomer positions of Alto and
Aberdart perennial ryegrass cultivars in Spring Antlmn. SE(%), standard error
back-transformed from logarithmic data for the expent x cultivar interaction
and presented as % of the untransformed data.

Specific root surface area (Emg*)

Pr Alto-Spring Aberdart-Spring  Alto-Autumn  Aberdart-iumn
1 0.4 0.t 0.2 0.t
2 1.2 0.6 0.4 0.5
3 1.0 15 0.5 0.6
4 1.0 1.6 0.7 0.6
5 15 1.8 1.3 1.1
6 15 1.6 1.6 1.4
7 1.2 1.7 1.6 1.4
8 1.6 1.6 1.2 1.2
9 14 15 1.3 11
10 1.3 14 14 1.2
11 1.3 14 1.2
12 1.4 1.2
13 15 1.1
14 15 0.9
15 1.6 0.9
16 15 11
17 15 14
18 1.8
SE (%) 8.55 8.98 10.1 10.8
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Root volume per root (m#h

Root-bearing phytomer (Pr)

Fig. 5.12 Root volume per root (mf at different phytomers for Alto and Aberdart

perennial ryegrass cultivars in Spring and Auturmpeeiments. Time scale gives
age of Aberdart phytomers. For Alto phytomers agpreximately 10% (spring)

or 5% (autumn) to the number of days on time sdaimt-bearing phytomers are
counted from the youngest phytomer with roots. ialtbars show standard error

of the means at each phytomer for each cultivaaich experiment.
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Table 5.9 Specific root volume (mfhmg?) at different phytomer positions of Alto and
Aberdart perennial ryegrass cultivars in the Spramgl Autumn experiments.
SE(%), standard error back-transformed from logarit data for the experiment
x cultivar interaction and presented as % of thieamsformed data.

Specific root volume (mfmg*)

Pr Alto-Spring Aberdart-Spring  Alto-Autumn  Aberdart-Autumn
1 6.97 6.92 7.2¢ 3.0C
2 11.2 9.1¢ 7.94 9.4:
3 7.65 14.1 9.1¢ 8.37
4 6.7C 14.€ 10.€ 8.9¢
5 9.2¢ 13.: 13.2 11.:
6 12.¢ 12.1 16.1 15.2
7 7.94 12.7 13.c 10.¢
8 12.€ 9.4% 10.€ 7.94
9 8.3¢ 9.94 14.1 6.5¢€
1C 7.64 8.2¢ 15.c 6.6¢
11 9.1: 6.74 14.7 7.0C
12 9.37 11.¢€ 7.2¢€
13 10.1 6.3(C
14 9.0¢ 5.9C
15 8.82 6.0%
1€ 9.4z 6.7¢€
17 10.¢ 8.0z
18 9.84
SE (%) 8.98 9.42 10.6 11.4

Number of root tips per root (RTfollowed a comparable increasing pattern tq. RLthe
Spring experiment, RTincreased up to Pr5 for Alto and up to Pr8 for laet. In
Autumn, RT increased for Alto up to Prl6 and increased foerdlart up to Pr6. Pr2 had
the highest RL:RT ratio for both of the cultivars spring and for Aberdart in autumn
when the main axis elongates rapidly. No significdifference was noted in the RL:RT
ratio between spring and autumn roots (Table 5u)this ratio was different between
phytomers within experiement (p=0.016, Table 5.1, was significantly higher in
autumn (275£20.3 tips) than spring (167+17.1 tipsyalue in Table 5.6). The variation
among phytomers for R;was significant (Table 5.6).
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Table 5.10Number of root tips (RiJ per root and ratio of root length (RL, cm):RT per
root tip at different phytomer positions (Pr) ofté&land Aberdart perennial
ryegrass cultivars in the Spring and Autumn expents. SE(%), standard error
back-transformed from logarithmic data for the expent x cultivar interaction

and presented as % of the untransformed data.

RT, RL:RT
Pr Alto- Aberdart- Alto- Aberdart-| Alto- Aberdart- Alto- Aberdart-
Spring  Spring  Autumn Autumn | Spring  Spring Autumn Autumn

1 1.33 3.00 0.90 0.89

2 40.7 217 3.50 3.00 4.16 6.59 1.91 5.05

3 975 558 315  3.37

4 73.3 163 345 64.5 1.63 2.07 1.46 1.53

5 212 116 2.29 2.76

6 123 140 80 3 265 2.36 2.27 1.93 1.53

7 214 136 1.70 3.09

8 141 208 113 184 2.67  2.69 1.82 1.33

9 162 133 2.30 2.74

10 177 120 125 189 2.89 2.30 1.52 1.43

11 180 3.09

12 124 135 2.39 1.78

14 152 171 2.30 2.00

16 162 120 2.55 2.26

18 146 291
SE (%) 11.6 12.2 13.8 14.8 22.1 23.3 24.6 284

5.4.2.2 Root branching orders and root branching piern

A total of 4 branching orders (primary, secondaeytiary and quaternary) were observed
after visual scoring (Figs. 5.13, 5.14 and 5.1B)tHe Spring experiment, Alto exhibited
earlier root branching at Pr2 compared to Aberdanyhich root branching started at Pr3
(Fig. 5.14). Alto in spring had the longest phyhoon than any other cultivar x season
combination (Fig. 4.5). Root branching at the saste phytomers was continuous and
there was overlapping between the order of bragchlHowever, in Fig. 5.15 an
approximate Pr-interval for the commencement ofhelakanching order is given. The
approximate timing for commencing each phase atichated C cost at each order of

branching are given below:

129



Chapter 5 Tiller axis dynamics of rgbduction

Branching Phase 0 Only main axis elongation occurs. This phasenmstéd to the Prl-
Pr2 positions in general. The C expenditure to bgvthe main axis is much higher than
for later phases of root development and rangesdset 24 — 55 pmol C Prd™. This
phase is limited to the first 10 days of root depehent after root initiation.

Branching Phase 1 First order of lateral root branching occursla tmain axis. Main

axis elongation is still occurring. Primary rootibhching typically commenced at Pr2-Pr4,
when the individual roots were between 10-20 ddyage. The C energy required to
develop the primary branches of unit length alonth ihe main axis is comparatively
lower than phase 0 but still much higher than tifathe higher order branching. The C

requirement at this phase ranges between 20 — 40 Qfaf* d™.

Branching Phase 2 Secondary root branching occurs. Main axis elbagaand primary
root branching still remain in progress. In theiSgrexperiment this phase commenced
between Pr2 — Pr4 but in the Autumn experiment phisse commenced between Pr4 —
Pr6. For both of the experiments phase 2 startedeastage when age of the individual
roots was between 25-30 days. C required for thése ranged between 18-36 pmol C Pr
tat,

Branching Phase 3 Tertiary root branching phase. This phase begawden Pr5 — Pr7
in the Spring experiment and at Pr8 in the Autumpeement. Tertiary root branching
commenced when individual roots were more thanay@® af age. In this phase main axis
elongation had ceased. The C requirement at tlasepls very low; between 8 — 24 umol
C Prtd™.

Branching Phase 4:Quaternary root branching phase. This phase comedenden

individual roots were approximately 50 days oldd after Pr10. The C requirement for
this phase is <8.0 umol CPd™.
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Fig. 5.13Root branching orders at different phytomer posgiof same genotype (a) main
axis elongation at phytomer 2, (b) primary rootnmtang at phytomer 3, (c)
secondary branching at phytomer 5, (d) tertiarpbineng at phytomer 11.
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Fig. 5.14Visual scores for individual scanned roots at défe order of root branching for
different phytomer positions of Alto (A) and AbertdgB) perennial ryegrass
cultivars in Spring and Autumn experiments. To obtthe score-sheet root-
bearing phytomers are numbered in X-axis and tlersrof root branching are
scored on Y-axis.

Spring experiment

0 AAA  BBB
BB
1 B B BBBBBBBB B
2 AAA A AAA  AAAAAAAA A A AAA A A AA A
B BB  BBBBBBBBBB BBB  BBBBBB BBBB BBB BB B B
3 AAAAAA AAAA  AAA AAA A A
BBBB B B
4 A
Branching Pr1  Pr2 Pr3 Pr4 Pr5 Pré Pr7 Pr8 Pr9 Prio Prll1 Pri2
order
Autumn experiment
0 AAAA
BB
1 AAAA A A
B
2 A AAAA A AAA AAAAA B AA
B B BBB BBBBB BB
3 B A AA AAAA AA AA A B
BB  BBB BBBBBBB BB BB
4 A B
Branching Pr2 Pr4 Pr6 Pr8 Pri0 Prii Pr12 Pri4 Pri6 Prl8
order

There were wide variations in root branching patdretween cultivars and genotypes of
each cultivar (Fig. 5.16). Fig 5.16a and Fig. 5.libbstrate variation between two
genotypes of cultivar Alto at Pr5. Fig. 5.16b and..16c illustrate variation between
two genotypes of cultivar Alto and Aberdart respasty at Pr5. Fig 5.16¢ and Fig. 5.16d
illustrate variation between Pr5 and Pr8 of Aberdaitivar in the Spring experiment and
in the Autumn experiment respectively. Pr5 in spriand Pr8 in autumn were of
comparable age. These variations were separatgubditive and negative PC scores in

each case for the genotypic difference (Fig. 5.16).
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Fig. 5.15Developmental stages of phytomers in a vegetatigssgtiller from the apical
meristem to quaternary level of root branching istdised diagram. AM, apical
meristem; LP, leaf primordium; ELS, elongating l&adide the pseudostem; EL,
elongating visible leaf; FEL, fully elongated ledi, mature leaf; SL, senescing
leaf; AB, axillary bud; DT, daughter tiller; TA,ller axis; MAE, main root axis
elongation for the youngest adventitious roots21.3" and4 branching: primary,
secondary, tertiary and quaternary level of roainbhing. For the root branching
phases only the alternate root-bearing phytomers partly drawn. Leaf
developmental stages have been drawn taking daa Yranget al. (1998). The

diagram has been drawn following Matthew et al0O@0
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Cultivar difference between sea:

Genotype difference within cultivar

/

Cultivar difference within season

Seasonal difference for same cultivar

Fig. 5.16 Variation in root branching pattern between genesyfa, Pr5 versus b, Pr 5 of
cultivar Alto in the Spring experiment), betweerttiwars (b, Pr5 of Alto versus c,
Pr 5 Aberdart in the Spring experiment) and betwaleytomers of similar age in
different experiments (c, Pr5 of Aberdart in theiSg experiment versus d, Pr8 of
Aberdart in the Autumn experiment). (a) had positsecores for PC1 and negative
scores for PC2; (b) had negative scores for PClpasdive scores for PC2; (c)
had negative scores for PC1 and PC2; (d) had pestores for PC1 and PC2.
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5.4.2.3 Root development at successive phytomers

To gain insight into the process of root developtrarer time (and as elsewhere in this

chapter using as a proxy for time the status otessive phytomers at the destructive

harvest), fitted values of RDWRL;, RSA, and RV obtained by quadratic regression were

plotted on common axes (Fig. 5.17, Appendix 5.9). b.17 is based on data for cultivar

Alto in the Autumn experiment and detailed derivizda are presented in Appendix 5.9.

RL; continued to increase and Riécreased after Pr9 (Fig. 5.17).
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Maintenanc
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Root-bearing phytomer (Pr)

Fig. 5.17 Root measures for the individual roots at differphytomer positions for the

Alto perennial ryegrass cultivar in the Autumn empent. The trend lines

between Pr4 and Prl14 were derived from quadratynpmial equations. RDW

root dry weight of the individual roots; RLroot length of the individual roots;

RSA, root surface area of the individual roots;;RMot volume of the individual

roots.
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5.4.3 Detailed examination of selected root-bearinghytomers

Fig. 5.6 illustrated that DMPreduces to zero at approximately Pr7 for cultiko in the
Spring experiment and Prll in the Autumn experimént this section these two
phytomers are studied in detail. In addition, R the Spring experiment is compared
with Pr7 of same experiment to study root morphicialg variations between two

phytomers with a maturity difference.

5.4.3.1 Measured variables

Roots of similar age, Pr7 of the Spring experimeamd Prll of the Autumn experiment,
varied significantly between experiments for RALL;RRSA (Table 5.11). Significantly
higher values for Pr7 of spring compared to Prllaofumn indicated that seasonal
variables affected branching pattern and main &kisgation. The Pr7 values were
significantly higher for RDW RAL, RL;, RSA, RV; and RT and lower for Rpthan Pr5
of the Spring experiment, reflected the increasacetbpment of roots located at the older
Pr (Table 5.11). Cultivar Alto had marginally higekDW; and RAL and lower Rat all
three phytomers compared to Aberdart (Table 5.G@gnotypes within cultivar and

phytomer varied significantly for all of the abowveasured root variables (Table 5.11).
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Table 5.11Whole root statistics for roots of Pr5 and Pr7he Spring experiment and

Prll in the Autumn experiment. The aim was to campamature and mature

roots in the Spring experiment and roots of a similevelopmental stage in the

Autumn experiment and in the spring experiment.réwt-bearing phytomers; R

number of roots per phytomer; RDMVihdividual root dry weight (mg); RAL, root

main axis length (cm); RLroot length (cm); RSAroot surface area (én RV,

root volume (cm); RD;, root diameter (mm), and RThumber of tips per root for

Alto and Aberdart perennial ryegrass cultivarshet Pr5 and Pr7 in the Spring

experiment and Prl11 in the Autumn experiment.

Experiment Pr Cultivar Age R, RDW, RAL RL RSA RV, RD; RT,
Spring 5 Alto 38 161 227 436 283 294 0.26 037 137
5 Aberdart 34 174 161 189 213 219 0.18 0.34 96.6
7 Alto 56 1.00 28.1 474 496 453 0.33 0.29 228
7 Aberdart 53 1.67 19.1 459 410 359 0.26 0.29 141
Autumn 11  Alto 52 2.08 244 390 395 351 0.26 030 230
11 Aberdart 48 363 142 347 289 276 0.22 031 170
SEM 0.11 106 137 201 170 0.01 0.01 9.56
p value
Pr5 versus Pr7 0.39 0.09 <0.01 <0.01 <0.01 0.04 <0.01 0.009
Pr7 versus Pri1l <0.01 0.20 0.005 0.02 0.05 0.20 0.23 0.22
Cultivar (Pr) 0.056 0.086 0.075 050 046 040 0.79 0.98
Genotype (Pr cultivar) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

p, probability of statistical variation

5.4.3.2 Derived variables

SRL, RL/RV, RL/RV"?, RSA/RV and RSA/RY? were all significantly higher at Pr5 than
at Pr7, reflecting the effect on those traits & timer mean diameter of older roots (Table
5.12). Values for SRL, SRSA and SRV were significatower at Pr7 of the Spring
experiment and higher at Pri11 of the Autumn expeningTable 5.12). The RL/R¥?and
RSA/RV?? were significant between Pr7 and Prll where Préhsared lower values.

SRV was significantly higher for cultivar Aberdattan Alto (Table 5.12). Significant

differences between genotypes within cultivar facte phytomer existed for for all

derived root traits except SRV (Table 5.12).
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Table 5.12Derived measures for comparing root morphologyr&ut-bearing phytomers;
SRL, specific root length (cm ity SRSA, specific root surface area fcmg?);
SRV, Specific root volume (mfmg* DW); TD, tissue density (mg ¢y, RL/RV,
root length per unit root volume (cm &nand RL/RVV, dimension corrected root
length per unit root volunt€; RSA/RV, surface area per unit volume fem®);
RSA/RV?® dimension corrected surface area/voltifhéor Alto and Aberdart
perennial ryegrass cultivars at the Pr5 and PrthenSpring experiment and Prl1l

in the Autumn experiment.

Exp Pr Cultivar SRL SRSA SRV TD RL RL RSA RSA
IRV IRV* |Jry [RV*®
Spring 5 Alto 13.0 131 116 914 1216 448 118 724
5 Aberdart 132 136 114 109 1187 364 121 66.0
7 Alto 171 158 115 933 1550 704 139 925
7 Aberdart 22.6 201 148 80.2 1671 646 143 88.9
Autumn 11 Alto 31.1 227 107 102 1535 608 137 854
11 Aberdart 27.3 265 16.6 68.0 1450 488 133 77.9
163 014 051 420 63.0 258 288 2.03

p value
Pr5 versus Pr7 0.08 0.20 0.26 0.43 0.007 <0.01 0.002 <0.01
Pr7 versus Prl1l 0.006 <0.01 <0.01 0.77 0.24 0.23 0.22 0.05
Cultivar (Pr) 0.86 0.94 0.011 0.046 0.98 0.63 097 0.73
Genotype (Pr cultivar) 0.401 0.075 <0.01 <0.01 <0.01 <0.01

p, probability of statistical variation

5.4.3.3 Distribution of total root length, surface area and volume among root
diameter classes

For Pr5 in the Spring experiment, the finest dianetass of <0.1 mm comprised around
3% of root volume and contributed around 40% odltteéngth and 15% of surface area,
while for more mature roots at Pr7 in the Springezkment and Prll in the Autumn
experiment the corresponding figures were 5% of B8 of RL, and 20% of RSA for
both cultivars, and in both experiments (Fig. 55180). The increase in RL and RSA of
fine roots between Pr5 and Pr7 in the Spring erpant was significant, but the cultivar

and experiment variations were not significanttfase traits.
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Roots of the diameter class 0.1-0.2 mm comprisedral 23% RL, 20% RSA and 10%
RV (Fig. 5.18-5.20). Two cultivars showed highlgsificant difference for % RL, RSA

and RV at this diameter class. The cultivar Abdrdaall three phytomers had higher RL,
RSA and RV compared to Alto. The differnce in Rvivbeen Pr5 and Pr7 and that
between Pr7 of the Spring experiment with Prll led #Autumn experiment were

significant (Fig. 5.20).

Around 13% RL, 20% RSA and 13% RV of the individuabts were contributed by the

diameter class of 0.2-0.3 mm roots (Fig. 5.18-5.20)e first three diameter classes
between 0.0-0.3 mm diameter ranges showed invepseportional relations between RL

and RV indicated that the finer roots measure hidie but lower RV. The root surface

area of the finer roots measured very high as thes® diameter classes cumulatively
estimated around 60% of the RSA of the individoaits.

The root diameter classes between 0.3-0.6 mm bomdéid around 3-6% to RL, 6-11% to
RSA and 9-15% to RV (Fig. 5.18-5.20).
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Diameter classes <0.1  0.1-0.2 0.2-0.3 0.3-0.4 04-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0
Cultivar 0.26 0.001 0.24 0.51 0.33 0.61 0.003 <0.001 <0.001 0.004
Pr (5-7) <0.001  0.09 0.015 0.23 0.032 0.001 0.001 0.011 0.019 0.063
Pr (7-11) 0.83 0.93 0.66 0.10 0.11 0.22 <0.001 0.007 0.018 0.008

Root length (%) and p value at each diamater class
Fig. 5.18Percentage distribution of root length among déferroot diameter class (mm)

for roots of Alto and Aberdart perennial ryegrasfticars at phytomer (Pr) 5 and

Pr7 in the Spring experiment and Prl11 in the Aut@xperiment.

140



Chapter 5 Tiller axis dynamics of rgbduction

Alto-Spring-Pr5
Aberdart-Spring-Pr5
Alto-Spring-Pr7
Aberdart-Spring-Pr7
Alto-Autumn-Pr11
Aberdart-Autumn-Pr11

.

30 r

25

EEOEO®

20

15

10

% Root surface area

5

0
Diameter classes <0.1 0.1-0.2 0.2-0.3 0.3-04 04-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0
Cultivar 0.46 0.001  0.038 0.06 0.06 0.97 0.007 <0.001 <0.001 0.003
Pr (5-7) 0.001  0.26 0.49 0.78 0.39 0.021  0.006 0.037  0.098 0.195
Pr (7-11) 0.25 0.13 0.07 0.005  0.024 0.14 <0.001 <0.001 0.002 0.008

Root surface area (%) and p value at each diaroeigs (mm)
Fig. 5.19Percentage distribution of root surface area anubifigrent root diameter class

(mm) for roots of Alto and Aberdart perennial ryagg cultivars at phytomer (Pr) 5

and Pr7 in the Spring experiment and Prll in theifa experiment.
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Cultivar 0.73 0.008 0.004 0.005 0.004 0.15 0.09 <0.001 <0.001 0.005
Pr (5-7) 0.01  0.044 0.16 0.086 0.64 0.19 0.022  0.097 0.29 0.36
Pr (7-11) 0.035 0.002 <0.001 <0.001 <0.001 061 <0.001 <0.001 0.003 0.018

Root volume (%) and p values at each diameter ¢iasy

Fig. 5.20Percentage distribution of root volume among défeéroot diameter class (mm)
for roots of Alto and Aberdart perennial ryegrasfticars at phytomer (Pr) 5 and

Pr7 in the Spring experiment and Prll in the Aut@xperiment.

The root classes ranging between 0.6—-1.0 mm diametee largely axial roots (see Fig.
5.10) as root diameter data indicated that at fnsigenerally bear no branches which
measure RD above 0.6 mm. The diameter classesngpAdi—1.0 mm contributed around
3% to the RL, 15% to the RSA and 35% to the RV .(Bi$8-5.20).

These diameter classes exhibited significant difiees between the two experiments (Pr7
of the Spring experiment and Prl1l of the Autumneexpent) and two cultivars for RL,
RSA and RV for all of the diameter classes excéphdter class 0.6—0.7 mm for RV. The

phytomers within each experiment also showed saamt differences for RL of the
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diameter classes between 0.6—-0.9 mm, for RSA oflthmeter classes between 0.6-0.8

mm and for the RV of the diameter class 0.6-0.7mm.

5.4.3.4 Principal component analysis

When the various root data for Pr5 and Pr7 of then§ experiment and Prll of the
Autumn experiment were analysed together by PCAlexsribed in Section 5.3.13, the
first four principal components accounted for mtivan 90% of the total variation in the
data, and these are shown in Table 5.13. Thepfinstipal component (PC1) explained 45%
of the data variation with strong positive coegitis for RL, RT and RDW among others,
a contrasting negative coefficient for RD, and ghhy significant difference between
scores for roots at Pr5 and Pr7 in the Spring exst (Table 5.13, Appendix 5.10).
These points indicate this to be a PC describingymaaturity status.

PC2 explained 21% variation of the data with stroegative coefficients for RSA, RV
and RD among others with the contrasting positvefficients for TD (Table 5.13). This
PC mainly explained genotypic variation within phiyters and cultivars based on root
size (Table 5.13, Appendix 5.10). PC3 explainedualdd% variation of the data with
strong positive coefficients for RDW and with casting negative coefficients for,R
SRL, SRSA and SRV (Table 5.13). PC3 scores showsdraficant difference between
phytomers within experiment with negative PC scdi@sthe Spring experiment and
positive PC scores for the Autumn experiment (Tablé3, Appendix 5.10). PC4
explained 9.2% variation of the data with positieeefficients for B and SRV, and
contrasting positive coefficients for RD, SRL, TDdaSRSA among others. This PC
showed a significant variation between Pr7 of gpand Prll of autumn for positive and
negative PC scores, respectively (Table 5.13, AgigeB.10). Genotypes with Pr and
cultivar were also exhibited significant variatioltg PC4 scores (Table 5.13, Appendix
5.10).
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Table 5.13PCA of root morphological traits for Alto and Abartl perennial ryegrass
cultivars of Pr5 and Pr7 in the Spring experimentl @&rll in the Autumn
experiment. B number of roots at the phytomer position; RDW, weight of the
individual root; RAL, length of the main root axiBL, root length; RSA, root
surface area; RD, root diameter; RV, root volum&;, Rumber of tips per root;
SRL, specific root length, SRSA, specific root sgd area; SRV, specific root
volume; TD, tissue density; RL/RV, root length peot volume; DRL/RV",
dimension corrected total root length per unit regiume; RSA/RV, surface area
per unit root volume; DSA/RRY?, dimension corrected surface area per unit root
volume; %variation, percentage variation explainpd;probability of statistical
variation in non-orthogonal contrasti(s)); p (Pr5 v Pr7) and p (Pr7 v Prll)
respectively denote probability of statistical @dion between Pr5 versus Pr7 of
the Spring experiment and Pr7 of the Spring expeminversus Prll of the
Autumn experiment; PC, principal component, SEnddad error. Coefficients of
absolute value <0.15 suppressed.

Root traits PC1 PC2 PC3 PC4
Ry - - -0.341 0.163
RDW 0.266 -0.181 0.271 -0.351
RAL 0.220 -0.182 - -
RL 0.358 - - -
Measured RSA 0.316 -0.278 - -
variables RD -0.255 -0.350 - -0.200
RV 0.225 -0.417 - -
RT 0.317 - - -
SRL 0.171 - -0.474 -0.401
SRSA - - -0.515 -0.472
SRV - -0.328 -0.405 0.376
Derived TD - 0.344 0.348 -0.377
variables RL/RV 0.238 -0.385 - 0.210
DRL/RVY* 0.367 - - -
RSA/RV 0.249 0.380 - 0.209
DSA/RV? 0.368 - - -
% Variation 44.6 20.8 12.8 9.2
PC score  Spring-Pr5 -1.41+0.42 -0.10+£0.33 0.65+0.20.06%0.21
+ SE Spring-Pr7 1.57+0.52 -0.11+0.40 0.45+0.26 HUB6
Autumn-Pr11 0.44+0.45 0.19+0.35 -1.07+0.23 -0.2230
Pvalue Pr5vPr7 <0.001 0.83 0.48 0.095
Pr7 v Prll 0.097 0.57 <0.001 0.039
Cultivar (Pr) 0.44 0.55 0.026 0.402
Genotypes (Pr cultivar) <0.001 0.004 0.002 <0.001

'Brackets indicating nesting of effects within th8@VA model
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5.5 Discussion

5.5.1 Co-ordination between phyllochron and rhizocton

Appearance of a new root on the tiller axis depemssite (phytomer) availability for
initiation. As described in section 2.4.2.7 a plny&o on the tiller axis becomes available
for root formation after a chain of sequential ége phytomer initiates root growth 10-
12 plastochrons after it is initiated from the apimeristem (Sharman, 1942; Yang et al.,
1998). In a phyllochron time-scale, a phytomer Inee® available for root appearance on
average after a 5 and 6 phyllochron interval for perenneand F. arundinacea,
respectively (Yang et al., 1998). The rate of cleang phytomer availability for root
appearance depends on the rate of leaf appearamteha factors influencing leaf
appearance. Section 4.4.1 described the probabdéendeants of phyllochron. Perennial
ryegrass plants growing at a constant temperaligitg, and day length are expected to
maintain the same phyllochron (Mitchell, 1953) ahidochron interval, unless any severe
stress such as moisture stress, nutritional stressvere grazing imposed.

A significantly lower NLA over the approximately Sfays growing period in autumn
compared to the NPr isolated at destructive hargegjgested that a more rapid
phyllochron during late summer and early autumhnsbre phytomers available for root
production in the late-autumn when leaf appearaategradually decreased (Table 5.4).
A highly significant difference between phyllochrohP1-P5 and rhizochron of Pr1-Prl1l
(p<0.001) was probably associated with decreasatyglehgth and temperature in autumn
(Table 5.5). An equal NLA and NPr isolated at tlestductive harvest, and significantly
higher rhizochron of Pr1-Pr5 than phyllochron ot (p=0.027) suggested a lower rate
of root formation during winter at those phytomessich were formed in late autumn and

early winter when phyllochron was longest (Tabk) 5.

For a constant phyllochron and rhizochron at ai@ddr time the ratio between NPr and
NLA expected to be always 1. Significant differemcdeaf and root appearance interval
between two experiments resulted in highly sigaificvariation in NPr/NLA (P<0.001),
NPr/NLL (p<0.001) (Table 5.4). NPr is dependent dmzochron which is in turn
regulated by phyllochron. A significant increaseNIRr/NLA in autumn suggests a higher

PrAR than LAR andiice-versain spring. An NPr/NLA ratio lower than 1 is podsibn
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spring as LAR increases during spring when PrARasparatively slower that early-

spring or winter formed phytomers at the phytorredge.

NLL is directly proportional to LAR and LLS (Lemair and Chapman, 1996).
Significantly higher LLS in autumn should lead to @crease in NLL and therefore a
lower NPr/NLL ratio. Assuming LLS in both experintierwas more or less similar and no
root death occurs during experiment, then the NE/Mtio would depend on PrAR and
LAR at a particular time. A ratio higher than 1. &Wween NPr and NLL in autumn (Table
5.4) is possibly achieved through a higher PrARthAR. These results suggest that in
late-autumn when LAR becomes slower at the suoceggiytomer, the root appears at a
faster rate at those phytomers which formed eartyran in a comparatively longer day.
Conversely, in winter-spring a lower ratio of NPeINcompared to autumn is possible
when the leaf appears at a faster rate in sprirgre@s at the same time roots appear at a

slower rate at the lower phytomers.

5.5.2 R, and its association with other root physical trais

Variation in R, in different seasons has also been previously rtegho Matthew and
Kemball (1997) for their study of autumn grown peral ryegrass plants in the United
Kingdom, reported Rvalues of 2.67 and 2.33 at Pr9 and Prl10 (those Yoemed after
transplanting in September) and 1.67 and 2.25 eatytungest two Pr at a destructive
harvest in December. Theg, Reported by Yang et al. (1998) varied between11&for
both tall fescue and perennial ryegrass. In theidys tillers were transplanted in the
middle of autumn and harvested at the end of spfihg R values from Yang et al. (1998)
are similar to the spring plants in this study. et and Kemball (1997) reported, R
over 2 for the majority of the phytomers for thamk growing between September and
December in UK, with a maximum of 2.75 which is g&mto the R value recorded in the
Autumn experiment of the present study. d&fered significantly between genotypes of
each cultivar within season was similar with Matthet al. (1998) as they reporteg¢ R
values of 2.17-2.27 and 1.6-1.83 for New Zealandigegds unnamed cultivars A1 and
A3, respectively.

A moderately strong and positive correlation (r-885p<0.001) between,Rand RDW,

for Pr6 and older was noted, indicated that fadtaffaencing R essentially brings higher
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RDW, as no significant differences in RDWetween developed phytomers (Pr6 and older)
were noted (Fig. 5.4). It is also worthwhile taethat increasing plant size in autumn as
indicated by leaf size (Fig. 4.13 and Fig. 4.15) dot show corresponding increase in
RDW; at the older Pr in autumn. The highly significdifterences between genotypes of
each cultivar suggested that the genotypic vanasoa vital factor in determining RDW
between seasons and among phytomers. Genotypiatigariof RDW per tiller was

evident in earlier studies, e.g. Crush et al. (2Q087).

One important point to note that, a comparativelydr mean value for RDWt the Pr12
for Alto and at Pr14 for Aberdart compared to tHeVIR at adjacent phytomers (Fig. 5.4)
reflects the effect of two highest temperature megs between 1 and 18 days after
transplanting in autumn (Fig. 4.2) before coverihg glasshouse with shade-cloth (see
section 4.5.1).

5.5.3 Root development progression at successivdiveloping phytomers

5.5.3.1 Main axis development

RAL did not increase after Pr6 or Pr7 and was @maintil decomposition led to tip-first
shortening of roots. This is presumably due to cedyphotosynthetic C supply to older Pr
(Matthew and Kemball, 1997). At Pr7-Pr8, plantsduee 4.4 times more root branches
other than main axes, although the root diameteredsed by 60% (Table 5.14). For
example if the diameter of the main axis is 0.75 amd the mean root diameter at Pr7-
Pr8 is 0.3 mm this means that the root diametéh@froot branches other than main axis
is 0.19 mm. The main axis elongation rate is appnately 2.0 cm per day at the youngest
two phytomers in the absence of any lateral bramchiFig. 5.10, Appendix 5.2). The C
cost of the root system is generally consideredthees combined construction and
maintenance costs (Eissenstat and Yanai, 1997)adtiiéon of 0.38 mg C Prd™ (i.e. 50
pumol CQ Pr! d* assuming 45% C assimilated in the root tissuespteocts 47.1 mf
RSA. The rate of C deposition decreases to haHratPr4 when branching commences

and further decreases to one-quarter at the Pr6-Pr7
The maximum RAL measured in both experiments was &ff whereas in some other
studies it is evident that ryegrass roots reachentban 1 m in length (Jacques, 1943)

although Matthew and Kemball (1997) measured aimamx RAL at Pr6 of only 36 cm
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for plants growing in sand. The reason for thespatlities in RAL is unknown but the
presence/absence of daughter tillers may be importes previous studies have
demonstrated that daughter tillers can contribugmifccantly to the root C budget
(Carvalho et al. 2006).

