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Understanding growth and development of lucerne crops (Medicago

sativa L.) with contrasting levels of perennial reserves

This research examined seasonal patterns of growth and development of lucerne crops
grown with different levels of crown and taproot reserves in a cool temperate environment.
The approach required derivation of explanatory mathematical relationships between crop
physiological processes and the main environmental variables of temperature, photoperiod

and incoming radiation.

To create crops with contrasting levels of perennial reserves (i.e. carbon and nitrogen
stored in crowns and taproots), four defoliation treatments were applied to an established
‘Kaituna’ lucerne crop at Lincoln University, Canterbury, New Zealand in the 2002/03 and
2003/04 growth seasons. Treatments consisted of a factorial combination of a (i) 28 day
(short, S) or (if) 42 days (long, L) regrowth cycle during (i) spring/mid-summer and/or (if)
mid-summer/autumn. The treatments had acronyms of LL, LS, SL or SS, in which each
letter refers to the frequency of defoliation in the first and second period of the season,

respectively.

Regardless of defoliation treatment, perennial dry matter (DM,,,) differed seasonally. In
LL crops, DMy, increased from <3 t/ha in mid-summer to >5 t/ha in autumn. Frequent
defoliations (SS) reduced both the DM, by 20-30% and the concentration and amount of
soluble sugars, starch and nitrogen in taproots. As a result, the annual shoot yield ranged
from 23 t/ha (LL) to 14 t/ha (SS) in 2003/04. Most of this difference was explained by
changes in the weight of each individual shoot. Despite shoot yield differences, plant
population declined at similar exponential rates in all crops from 140 plants/m? in August
2002 to 60 plants/m* in October 2004. Final shoot populations were conservative at ~780

shoots/m? in all crops.



Physiologically, yield differences were mostly explained (R?=0.84) by the accumulated
intercepted photosynthetic active radiation (3 PAR;). The Y PAR; was limited in frequently
defoliated crops because these crops had lower leaf area index (LAI) than LL crops but
similar canopy architecture, with an extinction coefficient for diffuse light (k) of 0.81.
Differences in LAI were a direct effect of harvesting before full canopy cover (i.e. critical
LAI of 3.6) in short regrowth cycles. In addition, leaf area expansion rates (LAER) in spring
were reduced from 0.016 (LL) to 0.011 m*m*/°Cd (SS) as taproot DM declined from 3.0
to 1.5 t/ha, respectively. The reduction in LAER was a result of smaller leaves after the 5t
main stem-node and a reduction in the leaf area of branches. At the same time the
phyllochron was conservative at 34°Cd/leaf (T;, of 5°C) when photoperiod was greater than
12.5 h but increased to 40°Cd (LL and SL) and 60°Cd (LS and SS) at lower photoperiods.
All crops had a similar maximum rate of branching of 6.8 leaves/main-stem node and leaf

senescence rates at 0.48 leaves/main-stem node.

Shoot radiation use efficiency (RUEoo) Was 1.6 g DM/MJ PAR, for pooled annual yield.
However the seasonal RUEg. was inconsistent being 1.8 g DM/MJ PAR; in
spring/summer and only 1.0-1.2 g DM/MJ PAR; in autumn for LL crops. Frequent
defoliations decreased RUEgoor by 20% during summer. The average RUE for total dry
matter (RUE ) was 2.2 g DM/MJ PAR; but this was affected by defoliation treatments
and temperature. Measurements of RUEy, from 23 regrowth cycles were then used to
validate a previously proposed temperature framework for RUE. That framework was used
to estimate the RUE,, and fractional partitioning of DM to perennial organs (pper). In SS
crops, RUE s was 50% of the values of LL crops in four of eight analysed regrowth
cycles. This was consistent with the measured reduction of 20% in the saturated
photosynthetic rate (Pp.) of SS crops in the summer/autumn of 2002/03 season.
Photosynthetic rates at 1000 pgmol photon/m?/s (Pniggo) Were also ~20% lower during the
first 150°Cd of regrowth in SS crops in comparison with LL crops. Differences in Pnigopo
were mostly explained by the specific leaf nitrogen and chlorophyll content of these leaves.
The estimated ppe, increased from <0.05 in winter/early-spring to a maximum of 0.50 in
mid-summer and declined slightly to 0.40 in late-autumn for LL crops. Photoperiod (Pp)
and the ratio between soil and air temperature (Zsou/Tair) Were tested as predictors of pper. A
hysterisis model based on increasing and decreasing Pp was necessary to relate pper to Pp

but a single relationship (R2=0.52) was found between pper and Toit/ Tair-
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The relationships derived from the field experiment were then integrated in a simple
computer simulation model. The model accurately . predicted seasonal primary leaf
appearance, LAl and shoot yield of LL crops. Accurate simulation of perennial DM
required a seasonal root maintenance respiration (Rm) rate of ~0.03 DM/day in

spring/summer and <0.01 DM/day in autumn/winter.

In this thesis, the response of lucerne physiological processes to environmental signals and
to the level of perennial reserves was quantified and integrated into mathematical
relationships. These relationships provided a sound framework to better understand and

predict seasonal yield and development of lucerne crops grown in cool temperate climates.

Key words: canopy development, Medicago sativa, modelling, partitioning, phyllochron,

radiation use efficiency, root reserves, yield components.
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1 General introduction

1.1 Overview

Lucerne (Medicago sativa L.) is the oldest known cultivated forage crop and is extensively
used with over 32 million hectares cultivated worldwide (Irwin et al., 2001; Michaud et al:,
1988). In New Zealand, the use of lucerne has been promoted for grazing and conservation
since the early 20™ century. The area of lucerne in New Zealand peaked at 220,000 ha in
the mid 1970’s but declined since then, mainly due to the susceptibility of traditional
cultivars to pests and diseases (Douglas, 1986). More recently, interest in lucerne has been
regained in New Zealand due to the increasing demand for productive forages for dryland
environments (Moot et al., 2003) and also due to the introduction of new cultivars resistant
to pests and diseases (Purves and Wynn-Williams, 1989). On the east coast of New
Zealand, lucerne has been shown to be superior in yield and quality to other grass and
legume forage species, under both dryland and irrigated conditions (Brown et al., 2005a;
Douglas, 1986). The comparative advantages of lucerne crops can be attributed to (i) the
potential to produce dry matter yields in excess of 20 t/ha/year (Brown et al., 2000;
Douglas, 1986); (ii) high protein and energy concentration in the shoot dry matter (Buxton
et al., 1985); (iii) the ability to symbiotically fix N, (Boller and Heichel, 1983); and (iv) the
capacity to extract water from deeper layers in the soil than other temperate species

(Brown, 2004).

To optimize yield and quality of lucerne crops for any given production system it is
necessary first to understand the crop responses to environmental and management factors.
In lucerne crops that are fully supplied with water, minerals and free from pests and
diseases, the rates of plant growth and development are mainly driven by temperature and
radiation receipts (Fick et al., 1988). In this context, at non-limiting temperatures, crop
yield can be derived from a single linear relationship with cumulative intercepted radiation
(Monteith, 1977). This approach has been successfully used to predict yield of annual
crops (Sinclair and Muchow, 1999) and can be represented by Equation 1.1.



Equation 1.1

Yield = PAR, x (PAR, | PAR,) x RUE x H

Where PAR, is the incident photosynthetic active radiation above canopy, PARi/PAR, is
the fractional PAR interception, RUE is the radiation use efficiency (g DM/MJ PAR;) and
H is the harvest index. For annual crops, where the partitioning of DM to unharvested
fractions (e.g. roots) is relatively constant throughout each growth cycle, a stable
conversion factor of radiant energy to “above ground” dry matter is commonly found

(Sinclair and Muchow, 1999) and H is implicit in the value of RUE for aerial DM.

Previous attempts to develop lucerne simulation models using these principals have been
relatively successful but the perennial characteristic of the crop imposes some peculiarities
to the traditional approach (Confalonieri and Bechini, 2004; Robertson et al., 2002).
Firstly, the partitioning of dry matter to lucerne perennial organs (crown and taproot) is not
constant throughout the year (Gosse et al., 1984) which makes the value of shoot RUE
vary seasonally (Khaiti and Lemaire, 1992). This is the consequence of a seasonal pattern
of accumulation and depletion of C and N reserves in taproots (Cunningham and Volenec,
1998) possibly in response to environmental signals such as temperature and photoperiod
(Fick et al., 1988; Noquet et al., 2003). Secondly, shoot growth rates are influenced by the
level of perennial reserves (C and N) which may affect canopy expansion or RUE (Avice
et al., 1997a; Justes et al., 2002). The physiological mechanisms involved in these

processes are unknown or insufficiently quantified to be predictive.

The construction of more mechanistic and universally applicable lucerne models demands
that additional information about crop responses to the seasonal environment and to

contrasting levels of perennial reserves is gained.



1.2 Aims and objectives

The aim of this thesis was to quantify the responses of lucerne crops with contrasting
levels of perennial reserves to environmental factors and to integrate these relationships in
a simple crop model. This was done by assessing the response of crop physiological
variables (Equation 1.1) to the seasonal environment during the 2002/03 and 2003/04

growth seasons in the cool temperate climate of Canterbury, New Zealand.

The thesis is structured in nine chapters (Figure 1.1). In Chapter 2 a review of the literature
related to lucerne environmental physiology and simulation modelling is presented. In
Chapter 3 the details about the experimental design, methods, analysis and the description

of the physical environment are given.

The specific objectives of this thesis were related to each one of the five chapters of

results:

Objective 1. To describe the effects of the four defoliation treatments on the perennial dry
matter (crown and taproot biomass) and the concentrations of carbohydrates and nitrogen

of this perennial dry matter (Chapter 4).

Objective 2. To quantify seasonal differences in shoot yield and yield components in

response to environmental factors and the levels of perennial reserves (Chapter 5).

Objective 3. To explain differences in shoot yield through the analysis of PAR interception
(Chapter 6) and RUE, dry matter partitioning and the dynamics of N in leaves and shoots
(Chapter 7).

Objective 4. To integrate the relationships derived in Chapters 4 to 7 into a simple lucerne

simulation model and test the predictive ability of the model (Chapter 8).

Finally, in Chapter 9 the findings of the experiments and the potential applications for the

knowledge gained are discussed.
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Figure 1.1 Outline of thesis structure and main topics dealt within each results chapter.




2 Review of literature

This chapter reviews current literature on the processes related to biomass production in
lucerne. It quantifies the impact of environmental factors and the level of perennial
reserves on these processes. Finally it discusses the possibility of integrating functional

explanatory relationships to lucerne simulation models.

