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Growth and development of lucerne with different fall dormancy ratings

by
Hung T Ta

The main aim of this research was to understand differences in the growth and development of three
lucerne genotypes with different fall dormancy (FD) ratings; FD2 (dormant), FD5 (semi-dormant) and
FD10 (winter-active). To do this, one field experiment was undertaken over two years; a seedling
establishment phase followed by multiple regrowth cycles (October 2014 to January 2017). By the end
of the seedling phase, the FD10 genotype had produced 20% more shoot and 16% more root biomass
than the other two genotypes. Lucerne physiology was examined to see if the yield advantage of FD10
was maintained during subsequent regrowth cycles. After the seedling phase, a second treatment of
defoliation frequency regime (DF) at 28 (DF28), 42 (DF42) and 84 (DF84) days was used to create
different levels of root reserves, to examine whether treatments affected the yield and quality
potential of crops. Annual shoot yields ranged from 4.4 t DM/ha in DF28 crops to 17.5 t DM/ha in DF84
crops. Most of this difference was due to changes in the rates of shoot growth in response to
temperature and photoperiod (Pp). When crops were growing into an increasing Pp, growth rate was
3.5 kg DM/ha/°Cd for DF28 crops compared with 7.5 kg DM/ha/°Cd for DF42 and 8.8 kg DM/ha/°Cd
for DF84 crops. The leaf stem ratio (LSR) declined by 0.82 for each one ton increase in shoot DM. The
CP and ME accumulation in whole shoots or in leaf, soft stem and hard stem followed an allometric
relationship. As DM increased, CP and ME increased in a similar pattern for all treatments. By third
year 2016/17, crops defoliated at 42 and 84 day intervals produced 1.3 t CP/ha and 55 GJ ME/ha
greater than a 28 day regrowth crop. Thus, quality was unaffected by FD ratings and explained

allometrically by the leaf and stem ratio, associated with shoot DM.

Physiologically, the differences in shoot yield among DF crops were explained mainly by differences in
the amounts of radiation intercepted. More frequent defoliation caused lower radiation interception
because short regrowth cycles reduced leaf area index (LAI). There was no difference in canopy
architecture with an extinction coefficient of 0.83 for all treatments. The lower LAl in DF28 canopies

was explained by a lower leaf area expansion rate (LAER). This was 50 and 62% slower during the main



spring-summer growth periods than for DF42 and DF84 crops, respectively. The lower LAER in DF28
crops was caused by slower development of individual leaf area and a longer phyllochron. However,
other LAl components including branching, shoot population, leaf senescence and reproductive
development (flowering) were relatively consistent for all crops. The shortest defoliation interval
reduced the amounts and levels of root reserves (DMoot) by 40 and 60% in relation to the DF42 and
DF84 regimes. The smaller root reserves in DF28 crops were caused by a decline in the fractional DM
partitioning in roots (Prot). Therefore post defoliation, a lack of root reserves reduced RUEghoot and

consequently reduced biomass accumulation for DF28 crops.

There was no interaction between the effects of the FD and DF treatments. Irrespective of the DF
regime, the FD10 genotype produced 23% higher shoot yield in autumn. During this period, stem
expansion rate of FD10 was 0.99 mm/°Cd which was faster than FD5 (0.70) and FD2 (0.53). Autumn
mean leaf area was 226, 369, and 489 mm? for FD2, FD5 and FD10, respectively. Therefore the higher
autumn shoot yield of the FD10 genotype came from a faster stem elongation rate and larger leaves.
However, individual leaf area was similar for all genotypes during the main spring-summer growth. In
the 28 day defoliation treatment, FD10 had lower shoot growth rates during the spring-summer period
2016/17 and grew ~3 kg DM/ha/°Cd lower than the FD2 and FD5 genotypes. The difference in Proot
among genotypes was possibly due to different in base photoperiod response. The FD2 genotype
showed the most response to Pp direction. This suggests this genotype had a lower base photoperiod
response. Therefore this more dormant genotype recharged root reserves at all times of year. In
contrast, the winter-active (FD10) genotype had a higher base photoperiod and therefore had less time
to recharge root reserves than the FD2 genotype, FD5 was intermediate. This explains the faster
decline in root reserves for FD10 growing in colder months in the DF28 regime. Consequently, the root
reserves of FD10 declined over time to 1.5 t DM/ha by the end of the experiment in January 2017. It is
likely that this progressive reduction in root reserves is the cause of reported decreases in persistence
of FD10 genotypes over time. Ongoing monitoring of this experiment will be used to test this
hypothesis. Thus this research showed growth differed among FD ratings. Phenological development
(phyllochron, branching, canopy structure and leaf senescence) and reproductive development were
conservative among FD ratings. In contrast, vegetative growth (leaf area expansion and stem