Table 5.14 Main root axis length (RAL), RL (total root lengthRAL ratio and %
diameter reduction at the first eight root-bearptgtomers (Pr) of progressive

development.

Pr RAL (cm) RL:RAL (times) Diameter reduction (%)
1 5 1.0 0

2 17 1.1 11

3 24 1.8 48

4 30 2.7 45

5 36 3.7 60

6 43 5.3 52

7 46 5.2 62

8 44 5.6 58

5.5.3.2 Root development curve

In both experiments for both cultivars, the linearease in root dimensions up to the Pr6
for the RDW, RAL, RL, RSA and RV suggests the progressive increase in root
development at the successive phytomers. Thistresgimilar to data in Matthew and
Kemball (1997), which also indicates a linear gtowtirve for RDW, RAL, and RL. up to
Pr6. These results indicate that major root consbtm costs are incurred up to a certain
stage (40-45 days) of root development. Table lhditates that during the linear growth
phase the ratio between RAL and RL also increasesary. This suggests that the
branching of roots increases the RL at a muchrfagte than RAL. The rate of increase in
RL compared to RAL was more rapid in Matthew ananall (1997) than in this study,
but the trend is similar. Root branching producegugntially finer roots, which greatly
reduces C cost.

The initial construction cost for newly formed reois the highest (approximately
48 mmol C § RDW) compared to roots at any other older phytomeng et al. (1993)
calculated that the construction cost of new rodtgolkamer lemon both inoculated with
Glomus intraraidicesand non-inoculated ranges between 42-49 mmol*@QRBW d*

under high or low phosphorus supply. Amthor et (&4P94) also estimated a similar
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construction cost for soybean roots. Additionapijants require 2 mmol C'grRDW d*

for maintenance respiration (Amthor, 1984; Penglet1993). A linear decrease in dry
matter deposition rate at the older phytomersabgboly associated with reduced C supply
to these roots as reported by Matthew and Kemb@87). Branching of roots therefore is

one of the adopted strategy for the plants to redenstruction cost per unit soil explored.

The increasing trend of RL of the individual ro@s the successively developing Pr
suggests the continuity of root growth and whiclyralso be an indicator for root survival.
RSA does not exactly agree with the RL for few higiplrytomer positions. As RL
increases it would be expected that the R8&uld increase in a similar manner. However,
this relationship does not hold for autumn rootgipalarly between Pr11-Pr17 for Alto
and between Pr6-Prl12 for Aberdart.

The RV also did not show any clear pattern that is comipar with RL. (Fig. 5.7
compared with Fig. 5.12). Therefore RL/BY(Fig. 5.21) and RSA/R¥(Fig. 5.22) was
calculated. RL/RV? indicates linear increases up to Pr8 as root degeht successive
phytomers. This ratio indicates that RSA increaseponentially when branching
commences at the phase 1. The rate of increaseades in phase 2 and phase 3. In phase
4, in the Autumn experiment the ratio was foundaibow a decreasing trend for both
RL/RV*® and RSA/RV",
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Fig. 5.21 Dimension corrected total root length/root volunRLIRVY>®) of Aberdart
perennial ryegrass cultivars in the Spring and Autuexperiments. Bold data
points indicate the commencement of each phasesePBano root branching;
Phase 1, primary branching; Phase 2, secondarychiray Phase 3, tertiary

branching; Phase 4, quaternary branching.
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Fig. 5.22 Dimension corrected root surface area/root voluRBA/RV??®) of Aberdart

perennial ryegrass cultivars in the Spring and Autuexperiments. Bold data

points indicate the commencement of a branchingsgh&®hase 0, no root

branching; Phase 1, primary branching; Phase Znslecy branching; Phase 3,

tertiary branching; Phase 4, quaternary branching.

5.5.4 C expenditure and dynamics of root branching

The root branching process is continuous and thenmoencement of one branching order

does not require the termination of another brarglurder. For example, when second

order of root branching starts, primary branchisigtill remain in progress near the root

tip. This relations also applies to other ordersooft branching.
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The main axis elongation phase, which is a C expemhase can facilitate approximately
2 cm RL and 0.3 cMRSA per day. As the root diameter at this phasges between 0.6
to 0.9 mm the roots of even shorter length canpaddortionately higher RV.

Table 5.15 indicates that when main axis elongapoogresses at the Prl-Pr3, these
phytomers receive the highest share of photo-akdadi C. Supply of photosynthetic
substrates possibly decreases gradually at the ply@omers and at around Prl10 that gets

down close to zero.

Table 5.15Estimated proportion of photosynthetic C (%) dizited at different phytomer
positions (Pr). The proportions are the share efttital photosynthate distributed
to the roots (15% of total photo-assimilation, s&ection 5.3.10) for root
construction (i.e., DMpdl) for Alto and Aberdart perennial ryegrass cults/ar
the Spring and Autumn experiments. The proportion& were calculated for
estimated C@ deposited per Pr for root DM construction (mmol ,G&¥5* d™):

total photo-assimilated GGupplied to the root system (mmol €dler™ d?).

Pr Alto-Spring  Aberdart-Spring  Alto-Autumn  Aberdaktitumn

1 39.3 26.2 6.49 8.21

2 27.4 20.0 6.68 7.42

3 18.6 17.6 5.20 9.30

4 15.0 15.1 7.29 8.20

5 7.67 12.7 5.22 7.10

6 2.22 8.98 5.23 6.00

7 <1.0 7.82 4.20 6.13

8 <1.0 4.18 3.17 3.81

9 <1.0 2.29 2.68 2.71

10 <1.0 0.39 1.11 2.01

11 - <0.01 0.08 0.51
12-rest <0.07 <0.4
Total 94.95 99.39 40.83 52.94

Possible reasons for the maintenance of C-expemsaia axis elongation could be i)
roots with comparatively greater diameter can me\netter mechanical strength to travel
to the deeper soil depth. Quantitative Trait LdQIT(s) studies confirm main loci are
common between root thickness and maximum roothefadav et al., 1997). ii) Roots
with greater main axis diameter are likely to acowdate more primary branches with

comparatively greater diameter to facilitate furtbeanching. iii) Possibly thick main
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axis diameter can provide better resistance topthats against uprooting by grazing
animals. iv) A greater main axis diameter can pmgdacilitate a more efficient vascular

distribution network with laterals.

Next to main axis elongation, the primary root lot@ng is another highly C expensive
process. Root diameters of the primary branche® Wes-0.33 times those of the main
axis in this study (Fig. 5.10 and Fig. 5.13). Ae ttommencement of first order of root
branching root surface area and root volume exdbéixponential increases.

Theoretically, a root axis of ¢diameter and ‘h’ length can accommodate,4udh* root
branches of ‘d diameter on its surface. If the mean root diametehe branches declines
the number of branches of smaller diameter thatbeaaccommodated per unit length of
axis for a reduction ‘x’ where X’ is a fraction df, is (/,)? larger (i.e. when root diameter
is reduced by a factor of 0.5, 4 times more roasld be accommodated). Hence the
reduction of diameter of the laterals allows moraniches to be accommodated on the
axes. A similar calculation can be made for roatshat any order of root branching.

Reduction in root diameter of the branches advastathe plant by reducing the
construction cost. It is known that dry matter dypi the older phytomers reduces
gradually (Matthew and Kemball, 1997). A ryegrassnpry root branch with/y of the
root diameter of its main axis only requirdg times the dry matter to build a unit RL and
therefore can produgé fold of RL using same amount of construction cst.this basis,

a 5-10 times higher RL production would be caledafor first order branches, compared
to the main axis, for the same DW deposition.

The primary branches accommodate spaces for segobdanches to grow from. The
amount of root surface area at this phase is greateased which is significant in terms
of nutrient and water uptake (Boot, 1989).

The secondary root branches generally originata fitee surface of the primary branches,
and sometimes they also originate by forming faxkshe tips of the primary branches
(Fig. 5.13). The diameter reduction at this phaas ®astimated to be approximatélyof

the primary branches’ meaning that the C requiremeuld be reduced to approximately
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%/,¢ of the primary branches requirement for the saménBrease. This would equate to a

33% increase in RSA per unit C.

Tertiary root branches also originate in a simishion to secondary root branches. At
this level of root branching, the root diameteruses by up to 6-8 times compared to the
main axis and nearly 2 times compared to the pRaRd addition per unit C at this phase
is 3 times greater than branching phase 0. Givesinalar rate of photosynthetic

carbohydrate supply as phase 0, 36-64 times highgroduction is theoretically possible.
The greater reduction from expected RL suggestsineseduction of C expenses for the
root construction at this phase. The estimated R84 RV at this phase are also in
agreement with reduction of C supply to the rootshese 3. This result supports the view
that in absence of daughter tillers at the paidlat’'s axis, the lower phytomer positions

begin to show the C starvation effect.

Quaternary branching was rarely seen in the Spexperiment, while in the Autumn
experiment this level of branching was observedwePrl0 (Fig. 5.14). The roots of
guaternary branches are <0.1 mm diameter in genidraladdition of RL at each Pr at the
beginning of this phase increases slowly, reactesgly state and then decreases, probably
due to the death of some roots. Decreases in Rheabeginning of this phase while RL
and RSA increase suggests the death of larger vdate some fine roots may be added.
A negative estimated-value of root diameter for tieavly formed roots supports the
assumption that some coarse roots supply C focohstruction and maintenance of fine
roots and perhaps these two events occur simulizheol he dry matter addition at this
phase is estimated to be close to zero. It has beserved that the root branches at this
phase lose some cortical tissue from the main atig;h partly disintegrates (Henry and
Deacon, 1981). If C is transported from the oldues to generate new finer branches and

root hairs, then uptake activity of such roots rigé continued.

5.5.5 Evidence of root death

An increase in RL with decreasing RV for the olgaytomers (Fig. 5.17) suggested the
maintenance respiration of the older roots is saddy C possibly from the old tissues of
the same roots. Some previous studies also repmitesasing TD as an indicator of root

decomposition that perhaps occurs for the supplgogstruction cost to the new fine
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roots and maintenance respiration (Eissenstat, ;1P88g et al., 1993; Eissenstat and
Yanai, 1997). There is no direct evidence in therditure of the renewal of old C at the
older roots for grasses, but the data of Thorntoal.g2004) indicated that root exudates
are supplied by old C. It can be speculated thastroction cost of fine roots at the older
phytomers might be supplied by the old C of the ssapot.

Table 5.16 compares Alto Pr12 with another oldeewlart Pr in Autumn for RDW, RSA
and RV and also compares the RL distribution irdor fdiameter classes. The data for
Alto suggests that the RL of roots <0.2 mm diametarkedly increases while the RL of
roots of >0.4 mm diameter decreases. Assuming thder roots when C starved
disintegrate some tissues from coarse branchesiitd ome finer roots, the following
mathematical deductions are possible. As in Tabl#,5if 6.1 cm roots of 0.75 mm
diameter and 2 cm roots of 0.55 mm after their ldeainstruct 81 cm roots of 0.07 mm
diameter then that process will cause the net textuof 0.1 crd RSA and 19.2 miRY,
and net reduction of -0.005 mm RD. From this it bearmathematically argued that old C

is being used for construction of new fine rootthatsame root.

For Aberdart (Table 5.16), if 6.4 cm (nearly 32%)prse roots of 0.4-0.7 mm diameter
disintegrates, then 24 cm finer RL of <0.4 mm migkt constructed. This relation is
mathematically possible if 6.4 cm roots of 0.55 mmaan root diameter dies and 17 cm
roots of 0.063 mm and 7 cm roots of 0.3 mm formsthis process the net RSA reduces
by -2.3 cnf, net root diameter reduces by -0.36 mm and netvolome reduces by -23
mm®. In a practical situation, the equation for C dying to new fine roots from old
tissues is perhaps more complex as reflected bsethection in greater RV than estimated
(Table 5.16). Many different combinations and reboration can be mathematically
drawn to estimate the construction cost of the fows. The old C might be translocated
from any part of the roots or might be from adjdcewnts. These mathematical deductions
have been conducted to illustrate the theme to shdwalance but these results deserve
further research involving labelling some targetedt positions followed by a series of

later harvests for isotopic mass ratio detectiotheflabelled roots.
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Table 5.16 Mean root dry weight (RDW), surface area (RSA)uute (RV) at the Prl12
and Prl14 for Alto and Prl12 and Prl6 for Aberdarepeial ryegrass cultivar in
autumn, and the root length (RL) at those phytondistributed along four
different diameter classes.

Cultivar Pr RDW RSA RV RL RL (cm) distributed at the diameter classes

mg cnf mm cm (mm)
<0.2 0.2-0.4 0.4-0.7 >0.7
Alto 12 169 258 201 220 196 28.6 12.1 8.91
14 16.8 25.7 152 246 277 28.3 10.1 2.84
Aberdart 12 156 18.8 116 246 206 19.6 20.1 1.18
16 148 16,5 102 346 223 26.6 13.7 3.52

5.5.6 Seasonal variation in root dimensions

Previous investigations have reported seasonakti@mi in root production in New
Zealand and UK grass swards. Both Jacques and Ssh#@56) and Caradus and Evans
(1977) recorded higher new adventitious root foramatn Autumn than late winter and
spring in New Zealand, with Jacques and Schwass6jli®@cording peak in early winter.
The much higher number of new adventitious roots tpker in their study is likely
associated with both faster PrAR in autumn thae \ainter and spring as reflected by
both shorter phyllochron in autumn than spring (Hid) and significantly higher Rn
autumn (Fig. 5.3). Hence the higher root DM productin autumn is associated with
faster PrAR coupled with higher,Ralues in autumn than winter-spring which is imtu
related to greater C partitioning to roots in aututhan winter-spring (Parsons and
Robson, 1981).

Seasonal variation in DM allocation (Fig. 5.6, T&abl6) probably affects the diameter of
the main axis. In Fig. 5.18 and Fig. 5.19 rootsmaire than 0.6 mm diameter was in
autumn than spring although the RAL of the develofmots of similar age was shorter in
autumn (Table 5.11).

Matthew et al. (1991) recorded the highest meam daameter in perennial ryegrass of
greater than 0.6 mm in winter (in August) and lowasaround 0.4 mm in summer (in
December). Those diameters were higher than iprigent study, which estimated mean
root diameter of the developed roots at less th&nm (Fig. 5.10). This disparity in

results could arise from loss of fine roots durimgshing of soil in the field studies or
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from the choice of method used for root lengthneation. This study used WinRHIZO
software which may have provided a better estimafae root length, accounting for the
lower mean root diameter. This assumption is supdoby the ratio between SRL
obtained from WIinRHIZO scanned roots and that oleifrom the modified Newman
method. The ratio for SRL between WIinRHIZO: Newmeas respectively 2.28 and 2.22
for Alto and Aberdart in the Spring experiment sesfing that previous studies using the
modified Newman method may have underestimatedatia¢ RL (Appendix 5.3), unless
the present WinRHIZO study had overestimated ®Rtalwhich seems less likely.

In this study, there was no significant differemeeRL or RSA for root diameter classes
less than 0.6 mm when the roots of similar agevofgrowing seasons was compared (Fig.
5.18, Fig 5.19). The significantly higher SRL, SR®Ad SRV for the autumn roots
suggested that the plants utilized C more effityefior constructing lateral branches at the
older phytomers in autumn-tillers compared to highkeler phytomers of similar age in

spring-tillers (Table 5.12).

5.5.7 Significance of studying root turnover: Incr@ase in nutrient and water

absorption area

Root branching in the first place increases rootase area. More surface area means
more root-soil contact. The added root surface atehe root branches facilitates the root
hairs to be accommodated with. Reid (1981) repo@@doot hairs mm root having
average length of 1120 pum and average diameter Oofuth in L. perenne(cv.
Aberyestwyth S24). Matthew et al. (2001) from C@r@99) reported a root hair density of
1369 root hairs mih of 145 um length and 12.3 pm diameter under lowsphorus
conditions and 1250 root hairs rifraf 132 um length and 12.7 pm diameter under high
phosphorus conditions in perenng(cv. Grasslands Nui). In that study the ratio kestw
the diameter of the root hairs and the axis (~@n2%H on which the root hairs develop was
close to 20. Grassland Nui roots only use 20% efsilrface area of the root branches to
generate root hairs, leaving the remaining suréaea vacant (derived from Matthew et al.,
2001). Calculations based on data of Reid (1981 @are (1999) and reported by
Matthew et al., (2001) indicate that surface afe@ot hairs potentially contributes 89-92%
of the total RSA. The root branches thus provid&edeton for root hair growth.
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Root branching has a widely accepted role in nottréequisition. Increasing root size is
an index of C translocation from shoot to root aodchanges in root mass allocation as
plants can allocate up to 50% of total net photoakse to belowground production

(Liljeroth et al., 1994; Swinnen, 1994). Root braing changes the root diameter of the

root system and provides a vascular network of fawgs to the soil.

PCA showing genotypic difference in root diameteuld be a useful single criterion of
genotype selection but that involves sophisticatethnical expertise. Root diameter
defines the volume of the roots in the soil. Praducof the finer roots involves less
photosynthate per unit length / surface area (Atim 1991) but these roots are potential

to explore larger soil volume per unit root surfacea.

The higher heritability measures for some roottdrae.g., 0.83 for total RL of oats
(Barbour and Murphy, 1984), 0.35 for RL, 0.61-0#t root thickness, 0.56-0.80 for
RDW, 0.44-0.77 for root length density of rice (Bkgake et al., 1985) 0.54 for root
diameter of white clover (Woodfield and Caradu9@9 0.33-0.44 for root hairs of white
clover (Caradus, 1979), suggest the importancetwdysg root branching and root
morphology in ryegrass breeding. Intra-specificiataitity in root hairs (Caradus, 1979),
and evidence of Mendelian inheritance in root lhiaits suggest that breeding ryegrass
genotypes for desired root hair type is possiblee Present study has created wider
awareness on root turnover pattern and also sdasodagenotypic variation in root
growth in spring and autumn and at the same tifftealaumber of questions for further

exploration.

5.6 Summary

* Progression in root development at successive pigft®was studied in the Spring
and Autumn experiments using Alto and Aberdart peia ryegrass cultivars.

e« Over a growing period of approximately 90 days,tjoser 10 root-bearing
phytomers and an approximately equal number ofeleavere developed per tiller
in the Spring experiment. In the Autumn experimédot, the similar growing
duration the number of root-bearing phytomers plar t(17.5) was significantly

higher than number of leaves produced (15.6).
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* On average, 1.78 and 2.53 roots were produced Ipgomper in the Spring and
Autumn experiments, respectively, suggesting thatvariation is associated with
either plant size or variation in photosynthatepdyp

* Root dry weight of the individual roots increasatkearly over the first six root-
bearing phytomers. The dry matter deposition rate ghytomer (mg Pr d?Y)
decreased gradually from younger to older rootstaDadicated higher photo-
assimilate allocation towards younger roots.

* Similar to individual root dry weight, other rootntensions such as root axial
length, individual root surface area, and root wudy increased linearly with the
progression of root development at successive phgis.

* Root branching decreases mean root diameter, 8peodt length, specific root
surface area and specific root volume and increasedength and number of root
tips at successive phytomers.

* Visual scoring of WinRHIZO scanned roots providettal of four root branching
orders. Primary root branching commences on thengseand third root-bearing
phytomers, secondary root branching commences batwe3-Pr5, tertiary root
branching commences between Pr5-Pr8 and quatemoairypranching commences
later than Pr8.

* There was significant variation among genotypesath cultivar for roots of
similar age.

* Root volume of the individual roots was decreasiagidly after Pr10 in the
Autumn experiment, when root length was increasind dry weight and surface
area were steady, suggesting the start of roohdeaome branches.

* Finer roots less than <0.2 mm diameter that coraegrepproximately 63% root
length and 35% surface area contributed only 18lamre. Conversely coarse
roots of >0.6 mm diameter comprised approximatékyrdot length, 15% surface
area and contributed 35% root volume.

« PC1 separated comparatively more mature roots th@myounger roots for their
dry weight, main axis length, total length, surfacea, volume, number of tips and
diameter. PC2 separated roots of different sizedfgrweight, main axis length,
surface area, volume and diameter. PC3 separatésl abhigher and lower SRL,
SRSA and SRV related to,Petween two experiments. These data suggest that

selection of genotypes based on root traits fdedsht seasons would be possible.
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Chapter 6: Root-shoot interrelations and seasonal

morphogenetic variations

6.1 Introduction and Overview

Chapter 4 and Chapter 5 discussed, respectivedyddtailed leaf and root turnover pattern
of perennial ryegrass cultivars Alto and Aberdadvgng in two different seasons, spring
and autumn. As expected, plants growing in spimigéreasing day length increased leaf
appearance rate (LAR) at successive phytomers wildats growing in autumn in
decreasing day length exhibited the reverse phenomeand this formed a background
context against which to study the interaction np morphology traits. There were
significant variations for leaf morphological tsiin the two different seasons. Seasonal
variation in day length was linked to changes italtdl\LA, total NPr, and Rbetween
spring and autumn plants. There were also sigmfigariations in root dimensions of the
spring and autumn grown plants. The first part bgter 6 integrates data previously
presented on a per phytomer basis to the whoéz tdlvel in order to discuss the seasonal
variation in root:shoot ratio and how root:shodtaanmight be changed in increasing and
decreasing day length as phyllochron (in days) eBs®s in increasing day length and
conversely increases in decreasing day lengthaessively developing phytomers (see
Section 4.4.1).

Another facet of plant behaviour explored in thsyster is the interaction between parent
and daughter tillers. In Chapter 3 it had been ntepgo that daughter tillers of

approximately similar age had significantly smaké&re and greatly-reduced growth rate
compared to their parents (Table 3.3). There idenge that photo-assimilates may travel
in either direction between the main tiller and glater tiller (see e.qg. Clifford et al., 1973;

Carvalho et al., 2006). The last section of thispthr will examine data from these
experiments which allow exploration of how the grese or absence of daughter tillers

might influence the root growth of the main tiller.
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6.2 Objectives
As indicated by the above background, objective<tapter 6 were:
1. To investigate root:shoot relations at the whdlertievel for the data collected in
Experiments 4 and 5.
2. To test the hypothesis of Matthew al. (1998) that plant architecture may provide
a signal that spontaneously increases root:shtiotiraspring and decreases it in
autumn.
3. To investigate the effect of daughter tiller remlosa shoot and root dry matter
production at individual phytomers of the mainetilifor the perennial ryegrass
cultivars Alto and Aberdart in the Spring and Autuexperiments.

6.3 Methodology

6.3.1 Investigation of root-shoot relations

To study root-shoot relations at the individudktillevel, data for leaf lamina dry weight
per tiller (LDW;), leaf sheath dry weight per tiller (SQ)vdry weight of the tiller axis
(TADW), leaf area per tiller (LA, root dry weight per tiller (RDVY, root length per tiller
(RLy), root surface area per tiller (R§Anumber of live leaves per tiller (NLL), numbédr o
root-bearing phytomers per tiller (NPr) and numdieroots per tiller (NRB were collated
for three clonal replicates of 9 and 10 genotypesélto and Aberdart respectively (57
plants) in Spring and two clonal replicates of 8agpes of each cultivar in Autumn (32
plants) at the destructive harvest of the planterad 90 d growing period. These data
collated at the tiller level to study root-shookatmns were from the same plants which
are described at the individual phytomer level ina@ter 4 for the leaf traits and in
Chapter 5 for the root traits. After collation imig way, three separate ratios were then
calculated to explore root:shoot relations: RIMUW;, RSA/LA; and NR/NLL.

6.3.2 Effect of increasing or decreasing day lengtbn root:shoot ratio

For the same plants for which morphology data vesiltated at the tiller level (Section
6.3.1), the ratio of root dry weight per phytometeaaf dry weight per tiller (RDWLDW:.
mg g') was used to evaluate the root:shoot ratio afirttlividual phytomer level. This
ratio was selected as a measure of the allocatiomodt production at each phytomer
because in the Autumn experiment plant size washnlacger than in the Spring

experiment and so direct comparison of the siz@rgfle roots across experiments was not
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a good indication of change in DW allocation totsod-or each of the spring plants 10
phytomers, and each of the autumn plants 16 phytomere selected for statistical
analysis. Thus there were a total 570 phytomerm fthe 57 spring plants and 512
phytomers from the 32 autumn plants for which R{IMdW, were calculated.

6.3.3 Effect of daughter tiller removal on main tiler morphology

As stated in section 4.3.5, in both experimentsfits® two DTs which appeared after
transplanting were allowed to grow but any DT apipeglater was removed. In the
Spring experiment, the first two DTs had appearétim10-15 d after transplanting and
in the Autumn experiment they had appeared withifO5l after transplanting (Fig. 6.1).
The secondary tillers appearing at the leaf axflshe two retained DTs were also
removed. For the DTs, a set of morphological datduding LL, LDW, LW, NLL, NPr,

R, and RDW was collected at the destructive harvest.
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Fig. 6.1 A perennial ryegrass plant with a main tiller ama tdaughter tillers at 10 days

after transplanting in the Autumn experiment

In both Autumn and Spring experiments, separatestigations using additional plants
were conducted to explore the interrelations betwd€ls and DTs. In the Spring
experiment, two existing DTs from 98 d old planwrgrremoved (DT-) and a destructive
harvest made on average 16 d later, in which maoglyoof these plants was compared
with Control plants from which two daughter tillednad not been removed (DT+). In the
Autumn experiment, some plants were maintained omithdaughter tillers (DT-)
throughout the 93 d growing period for a comparisath the plants which had two
daughter tillers (DT+). Hence, the DT excision expent in Spring tested the short term
effects of removal of adult DTs; while the DT exors experiment in Autumn tested the
longer term effects of removal of juvenile DTs.
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6.3.3.1 Short term effects of adult daughter tilleremoval

In the Spring experiment, 18 “spare” plants thal baen grown in the same hydroponic
system with the plants destructively harvesteditaio data reported in Chapters 4 & 5
were selected (9 genotypes of each cultivar, Attd Aberdart) and both daughter tillers
were excised on 6 October 2008 at 98 d after ttangpg. Another set of 18 plants (again
9 genotypes of each cultivar) were maintained withtwo DTs intact. The MTs of all 36
plants were destructively harvested as describeglention 4.3.7 and 5.3.3 starting from
12 d after DT excision. The destructive harvesalb86 tillers took 9 d, ending 20 d after
DT excision. During the destructive harvest peribg)ants were harvested daily: one DT-
and one DTplant of each cultivar. To assess the effect ofedXTision on leaf and root
dynamics for the MTs, data forgAFLL, LW, NLL, R, and RDW were collected. SLA
was calculated as area @nper g dry weight (see Section 4.3.11). NfRd RDW
represent the total number of roots of all phyt@rend root dry weight of all roots per
tiller. RDW values of Pr 1-8 and the oldest fiveyfgimers were summed and statistical

difference between DT+ and DT- were tested.

6.3.3.2 Longer term effects of juvenile daughter Hier removal

In the Autumn experiment, to study the effect aigdaerm absence of DTs on the MT a
set of 8 “spare” plants (4 tillers of each cultivevas maintained in the hydroponic system
without any DTs (DT-) for the 93 d along with oth@ants with the two first-formed DTs
retained (DT+). These 8 plants were destructivalywésted as described in Section 4.3.7
and Section 5.3.3 so that leaf and root developraeparticular phytomers on DT- plants
could be compared with the development of MTs a T+ plants. Measurements
included LL, LW, LDW, NLL, R, and RDW. LA and SLA were calculated as described
in Section 4.3.11. RDWwas calculated as in Chapter 5, assuming all rabthe same
phytomer to have the same DW. In addition, thel toteamber of roots from all Pr of a
tiller (NR;) and the total DW of those roots (RRPWvere calculated as measures of the
root system morphology for comparison with leaftstaThe ratios RDWLDW;, and
NR/NLL were calculated to explore the effect of DTceon on root morphology. For a
comparison between Pr5 — Prl0 of DT+ and DT- pldots RDW,/LDW; either a

guadratic or a cubic polynomial curve was fitteciMicrosoft Excel spread-sheet.
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6.3.4 Statistical analysis

There were a total of 89 tillers from two cultivarstwo experiments for which data on
individual tillers were collated (Section 6.3.1)NA®VA was conducted using the GLM
procedure in the MINITAB 15 statistical softwareckage (Minitab Inc. State College,
Pennsylvania) (The model used is reported in Appe@d). Pearson correlation analysis
was conducted for the variables LW.A;, NLL, NPr, NR and RDW which were
measured independently, to assess correlationebatvoot and shoot traits in particular.
Finally a PCA was conducted using the PCA commdndinitab 15 and data for LDW
LA, NLL, NPr, NR, RDW, RL; and RSA

RDW,/LDW; data as described in section 6.3.2 were analysetedt the statistical
significance for the effects of experiment, cultsjagenotype within cultivar and
phytomer position within experiment and cultivaheTANOVA structure was similar to
that given in Appendix 4.1 since this ratio wascaldted for the same plants described in
Chapter 4.

To ascertain the statistical significance of déferes between the two cultivars, between
DT- and DT+ treatments, and to test the treatmermulivar interaction for parent-
daughter tiller effects described for the Springpexkment in Section 6.3.3.1, ANOVA
was conducted using Minitab 15 statistical softwamekage (Minitab Inc. State College,
Pennsylvania) and following the given model: MTB:NB SLA = cultivar | treatment;
SUBC> means cultivar | treatment. Variables analysere SLA, NRand RDW/LDW,,
ratio between root dry weight and leaf dry weighert* (mg mg").

A separate ANOVA as described above was conducteedst the treatment x cultivar
interaction for mean FLL LW, LDW;, SLA, LA;, R,, RDW, RDW,/LDW; and total
LDW, LA, NLL, NPr, NR, RDW and NRNLL for the individual tillers of the
experimental plants referred to in section 6.318.2xplore the effects of the long-term
absence of DTs in the Autumn experiment. Phytoreeglldata for SLA, Pr5 — Pr10 and
the individual older Pr positions for RDYLDW; of DT- and those of DT+were
compared in GLM procedure using a user-defined maxle using the sum of squares for
genotypes within cultivar and treatment as therdeon (Appendix 5.7). To calculate the

standard deviation of the residuals of the RIMJW, ratio, the residuals were regressed
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against two predictors one of which was phytomesitpm and the other being the square
phytomer position. DT+ plants used here for congmariwith DT- plants were the 16 Alto
and 16 Aberdart plants of the Autumn experimenttioared in Table 4.4.