2.1 A model to study lucerne yield

Lucerne yield forming processes are mainly driven by environmental signals, notably
temperature and solar radiation (Fick et al., 1988). These factors modulate the acquisition
of carbon dioxide, light, water and mineral nutrients which are the major resources
required for plant growth (Monteith, 1994). Understanding the physiological mechanisms
by which plants respond to environmental signals permits the integration of those
relationships into mathematical functions. These can then be used to examine yield and

development of crops in relation to the environment and management practices.

In this thesis the yield model proposed by Monteith (1977) (Equation 1.1) was adapted to
explicitly account for the partitioning of DM to perennial organs (i.e. crown and taproot).
In this adapted model (Equation 2.1) the component yield is termed as the shoot dry matter
(DMgnoor); the harvest index is assumed as the fractional difference of the partitioning to
perennial organs (1-py) and radiation use efficiency is the conversion factor of PAR; to

“total dry matter” (RUEota))-

Equation 2.1

DM, = PAR x (PAR,/ PAR))x RUE,,, x(1- p,,)

shoot

The model in Equation 2.1 was then used as the basic framework to analyse differences in
lucerne yield among defoliation treatments and seasons. The following sections will

discuss each variable in Equation 2.1 in relation to lucerne yield processes.



2.2 Incident photosynthetic active radiation (PAR,)

The total amount of incident solar radiation at crop level determines the potential biomass
production in a given environment (Monteith, 1981). The intensity (MJ/m?/s) and duration
(h/day) of solar radiation varies with latitude and seasons of the year due to the differences
in solar angle. These differences define a geographical and seasonal potential of production
for crops because photosynthesis is activated by the energy provided by solar radiation,
specifically from the spectrum close to the visible wavelengths (Hay and Walker, 1989b).
This part of the spectrum (wavelengths from 400-700 nm) is denominated photosynthetic
active radiation (PAR) and represents approximately half of the total solar radiation
(Szeicz, 1974), although this varies with the proportion of direct to diffuse light and solar
angle elevation. At Lincoln, Canterbury, New Zealand (latitude 43.4°S) the solar elevation
changes from a maximum of 69° at the summer solstice to a minimum of 23° at the winter
solstice. As a consequence, mean total solar radiation ranges from ~4.3 to 23 MJ/mZ/day,

respectively (Broadfields Meteorological Station, Lincoln, Canterbury).

2.3 Fractional radiation interception by the canopy (PAR/PAR,)

The fraction of incident PAR that is intercepted by a crop (PARi/PAR,) is a function of the
crop leaf area index (LAI, m® leaf/m®> ground) and canopy architecture. The canopy
architecture is characterized by the leaf angles and by the leaf optical properties (reflection
and transmission) (Stoskopf, 1981). The relation between LAl and PAR/PAR, can be
described by an exponential relation of light attenuation through the canopy according t'o

Beer’s law (Campbell and van Evert, 1994):

Equation 2.2

PAR,/ PAR, =1—exp(—k x LAI)

Where k is the extinction coefficient (m* land/m? leaf) that modulates the fraction of PAR
intercepted by each unit of LAI. The following sections discuss the relevance of each

component of Equation 2.2 for a lucerne crop.



2.4 Leaf area index in lucerne

The concept of leaf area index (LAI) was first suggested by Watson (1947) and represents
the area of leaves per unit of soil area (m*m?). Consequently the processes that regulates
the expansion of LAl are of major importance in understanding crop responses to the
environment because they influence radiation interception (Equation 2.2) and canopy

photosynthesis rates (Monteith, 1994).

The LAI of a lucerne crop can be conceptually divided into growth components (shoot
population and individual leaf area) and development components (number of primary and

axillary leaves per shoot) (Brown et al., 2005b) as summarized in Equation 2.3.

Equation 2.3

LAI = Shoots | areax Leaf | shoot x Arealleaf

Where the units are m*m? (LAI), n/m* (shoots/area), n/shoot (leaves/shoot) and m?/leaf
(area/leaf).

Dynamically, changes in lucerne LAl are also dependent on senescence rates of leaves in
the base of the canopy, which together with leaf appearance and leaf expansion rates, will

define the daily net expansion of green LAl (Brown et al., 2005b).

24.1 Development components of LAl

Development can be defined as the differentiation of meristematic cells to form vegetative
(leaves, stems, branches) or reproductive (flowers) organs (Sharratt et al., 1989). It can be
quantified in physical terms by evaluating changes in plant morphology or chronologicall’y
by plant phenology (Hodges, 1991). Development affects LAI expansion through the rate at
which new leaves and branches are produced (Equation 2.3). In crop modelling,
development is usually related to environmental variables (e.g. temperature and
photoperiod) in an empirical form (Charles-Edwards et al, 1986) due to the complex
mechanisms involved in cell differentiation at meristematic level (Hay and Walker,

1989b).



2.4.1.1 Factors that drive crop development

Temperature is the main factor that drives crop development (Hay and Walker, 1989b).
However, for some plants, the effect is modulated by other environmental factors such as

photoperiod, vernalisation, and water stress (Hodges, 1991).

Thermal-time sum (}.7¥) has been used widely to quantify the rate of organ initiation (e.g.
leaf appearance) or differentiation (e.g. time to flowering) in lucerne (Fick and Onstad,
1988; Moot et al., 2001; Sanderson et al., 1994) and many other agricultural crops
(Hodges, 1991). Simple thermal-time equations assume a linear accumulation of heat-units
above a constant crop-specific base temperature (7,) or temperature threshold (Equation

2.4).

Equation 2.4

2.Tt=3, T~ T)

The most common models used to calculate thermal-time for lucerne assume a null
accumulation of 7t until the Ty, of 5°C, a linear increase of Tt from >5°C to an optimum
temperature (Top) of 30°C and a linear decrease to a maximum temperature (Tmax) of 40°C
(Fick et al., 1988). This approach, using three cardinal temperatures has been used to
predict leaf development in several crops (Hodges, 1991). Nevertheless, the use of a
constant 7Ty has been found to cause systematic errors in development predictions in
lucerne (Sharratt et al., 1989). These authors showed that a variable Ty, should be used to
minimize the variability in predictions of flowering time, Ty, being 3.5°C during spring,
7.5°C in early-summer and 10°C in late-summer. Similarly, leaf appearance rate and time
to early-bud in lucerne were more accurately predicted when a Ty, =1°C (faster Tt
accumulation) was used below 15°C, and a T, =5°C above 15°C for ‘Kaituna’ lucerne

(Brown et al., 2005b; Moot et al., 2001).

This need to adjust Ty according to the temperature could be justified by the fact that the
thermal-time concept is more a functional approach than a mechanistic or explanatory one
(Bonhomme, 2000). The approach that relates development rates to ) Tt considers the
response to temperature being always linear (Muchow and Bellamy, 1991). However, this

assumption is an over simplification of the parabolic response of enzyme activity to
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temperature (Bonhomme, 2000; Taiz and Zeiger, 2002). Additionally, simple thermal-time
models ignore other factors like thermo-periodicity and day length effects on development

(Hodges, 1991).

In this thesis, the rate of leaf appearance (phyllochron; Section 2.4.1.2) will be used to test

the need for a variable Ty, to optimize development predictions.

2.4.1.2 Primary leaf appearance rate and phyllochron

Leaf appearance rate is dependant on the rate of differentiation of meristems into leaf
primordia and the rate of expansion of these leaves (Hay and Walker, 1989b). In lucerne,
leaf appearance rates are considered a central component of LAI expansion (Robertson et
al., 2002) being controlled mainly by temperature (Moot et al., 2001; Pearson and Hunt,
1972) and modulated by photoperiod (Brown et al., 2005b). The interval between the
appearance of successive leaves is denominated the phyllochron and is usually quantified
on a » Tt basis (Hay and Walker, 1989b). For lucerne, phyllochron (7,=5°C) has been
assumed constant at 34°Cd/leaf in simulation models like APSIM-lucerne (Robertson et
al., 2002). In contrast, Brown et al.(2005b) showed that although phyllochron (71,=1/5°C,
Section 2.4.1.1) of ‘Kaituna’ lucerne was 37°Cd during periods of increasing photoperiod
(Pp), it increased to 60°Cd at decreasing Pp>15.7 h. Lucerne phyllochron and its apparent

change with Pp will be examined in this thesis.

2.4.1.3 Branching and LAI

Branching is the expansion of leaves from axillary buds and the rate of branching is an
important component of LAI (Stoskopf, 1981). The extent of branching is largely
dependant on plant population, cultivar and nitrogen nutrition, factors that can be
manipulated by crop management (Hay and Walker, 1989b). Branching capacity is
genetically determined and controlled by hormonal signals in the plant. Environmental
factors like temperature, light quality and light intensity modulate assimilate supply and
hormonal signals that will define the level of branching at vegetative growing points
(Charles-Edwards et al., 1986; Stoskopf, 1981). Brown et al. (2005b) have shown that
branching of ‘Kaituna’ lucerne started at the appearance of the fifth primary leaf.

Branching rates differed seasonally from 2.5 axillary leaves per main-stem node in spring

9



and autumn to 1.7 axillary leaves per main-stem node in summer. The authors speculated
that the sensitivity of branch development to environment signals could be different from

the one of phyllochron.

2.4.2 Growth component of LA7

2.4.2.1 Shoot population

The shoot population is an important lucerne yield component derived from the product of
the number of plants per unit area and the number of shoots per plant (Volenec et al.,
1987). The number of lucerne plants in the first year of establishment is a function of the
seeding rate, but the population declines in successive years at diminishing rates (Fick et
al., 1988). The reasons for a decay in plant population are related to the occurrence of
diseases (e.g. root rot), pests (e.g. aphids); and the susceptibility to those factors can be
enhanced by the environment (e.g. water logging) and management practices like severe or
frequent defoliation (Lodge, 1991). For example, Belesky and Fedders (1997) observed an
average decline in lucerne plant population from 400 to 80 plants/m2 in a 3 year

experiment with faster decline in plants grazed intensively.

The decline in plant population is often compensated for by an increase in the number of
shoots/plant, a second yield component (Belesky and Fedders, 1997; Gosse et al., 1988).
This plasticity of response means that a similar shoot population can be achieved by the
product of different combinations of plant populations and shoots/plant in the crop.
Interplant competition for light among shoots has been suggested as a major driver of such

dynamics (Gosse et al., 1988).

In this thesis, seasonal changes in yield and the effects of perennial reserves on the

dynamics of yield components will be evaluated.

2.4.2.2 Leaf area expansion and leaf growth

Leaf growth embraces an initial phase of cell division, when the production of new cell

material takes place; and a second phase of cell expansion, when the influx of water into
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the cell provides the necessary pressure to expand it (Charles-Edwards et al., 1986). The
maximum size that a leaf can attain at each specific node position is genetically
determined; however the expression of this genetic potential depends on how
environmental factors (e.g. temperature, radiation, water and nitrogen) moderate this

genetic program during leaf ontogeny (Hay and Walker, 1989b).