elongation) was most closely correlated with fall dormancy ratings during atumn period.

Keywords: Alfalfa, Medicago sativa, fall dormancy, defoliation frequency, phyllochron, partitioning,

persistence, root reserves, radiation use efficiency, photoperiod.
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Chapter 1 Introduction

1.1 General introduction

In New Zealand, lucerne cultivars with low to moderate fall dormancy ratings (FD) such as ‘Wairau’
(FD3) have been widely grown on dryland farms (Douglas, 1986; Moot et al., 2003). These genotypes
produce high yields of high quality feed in spring to summer, but dry matter (DM) production declines
during autumn. This reduction in forage yield is due to lucerne becoming dormant in the early autumn
season when daylength and temperature are decreasing (Barnes et al., 1979). One way to increase
forage yield might be through growing of non-dormant or winter-active (FD10) cultivars, as these are

higher yielding in the cooler months and have faster shoot growth rates after defoliation (Leach, 1969).

For winter-active genotypes to be successfully introduced on farms, their potential advantage will
depend on greater annual productivity. Quality is also a crucial factor and for adoption they will need
to be equal or better than lower producing altenatives. The suitability of lucerne for dryland farms also
depends on them persisting under winter conditions. In New Zealand more winter-active genotypes
are starting to be promoted onto farms (Harvey et al., 2014). However, it is unclear how the yield,
quality and persistence of genotypes differs with FD rating. To select appropriate lucerne genotypes,
it is necessary to understand the physiological drivers of FD that may influence growth and

development.

Historically, it is well known that the level of endogenous reserves in crowns and taproots is an
important component of lucerne crops that supports shoot regrowth (Graber et al., 1927; Reynolds
and Smith, 1962). Low levels of endogenous reserves have been shown to reduce yields because they
are used to renew the canopy of stems at the beginning of each regrowth cycle (Avice et al., 1997b).
For a fall dormancy 5 (FD5) lucerne genotype, Teixeira et al. (2007c) reported a 42-day rotation
produced twice the amount of dry matter of a crop harvested every 28 days. This yield reduction could
be due to a decline in the amount of radiation intercepted by the canopy (Teixeira et al., 2008).
However, it remains unclear how these mechanisms change with different FD ratings and defoliation
frequencies (DF). Non-dormant (FD10) lucerne exhibits higher shoot growth rates after defoliation
when compared with dormant types (Leach, 1969), particularly in autumn. This results in large
differences in canopy expansion and radiation use efficiency (RUE; Volenec, 1985). Dormancy related
differences in shoot growth rate might influence the partitioning of dry matter (C and N) to crown and
taproot. Post-defoliation, a lack of underground reserves can reduce canopy expansion rates of the
earliest initiated leaves (Teixeira et al., 2008). Ultimately, this may affect production and persistence
of lucerne crops. The physiological mechanisms involved in these processes are unknown or

insufficiently quantified to be predictive.



1.2 Hypothesis and objectives of this thesis

The hypothesis of this thesis is that the growth and development of different fall dormancy (FD) ratings
is conservative in response to defoliation frequency (DF) regimes. To test this hypothesis, research was

conducted in four main steps:

(i) Experimental data collection for seedling lucerne of three different fall dormancy to test

physiological responses of FD ratings during taproot establisment.

(i) Experimental data collection for established lucerne to determine agronomic performance of FD

ratings respond to DF regimes.
(iii) Phenological data collection to explain how growth difference among FD ratings.

(iv) Relate yield differences to perenial reserves. This was to verify the linkage between the seasonal

biomass partitiong and activity levels of genotypes.