6.4 Results

6.4.1 Root: shoot morphogenetic relations

Size of individual tillers in the Autumn experiments significantly greater than in the
Spring experiment as reflected by LRQVSDW, TADW, LA;, RDW, RL;, RSA, NLL,
NPr and NR (Table 6.1). One notable variation between the éxperiments was that
LDW; was much greater in the Autumn experiment tharSipreng experiment (2.5 — 2.9
times) compared to RDW2.0 — 2.4 times), although autumn plants had Baamtly
higher number of roots per tiller than the spritangs (Table 6.1). The autumn plants had
more roots per tiller to feed with comparativelyadier number of live leaves compared to
the spring plants as reflected by (NR_L ratio (Table 6.1). Despite a highly signifidan
variation for NR/NLL between the two experiments, the differenaceR®W;: LDW; ratio
between the Spring experiment and the Autumn exeri was marginal (Table 6.1).
Another notable variation between the Spring antuAun experiments was significantly
higher total NPr in Autumn than Spring which iseditly associated with NRTable 6.1).
Genotypes for each cultivar varied significantly fioth RDW:LDW; and NRNLL in
addition to LDW, LA;, RDW,, RL;, RSA, NLL, NPr, NR (Table 6.1). The experiment x
cultivar interaction showed significant variatioor fthe traits LDW, LA;, RL;, NLL and
NR:NLL (Table 6.1).
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Table 6.1Root: shoot morphogenetic relations for two perahnjegrass cultivars Alto

and Aberdart in Spring and Autumn experiments (Expent 4 & 5, respectively)

at whole tiller level. LDW, leaf lamina dry weight tillét (mg); SDW, leaf sheath

and pseudo-stem dry weight tilfemg); TADW, tiller axis dry weight (mg); LA
leaf area (crhtiller®); RDW,, root dry weight tillet* (mg); RL, root length tillet*
(m); RSA, root surface area tillér(cn); NLL, number of live leaves tillér, NPr,

number of root-bearing phytomers tilferNR; total number of live roots tillék;

RDW/LDW,, ratio between root dry weight and leaf dry weightg mg");
RSA/LA,, ratio between leaf area and root surface artatilNR/NLL, total

number of live roots against number of live leav&SM, standard error of mean; p,

probability value; Exp, experiment; Cul, cultiv&eno, genotype.

Alto- Aberdart- Alto-  Aberdart- SEM p p p (Geno

Spring  Spring  Autumn  Autumn (Exp) (Cul) (Expx (Cul)
LDW, 305 457 778 1310 20.0 <0.001 <0.001CUI<)0.001 <0.001
SDW, 120 157 226 286 9.77 <0.001 0.059 0.643 -
TADW 54.0 83.8 160 168 7.62 <0.001 0.089 0.330 -
LA 62.6 94.4 116 174 6.78 <0.001 0.001 0.084 <0.001
RDW, 201 234 487 478 131 <0.001 0.715 0.516 0.004
RL; 3.07 3.98 7.64 6.24 0.28 <0.001 0.61 0.02 0.008
RSA 261 353 644 516 141 <0.001 0.635 0.007 0.015
NLL 6.92 8.27 8.37 12.2 1.48 <0.001 <0.001 0.002 000.
NPr 9.70 104 16.8 18.1 0.18 <0.001 0.007 0.38 610.0
NR; 15.9 18.9 37.2 40.1 3.46 <0.001 0.081 0.976 0.034
RDW/LDW; 0.70 0.56 0.64 0.38 0.03 0.085 0.004 0.365 0.031
RSAJLA, 4.35 3.80 5.69 2.39 0.25 0.053 <0.001 0.005 0.135
NRy/NLL 2.33 2.36 452 3.38 0.12 <0.001 0.023 0.055 008.

6.4.1.1 Correlation analysis

Given the inherent variation in tiller size betwestperiments, cultivars, and genotypes,

significant correlations between measures of ragoshtmot morphology were expected.

The points of note in the correlations between tptaarphology measures (Table 6.2) are

the lower correlations between RRWhd leaf traits than within the root or shoottgand

the comparative independence of NLL indicated hwyelocorrelations between NLL and

other traits of root and shoot (Table 6.2). Onlgdpendently measured traits, and not
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traits with values derived from the measured tramsre included in the correlation

analysis.

Table 6.2 Coefficients of correlation within perennial ryags cultivars in Spring and
Autumn experiments and across combined data ofpertently measured leaf
and root traits assessed in 89 tillers of Alto &drdart. LDW, leaf lamina dry
weight tiller’; LA,, leaf area per tiller; RDWroot dry weight; NLLnumber of
live leaves tillet'; NPr, number of live root-bearing phytomers tifleNR; total
number of live roots tillét. A single cell contains the Pearson correlation
coefficient.

LDW; LA; NLL NPr NR
LA 0.92
NLL  0.83 0.77
NPr 0.85 0.75 0.70
NR; 0.77 0.71 0.54 0.82
RDW; 0.66 0.69 041 0.70 0.87

All correlations are significant at the 0.1% level

6.4.1.2 Principal component analysis (PCA)

The first two principal components (PCs) explairgsd4% of the data variation. PC1

(74.2% of data variation) had positive coefficiefds all root and shoot morphological

traits (Table 6.3), so effectively distinguishedvibeen smaller and larger plants from the
Spring and Autumn experiment, respectively. ANOVARLC scores indicated that PC1
included experiment (p<0.001), cultivar (p<0.00dnd genotype within cultivar effects

(p=0.04) (Table 6.4). The majority of the PC scdoeghe plants in the Spring experiment
had negative values, whereas in the Autumn expetimiey had positive values

(Appendix 6.2). Thus, PC1 can be considered aze BC.
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Table 6.3 Principal component analysis of tiller root anda@hmorphological traits of

Alto and Aberdart perennial ryegrass cultivars pmisy and Autumn experiments.
LDW,, leaf lamina dry weight tillét (mg); LA, leaf area tillef (cn’); NLL,

number of live leaves tilléy NPr, number of live root-bearing phytomers tifler
NR;, total number of live roots tilldf RDW, root dry weight tillet (mg); RL,
total root length tillet (m); NR. total number of live roots tillér RSA, root

surface area tillér (cnf). PC, principal component.

Trait PC1 PC2
LDW, 0.362 -0.355
LA, 0.359 -0.267
NLL 0.282 -0.550
NPr 0.361 -0.189
NR; 0.378 0.086
RDW,; 0.377 0.313
RL; 0.352 0.419
RSA 0.349 0.428
% variation explained 74.2 17.2

Table 6.4Analysis of variance (ANOVA) of scores for thesfitwo principal components

(PCs) based on the shoot and root data of AltoAdmeldart perennial ryegrass

cultivars in Spring and Autumn experiments. SEnd#ad error of mean; p,

probability value 1 sg); Exp, experiment; Cul, cultivar; Geno, genotype.

PC1 PC2
Alto-Spring -2.16 0.22
Aberdart-Spring -1.05 -0.06
Alto-Autumn 2.20 1.05
Aberdart-Autumn 3.41 -1.31
SE 0.26 0.12
p (Exp) <0.001 0.46
p (Cul) <0.001 <0.001
p (Exp x Cul) 0.87 0.001
p (Geno (Cul)) 0.04 <0.001

PC2 explained 17.2% of the data variation and ctdtk a contrasting contribution to PC

scores of the leaf traits LDWLA; and NLL with negative coefficients, and the raaiits
RDW,; RL; and RSA (Table 6.3) with positive coefficient values. TA&IOVA of the

PC2 scores showed highly significant variation lestwthe two cultivars, an experiment x

cultivar interaction and variation between genotypteach cultivar (Table 6.4). The PC2

scores showed a significant contrast between tloectvitivars, with a strong contrast in

autumn and a weak contrast in spring (Table 6.4efgdix 6.2). Considering both the PC
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coefficients in Table 6.3 and the means of PC scord able 6.4, it would appear that the
cultivar Alto favoured root production over leafoguction in the Autumn experiment, in

a way that cultivar Aberdart did not.

6.4.2 ‘Architectural Signal’ determining seasonal bange in root:shoot ratio

hypothesized by Matthew et al. (1998)

The phytomer root weight: tiller leaf dry weightica(RDW,/LDW,) of these plants after
approximately 90 d growth confirmed the ongoing@ase in root size from Prl up to Pr6
in both experiments (p<0.001, Fig. 6.2) (c.f. Sact.4.3). However, the spring tillers had
a strikingly higher (p<0.001) RDWLDW,; at each phytomer position than the autumn
tillers (Fig. 6.2). The variation between the twaltivars Alto and Aberdart for
RDW,/LDW; ratio was also highly significant (p<0.001) withlttvar Alto having higher
root:shoot ratio in both experiments than cultixderdart. The cultivar Alto in the Spring
experiment recorded the highest phytomer root wiesgbot dry weight ratios followed by
cultivar Aberdart in the same experiment (Fig. 612)e highest RDWLDW; of 113 mg
g* was at Pr6 for cultivar Alto in the Spring expeeim (Fig. 6.2). For Aberdart in the
Spring experiment, the highest phytomer root westjaiot dry weight ratio of 93 mg'g
was at Pr9. In the Autumn experiment, the ratio mash lower compared to the Spring
experiment, with the highest values for each caitiveing 60 mggfor Alto at Pr15 and
35 mg ¢ for Aberdart at Pr17 (Fig. 6.2). The genotypes athecultivar also differed
significantly (p=0.003) for RDWLDW, ratio.
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Fig. 6.2 Ratio between root dry weight per phytomer (RP)VEnd leaf dry weight per
tiller (LDW,) at different root-bearing phytomers (Pr) for Alemd Aberdart
perennial ryegrass cultivars in Spring and Autumpeeiments (Experiment 4 & 5,
respectively). The duration of each experiment apsroximately 90 d. Vertical
bars indicate standard error at each phytomeriposibr each cultivar in each

experiment. Prl is the youngest root-bearing phgtom
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6.4.3 Main tiller-daughter tiller morphological relations

6.4.3.1 Effects on the main tiller of the excisioaf adult daughter tillers

A detailed description of the MT and two DTs at thestructive harvest before the
excision treatement are given in Appendices 6.3d @&3b for Alto and Aberdart,
respectively. A brief comparison between the MT #meltwo DTs for LDW, LA, SLA,
NLL, NP;, R,, RDW, R/S and DT/MT at the time of excision treatmenpresented in
Appendix 6.4. The excision of adult DTs in the sgrexperiment resulted in significantly
lower (p=0.002) NPr for both Alto and Aberdart, aitdwould appear that that DT
excision slowed new phytomer formation (Fig. 6.3) &pproximately one phytomer
within the 12 — 20 d period between excision arsirdetive harvest. In contrast with NPr,
NLL for the DT- plants was increased by DT excisfonAberdart and slightly decreased
for Alto with a significant treatment x cultivar teraction (Table 6.5). DT excision
marginally increased the number of leaf appearavests compared to root appearance
for the DT- plants compared to DT+ plants for bothtivars as reflected by NLL/NPr
ratio (Table 6.5). Comparative details at the pmgo level between the DT+ plants and
DT- plants are given in Appendices 6.5a and 6.5Afto and Aberdart, respectively, for
the FLL, LDW, LA, SLA, R, RDW and net RDW increase at each phytomer. The RDW
of the DT- plants was much lower than that of DTlangs for Alto (p=0.011) and that
reduction was localised to older roots at Pr8 ametbw (Fig.6.4, Appendix 6.5). DT
excision decreased RDWut LDW; was unaffected (Table 6.5).
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Table 6.5Leaf and root parameters of individual tillers fdants with two daughter tillers

(DT+) compared to plants with the daughter tillexgised (DT-). NLL, number of

live leaves per tiller; SLA, specific leaf area fcoi'); NLL/NPr, ratio between

number of live leaves and number of root-bearingt@ners; LDW, leaf dry

weight per tiller (mg); NR number of roots tillél; RDW,, root dry weight tillet*
(mg); RDW/LDW;, the ratio between RDWand LDW; SEM, standard error of

mean; p, statistical significance.

NLL SLA NLL/NPr LDW; NR RDW, RDW,/LDW,
Alto- DT+ 8.12 208 0.58 613 16.4 310 0.54
Alto- DT- 743 222 0.61 612 154 235 0.44
Aberdart- DT+ 9.22 230 0.67 844 19.6 360 0.42
Aberdart- DT- 10.0 242 0.78 927 194 336 0.36
SEM 0.25 115 0.022 42.3 0.64 34.1 0.025
P (Cultivar) <0.01 0.21 0.002 0.001 0.002 0.05 0.06
P (Treatment) 091 0.44 0.08 0.57 0.49 0.19 0.108
p (Treatment x 0.055 0.96 0.29 0.57 0.56 0.48 0.67

Cultivar)

15

NPr Tiller?

r ONet NPr increase

m NPr before treatment

.
L

Alto-DT-

Alto - DT+

Aberdart-DT+ Aberdert-DT-

Fig. 6.3 Number of phytomers per tiller (NPr) at the dedine harvest and net NPr

increase per tiller at the destructive harvest 2P d after removal of two daughter

tillers for Alto and Aberdart perennial ryegrasdtigars in the Spring experiment.

DT+, plants with two daughter tillers; DT-, plantsth daughter tillers excised.

Vertical bars indicate standard error of mean &mhecultivar and treatment.
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Fig. 6.4 Total root dry weight per tiller (RDW RDW of the first eight phytomers (Prl1—
Pr8), and RDW of the oldest five phytomers for peral ryegrass cultivar Alto in
the Spring experiment. Vertical bars indicate ssadderror of mean for each
treatment. Data are for plants with two daughtbers (DT+) and plants with
daughter tillers excised (DT-) harvested 12 — 20telr DT excision.

6.4.3.2 Effects of preventing daughter tiller formaon

6.4.3.2.1 Effect on tiller morphological traits

Although mean FLL and LA of the individual leavesne marginally higher for the plants
with two daughter tillers (DT+) than the plants lwatit any daughter tillers (DT-) (p=0.09
in both cases, Table 6.6), LQWas significantly higher in DTplants (Table 6.7) and this
was contributed by significantly higher NLL of DTplants (Table 6.7). SLA was
consistently higher for DT+ plants than for Ddlants, both when averaged for the whole
tiller (Table 6.6) and at individual phytomer pawsits (Fig. 6.5) which also probably
contributed to higher LDWror DT- plants. The decreased SLA of the DT- coragao
DT+ plants was evident for both cultivars (Fig.)6.Bhe DT- plants had marginally higher
Ry, (p= 0.08, Table 6.6) and significantly higher NB=0.013, Table 6.7). Thus, the NR
was significantly higher in DT- plants (Table 6.7he DT- plants had 39% and 43%
higher RDW, for Alto and Aberdart cultivar respectively thanT® plants and the
variation was statistically significant (Table 6.6)T- plants also had significantly higher
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RDW,/LDW; (Table 6.6). For the phytomer level data of DTar$ for both Alto and
Aberdart see Appendix 6.6.

Table 6.6 Comparison of shoot and root morphological traitsingividual roots and
leaves of main tillers of Alto and Aberdart peraaimiyegrass cultivars for plants with two
daughter tillers (DT+) and plants without daughtksrs (DT-) after 93 days of growth in
the Autumn experiment (Experiment 5). ELfinal leaf length per leaf (cm); LMWmean
leaf width (mm); LDW, leaf dry weight per leaf (mg); LAleaf area per leaf (& SLA,
specific leaf area (cmg™); R,, mean number of roots per phytomer; RRWoot dry
weight per phytomer (mg); RDWmean root dry weight of the individual roots atle
phytomer (mg); RDWLDW, (mg g"), ratio of root dry weight per phytomer:leaf dry
weight per tiller; SE, standard error of mean; tatistical significance; Treat, difference

between DT+ and DT-; Cul, cultivar.

FLL; LW; LDW; LA; SLA R, RDW, RDW, RDW,/

LDW;
Alto- DT+ 304 5.78 86.7 12.6 148 235 30.7 13.3 403
Alto- DT- 28.8 533 102 11.0 111 267 50.2 219 46.2

Aberdart-DT+ 30.3 6.42 103 14.0 144 254 305 119 237
Aberdart-DT- 26.8 6.10 112 119 107 3.30 53.2 17.0 33.0

SE 086 109 6.22 221 6.19 1.15 558 319 525
p (Treat) 0.09 0.21 0.18 0.09 0.001 0.08 0.001 0.001 o0.07
p (Cul) 0.47 0.03 0.17 0.30 069 0.12 092 0.08 0.001

p(TreatxCul) 0.53 0.84 0.75 0.77 0.97 048 094 032 0.67
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Phytomer position
Fig. 6.5 Specific leaf area (SLA) at the different leaf piosis of Alto and Aberdart
perennial ryegrass cultivar for the plants with waughter tillers (DT+) and plants
without daughter tillers (DT-) for the 93 d growgeriod. Vertical bars show
standard error at each phytomer position. Phytopmsition 1 denotes the

emerging leaf.
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Table 6.7 Comparisorof shoot and root morphological traits for indivadumain tillers of

Alto and Aberdart perennial ryegrass plants witlo waughter tillers (DT+) and

plants without daughter tillers (DT-) for a 93 dgling period in autumn. LDW

leaf dry weight per tiller (mg); LA leaf area per tiller (cfiy NLL, number of live

leaves per plant; NPr, number of root-bearing pmgis; NR, total number of

roots per tiller; RDW root dry weight per tiller (mg); NRLL, ratio between

total number of roots and total number of live kesyer tiller; LDWy, total leaf

dry weight of two DTs (mg); RD\f, total root dry weight of two DTs (mg). SE,

standard error of mean; p, statistical significanteeat, treatment difference

between DT+ and DT-; Cul, cultivar.

LDW; LA NLL NPr NR RDW, NR/NLL LDWpr RDWpr

Alto- DT+ 778 116 8.38 16.8 37.2 467 6.27
Alto- DT- 1110 125 10.8 17.3 46.0 888 451
Aberdart- DT+ 1310 174 12.2 181 40.1 478 9.72
Aberdart- DT- 1630 176 14.3 19.2 645 1080 4.55

1477 806

20271020

SE 647 603 041 022 211 438 0.21
p (Trea) 0.023 0554 0.008 0.018.004 <0.001  0.325
p (Cul) 0.001 <0.001 <0.0010.072 0.049 0.317  0.348

p (Treatx Cul) 0.96 0.73 0.84 0.072.014 0.272 0.321

6.4.3.2.2 Root development in plants with or withaudaughter tillers

The age of the two daughter tillers of DT+ plartth@vest was between 80-85 days in the

Autumn experiment. The ratio between RPWW; at the destructive harvest for the

younger 12 phytomers, which were located aboveDTg at the tiller axis, of DT+ and

DT- plants are presented in Fig. 6.6 for Alto andFig. 6.7 for Aberdart. The ratio
differed significantly between the DT+ and DT- gkfior phytomers 5 to 10 (p=0.053).
The two cultivars Alto and Aberdart varied signéintly (p=0.049) for that ratio at

phytomers 5-10. The cultivar x treatment interattwas non-significant (p=0.61). The

variation between phytomer positions for each weaitiwas also non-significant for

RDW,/LDW, (p= 1.00).
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A Alto (DT-) O Alto (DT+) ——Poly. (Alto (DT-)) ——Poly. (Alto (DT+))
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Fig. 6.6 Ratio of root dry weight per phytomer position (RPWeaf lamina dry weight
per tiller (LDW,) for perennial ryegrass cultivar Alto in the Autarexperiment for
DT+ and DT- plants. Vertical bars indicate standamar of mean for all data for

each treartment. The trend line is representeddpyadratic curve. Stdev, standard

deviation.
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Fig. 6.7 Ratio of root dry weight per phytomer position (RPWeaf lamina dry weight
per tiller (LDW,) for Aberdart perennial ryegrass in the Autumnekpent for
plants with (DT+) and without daughter tillers (DT-Vertical bars indicate
standard error of mean for all data for each treaemt. The trend line is
represented by a quadratic curve for DT- plantsadbic curve for DT+ plants.

Stdev, standard deviation.

6.4.3.2.3 Effect of daughter tiller removal on adjaent root-bearing phytomers

The mean NPr was 17 for both DT+ and DT- plantdHercultivar Alto. The approximate
mean locations of the two DTs at the MT for DT+ntéawere at Prl5 and Prl6. There
was a statistically significant difference (p=0.D29t the ratio RDWLDW; at Pri14, Pr15
and Pr16 for Alto (Fig. 6.8).
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Fig. 6.8 Root:shoot ratio expressed as root dry weight pstgmer position (RDW)
divided by total leaf dry weight (LDVV per tiller for perennial ryegrass cultivar
Alto in the Autumn experiment (Experiment 5) at tbklest three phytomer
positions in DT+ and DT- Plants. Vertical bars cate standard error of mean for
each treatment.
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6.5 Discussion

6.5.1 Seasonal variation in root:shoot ratio

Plant size difference between experiments conduatedpring and autumn was a
significant factor to consider when comparing rslodiot ratio. Tillers in autumn were on
average more than double the DW of spring tillers this difference was clearly reflected
by PC1 scores (Table 6.4). For the autumn-groversila much higher number of roots
per tiller were fed by comparatively fewer leav@alfle 6.1) even though NLL, LDVénd
LA were higher in the autumn than in the Spring erpemt. PC1 scores also separated
the two cultivars and indicated that Alto was semalin size than Aberdart in both
experiments. The correlation analysis was carrigdt@ explore how tightly the various
measures of root and shoot morphology interrelateary independently across genotypes
for the plants of different size growing in incre@sand decreasing day length. These data
suggested that greater leaf area coupled with highé resulted in higher RDWt (Table
6.2).

In autumn, a significantly larger number of rootasmfed by a comparatively smaller
number of live leaves and in spring, there were manatively fewer roots to be fed by the
higher number of leaves (Table 6.1). For both efd¢hbltivars proportionately greater leaf
areas were involved in feeding a single root inmgpthan in autumn (Table 6.1) and this
area difference did not appear to be offset by pindifference in mean photosynthesis
rate (Fig. 4.19). These variations probably conteld to the smaller root:shoot ratio
(RDW,/LDWy) at the individual phytomers (Fig. 6.2) which was hypothesized by
Matthew et al. (1998). That means seasonal vanatid_AR (Fig. 4.5) which is in turn
associated PrAR (see Section 5.5.1), and a lagnohsony between these two mostly
modified these two, ratios although leaf area oé timdividual leaves and the
photosynthetic capacity of the unit leaf area stidug also considered. In the Autumn
experiment, the ratio between Alto:Aberdart for{\RL was 1.34 meaning that Alto had
more roots to feed by less leaves compared to Alperout the RDWLDW; ratio of 1.68
between Alto:Aberdart indicated that Alto was allleaccumulate more RDW even when
smaller number of live leaves and/or smaller leahavas allocated for feeding each root.
Therefore it can be argued that Alto plants in Autuwere more efficient in root DM
production from fewer leaves than Aberdart plantd #is argument is supported by

Table 4.7 which suggests that Alto leaves were mboto-efficient than Aberdart leaves.
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PC2 scores also separated these two cultivarofoparatively higher RDWof Alto than
Aberdart against proportionately lower LR\Whd LA, with the effect being stronger in

the Autumn experiment (Table 6.3).

The root:shoot ratios in the two seasons (range ©.1.38, Table 6.1) were close to those
recorded by Crush et al. (2005). They reported: rslodot ratios of 0.63 and 0.57 for
perenngcv. Grasslands Samson) dndnultiflorum(cv. Grasslands Tama), respectively.

6.5.2 Contribution of daughter tillers to main tiller development

6.5.2.1 Adult daughter tillers fed older roots of he main tiller

One common observation from the two experimentslinng a daughter tiller excision
treatment is that adult daughter tillers appedseganvolved in feeding older roots of the
main tiller. In the absence of adult daughter rslen the Spring experiment, roots of the
oldest 5 phytomers of DT- plants of Alto had loviRDDW than the DW of the oldest five
phytomers of the DT+ plants, while RDW of the yoan@ phytomers did not differ
between the treatments (Fig. 6.4). Similarly, i® tAutumn experiment, significantly
higher RDWY/LDW; of the older roots of Alto DT+ plants was obseruethe presence of
two adult daughter tillers (Fig. 6.8). Since in b@&pring and Autumn experiments the
increased RDW at older phytomers was limited tdivad Alto, further investigation is
needed both to confirm the link between the presefi@ DT and increased RDW of MT
phytomers near the DT, and to establish why thecefin cultivar Aberdart was non-

significant for both of the experiments.

6.5.2.2 DT's shoot has a homeostatic relation witklT’s root

Removal of adult daughter tillers in the spring exment resulted in significantly lower
NPr (Fig. 6.3). Existing literature suggests trenoval of shoot parts accelerates shoot
growth, and removal of root parts accelerates gootvth until a balance is established
between the root and shoot system (Klepper, 199h)arginal increase in NLL/NPr and
a marginal decrease in RDMDW:; for the DT- plants compared to the DT+ plants
indicated that after DT removal, the rate of lepp@arance was faster than the rate of
root-bearing phytomer appearance (Table 6.5). Rerctultivar Alto, 12 — 20 d after the
excision treatment was imposed, NLL had decreaseg slightly (0.67 phyllochrons)

whereas NPr decreased by 1.74 phyllochrons. Asdsloewas a faster growing cultivar

182



Chapter 6 Root-shoot inteatelns and seasonal morphogenetic variations

than Alto (Table 5.4), NLL of DT- plants after Dkasion exceeded even that of DT+
plants (Table 6.5). The plants behaved so as totaiai a homeostatic relationship
between DT’s shoot and MT’s root is further supedrby significant reduction of RDW
for the DT- plants of Alto compared to DT+ planiag. 6.4) even though LDWAt the
destructive harvest was similar (Table 6.5). Thateiagrowth rate of Aberdart cultivar

may have masked the variation in RbWithin the 12 — 20 day period under study.

6.5.2.3 Effects of preventing any daughter tillerdrmation for longer duration

As with Aberdart in the Spring experiment, absenitBTs throughout the growing period
increased NLL for the DT- plants compared to the+tDplants for both of the cultivars
(Table 6.7) in the Autumn experiment. Significantligher NLL for the DT- plants
compared to the DT+ plants in the Autumn experinseigigested that maintaining the DT-
plants without DTs resulted in higher NLL at hanvieg increasing LAR. In field swards,
cutting or grazing usually increases tillering dedf appearance rate, unless a heavy
cutting treatment is imposed (Van Loo, 1993). Teeumed faster LAR after DT excision
in this experiment might be associated with eitimonal influence at the growing point

or higher substrate allocation to new shoot growth.

In the absence of any DTs, DT- plants produced mallg shorter FLL. and smaller LA
than DT+ plants (Table 6.6), but had a much higtidr (Table 6.7) and lower SLA (Fig.
6.5) resulted in significantly greater LOWor theDT- plants compared to DT+ plants
(Table 6.7). A greater value of NPr in the Autumxperiment for the DT- plants
compared to the DT+ plants (Table 6.7) was probakbkociated with the faster LAR as
no root death was noted in either treatment antlvaas therefore assumed that the higher
NPr was achieved from faster LAR rather than reduoet death at the base of the tiller

axis.

An increase in NLL may have supplied more photiragate for the root formation at
the youngest Pr and thus resulted in marginallyéndR, for the DT- plants compared to
DT+ plants (Table 6.6). Significantly higher NPrupted with marginally higher Rat
each Pr for the DT- plants could explain the sigatitly higher NRcompared to the DT+
plants (Table 6.7). One interesting observation thas RDW for the DT- plants were
significantly higher compared to the DT+ plantsiflea6.6). In Chapter 5 (see Fig. 5.4) it

was reported that the Spring and Autumn experimdigsnot produce any significant
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variation in RDW. This strikingly different observation of small&DW; for the DT+
plants was likely to be associated with lower dépws of photo-assimilated C when two
DTs of the DT+ plants were involved in withdrawi@gfor their development and could
explain the significantly lower RDWbf the developing roots. The presence of these two
DTs may also have had a role in reducing NLL (T&bl®, and increasing SLA (Fig. 6.5)
and ultimately decreasing LDWof the MT of DT+ plants (Table 6.7) due to size-
compensation of the MT by the DTs. Significantlglner RDW along with a marginally
higher R, value resulted in significantly higher RQMér the DT- plants, compared to the
DT+ plants (Table 6.7). Eventually the DT- plantdhhigher RDW compared to DT+

plants.

6.5.2.4 Effect of DT removal on root:shoot ratio irthe Autumn experiment

Significantly greater RDWLDW; at Pr 5 — Pr10 for the DT- plants compared toDfie
plants for both of the cultivars in the Autumn espeent (Fig. 6.6, 6.7) suggested higher
C availability at those Pr positions. As discusgedhe previous section, significantly
higher RDW, for the DT- plants compared to the DT+ plants veasociated with
marginally higher R and significantly higher RDW The significantly lower
RDW,/LDW; at Pr5-Pr10 (Fig. 6.6, 6.7) of the DT- plants waere likely to be
associated with significantly lower RDVEt those Pr. A significantly smaller NLL of the
DT+ plants (8-11 and 12-14 for the DT+ and DT- danespectively) compared to the
DT- plants would have resulted in a lower potentaal photo-assimilation (Table 6.7).
Besides a lower C assimilation potential, two eXiYés of the DT+ plants perhaps

withdrew a share of photo-assimilate when roo®r&+Pr10 were developing.

6.6 Summary

* When shoot and root data of the individual tillé@&hapter 4 and 5, respectively)
were pooled in a PCA, PC1 reflected the larger sizplants in autumn than in
spring. PC1 scores also indicated that Alto plargse comparatively smaller than
Aberdart plants in both experiments. PC2 explaibé®% of data variation and
reflected a higher root:shoot ratio of cultivar dlthan Aberdart in the Autumn
experiment (i.e. cultivar Alto had proportionatelgss leaf area to feed a

comparatively larger mass of roots than Aberdart.
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* Autumn tillers growing in decreasing day length hadynificantly lower
RDW,/LDW; at each phytomer than spring tillers growing icreasing day length
(Fig. 6.2). This result appears to support the bypsis (see Chapter 3) that
seasonal variation in phyllochron and the delaybeh leaf and root appearance
at a particular phytomer changes root:shoot ratio.

* In the Spring experiment, the short term (16 d werage) results of removal of
adult DTs included significantly reduced NPr at thes of MT. As NLL did not
differ significantly between treatments, the NLLMNPatio was increased
marginally by the DT excision treatment suggestingt removal of shoot area
increases shoot growth rate and decreases rootlgrate until and a balance in
root:shoot ratio is achieved (Table 6.5).

* In the Spring experiment, the excision of DTs re=iilin significantly decreased
RDW, at the oldest five phytomers of the MT at the desive harvest 12-20 d
later. In the Autumn experiment, the lack of DTs fthe whole 93 d growing
period significantly decreased ROMWDW; at the phytomers below the DTs but
RDW,/LDW; for the younger Pr5-Pr10 above the DTs was inead3hese
results suggested that DTs possibly feed the otwds below their position and in
absence of DT older roots suffer from C starvatiod start decomposition. These
relationships were statistically significant onbyr the cultivar Alto.

» A significant decrease in RDW.DW; at the Pr5-Pr10 for both of the cultivars in
the Autumn experiment for the DT+ plants suggedieat DTs during their
establishment might extract C from the neighbougogng roots of MT, but the
DT+ plants also had less number of live leave<I@ssimilation. A further study
is therefore needed to explain this complex situnati

* DT excision in the Autumn experiment significanilycreased NLL, an effect
associated with higher NPr, NRR,, RDW, RDW, and thus RDWof the DT-

plants compared to the DT+ plants.
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Chapter 7: Functional Implications of Segmental

Organisation

7.1 Introduction and Overview

In Chapter 6 the root-shoot relations of twoperennecultivars, Alto and Aberdart in
increasing and decreasing day length of springaaridmn, respectively, were discussed.
Chapter 6 also discussed the effect of removakhaftter tillers on dry matter deposition
at phytomers elsewhere on the tiller axis. For sgnmass species there is evidence that
photo-assimilates derived from daughter tillers aemslocated to the main tiller. As
reported in Chapter 2, Clifford et al. (1973) stdlithe C exchange pattern between the
main tiller (MT) and daughter tiller (DT) of yourggedlings ot.. multiflorum Carvalho

et al. (2006) studied the C exchange between MThk @hs of different age foP.
maximum and found that young primary tillers translocated larger share of
photoassimilates to the roots of MT than older pryntillers. These results were in
agreement with Colvill and Marshall (1981) who sesfgd that with increasing age of
DTs they become an independent assimilatory umithé present chapter we therefore
explore the C and N exchange patterns between MIl aalult primary tillers which
appeared 1-2 weeks later after transplanting. Pipecach used for this research was that
of stable isotope labelling with non-natural ratiafs°C:**C and™*N:**N. In addition,
during sample analysis it was discovered that thegee definite patterns of C and N
isotope fractionation within shoot and root systerasd this isotope fractionation

phenomenon was further explored.