Environmental factors affect the final leaf area mainly through changes in daily leaf
expansion rate (m* leaf/day) rather than the duration of expansion (days/leaf) (Tardieu et
al., 1999). Rates of leaf expansion are linearly related to temperature (Hay and Walker,
1989b) as shown by the conservativeness of the time course of leaf expansion and cell
division when expressed in thermal-time in non-limiting water and nutrient conditions

(Tardieu et al., 1999) (Equation 2.5).

Equation 2.5

1
—=bpx(T-T
y (T-T)

Where 1/d is the rate of expansion; d is the period of expansion, T is current temperature, b

is the slope and T is the intercept of the linear relationship between 1/d and T.

When based on Tt accumulation, the leaf area expansion rate (LAER, m?/m?/°Cd) can be
used to quantify the effect of other factors on canopy development. In France, Gosse et al.
(1984) found that lucerne LAER was conservative during spring-summer at 0.0092
m*m?/°Cd (Ty=0°C). However LAER declined in autumn and these authors suggested that
environmental factors other than Tye,, were involved in regulating LAER. Nitrogen
availability to shoots also seems to affect LAER. Using a Ty of 5°C, lucerne LAER was
reported to increase from 0.015 to 0.025 m*m%°Cd as the availability of N reserves
increased in the perennial organs (Justes et al., 2002). Nitrogen supply has been shown to
have a marked effect on leaf expansion affecting both cell division and cell expansion
(Gastal and Lemaire, 2002). Justes et al. (2002) found a high correlation between the
amount of taproot biomass, the level of soluble proteins and the number of vegetative buds
during winter with LAER in the subsequent spring regrowth. Therefore, other nutritional

and morphological factors seem to influence LAER in lucerne.
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The effect of contrasting levels of perennial reserves on seasonal differences of LAER will

be investigated in this thesis.

2.4.2.3 Leaf senescence

Senescence refers to the deteriorative changes that occur in plant tissue before the death of
a plant or one of its organs (Charles-Edwards et al., 1986). Lucerne shows a pattern (;f
sequential senescence, leaves senesce progressively from the bottom to the top of the
canopy regardless of the ontogenetic state of the leaf. This can be attributed to the
increasing shading in leaves at the bottom as the canopy expands. As a consequence there
is a decrease in the rate of photosynthesis and exhaustion of the labile materials (mainly C
and N) metabolized within these leaves. Brown er al. (2005b) have shown senescence in
‘Kaituna’ lucerne occurred at a rate of 0.3 leaves for each main-stem node. This rate was
maintained until the appearance of the ninth main-stem node when senescence increased to
1.08 leaves/main-stem node. The effect of different levels of perennial reserves on the rate

of senescence will be evaluated in this thesis.

2.4.3 Canopy architecture and the extinction coefficient (k)

The amount of light that is intercepted through the profile of a canopy depends on the leaf
area (i.e. LAI) and the angular arrangement and optical properties of these leaves (Azam
Ali et al., 1994; Monteith, 1994). The value of the extinction coefficient (k, Equation 2.2)
quantifies the exponential rate of decline by which light is extinguished per LAI unit. This
approach assumes that light transmission within a canopy follows Beer’s law (Monsi and
Saeki, 2005) which implies a simplification of the canopy structure: (i) leaves are
randomly distributed and (i7) leaves are opaqﬁe (i.e. black leaves) (Monteith and Unsworth,

1990).

During the course of each day or a growth season the value of k changes according to the
canopy architecture (e.g. leaf angles) and the zenith angle of incidence of light (Monteith et
al., 1994). The zenith angle of incidence of light that reaches a leaf varies within a day and
among the seasons of the year while sun inclination changes through time; and this varies

with latitude. For crop modelling purposes, it is common to assume a single value of k for
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a specific cultivar when estimating light interception as this reasonably reflects the

integration of the daily changes in k (Christian, 1987).

The physiological importance of k resides mainly on the estimations of light interception of
open canopies (incomplete light interception). As a consequence, the value of k defines the
critical LAI (LAli) that is the LAl when 95% of the incident light is intercepted (Watson,
1947).

The value of k has been shown to be conservative within a lucerne cultivar throughout
different seasons of the year (Gosse et al., 1982b). Values of k for lucerne cultivars have
been reported as 0.88 in ‘du Puits’ (Gosse et al., 1988), 0.86 in ‘Dekalb 167’ (Whitfield et
al., 1986) and 0.91 in ‘Aurora’ (Evans, 1993). The crop simulation model APSIM-lucerne
assumes lucerne k to vary between seedling (k=0.57) and regrowth (k=0.80) stages
(Robertson et al., 2002). For ‘Kaituna’ lucerne, k was shown to be conservative at 0.82 for

contrasting water and light environments (Varella, 2002).

There are no reports of the effect of perennial reserves on k of lucerne crops, so this will be

investigated in this research.

2.5 Radiation use efficiency (RUE)

There is a strong linear relationship between accumulated crop dry matter and intercepted
(or absorbed) solar radiation for a variety of plant species grown in non-limiting conditions
(Monteith, 1977). The slope of this relationship represents the radiation use efficiency
(RUE) that quantifies the net efficiency of conversion of radiant energy into crop dry

matter (Sinclair and Muchow, 1999).

RUE can be expressed in different forms in regard to (i) the band of radiation wavelengths
considered (i.e. total solar radiation or PAR); (ii) absorbed or intercepted radiation; (iii) the
fraction of plant biomass considered (i.e. aerial biomass or total biomass) depending on the
purposes of the study (Sinclair and Muchow, 1999). Throughout this thesis, RUE will be
always referred in an “intercepted” PAR basis (PAR;, 400-700 nm) and reported as shoot
RUE (RUEgooy) 0 total RUE (RUEga1).
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Monteith (1977) brought attention to the stability of RUE among different crops and
demonstrated that it was relatively constant at ~2.8 g DM/MJ PAR; for Cs-species. This
classical analysis was performed with arable crops and refers to the dry matter
accumulation of the aerial part of the plant. When the RUE concept is applied to perennial
crops, like lucerne, the allocation of dry matter to perennial organs becomes quantitatively
important and justifies the inclusion of the whole plant dry matter in the RUE calculation
(Khaiti and Lemaire, 1992). In this sense, the difference between RUFEhoot and RUEga
represents the amount of DM allocated to organs other than shoots (e.g. crowns and
taproots) per MJ of PAR;. Consequently the fraction RUEgoo/ RUE a1 quantifies th_e
fractional retention of DM in shoots and its reciprocal [1—(RUEseo/RUEoar)] the
fractional partitioning of DM to perennial organs (Durand et al., 1989). These concepts
will serve as the basis for the approach used to quantify RUE and fractional partitioning to

perennial organs in this thesis.

Several authors reported values for both RUEgex and RUEiy, in lucerne grown in
temperate climates (Table 2.1). Studying ‘du Pois’ lucerne in France, Gosse et al. (1984)
found a conservative RUEgo0¢ Of 1.76 g DM/MJ PAR; during spring and summer but this
value was not consistent during the autumn period. These authors speculated that this could
be due to a preferential partitioning of assimilates to the root system during autumn driven
by environmental signals like shorter photoperiods. Similarly, autumn RUEges in
‘Kaituna’ lucerne has been shown to decline to ~60% of spring values (Varella, 2002).
Khaiti and Lemaire (1992) found similar variation in RUEg.o that ranged from 0.79 g
DM/MJ PAR for growth at the seeding stage to 1.8 g DM/MIJ PAR; for summer regroth;,
with 1.13 g DM/MJ PAR; as an intermediate value for autumn. There was a consensus
among these experiments with regard to slower growth of lucerne shoots during autumn,
compared with spring at the same amount of > PAR;. However, the seasonal signals
responsible for the change were not identified or quantified. For example, crop simulation
models that use RUE o0 as @ major parameter to predict DM accumulation, like APSIM-
lucerne, empirically reduce RUEghoot to 75% of the spring value when accounting for slow
vegetative growth in autumn (Dolling et al., 2005). It is also not clear if the pattern of
change in RUEg, occurs abruptly (e.g. APSIM-lucerne) or gradually in response to

environmental signals.
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Table 2.1 Examples of radiation use efficiency (RUE) for lucerne shoot (RUEg.0r) and total
dry matter (RUEota) production,

Reference RUFE 00t RUE a1 Cultivar Location (latitude)
_gDM/MJ PAR g DM/MJ PAR
Gosse et al. (1984) 1.76 n.a. ‘du Puis’ France (48°N)
Whitfield et al (1986) 1.55-2.15® n.a. ‘Dekalb-167°  Australia (36°S)
Durand et al.(1989) 1.729 2.30® ‘Burope’ France (46°N)
Khaiti and Lemaire (1992) 1.13-1.76V 2.30 ‘Burope’ and  France (46°N)
‘Beltsvile’

Duru and Langlet (1995) ~0.50-1.801 n.a. ‘Magali’ France (43°N)
Justes et al.(2002) 1.62 0.72-2.14® ‘Alegro’ France (48°N)
Robertson et al.(2002) 2_0(4) n.a. ‘Hunter River’ Australia (27°S)
Brown (2004) 1.20-2.00» 390 ‘Kaituna’ New Zealand (42°S)
Collino et al.(2005) 0.60-1.30@ n.a. ‘Victoria’ Argentina (31°S)

Note: n.a. non-available; ¢ seasonal differences on RUE; @ temperature effect on RUE; ® drought effect on

RUE; ® maximum derived value of shoot RUE - ORUE calculated for absorbed PAR.

On the other hand, lucerne total RUE (RUE ) has been shown to be conservative during
an entire growth season in non-limiting conditions (Khaiti and Lemaire, 1992). These
authors demonstrated that when RUE was calculated considering total biomass, there was
no difference between spring and autumn values and a conservative RUEiqy of 2.3 g
DM/MJ PAR; could be assumed for lucerne. In this sense, differences in RUEgoo could be
mainly attributed to seasonal changes in the fractional partitioning of DM to perennial

organs (Pper) as calculated in Equation 2.6.

Equation 2.6

= RUE

RUE total x (1 - pper)

shoot
The framework of Equation 2.6 will be used as the basis for the estimation of RUE 4, and

the fractional DM partitioning to perennial organs.

Nevertheless, values of RUE . in lucerne crops have been reported to range from 0.7 to
3.2 g/m® (Table 2.1). These differences were attributed to changes in the photosynthetic
rates of these crops, which is supported by the fact that leaf photosynthesis is strongly
related to RUE (Sinclair and Horie, 1989).
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RUE shows a saturating nature . of increase with leaf photosynthesis rates, being
consequently sensitive to the same factors that regulate photosynthesis (Sinclair and
Muchow, 1999). The main environmental factors that affect leaf photosynthesis are light,

temperature, water and nitrogen supply (Moss, 1984; Sands, 1996).