The overall goal of this thesis is to understand differences in the growth and development of lucerne
genotypes with FD ratings of FD2, FD5 and FD10. To do this one field experiment was used over two
years; from seedling establishment followed by multiple regrowth cycles (October 2014 to January
2017). The DF regime at 28 (DF28), 42 (DF42) and 84 (DF84) days was used to create different levels
of root reserves, to examine how this interacted with FD ratings for yield and quality potential of crops.
A long 84 day interval was used to allow the response of crops to environmental factors to be assessed
independently of defoliation pressure. It also created crops of overly mature lucerne to extend the

range of yield and quality parameters that could be analysed.

This thesis is structured in eight chapters (Figure 1.1). Chapter 2 reviews the literature and focuses on
lucerne physiology and management which determines crop productivity and persistence. Chapter 3
describes the experimental design, methods, analysis and physical environment, which are common

to the results in Chapters 4 to 7.

The specific objectives of this thesis are related to each of the four experimental chapters:

1. The objective of Chapter 4 is to investigate the influence of FD on DM production and phenological

development during the seedling phase.

2. The objective of Chapter 5 is to investigate the yield and quality responses of the FD genotypes
when they were grown in changing environmental conditions and defoliation managements,

created by different cutting regimes.



The objective of Chapter 6 is to explain any differences in agronomic performance reported in
Chapter 5 by quantifying radiation interception, canopy expansion and development, and crop

phenology in relation to thermal time and photoperiod.

The objective of Chapter 7 is to relate yield differences to perennial reserves and dormancy levels
of genotypes. To do this DM shoot yield will be related to the amount of intercepted radiation to
compare the efficiency with which radiation is converted to biomass. Biomass partitioning to

above and below ground organs will then be assessed.

Overall, Chapter 8 discusses the knowledge gained through the intensive experiment which
includes how the FD and DF— environment response relationships could be used to determine
management strategies of different FD ratings grown in a temperate climate. This includes
recommendations for farmers of how to select appropriate lucerne genotypes to increase
production on farms. The potential to use the equations developed for crop modelling puposes is
also discussed along with limitations of the current dataset that opens opportunities for further

research.
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Chapter 2 Literature review

Introduction

This chapter reviews the current literature on lucerne physiology and management as it relates to crop
productivity and persistence. It quantifies the yield forming processes which result from both crop
growth and development. Crop growth and development (Section 2.2.2) are driven by environmental
factors mainly through radiation, temperature, photoperiod and also defoliation management. The
influence of the level of fall dormancy as determined by genotype is integrated in this review and will
highlight the knowledge gap of management strategies for different fall dormancy ratings grown in a

temperate climate.

2.1 Lucerne in New Zealand pastoral systems

Lucerne (Medicago sativa L.) is the world’s oldest (Michaud et al., 1988) and most important forage
legume due to its high energy and protein contents and suitability for grazing and hay making. It has
the potential to grow in environments ranging from hot arid to cool temperate, and high productivity
and persistence are essentially prerequisites for its production success (Michaud et al., 1988; Frame et
al., 1998). In New Zealand, the potential of lucerne has been recognised as a most suitable forage
species to benefit pastoral systems, particularly in dryland areas (lversen, 1967). This is because, in
these areas, the traditional ryegrass/white clover pastures fail to persist due to water stress conditions
in summer months (Knowles et al., 2003). Lucerne has a deep taproot that gives the plant access and
ability to extract water and nutrients from deeper layers in the soil profile than other forage species
(Langer, 1967). For this reason, lucerne has been shown to have superior drought tolerance and
preference over grasses in lower rainfall (400-800 mm) areas (Moot, 2012). For example, under dryland
conditions lucerne crops consistently produce 40% more dry matter (DM) than pasture with yields up
to 21 t DM/ha/year (lversen, 1967; Douglas, 1986). The yield advantage of dryland lucerne came from
higher growth rates in September and during the periods of high soil water deficit in summer (Brown
et al., 2005a). This allows grazing to start in early spring to meet livestock feed demand, thereby
shortening the time to sale of surplus stock and lessening the summer feed gap, because fewer animals
are retained on farms (Avery et al., 2008). However, lucerne cultivars grow in New Zealand declines
their DM productivity during autumn (Lucas, 1984) which may cause autumn-winter feed shortages.
This may require a change in farming system or the growing of winter feed crops or supplementation

to meet feed demand or through growing the winter-active or non-dormant lucerne.