7.2 Objectives
1. To study the exchange of C and N between the dilsthe attached mature DTs
using stable isotope tracer methodology.
2. To report incidental findings of C and N isotdpgctionation in root and shoot

segments.
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7.3 Materials and Methods

7.3.1 Plant material

To explore the C and N exchange pattern betweeMife and the adult DTs a separate
experiment, Experiment 6, using some plants fromm game population in hydroponic

culture that was used in Experiment 5, was condudteing autumn of 2009 (see Section
4.3.5). The C labelling experiment was carried taace (Experiment 6.1 for the cultivar

Alto and Experiment 6.2 for the cultivar Aberdaat)d in Experiment 6.2 the individual

tillers were dual-labelled with both C and N isatep In Experiment 6.1 plants were
labelled during day light hours for 5 d from 9 Ma@09 until 13 May 2009, 67 d after

transplanting into the hydroponic system. The afj¢éhe DTs was around 60 d during

labelling. In Experiment 6.2, the individual tillewere again labelled for 5 d commencing
18 May 2009 when DTs were around 70 d old.

A total of 8 plants of cultivar Alto were selectedExperiment 6.1 for C labelling. The
MTs of four plants and the DTs of another four pdaof cultivar Alto were labelled. Two
control plants were kept to compare the isotopto raf unlabelled plants with that of
labelled plants. In Experiment 6.2, a similar expental structure was followed. Out of
two DTs present (Fig. 6.1), one randomly chosenmia$ excised before labelling.

7.3.2 C labelling system

For C labelling it was decided that a stable Capetwould be used rather than
radiocarbon. For that it was necessary to find @ €@rce that has a differehiC:**C
isotopic ratio from the atmosphere. A labellingteys was developed for feeding the
leaves of individual tillers*“C-enriched C@ recovered from a commercial brewing

operation, as described below.
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4 N\
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Fig. 7.1 Flow chart showing key components of the systenupeior feeding individual
tillers with *’C-enriched C@

An air tank comprising a mylar bladder of approxieta 3.5 nf was constructed to
prepare an air mixture with'dC0, :**CO, isotopic ratio different from atmospheric (Fig.
7.3). The air tank was initially filled with airdm a compressor passed through a soda-
lime scrubber to remove atmospheric £en bubbled through water to remove soda-
lime dust. In this way air with a very low GQ@oncentration (20 — 30 ppm GgOwas
provided to the tank (Fig. 7.1, Fig. 7.2, Appendid). A converted photosynthesis meter
(LICOR 6200) was used to monitor @€oncentration at various points in the system.(Fig
7.4). CQ captured from a brewery fermentation vat was segdhy Lion Nathan brewery
(Auckland) with**C of -28.7 per mil (%o) (Appendix 7.2). This ‘breweCO, was added
by injection through a rubber septum to bring th®, @oncentration to 420 ppm in
Experiment 6.1 and to 430 ppm in Experiment 6.2pragimately 1400 mL of brewery
source CQ@ was required to raise the internal £€dncentration of the air tank by 400
ppm (Fig. 7.5, Appendix 7.3). An 8 mm diameter ptatube led from the bladder to a
PVC manifold from which eight individual aquariunaimps, each of approximately 1 L
min™ capacity, were connected to draw air from the fothiand pump the air to bags
enclosing tillers to be labelled (Fig. 7.1, Figs)7.The tillers to be labelled were placed in
a sealed bag containing an inlet, which was sugple prepared gas mixture, and an

outlet that discharged the gas mixture continuotghallow the exchange of fresh air
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inside the bag (Fig. 7.7). The discharged,@®m each sealed bag was trapped in a small
soda-lime scrubber (Fig. 7.8) and the continuityaofflow was monitored visually by
bubbling the outlet through a beaker of water. &ically during each tiller labelling run
CO, concentration in and out of the tiller enclosueg lvas monitored using the LICOR
6200, and the flow rate through each bag was meddy trapping bubbles in an inverted
measuring cylinder and timing the collection of mown volume of gas. When air was
trapped inside the cylinder to measure flow in they, the measuring cylinder was held
so that water inside and outside the inverted dglirremained at the same level, to avoid
any pressure variation. Labelled tillers were Y& enriched C@in this way during day
light hours for 5 d, a time period calculated (lmhea published CQuptake and retention
rates per unit lea area) to build up detectablel$eof'°C in plant organs receiving current
photosynthate at the time of labelling.

Fig. 7.2 Soda-lime CQ® scrubber (a) andFig. 7.2 The mylar air tank (>3M. Tank

soda-lime dust trap (b) to remove contains an internal mixing fan. Black
atmospheric C@supplied from the tube supplies air to pump manifold.
air compressor (c) Taps allow Licor 6200 connection to

monitor CQ concentration in the air
tank
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Fig. 7.5Injecting™“C enriched C@(delta'*C -28.7 per mil) collected from a fermentation
vat at Lion Nathan brewery

Fig. 7.6 Aquarium pumps, capacity 1 L mirsupplying CG-air mixture to the individual
plants
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Fig. 7.8 Small soda lime scrubbers and water beakers todisgmharged C@at the outlet
and provide a visual confirmation of gas flow thgbithe system

7.3.3 Calibration and testing of the C labelling sstem

7.3.3.1 Estimating C required per day

Assuming 4.0 cm LER per leaf'dsee Fig. 4.10 in Section 4.4.3) and that 2 leaver®
elongating at a time (see Section 4.4.4) it wasnesed that 64 cm leaf elongation occurs
d?! for the 8 individual tillers (4.0 cm x 2 leaves8xtillers). Assuming 1.0 cm leaf
elongation accumulates 2.5 mg dry mass (Fig. 4.181%), 160 mg DM is required’d
for 8 plants for only leaf growth (10 mg DM plaht Further assuming a C content per
unit DM of 45%, approximately 72 mg C is requiretfdr shoot development of 8 plants.
Again, assuming 40% of total photosynthetic C & loy respiration (56 mg) and 15% of
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remaining photosynthates are allocated to rootsn{@g the requirement of C for 8 plants
d? is approximately 141 mg (Danckwerts and Gordor87)9141 mg C is equivalent to
517 mg CQ (141mg x 44/12). Further assuming that plantsecdract an average of 150
ppm CQ when the supplied air contains more than 400 pf@s With an air density of
1.225 kg nt, an air volume of 2.81 (517 mg/ (150 mg/kg) x (1.225 kgl was

calculated as needed to feed the 8 plants each day.

7.3.3.2 Checking the air tank for leaks and diffugin gains

After filling the air tank with <30 ppm Cf£concentration, the internal G@oncentration
was monitored for the next 24 hours to check fa plossibility of leaks or diffusion
through the plastic. It was found that the Qs@ncentration inside the bladder remained
quite stable or increased slowly at a rate of ¢thth per hour (on 15 May 2009, at 07:00
am CQ concentration was 12 ppm and at 01:00 pm 21 ppmwa® recorded inside the
bladder).

7.3.3.3 Modifying and calibrating the air pumps

The aquarium pumps as purchased had no air inbakeyere designed to allow air entry
through screw holes and seams in the case. Eaclseadesd with silicone to prevent air
intake through the case, and an inlet tube placediriling a hole in the case and
screwing a fitting to fasten a plastic tube. A screalve was fitted in the air line
downstream of each pump. The flow rate deliveredebgh pump was measured from
time to time and pumps were found to deliver in thege of 100 - 800 mL mih
depending on the setting of the screw valve. Actele of pump flow data is presented in
Appendix 7.4. Variation in pump flow was not feit be of concern as the objective was
merely supply labelled C in order to compare thalfidistribution of the labelled C

between plant organs.

7.3.3.4 Calculating the CQ dilution due to leakage

The portion of the system between the bladder hadatuarium pumps was in negative
pressure, creating a possibility of leakage inte #ystem of atmospheric GOThe
possible leakage points were at the junction ofllaelder and the supply tube, at the
junction of the supply tube and the PVC manifoldihee manifold outlet to each pump,
and at the inlet junction of each pump. To checksfech leakage air depleted in £@as

pumped through the system and the,@0Oncentration at the outlet of each pump was
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recorded by LICOR (Appendix 7.4), and compared \lin CQ concentration inside the
bladder. Air ingress at either end of the pipe leetwthe bladder and the manifold or
manifold and air pumps would result in outlet £€bncentration being higher than
bladder CQ concentration. With an assumed bladder, Cahcentration of 26 ppm, the air
output of the various pumps ranged from 32 — 12% ppppendix 7.5a). At this level of
leakage, the plants should still have received, ®05>C in the range -22 to -%
(Appendix 7.5a, b).

7.3.3.5 Measuring flow rate and collecting gas sartgs

When the system was in operation, gas flow waslaggg using the needle valves to
provide a CQconcentration of typically 200 — 300 ppm at theletutafter uptake by the
tiller being labelled. The flow rate and @€oncentration upstream and downstream of the
labelled tiller were measured periodically duringemtion (Appendix 7.4) to allow an
estimate of photosynthesis rate. The flow ratéhatdutlet was also measured to be sure
that gas mixture was being supplied at the expeflted rate and not lost by any
undetected leakage. At the fastest rate of 800 n*rgas flow, the 3.5 rhbladder
contained sufficient air to supply the 8 labell#iéits for approximately 8 hours; hence the

bladder was refilled daily.

Five samples of the gas mixture in the bladder weleen every day in 10 mL
‘vacutainers®. The average delta value measured was estimate@8at 5°C (%)

(Appendix 7.2), although the gas samples may haee loontaminated in transit.

7.3.4 C and N labelling in Experiment 6.2

In Experiment 6.2, the roots of individual tillesere simultaneously labelled with 1 atom%
(**NH,).SO, by isolating the roots of one particular tiliehile leaves of the same tiller
were simultaneously fed witfC-enriched C@as described above for delivery of 1 atom%
>N to plants (see calculation in Appendix 7.6). Tikelated roots of the tiller being
labelled were placed in a 1.2 L glass jar contajritre 1 atom%3(NH,),SOs, and sitting
inside a 6.0 L capacity bucket containing nutrigpitition. In this way one tiller was fed 1
atom% °(NH,4),SQ4, while the roots of remaining tillers were fed tharslard nutrient
solution (Fig 7.9).

! Trade name for an evacuated glass tube with rid#geum normally used for blood sample collection.
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Fig. 7.9 Dual labelling process: Feeding leaves of the sedetllers simultaneously with
12C enriched C@while the roots of the same tillers (inside thasgljar) received
15N-labelled (NH),SO..

7.3.5 Analysis of isotope ratios for C and N

For the purpose of determining the distributionisitope label within the plant, each
labelled plant in Experiment 6.1 was dissected Bfocategories when one of the DTs
was labelled and was dissected into 28 categoriesivthe MT was labelled. In the case
of MT labelling the categories denoted 18-28 wesmlzined for both of the DTs (see
Table 7.1). In Experiment 6.2 each plant was disskeinto 30 categories (Table 7.1).
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Table 7.1 Dissection categories for isotopically labelledot and shoot of Alto
(Experiment 6.1) and Aberdart (Experiment 6.2) pei@ ryegrass cultivars, in
order to determine isotope distribution within thkant. EL, elongating leaf; Pr,
root-bearing phytomer.

Experiment 6.1 Experiment 6.2

Main tiller Main tiller

1. Basal 75 mm of EL 1. Base EL 1-2

2. Remainder of the EL 2. TipEL 1-2

3. Other leaves 3. Other leaves

4. Pseudostem 4. Sheaths and pseudostem
5. Tiller axis 5. Tiller axis

6. Root tips Pr 1-2 6. Root tips Pr (1-3)

7. Root axis Pr 1-2 7. Root axis Pr (1-3)

8. Root tips Pr 3-4 8. Root tips Pr (4-6)

9. Root axis Pr 3-4 9. Root axis Pr (4-6)

10. Root tips Pr 5-6 10. Root tips Pr (7-9)

11. Root axis Pr 5-6 11. Root axis Pr (7-9)

12. Root tips Pr 7-8 12. Root tips Pr (9-12)

13. Root axis Pr 7-8 13. Root axis Pr (9-12)
14. Root tips Pr 9-12 14. Root tips Pr (13-15)
15. Root axis Pr 9-12 15. Root axis Pr (13-15)
16. Root tips Pr 13-rest 16. Root tips (Pr 16-rest)
17. Root axis Pr 13-rest 17. Root axis (Pr 16-rest)
Each daughter tiller * Daughter tiller

18. Base EL 18. Base EL

19. Tip EL 19. Tip EL

20. Other leaf 20. Other leaf

21. Pseudostem 21. Pseudostem

22. Tiller axis 22. Tiller axis

23. Root tips Pr1-5 23. Root tips upper Pr1-5
24. Root axis upper Pr1-5 24. Root axis upper®ril—
25. Root tips middle Pr6-10 25. Root tips midelté—10
26. Root axis middle Pr6-10 26. Root axis midelie-10
27. Root tips lower Prll-rest 27. Root tips lowet1-rest
28. Root axis Prll-rest 28. Root axis Prll-rest

*In the case of a labelled daughter tiller the two

daughter tillers were sampled separately but N labelled roots for either main/daughter tiller
when the main tiller was labelled, segments of29. Tips

both daughter tillers were combined. 30. Axis

The individual plant parts (dissection categoriegye oven dried for 48 hours and dry
weights of all categories were recorded so thatdted dry weight of the individual tillers

could be determined by adding weights of the pditte. individual dissection components
were ground in a ball mill (model MM200, RetSgfafter 48 hours of drying and stored in
Eppendorf tubes to carry from New Zealand to Geyndine samples were analyzed in

the isotope ratio mass spectrometer at the LeHrdtuhGrinlandlehre, Technische
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Universitdt Minchen (TUM), D-85350 Freising-Weihwphan, Germany. C and N
content and*C:*C andN:'*N isotope ratios werdetermined on 1.0 mg dry matter
aliquots using a CHN elementahalyzer (NA1500; Carlo Erba Strumentazione, Milan)
interfacedto a continuous-flow isotope mass ratio spectrom@elta plus; Finnigan
MAT, Bremen, Germany) as described by Lattaetial. (2005a). The isotope ratio
analysis produced the following data for each ptample analysed: %C, %N, C/N ratio,
813C (%o) andd™N (%o).

7.3.6 Estimation of new N received by the individuglant parts

The natural occurrence 6N isotope in the samples of 0.3665 atom% was eggifrfaom

a standard curve plottingtomic % >N on the X-axis and™N (%o) on the Y-axis
(Appendix 7.7). The percent new N received by imdlial plant parts was then calculated

using the following equation:

(atomic % 15N in sample - natural abundance) x 100
% NewN =

(1- natural abundance)

......................... Equation 7.1 (personal communication Dr. Rudi Schéaufele).

Total new N recovered from the individual tillersasvthen calculated taking the dry
weight (mg) of each plant part into account. Tatal N recovered from each tiller was
derived by summing the N recovered from all paftshe tiller. The new N recovered
from each plant part or each tiller was determiagdng & tiller DW.

7.3.7 Statistical analysis

Given Objective 1 (Section 7.2) to examine the exge of C and N between adult MT
and mature attached DT, the 8 labelled tillers #uaar attached tillers (see Section 7.3.1
above) were classified into 4 groups for statistenaalysis purposes, ignoring possible
covariance between attached tillers:

Group 1: MTL-MT, a MT tiller to which isotope labelas applied,;

Group 2: MTL-DT, a DT attached to a labelled MT amedeiving label by translocation
from the labelled MT;

Group 3: DTL-MT, a MT attached to a labelled DT aedeiving label by translocation
from the labelled DT;

Group 4: DTL-DT, a DT to which isotope label wapbgd.
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To test the statistical significance of differenaeslistribution, the three statistical degrees
of freedom for Groups were partitioned into a sereé orthogonal contrasts: labelled
tillers v. unlabelled tillers (Groups 1 & 4 v. 2 8), unlabelled MTs v. unlabelled DTs
(Group 3 v. Group 2), and labelled MTs v. label2ts (Group 1 v. Group 4) (ANOVA
model a, Appendix 7.8). Data presented in Table Fig 7.10, and Fig. 7.11 — 7.13 were
statistically tested using orthogonal contraststhBuriginal and log-transformed data for

>N labelling experiment were tested using the ortimad contrast model.

To test variation among shoot, root and tiller agbsee different compartments) for C
and N isotope distribution traits and for new N akgt, the sum of squares for plants
within treatment (MTL or DTL) was used as an emerm (ANOVA model b, Appendix
7.8). For new N there were three compartments ¢shoot and tiller axis) for each tiller
which made a total of 48 observations (8 plantstiets x 3 compartments) for MTs and
DTs of the 8 plants. Data presented in Table 74l Rig. 7.14, were tested using this
model.

A total of 28 root and shoot dissection categodégach plant were tested to explore
variation among them for C and N traits. A nestddiOVA was conducted using a GLM
procedure. There were a total of 560 observatid8gissection components x 10 plants,
8 labelled and 2 control plants x 2 cultivars) %€, %N, C:N ratios**C (%o) ands**N
(%0). For new N received by each dissection categaigtal of 224 observations (8 plants
x 28 dissection categories) were used in ANOVA (ANOmodel ¢, Appendix 7.8). Data
are presented in Figs. 7.15 & 7.16 and Appendic@£.77.10.

To examine the data from a multivariate perspectiee PCA including the
measures %C, %N, C:N ratid:°’C (%) andd™N (%.) was conducted using 28 dissection
components of all 10 plants from each experim@htabelled plants and 2 control plants)
(see Table 7.1). There were thus a total of 56@ @@t each C and N trait. A nested
ANOVA model was conducted to explore variationttd PC scores among compartments
(ANOVA model d, Appendix 7.8) and dissection categ® of each tiller (MT or DT)
(ANOVA model e, Appendix 7.8) using the Minitab Biatistical software package
(Minitab Inc. State College, Pennsylvania) where stum of squares for plants within
tillers was used as an error term. PCA is presemtddble 7.5 and ANOVA for the PC
scores are presented in Table 7.6.
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A separate ANOVA was also conducted to test vanakietween three treatments: MTL-
MT, DTL-DT and control. To do s@&™C (%o) values of all dissection categories of each
treatment were taken to carry out a one-way ANO\&K@ Minitab 15. The results are
presented in Section 7.4.1.

7.4 Results
This section presents data in the following segeenc
i) C exchange between MT and DT (Section 7.4.1);
i) N exchange pattern between MT and DT (Section }.4.2
i) N exchange pattern between shoot and root dissecai@gories of MT and
DT (Sections 7.4.3 and 7.4.4 respectively);
iv) Inter-segmental C and N relations between shootsrand tiller axis and

between different dissection categories of shodtrant in Section 7.4.5.

7.4.1 C exchange between main tiller and daughtetller

In Experiment 6.1 the three different treatmentsTLMMT (5'°C -27.26), DTL-DT
(68"*C -26.85) and Controldt°C -26.36) showed a subtle but statistically sigaifit
difference (p<0.01, SEM=0.06) f6°C (%.) discrimination indicating that plants recaive
only a very weak*?C enrichment signal during labelling. In testing thresence of
labelled C in individual plant parts, there waseadency for samples of the DTL-MT
group to have a more negative défi@ indicating transfer from the labelled DT, andsthi
trend attained significance for samples from thesaof young roots at Pr 1-5, middle aged
(Pr 5-10) root tips and axes of unlabelled DT of IMWhile by contrast the MTL-DT
group had the least negative déf@ values (Table 7.2).
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Table 7.2 Mean C isotope ratiodt°C (%o)) of different plant parts for different tille
categories of Alto perennial ryegrass in Experingttfor MTL-MT, main tillers

of main tiller labelled plants;

MTL-DT, daughtalidérs of main tiller labelled

plants; DTL-MT, main tillers of daughter tiller dalled plants; and DTL-DT,;
daughter tillers of daughter tiller labelled plants

Tiller Base Other Leaf Tiller Young Young Middle Middle Lower Lower
category of leaves sheaths axis  root root aged aged root rootaxes
elongating tips, axes, root root tips Prill-rest
leaf Pr1-5 Pr1-5 tips axes Prill-
Pr6-10 Pr6-10 rest
MTL-MT -27.4 277 2715 -274 -271 -271 -269 -269 -26.8 -27.2
MTL-DT -27.4 276 -273 -27.1 -26.8 -265 -26.2 -26.3 -26.1 -26.7
DTL-MT -27.9 -28.1 -27v8 -275 -271 -272 -270 -271 -26.7 -27.0
DTL-DT -27.4 276 -273 -27.0 -26.8 -269 -264 -269 -26.7 -27.1
SE 0.19 0.15 0.16 021 0.16 0.15 0.13 0.15 0.12 0.12
*P value 0.37 026 024 062 052 009 0.024 0.05 0.14 0.30

*P value indicates statistical probability of difémce between means for MTL-DT and DTL-MT as ass#ss
by orthogonal linear contrast (see ANOVA model apAndix 7.8). The other orthogonal contrasts wete n

statistically significant for any dissection compoh

In Experiment 6.2, C labelling did not produce atgtistical difference between the three
treatments: MTL-MT, DTL-DT and Control plants. lrordrast to Experiment 6.1, in
Experiment 6.2 MTL-DT had more negative delta valdban DTL-MT. Orthogonal

linear contrasts identified a marginally signifitaontrast between MTL-DT vs DTL-MT,
only for leaf sheaths (p=0.07, Fig. 7.10). Consdst labelled vs unlabelled tillers, and

for labelled MT vs labelled DT for all dissectiomategories were not significant (Fig.

7.10).
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Fig. 7.10 C isotope ratio §*C (%o)) in different dissection components of Abetda
perennial ryegrass for either main tiller labellidTL) or daughter tiller labelling
(DTL) in Experiment 6.2. BaseEL, lower 75 mm of #lengating leaf inside the
pseudostem; TIipEL, tip of the elongation leaf. 6adtbars indicate standard error

of mean for each dissection category.

7.4.2 Differential new N acquisition by the main fler and the daughter tiller

labelled plants and by individual tillers

The total new N taken up by the individual planT(plus DT) for either MT or DT
labelling with ¢°NH,),S0O, for 5 d was 0.93 mg N'gDW and in both cases with non-
significant variation. The new N acquired by thbdked main tiller (MTL-MT) and the
labelled daughter tiller (DTL-DT) was 1.53 and 1.4 N g' DW, respectively. The
daughter tillers of the main tiller labelled plagkTL-DT) acquired 0.424 mg N'gDW
and the main tillers of the daughter tiller labéllelants (DTL-MT) received 0.142 mg
N g* DW (p=0.03 in orthogonal linear contrast, Fig.17.Table 7.3). As expected, the
difference in N uptake by the labelled and unladzkltillers was also significant when

tested by orthogonal contrast (Table 7.3).
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MTL-MT MTL-DT DTL-MT DTL-DT

Fig. 7.11New N uptake (mg§tiller) for individual tillers of Aberdart perenaii ryegrass
after 5 d labelling with>(NH,),SQ; in Experiment 6.2. MTL-MT, main tiller of
main tiller labelled plants; MTL-DT, the daughtédlets of the main tiller labelled
plants; DTL-MT, main tillers of daughter tiller latbed plants; DTL-DT, daughter
tiller of daughter tiller labelled plants. Vertichars indicate standard error of the

mean for each tiller.

7.4.3 Differential new N acquisition by the shoot@mponents of main tiller and
daughter tiller labelled plants

The shoot dissection categories: The base of thhegating leaf, the tip of the elongating
leaf, mature leaves, sheaths and tiller axis fbellad versus unlabelled tiller had highly
significant differences in acquireédN between labelled and unlabelled tillers for both
untransformed (Fig. 7.12, Appendix 7.9) and logfarmed data (Table 7.3). The
unlabelled tiller groups MTL-DT and DTL-MT differees were statistically significant
after log transformation (Fig. 7.12, Table 7.3).
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Fig. 7.12The share of new N (mg'ddW) received by individual dissection categories f
the shoot of Aberdart perennial ryegrass afterl&belling with ¢°NH,),SO4. The
roots of either main tiller or daughter tillers wesupplied with>N labelled. EL,
elongating leaf; MTL- MT, main tiller of main tiltdabelled plants; MTL-DT, the
daughter tillers of the main tiller labelled plgrn@sI'L-MT, main tillers of daughter
tiller labelled plants; DTL-DT, daughter tiller afaughter tiller labelled plants.
Vertical bars indicate standard error of mean fachetiller for each of the

dissection category.

7.4.4 Differential new N acquired by roots of varymg ages of the labelled tillers
and their attached tillers

Unlike shoot, root dissection categories displagedon-significant difference between
labelled and unlabelled tillers TN acquisition (Table 7.3, Fig. 7.13, Appendix 7.9).
Untransformed data for MTL-DT and DTL-MT yielded s@nificant differences for any
root dissection component but log-transformatiomeaded a strong treatment effect in
data for the young roots, diminishing with distadosvn the tiller axis and undetectable in
roots of Pr11 and older phytomers (Table 7.3, Fi$j3, Appendix 7.9).
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Fig. 7.13The share of new N (mg’gsegment) received by the individual root dissectio
categories of Aberdart perennial ryegrass after [abelling with *°(NH4)>SO;.
MTL-MT, main tiller of main tiller labelled plantiTL-DT, daughter tiller of the
main tiller labelled plant; DTL-MT, the main tilleof a daughter tiller labelled
plant, DTL-DT, daughter tiller of the daughter dilllabelled plant. Vertical bars
indicate standard error of mean for each tiller éach of the root dissection

category.
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Table 7.3 Statistical significance of difference 1N uptake (mg d tiller DW) for the
various tiller dissection categories for Aberdagtgmnial ryegrass in Experiment
6.2, as tested by orthogonal linear contrast betviaeelled and unlabelled tillers
(MTL-MT and DTL-DT versus MTL-DT and DTL-MT ); nlabelled tillers
(MTL-DT versus DTL-MT) and labelled tillers (MTL-Mversus DTL-DT). The

data for which statistical information is presenteste are reported in Fig. 7.11 to

7.13 above.
Labelled vs unlabelled Unlabelled Labelled
tillers MTL-DT vs DTL-MT  MTL-MT vs DTL-DT
Original Log- Original Log- Original Log-
transformed transformed transformed

Individual tiller 0.008 0.001 0.61 0.03 0.92 0.95
Base Of_ 0.016 0.002 0.49 0.018 0.40 0.71
elongating leaf
lTlpfof elongating .08 0.007 0.48 0.024 0.48 0.69
ea
Mature leaves 0.06 0.004 0.44 0.015 0.90 0.79
Leaf sheathes 0.099 0.003 0.57 0.015 0.60 0.74
Tiller axis 0.003 0.003 0.64 0.05 0.84 0.87
Young root tips 0.12 0.034 0.28 0.003 0.03 0.01
(Pr 1-5)
Young root axes (.22 0.11 0.57 0.095 0.35 0.10
(Pr 1-5)
Middle aged root g 26 0.47 0.20 0.08 0.68 0.53
tips (Pr 6-10)
Middle aged root (.28 0.35 0.29 0.08 0.59 0.53
axes (Pr 6-10)
Lower root tips 0.98 0.98 0.76 0.67 0.33 0.28
(Pr 11 and older)
Lower root axes
(Pr 11- and 0.26 0.43 0.50 0.42 0.94 0.46

older)
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7.4.5 Inter-segmental C-N relations

7.4.5.1 C-N relations among shoot, tiller axis antbots

The shoot, tiller axis and the roots of the twoepaial ryegrass cultivars showed
significant differences for %C and %N. The higheNEatio in roots and lower in shoots
was associated with a significantly lower concatdn of N and a higher concentration
of C in roots compared to shoots (Table 7.4). Ther &xis had the lowest % of N among
the compartments (shoot, axis and roots) for Adtod was intermediate between shoot
and root for Aberdart (Table 7.4). In the Experimn@12, the Aberdart plants were labelled
with *(NH,),SO,, therefore to make a comparatively reasonable eoisgn with cultivar
Alto, only data from the unlabelled control plarits cultivar Aberdart were used to
presents™>N (%o) values in Table 7.4. It is also importantrtote that the cultivars Alto
and Aberdart were harvested at different time oiRbr all other variables exceftN
(%0) the data presented in Table 7.4 representxplrimental plants used in Experiments
6.1 and 6.2. The C:N ratio for the cultivar Altdfdred significantly and that of Aberdart
did not differ significantly among the three plactmpartments (Table 7.4). For the
unlabelled plants there was also evidence of isotoactionation of N and C between the
compartments (Table 7.4). The tiller axis showeekad towards depletion N with the
shoot enriched and the root intermediate, but tiigisd was not significant for Alto and
only marginally significant for Aberdart (Table J.4'he isotopic ratio of C indicated an
increasing proportion ofC from the shoot to the tiller axis and then to tbets (Table
7.4). The detailed data for different dissectiotegaries for %C, %N and C:N ratio are in
Appendix 7.10a and fdr'>N ands*C (%.) are in Appendix 7.10b.
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Table 7.4%C, %N and C:N ratio for shoot, tiller axis andt®of Alto and Aberdart perennial ryegrass cui8va Experiment 6.

Compartments % C % N C:N ratio 3N (%o) 37°C (%o)

Alto Aberdart Alto Aberdart Alto Aberdart Alto Abdart Alto Aberdart
Shoot 40.0+0.38 41.5+0.16  4.39+0.11  3.84+0.11 1034 12.40+0.60 1.31+0.13 1.60+0.40 -27.4+0.05 428.07
Tiller axis 44.3+0.88 44.2+0.32 2.86+0.25 3.05+0.2215.8+1.25 14.57+1.20 -0.34+0.29 -0.23+0.77 -27.110 -27.4+0.13
Root 45.5+0.27 43.3+0.11  3.00+0.08 2.80+0.81 16.830 16.39+0.43 0.17+0.09 0.91+0.27 -26.5+0.04 -26.95
P value 0.009 <0.001 0.001 0.018 0.013 0.21 0.247 .09 0 0.059 0.062

The shoot, the tiller axis and the roots showedignt differences (p=0.044) for the uptake ofvré (mg g' DW) (Fig 7.14).
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Fig. 7.14New N concentration in the shoot, the tiller axisl ahe roots (compartments) of Aberdart perenyiagrass aftet’N labelling for
5 d. Vertical bars indicate standard error at earhpartment.
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7.4.5.2 N isotope ratio in shoot and root dissecticcategories

The youngest shoot and root dissection categohiesed similar N isotopic ratio$N
(%0)) (Fig. 7.15). Thes™N (%) was progressively more positive from youngemlder
shoot dissection categories and more negative tl@myounger to the older roots (Fig
7.15), (p<0.01, see Appendix 7.10b), reflectinguacalation and depletion of the heavier

>N isotope, respectively.
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Fig. 7.155™N (%0) values in different shoot and root componesftperennial ryegrass
cultivar Alto in Experiment 6.1 for unlabelled ptanVertical bar indicates the
standard error of mean of all dissection categoE#sl-2, elongating leaves; root
1, 2, 3 indicates root-bearing phytomer positioosnting from the youngest root-
bearing phytomer as a reference point.
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7.4.5.3 C isotope ratio in the shoot and the roots

8C (%0) was the most negative in mature leaves wherectmeentration of recent
photosynthates was the greatest (Fig. 7.48C was comparatively less negative in the
youngest leaves and older leaf sheaths where lesgynthesis occurs (Fig. 7.16).
Overall, the shoot components had more negafit@ (%o) than the roots and there was a
trend of an increase H™C (%0) (p<0.01) from the younger to the older roots (Fid.6,
Appendix 7.10Db).
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Fig. 7.16Carbon isotope ratidst°C, %o) of different shoot and root dissection comgrus
of Alto perennial ryegrass in Experiment 6.1 ari@l fér unlabeled plants. Vertical
bar indicates the standard error of mean. EL ldhgating leaves; root 1, 2, 3
indicates root-bearing phytomer positions takinge tlioungest root-bearing

phytomer as the reference point.