2.5.1.1 Light environment effects on RUE

Differences in the radiation environment affect radiation use efficiency for aerial and total
DM. In particular, high values of RUE are measured under diffuse radiation (Hammer and
Wright, 1994; Sinclair and Muchow, 1999). The responses of RUE to irradiance are also
dependent on the changes in leaf photosynthetic rates. Lucerne has a Cs; photosynthetic
pathway, where ribulose 1,5 biphosphate is carboxylated by the enzyme ribulose 1,5
biphosphate carboxylase/oxigenase (Rubisco) into the chloroplasts of mesophyll cells
(Heichel et al., 1988). Phétosynthetic rates increase hyperbolically with irradiance, which
is mathematically described by a non-rectangular hyperbola (Cannell and Thornley, 1998)
whose coefficients Ppax (pumol COy/m? leaf/s), o (pmol CO,/pmol photon), &
(dimensionless) represent the “saturation point”, the “light efficiency” and the “curvature”
of leaf Pn to incident photosynthetic photon flux density (PPFD, pmol photons/mz/s); and

the parameter Ry represents the rate of respiration in the dark.

Average values of P, for non-stressed lucerne leaves range from 32 to 39 pmol COy/m*
leaf/s (Heichel et al., 1988; Varella, 2002). Lucerne leaf photosynthesis increases a1mo§t
linearly with photosynthetic photon flux densities (PPFD) up ~1000 pmol photon/m?/s
(~half of full sunlight) when it approaches saturation (Gosse et al., 1982a). Any
environmental factor that affects Pmay, o and € also has an effect on RUE. However the
responses are not linear because the relationship between RUE and photosynthesis is also

curvilinear (Sands, 1996).

2.5.1.2 Effects of water availability on RUE

Water stress has been shown to reduce RUE for aerial DM in both C; and C4 species
(Jamieson et al., 1995). This is attributed to the major influence of water deficits on leaf
photosynthesis rates (Sinclair and Muchow, 1999) primarily by inducing stomatal closure
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and, under severe deficits, by increasing mesophyil resistance to CO, diffusion (Flexas and
Medrano, 2002; Gastal and Durand, 2000). Jamieson et al. (1995) have shown that RUE
declined linearly with water deficit (calculated from potential evapotranspiration) but this
response varied depending on the timing and duration of drought. In lucerne, drought stress
has been shown to primarily affect shoot yield which leads to lower shoot/root ratios
(Abdul Jabbar et al., 1982; Durand et al, 1989). In this sense, leaf expansion and the
retention of DM in shoots are more sensitive to drought than photosynthesis and RUE(oa
(Durand et al., 1989). A reduction in irrigation frequency has been shown to decrease
RUEg00; from 2.15 to 1.56 g DM/MIJ PAR; but shoot/root ratio was not reported, impeding
the isolation of water stress effects on photosynthetic capacity and DM partitioning
(Whitfield et al., 1986). Similarly, soil moisture deficits >120 mm caused a decline in the
RUEghoot of lucerne crops from 1.6 to 1.2 g DM/MIJ PAR; but the authors also could not
isolate the effects on photosynthesis or DM partitioning to roots (Duru and Langlet, 19955.
Nevertheless, if water potentials decrease enough to affect photosynthesis, RUEiq, is also
expected to decline. Inch (1998), working with lucerne at the same location as the present
experiment, observed that shoot production declined when soil moisture deficit at a depth
of 2.3 m reached values >200 mm. This threshold will be used in the experiment reported

in this thesis as the reference to irrigate and avoid water stress in the lucerne crops.

2.5.1.3 Nitrogen effects on RUE

On average 55% of the nitrogen found in a leaf of a C3 plant is related to the
photosynthetic system, being part of the Calvin-cycle, Rubisco, or the light harvest
compounds (Lawlor et al., 2001). In lucerne, Rubisco makes up more than 35% of the leaf
total protein pool (Brown et al., 1972). This justifies the high correlation found between
leaf photosynthetic capacity and nitrogen concentration per unit area of leaf (SLN, specific
leaf nitrogen) in C3 and C4 species (Sinclair and Horie, 1989) including lucerne (Heichel et

al., 1988).

The sensitivity of RUE (and leaf photosynthesis) to SLN follows a hyperbolic relationship
(Muchow and Sinclair, 1994) with greater responses at low levels of SLN until an
asymptote is reached (Sinclair and Horie, 1989). The time and extent of decline of RUE
with nitrogen scarcity depends on the trade-off between changes in LAl expansion or SLN

in response to N supply (Bange et al., 1997). This occurs because morphological traits (e.g.
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leaf area and stem expansion) are more sensitive to the supply of nitrogen than
photosynthesis and RUE (Justes et al., 2000; Sinclair and Horie, 1989). Nevertheless,
Avice et al. (1997a) observed a decline in RUE o0t of ‘Europe’ lucerne from 1.87t0 1.45 g
DM/MJ PAR; in crops with reduced nitrogen reserves in roots, which possibly limited the
supply of N to shoots in the early stages of regrowth. The response of leaf photosynthesis

and RUE will be analysed in relation to the nitrogen status of lucerne crops in this thesis.

2.5.1.4 Temperature effects on RUE

Evidence for an effect of temperature on RUE was first suggested for maize (Zea mays)
grown in temperate climates (Andrade er al, 1993). These authors observed a linear
increase in RUE at a rate of 0.27 g/MJ/°C from 16 to 20°C. Similarly, Wilson et al. (1995)
improved predictions of maize yield in Canterbury by assuming a null RUE at 8°C and a
linear incease until 16°C when maximum RUE was achieved. For lucerne grown in the
Argentinean pampas (31°S), Collino et al. (2005) observed a bilinear response of RUE oot
to temperature from ~0.6 g DM/MJ PAR; at 13°C to a maximum of ~1.3 g DM/MJ PAR;
when Tpean Was greater than 21.3°C. However these authors did not quantify RUE . and
therefore part of the decline in RUEgot could be due to differential partitioning of DM to
perennial organs in autumn (Section 2.6). In France (48°N), RUE a1 of ‘Alegro’ lucerne
was 0.72 g DM/MIJ PAR; in the first spring regrowth (Tmean=0.4°C) but increased to a
maximum of 2.14 g DM/MJ PAR,; in the following two cycles (Tmean>11.4°C) suggesting a
Trean €ffect on RUE a1 (Justes et al., 2002). In Canterbury (42°S), RUEiua of ‘Kaituna’
lucerne increased linearly with Tmean at a rate of 0.18 g/MJ/°C from 0 to 18°C, until an
optimum RUE;y, of 3.2 g DM/MJ PAR; was achieved (Brown, 2004). This framework will
be tested in the research reported in this thesis (Figure 2.1).
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Figure 2.1 Framework of the effect of air temperature on lucerne RUE\ota as proposed

by Brown (2004).

The rationale behind the assumed increase in RUE with air temperature relies on the bell
shaped response of net photosynthesis to temperature (McAdam and Nelson, 2003).
Lucerne photosynthesis rates were maximized at Ty between 20 to 30°C and declined to
~60% at a Tpem Of ~13°C (Gosse et al., 1982a). Similarly, in controlled conditions,
maximum net canopy photosynthesis was 19 yumol COy/m?/s at Tpean between 21-34°C but
declined to 65% of the maximum at 12°C (Al Hamdani and Todd, 1990). Brown and
Radcliffe (1986) showed that lucerne leaf net photosynthesis increased at a rate of ~0.75
pmol CO,/m?/s/°C from 10°C to 25°C, maintained a plateau of 22 pgmol CO»/m%s until
30°C and declined at rates of ~0.75-1.3 pmol COg/mZ/s/°C at Tmean>30°C. In Cs crops as
temperature increases there is a reduction in the solubility of CO, in relation to O, which
increases photorespiration (Hay and Walker, 1989b). The Qjo value for respiration is
higher than for photosynthesis and consequently respiration rates increase relatively faster

than photosynthesis rates as temperature rises (Lawlor, 2001).

2.5.2 The measurement of lucerne RUE,,, in field experiments

The measurement of RUE ., depends on accurate quantification of new synthetized DM in
shoots and perennial organs (crown and taproots) within each regrowth cycle. The integral
assessment of lucerne root system in field conditions is impractical due to the presence of
roots at depth greater than 2 m (Abdul Jabbar et al., 1982). Thus taproots are often sampled
from a depth of 200-300 mm soil and their weight assumed to represent 80-90% of total
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root dry matter (Fornasier et al., 2003; Khaiti and Lemaire, 1992; Lemaire et al., 1992).
This procedure is justified by the fact that most of the variation in lucerne root biomass

occurs in the top layers of soil (Durand et al., 1989).

Another problem in quantifying the net allocation of newly assimilated DM to crowns and
taproots is caused by the fact that these organs are subjected to cycles of depletion and
accumulation of DM after each harvest (Luo et al., 1995). In Figure 2.2, a theoretical
framework adapted from Durand et al. (1989), is used to represent simplified dynamics of
lucerne total dry matter accumulation in relation to Y PAR; within a regrowth cycle. This
framework assumes three phases of crop growth, and was used as a basis for justifying the
methodology for RUE w1 calculations used in this thesis. In phase I, immediately after
defoliation, lucerne is mainly composed of non-photosynthesizing tissues (stubble, crown
and taproots) remaining from the previous regrowth cycle (Figure 2.2, point A). There is
minimal carbon input, as gross photosynthesis (Pg) was impaired or reduced due to
defoliation; therefore “perennial DM” (i.e. crowns and taproots) decays due to
maintenance respiration (Ry,). Afterwards, still in “phase I, canopy expansion resumes and
new DM is assimilated by recently expanded leaves with a fraction of it partitioned to
perennial organs (pper), which minimizes the slope of decline of total biomass. However th'e
crop carbon balance is still negative because R,>Pg. During this phase, RUEjq1 can not be
estimated through gravimetric methods in the field because Ry, is the major component of
the crop carbon balance. However, when photosynthesis is sufficient to offset Rp losses,
the crop enters “phase II” that is characterized by a null or positive carbon balance (i.e.
resume of net dry matter accumulation). In this phase, perennial DM may still decline until
Rn<(Pg X pper). In “phase II1”, the net input of carbon assimilated through photosynthesis is

sufficient to offset Ry, of perennial DM.