2.2 Fall dormancy (FD) and defoliation frequency regime (DF)

Fall dormancy (FD) is an important criterion used to classify lucerne genotypes. The FD rating for
lucerne is based on stem height during autumn (Barnes et al., 1979) with commecially available
cultivars ranging from a low of FD2 to a highly active FD10 (Harvey et al., 2014). To successfully
integrate lucerne on farm requires matching the correct genotype to the environment where it will be
grown. In temperate New Zealand, lucerne with low to moderate FD rating such as ‘Wairau’ (FD4) and
‘Kaituna’ (FD5) have been widely grown on dryland farms (Douglas, 1986; Moot et al., 2003). These
genotypes produce high vyields and quality feed from spring to summer, but dry matter (DM)
production declines during autumn (Lucas, 1984). This reduction in forage yield is due to lucerne
becoming “dormant” in the early autumn or fall season when daylength and temperature are
decreasing (Barnes et al., 1979). In warmer environments non-dormant or winter-active (FD10) lucerne

is recommended with an expectation of greater yields (Leach, 1969; Lowe, 1985).

In addition to high yields, an ideal forage crop must also support animal production and thus be of high
quality. Lucerne is known to be palatable to livestock and typically has ME values of at least 11 KJ
ME/kg DM, crude protein (CP) levels greater than 20%, and high digestibility (Burke et al., 2002). The
combination of total CP and ME in the palatable fraction (leaves and soft stems) of lucerne crops is
also an important factor that determines potential livestock production. This high quality palatable
fraction is the main part of the lucerne sward that sheep consume when grazing in situ (Brown and
Moot, 2004). Therefore, the ratio of the amount of leaf to stem (LSR) is the primary factor which
determines the nutritive value of lucerne (Woodman and Evans, 1935). Fletcher (1976) reported LSR
decreased as regrowth duration increased due to lignification of stem. This suggests lucerne quality
could be improved by shortening the regrowth duration. For example, Allison and Vartha (1973)
reported lucerne leaf percentage increased 55 to 65% when regrowth duration was reduced from 5 to
4 weeks. However, increased defoliation frequency may reduce yield and persistence of lucerne
(Keoghan, 1982). Teixeira et al. (2007c) showed that a 28-day rotation reduced annual shoot yield by
50% compared with a crop harvested every 42 days. To couple forage yield and forage quality, Lemaire
et al. (1992) proposed an allometric relationship between LSR and shoot DM; as shoot DM vyield
increased the LSR decreased. However, it is unclear if or how forage yield and quality might change
with genotypes of different FD ratings. Reportedly, the non-dormant or winter-active (FD10) lucerne
may have faster shoot growth rates after defoliation (Lowe, 1985), so it might change the allometric
ratio. This suggests winter-active genotypes may be harvested earlier without reduction in yield and
therefore can be managed at higher defoliation frequency than the more dormant genotypes.
However, Harvey et al. (2014) reported that genotypes with higher FD ratings are less persistent than
those with a lower rating when working with different dormancy classes in New Zealand. Similar

studies on lucerne in temperate (Lodge, 1986) and subtropical regions of Australia (Gramshaw et al.,



1993), and in South America (Ventroni et al., 2010) have shown that the yield advantage for the winter
active cultivars only appeared in the first year. It is also known that these winter-active genotypes
(FD10) have taller shoots in autumn (Barnes et al., 1979) which suggests more biomass has been
allocated into shoot growth. This strategy of elongating shoot length may result in higher individual
shoot mass (Volenec, 1985) but potentially lower shoot quality because of increased lignification to
support the extra height (Christian et al., 1970). The impact of FD ratings on lucerne yield and quality

in response to DF regimes is unknown or insufficiently quantified to be predictive.