7.4.5.4 PCA for the inter-segmental C-N relations

The first three principal components (PCs) explaiBB% of the data variation for C and
N traits of dissection components for Alto and Ataat perennial ryegrass cultivars. PC1
explained 46.7% of the data variation and refled¢tex differing C:N ratios of root and
shoot components, as well as the gradation downtitlee axis from comparative
abundance of’C and®N in shoots to depletion of those same isotopeslder roots

(Table 7.5). The mean PC scores for PC1 were higiighyificant between compartments
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(roots, tiller axis and shoots) and also for thesdction categories of each compartment
(Table 7.6 and Fig. 7.17). PC2 explained 22.8%hef data variation and reflected a
contrast between %C, C:N ratio aidN (%) for positive coefficients with %N angf*C
(%0) for the negative coefficients (Table 7.5). PC2swalso highly significant for
dissection categories within tiller (Table 7.6). BMA of the PC scores showed a contrast
between shoot and tiller axis with roots (Table &% Fig. 7.17). Considering the tiller
axis as a compartment of the shoot, this PC shavethrginally significant difference
(p=0.056) between the root and the shoot syster@&. tAus explained the difference
between ‘N isotopic ratio versus C isotopic ratioroot and shoot dissection categories.
PC3 explained 15.5% variation in the data for hight&C and %N in the root and tiller
axis compared to shoot components which remaineaplained in PC1 and PC2 (Table
7.5, Table 7.6). PC3 scores also had significaifiéréince in dissection categories within
tiller (Table 7.6) indicating a variation in %C af6lN in the old and new tissues (Fig.
7.17).

Table 7.5Principal component analysis (PCA) coefficients @ and N traits of shoot,
tiller axis and root dissection categories of A#iod Aberdart perennial ryegrass
cultivars. C:N, carbon:nitrogen rati6™N, isotopic mass ratio betweérN and

1N: 5'3C, isotopic mass ratio betwe&t and™*C.

Traits PC1 PC2 PC3
%N -0.57 -0.23 0.41
%C 0.39 0.13 0.89
CIN 0.59 0.30 -0.19
3N -0.24 0.71 -0.09
3C 0.33 -0.58 -0.05
% variation explained 46.7 22.8 15.5

Table 7.6Mean PC scores of PCA in Table 7.5 for C and Ngraf shoot, tiller axis and
root dissection categories of Alto and Aberdarteperal ryegrass cultivars and
statistical significance determined BANOVA. PC, principal component; SE,

standard error of mean; p, statistical probability.

Compartment PC1 PC2 PC3
Shoot -1.49 0.24 -0.29
Tiller axis 0.19 0.31 0.12
Root 0.75 -0.13 0.11
SE 0.066 0.046 0.038
p (compartments) 0.001 0.14 <0.001
p (dissection categories within tiller) <0.001 @00 <0.001

p (Tiller) 0.762 0.765 0.152
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Fig. 7.17 PC scores for the C and N traits of Alt@and Aberdart perennial ryegrass

cultivars for different root and shoot dissection omponents.

7.5 Discussion

7.5.1 C exchange between main tiller and daughtetller

Given ad**C value for brewery COof approximately -28.7%. (Appendix 7.2), and that
the predicted overall fractionation involved in tplotosynthetic pathway is 20%a
favour of “C (Farquhar et al., 1989), plant parts actingimisss such as the base of the
elongating leaf, should have h&idC much more negative delta values after labellivamt
brewery CQ. This clearly did not happen. In hindsight, it evident that in both
Experiments 6.1 and 6.2, the labelling of tillerside a closed bag with outlet €O
concentration often less than 200 ppm would havgelg prevented the preferential

uptake of'“C that typically occurs during photosynthesis inopen system. Under these
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conditions, C isotope ratio inside the bag willdezreased by nearly 10%. (Appendix 7.11)

(H Schnyder and R Schéaufele, personal communigation

Another factor reducing the ‘signal’ in labelledapts would have been the leakage of air
into the system at pipe junctions under suctiordit@ns that existed between the 3.8 m
gas bladder and the aquarium pumps. In supporhisfdoint, the Pearson correlation
coefficient showed a moderately strong and positeerelation (r=0.558, p=0.023)
between leakage and delta values at the base @fldhgating leavesst®C,%o). As this
was the first stable isotope labelling experimettérapted at the Institute of Natural
Resources, Massey University these problems aibuda#d to inexperience. To overcome
these problems in a future experiment options ohelyi) increasing the flow rate so that
the removal of C@from the gas flow during labelling is no more tHEd?6 (e.g. 400 pm
to 360 ppm), (ii) placing the aquarium pumps inside gas bladder so that the entire
system would run at positive pressure, and (iiiyisiag a labelling system usingC
enrichment instead of°C depletion so any reduction in photosynthetic dpet
discrimination from labelling in a closed bag woulginforce rather than reduce the

isotopic signal in labelled plants.

However, even though the labelling signal was wehg, significant variation between
two unlabelled tillers for root dissection categsrand more negative values for DTL-MT
than MTL-DT for cultivar Alto in Experiment 6.1 (B&e 7.2) suggested that significantly
higher C was translocated from the labelled DT {b tHanvice-versa With the cultivar
Aberdart in Experiment 6.2 (Fig. 7.10) there wassmgle dissection component with
statistically significant differences i **C among the four tiller groups, but for all 11
plant parts, thé °C value was numerically more negative for MTL-DBrthfor DTL-MT.
Under binomial probability theory in non-parametstatistics the probability of this
occurring is %2*10 (p<0.001). Hence a follow up expent to clarify if this result was
real or an artefact would be desirable. There igotential biological reason for this
difference between cultivars. In a field sward, Alzet tends to have a higher density of
smaller tillers than New Zealand bred cultivarseliklto (Weimar, 2006). Both for a
comparison between Grasslands Ruanui (which ha®wtly habit similar to Aberdart)
and Ellett (which has a habit similar to Alto) afadt two cultivars of the tropical grass
Panicum maximumvith contrasting tillering patterns (Carvalho &t 2006), there was

evidence that the cultivar with the greater tifltiming habit transmitted more C substrate
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to daughter tillers than the cultivar with a lovpapulation density of larger tillers in field
swards. These earlier reports indicate cultivafed#hces in translocation of C between
MT and DT that are consistent with the hypothesisifterence between Alto and
Aberdart when supplied witHC enriched C®in these two experiments.

7.5.2 N exchange pattern between the main tillemd the daughter tiller

Labelling the roots of the MT wit/°N resulted in a significantly lower share of new N
reaching the DT than reached the MT of the DTL fd4fig 7.13). The shoot parts and
tiller axis of the DT of the MTL plants also receds a significantly lower share of N
compared to the MT of the DTL (Fig. 7.12). Thisuksndicates that net gain of total
uptake by a grass plant is for MT than adult DTd #us the process probably keeps DTs
comparatively smaller in size by reducing the glowt DTs to a rate comparatively
slower than MT (Table 3.3).

Significantly higher new N recovery from the youndmaves and also from the younger
roots compared to the older dissection componehig. (7.12, 7.13) suggested the
requirement of new N varies with age of tissueoived in synthesis of structural and
functional protein. Lattanzi et al. (2005b) obsentbat for mature grass roots, net N
accumulation diminishes over time and stops whdolidéed, but in growing roots N

accumulation continues even after defoliation.

7.5.3 Inter-segmental C-N relations

The N isotope ratiod{°N) increased from the younger to older leaves {Fig). Possibly
during N remobilization from older leaves at thegnescence’®™N was preferentially
retained and a greater share“f recycled in the N remobilization process. As bogw
shoot growth receive most recently derived C an(Lattanzi et al., 2005a), the young
shoot and root dissection categories appear totamaisimilar N isotope ratios. This
suggests that these growing regions receive N tt@rsame substrate pool, whether it is
root derived or remobilized N. The difference ing6topic ratio in the new and old leaf
tissues (Fig. 7.16) indicated that the abundanc€®in the mature leaves compared to
growing leaves might be associated with photosyitttvapacity of those tissues which is
in turn depended on Rubisco content of the tisstiee. increasing pattern 6f3C (%)

with increasing root age suggests that a decred$€ in the old root tissues is associated
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with supply of recently assimilated C. It is knowhat supply of photosynthates

diminishes with root aging (Matthew and Kemball9T® However, the decreasedtN

(Fig. 7.15) and the increase d°C (Fig. 7.16) with increasing root age are obséowat

not previously reported in the literature explobgdthe author. Further experimentation is

therefore needed to explore the possible physicédgeasons behind these processes.

7.6 Summary

Tracing the destination of photosynthesis produas partly successful although
the enrichment of’C in fed-CQ was counteracted by a reduced discrimination
resulting from closed-system-labelling. Despitesttmore negative values &°C
(%0) for MT of DTL compared to DT of MTL indicatedeh C translocation
towards MT in cultivar Alto in Experiment 6.1.

In Experiment 6.2 there was a suggestion of contipatg higher C translocation
from MT to DT compared to reverse translocatiorcuttivar Aberdart, but this
was not confirmed as statistically significant #oary dissection component except
as marginally significant for leaf sheaths. A rep@egperiment is needed to clarify
if this effect is real or an artefact.

Similar to C translocation for Alto in Experimentl6N transfer to DT of the MTL
plants was much smaller than the reverse transiar DT to MT of DTL plants in
Aberdart. These variations were significantly diffiet for the log-transformed data
of the individual tiller, shoot dissection categsriand young roots and also
marginally significant for the middle aged roots. would appear from this
evidence that N transfer from a DT to its MT maytribute to the DT being
smaller than the MT at a given age (see Chapter 3).

Deposition of°>N label was quite similar in young leaves and rpctmsistent
with active movement of recently acquired N to laadfl root growth zones;
Routine analysis of unlabelled plants detected nesmjve depletion of’C
(increasings**C) moving down the tiller axis and progressive déph of N
(increasings*N) moving up the tiller axis. Further study is neédo explain this

observed pattern.
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Chapter 8: Evidence of N Concentration
Oscillation: Pattern and Possible Causes of N Flux

in Barley Shoots

8.1 Introduction and Overview

This chapter further investigated a recently regmbpphenomenon of cyclic fluctuation in

N-concentration in leaves of barlefldrdeum vulgard..). Two separate experiments are
described, in which the aim was to confirm the presly reported periodic variation in N

concentration in the tiller axis of barley plarasad the relation between N oscillation and
leaf appearance interval, in barley plants durir@rtvegetative growth stage.

Chronologically this was the first experiment oé tRhD programme and so is referred to
here as Experiment 1. Plants were grown in hydrgpoulture using the same facility
described in Section 4.3 (480 plant capacity: 294rof 24 plants) located at the Massey
University Plant Growth Unit. Barley was chosen tag test plant because of the
comparatively large tiller size, for ease of samgpli It was felt that preliminary
familiarisation with barley growth patterns woule llesirable but that this could be
combined with Experiment 1 with the aim of confingithe previous observations of N-
concentration oscillation. It was also decided tdraduce leaf excision treatments
designed to cause perturbations to the plant iatédrcycling, as a means to make logical
inference about the N-oscillation phenomenon. Aofelup experiment (Experiment 2)
was conducted to compare results for plants in BExgat 1 in hydroponic culture with
plants of the same barley cultivar grown in soil. s&cond follow up experiment

(Experiment 3) was inconclusive and is not reported



Chapter 8 Evidence of N concentratsaillation

8.2 Initial concept

Oscillation in N concentration of cell sap was d#xd by LJ Irving and C Matthew in an
unpublished manuscript reporting data collecteMassey University in 2006 (Appendix
1). In that report it was presumed that the obskoszillation in N concentration in the
tiller axis must arise from asynchrony between Nake by the elongating leaf and

recycling from senescent leaves.

There is little precedent in the literature for@stillation in plant N-concentration in the
Poaceae. Cyclic variations of N uptake are repariesbybean (Tolley and Raper, 1985;
Tolley-Henry et al., 1988; Vessey et al., 1990; &ajr et al., 1991) and roses (Cabrera et
al., 1995). In soybean, cyclic variation of N updias been studied both in vegetative and
reproductive growth phases. The authors found plabdicity of the oscillation during
the vegetative phase corresponded to the leaf @meegnterval. In roses, the periodicity
of cyclic N uptake could be related to shoot depelent and harvest (Cabrera et al.,
1995). However, the possibility of such an osdlatdid seem superficially credible
because substantial quantities of N need to flae snnew leaf at leaf development and
are known to be released again as the leaf ages @al., 1983; Makino et al., 1984;
Gastal and Nelson, 1994; Skinner and Nelson, 1$Euki et al., 2001; Irving and
Robinson, 2006) and these N fluxes are not contisubut occur for discrete periods of

time.

In order to test this hypothesis of N-concentratisuillation, 3 separate measurements on
perennial ryegrass and barley plants were madevingl with a pulse in N-concentration
observed in each case (Appendix 1). Since N amalygithe Kjeldahl method involves
destructive sampling, the technique used to debecbscillation in N-concentration was
to synchronise the leaf appearance cycles of a aurob plants so that destructive
harvesting of individual plants at regular timeemvals over the duration of a phyllochron
would reveal the relationship between N-concermiratin the tiller axis and the
development stage of the elongating leaf. Sincdepacultivars are developed by
inbreeding, different plants of the same cultivan ®e regarded as genetically identical
for the purposes of providing experimental replmat
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Since the N-oscillation data (Appendix 1) on whiElxperiment 1 was based was
interpreted as indicating remobilization of degiadeubisco from older leaves as a
primary reason for periodic pseudostem N incretts® hypothesis was that excision of
one or more leaves would interfere with the normaloscillation, specifically by

decreasing the amplitude of influx occurring at tinee when the excised leaf would have

undergone senescence (Fig. 8.1).

=0=Normal N-concentration oscillation

4.5 - —N-concentration oscillation of diminished amplitudeen excised leaf
would have died

3.5

2.5

15 | T

1r period when excised leaf
05 - would have senesced

% N in the leaf tissue

0 5 10 15 20 25 30 35

Days after leaf excision treatment
Fig. 8.1Hypothesised effect of leaf excision on the platerinal N-concentration cycle at

the fourth leaf when oldest leaf is excised at Day

In addition to the hypothesised effect on N cyclimgaf excision would reduce the
photosynthetic area and thus reduce carbohydrat@uption. It was not known how a
reduction in carbohydrate availability might afféttycling, so to evaluate this question a
leaf shading treatment was also included in Expeminl to compare the effects on N
oscillation of excising or shading the same leabtbierwise identical plants.

Accordingly, the following objectives were definka Experiment 1:
1. Familiarization with barley growth patterns iydhoponic culture;
2. Confirmation of a tiller axis N-concentrationcdktion as described in the data

reported in Appendix 1;

216



Chapter 8 Evidence of N concentratsaillation

3. Investigation of involvement of other plant angabeside the tiller axis in the N-
concentration oscillation;

4. Comparison of the effects of leaf excision aedflshading on N-concentration
oscillation.

Objectives 2 & 3 were further investigated in ddal up experiment, Experiment 2.

8.3 Experimental
8.3.1 Experiment 1

The hydroponic system used was described in seeiBn Briefly, the nutrient flow
system comprised independent twin tanks (120 L )earld each tank supplied 10
individual trays with nutrient solution as descdb& Table 8.1. Root aeration was
provided to each tray via controlled release of pmesed air. The barley( vulgare

variety used was Cask.

Table 8.1Nutrient composition used for growing barley ptaimt Experiment 1

Chemicals mM strength
NaH,PC4 0.6

KSO, 0.3

CaCb 0.3

H3BO3 0.05
FeEDTA 0.09
MnSQO,.5H,0 0.009
ZnS04.7HO 0.0007
CuSQ.5H,0 0.0003
NasMo04.2H,0 0.0001

The N source was NfNO; which provides both ammonium and nitrate. The ientr

solution was renewed every two weeks. A pH of 5.5#0r the nutrient solution was
maintained using 6M HCI and 2M KOH as required.d®ES (approximately 2mM, see
Section 4.3.6) was added to each tank as a buffassist in maintaining a stable pH.
Seeds were germinated in clean tap water floatefbam net inside the plastic trays.
Around 1000 seeds were germinated in 4 trays irrotdl select 180 healthy seedlings
with synchronised leaf appearance at transplan#ingotal of 180 seedlings with leaf
appearance synchronised in this way were transggafitay 0, on 6 July 2008, 7 days
after germination) to the hydroponic system follogvia randomized complete block

design (RCBD) and 48 additional seedlings weresprlamted and maintained as reserve
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plants. Seedlings from the RCB design that becanhealthy were replaced with reserve
plants. The leaf appearance intervals were recorded

Three treatments were included in the experimesigde (i) control, (ii) excision of the
first leaf (the oldest leaf) on Day 22 (27 July 80@2 days after transplanting), and (iii)
shading of first leaf by aluminium foil from Day ZBig. 8.2). Each of the three treatments
was replicated three times within the RCBD, and 188 plants therefore provided for a

time series of 20 sampling dates.

(b)
Fig. 8.2(a) Shading of Leaf 1 (oldest leaf) by aluminiuni;f(b) Leaf chlorosis after foil

sleeves had been in place for one week.

Excision and shading treatments were imposed atpipearance of leaf four. The leaf
lamina of the oldest leaf was removed or placed ifoil wrap for the 60 randomly
selected plants of the Excision and Shade, tredatrespectively. Plants were sampled
every day for the first 11 days after imposing tmeents (from Day 22 to Day 32), then
from Day 33 onwards the samples were collected amyalternate days. On each
sampling day, 9 plants were destructively harveg¢gegdlants from each treatment). The
shoot of each plant was divided into eight différeegments: lamina of leaf 2, leaf 3 and
leaf 4; sheath of leaf 2, leaf 3 and leaf 4; thenntiller axis and the first daughter tiller
(DT1). Samples were stored at °80after being snap frozen in liquid N.

After drying at 60C in a forced air draft oven, samples were cut sitwall pieces and
weighed. The sample weights varied from 1 to 100 Bagh sample was digested with 4
mL digest acid (concentrated:$0y, with selenium and ¥SO;) and heated to 360 in a
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microkjeldahl digestion chamber (Ma and Zuazagd2)9After the overnight digestion,
approximately 46 mL distilled water was added athedigestion tube to make a volume
of 50 mL. The N concentration of each segment wsismated in pg g (ppm)

colorimetrically at 660 nm wavelength (Technico®73) Industrial method no 98/70w,
Tarrytown, New York, Technicon). N concentrationswmhen converted from ppm in

solution to percentage of DW in the plant tissupg@ndix 8.1).

8.3.2 Experiment 2

A total of 30 synchronized plants were transplanted separate polybags filled with
potting soil. The soil was fertilized with osmocd@geslow release fertilizer, longevity 3-4
months at 29C temperature, contains 15%N, 4.8% P, 10.8% K, 3%2% Mg, 0.02% B,
0.05% Cu, 0.4% Fe, 0.06% Mn, 0.02% Mo, 0.015% Zfpte transplanting. The plants
were irrigated by capillary irrigation. The leaf pigarance and the tiller appearance
intervals at the leaf axes were recorded. Samgleation was commenced from 35 days
after transplanting. The samples were collecte@\ery alternate day. Three plants were
destructively sampled to obtain the following saesplleaf 4 lamina, leaf 5 lamina, leaf 6
lamina, leaf 7 lamina, tiller axis and the daughiléer at the axis of leaf 5 (DT 5). Tissue

N concentration of the samples was determined swrithed in section 8.3.1.

8.3.3 Statistical analysis

ANOVA was conducted using the Generalized Lineard®lo(GLM) command of
MINITAB 15 statistical software (Minitab Inc. Stat€ollege, Pennsylvania). For
Experiment 1, a total of 162 data (18 sampling glat8 treatments x 3 replications) were
used to test the effects of treatments on N conagon, variations between harvest date
and date x treatment interaction. Because sepplatgs were harvested at each date, a
repeated measures analysis was not needed. Forifagpe?2, a total of 30 data were used
for ANOVA, those include three replications for 4@mpling dates.

To test statistically for evidence of oscillatids,concentration of different segments was
regressed against the harvest date (expressedyassii@e start of the experiment) to
remove any linear trend of declining N concentrabeer time, and residuals were stored.

For both experiments, residuals for N concentratimre then regressed against time

219



Chapter 8 Evidence of N concentratsaillation

expressed as a sine curve constructed to that leatlappearance interval represented

360°, to test for any periodicity linked to leafpgarance on the main tiller.

8.4 Results

8.4.1 Evaluation of N concentration oscillation irthe tiller axis

In Experiment 1, the tiller axis N concentrationosled an oscillation with 4-5 days
periodicity between Day 32 and Day 44 after traasihg (Fig. 8.3). Leaf appearance
interval during the sampling period was also 4-§sdd he residuals for N concentration at
each harvest date of all three treatments showgllyhsignificant dependence on sine
values representing leaf appearance interval amdehéndicated an oscillation cycle
(p=0.026) (Fig. 8.3). ANOVA using the GLM procedusdso showed statistically
significant variation among the different harveatas for the tiller axis N concentration
(p<0.001) (Fig. 8.3). The variation for percent khamg the three treatments was
statistically non-significant (p=0.16) (Fig. 8.3)he date x treatment interaction was also
non-significant (p=0.89) (Fig. 8.3). The rise inddncentration in the tiller axis did not
appear to coincide with addition of new N in thetrimnt solution. N-concentration
fluctuation for excised and shaded plants did mat@de with control plants for the first
10 days after treatment (Fig. 8.3).
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% N in plant tissue
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Days after transplanting

Fig. 8.3 N concentration in the tiller axis of barley plagt®wing in hydroponic culture

during the vegetative growth phase under thrednrets in Experiment 1. The
treatments were imposed 22 days after transplantfiegtical bars indicate the

standard error of mean at each harvest dateleAf appearance interval.

In Experiment 2, the same barley genotype growmnggil also showed a decline in tiller

axis % N concentration over time (p<0.001, Fig 8wijh an apparent fluctuation of 4-6

days periodicity in the speed of the decline. Theiqalicity in rate of decline of N

concentration in the tiller axis appeared to becimad to the timing of leaf appearance

events and a sine test as above showed the evidénseillation (p<0.001; Fig. 8.4).
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Fig. 8.4 N concentration (%) in the tiller axis at successdestructive harvests in

Experiment 2 of barley plants growing in soil.

8.4.2 Evaluation of N concentration oscillation inleaf laminae and sheath

segments

In Experiment 1, the trend of rise or fall in N centration for other shoot parts was
dissimilar to that of the tiller axis (Fig. 8.5). ddncentration of the other shoot segments
decreased at a slower rate with plant age compgaréuk tiller axis (p<0.001; Fig. 8.5).
The regression test for residuals of N concentnagibthe different sampling days against
sine values for N concentration fitted with leafpaprance interval was statistically
significant for leaf 2 sheath (p=0.004), leaf 3atheg(p=0.001) or leaf 4 sheath (p=<0.001)
and between sampling Day 32 and sampling Day 4&kperiment 1 (Fig. 8.5).

In Experiment 2, only DT5 among all the dissecteaf segments showed and indication
of significant correlation (p=0.069) between thesideals from a regression of N

concentration on time and sine values representiagpassing of time in phyllochrons

(Fig. 8.6).
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Unlike Experiment 1, all shoot segments followedimilar trend in fluctuation of N
concentration and also quite a similar gradiendexfreasing N concentration over time as

the segments aged (Fig. 8.6). In common with Expent 1, all shoot segments exhibited
a decline in N concentration over time (p<0.003, BL6).

10 —o—Leaf 2 Lamina —e—Leaf 3 Lamina —e—Tiller Axis
A N addition —o—Leaf 4 lamina —e—Leaf 3 Sheath

—o—Leaf 4 Sheath Tiller

NG
. l\/‘mya\

22 23 24 25 26 27 28 29 3031 32 34 36 38 40 42

Days after transplanting
Fig. 8.5 N concentration (%) of different shoot segmentsbafley plants growing in

hydroponic culture for successive harvest dates tfeg control plants in
Experiment 1
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Fig. 8.6 N concentration (%) in the different shoot segmaitbarley plants at different

harvest dates for the plants growing in soil in &xmpent 2.

8.4.3 Evaluation of effect of perturbation of photsynthetic area on N flux

Both excision and shading significantly decreasexlNl concentration for the first 7-8 days
after treatment, compared to Control plants (FigZ, 8nd Table 8.2). Individual shoot
segments after 8 days of treatment returned toNtHoencentration fluctuation seen in the
Control treatment (Day 29 and Day 38 harvests, 8ig). The N concentration was again
significantly lower after 16 days of treatment, foperiod of time (Days 38-44, Fig. 8.7, Table
8.2). Like the leaf 3 lamina (see Fig. 8.7) ledd@dhina and DT1 also had a similar pattern in N
concentration fluctuation (see Table 8.2).
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Fig. 8.7 N concentration fluctuation in Leaf 3 Lamina of legrplants during vegetative

growth under Control, Excision, and Shading treatt:i@mposed at Day 22.:A
leaf appearance interval. For Excision and Shattesfments the oldest leaf (Leaf
1) was either excised or shaded, respectively.

Table 8.2 N concentration (%) of leaf 4 lamina (L4) and dagghiller 1 (DT1) at

different sampling dates after transplanting untleee different treatments —
control, excision of the oldest leaf, shading of thidest leaf. Treatments were
imposed on Day 22.

Treatments Day 23-29 Day 30-37 Day 38-44

L4 DT1 L4 DT1 L4 DT1
Control 8.20 7.88 7.74 7.65 7.25 7.03
Excision 7.79 7.34 7.85 7.08 6.90 6.31
Shading 7.79 7.48 7.68 7.08 6.97 6.16
SE 0.08 0.13 0.087 0.24 0.09 0.16
P(Treatment) 0.001 0.016 0.35 0.17 0.03 0.001
P(Day x Treat) 0.14 0.55 0.54 0.99 0.50 0.63
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8.5 Discussion

8.5.1 Evidence of N flux and N oscillation

The evidence of N-concentration oscillation at tiler axis and leaf sheaths obtained in
Experiment 1 was also reproduced in Experimentr2iller axis and youngest DT, but
that was not evident in other leaf segments. Tée and fall in N oscillation had 4-6 days

periodicity in both of the experiments (Fig. 8.3)8

Possibly, the fall in N concentration at the tilteds after leaf appearance might be linked
to meet demand for N during cell division and exgan of the newly appeared leaf
(MacAdam and Nelson, 1989). Newly formed leaf ieside pseudostem is the site of N
deposition for both soluble and insoluble N, wittatt N later involved in processes like

Rubisco formation and chloroplast formation (Fig; Zkinner and Nelson, 1995).

A trend of decrease in N concentration with timalashoot segments including the tiller
axis in both of the experiments indicated the Wwelbwn ontogenetic effect of reduction in
total N% as plants grow. One factor contributingHis effect is the increasing percentage
of stem tissues and decreasing percentage ofi$saks (Justes et al., 1994; Marino et al.,
2004; Lemaire et al., 2008). In Experiment 2, N catration of different segments
showed a decline with age similar to that of thkertiaxis. A slower rate of N
concentration decline in the leaf segments comptardake tiller axis (Fig. 8.5) is probably
associated with type of N- compounds present ipaetive segments, e.g. leaf tissues
contain Rubisco and chlorophyll are the nitrogencampounds which have distinct

pattern of turnover cycle might be longer thanaggnous compounds in stem tissues.

8.5.2 Evaluation of leaf shading effects on the patrn of N oscillation

The excision and shading treatments decreased thenientration of the shoot parts
immediately after the treatment imposed (betweely B2-37) (Fig. 8.7, Table 8.2)
suggesting that excision/shading of photosynthatea leads the plant to produce less
photosynthate which eventually affects N uptakéhefperturbed plants since N uptake by
shoots occurs due to exchange of C with roots €yodnd Raper, 1985). The DW of
Leaf 1 at the time excision was around 10 mg whiels in between 1/6 to 1/8 parts of
total DW of the shoot. The plants at the time @& éxcision treatment had a maximum of

four live leaves and thé™eaf was just appearing. A DT was also appearirthia time.
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Thus the variation between control and excisedsthgudants for N concentration can be

photosynthesis driven.

As the leaves aged and plants grew between Dayp@®ay 37, individual leaves (Leaf 3
and Leaf 4) from different treatments retained EmN in their tissues. The variation in N
concentration (%) between Day 40 and Day 44 is hafrdexplain. The following
component processes may contribute to that vaniat)ahe leaves of the stressed plants
(shaded and excised plants) started degradingagtigl and leaf Rubisco comparatively
earlier than the Control plants to bring a sigmifitdifference in N concentration between
Day 40 and Day 44. The age of Leaf 3 and Leaf 4amasnd 36 and 32 days respectively.
Therefore it is likely that Rubisco degradation wasgoing (Friedrich and Huffaker,
1980; Irving and Robinson, 2006) at that leaf agethe respective leaves (Leaf 3 and
Leaf 4) of the control plants received remobilia¢ct senescence from Leaf 1. However,
this explanation is less likely because the leaneguestion were too old to receive any
significant share of remobilized N from the adjacelder leaves, iii) Leaf 3 and Leaf 4 of
the control plants were still comparatively mordiac than those of treated plants and

thus were able to retain more root-derived N at skege.

8.6 Summary

N concentration at the tiller axis oscillated wélperiodicity that matched leaf
appearance interval in both experiments. The asiciti event was found to be
statistically significant and that matched withflegpearance interval but the
oscillation peaks were not as high as reportediapd and Matthew (Appendix
1). Irving and Matthew proposed N oscillation omythe tiller axis but this study
also found evidence of oscillation in leaf sheadnsl in other shoot segments

such as the youngest daughter tillers.

* N-concentration fluctuation in the other shoot patid not always match that of
the tiller axis. This was true in both experimeritscan therefore be concluded
that the tiller axis receives a pulse of N concaign for a discrete period.
Further study would be needed to determine if ow hascillation in N
concentration is related to N-uptake of developeayes.
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e Excision and shading of the oldest (and smallest) tlecreased N concentration
in some shoot segments for the first 7-8 days ftleenday of treatments imposed
and again decreased after two weeks but matchédcaittrol plants in between.
It can be concluded that excised/shaded young Planmmediately after the
treatment were in stress for C-assimilation duetiuction in photosynthetic area
which eventually resulted in less root-derived Ntakp. Lower leaf N
concentration at the later stage for the treateshtpl compared to the Control

plants might be due to early degradation of N-conmpis from the treated plants.

« Two different studies conducted in two differenbwymg conditions showed
weak oscillation of N concentration in the tillexxig Oscillation of N
concentration in the tiller axis although coincidetth each leaf appearance

interval but further strong evidence is needecctorfirmation.
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9.1 Review of thesis objectives and synthesis ofbrdts

9.1.1 Tiller axis morphology and co-ordination betwen leaf and root

appearance

The first objective of the thesis was to describe morphological and segmental
organisation of the tiller axis df. perennecultivars, Alto and Aberdart. In the Spring
experiment, a total of 15 phytomers developed ftto,A10 of which bore roots; 16
phytomers developed for Aberdart, 11 of which baets. In the Autumn experiment, a
total of 22 phytomers developed for Alto, and 17tledbse bore roots; 23 phytomers
developed for Aberdart, 18 of which bore roots. ®drequent new leaf appearance in
autumn resulted in a significantly higher total raen of phytomers per tiller than in
spring. The ratio between NPr and NLA differed #igantly between the two
experiments as NPr was significantly higher tharANh the Autumn experiment. This
result confirmed as hypothesised that in decreagtygength, leaves appeared at a slower
rate at successive phytomers compared to rootsnaimtreasing day length that pattern

was reversed (Table 5.4, see Section 5.5.1).