Conceptually only in later stages of phase Il and mainly in phase III is it possible to
estimate RUE i by gravimetric measurements of shoot and perennial DM. This is because
the concept of RUE was developed for annual crops and implies that (i) respiration rates
are proportional to gross photosynthesis and (if) partitioning to roots is constant within the
crop cycle (Ritchie et al., 1991). These assumptions are severely invalid in early stages o-f
each lucerne regrowth cycle when remaining non-photosynthesizing tissues make up most
of crop DM. However, during later stages of regrowth, particularly when perennial organs

show a net accumulation of DM, RUE,y, can be estimated by sequential measurements of
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total dry matter and ) PAR;. These concepts will be used to define the methodology to

calculate RUEy, In the experiments reported in this thesis.

@) ey (11I)

New_DMe;

DM shoot

Total dry matter accumulation (g/mz)

Res_DMp,

T I T T 1

Accumulated intercepted PAR (MJ/m?)

Figure 2.2 Theoretical representation of the relationship between the accumulation of

total dry matter ( ) and residual dry matter (— — —) as a function of accumulated

intercepted PAR (3 PAR;). Adapted from the framework proposed by Durand et al.
(1989).

Note: Residual perennial DM (Res_DM;) represents the non-harvested material from a previous
regrowth cycle. New perennial DM (New_DM,,,) is the dry matter produced in the actual regrowth
cycle. The regressions RUEy, (—**—**—) and RUEg.y () indicate the theoretical slope of
accumulation of total or shoot dry matter in relation to Y PAR;. Point A represents initial level of the
Res_DM,, (non-harvested DM from previous cycle) and point B represents final Res_DM, at the end
of the cycle. The difference A-B represents the residual dry matter that was lost (i.e. respiration or

translocation to shoots) within a regrowth cycle.
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2.6 Dry matter partitioning between shoots and perennial organs

Dry matter partitioning encompasses the allocation, distribution, and transport of
assimilates (molecules and ions) from their sites of synthesis or storage (sources) to their
sites of utilization (sinks) (Heichel et al., 1988). When photosynthesis exceeds the
requirements for carbon, imposed by growth respiration, excess carbohydrates are stored in
lucerne perennial organs (taproots and crowns) mainly in the form of starch (McAdam and
Nelson, 2003). Similarly, excess nitrogen, assimilated through mineral uptake or Nj
atmospheric fixation, is stored in perennial organs mainly in the form of soluble proteins
and amino acids (Volenec et al., 1996). These reserves are remobilized from the perennial
organs (sources) to growing shoots (sinks) when shoot meristematic activity resumes,

mainly following defoliation and at the onset of spring regrowth (Louahlia et al., 1998).

The allocation of carbon and nitrogen to storage organs responds to seasonal
environmental conditions (Bouchart et al., 1998). In lucerne, there is a preferential storage
of carbon and nitrogen in perennial organs during the autumn period (Cunningham and
Volenec, 1998). In contrast, during the spring regrowth, these reserves are depleted an.d
translocated to growing shoots or respired (Hendershot and Volenec, 1993). The
partitioning of DM to lucerne roots in ‘Kaituna’ lucerne grown in Canterbury has been
shown to increase from ~10% during spring to ~60% during autumn (Brown, 2004).
Similarly, Khaiti and Lemaire (1992) in France, observed that 22% of assimilated DM by
‘Beltsvile’ and ‘Europe’ was partitioned to roots during summer but this increased to 65%
during autumn. This preferential allocation of DM to storage organs during autumn has
been attributed to plant responses to low temperatures and short photoperiod (Fick et al.,
1988; Gosse et al., 1984; Noquet et al., 2001). Nevertheless, no quantitative relationships
between fractional partitioning of DM to roots and environmental factors have been
developed. This thesis aims to assess these relationships by measuring perennial biomass

patterns throughout an entire growth season.

The importance of perennial reserves in the regrowth of forages, particularly lucerne, has
been long recognized and extensively reviewed in the literature (Avice et al., 2001;
Louahlia et al., 1998; Volenec et al., 1996). Despite the plethora of early research that

focused on the importance of carbohydrate reserves for lucerne growth and survival
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(Nelson and Smith, 1968; Pearse et al., 1969b; Rapoport and Travis, 1984), no unifying
relationship between lucerne yield and carbohydrate concentration in perennial organs was
established (Louahlia et al., 1998). More recent research has demonstrated that nitrogen
reserves in perennial organs have a strong influence on lucerne shoot growth (Volenec et
al., 1996). The reason for these differences relies on the fact that carbon and nitrogen
reserves have different roles in the physiology of lucerne regrowth (Avice et al., 1996) as

discussed in the following sections.

2.6.1 Carbohydrate reserves in perennial organs

Total non structural carbohydrates (TNC, i.e. starch and soluble sugars) are the most labile
fraction of the total carbohydrate content of lucerne perennial organs. Nevertheless,
structural carbohydrates (e.g. cellulose, hemicellulose and pectins) have also been

suggested to be mobilized after defoliation (Avice et al., 1996).

Sucrose is the major form of carbohydrate transported in lucerne (Heichel et al., 1988)
making up to 80-90% of soluble sugars in roots (Hall ef al., 1988; Morot Gaudry et al.,
1987). The most important storage form of carbohydrates in lucerne roots is starch
(Heichel et al., 1988); usually composed of 80% amylopectin and 20% amylas'e
(Fankhauser et al., 1989). Starch is mainly found in the bark and in the ray parenchyma
cells of wood of taproots (Habben and Volenec, 1990).

After defoliation, the concentration of starch and soluble sugars in lucerne roots goes
through a cycle of initial depletion and then accumulation (Habben and Volenec, 1990;
Nelson and Smith, 1968; Pearse et al., 1969b). The period to recover or exceed initial TNC
levels depends on climatic (e.g. temperature, radiation receipts) and endogenous (e.g
previous levels of carbohydrates) factors (Skinner er al., 1999). Nevertheless in general,
carbohydrate reserves in taproots decline from early after defoliation until 15-20 days of
regrowth (Fahkhauser et al., 1989; Kim et al., 1993b; Skinner et al., 1999), from when
carbon partitioning from new photosynthetic tissue to roots is sufficient to promote the
recover of TNC levels. This occurs simultaneously with a flush of cell division in the bark
and wood regions of roots and is followed by an increase in cell expansion after 28-35 day’s

of regrowth (Rapoport and Travis, 1984).
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There is a seasonal pattern of accumulation and depletion of carbohydrate reserves in
lucerne perennial organs when grown in temperate climates (Cunningham and Volenec,
1998). These authors showed that there was a fast accumulation of soluble sugars in
lucerne taproots from 7% DM in spring to 16% DM in autumn. This high concentration
was maintained throughout winter but declined sharply when growth resumed in the

following spring.

Starch concentrations of lucerne taproots increase from mid-spring to summer (Li et al.,
1996) when they were shown to reach a maximum of ~27% DM followed by a decline
through autumn-winter to levels of ~6% DM (Cunningham and Volenec, 1998). By
supplying lucerne plants with marked carbon (**C), Morot Gaudry et al. (1987) measured
an increase in the partitioning of '*C from shoots to roots from 21% in spring to ~51% in
autumn during the initial phases of regrowth. These results suggest that there is a strong
environmental control of C partitioning to perennial organs and also mobilization of these

reserves in lucerne crops.

In autumn, the two factors that are likely to trigger an increase in partitioning to shoots are
low temperature and short photoperiods (Philippot et al., 1991). Nevertheless, reports of
experiments that isolated Tpnean and Pp effect on carbon partitioning between lucerne shoot
and root are rare. Evidence from an exclusive effect of Tiean On shoot growth can be draw
from Chen and Chen (1988) who showed that stem extension was limited when Tiean
declined from 20°C/15°C to 10°C/5°C, the response varying according to the dormancy
level of the lucerne genotype. After 42 days of regrowth in controlled conditions (Pp of 16
h and 250 pmol photons/mz/s) stem height at 1ow Tiean declined 65% in the dormant
‘Beaver’, 38% in the semi-dormant ‘Lahontan’ and only 25% in the non-dormant ‘Moapa
69’ lucerne. Under controlled conditions, Singh (1974) observed that a decline in light/dark
temperature from 30°C/25°C to 20°C/15°C increased the partitioning of marked C MC) to
lucerne roots. The authors stated that carbon partitioning to lucerne roots seemed to be less

sensitive to photoperiod than to temperature.

Lucerne plants were compared under contrasting photoperiods (Pp) of 9 or 16 h, but at a
constant value of PAR which resulted in irradiances of 2.6 and 4.6 MJ PAR/m*/day
respectively (Philippot et al., 1991). These authors found no effect of Pp on DM
partitioning to roots which averaged ~24% for both treatments. Despite this, field and

modelling data from several authors suggest that photoperiod influences the allocation of
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photosynthates to lucerne roots (Durand et al., 1991; Gosse et al., 1982a; Khaiti and

Lemaire, 1992). It seems likely that this effect was not reproduced in controlled conditions.

The effect of carbohydrate reserves on shoot growth rates was largely accepted by the
scientific community until the mid 80’s. However evidence for a weak relationship
between shoot growth rates and carbohydrate reserves in lucerne has been found in field
and controlled conditions (Avice et al., 2001; Hall et al., 1988; Ta et al., 1990; Volenec,
1985). In fact, lucerne genotypes with low concentration of starch yielded twice as much as
high starch genotypes after 35 days of regrowth (Boyce and Volenec, 1992). Fankhauser et
al. (1989) observed no difference in growth rates of lucerne genotypes with root starch
concentration differing by up to 3 fold. This lack of response of shoot growth to the levels
of carbohydrates in perennial organs was also found in white clover (Trifolium repens)
(Bouchart et al.,, 1998). These authors concluded that carbohydrate storage is more
important for winter survival than for the promotion of early-spring regrowth. This agrees
with the pattern of mobilization of carbohydrates in lucerne roots, that declines throughout
winter well before regrowth resumes in early-spring (Cunningham and Volenec, 1998).
This decline probably reflects root respiration necessary to supply energy (ATP and
reducing power) and carbon skeletons to nitrogenous compounds and protection against

freezing as discussed by Bouchart er al. (1998).

Avice et al.(1996) showed that although 73% of the carbon stored in lucerne perennial
organs was mobilized after 30 days regrowth, only 5% of this carbon was recovered in the
acrial biomass. The main destination for carbon reserves was the respiration of perennial
organs (61% of stored C) and shoots (8% of stored C). Shoot growth and leaf area
expansion seemed to rely more heavily on carbon derived from current photosynthesis of
neighbouring leaves than from of reserves in perennial organs (Cralle and Heichel, 1988,
Hendershot and Volenec, 1993). Singh (1974) observed that Y¢C translocated from
perennial organs made up most of shoot carbon in the first 6 days of regrowth, after that

photosynthetic assimilation provided a larger proportion of '*C found in shoots.