Another important aspect in crop growth is the quantification of phasic development from vegetative
to reproductive. This is because changes in partitioning priority often occur as crops become
reproductive. Lucerne has been recommended to cut at flowering stage for achieving a high yield and
herbage quality (Smith, 1972). This cutting management implies the appearance of flowering is an
indicator that biomass demand in the perennial organs (crown plus taproot) is complete. Post-
defoliation, these perennial reserves are remobilised to support shoot growth mainly through
increasing the rate of canopy expansion of the earliest initiated leaves (Volenec et al., 1996; Teixeira
et al., 2008). In the field, the first sign of the reproductive phase is observed by visual appearance of
floral buds on the meristems. However, the transition from vegetative phase to reproductive phase
varies with temperature (Smith, 1972). For an FD5 regrowth lucerne “Kaituna” crop, Teixeira et al.
(2011) reported the phasic transition was driven by temperature but also manipulated by photoperiod.
It is unclear if, or how, phenological development might change with genotypes of different FD ratings.
The non-dormant FD10 genotype exhibited faster regrowth in autumn, consequently it might reach
the reproductive phase earlier than the winter-dormant (FD2) and semi-dormant (FD5) genotypes
(Lowe, 1985). The impact of phenological development on partitioning and growth processes is

unknown or insufficiently to be predictive.

Currently more winter-active lucerne genotypes are starting to be introduced onto New Zealand farms
(Harvey et al., 2014). However, it is unclear how yield production, quality and persistence changes with
genotypes of different FD. To select appropriate lucerne genotypes, it is necessary to understand the
physiological drivers of FD lucerne growth. This requires an understanding of crop growth and

development in relation to enviromental factors and different defoliation management.



2.3 Environmental factor influences on growth and development

2.3.1 Temperature

Temperature is an important factor that influences crop growth and development (Monteith, 1972).
Generally, the rates of growth and development increase with increasing temperature. However,
within the linear phase, crops cannot distinguish between temperature and duration (e.g. 5°C for 20 h
and 10°C for 10 h) (Hay and Porter, 2006). Therefore thermal time (Tt; °Cd or degree days) has been
used widely to quantify the effect of temperature on development and growth of lucerne crops (Moot
et al., 2001) and many other agricultural crops (Hodges, 1991). The calculation of Tt is often based on
three cardinal temperatures. Development rate increases linearly above a constant crop-specific base
temperature (Ty) or temperature threshold to an optimum temperature (To) and declines linearly to a
maximum temperature (Tmax) above which development also ceases. Thermal time is calculated on a

daily basis the mean daily temperature (Tmean) Mminus Ty, as described in Equation 2.1.
Equation 2.1 Thermal time (Tt; °Cd) = 3 (Tmean - Tb)
Where Tmean = (Tmax — Tmin)/2

Generally, interpretation of development responses to thermal time for lucerne has identified a
constant Ty of 5 °C, To of 30 °C and Tmax of 40 °C (Fick et al., 1988). However for lucerne growing in
temperate environment Moot et al. (2001) reported that this Ty was too high and suggested a broken-
stick threshold model to account for different development rate responses at lower temperatures.
Their model defined a T, of 1.0 °C for temperate pasture species (Moot et al., 2000). At temperatures
less than 15°C, development rate responded linearly at a rate of 0.7 °Cd/°C and then at a rate of 1.0
°Cd/°C until the optimum temperature (T,) of 30 °C is reached. The upper threshold (Tmax=40 °C) is not
usually required in New Zealand temperate environment because Tmean does not exceed To. This

method to calculate Tt will be used in the current research.

2.3.2 Crop growth, development and yield formation

Lucerne growth and development are strongly influenced by environmental signals across seasons
(Moot et al., 2003), which consequently determines yield (Hay and Porter, 2006). Development is the
change in organ structures through which a crop progresses its life cycle from germination to maturity.
Thus, development rate is measured by morphology. The rates of development processes, such as
expansion of vegetative nodes and appearance of floral buds, are determined by temperature (Fick et
al., 1988) and modified by photoperiod (Pp). For example, Brown et al. (2005b) reported the rate of
leaf appearance (phyllochron) on the main stem was consistent at 37°Cd for a regrowth lucerne crop

but declined from 60 to 37°Cd as photoperiod decreased from 15.7 to 11.4 h. Growth refers to the