9.1.2 Leaf turnover pattern and photosynthetic efttiency associated with leaf
turnover

Objective ii of the thesis was to study the pattefnleaf turnover in increasing and
decreasing day length and to investigate the photbstic efficiency of the individual
leaves of known age. Leaves appearing in autunanfaster rate achieved significantly
higher FLL, LDW and LA with significantly shorterHD through significantly faster LER
than in spring (Chapter 4). The present study foilmad in changing growing conditions
LER has a vital role in leaf morphogenesis, whigerlaire and Agnusdei (2000) described
the central role of LAR influencing tiller morphaggtic and structural traits. The trend of
increasing FLL and LDW at successive phytomers othbexperiments reflected
increasing plant size. A consistent LED over thewgng period in spring indicated that
the effect of increasing plant size at successivgqgmers was partly negated by the
increasing day length, whereas decreasing dayHengtutumn reinforced that effect (Fig.

4.9), resulting in increased LED at successivelynger phytomers. Individual leaves
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achieved maximum photosynthetic capacity at P2egdly after achieving FLL and
between 12.5 and 14.8 d after appearance (Fig.).4NPBR decreased at successive
phytomers after P3 (Fig. 4.19). NPR of a particlgaf over its life span followed a log
normal curve similar to that described for cerdgitshe Rubisco turnover model of Irving
and Robinson (2006) and confirmed for perenniagirges by Khaembah (2009).

9.1.3 Dynamics of root production

Objective iii of this thesis was to study the deeidipattern of root turnover of Alto and
Aberdart perennial ryegrass cultivars in spring aotbmn in a phyllochron time scale.
The measures of root size RAL, RDWSA, and RV generally increased up to phytomer
6 or 7 in both seasons and also for both of theveus (see Chapter 5). Up to four lateral
branching orders were recorded (Fig. 5.13-5.15p Ttt that lateral root branching of
older roots reduces root mean diameter and allowdiraiing root development with
minimal weight gain provides a mechanism for desedarequirement of C for root
construction at the lower phytomers, providing atipent to reduced photo-assimilate
supply from the canopy as roots age (see Secttod,Matthew and Kemball, 1997). Fig.
9.1 provides a tentative tiller C budget includiestimated supply of C to successively
older Pr of Alto and Aberdart perennial ryegrasiéicars in autumn (see Appendix 9.1 for
details about compilation of Fig. 9.1). Assuming80f the available photo-assimilate
stream is consumed at each Pr, C availability doavde the tiller axis diminishes in an
exponential decay curve. As the roots get older,a$timated construction cost based on
observed DM deposition decreases and respiratish iogreases with increasing DM
accumulation (Fig. 9.1). The model output illustsathat at Pr6, canopy can supply only
enough C to meet the respiration cost and ther&Maealeposition nearly ceases (Fig. 5.6).
As roots get older, respiration cost increases@usupply diminishes rapidly (Fig. 9.1).
This implied negative energy balance probably ®#iggthe commencement of root
decomposition of the older roots in absence of BXTihose Pr. For the autumn roots at the
older phytomers below Pr10 a decrease in R&s observed along with an increase in RL
(Fig. 5.17). A decrease of RWith corresponding increase of Ris mathematically
possible when there is loss of length and decortipnsof some coarse root branches
occurring simultaneously with addition of finer tobranches at successively older
phytomers (see Section 5.5.5). The genotypes df ealtivar differed significantly for a
majority of root dimensions including RDWRL;, RSA, RV; (Table 5.6, Table 5.11-12;
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Crush et al., 2007), whereas none of the root dsoas except Rvand DMD, differed
significantly between the two cultivars, Alto andbédart. The results therefore suggest
that selection of genotypes for desired root treatsld be possible in breedihg perenne
cultivars.
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9.1.4 Plant architectural signal

Objective iv of this thesis was to explore whetbkanging phyllochron associated with
increasing or decreasing day length in spring amdnan, respectively, might result in
seasonal change in root:shoot ratio as hypothesigedatthew et al. (1998). As stated in
Section 9.1.1, the phyllochron in increasing daygtd in spring was shorter than the
rhizochron, andvice-versain decreasing day length in autumn, as indicatgdth®
NPr/NLA ratio (Table 5.4, see Section 5.5.1). Thepdrity between phyllochron and
rhizochron at a particular time was contributed dpatial difference in leaf and root
appearance at the tiller axis. As roots at a gplgytomer appear 5-6 phyllochron intervals
later than leaves at the same phytomer, the ratiwden phyllochron (first affected) and
rhizochron (not affected until some time later)sisbject to change in conditions of
increasing or decreasing day length. The ratio NIPx confirmed this effect in both
Spring and Autumn experiments (Table 5.4). In fielshditions, NLL usually ranges
between 3.5 and 4.0 (Fulkerson and Donaghy, 20fit),for both spring and autumn
plants NLL was much higher than normal (Table 53%).the other hand, plant size in the
Autumn experiment was much larger than that of $peing experiment (Table 6.1).
Despite these variations, there was a lower nunolbdive leaves per tiller to feed a
comparatively higher number of live roots in Aututivan in Spring. That means for the
autumn plants there would be expected to be moreo€demand (sink) per unit of C
supply from leaves (source) compared to the sppiagts. This resulted in a major shift in
RDW,:LDW; between the two experiments, with greater RPWW; at all phytomers
(Fig 6.2; p=0.004). Since leaf area of individuahvtes was significantly larger in the
Autumn experiment compared to the Spring experimentest the hypothesis (Matthew
et al. 1998) further a future study might be cafrieut in controlled environment
conditions with half of the plants maintained imsiated spring and half in simulated
autumn conditions, and then half of each grouplafts changed from spring to autumn
or vice-versa In this way, effects of seasonal or plant grovdhtors other than the
manipulated environmental variables (e.g., tempegatPAR) will be same for all groups

of plants.
Paradoxically, despite a larger NPr:NLL ratio inwaan than in spring, RDW.DW, was
marginally reduced (Table 6.1) even though TRASs significantly higher in autumn

(Table 4.7). The increased NPr:NLL ratio was prdpasissociated with significant
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reduction of RL.and RAL (Table 5.6, Fig 5.7, Fig. 5.8), RD\{p¥=0.037, Fig. 5.4), RSA

(p=0.003, Fig. 5.11), RM<0.001, Fig. 5.12) and DMX(p<0.01, Fig. 5.6) at different
phytomers in autumn compared to spring (Table &l#)ough tiller size in autumn was
much bigger than spring and may influence a pattisfpicture.

9.1.5 Economics of daughter tiller production

Objective v of this thesis was to explore the excjgapattern of recently assimilated C
and N between the MT and the DT. DTs translocatsymificantly larger share of N to
the MT than MT translocated to the DT (Fig. 7.11,27 7.13) and this unequal reciprocal
transfer process would keep DTs smaller in sizerdgucing their growth rate. In the
presence of two DTs, the MT of DT+ plants in thetuman experiment remained
significantly smaller in size for both LDMWand RDW indicating that DTs withdrew a
share of C assimilated by the MT for their develeptrand that caused a size reduction of
MT (Table 6.7). The significant reduction of new phoduction (Fig. 6.3) and higher
NLL:NPr ratio (Table 6.5) following adult DT excai indicated that plants adjust
root:shoot ratio by the cessation of root growtkd @arobably by increasing shoot growth
rate. A significant reduction of RDMLDW, at the older phytomers in the absence of DTs
in the Autumn experiment (Fig. 6.8) and significaeduction of RDW for the oldest five
Pr of Alto in the Spring experiment (Fig. 6.4) sagted that the growth of older roots of
MT is partly supported by C supply from the DT.

9.1.6 N oscillation in the tiller axis

Objective vi of this thesis was to investigate #ndence for recently proposed N
concentration oscillation in the tiller axis df. vulgare plants. The tiller axis N
concentration increased at each leaf appearance leuethe N concentration of the other
shoot parts did not always match the N flux of tiler axis at different harvest dates. A
regression test in which the linear-regressiondiesds of N concentration at each harvest
date were analysed with sine values for the pesitydof leaf appearance confirmed that
tiller axis N concentration had an oscillation &eand the peaks of each cycle coincided
with each of the leaf appearance event. The infiuX concentration at the tiller axis for
a discrete period at the event of each leaf appearaas possibly meeting immediate
high N demand for cell elongation and extensioleat appearance when LER increases
rapidly (see Fig. 2.3 in Section 2.4.2.5).
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9.2 Conclusions

This study provided a detailed description of seggalearchitecture of two perennial
ryegrass cultivars of contrasting breeding backgdogrowing in two contrasting day
length conditions. The study confirmed the hypathe$ Matthew et al. (1998) that for a
given phytomer at the tiller axis due to delay ke#w leaf and root appearance, the
decrease in phyllochron in increasing day lengthiaarease in phyllochron in decreasing
day length, respectively in spring and autumn brnm@phogenetic variation in root:shoot
ratio. Individual tiller size in autumn was greatean in spring as reflected by LQ\&hd
RDW,; (Table 6.1). RDWwas significantly smaller in spring compared téuaun (Table
6.1). However, that variation was not contributgd RDW,, but rather, variation in R
between two seasons was one of the key factorggalath NPr. It is not easy to
understand how autumn tillers achieved more roets ghytomer even though those
phytomers appeared at a faster rate than in sgPiogsible reasons include: (i) size of the
individual tillers (i.e., larger diameter of thdldér axis) provides a larger surface area,
allowing for the appearance of more roots at edugtigmer; ii) since a greater share of
photo-assimilate is transported to the youngesaRnuch higher net photosynthesis per
tiller might trigger release of more roots per gmyer in autumn than spring even though
these same roots might face C shortage for thegldpment due to higher NPr:NLL ratio
when they are older and moved downwards on ther tkis by the appearance of new
roots above. As number of leaves per tiller indfiebnditions is generally constant, and
ranges between 3 to 4 leaves, it might be worthemailexplore how root:shoot ratio may
vary in field swards. In the present study, vaoiatin total photosynthesis of all leaves per
tiller was achieved through larger LA able 4.7) which was contributed by both a higher
number of live leaves per tiller (Fig. 4.18) andrsficantly larger LA of the individual
leaves (Fig. 4.16) in autumn than spring, although LA in autumn was less efficient
than spring (Table 4.7). Therefore it might be ®sjgd to explore what makes the
autumn plants less photo-efficient even though #reyfrom the same cultivars. RAL, RL
and RSAwere significantly smaller in autumn comparedpdrgy (Table 5.11) and SRL,
SRSA, SRV were significantly higher in autumn thegring (Table 5.12) reflecting a
complex situation which deserves further invesiagatNegative PC3 coefficients of the
autumn roots for the following root dimensions: SEARSA and SRV (Table 5.13) and
positive PC3 scores of the spring roots suggestadautumn roots were more branched

than spring (Table 5.13). As this study has congpaoets of Pr7 in spring with those of
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Prll in autumn, further investigation in a futurgeriment would be worthwhile to
confirm that this variation is seasonal and nduericed by other factors such as differing

phyllochron interval.

This study used data for NPR of leaves of differages to infer the time course of NPR
during the leaf life span (Fig. 4.19), and ideetffia log-normal trajectory as for leaf
Rubisco concentration (Irving and Robinson, 200®)s study also used information on
development status of roots at successive phytotaerder the root development pattern
during the first 90 days of their growth. Duringotadevelopment a total of four root
branching phases were identified. Root branchirduces the C construction cost of
further soil exploration by roots of older phytomerhen C supply from the canopy is
reduced. Because of lower C supply, roots more #andays old appear to start
decomposition as evidenced by decrease in RV wRilecontinued to increase. This
observation was evident only in autumn. Fig. 9.4gests that older roots suffer severely
from negative C balance arising partly from the @tcof root respiration as root size
increases, and partly from their distance fromGhsource. A follow up study is needed to
confirm the deduction that this occurs due to thatkl of root branches under shortage of
C. This study also found that DT supply a significaroportion of DT’s root derived N to
the MT to feed the older roots which are closeh® ghytomer position of that DT on the
tiller axis. Since excision of DTs means a supmayrce of C for the older roots is
‘switched off’, the amputation of the DTs may cadte the early root death as reduction
of RDW at the older Pr is evident (Fig. 6.4, 6Bhis study hence identified a number of

research questions for further investigation.

9.3 Recommendations and further research
* In this study it was decided that a fixed N concaiin would be supplied

throughout the growing period in both experimemd ao N treatment would be
applied when studying the effect of seasonal vanatin day length, as
temperature and light are the variables of intei®isice in both experiments NLL
was much higher than usualuture studies might begin with a lower N
concentration and increase N supply proportionalti increasing plant size.

* For the ease of root isolation, the plants were ipudated in both spring and

autumn experiments which possibly resulted in highenbers of live leaves per
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plant by accelerating LAR. A further study on rdaotnover might be suggested
keeping the DTs intact, although in that case eolation would be much more
difficult.

* Further research might be conducted to explain fakier growing autumn leaves
have a significantly lower photosynthesis rate yo@t of leaf area. Is the variation
associated with higher dry matter content, or lowklorophyll content, lower
Rubisco content or due to presence of an ineffidrchemical pathway which is
again associated with thermal time?

* Root hairs potentially contribute approximately 9@¥root surface area and are
the functional components of all the branches. Bugme constraints it was not
possible to study root hair demography of the déife branching phases and at the
root axes of roots of various diameters. The aolditf root hair data to the root
branching (Chapter 5) would complete the detailedcdption of root system
morphology.

* Adecrease in RV corresponding with increasing length and also an increase in
tissue density for the older roots are the obsematthat provide new insight to
understand the C economy of older roots, the quedheing: ‘what are the
possible sources of C for the respiration and fow construction of older roots
either in presence or absence of DT at each Pr'?

« Since the labelling experiment involvintfC-enriched C® had a planning
oversight that resulted in a near undetectdf®0O, signal at the destination
segments, and time constraints did not allow thegeement to be repeated, a
further study to clarify and confirm the C exchampgdtern between main tiller and

the adult daughter tiller would be of benefit.
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Appendices

Appendix 1 Irving and Matthew submitted manuscript to Anrafl8otany journal

Title: Plants with a pulse: N fluctuations in the tillisaof graminaceous plants.

Abstract

Mathematical modelling of leaf protein turnover whole tillers suggests the existence of an
oscillation in tiller axis N concentrations throutime.

Developmentally synchronised ryegrass and barlagtplwere destructively sampled through time,
and their N levels in the pseudostem / tiller ayiantified. In the barley plants, soluble N, stdub
protein N and nitrate N levels were also measutada third experiment, we quantified amino N
levels.

A regular oscillation was noted in both speciesclfdorresponded to the leaf appearance interval
(phyllochron). In barley, this oscillation wasdaty attributable to changes in amino N levels in
the tiller axis. These amino acids are presumtddyresult of leaf protein turnover.

Perturbations in this oscillation precede changesleaf growth rates, suggesting that this
represents a cause, rather than an effect ofgteafth, and may represent a timing mechanism for

leaf developmental processes, and may have imiglicain controlling grain number in cereals.

Note: Please see the full manuscript in the enclosedf@Ber: Appendix 1.1

Appendix 4.1 ANOVA structure to estimate statistical variatibetween experiments,
cultivars, genotypes within experiment and cultiy@rytomers within experiment
and cultivar following general linear model (GLM) MINITAB 15 statistical
software package. Exp, Experiment; Cul, Cultivaen®, Genotypes; ClonalRep,
Clonal replicates. p phyllochron, as an example.

MTB> GLM Ax= Exp | Cul Geno (Exp Cul) ClonalRep (Exp Cul GeRbytomer (Exp Cul) ;

SUBC> means Exp | Cul Geno (Exp Cul) ClonalRep (ExpGeno) Phytomer (Exp Cul);

SUBC> test Exp/ Geno (Exp Cul);

SUBC> test Cul/ Geno (Exp Cul);

SUBC> test Exp*Cul/ Geno (Exp Cul);

SUBC> test Geno(Exp Cul)/ ClonalRep (Exp Cul Geno);

SUBC> test Phytomer (Exp Cul)/ ClonalRep (Exp Ceh@G).

Folder name in the CD for dat&Chapter 4 / Leaf data — 1082and “Chapter 5 / Root

data — 1082”



Appendices

Appendix 4.2 Leaf morphological data for the individual tillec§ Alto and Aberdart

perennial ryegrass cultivars in Spring and Autumpegiments, mean phyllochron

(Ay) in days, leaf elongation duration (LED) in daleaf elongation rate (LER)

mm d*, number of visible elongating leaves (NEL), fitedf lamina length (FLL)

in cm leaf*, mean leaf dry weight (LDWin mg leaf', mean leaf width (LW) in

cm, leaf area per (LAin cnf leaf', specific leaf area (SLA) in chyg?, leaf life

span (LLS) in days, number of live leaves pertti([dLL) and net photosynthetic
rate (NPR) in umol Cocm? s™.

Cultivar-Experiment 4 LED LER NEL FLL LDW, LW LA, SLA LLS NLL NPR
Alto-Spring 756 113 16.2 145 182 409 0.61 7.8199 55 7 16.1
Alto-Spring 7.44 11.0 187 145 206 474 0.59 8.4@15 58 8 156
Alto-Spring 7.44 102 164 138 16.6 355 0.62 7.1480 65 8 125
Alto-Spring 8.33 123 17.1 147 19.6 469 0.68 9.3399 58 7 138
Alto-Spring 578 89 204 158 17.7 425 0.66 82211 52 8 222
Alto-Spring 7.89 122 177 164 209 49.1 0.72 10.5280 66 8 13.2
Alto-Spring 8.00 11.0 21.0 1.38 215 387 0.65 9.8254 55 6 18.7
Alto-Spring 8.33 10.7 20.3 129 21.7 417 0.65 9.9236 56 7 174
Alto-Spring 8.33 10.6 190 1.24 209 417 0.67 9.8236 62 7 194
Alto-Spring 8.89 112 146 139 148 23.7 0.67 6.9234 54 6 184
Alto-Spring 763 111 151 149 17.0 32.2 0.68 8.1257 58 7 126
Alto-Spring 7.44 10.8 16.3 148 18.0 34.1 0.42 5.3085 73 8 16.6
Alto-Spring 7.33 101 184 140 18.6 33.3 0.49 6.3213 52 6 14.0
Alto-Spring 8.00 12.0 165 159 19.1 51.7 0.44 5.9049 46 6 15.0
Alto-Spring 7.89 117 152 155 177 478 0.62 7.6480 61 7 145
Alto-Spring 822 119 176 154 19.0 504 0.63 8.4211 51 6 16.0
Aberdart-Spring 822 112 174 140 18.7 31.7 0.48.14 194 77 9 171
Aberdart-Spring 700 105 214 153 214 36.4 0.69.24 254 56 8 146
Aberdart-Spring 733 10.6 176 159 169 287 0.62.32 281 77 10 143
Aberdart-Spring 767 111 174 140 19.8 514 0.79.76 190 63 8 144
Aberdart-Spring 8.33 11.8 16.7 149 214 556 0.78.26 262 70 8 154
Aberdart-Spring 756 11.1 195 150 226 54.6 0.710.12 249 72 9 139
Aberdart-Spring 6.89 109 19.2 161 206 454 0.69.39 182 48 7 174
Aberdart-Spring 7.00 109 183 1.60 20.1 43.2 0.12.06 242 59 8 107
Aberdart-Spring 8.78 12,6 188 151 220 551 0.218.72 279 70 7 206
Aberdart-Spring 767 121 179 160 21.0 440 0.19.95 237 68 8 182
Aberdart-Spring 856 11.8 169 1.38 18.8 414 0.88.95 264 73 10 131
Aberdart-Spring 8.33 11.8 19.2 147 221 48.6 0.58.99 136 70 9 138
Aberdart-Spring 700 109 206 154 216 649 0.60.02 139 68 8 15.0
Aberdart-Spring 6.56 109 21.7 165 225 63.2 0.62.68 196 76 9 150
Aberdart-Spring 6.89 104 19.1 145 214 343 0.69.63 281 70 8 16.0
Aberdart-Spring 778 11.8 121 150 13.7 20.7 0.66.30 287 75 10 14.0
Alto-Autumn 585 75 39.8 135 276 829 0.63 12.0849 64 8 18.6
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Appendix 4.2 (continued)

Alto-Autumn 5.62 7.1 431 138 305 829 0.69 14.7864 58 8 156
Alto-Autumn 4.86 72 319 160 225 58.1 0.53 8.3142 53 8 146
Alto-Autumn 5.92 9.0 352 164 306 113 0.70 14.9331 70 9 109
Alto-Autumn 521 78 359 153 278 93.4 0.66 12.9145 46 7 16.0
Alto-Autumn 5.46 7.7 372 157 286 959 0.70 13.9228 57 7 135
Alto-Autumn 585 79 345 138 26.1 84.2 0.57 10.3825 62 8 205
Alto-Autumn 5.69 80 396 153 312 62.7 0.48 10.5474 74 9 151
Alto-Autumn 5.07 70 350 156 239 57.4 053 8.9267 65 9 176
Alto-Autumn 5.13 80 342 163 26.0 719 0.57 10.2956 59 9 209
Alto-Autumn 515 75 381 148 280 67.4 057 11.1169 68 9 117
Alto-Autumn 5.33 7.7 355 154 264 576 0.48 8.8449 56 8 145
Alto-Autumn 5.57 88 36.8 1.66 30.5 68.0 0.56 12.0386 62 9 174
Alto-Autumn 520 88 36.6 1.76 30.1 78.6 0.59 12.3963 56 9 201
Alto-Autumn 5.21 7.7 40.7 156 31.0 91.7 0.68 14.7454 65 10 173
Alto-Autumn 6.25 79 432 137 3338 86.7 0.59 13.9155 60 7 17.0

Aberdart-Autumn 6.67 99 410 156 36.8 122 0.71.388 155 67 9 179
Aberdart-Autumn 5.92 98 349 172 323 127 0.69.615 157 69 9 132
Aberdart-Autumn 4.56 89 358 201 305 96.1 0.63.44 141 74 14 158
Aberdart-Autumn 4.69 9.0 328 243 254 101 0.60.690 128 70 12 19.9
Aberdart-Autumn 4.56 94 354 213 30.2 104 0.66.883 139 68 14 149
Aberdart-Autumn 4.31 88 326 221 257 105 0.60.740 116 63 14 14.2
Aberdart-Autumn 4.06 86 36.0 250 29.0 113 0.62.562 119 66 14 148
Aberdart-Autumn 4.63 84 327 190 246 113 0.63.930 112 72 14 149
Aberdart-Autumn 5.08 80 348 169 288 77.1 0.63.01 158 80 11 142
Aberdart-Autumn 4.93 8.7 363 189 312 100 0.66.324 147 65 11 147
Aberdart-Autumn 500 84 365 230 303 829 0.63.3@ 199 72 12 115
Aberdart-Autumn 4.88 94 356 194 314 113 0.62.603 141 80 15 129
Aberdart-Autumn 5.07 89 358 182 304 104 0.70.834 144 65 11 147
Aberdart-Autumn 5.19 84 382 175 288 104 0.67.433 136 72 12 13.9
Aberdart-Autumn 540 93 356 179 311 925 0.68.38 151 84 12 128
Aberdart-Autumn 5.47 9.2 363 176 30.2 86.2 0.54.80 139 67 11 120
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Appendix 4.3 Leaf area and net photosynthetic rate at diffepérytomer positions (P) of

Alto and Aberdart perennial ryegrass cultivars pmisy and Autumn experiments.

P1 is the youngest phytomer.

Leaf area (cf)

Photosynthetic rate leafimol CQ m“s"

P Alto- | Aberdart-| Alto- [ Aberdart-| Alto- | Aberdart-| Alto- | Aberdart-
Spring | Spring | Autumn| Autumn | Spring| Spring | Autumn| Autumn

1 5.30 4.12 6.54 3.85 15.4 13.7 13.2 12.1
2 13.2 16.5 154 12.6 19.2 17.6 18.0 15.0
3 12.6 18.2 16.9 16.6 16.9 16.9 18.2 16.7
4 10.8 15.9 16.3 16.9 16.0 14.0 17.6 15.2
S 9.24 13.1 15.7 17.4 14.3 12.9 16.5 14.3
6 8.10 14.5 14.5 17.2 12.6 11.1 14.6 13.2
7 591 9.30 12.7 17.3 11.7 9.63 124 114
8 7.05 10.8 15.3 8.45 10.6 9.82

9 9.02 13.9 9.18 8.55
10 9.90 14.9 7.98 8.00
11 13.1 7.59

12 125 7.14

Appendix 4.4 PC scores for the leaf morphological traits of ithaividual tillers of Alto

and Aberdart perennial ryegrass cultivars in Spramgl Autumn experiments

(Experiment 4 & 5, respectively).

Coding: Experiment 1 = Spring experiment, Experiter Autumn experiment;
Cultivar 1 = Alto, Cultivar 2 = Aberdart.

Experiment  Cultivar PC1 PC2 PC3
1 1 -2.72 0.65 -0.17
1 1 -2.14 0.43 -0.34
1 1 -2.34 -0.18 -1.06
1 1 -2.64 -0.64 0.49
1 1 -1.56 1.86 0.41
1 1 -2.35 -2.04 0.59
1 1 -2.77 0.79 1.29
1 1 -2.58 0.56 1.14
1 1 -2.69 0.41 1.32
1 1 -4.13 0.69 0.53
1 1 -3.14 -0.72 0.02
1 1 -2.46 1.00 -2.72
1 1 -2.85 1.82 -1.28
1 1 -3.37 1.73 -1.41
1 1 -2.55 -0.09 -0.59
1 1 -2.88 0.54 0.43
1 2 -2.56 0.24 -2.18
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Appendix 4.4 (continued

N NDNDNDNDNDNDNDNDNDNDNDDNDNNDNDNDNDNDNNMNDNDNDNDNDNNDNNDNDDNDNDNDNDNDNDNNMNNNNNMNNMNNNMNNNNPERPRPRPRPPRPPRPRPRPRPRPRPERPERPPRPERPRE

NDNDNDNDNDNDNDNNDNDNNDNMNNNMNNNMNNPRPPRPRPRPPRPPRPPRPRPRPPRPPRPRPRPPRPRPRPRPERPDNDNNDNNDDNNDNDNDNDNNDNMNDNMNDNDNONDDN

-2.00
-2.41
-1.95
-2.23
-1.46
-1.81
-1.85
-2.65
-2.10
-2.46
-1.47
-0.84
-0.59
-2.11
-3.57
1.44
2.11
0.61
2.63
1.52
2.07
1.01
1.55
0.90
1.13
1.60
0.78
1.34
1.69
2.72
1.89
2.99
2.70
3.54
291
3.63
3.25
4.29
3.14
2.46
3.05
3.10
3.85
2.96
3.07
2.99
231

0.18
-1.54
-0.73
-1.95
-1.81

1.08
-1.37
-1.39
-1.33
-3.10
-0.58

0.01
-1.02
-0.64
-1.99

1.73

1.19

2.43
-1.12

2.02

0.84

2.45

1.14

1.97

2.27

0.58

2.45

1.19

1.79

0.56

191
-0.39
-1.11
-1.04
-0.01
-1.24
-0.42
-0.87
-0.73
-0.90
-0.37
-1.63
-2.02
-0.63
-0.82
-2.00
-0.12

-0.07
-1.47
0.54
1.27
0.48
0.50
0.22
2.14
1.14
1.24
-0.93
-0.69
-0.79
0.07
-1.39
1.16
2.13
-1.18
1.01
1.66
1.56
0.43
-1.00
-0.97
-0.01
-0.55
-1.18
0.19
0.63
1.46
1.65
3.04
1.45
-0.79
-1.48
-0.58
-1.91
-1.61
-1.36
-0.28
0.37
-1.08
-1.16
0.84
0.03
-0.23
-0.98

267



Appendices

Appendix 5.1 Estimation of age of the the root-bearing phytomefs unknown
phyllochron for perennial ryegrass cultivar Altotire Autumn experiment. For the
cultivar Alto in the Spring experiment and for tbativar Aberdart in Spring and
Autumn experiments root age was decided similarly.

To estimate the age of Pr of the phytomers for twig was unknown phyllochron of
those Pr was extrapolated from the weather datamisg 80°C.d thermal time per
phyllochron (see Fig. below). Once phyllochron weadrapolated rhizochron of the

respective phytomers was assumed equal to phybadirthose phytomers when leaf was
formed (see Table below).

14 ¢ . . --+0-+ Estimated from fiel
12 | ¢ e —e— Observed for Alto-Autumn
8 10 B A -‘.
S 8| LYY
8 o.. ... 4 ....0 -'. ..".
S 6 - o o' °
> T 5.9 o0
o 4l 1 .
2 | €May2009-March2009 < February 2009-Januray 2009
0
0 5 10 15 20

Phytomer (P)

Appendix 5.1aPhyllochron expressed in days for Alto perenniabnass cultivar in the Autumn
experiment (Experiment 5)

268



Appendices

Appendix 5.1b Phyllochron (4), leaf age, rhizochron and estimated root age iffi¢rent
phytomers.de, delay between leaf and root appearance at acplanti phytomer for

cultivar Alto in the Autumn experiment (Experimes)t

Phytome  Phyllochror Leaf ag: Rhizochroi  Root ag
1 - 6
2 8 14
3 7 21 de
4 7 28
5 5 33
6 5 38 5 6
7 5 43 5 11
8 5 48 5 16
9 5 53 5 21
1C 5 58 5 26
11 5 63 5 31
12 5 68 5 36
13 4 72 4 40
14 4 76 4 44
15 4 80 4 48
16 4 52
17 Estimated A in field — 5 57
18 assuming phyllochron = 6 63
19 80°C d) thermal time anc 6 69
2C is equal to 4 73
21 rhizochron in thermal 5 78
22 time = 83
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Appendix 5.2 Number of leaves appeared since transplanting (INLiapt-bearing

phytomers (NPr) and length of individual roots attgular phytomers at Day 16,
Day 22 and Day 27 after transplanting for 6 tillefsAlto (A) and Aberdart (B)
perennial ryegrass. Phytomer positions are as gtdJaand observations in the

same column show the development over time of raiotisat phytomer position.