2.6.2 Nitrogen reserves in perennial organs

Nitrogen is acquired by lucerne roots through mineral uptake (NHs* and NOj3") and also

from atmospheric N, fixation through symbiosis with Rhyzobium meliloti (Kim et al.,
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1991). Nitrogen reserves are stored mainly in taproots bark tissues, with smaller amounts
also found in the wood (Hendershot and Volenec, 1992). The largest pool of N in storage is
composed of soluble proteins that are hydrolysed in the more readily available amino acid
pool (Avice et al., 2001). Asparagine is the dominant amino acid in lucerne roots (Morot
Gaudry et al., 1987) comprising 65-75% of total amino acid transported in lucerne sap
(Hendershot and Volenec, 1992; Kim et al., 1993a).

Nitrogen concentration in lucerne perennial organs varies seasonally (Cunningham and
Volenec, 1998) with the greatest accumulation occurring in autumn and the lowest levels
in early-spring (Hendershot and Volenec, 1992). When adjusted as a percentage of the
structural root DM, nitrogen concentration increased from 2.0-2.4% DM in summer tp
~4.0% DM in autumn, a level that was maintained until growth resumed in early-spring
(Cunningham and Volenec, 1998). Similarly, Li et al. (1996) observed a decline in
nitrogen concentration of lucerne roots from ~2.5% DM in winter to 1.5% DM in early-

spring as growth resumed.

There are specific fractions of soluble proteins that are mobilized to a greater extent in
response to seasonal factors and after defoliation (Hendershot and Volenec, 1992). These
proteins with molecular masses of 15, 19 and 32 kDa, together with f-amylase (Gana et
al., 1998; Li et al., 1996), fit the criteria to be classified as VSP (vegetative storage
protein) because they (i) are stored at vacuole level, (ii) represent a large proportion
(>40%) of soluble proteins and (iii) are subjected to a cycle of accumulation and depletion

in response to defoliation and seasonal signals (Volenec et al., 1996).

The seasonal dynamics of nitrogen in lucerne roots is consistent with the effects of
photoperiod and temperature on different N fractions. Low temperatures triggered the
accumulation of VSPs in white clover and there was a small synergistic effect of short
photoperiods in this accumulation (Bouchart et al., 1998). In lucerne, Noquet et al. (2001)
found that short photoperiods (8 h vs. 16 h) decreased nitrogen partitioned to shoots from
71 to 61%, with a subsequent increase in the N concentration of taproots from 1.8 to 2.9%,
particularly of VSPs. Low temperature (5°C/5°C vs. 20°C/18°C) also induced an increase

in nitrogen in roots but with no accumulation of VSPs.

Following defoliation, nitrogen reserves are highly mobilized from Iucerne roots and

transported to regrowing shoots (Kim et al., 1993b; Volenec et al., 1996). Ourry et al.
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(1994) showed that after 24 days of regrowth, the amount of nitrogen mobilized from
perennial organs was ~75% in taproots, 41% in crowns, and 52% in lateral roots. Taproots
being the greatest providers of nitrogen amounts to regrowing shoots (Ourry et al., 1994).
Barber et al.(1996) found that, after 10 days of regrowth, 34 to 47% of the nitrogen from
lucerne roots was recovered in growing shoots. Similarly, Avice et al. (1996) showed that
34% of the nitrogen stored in lucerne perennial organs were mobilized after 30 days of

regrowth and recovered in growing shoots.

The removal of the photosynthetic tissue with defoliation considerably reduces nitrogen
uptake and nitrogen fixation (Kim ef al., 1993a; Vance and Heichel, 1981). The capacity
for N, fixation is negligible in the first week after defoliation (Kim et al., 1993b) which is
partially explained by an 80% decline in the activity of the enzyme nitrogenase (Ta et al: ,
1990). Nitrogenase is responsible for the reduction of atmospheric N in NH; and its
activity only recovers to normal levels after 14 days of regrowth (Ta et al., 1990). During
these early stages of regrowth, lucerne shoot growth is heavily dependent on the supply of
nitrogen from perennial reserves. Even at later stages of regrowth (24 days) the
contribution of endogenous nitrogen was shown to be >20% of total shoot N (Kim et al.,

1993a).

This large dependence of shoots on nitrogen from storage organs justifies the strong
relationship found between shoot yield and nitrogen reserves (Avice et al., 2001). Ourry et
al. (1994) observed that a 4.5 fold increase in the amount of nitrogen in perennial organs at
the day of cutting prompted a 10 fold increase in shoot yield after 24 days of regrowth.
Avice et al. (1997b) showed that shoot yield (35 days of regrowth) was linearly and
strongly related to the amount of soluble protein and VSPs on the day of defoliatioxi,

however there was no relationship with total nitrogen content in taproots.

Most of the nitrogen mobilized from taproots and lateral roots has been shown to be
transferred to growing leaves (Ourry et al., 1994). The highest nitrogen concentrations in
growing leaves are found in regions of intense cell division (Schaufele and Schnyder,
2001). This is consistent with the strong relationship between leaf area expansion rates
(LAER) and soluble proteins, found by Justes et al. (2002). The LAER increased from
~0.015 m*/m?/°Cd (T;,=5°C) at a soluble protein concentration of 1.0% root DM to ~0.028
m?*/m?/°Cd at 2.5% soluble protein in root DM (Justes ef al., 2002).
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2.7 Lucerne simulation modelling

The understanding of physiological responses of crops to the environment has achieved a
level which allows the integration of this knowledge for predictive purposes (Hammer et
al., 2002). Computer simulation models are the means to embody these relationships into
mathematical equations which conceptually represent a simplified crop system (Ritchie et

al., 1991).

Crop models can be conceptually classified in (i) empirical/mechanistic (Monteith, 1996),
(i7) static/dynamic and (iii) deterministic/stochastic (Cheeroo-naymuth, 1999). Empirical
models are direct descriptions of observed data without reference to the underlying
processes involved (e.g. regression equations). In contrast, mechanistic models describe the
behaviour of a system based on explicit relationships at lower level attributes. In reality, all
models at their lowest level of organization are based on descriptive or empirical functions,
however the way by which these functions are used and combined determines if the model
is predominately empirical or mechanistic (Christian, 1987). Static models differ from
dynamic models by the fact that the latter have time as an independent variable, which
allows the integration of systems attributes over a given period. Deterministic models are
characterized by definitive predictions while stochastic models provide a measure of

uncertainty (e.g. variance) of the predicted mean.

The clear statement of the objectives of a crop model is essential to delimit the boundaries
by which it will be initially developed and later evaluated (Sinclair and Seligman, 1996). In
the past 30 years several crop models have been developed or adapted with the objective of
predicting lucerne growth and development (Confalonieri and Bechini, 2004; Fick et al.,
1988). Lucerne simulation models can be analysed in relation to three common major
components (Marcelis et al., 1998): (i) radiation interception, (if) conversion of intercepted
radiation into net dry matter (photosynthesis minus respiration), and (iii) partitioning of
DM among lucerne organs (leaves, stems and perennial DM). The arrangement of these
compartments define the structure of the model (Passioura, 1996) and the mathematical
equations within them characterize the level of understanding of processes and the model

complexity.

At compartment levels, the processes usually assume a rate of growth or development at

optimum conditions (i.e. genetic potential). The potential rates are then reduced for the
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limiting effects of external factors such as sub-optimal temperatures, water deficits and low
nitrogen supply (Holt et al., 1975). This is done by multiplying the optimum growth and
development rates by coefficients that range from O to 1 (multiplicative approach), to give
the actual rate at the environment and management condition of the simulated crop

(Christian, 1987).

The level of complexity of each process is an important aspect of model development and
it has to line up with the proposed objectives (Hammer, 1998). Sinclair and Seligman
(1996) stress the importance of a simple model structure in coherence to the organizational
level of the problem (e.g. tissue, plant or crop) and the use of summary relationships (e.g.

RUE) whenever possible, in contrast to a reductionist approach.

2.7.1 Modelling of radiation interception in lucerne crops

In most crop models the complex nature of light penetration through crop canopies is dealt
with a statistical approach that assumes an exponential decay in radiation intensity with
depth (Christian, 1987). For lucerne, the level of sophistication of such models can vary
from a multilayer canopy where extinction coefficient (k) is calculated hourly based on the
combination of leaf angle and sun inclination (Varella, 2002), to simpler models that work
on a daily time step assuming a single value of k& (Robertson et al., 2002). Although,
Christian (1987) drew attention to the possible errors involved with the oversimplification
in the use of a single k, Gosse ef al. (1982b) demonstrated within a lucerne cultivar, k can
be assumed constant throughout seasons allowing accurate estimates of PAR/PAR, once

leaf area (i.e. LAI) is known.

Leaf area expansion is usually derived from (i) plant development, mainly driven by
thermal-time accumulation (Equation 2.7); (if) DM partitioning to leaves assuming an area
to mass relation (i.e. SLA) (Equation 2.8) or (iii) a combination of both approaches

(Marcelis et al., 1998).

Equation 2.7

LAI =) (LAERxTt)
0

Where LAER is the leaf area expansion rate (m*m*°Cd) and Tt is the thermal-time

accumulation (°Cd) from period O to n.
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Equation 2.8

LAI = (DM,,,; x SLA)

Where DMy is the daily DM partitioned to leaves (g DM/m*/day) and SLA is the specific
leaf area (mz/g DM).

Alternatively, LAI can be modelled by considering the individual area of each leaf as a
function of node position and therefore expansion is derived from leaf appearance (Dwyer
and Stewart, 1986; Robertson et al., 2002). As an example of a simplistic approach, Gosse
et al. (1984) obtained strong predictions of LAI in a non-stressed lucerne crop assuming a
linear LAI expansion rate of 0.092 m*/m?/°C (T;=0°C) during spring-summer but the model
overestimated LAl in autumn. These seasonal changes in LAER seem to be related to a
response of phyllochron and branching to other seasonal signals (e.g. photoperiod) (Brown

et al., 2005b). These relationships will be explored in this thesis.

2.7.2 Modelling net dry matter accumulation in lucerne crops

Crop dry matter accumulation is ultimately a result of the difference between gross
photosynthesis and respiration. In crop models, canopy photosynthesis is commonly
calculated by the integration of leaf photosynthesis in time (e.g. minute or hourly steps)
and space (e.g. vertical layers of canopy), by assuming the response of Pn to irradiance
(i.e. PPFD) as a non-rectangular hyperbola (Christian, 1987; Thornley and Johnson, 2000).
To account for the CO, output, respiration is conceptually divided in growth (Rg) and

maintenance (Ry,) respiration (McCree, 1974) as in Equation 2.9.

Equation 2.9

_ (Trmean =T op )10
R, =axPg+bxWxQ, 7!