increase in crop DM as the result of radiation interception and partitioning of the products of
photosynthesis. Growth rate is measured by yield which is strongly depend on environmental factors
(Fick et al., 1988). For example, Gosse et al. (1988) observed a decrease in growth rate for a lucerne
crop “du Puits” from 150 kg DM/ha/day in summer to 90 kg DM/ha/day in autumn. This decrease in
growth rate during autumn was partially explained by the reduction in mean air temperature and the
available amount of solar radiation intercepted during this period. However, Moot et al. (2003)
indentified lower growth rates in autumn than spring for irrigated lucerne at the same mean air
temperature. This difference was used as the basis to develop a set of management rules to increase
lucerne use on-farm (Avery et al., 2008; Anderson et al., 2014). However, these decisions were based
on a FD5 variety. It is known that genotypes with higher FD ratings produce more herbage in autumn
but are less persistent than those with lower ratings (Harvey et al., 2014). To elucidate the physiological
mechanisms responsible for these different responses, a systematic investigation of crop growth and
development of lucerne with different FD is required. It is also known that the physiological responses
of seedling lucerne during taproot establishment differs from established crops, so they must be
considered separately (Teixeira et al., 2011). This will be investigated in the current experiment. For
lucerne, yield forming processes are mainly driven by temperature and solar radiation (Fick et al., 1988)

and can be described in Equation 2.2;
Equation 2.2 DMshoot = Ro * R/Ro * RUE * H

Where the shoot dry matter (DMshoot) is the product of the incident solar radiation above canopy (Ro),
and the fractional radiation intercepted by the whole canopy (R/Ro). RUE is the radiation use efficiency
which represents the conversion of intercepted radiation into DM. H represents the rate of partitioning
of DM between harvested parts and the rest of the crop (Monteith, 1977; Robertson et al., 2002). In
annual crops H is the harvest index from grain. In perennial lucerne it represents the proportion

consumed as forage.

In order to explain the differences of agronomic performance among genotypes or between
defoliation treatments, it is necessary to understand how temperature and solar radiation affect these
yield forming processes. The following sections will discuss each component in Equation 2.2 in relation

to environmental factors.

2.4 Radiation intercepted by the canopy

Radiation interceptance (R/Ro) is modulated by changes in canopy structure and size. The size of
canopy is quantified by the leaf area index (LAI; m? leaf/m? ground) throughout the growth period.
Technically, all green material is photosynthetically active so some authors refer to the green area

index (GAI) but in this thesis the term LAl is used to represent the photosynthetically active plant



material. The canopy structure is characterized by factors such as leaf angle, leaf surface properties,
leaf shape and arrangement (Hay and Porter, 2006) which determines leaf optical properties
(reflection and transmission). The relation between R/Ro and LAl can be described by an exponential
reduction of radiation through the canopy using the Beer-Lambert law (Equation 2.3, Monsi and Saeki

(2005).
Equation 2.3 R/Ro = 1-exp(-k*LAl)

Where, k is the extinction coefficient that describes interception per unit of leaf area. The lucerne
literature shows that k does not vary among genotypes (Gosse et al., 1988; Teixeira et al., 2011,
Thiébeau et al., 2011) or defoliation treatments (Teixeira et al., 2007b). Many authors have reported
a high and stable k for lucerne crops of 0.83 to 0.93. Therefore, a single value of k is used to describe
canopy structure when estimating radiation interception (Thornley and Johnson, 2000). The
implication of a single and stable k value is that differences in the pattern of radiation interceptance

among genotypes or defoliation frequencies (DF) are mainly explained by LAL.

2.4.1 Developmental processes of LAl formation

The LAl has components of stem population, leaf number on the main-stem, and branching with each
of these components driven by temperature (Robertson et al., 2002) but potentially also modified by

photoperiod (Pp) (Brown et al., 2005b).