Root length in cm at different phytomer pasit{Pr)

Plant Day NLA NPr Oldest Pr » Youngest Pr
Pr 7 6 5 4 3 2 1
A35 16 4 4 35,36 26 14 8,8,9,9
22 6 6 37,46 36 26 16,18,19,23 12 6,6
27 6 7 43,53 40 38 27,27,32,32 18 6,7 4,6,6,6
Pr 7 6 5 4 3 2 1
A39 16 4 5 37,37 27 22 9 55,55
22 6 6 41,41 36 27 22 17,18,19,21 5,7,8
27 6 7 49,53 40 36 34 18,21,30,32 9,9,14 44,6
Pr 5 4 3 2 1
Ad4 16 4 4 51 40,41 15 10,11,11
22 6 5 69 46,49 33 26,28,29 7,10,10
27 6 5 79 50,63 49 40,46,46 11,26,28
Pr 6 5 4 3 2 1
A50 16 5 4 41 34 9,7 1
22 6 5 49 41 22,23 10,11,11 1
27 8 6 53 36 32,35 22,24,25 55,5 1
Pr 7 6 5 4 3 2 1
A52 16 5 5 31 30,30 88,8 4,6 1
22 6 6 43 30,33 24,25,26 17,17 7,88 2
27 5 7 48 35,41 29,32,34 25,28 8,9,10 7 2,2,3
Pr 7 6 5 4 3 2 1
A60 16 5 5 36 34 10 8 3,3
22 5 6 45 39 16 13 7,8,10 3444
27 5 7 46 39 32 27 20,20,22 8,11,15,18 6,7
Pr 7 6 5 4 3 2 1
B35 16 5 6 35 29 17,17 11 8,8 2
22 7 7 37 32 27,27 20 13,13 11 51,1
27 8 7 45 40 29,33 22 14,16 11 6,6,6,7
Pr 6 5 4 3 2 1
B39 16 5 4 39,40 27 13,13 1
22 6 5 47,51 42 23,26 13 1,2,2
27 6 6 52,64 45 42,44 32 8,11,14 5,5,6
Pr 6 5 4 3 2 1
B44 16 5 5 32,33,35 22,24 13 9 1
22 6 6 42,42,45 30,35 15 23 12 3,3
27 6 6 45,52,55 38,39 37 27 16 11,15
Pr 6 5 4 3 2 1
B50 16 5 5 38,39 19,20 17 11 111
22 5 6 43,48 34,35 29 12 41,1
27 6 6 54,62 49,52 43 13 14,16,22 45,7
Pr 8 7 6 5 4 3 2 1
B52 16 5 5 27,34,38 20 10,10,11,12 9,9 1,3,3
22 6 6 38,40,42 36 20,22,23,24 18,18 9,11,12 2,3
27 7 8 43,52,53 42 32,34,38,38 26,27 24,26,26 1917, 11 6,3,3,3
Pr 7 6 5 4 3 2 1
B60 16 5 5 29,30 24 8,88 4 1
22 6 6 38,40 35 19,19,20 10 8 5
27 7 7 48,51 46 33,33,33 25 14 9 7,7
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Appendix 5.3 Comparison between root length at the differeytqiner positions of Alto
and Aberdart perennial ryegrass cultivars in thengpexperiment (Experiment 4)
obtained from modified Newman Method and WinRhizethbd. SRL, specific
root length; WL, WinRhizo length; NL, Newman Length

Appendix 5.3aAlto perennial ryegrass cultivar in spring

=-===Newman Length (cm) «-<---WinRhizo Length (cm) —e— Dry Weight (mg)

900 - 40
800 | R 3. . 35
’g 700 - Ratio SRL WL:NL =2.28 30 B
= 600 - £
=) 5 L
2 400 20 g
g - 15 >
S 300 F >
ad a
200 + - 10
100 | |
0 ===

0 1 2 3 4 5 6 7 8 9 10 11

Root-bearing phytomer

Appendix 5.3b Aberdart perennial ryegrass cultivar in spring

-===Newman Length (cm)  «++<-+Winrhizo Length (cm) —e— Dry weight (mg)
- 60

1000 -
900 | B
= 800 Ratio SRL WL: NL = 2.22 r 50
(&)
= 700 | 0 B
2 600 - £
I5 =
= 500 - 30 O
S (]
€ 00 | z
300 - 203
200 | - 10
100 -
0 0
0 12

Root-bearing phytomer
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Appendix 5.4 Quadratic curves foestimating the root dry matter deposition rate at

different phytomer (DML positions of Alto and Aberdart perennial ryegrass

cultivars in the Spring and Autumn experiments.

Appendix 5.4aAlto in the Spring experiment

Root dry weight (mg)

4C

35

30

25

20

15

10

—©— Alto-Sprinc
i —— Poly. (Alto-Spring)
L y =-0.7892% + 10.309x - 7.1618
R2 =0.8827
0 2 3 4 5 6 7 8 9 10 11 12

Root-bearing phytomer

Appendix 5.4bAberdart in the Spring experiment

Root dry weight (mg)

50
45
40
35
30
25
20

... Aberdart-Spring

——— Poly. (Aberdar-Spring

o..o'.

15
10 y =-0.5999% + 9.8472x - 8.0987
R2=0.8003
5 o)
0
1 3 5 7 9 11 13

Root-bearing phytomer
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Appendix 5.4cAlto in the Autumn experiment

Root dry weight (mg)

60

50

40

30

20

10

—eo— Alto-Autumn
___ Poly. (Alto-Autumn)

y =-0.1¥ + 3.5211x + 9.5289
R2=0.6878

2 4 6 8 10 12 14 16 18
Root-bearing phytomer

Appendix 5.4d Aberdart in the Autumn experiment

Root dry weight (mg)

60

50

40

30

20

10

..w.. Aberdart-Autumn
___ Poly. (Aberdart-Autumn)

y =-0.0986% + 3.6443x + 9.9069
« R2 = 0.6007

2 4 6 8 10 12 14 16 18 20
Root-bearing phytomer
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Appendix 5.5 Estimation of specific root length, specific roairfaice area and specific

root volume for Alto and Aberdart perennial ryegraglltivars in Spring and

Autumn experiments (Experiment 4 & 5, respectively)

Appendix 5.5aEstimation of specific root length at the phytomesifions of unknown root length

SRL (cm mg)

30 -
«++9-- Fitted Specific Root Length (cm mg-1) e Original data
25 y = -0.5402% + 17.04x#-109.56,
Rz=1#
-
20 y = 0.109% - 2.558x + 27.388
R2=1 R
15 | :.0-.,‘..‘ y= 0..‘19772- 2.1456x + 14.402
y = 1.0685%- 5.0937x + 7.8214 ¢
i Rz =1
10 3
5t )
o y=13574x-0.7267
o Re=1
0 ’-. T T T 1
0 5 10 15 20

Root-bearing phytomer

Specifc root length (SRL, cm myat different phytomer positions of Alto perennial

30
—m—Fitted Specific Root Length (cm mg-1) Orignial
25 1 y = 0.005%- 0.1697% + 1.6906% - 3.6714x + 3.8869
R2=0.9629
20

TR

S
2 15
&
\SS
- 10 -
nd
0
5 L
=
0 T T T 1
0 5 10 15 20

Root-bearing phytome

Specific root length (SRL, cm rifyjat different phytomer positions of Aberdart
perennial ryegrass cultivar in Autumn experiment (Experiment 5)
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Appendix 5.5b Estimation of specific root surface area at thetgimgr positions of unknown

SRSA (cn? mg?)

SRSA (cm mg?)

surface area

~ y =-0.0331%+ 0.716x - 2.4326
Rz2=1
L y =-0.015% + 0.4571x - 1.9313
Rz2=1

T y=-0.1721%+ 2.1911x - 5.3345
L R2 =
i —o— Fitted SRSA
- 0.1417x + 0.1094

® Measured valut
L R2=1
0 2 4 6 8 10 12 14 16

Root-bearing phytomer

Specifc root surface area (SRSA 2ang?) at different phytomer positions of Alto
perennial ryegrass cultivar in Autumn experiment (Experiment 5 )

1.8
1.6
14
1.2

0.8
0.6
0.4
0.2

y = 0.0578% - 1.6327x
Rz2=1

y =-0.1343% + 1.7624x - 4.3125
Rz2=1

y =-0.0329% + 0.713x -
Rz2=1

Rz2=1 ® Measured valut

5 10 15 20

Root-bearing phytomer

Specific root surface area (SRSA,%cmg?) at different phytomer positions of
Aberdart perennial ryegrass cultivar in Autumn experiment (Experiment 5)
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Appendix 5.5cEstimation of specific root volume at the differ@htytomer positions of unknown

root volume
18 -
16 | —e— Fitted SRV
® Measured values
14 |
Hg 12 +
10 +
E
E s
= y = 0.4047% - 11.945x + 96.941
X 6 | y=0.2732%-0.1587x + 7.169 Re=1
R2=1
4 -
2 -
0 T T T T T T I . .
0 2 4 6 8 10 12 14 16 18

SRV (mn? mg?)

Root-bearing phytomer

Specifc root volume (SRV, mhmg?) at different phytomer positions of Alto
perennial ryegrass cultivar in Autumn experiement (Experiment 5)

16 —— Fitted SRV
e Measured values

14

12+

10 L = 0.7508% - 14.146x + 73.06

y =0.278% - 7.9095x +
R2?=0.986

y = 0.835% - 5.2326x + 16.552
R2=1

O 1 1 1 1 1 1 1 1 J

0 2 4 6 8 10 12 14 16 18

Root-bearing phytomer

Specifc root volume (SRV, mhmg?) at different phytomer positions of Aberdart
perennial ryegrass cultivar in Autumn experiment (Experiment 5)
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Appendix 5.6 ANOVA for estimating experiment x phytomer inteiiaat(RL, root length
as an example). Exp, experiment; Cul, cultivar; GeGenotypes; ClonalRep,

clonal replicates; Pr, phytomers.

GLM RL= Exp | Pr Cul(Exp) Geno(Exp Cul) ClonalRegpfECul Geno);
SUBC> means Exp | Pr Cul(Exp) Geno(Exp Cul) CloealExp Cul Geno);
SUBC> test Exp*Pr/ ClonalRep(Exp Cul Geno).

Folder name in the CD for dat&€hapter 5 / Root data — 1082”

Appendix 5.7 ANOVA for estimating variation between two experme Spring and
Autumn experiments; two cultivars, Alto and Abetgdaenotypes of each cultivar
for different root dimensions at different root-beg phytomers (SRL, specific
root length as an example).

MTB > GLM SRL = c1|c2 c3(cl c2) c4(cl c2); Where,
SUBC> means cl|c2 c3(cl c2) c4(cl c2); Cl= Experiment

SUBC> test c1/c3(cl c2); C2= Cultivar
SUBC> test c2/c3(cl c2); C3= Plant/Genotype/Replication
SUBC> test c1*c2/c3(cl c2); C4= Phytomer

SUBC> test c4(cl c2)/c3(cl c2).

Floder name in CD for dat&Chapter 5 / detailed root morphology-81 data”

Appendix 5.8 Non-orthogonal linear contrast: SAS code used tor-orthogonal linear
contrast

“A contrast matrix consists of so-called contrasef@icients that (in the end) all have to sum to

zero. This means, those things we want to compae to get the opposite sign (e.g., +1 and -1),

while those things we don’t want to compare witleiwe a value of zero.”

A block design that does not contain all treatmemts incomplete and hence incomplete block

designs are non-orthogonal designs (Hinkelmanrkamdpthorne, 2007).

The following SAS command was used in this test:

proc gl m order =data;
class position;
model PC1 PC2 PC3 PC4 = position;

contrast 'linear position 1-1 0;
contrast 'linear position 0 1- 1;
run;

Folder name in CD for SAS analysi€hapter 5/ contrast 5 7 11 — pc scores”
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Appendix 5.9 Derived measures for new root dry weight (RDW),tremgth (RL), root
surface area (RSA), root volume (RV), root diame&tr each root-bearing
phytomer position (Pr) considering root growth aicke phytomer position in
steady-state and derived root diameter of thenalisrat each phytomer position for
two perennial ryegrass cultivars, Alto and Aberdartwo different experiements,
the Spring and Autumn experiements. The new rooivtlr at each position was
calculated from a quadratic equation. Prl refere tloungest root-bearing
phytomer.

Appendix 5.9aAlto in the Spring experiment

Branching Pr F’Q\IS\\;VV New RL New RSA New RV Diameter all r?ésvn:gi)et; Deductions
level (cm) (cm2) (mm3)  roots (mm)
el (mg) (mm)
Manaxis 155 550 0.55 10.8 0.69 0.69 Phase 0
elongation
1° branching 2  4.27 68.1 6.95 58.6 0.34 0.32 Phase 1
3 3.85 38.3 3.87 21.8 0.33 0.32
2°branching 4 3.29 51.6 4.78 34.8 0.32 0.29 Phase 2
5 274 52.9 4.18 28.6 0.30 0.25
3° branching 6  2.19 54.1 3.59 22.3 0.28 0.21 Phase 3
7 1.63 55.3 3.00 16.0 0.27 0.17
8 108 566 2.41 9.77 0.25 0.14 F'”?+r)°°ts
9 0.3 57.8 1.82 3.50 0.23 0.10
Appendix 5.9b Aberdart in the Spring experiment
. New . .
Branching Pr RDW New RL New RSA New gw Diameter all Diameter new Deductions
level (mg) (cm) (cn?) (mm°) roots (mm) roots (mm)
Manaxis 418 590 0.57 8.17 0.63 0.63 Phase 0
elongation
2 3.93 13.1 2.47 38.6 0.61 0.61
1 branching 3  2.89 92.5 9.06 63.6 0.36 0.31 Phase 1
4 2.89 60.0 5.47 39.3 0.33 0.29
2 branching 5 2.64 56.3 4.65 29.9 0.31 0.26 Phase 2
6 2.38 52.7 3.83 20.5 0.30 0.23
3 branching 7 2.13 49.1 3.01 11.1 0.28 0.20 Phase 3
8 1.87 45.5 2.19 1.64 0.27 0.15
9 161 419 1.37 7.77 0.25 0.10  Tineroots

()
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Appendix 5.9cAlto in the Autumn experiment

Br?nching Pr SS\\;VV New RL New RSA New gw Diameter all r?é?vn:?)t)etg Deductions
evel (cm) (cn?) (mm°) roots (mm)
el (mg) (mm)
Mainaxis ) 547 18 0.50 19.5 0.89 0.89 Phase 0
elongation
2 2.99 8.9 1.56 25.6 0.63 0.63
3 1.74 135 1.73 22.8 0.51 0.41
1" branching 4 2.69 28.6 3.72 56.0 0.46 0.41 Phase 1
5 1.87 59.2 6.87 44.5 0.41 0.37
2 branching 6 1.60 29.7 3.03 27.9 0.39 0.32 Phase 2
7 1.34 28.7 2.56 21.1 0.37 0.28
8 1.08 27.8 2.10 14.3 0.36 0.24
3 branching 9 0.82 26.9 1.64 7.49 0.34 0.19 Phase 3
10 0.56 25.9 1.17 0.67 0.32 0.14
4 branching 11  0.30 25.0 0.71 -6.14 0.30 0.09 Phase 4
12 0.04 24.0 0.24 -13.0 0.28 0.03 Fine roots
13 -0.22 23.1 -0.22 -19.8 0.25 -0.03 (®)
14 -0.49 22.1 -0.68 -26.6 0.23 -0.10
Appendix 5.9d Aberdart in the Autumn experiment
Br?nching Pr FL\IS\\;VV New RL New RSA New I;&V Diameter all r?é?vn:ce)t)et; Deductions
evel (cm) (cn?) (mm°) roots (mm)
el (mg) (mm)
Mainaxis ;5 g3 5.16 1.47 8.88 0.90 0.90 Phase 0
elongation
2 2.61 6.48 1.54 45.1 0.82 0.76
1" branching 3 2.52 21.1 1.62 15.7 0.45 0.25 Phase 1
4 0.73 64.3 5.07 23.2 0.32 0.25
5 1.28 34.0 2.56 15.0 0.30 0.24
2 branching 6 1.14 29.2 2.12 10.7 0.29 0.23 Phase 2
7 1.01 24.3 1.68 7.22 0.28 0.22
8 0.87 19.5 1.25 3.71 0.27 0.20
3 branching 9 0.74 14.7 0.81 0.20 0.26 0.18 Phase 3
Root
10 0.61 9.82 0.37 -3.31 0.26 0.12 branches (2)
4 branching 11 0.47 4.98 -0.06 -6.82 0.25 -0.04 Phase 4
12 0.34 0.14 -0.50 -10.3 0.24
13 0.20 -4.70 -0.94 -13.8 0.24
14 007 -954 138  -17.4 0.23 Branches
dying
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Appendix 5.10PC scores for different measured and deriveddimoénsions of phytomer
(Pr) 5 and Pr 7 of Spring experiment, Pr 11 of Autuexperiment for Alto and
Aberdart perennial ryegrass cultivars.

Coding: Experiment 1 = Spring experiment, Experitrer Autumn experiment;
Cultivar 1 = Alto, Cultivar 2 = Aberdart.

m
x
©

Pr Cultivar Genotypes Replications PC1 PC2 PC3 PC4
1 1 5.08 -3.7 -0.78 0.98
1.66 -4.6 -1.5 0.23
-0.93 -1.76 -0.52 0.06
-0.78 2.03 -0.96 0.56
-1.2 4.19 -0.2 0.37
-5.94 0.91 -0.06 0.17
-6.01 2.29 0.45 -0.07
1.27 1.76 -1.03 -0.82
0.8 2.77 -0.67 -0.89
-3.83 2.85 -0.12 0.57
0.97 0.62 -0.83 0.54
-5.17 1.55 -0.09 0.07
-3.08 1.52 0 -0.1
2.05 0.39 -1.11 -0.42
-0.06 1.93 -0.49 -0.34
-1.83 0.03 -0.33 1.03
-2.86 -1.32 0.06 0.43
-0.93 -1.99 0.18 0.4
-3.66 -0.02 0.54 0.27
-1.91 2.1 -0.23 0.36
0.5 3.67 0 0.53
1.47 1.02 -0.86 0.72
2.86 0.39 -1.49 0.48
-4.45 -1.44 -0.96 0.28
-1.16 -2.54 -0.64 0.33
-3.09 -1.49 -1.3 0.3
-1.62 0.66 -0.25 -0.02
-4.02 0.69 -0.09 -0.04
-3.39 0.53 -0.19 -0.13
-2.71 -0.5 -0.56 1.05
-4.79 0.33 -0.12 0.21
-1.66 -0.79 0.08 0.17
-1.19 -1.04 -1.35 0.8
-2.57 -1.46 -0.64 1.02
3.62 0.16 -1.38 0.35
4.27 4,99 -0.84 -0.09
1.64 0.92 -0.65 0.58
3.82 2.57 -0.64 0.27

=

PR RPRRPRRPRRPRRPRRRPRPRPRREPRPRREPRPRRRPRPRRREPRPRRREPRPRRERPRRERLERL}R
NN NSNSN~NOOOOOaagoogloloololooalolgglologl ol ool gl ool gl gl Al
P RPRPRPRPEPNNMNNNNMNMNRNNNMNMNNNNMNNMNNNMNNNRRRPRPRREPRPRPRREPREPRERERSR
WWNNRPODOOUODMDNWWNNNRRPRPRRPRPOOODDDUVUUTRADNWWNNIERER
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3.6
3.34
2.48
2.32
3.91
2.74
-0.18
-2.23
3.31
3.49
-0.2
-1.52
3.17
-1.7
2.34
5.34

6.0
3.27
2.85
2.78
3.11
-0.04
1.25
-2.83
-3.24
1.23
-0.56
-2.58
0.69

-2.8
0.31
0.83
-0.88

-0.6
-0.46
0.44
3.09
-1.41

-0.9
0.16
-0.99
0.34
-0.43

2.11
-0.05
1.52
1.38
-0.99
-2.66
-1.36
-0.54
1.13
0.1
-0.13
1.74
-0.56
-2.29
-1.95
0.79
4.18
-2.38
-2.08
0.21
-1.18
-0.4
-1.88
0.47
0.36
-0.2
-0.4
0.47
-0.09
0.83
-3.12
-1.29
-1.71
1.44
1.39
0.99
-0.73
0.27
-1.5
-0.86
-1.97
-1.66
-1.43

-0.17
-1.32
-0.36
-0.46
-0.62
-1.7
-0.24
-0.57
-0.89
-1.27
-0.12
0.56
1.02
-0.97
-1.03
-0.85
-0.04
3.06
2.53
1.48
1.39
0.75
0.41
-0.56
-0.59
-0.48
-0.97
1.75
3.46
2.74
0.77
1.06
0.13
0.84
0.93
4.84
5.76
1.6
0.65
-0.41
-1.09
-0.87
-0.55

0.31
0.59
-0.47
-0.43
-0.33
-0.13
0.31
0.11
-0.46
-0.34
0.74
0.63
-0.47
0.19
1.16
-0.18
-1.22
1.06
0.77
1.11
-1.01
-1.05
-0.79
-0.24
-0.17
-0.33
-0.28
0.46
0.67
-4.68
-4.79
-0.73
-0.7
0.01
0
1.07
1.48
0.13
0.23
-1.2
-1.06
-0.21
0.03
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Appendix 6.1 ANOVA commands for testing statistical significancé effects of
experiment, cultivar, the experiment x cultivareirgction, and genotypes within
experiment and cultivar for tillers of Alto and Ablart perennial ryegrass in the
Spring and Autumn experiments. LQMeaf dry weight per tiller.

GLM LDW,=cl|c2 c3(cl c2) c4(clc2c3); Where,
SUBC> means c1|c2 c3(c1 c2) c4(cl c2 c3); Cl= Experiment (Spring or Autumn)

SUBC> test c1/c3(cl c2); C2= Cultivar (Alto or Aberdart)

SUBC> test c2/c3(cl c2); C3= Genotype (within each cultivar within
SUBC> test c1*c2/c3(cl c2); experiments)

SUBC> test c3(c1 c2)/c4(cl c2 c3). C4= Clonal replicate of each genotype

Folder name in the CD for dat&hapter 6 / Root-shoot ratio PCA and correlatio8-8

tillers”

Appendix 6.2 PC scores for root-shoot morphological traits oftoAlnd Aberdart
perennial ryegrass cultivars in Spring and Autumpegiments (Experiments 4 &
5, respectively).
Coding: Experiment 1 = Spring, 2 = Autumn; Cultila= Alto, 2 = Aberdart

Experiment Cultivar Genotype PC1 PC2
1 1 1 -3.14 -1.5¢€
1 1 1 -2.51 -0.4¢
1 1 1 -2.1F 0.2¢
1 1 2 -2.7¢ -1.1¢
1 1 2 -2.3€ -0.8¢
1 1 2 -1.9¢ 0.0¢
1 1 3 -1.84 0.8¢
1 1 3 -0.62 2.3¢
1 1 3 -0.81 1.9¢
1 1 4 -2.3¢ -0.2¢
1 1 4 -1.8¢ 0.5:
1 1 4 -1.84 -0.1<
1 1 5 -3.61 0.0¢
1 1 5 -2.0¢ 5.0¢
1 1 5 -2.7¢ 2.8¢
1 1 6 -3.11 -0.4¢
1 1 6 -2.5¢4 -0.1z2
1 1 6 -2.41 0.1:
1 1 7 -2.1¢ 1.8¢
1 1 7 -2.24 0.0¢
1 1 7 -1.7¢ 1.0¢
1 1 8 -2.1¢ -0.52
1 1 8 -1.3¢ 1.8¢
1 1 8 -0.45 1.6:
1 1 9 -3.3¢ -0.8¢
1 1 9 -1.9¢ 0.52
1 1 9 -3.1¢€ -0.0¢
1 2 1 -2.8¢ -0.9¢
1 2 1 -1.7¢ 0.2t
1 2 1 -2.22 0.3t
1 2 2 -1.8¢ -0.4¢
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Appendix 6.3 Description of the tiller axis for the main tilldviT (age 90 d) and two daughter tillers, DT1 and2Caf the phytomer level for Alto and

Aberdart perennial ryegrass cutlivars in the Spramgl Autumn experiments (Experiments 4 and 5, wsmdy). Data obtained from the

destructive havest. MT data is presented in Chaptard 5 for shoot and roots, respectively. FLhalffileaf length (cm); LW, leaf width (mm);

LDW, leaf dry weight (mg); LA, leaf area (&nSLA, specific leaf area (chy™); R,, number of roots per phytomer; RAL, main root dgisgth

(cm); RDW,, dry weight of per root (mg) at each phytomer posi SE, standard error of mean when presentéd igshack-transformed from the

log-transformed data.

Appendix 6.3aAlto perennial ryegrass cultivars in Spring expenm(Experiment 4) before the DT excision treatmége of MT, DT1 and DT2 were

around 90, 80 and 70 d, respectively.

FLL LW LDW LA SLA Rp RAL RDW,
Phytomer MT DT1 DT2 ™MT DT1 DT2 WMT ©DT1 DT2 MT DTl D WMT DTl DT2 MT DT1 DT2 WMT DT1 DT2 MT DTl DT2

1 234 111 22 6.3 485 595 34 9 255 109 4.2 310.311 570 436
3 37.3 31 32.7 8.4 7.5 7.25 87 47.5 53 219 16.4 .6 16 252 349 316
3 342 335 327 7.8 7.3 7.1 80 63 585 18.7 17.26.21 234 272 277
4 315 289 26.2 7.8 6.5 6 75.5 55 495 172 1331 1228 239 224
5 304 237 241 7.2 585 5.25 73 47 42 154 9.86.04 9 210 206 212
6 26.7 20.8 22 6.55 5.05 6.1 56.5 36 33 12.3 745399 217 205 285 15 1 2 1 4.75 10.7 0.5 1.2 2.4
7 23.7 5.8 50 9.62 192 2 1 1 24.1 19 22 17.4 6.2 5.05
8 1 15 1 195 178 255 455 6.63 6.2
9 1 15 15 283 201 35 104 473 10
10 1 15 15 535 273 26.8 19.2 9 6.9
11 15 1 1 27 19.3 36,5 193 4.5 13.7
12 1 15 15 40.5 44 28.8 236 10.7 6.07
13 15 1 2.5 45.8 37 275 36.1 11.7 4.6
14 1 1 15 22.8 485 29 10.1 183 104
15 15 15 15 495 446 155 605 106 2.87
16 2 15.2 az2.

Total - - - - - - 456 258 262 106 684 725 - - - 51 125 15 - - - 214 119 115
SE 125 146 148 024 028 029 328 331 358 709098 106 136 136 149 015 0.15 0.15 10.1% 1%1.
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Appendix 6.3bAberdart perennial ryegrass cultivars in the Spargeriment (Experiment 4) before the DT excisieatment. Age of MT, DT1 and

DT2 were around 90, 80 and 70 d, respectively.

FLL LW LDW LA SLA R, RAL RDW,
P MT DT1 DT2 MT DT1 DT2 MT DT1 DT2 W™MT DT1 DT2 MT DI DT2 MT DT1 DT2 WMT DTl DT2 MT DT1 DT2
1 26.2 216 208 755 535 53 39 185 18 138 8.8806 354 438 455
3 43.1 44 40.8 10 795 7.8 110 75 635 301 246322277 329 351
3 408 398 369 92 775 7.1 106 78 64 26.2 21841 250 283 287
4 368 336 316 87 6.6 6 965 665 55 224 15831 234 238 241
5 318 266 199 7.05 6.15 585 735 465 345 15115 8.09 214 253 235
6 278 23.2 6.2 53 56.5 43 121 8.61 213 200 455 15 15 15 292 11 63 195 05 143
7 21 5.6 38 8.26 217 2 2 15 268 136 19.8 146 3.83 5.07
8 19.8 4.85 30 6.7 224 25 15 2 282 268 173 195 8.27 6.15
9 4 1 1 254 268 16 313 7.25 4.6
10 15 15 1 392 161 345 20.7 337 118
11 15 1 1 332 375 35 148 16.1 11.6
12 1 2 1 39 216 44 159 7.18 189
13 15 15 15 131 171 446 59 46 114
14 1 1 1 56 37 21 225 127 6
15 2 1 1 368 455 355 211 159 6.5
16 1 2 63 30.5 234 95
17 59.2 A0.
Total - - - - - - 550 328 235 135 90.2 70.2 - - - 12 16 125 - - - 192 118 985
SE 125 146 148 024 025 028 3.07 351 36210906 101 126 149 149 013 0.15 0.17 10.4% 5%%1.
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Appendix 6.3cAlto perennial ryegrass cultivars in the Autumn esiment (Experiment 5). Age of MT, DT1 and DT2 wareund 90, 85 and 80 d,

respectively.

FLL Lw LDW LA Rp RDW,

P MT DT1 DT2 MT DT1 DT2 MT DT1 DT2 MT DT1 DT2 MT DI DT2 MT DT1 DT2
1 14.8 9.5 17 3.6 2.8 425 245 135 275 381 2.5.06
3 30.1 25 33.5 59 545 5.75 78 56 84 12.4 9.9 135
3 345 298 355 6.55 6.3 6.3 96.5 83 88 15.8 13.15.6
4 356 298 341 6.8 7 6.55 99 108 89 16.9 14.6 6 15.
5 34.9 34 317 655 685 6.15 102 99.5 845 16 16.43.5
6 335 339 308 6.55 6.55 6.4 98 104 88 154 15336 3 3 2 1.68 2.38 2
7 295 326 33 585 6.55 6.05 93 104 81 121 149411 3.5 3.5 2.5 288 745 717
8 266 298 138 585 6.65 2.85 93 97.5 98 10.9 813.109 35 3 2 5.74 13 5.17
9 28.9 29 531 5 92 90 10.7 101 3.5 2.5 2 842 567 2.83
10 26.5 591 81.1 10.9 3 2 2 11 14.3 10
11 3 3 15 154 115 137
12 3 2 2 691 10.8 10.8
13 2 2 2.5 12.6 18 26.3
14 3 15 15 12.9 18 5.75
15 2.5 2 2 146 183 173
16 2 3.5 2.5 272 201 21.8
17 2 2 2 23.1 195 158
18 4 3 2.5 833 131 7.75
19 3 2 4 148 125 138
20 4 2 6.79 175
21 3.5 5 10.3 8.2
22 2.2 8.94
Total 295 253 229 - - - 857 756 640 125 111 102 750. 42 31 526 520 370
SE 152 152 162 021 021 022 707 707 756 709097 104 022 025 0.24 6.82%
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Appendix 6.3dAberdart perennial ryegrass cultivars in the Autierperiment (Experiment 5). Age of MT, DT1 and D¥@re around 90, 85 and 80 d,

respectively.

FLL LW LDW LA Rp RDW,
P MT DT1 DT2 WMT DT1 DT2 MT DT1 DT2 MT DT1 DT2 WMT DI DT2 MT DTl DT2
1 23.8 301 323 3.69 48 4.85 50 495 575 586.310111
3 341 398 3938 6.5 6.95 6.75 106 100 985 15.8.31918.8
3 378 425 41 6.7 705 7.15 120 107 104 181 21 520
4 351 43,6 409 6.7 7.5 7.15 116 113 102 16.8 22205
5 343 416 416 6.4 6.85 6.7 114 114 115 15.7 20961
6 33.3 31 39.5 6.4 6.55 6.7 115 97 104 152 14.1 51837 2.5 2.5 584 183 267
7 24 37.8 35 6.9 6.3 6.25 117 113 94 11.8 16.7 15.3.7 4.5 4.5 115 4 5.55
8 315 325 321 6.8 6.15 6.1 126 100 86.5 153 143.7 3.7 4.5 3 125 5.13 7.1
9 28.3 283 338 6.9 6.25 6.25 133 93 105 139 128 4.7 4 4.5 16.5 6.5 11.6
10 30.3 27 24.8 6.4 5.1 515 125 725 635 138 49.8.94 27 3 3 16 7.83 146
11 279 113 15 5 205 205 111 49 53 9.78 6.46 5 7.75.7 4 4 205 938 117
12 3.7 2.5 2 16.3 11.3 15
13 4.7 2.5 2.5 152 147 181
14 2.7 4 3.5 16 6.5 12.5
15 2.7 3 3 751 116 136
16 1.7 3 3.5 155 113 121
17 1.7 3 3 18.5 12 11.3
18 2.7 2 2 225 821 11
19 3.7 15 2 19 155 173
20 3.7 2 2.5 148 825 101
21 2.7 3 3 12.8 11 8.38
22 6.7 15 4 15 11.8 45
23 6.7 15.5
Total 340 366 376 - - - 1230 1010 983 152 167 9 1667.6 50.5 525 1030 435 557
SE 313 141 135 043 019 019 146 655 6.32 12.009 087 065 022 0.22 11.6%
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Appendix 6.4 A comparison for the morphological traits at thdiundual tiller level of the main tiller and the oadaughter tillers of two
perennial ryegrass cultivars Alto and Aberdarthie Spring and Autumn experiments (Experiment 4 &Spectively). LDW, leaf
lamina dry weight per tiller (mg); LA, leaf area ife live leaves per tiller () SLA, specific leaf area (chg); NLL, number of
live leaves; NPr, number of live root-bearing pmtys;NR;, number of roots per tiller; RDW, root dry weigter tiller; R:S, root-
shoot ratio; DT:MT, ratio between leaf dry weight daughter to main tiller; MT, main tiller; DT, dghbter tiller; p, statistical

probability.