In this framework growth respiration (a x Pg) is a constant fraction of gross photosynthesis
independent of temperature. In contrast, maintenance respiration increases with crop

biomass (W) at a rate b at T, which responds to temperature according to the Q1o.
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The mechanistic separation of photosynthesis and respiration in crop models has been
successfully used for several forage crops (Peri et al., 2003; Sands, 1995; Varella, 2002).
However, in predictive models which have the crop as the main organizational level, the
use of RUE (Section 2.5, Equation 2.1) has been shown to be sufficiently robust to expres.s
the underlying physiological processes of photosynthesis and respiration in response to the

environment (Sinclair and Seligman, 1996).

The use of RUE to estimate DM accumulation is currently part of the framework of lucerne
simulation models, like APSIM-lucerne (Robertson et al.,, 2002) and Cropsyst
(Confalonieri and Bechini, 2004). The main problems related to the use of RUE to simulate
DM yield in perennial crops are (i) the violation of the assumed linearity between
photosynthesis and respiration (mainly in early stages of regrowth) and (ii) the variable
partitioning of DM to non-harvestable organs (Section 2.5.2). To overcome some of these
limitations APSIM-lucerne (Robertson et al., 2002) assumes a variable RUE depending on
the development stage of the crop and the season of the year. In the model RUE o0t is 1.2 g
DM/MJ PAR,; at the seedling stage, 2.0 g DM/MIJ PAR; at the vegetative growth stage in
spring/summer but declines to 1.2 g DM/MJ PAR; during autumn/winter. RUEgoot 15 als.o
adjusted for sub/supra-optimal temperatures assuming cardinal temperatures of 0, 8, 25 and
32°C. In contrast, Cropsyst (Confalonieri and Bechini, 2004) assumes an optimum
RUEgoot of 3.0 g DM/MIJ PAR; during all stages of regrowth suitable for adjustment at
non-optimal temperatures. The high level of empiricism and subjectivity in setting and
adjusting RUE values in current lucerne models reflect the lack of information about such

relationships.

2.7.3 Modelling of dry matter partitioning in lucerne crops

The partitioning of DM at crop level is possibly the weakest point of lucerne simulation
models, and most simulation models for other crops, due to the lack of a quantitative
understanding of such processes (Confalonieri and Bechini, 2004; Fick, 1977; Ritchie et
al., 1991). This situation induces the common use of empirical approaches like descriptive
allometry, i.e. the relation between growth rates of different organs (Christian, 1987). This
approach has been successful in describing partitioning of DM within lucerne shoots by an
exponential decline in leaf/stem ratio as shoot yield increases (Lemaire et al., 1992).

APSIM-lucerne uses fixed proportions of biomass partitioned to each organ according to
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the developmental stage of the crop and the capacity of that organ to accommodate DM.
For example, in the vegetative phase 45% of the daily assimilated biomass is partitioned to
leaves, the remaining for stems as long as the maximum leaf thickness (i.e. minimum

specific leaf area) is not achieved (Robertson et al., 2002).

The partitioning of dry matter to/from perennial organs remains ignored or obscured by the
majority of lucerne models despite its major importance in terms of total biomass (Section
2.6). Although the seasonality of DM partitioning to perennial organs is well documented
(Section 2.6), the mechanisms and stimuli that control such fluxes are rather complex and
not sufficiently understood (Farrar and Jones, 2000). This impedes more sophisticated
approaches such as the functional equilibrium between shoots and roots (i.e. teleonomic
models) or sink regulation (Thornley and Johnson, 2000) to be used in lucerne models. For
example, to account for increased partitioning of dry matter to roots in autumn (Section
2.6), the model SIMED reduces leaf and stem growth rates at different levels according to
the direction of photoperiod (Holt et al., 1975). At a similar level of empiricism, APSIM-
lucerne deals with the problem by reducing RUEg.: in autumn-winter to 60% of the
summer value (2.0 g DM/MJ PAR) (Robertson et al., 2002).

2.7.4 Improvements in lucerne simulation models

The most effective way of improving lucerne simulation models is by gaining further
understanding about the environmental physiology of the crop (Fick et al., 1988). On the
other hand, even simulation models that carry known limitations into their code allow the
identification of points where knowledge needs to be gained (Hammer, 1998). Based on
this review of literature it can be inferred that the major limitations of lucerne models are
related to lack of quantitative understanding about the changes in the plant physiology that
occur seasonally and also at the onset of regrowth, particularly during the first spring
growth. These issues are complicated by the genetic diversity of lucerne which demands

cultivar specific parameters, for example related to dormancy responses.
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2.8 Conclusions

The main conclusions of this review of literature are:

e Shoot yield and development of lucerne crops respond to environmental factors
(e.g. temperature, photoperiod and radiation receipts) in a predictable way which

permits the construction of simulations models.

e However, in contrast to annual crops, the main physiological variables of RUE,
2 PAR; and pp, used in yield models show different responses on a seasonal basis
for lucerne. This seems to be related to the perennial characteristic of the crop and
the cycles of accumulation and depletion of C and N reserves in crowns and

taproots.

e On the other hand, the levels of perennial reserves also influence the response of
these physiological variables to the environment and this is not properly described

in a seasonal basis.

Based on the information gathered in this literature review the main aim of this thesis was
to quantify the seasonal responses of lucerne crops to environmental factors, as affected by
the level of perennial reserves. To investigate these relationships, a single field experiment
involving four defoliation regimes was implemented. The defoliation regimes aimed to
create lucerne crops with contrasting levels of perennial reserves, without affecting other
plant characteristics that influence growth potential (e.g. number of growing points and
residual leaf area). Growth and development of these crops were then quantified during
two entire growth seasons based on the yield framework (Equation 2.2) adapted from
Monteith (1977). The relationships developed from the field experiment were then
integrated in a simple simulation model which was used as an analysis tool to explain

lucerne seasonal patterns of growth and development in a cool temperate climate.
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3 Materials and Methods

3.1 Site description

3.1.1 Site history

The experiment was located at the Lincoln University Field Service Centre (FSC),
Canterbury, New Zealand (43°38’S and 172°28’E) within a 0.56 hectare (140 x 40 m) area
of flat land in Block 9 of ‘Iversen Field’ (Iversen 9, ‘I9°). Historically I9 contained a rape
crop (Brassica napus s.s oleifere) in the 1999/2000 growth season, and green feed oat crop
(Avena strigosa) from April to September 2000. Oats were grazed and then the area was
ploughed on 9 October, roto-crumbled, harrowed and rolled on 9, 16 and 20 October to
prepare a fine, firm seedbed. ‘Grassland Kaituna’ lucerne was established in the spring of
2000 for an experiment involving different sowing dates and irrigation regimes (Brown,
1998). The crops were sown on four dates (24 October, 15 November, 5 December and 27
December 2000) with an @yjoord cone seeder at a rate of 10 kg/ha (coated seed). After
sowing, the area was chain harrowed to ensure seed coverage. Once established, each crop
was grazed at approximately 35 day intervals in an experiment involving irrigated and
dryland treatments until June 2002 (Brown, 2004). The current experiment commenced on

the 14 June 2002.

3.1.2 Soil characteristics

The soil is a ‘Wakanui’ deep silt loam (USDA Soil Taxonomy: Aquic Ustochrept fine
silty, mixed, mesic) classified as ‘Pallic’ in the New Zealand Soil Classification (Hewitt,
1993; Watt and Burghan, 1992). These soils represent around 12% of New Zealand land
area and occur in the seasonally dry eastern parts of the country. They are subjected to
water deficits in summer and water surpluses in winter and spring (Molloy, 1988).
Weakanui soils usually occur in flat to gently undulating lands where the parent forming
materials are silty and sandy alluvium derived from loess or fluvial sediments, from
quartzo-feldspathic rocks like schist or greywacke (Hewitt, 1993; Watt and Burghan,
1992). This confers these soils with imperfect drainage but a high base saturation (>50%)

and high levels of nutrients with the exception of extractable sulphur. The bulk density
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varies from 1,100 kg,/m3 in the top 200 mm, to 1,500 kg/m3 in lower layers (Watt and
Burghan, 1992).

3.2 Meteorological conditions

3.2.1 Long-term meteorological conditions

The climate in Canterbury is characterized by an annual rainfall of ~640 mm, which is
slightly higher in winter than other seasons (Table 3.1). The annual mean temperature is
11.4°C varying from a monthly average of 6.4°C in June to 16.6°C in January. The long-
term meteorological data for the experimental site (Table 3.1) were measured at
Broadfields Meteorological Station (NIWA, National Institute of Water and Atmospheric
Research, New Zealand), which is located 2 km North of the Lincoln University campus.

Table 3.1 Monthly long-term means from 1960 to 2003 for total solar radiation (R,),
maximum (T,y), minimum (Ty,) and mean () air temperatures, potential
evapotranspiration (ETp), total rainfall and windrun measured in an open field at the

Broadfields Meteorological Station.

Month R, Tmax Trmin Tmean Rainfall ETp Windrun
MJ/m?*/day C) °C) (°C) (mm) (mm) km/day

January 21.92 22.14 11.28 16.60 52.90 153.00 119.02

February 18.94 21.77 11.12 16.33 43.14 117.60 115.65

March 14.04 19.98 9.76 14.79 54.68 96.20 105.36

April 9.55 17.18 6.73 11.93 54.78 62.60 90.21

May 5.89 14.05 4,02 8.99 52.24 43.70 83.39

June 4.30 11.30 1.59 6.40 60.78 33.00 75.55

July 5.05 10.67 1.34 5.95 64.31 37.10 71.42

August 7.74 12.01 2.45 7.18 61.13 50.70 90.51

September 11.99 14.34 4.25 9.24 42.26 68.60 107.94

October 17.10 16.84 6.12 11.40 46.43 104.60 118.44

November 21.04 18.58 7.69 13.05 53.01 123.90 120.68

December 22.88 20.73 9.89 15.22 49.82 142.70 121.66

Annual mean 13.37 16.63 6.35 11.42 635.48  1033.70 101.65
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3.2.2 Meteorological conditions during the experimental period

3.2.2.1 Solar radiation and air temperature

The monthly values of mean daily total solar radiation (R,) during the experiment (Figure
3.1) were close to LTM (Table 3.1). The range in the daily R, was from 0.6 MJ/m?/day on
17 June 2002 to 38 MJ/m?/day on 4 October 2002. Extremes of air temperature were -
4.5°C on 17 June 2003 and 32°C on 11 February 2003 with the mean daily temperature
range from 1.2 to 24°C.
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Figure 3.1 Mean daily total solar radiation (grey bars) and mean daily air temperature
(@) for monthly periods from 01 January 2002 to 31 December 2004. Data were

obtained from Broadfields Meteorological Station, Canterbury, New Zealand.
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3.2.2.2 Rainfall and evapotranspiration

In 2002 annual rainfall was 675 mm/year and an ETp of 1065 mm/year. The year of 2003
was exceptionally dry with only 466 mm rain and ETp of 1091 mm/year (Figure 3.2).
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Figure 3.2 Mean rainfall (grey bars) and Penman potential evapotranspiration (E7p,e)
for monthly intervals from 01 January 2002 to 31 December 2004. Data were
obtained from Broadfields Meteorological Station (2 km north of the site),
Canterbury, New Zealand.