For lucerne, the rate of primary leaf appearance on the main stem is the main driver of leaf appearance
(Robertson et al., 2002). It also determines the potential of axillary leaves from the axial buds (Hay and
Porter, 2006). The interval between the appearance of successive primary leaves is defined as the
phyllochron and is quantified by Tt (°Cd/primary leaf). Phyllochron has been considered constant at
34°Cd/primary leaf for lucerne crops (Robertson et al., 2002). However, Teixeira et al. (2007b) reported
that the phyllochron changed between 34 — 60°Cd throughout seasons. This means using a constant
phyllochron is inappropriate for lucerne growing in a temperate climate such as New Zealand. The
seasonal changes in phyllochron could be described by Pp at the start of each regrowth cycle. This is
because, the Pp response for lucerne phyllochron was induced near the beginning of the crop cycle
with the time of first leaves appearance (Brown et al., 2005b). Therefore, the direction of Pp changes
(increasing or decreasing Pp) may influence phyllochron. For example, the phyllochron of a regrowth
lucerne crop was 37°Cd but declined from 60 to 37°Cd as Pp decreased from 17.5 to 11.4 (Brown et
al.,, 2005b). They reported longer phyllochron in autumn-winter (Pp decreased). This longer
phyllochron in autumn (Pp decreased) possibly relates to the seasonal assimilate supply when dry
matter is preferentially partitioned into perennial reserves rather than shoots during this period

(Teixeira et al., 2007c). This causes a limited availability of assimilate to support cell division and
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expansion (Hay and Porter, 2006) and therefore reduces the rate of phyllochron expression. It is
unknown how these mechanisms change with different FD ratings and defoliation frequencies (DF).

This will be investigated in the current research (Chapter 6).

Branching is the initiation of secondary leaves at each node. It allows crops to expand their potential
leaf area and increase radiation interception (Hay and Porter, 2006). The extent of branching, defined
as branching rate can be described by thermal time. Alternatively, branching can be quantified as the
total number of leaves in relation to the number of primary leaves. For example, Teixeira et al. (2007b)
showed that in a regrowth lucerne “Kaituna” crop, the first axillary leaf initiated when the 4*" primary
leaf was fully expanded and then progressed bi-linearly at a rate that was consistent with primary leaf
appearance. The appearance of axillary leaves was 3.1/primary leaf until the expansion of the 9"
primary leaf. Then branching rate increased to 6.8/primary leaf until the 11" primary leaf.
Environmental factors like radiation quality and quantity are also known to influence branch
development (Thompson, 1993). This is because both quality and intensity (e.g. the red/far red ratio)
could modulate assimilate supply (Stoskopt, 1981) and stimulate cell division and expansion (Hay and

Porter, 2006) and consequently determine the rate of branching.

Stem population is determined by plants/m? and shoots/plant which are the components of lucerne
yield (Volenec et al., 1987). The number of plants is strongly dependent on sowing rate (kg seed/ha),
conditions during the seedling phase, and declines throughout the growing years after establishment
(Fick et al., 1988). For example, Teixeira et al. (2007a) working in irrigated lucerne grown at Lincoln
reported 130 plants/m? in the first year but this decreased to 60 plants/m? in the second year, a more
than 50% drop in plant population for their two year experiment. The decline in plant population was
probably because of adaptation to stresses like diseases, pest, winter hardness (Cowett and Sprague,
1962; Nelson and Smith, 1968) or severe frequent defoliation (Lodge, 1986; Teixeira et al., 2007a).
However, the decrease in plant population is often compensated for by an increase in the number of
shoots/plant (Gosse et al., 1988). This plasticity of response ensures an optimum stem population at
which yield component compensation maintains the productive potential of the lucerne crop (Teixeira
et al., 2007a). Competition among adjacent plants for radiation has been suggested as a main factor

that influences the stem dynamics (Gosse et al., 1988).

2.4.2 Individual leaf size

The size of leaves is an important factor that contributes to LAI, because the ultimate size of a leaf
depends on the other components of LAl formation. Leaf growth is determined by the rate of cell
division and expansion at the stem apex (Hay and Walker, 1989) which is driven by assimilate supply.
Gastal and Nelson (1994) found that, in the early stages of leaf growth, cell division is highly sensitive

to nitrogen (N) supply. Brown and Tanner (1983) also found a limited availability of carbohydrate from
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small leaf area gives the small leaf size. It is known that endogenous N in perennial reserves was
reduced by frequent defoliations (Avice et al., 1997a). Post defoliation, a lack of underground reserves
can reduce expansion rates of the earliest initiated leaves (Teixeira et al., 2008). However, it is unclear

if these mechanisms change with different FD ratings. This will be investigated in the current research.