Tiller LDW LA SLA NLL NP, NR, RDW, R:S DT:MT
MT 456 106 235 7.0 11.0 15.0 214 0.47

Alto-Spring DT1 258 68.4 307 6.0 10.0 12.5 119 0.46 0.57
DT2 262 72.5 292 6.0 10.0 15.0 115 0.44 0.57
MT 550 135 248 8.0 12.0 21.5 192 0.35

Aberdart- Spring DT1 328 90.2 290 6.0 11.0 16.0 118 0.36 0.60
DT2 235 70.2 314 5.0 10.0 12.5 98.5 0.42 0.43
MT 857 125 146 10.0 17.0 50.7 526 0.61

Alto- Autumn DT1 756 111 150 9.0 16.0 42.0 520 0.69 0.88
DT2 640 102 165 8.0 14.0 31.0 370 0.58 0.75
MT 1230 152 131 11.0 18.0 67.6 1030 0.84

Aberdart -Autumn DT1 1010 167 165 11.0 17.0 50.5 435 0.43 0.82
DT2 983 169 168 11.0 17.0 52.5 537 0.55 0.80

Experiment 4 0.12 0.09 0.45

P (Cultivar) 0.01 0.15 0.002 0.99 0.75

P(Tiller) 0.76 0.93 0.18 0.72 0.91

P(TillerxCultivar) 0.14 0.30 0.002 0.82 0.97

P(Phytomer) 0.99 0.87

Experiment 5

P (Cultivar) 0.038 0.022 0.942 0.265 0.804

P(Tiller) 0.125 0.728 0.193 0.727 0.543

P(Tiller x Cultivar) 0.393 0.509 0.548 0.725 ()24

P(Phytomer) 0.178 0.038 0.904 1.00 0.719
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Appendix 6.5A comparison between DT+ and DT- plants for mainttifterphological development at the successive phgte after the
daughter tiller excision treatment in perennialgngss cultivar cv. (a) Alto and (b) Aberdart in Bering experiment (Experiment 4).
Tillers were excised 98 days after transplantatind harvested between 12 and 20 d later. FLL, fewdl length (cm); LDW, Leaf
dry weight (mg), LA, leaf area (é SLA, specific leaf area (chy™); Ry, number of roots per phytomer, RDWoot dry weight of
the individual roots at each phytomer (mg). Net RDdWange in RDW per phytomer at the treatment geiSk, standard error of
mean; where given as % is for log transformed data.

Appendix 6.5aAlto perennial ryegrass cultivar.

Phytomer FLL LDW LA SLA R RDW; Net RDW
DT+ DT- DT+ DT- DT+ DT- DT+ DT- DT+ DT- _ DT+ DT- DT+ DT-
1 131 207 243 399 561 107 203 291
2 323 359 819 979 201 223 256 238
3 362 386 102 105 226 233 221 233
4 379 368 105 106 222 213 215 213
5 344 326 928 825 186 172 206 216
6 295 288 761 816 155 158 207 188 144 150 911 154 2.83 1.88
7 278 283 724 699 141 143 198 204 167 112 307 103 9.90 9.41
8 244 256 536 501 108 965 215 200 122 138 501 160 14.2 11.9
9 26.8 212 697 245 124 566 186 210 100 150 331 125 9.31 11.8
10 22.9 63.8 11.8 172 133 113 172 17.5 13.0 5.82
11 111 138 229 17.9 12.5 -0.96
12 111 113 156 14.8 -1.72 0.21
13 133 113 208 15.2 -2.53 -9.94
14 122 125 273 16.5 1.83 -135
15 111 125 290 23.5 5.30 -135
16 133 113 279 32.3 5.30 4.56
17 113 119 274 25.8 -4.05 13.3
18 113 119 249 25.2 7.90 9.38
19 1.33 40.5 24.4 5.94
Total 285 269 742 657 154 140 17 16 291 229
SE 089 085 355 338 073 069 180 172 006 006 82%  11.6% 15.1% 17.4%
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Appendix 6.5b Aberdart perennial ryegrass cultivar.

Phytomer FLL LDW LA SLA R RDW, Net RDW
DT+ DT- DT+ DT- DT+ DT- DT+ DT- DT+ DT- DT+ DT- DT+ DT-
1 19.9 15.2 30.1 16.9 8.33 5.50 300 310
2 35.9 34.4 92.0 75.6 21.6 20.5 262 279
3 40.2 41.6 112 127 25.2 27.3 285 223
4 41.3 44.2 122 141 25.6 29.1 221 214
5 41.4 42.1 111 129 24.9 26.5 232 209
6 41.3 37.2 102 118 22.7 23.0 224 196 1.13 156 016 1.03 2.09 1.53
7 38.6 37.8 97.3 90.0 20.4 22.7 216 412 1.38 167341 126 16.4 16.6
8 36.3 34.8 79.9 92.1 16.7 19.6 209 213 1.38 133431 134 18.8 15.2
9 30.7 31.0 74.9 77.9 15.3 16.9 198 214 1.88 144191 197 18.2 21.6
10 29.9 25.9 75.3 61.6 15.6 12.2 224 186 1.25 1.2212.5 17.2 7.27 11.7
11 29.7 27.3 55.9 64.0 11.8 11.8 212 208 1.25 1.6710.5 15.6 0.68 10.2
12 1.25 1.44 12.8 16.7 0.33 6.73
13 1.13 1.44 17.2 14.8 2.34 -2.02
14 1.25 1.56 20.5 16.8 5.23 -3.83
15 1.50 1.44 26.2 155 7.97 -7.95
16 1.38 1.89 20.7 24.7 2.49 11.7
17 1.50 1.28 30.1 33.9 1.63 10.6
18 1.88 1.81 43.7 18.7 34.0 -24.3
19 1.50 30.4 -6.05
Total 385.2 371.5 952.¢ 993.1 208.1: 215.1 19.6¢ 19.¢ 39¢ 334
SE 0.6¢ 0.6 2.74 2.52 0.5¢ 0.52 13.¢ 12.¢ 0.0¢ 0.0¢ 8.0% 11.5% 13.9% 18.5%
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Appendix 6.6 Tiller axis shoot and root traits for daughteretilexcised (DT-) plants of Alto and Aberdart (Abperennial ryegrass cultivars
at the destructive harvest after 93 d growth inAlkumn experiment (Experiment 5). FLL, final ldehgth (cm); LW, leaf width
(mm); LDW, leaf dry weight (mg); LA, leaf area (mSLA, specific leaf area (chg™); R,, number of roots per phytomer, RRQW
root dry weight per phytomer; RDWoot dry weight per root of the individual ro@seach phytomer; RDW.DW;, RDW at each
phytomer position standardized against leaf dryghigper tiller; SE, standard error of mean; whevergas % is for log transformed

data; p, probability of statistical significance.

Phytomer FLL LW LDW LA SLA R RDW, RDW, RDW/LDW;,

Alto Aber Alto Aber Alto Aber Alto Aber Alto Aber Ko Aber Alto Aber Alto Aber Alto Aber

220 141 420 3.13 45 24 6.5 3.5 146 147

33.8 311 6.13 568 117 95 144 12.6 132 130

36,6 340 6.33 6.90 131 143 16.2 165 128 117

31.6 340 6.35 6.83 116 149 145 16.3 124 113

343 333 6.20 7.03 161 148 149 165 96 115

31.0 337 6.43 7.03 117 156 14.1 16.7 122 11402.83.00 6.0 40 2.8 1.4 4.2 2.7
329 304 6.13 6.70 132 129 143 143 112 11252450 17.0 250 6.7 51 146 143
320 286 555 6.48 119 121 125 13.0 115 10704.500 59.0 415 142 9.6 455 233
277 221 567 6.65 118 113 11.3 10.3 103 89 3.80/5 223 20.0 8.3 83 236 115
10 27.0 298 443 6.73 105 130 8.5 14.0 82 109 2460 66.0 635 136 12.1 393 3338
11 225 279 470 6.13 105 116 7.4 118 70 103 3.2%0 723 573 243 123 61.0 353
12 19.7 284 5.00 6.05 89 117 6.7 123 75 105 2325 735 693 299 197 724 442

O©CoO~NOOOTA,WNE

13 24.7 6.13 105 10.6 101 3.00 3.75 695 6251 158 61.3 385
14 225 325 613 580 295 156 55.7 136.
15 225 425 663 708 294 16,5 555 642
16 200 4.00 403 785 18.6 189 31.2 149.
17 175 225 358 485 249 259 30.6 032.
18 200 250 470 420 23.0 169 35.0 128.
19 200 250 46.3 583 222 221 36.1 637.
20 250 225 485 610 186 26.0 420 539.
21 200 225 427 563 36.3 244 39.7 336.
22 267 275 114 795 437 279 117 50.2
23 2.67 60.3 22.5 35.2
Total 351 37z - - 135C 155C 141 16¢€ - - 43.7 60.¢ 88t 95¢ -

SE 105 888 0.11 0.09 554 471 056 047 35513.020 0.17 559 49 154 136 4.05 3.59
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Appendix 7.1 Protocol for recharging the air tank

Several measures were developed to minimise thecG@entration of scrubbed air inside the air
tank. The first time the air tank was filled, imiatr CQ, concentration was initially at 25 ppm but
gradually fell to between 5 to 6 ppm over a peraidapproximately 36 hours. It was then
discovered that the air flow through the scrubbas warrying soda-lime dust inside the air tank
resulting in CQ absorption inside the tank. To combat this probéeunfust trap was constructed
and inserted into the air line. Air leaving theudatser was bubbled through a 20 L container of

water before passing to the air tank.

After placing the dust trap, with a comparativedgtfflow rate to fill the air tank quickly, the GO
in the air tank was recorded as >80 ppm. This waiglzer level of non-labelled G@han desired,
so the air tank was emptied and refilled at a msichver flow rate than before. The routine
adopted for the experiment was to fill the air tamernight, taking more than 12 hours and this
resulted in a C@concentration inside the tank of <20 ppm..,Q@ncentration in the tank was
noted to increase slowly after filling, at a ratditde under 2 ppm per hour, but since the tank
contents were used for labelling each day afténdilovernight, this low level of leakage (which
would indicate potential for exchange with the apttere after the tank was charged with

brewery CQ) was considered unimportant.
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Appendix 7.2 C isotope ratio in the labelling samples as readisoyope ratio mass
spectrometer. Samples were collected in 10 mL awets from the air tank using
a double-ended needle. The gas samples were cé&mwmdPalmerston North to
Freising, Germany in a luggage for measuring G@®imass ratio.

Sample collected from Date of sample
collection Replication 313C (%o)

Air tank 11-05-200¢ -29.0¢
-28.8:
-28.74
-29.41
-28.7¢
-27.96
-28.21
-27.80
-28.27
-28.8-
-28.39
-28.0¢
-27.80
-27.8¢
-27.92
-28.45
-28.0z
-29.16
-28.6(
-29.41
-29.14
-29.4:
-29.74
-29.3¢
-28.72
-28.71
-29.41
-29.30
-29.01
-29.74
-29.1:
-28.64
-28.05
-27.5]
-27.94

O WNPEF

12-05-2009

[N

g b whN

13-05-2009

[E=Y

abwiN

14-05-2009

[N

abhwiN

15-05-2009

[E=Y

16-05-200¢

17-05-200¢

GabhwNDPFRPORMWOWNDNPFRPODMWDN

-28.7

Appendix 7.3 Calculation for labelling C@gas required for the air tank

400 ppm CQ

=400 pL/L air

= 400 mL/1000L air

= 1200 mL in 3

Actual volume needed was 1400 mL means the voluntigeaair tank when it was completely full
was 1400+400= 3.5
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Appendix 7.4 CO, concentration (ppm) recorded at the outlet oftthgs feeding the tillers at different times of tay (CQ concentration

inside the air tank was 420 ppm in Experiment &d 430 ppm in Experiment 6.2).

Pump Experiment 6.1 (Day 1) Exp 6.1 (Day 2) Ex»@ay 1) Experiment 6.2 (Day 2)
Initial Flow CO, Increased Flow rate COo, COo, CO, CO, CO, Flow rate CO, CO, CO, CO, CO, CO,
rate at (mL air min?) at at at at at mL air min* at at at at at at
mL air miri* 11.00 02.30 05.00 11.00 02.00 04.00 03.40 pm 09.00 11.00 01.30 03.30 05.00

am pm pm am pm pm am am pm pm pm
1 30 112 270 242 410 304 320 28 550 289 311 203 200 308 413
2 150 254 225 333 413 368 333 36! 240 230 222 168 175 274 397
3 90 122 260 203 397 254 234 261 700 258 253 218 202 324 413
4 90 98 210 132 379 220 130 11 560 222 240 174 184 285 409
5 100 85 400 210 400 263 272 28" 520 312 301 207 227 352 422
6 60 112 380 231 410 248 245 @ 28 720 245 220 198 206 309 407
7 130 200 150 259 408 280 296  32f 480 266 240 223 252 328 418
8 30 119 380 260 410 322 308 341 600 228 208 179 180 297 391
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Appendix 7.5 Estiamtion of change in C isotope mass ratio dudetkkage within
labelling system
Appendix 7.5aCalibration of the labelling system: change in @ope mass ratio at the outlets of

the pumps due to leakage within the system

Treatment Co CO, inside Atomospheric Fraction of Delta of Source Delta
concentration the CGo, bladder air mixture of leakage reduced by
at supply airtank  concentration (assuming, %
(ppm) (ppm) in air = -12 %o, of air tank
in air tank= -25 %o)
Main 92 26 392 0.82 22.66 pump 9.38
Main 124 26 392 0.73 21.52 pump 13.92
Main 30 26 392 0.99 24.86 0.57
Main 58 26 392 0.91 23.86 4.55
Daughter 32 26 392 0.98 24.79 0.85
Daughter 33 26 392 0.98 24.75 0.99
Daughter 75 26 392 0.87 23.26 pump 6.96
Daughter 107 26 392 0.78 22.12 pump 11.51

Appendix 7.5bCalculation of the estimated change in C isotogie d the supplied CoOmixture

due to measured leakage into the system

Assuming, CQin labelling gas 420 ppm
Coin air 370 ppm
CQin mixture 400 ppm
Equation 1:
X = fraction of labelling gas
Y = fraction of air (X *420) + (Y*370) = 400
X+Y=1
Therefore substitute (1-X) for Y and solve
Fraction of labelling gas 0.6
Delta of labelling gas (Appendix 7.2) -28.7 %o
Delta of air (assuming) -12 %o
Delta of mixture -22 %o
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Appendix 7.6 Calculation for t"NH4), SO, required to prepare 1 atom% solution
Molecular weight of PNH4), SO, = 134 g

Molecular weight of *NH4), SO, = 134 g

1 Molar solution =134 g /L

1 mM (°NH,),SO, =134 mg /L

1 mM *N= 132/2=66 mg (N, SO /L

or, 1 mM™N=67 mg {°NH,), SO, /L

Now, 66 mg (NH), SOscontains 0.37 atom%N as the natural abundance.

The remaining 0.63 atom%N needs to be supplied from tH&NH.), SO, to prepare 1
atom%™N solution.

Thus, the required amount dP\IH4)> SOy is 0.63% of (67 mg — 0.37% of 66 mg)

= 0.63% of 66.75 mg

=0.42 mg

(**NH,), SO, was 98% pure therefore the actual amount was nefedqzbr L solution is
0.43 mg.

Appendix 7.7 Standard curve for estimating the natural abundaft®

0.44 -
y =0.0004x + 0.3665
RZ=1

042 +
Z
3
%)

0.40

Linear (Atomic!®N)
0.38
Natural abundance
0.3665
=
I 0.36 T T T 1
-50 0 50 100 150 200

Atomic 15N
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Appendix 7.8 ANOVA structure for the C labelled plants to estimdhe statistical
variation between labelled and unlabelled tillefteraGLM procedure: root and
shoot, and different shoot and root dissectiongmates.(1. MTL-MT, main tiller
of the main tiller labelled plant; 2. MTL-DT, daugh tiller of the main tiller
labelled plant; 3. DTL-MT, main tiller of the daugr tiller labelled plant; 4.
DTL-DT; daughter tiller of the daughter tiller ldkesl plant.)

Effect tested Command syntax
a) Orthogonal linear contrast proc glm
(in SAS): class LabTiller;

model BaseEL TipEL otherleaves sheaths
Tilleraxis uppertips uppperaxis

Labelled Vs unlabelled tiller ~middletip midddleAxis

Unlablled MT vs DT lowertip LowerAxis = LabTiller ;
contrast 'linear’ LabTiller 1-1-1 1;

Labelled MT vs DT contrast 'linear’ LabTiller 0O 1-1 0;
contrast 'linear’ LabTiller 1 00-1;
run;

b) Compartment (Shoot, tiller axis MTB> GLM Treatment Compartment Plant (Treatment);
and roots) for C and N traits (in SUBC> means Treatment Compartment Plant
MINITAB) (Treatment);

SUBC> test Compartment / Plant (Treatment).

c) Tiller dissection categories for C MTB> GLM Base EL = treatment | tiller segment
and (treatment tiller) plant (treatment);
N traits (in MINITAB) SUBC> means treatment | tiller segment (Treatment
tiller) plant (treatment);
SUBC> test segment (treatment tiller) / plant ¢imesnt).

d) Compartment (shoot, root, tiller MTB> GLM PC1-PC3-= tiller Compartment plant (tiller)
axis) for PC scores (in MINITAB) SUBC> means tiller unit plant (tiller);
SUBC> test tiller/ plant (tiller);
SUBC> test Compartment /plant (tiller).

e) Dissection categories for PC MTB > GLM PC1-PC3 = Tiller DissectionCategories

scores (Tiller) Plant(Tiller);
(in MINITAB) SUBC> means Tiller DissectionCategories (Tiller)
Plant(Tiller);

SUBC> test DissectionCategories t (Tiller)/Plantér).

Note: For the data related to this appendix plesese folders'‘Chapter 7/ Exp 6.1-C
labelling’ and ‘Chapter 7/ Exp 6.2 -C and N labellihigp the data CD.
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Appendix 7.9 N uptake (mg g Dissection category) by different dissection catis
of main tiller and daughter tiller of Aberdart pengal ryegrass cultivar plants for
the labelled plants witf°/(NH4).SO; for 5 days. (MTL, main tiller labelled; DTL,
daughter tiller labelled, (asterisks indicates gigant relations). Data for some of

the selected dissection categories are also pesbantig. 7.12 and 7.13.

Tiller  Dissection Category MTL +SE DTL <SE

Main  Base elongating leaves (1-2) 5.37 1.84 1.64 0.68
Tip elongating leaves (1-2) 3.21 154 1.26 0.68

Leaves lamina (3-4) 122 0.61 0.56 0.22
Leaf sheathes (3-4) 155 0.85 055 0.21
Leaves lamina (5-rest) 0.74 0.35 0.44 0.19
Sheaths and pseudostem (5-r¢ 0.39 0.15 0.19 0.06
Root tips (position 1-3) 152 0.70 0.61 0.05
Root axis (position 1-3) 0.72 046 0.32 0.03
Root tips (position 4-6) 140 0.71 0.33 0.05
Root axis (position 4-6) 0.71 0.29 0.25 0.02
Root tips (position 7-9) 0.25 0.11 0.21 0.04
Root axis (position 7-9) 0.26 0.11 0.20 0.03
Root tips (position 10-12) 0.18 0.06 0.13 0.02
Root axis (position10-12) 0.26 0.12 0.15 0.01
Root tips (position 13-15) 0.05 0.02 0.08 0.03
Root axis (position 13-15) 0.09 0.05 0.09 0.02

Root tips (position 16-rest) 0.05 0.02 0.07 0.04
Root axis (position 16-rest) 0.09 0.07 0.09 0.04
Tiller axis 1.07 0.30 0.34 0.02
Daughter Base elongating leaves (1-2) 0.37 0.23 3.83 1.27
Tip elongating leaves (1-2) 0.20 0.09 2.16 0.80

Other leaves lamina 0.11 0.04 1.15 0.36
Sheaths and Pseudostem 0.09 0.02 1.12 0.55
Root tips (position 1-5) 0.10 0.02 0.31 0.12
Root axis (position 1-5) 0.10 0.02 0.38 0.17
Root tips (position 6-10) 0.07 0.01 0.21 0.09
Root axis (position 6-10) 0.08 0.01 0.20 0.11

Root tips (position 11-rest) 0.08 0.04 0.10 0.04
Root axis (position 11-rest) 0.04 0.02 0.13 0.05

Tiller axis 0.19 0.14 1.14 0.24

>N labelled root tips 719 222 4.45 1.34

>N labelled root axis 206 0.77 1.17 0.17
p value <0.01 <0.01
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Appendix 7.10%C, % N, C:N ratiod™N (%o) andd™C (%) at different root and shoot dissection catizgs of Alto and Aberdart perennial
ryegrass cultivar at destructive harvest in Experitr6.1 & 6.2 (Aberdart root positions are in pénesis)
Appendix 7.10a%C, % N and C:N ratio

%N %C C.N

o Alto Aber Alto Abet Alto Aber
Main tiller Mear +SE  Mear +SE | Mear +SE  Mear +SE | Mear +SE  Mear  *SE
Base elonqgating leai-2 5.31 0.3t 4.0¢ 0.1z 40.¢ 0.5C 421 0.1¢ 7.9¢ 0.47% 10.2 0.3¢
Tip elongating leaf -2 5.2¢ 0.21 5.2¢ 0.1¢ 41.7 0.2¢ 43.¢ 0.2¢ 8.01 0.3¢ 8.3¢ 0.32
Other leave: 4.4¢ 0.1z 4.3¢ 0.1¢4 40.1] 0.3¢ 40.2 0.4z 9.0t 0.27 9.3¢ 0.9
Sheaths and pseudos! 2.31 0.1z 1.7C 0.1C 36.F 1.51 38.1 0.27 16.1 0.7¢ 22.¢ 1.2¢
Tiller axis 2.7¢ 0.1z 3.0t 0.0¢ 44 ¢ 0.2t 44 L 0.2¢ 16.t 0.8¢ 14.5 1.2¢
Root tipsposition -2 (1-3) 3.3¢ 0.22 3.57 0.47% 44 ¢ 1.77 42.1 0.22 14.01] 1.3¢€ 10.€ 0.45
Root axis position-2 (1-3) 3.0z 0.2¢ 2.8¢ 0.4¢ 46.7 1.5¢ 427 0.31 16.2 1.8¢ 12.¢ 0.41
Root tips position -4 (4-6) 3.2¢ 0.21 3.71 0.17 47.F 1.7¢ 42 F 0.1¢ 15.2 1.51 11.5 0.3¢
Root axis position -4 (4-6) 2.6¢ 0.21 3.42 0.07 47 ¢ 1.2¢ 42,7 0.17 18.¢€ 1.7¢ 12.5 0.5¢
Root tips position -6 (7-9) 3.1¢ 0.1¢ 3.0¢ 0.2¢ 45.1 2.3¢ 42 ¢ 0.1¢ 14.¢ 1.6¢ 15.t 0.2¢
Root axis position-6 (7-9) 3.0t 0.27 2.87 0.2Z 48.2 2.0z 43.F 0.1¢ 17.2 2.0C 16.¢€ 2.04
Root tips position -8 (€-12) 3.1: 0.21 2.6¢ 0.1¢ 46.7 1.9¢ 43.2 0.1¢ 15.¢€ 1.4 16.€ 2.21
Root axis position-8 (€-12) 2.617 0.2C 2.6¢ 0.1¢ 47 £ 1.04 43.¢ 0.17 18.¢ 1.67 17.€ 1.5C
Root tips position -12 (1-15) 2.9¢ 0.2 2.3¢ 0.1¢ 45.¢ 0.8¢ 43.7 0.27 16.£ 1.2¢ 19.c 2.27
Root axis position-12 (13-15) 2.41 0.1¢ 2.2 0.1Z2 46.5 0.9¢ 43.¢ 0.1¢ 20.7 2.57 20.k 1.5¢
Root tips 1-rest (1-rest 2.7¢€ 0.22 2.12 0.12 45.C 0.67 43.¢ 0.1¢ 17.4 1.81 21.F 1.5¢
Root axis 1-rest (1¢-rest 2.27 0.21 2.0¢ 0.1 46.¢ 0.5¢ 44.1 0.1z 22.¢ 2.4¢ 21.¢ 1.82
Dauahter tille
Base El 5.1¢ 0.3C 4.0z 0.1¢ 40.: 0.4t 42 .2 0.2z 8.0¢ 0.47% 10.7 0.51
Tip EL 5.5¢ 0.17 4.8( 0.1¢ 41.¢ 0.3¢ 43.¢ 0.31 7.62 0.2t 9.1¢ 0.3¢
Other lea 4 .5(C 0.1¢ 4 3¢ 0.11 40.1 0.32 41.F 0.27 9.0¢ 0.41 9E 0.27
Pseudoste 2.44 0.1Z 2.3¢ 0.14 38.2 0.4t 39.c 0.3C 16.1 0.9¢ 17.5 1.3¢
Tiller axis 2.8t 0.1¢ 3.0¢ 0.0¢ 441 0.3¢ 44 2 0.2¢ 15.7 0.8¢ 14.¢ 2.9¢
Root tips -5 3.41 0.1¢ 3.41 0.2 441 0.8t 42.¢ 0.1¢ 13.4 1.0 13.c 0.3¢
Root axis -5 2.97 0.1¢ 2.8¢ 0.21 44 ¢ 0.7¢ 43.1¢ 0.2¢ 15.7 1.2¢ 16.1 1.81
Root tips -10 3.41 0.2t 2.8¢ 0.2¢ 44 2 0.82 43.2 0.1¢ 13.€ 1.3C 16.2 2.5¢
Root axis -10 2.64 0.2¢ 2.7F 0.21 471 0.91 43.L 0.1: 19.¢ 2.11 16.¢ 2.47
Root tips 1-res 2.6¢ 0.1t 2.51 0.1¢ 46.C 0.77 43.L 0.17 18.1 1.2C 17.¢ 2.2¢
Root axis 1-res 2.1¢ 0.27 2.37 0.1C 46.¢€ 0.6¢ 43.¢ 0.1 24.C 2.5(C 18.¢ 2.82
P (dissection compone) <0.0] <0.01 <0.01 <0.01 <0.01 <0.0
Dissection compone (N label 0.31¢ 0.96¢
P (Tiller) 0.341 0.807 0.274 0.730 0.499 0.667
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Appendix 7.1( &N andd"*C isotope mass ratio (%o)

Main tiller 3N (%o) 3"C (%o)

Alto +SE Aber +SE| Alto +SE  Aber +SE
Base elongating leaf 1-2 055 0.18 1.21 0.45]|-27.31 0.27 -28.18 0.36
Tip elongating leaf 1-2 1.03 0.17 1.31 0.02|-27.59 0.17 -28.84 0.28
Other leaves 151 0415 151 047|-2759 015 -28.72 0.22
Sheaths and pseudostem 222 021 203 0.12|-27.34 0.16 -28.64 0.28
Tiller axis -0.89 046 1.18 0.01(-27.13 021 -27.42 0.21
Root tips position 1-2 (1-3) 0.78 0.38 175 0.48]|-26.84 0.18 -28.18 0.28
Root axis position 1-2 (1-3) 040 075 142 -26.75 0.23 -28.84 0.25
Root tips position 3-4 (4-6) -0.03 047 219 0.34(-2681 022 -28.72 0.26
Root axis position 3-4 (4-6) 0.84 040 1.25 -26.52 0.22 -28.64 0.28
Root tips position 5-6 (7-9) -0.44 045 169 0.51(-26.67 025 -27.97 0.20
Root axis position 5-6 (7-9) 0.23 046 1.48 0.28|-26.49 0.27 -27.74 0.15
Root tips position 7-8 (9-12) -0.77 037 0.65 0.27]-26.39 0.19 -27.42 0.15
Root axis position 7-8 (9-12)  0.04 0.46 -0.62 2.09|-26.43 0.20 -27.07 0.14
Root tips position 9-12 (13-15) -0.89 0.54 -1.32 0.78|-26.31 0.17 -27.16 0.15
Root axis position9-12 (13-15) -0.15 0.55 -1.44 0.52|-26.59 0.17 -27.12 0.15
Root tips 13-rest (16-rest) -055 056 -1.94 0.88|-26.31 0.18 -26.70 0.15
Root axis 13-rest (16-rest) -1.64 051 -0.96 1.03|-26.90 0.18 -26.78 0.20
Daughter tiller
Base EL 0.45 020 1.03 0.32|-27.50 0.21 -28.34 0.37
Tip EL 0.86 0.14 1.13 0.02|-27.67 0.22 -28.95 0.28
Other leaf 159 0.13 145 0.72|-27.67 0.23 -28.51 0.26
Pseudostem 2.14 023 293 0.67|-27.48 0.22 -28.65 0.29
Tiller axis -0.25 0.43 050 150|-26.97 0.28 -27.64 0.14
Root tips upper 5 1.16 043 212 047|-26.78 0.23 -27.23 0.23
Root axis upper 5 122 041 473 0.18]|-26.77 0.25 -27.38 0.18
Root tips middle upto 10 0.15 040 1.16 -26.48 0.20 -26.99 0.27
Root axis middle upto 10 0.75 029 285 0.90|-26.70 0.27 -27.04 0.22
Root tips lower 11-rest -0.33 0.37 0.69 2.04|-26.48 0.19 -26.72 0.18
Root axis 11-rest -0.57 041 151 1.10|-26.90 0.16 -27.05 0.15
P (segment) <0.01 <0.01 <0.01 <0.01
Segment (N label) 0.698 0.999
P (Tiller) 0.450 0.481 0.575 0.268
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Appendix 7.11C mass isotope ratio inside the bag (Farquhar.,e1289).

£(6o — de)

A= 1000+ 60 — (B0 = 59)

Where,

&= CJ(Ce Co)

C.= CGO, concentration at inlet
C,= CO, concentration at outlet

de= isotopic ratio at supply
d0 = isotopic ratio inside the bag
A= Carbon isotope discrimination by plants

Ce G 3 Oe d, inside the bag O - Oc A
400 300 4.00 -24 -18.72 5.28 22
400 270 3.08 -24 -17.12 6.88 22
400 250 2.67 -24 -16.06 7.94 22
400 230 2.35 -24 -14.99 9.01 22
400 210 2.11 -24 -13.92 10.08 22
400 190 1.90 -24 -12.84 11.16 22
400 170 1.74 -24 -11.77 12.23 22
400 150 1.60 -24 -10.69 13.31 22
400 130 1.48 -24 -9.61 14.39 22

Appendix 8.1 Calculation for % N concentration

For example,

for a particular sample machine reads 20 pg N ml
=20 x 50 pg N 50 i

= 1000 pg N 30 mg sample (sample DW = 30 mg)
=1000/30 pg N mgsample

= 1/30 mg N mg sample

=3.33% N in sample
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Appendix 9.1 Calculation for C demand and supply at the differemot-bearing
phytomers (Pr) of the tiller axis of Alto and Abartiperennial ryegrass cultivars:
a) estimated photo-assimilate C supply at diffelént b) C required for root
construction, and c) C required for root respinatio

Note: For step by step calculation please seertblesed CD.

a) Estimation of C supply at different Pr
As stated in Section 5.3.10, that total amount etf @Q exchange per tiller per day in
Spring and Autumn experiments was calculated fdrendata presented in Appendix 4.3
taking leaf area of all leaves per tiller and thest photosynthetic rate (umol G&? s
into account. It was then assumed that 40% of tatsdimilated C@ is respired
immediately (Danckwerts and Gordon, 1987) and 1%%emaining CQ is allocated to
the root system (Parsons and Robson, 1981). Ifuvdser assumed that 30% of available

C is taken up by a particular Pr when C moves doavde/to the tiller axis.

b) C cost for root construction
The root construction cost for the individual Pmimol CQ Pr! d* was calculated from
DMD, (mg P d%) assuming 45% C present in the root tissues (Sespt€r 7).
Respiration cost during root growth at the indiabr was assumed 17% of DMD
(Eissenstat and Yanai, 1997). Thus, the C costdot construction was calculated as C

required for DM deposition and that required fapieation during root growth.
c) C cost for root respiration

Root respiration cost at different phytomer posiavas calculated assuming 2.0 mmol
CO, required per g RDW per d (Eissenstat and Yan&7)L9
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