2.4.3 Leaf senescence

Senescence refers to the yellowing of a dying leaf and has been describes as a linear function of Tt for
a number of crops (Carberry and Muchow, 1992; Chapman et al., 1993). For lucerne, senescence
progresses from the bottom to the top of the canopy probably due to the recycling of the resources
from lower old leaves to form new leaves during the expansion of the canopy. This strategy ensures
that the later leaves are the main source of assimilate and tend to live longer (Hay and Porter, 2006).
Senescence is also progressively enhanced by increased mutual shading by an overlying canopy.
Teixeira et al. (2007b) showed senescence in a regrowth lucerne crop “Kaituna” (FD5) commenced at
the time of appearance of the 4™ primary leaf at a rate of 0.2 leaves/primary leaf. This was maintained
until the 6" primary leaf when senescence increased to 0.48 leaves for each primary leaf appearance.
Whether senescence is consistent across genotypes of different FD is unknown and will be examined

in this thesis.

2.5 Radiation use efficiency (RUE)

2.5.1 Biomass accumulation and RUE

Biomass accumulation can be estimated as the product of the amount of radiation intercepted by the
canopy and radiation use efficiency (Equation 2.2). Radiation interception is modulated by canopy
development and expansion (Section 2.3). Radiation use efficiency (RUE) refers to the net efficiency of
conversion of radiation energy into crop dry matter and is usually calculated as shoot biomass in
relation to the amount of radiation intercepted (Monteith, 1977; Sinclair and Muchow, 1999).
Considerable and precision caution is needed when defining RUE, because this terminology can be
expressed in different forms. These include; (i) photosynthetically active radiation (PAR ; 400 to 700
nm) or total solar radiation; (ii) intercepted or absorbed radiation; (iii) the fraction of biomass
production expressed on above-ground DM or on a total DM basis including below-ground DM. In this
current research, RUE will be defined by intercepted total solar radiation and expressed as shoot RUE

(RUEshoot) or total (shoots plus crowns and roots) RUE (RUEiotal).

The relationship between accumulated crop DM and the amount of intercepted solar radiation was
described experimentally and theoretically by Monteith (1977) who concluded that under optimum
conditions, a constant RUE of 1.4 g DM/MJ is assumed for most C; species. This classical analysis has

been determined for many annual crops (Gallagher and Biscoe, 1978; Kiniry et al., 1989) and extended
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to perennial crops (Robertson et al., 2002) such as lucerne. However, this approach does not accurately
reflect the whole crop physiology, because the partitioning of biomass to below-ground (taproot and
crown) changes within regrowth cycles (Reynolds and Smith, 1962) and between seasons (Khaiti and
Lemaire, 1992) and, therefore, RUEsnoot Varies with seasons. Because of this Teixeira et al. (2008)
defined RUEsnoot as the easily measured above-ground component of biomass in relation to radiation
interception, analogous to RUE in annual crops. RUEt was defined on the basic of shoot biomass,
plus biomass in crowns and roots to 30 cm. To cope with this seasonal dynamic of lucerne, Teixeira et
al. (2009) proposed a framework to explicitly account for partitioning of biomass to below-ground, as

represented in Equation 2.4.
Equation 24 DMishoot = Ro X R/RO X RUEtotal X (1'pper)

Where DMshoot is the above-ground yield, Ro is the amount of incident solar radiation at the top of the
canopy, R is the amount of transmitted radiation at the bottom of the canopy, R/Ro is the fractional
radiation intercepted by the whole canopy, RUE:tal is the conversion factor of R/Ro to "total dry matter"

(g DM/MJ), and 1-pger is the fractional difference of the partitioning to perennial organs.

This method has been used successfully to explain yield production of a fall dormancy 5 (FD5) lucerne
cultivar ‘Kaituna’ but it remains unclear how these mechanisms change with different FD and
defoliation frequency (DF). Non-dormant (FD10) lucerne exhibits higher shoot growth rates after
defoliation when compared with dormant types (Leach, 1969), particularly in autumn. This results in
large differences in canopy expansion and RUE (Volenec, 1985). This is a consequence of accumulation
and depletion of C and N reserves in taproots for shoot regrowth (Volenec et al., 1991; Volenec et al.,
1996) possibly in response to activity level of the cultivar and environmental signals such as
temperature and photoperiod (Smith, 