3.2.2.3 Vapour pressure deficit and windrun

In Figure 3.3 the vapour pressure deficit (VPD, kPa) and the wind run (WR, km/day) are
shown. VPD ranged from 8 to 15 kPa throughout the period. WR averaged 300 km/day and
ranged from 280 to 480 km/day.
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Figure 3.3 Mean vapour pressure deficit (kPa, grey bars) and mean daily windrun
(km/day,®) from 01 January 2002 to 31 December 2004. Data were obtained from

Broadfields Meteorological Station, Canterbury, New Zealand.

3.3 Experimental design and treatments

The experiment was a 2 x 2 factorial randomised complete block design with 4 replicates.
This involved two regrowth cycles: a short (28 days) and a long (42 days) regrowth cycle;
and two timings of imposition of regrowth intervals (before and after 4™ February). The

four treatments were denominated as follows:

(i) Long/Long regrowth cycle (LL): 42 day cycle (38 days regrowth and 4 days grazing)
during the entire growth season. First grazing on 1 October of 2002, 2 October 2003 and 4
October 2004.

(ii) Long/Short regrowth cycle (LS): 42 day cycle until 4™ February and 28 day cycle (25

days regrowth and 3 days grazing) during the remaining of the growth season. First grazing
on 1 October of 2002, 2 October 2003 and 4 October 2004.
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(iii) Short/Long regrowth cycle (SL): 28 day cycle until 4™ February and 42 day cycle
during the remainder of the growth season. First grazing on 15 September 2002, 15

September 2003 and 4 October 2004.

(iv) Short/Short regrowth cycle (SS): 28 day cycle during the entire growth season. First
grazing on 15 September 2002, 15 September 2003 and 4 October 2004.

The criteria to define the dates to start (~15™ September and 1% October) and swap or
maintain treatments (4™ February) were based in the timing when seasonal changes in
lucerne DM partitioning between shoots and roots occur (Section 2.6). A schematic

representation of treatments is given in Figure 3.4.

etoel e o . | -,.;1‘”'2’th>”;JunQ:;'.

15th Sep ;
_ Regrowth " Grazing

Figure 3.4 Schematic representation of regrowth regimes imposed on lucerne crops with
approximated dates of grazing for the 2002/03 and 2003/04 seasons at Lincoln
University, Canterbury, New Zealand.

Note: LL, LS, SL and SS are the treatment acronyms as in Table 3.3. Cycle numbers are included for

reference (e.g. for all crops the winter/early-spring cycle is Cycle 0 and for LL crops the last cycle of the

growth season is Cycle 6).

The date of finish of a growth season and start of a new one was set as 13 June + 1 day,
coinciding with the final grazing of all crops (Table 3.2). Therefore from mid-June to

early-September all crops were ungrazed.
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3.3.1 Experimental period

The experimental period was from 14 June 2002 to 04 October 2004. This period included
two full growth seasons (Table 3.2) each separated into halves (before and after 4
February). The season halves were divided in a number of regrowth cycles according to the
defoliation treatments. The third spring growth only included the 2004 winter/early-spring
regrowth common to all crops (12 June 2004 to 4 October 2004) to examine spring effects

of the previous autumn treatments (Table 3.2).

Table 3.2 Experimental seasons for the grazing management of plots in the Iversen 9

experiment at Lincoln University, Canterbury, New Zealand.

Experimental season | Growth season Actual experimental period

1** growth season 2002/03 From 14 June 2002 to 12 June 2003
2"? growth season 2003/04 From 13 June 2003 to 12 June 2004
3" spring growth Spring 2004/05 | From 12 June 2004 to 4 October 2004

3.3.2 Definitions and nomenclature

In the result chapters (Chapters 4 to 7) observations will be referred to in text by the
treatment acronym (LL, LS, SL or SS, Section 3.3) and when appropriate the growth
season (02/03; 03/04 or 04/05) as a subscript (Table 3.3). Specific regrowth cycles are
referred to after the acronym separated by a dash sign (e.g. LLgy03 — Cycle 1)‘. The term
“growth season” refers to each annual experimental period (e.g. 2002/2003) while the word
“season(s)” refers to the recognised seasons of the year (e.g. spring, summer, autumn and

winter).
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Table 3.3 Description of acronyms and symbols used to represent the treatment/growth

season combinations throughout the experimental period.

Growing season Defoliation Acronym Symbol
Treatment
2002/2003 LL LLoos ()
LS LSo2103 O
SL SLo2/03 A\
SS SSo2/03 A
2003/2004 LL LLos/o4 [
LS LSo3/04 @
SL SLo3/04 AN
SS SSo3/04 A

Note: Includes the early-spring regrowth cycle of 2004/05.

Whenever, for a matter of clarity, data-points from treatments had to be displayed with
different symbols from the ones in Table 3.3, the alternative symbols were referred to in
the respective figure label. When the distinction between growth seasons in a figure was

obvious the treatments were represented with the symbols from 2002/03.
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3.3.3 Site and treatments view

The paddock in 19 was divided into 16 plots of 315 m* (17.5 x 18 m). A central lane (3.7 x

35 m) was arranged to symmetrically divide the plots and enable sheep to have access to

the plots during different grazing dates and to reduce camping effects (Figure 3.5 ).

(a) Before 4th February

Block 1 Block 2 Block 3 Block 4

i H# 1 2 3 5 6

SL [sS |

(b)  After 4th February

Block 1 Block 2 Block 3 Block 4
1 2 3 4 5 6 7 8

N o o
\/ SL|ss|Ls LS | LL
NS
@ S :
S i L B
LS | LL | LL| SS | SS| LS | SS | SL
0

# 160 15 14 13 12 17 g

Figure 3.5 Schematic representation of treatments in Field Service Centre (FSC)

experiment, Lincoln University, Canterbury, New Zealand.

Note: Plots grazed simultaneously before (a) and after (b) 4™ February are filled with the same colour.

Plot reference number is displayed near each respective cell outside the figure.
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An aerial view of the experimental plots is shown in Plate 3.1.

Plate 3.1 Aerial view of Iversen 9 during a grazing day at Lincoln University,

Canterbury, New Zealand.

Note: Note the previously grazed plots and cages of exclusion for recording marked shoots.

3.3.4 Management

3.3.4.1 Grazing management

The plots were grazed according to the defoliation treatments (Section 3.3) with the
objective of achieving the regrowth intervals (25 and 38 days) and the grazing durations
(3 or 4 days) for short and long regrowth cycles respectively. Effective grazing dates and

regrowth durations are shown in Table 3.4.

After each grazing, residual stems were trimmed to ~50 mm above ground using a sickle
bar mower. This prevented damage to the crowns but ensured that only new lucerne
growth was measured in the subsequent cycles and that no residual leaf area was

transferred to the next regrowth period.
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Table 3.4 Initial and final dates of regrowth periods and grazing durations of short and long

regrowth cycles of a lucerne crop at Lincoln University, Canterbury, New Zealand.

Cycle Short regrowth cycle Long regrowth cycle
Initial Final Resting Grazing Initial Final Resting Crazing

date date days days date date days days
Growth season 2002/03
0 14 Jun 14 Sep 93 5 14 Jun 30 Sep 109 5
1 20 Sep 14 Oct 25 3 06 Oct 12 Nov 38 4
2 18 Oct 09 Nov 23 4 17 Nov 23 Dec 37 4 -
3 14Nov 07 Dec 24 4 28 Dec 03 Feb 38 7
4 12Dec 04 Jan 24 4 11 Feb 17 Mar 35 5
5 09 Jan 06 Feb 29 4 23 Mar 29 Apr 38 5
6 11 Feb 03 Mar 21 4 05May 11 Jun 38 1
7 08 Mar 01 Apr 25 3
8 05 Apr 02 May 28 2
9 05May 11Jun 38 1
Growth season 2003/04
0 13 Jun 14 Sep 94 3 13 Jun 01 Oct 111 4
1 18 Sep 16 Oct 29 2 06 Oct 09 Nov 35 3
2 19 Oct 09 Nov 22 3 13Nov 23 Dec 41 5
3 12Nov 09 Dec 25 4 29 Dec 02 Feb 36 5
4 13Dec 04 Jan 23 3 08 Feb 16 Mar 38 3
5 08 Jan 02 Feb 26 5 20Mar 28 Apr 40 4
6 08 Feb 03 Mar 25 3 03 May 09 Jun 38 2
7 07Mar 30 Mar 24 4 '
8 04 Apr 28 Apr 25 4
9 03May 09 Jun 38 2
Spring  growth  2004/05
0 12 Jun 4 Oct 116 1 12 Jun 4 Oct 116 1

3.3.4.2 Mineral nutrition management

Soil chemical analysis was done from 20 soil cores (30 mm diameter x 150 mm depth)

taken randomly from each half (South and North) of the paddock before the beginning of

the experiment in August 2002 (Table 3.5). Levels of all nutrients were adequate, except

for sulphate sulphur [S(SOs)], which was slightly below the target of 11 ppm for

sedimentary soils in Canterbury (Morton and Roberts, 1999). Therefore, 150 kg/ha extra
sulphur super (7% P and 29% S) was applied in 19 in October 2002. '
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Table 3.5 Soil test results for paddock I9 in the Field Service Centre, Lincoln
University, Canterbury, New Zealand from 2002 to 2004. Soil tests were performed
using the Ministry of Agriculture and Fisheries Quick Test (MAF QT) procedures.

Site Ca K Mg Na P S(SOy) pH
m.e./100 g soil pg/ml ppm

August 2002

South 5.6 0.92 0.88 013 23 9 6.0
North 5.0 0.87 0.88 0.17 31 5 6.3
May 2003

LL 6.2 1.14 0.83 0.12 20 4 6.2
LS 6.7 1.16 0.83 0.16 21 6 6.2
SL 7.1 1.05 091 0.16 20 4 6.3
SS 6.5 1.21 0.83 0.14 23 6 6.1
May 2004

LL 5.0 1.23 0.80 0.20 28 18 6.1
LS 5.0 1.28 0.84 0.22 31 16 6.1
SL 5.0 1.08 0.84 0.17 32 15 6.2
SS 5.0 1.28 0.84 0.22 30 19 6.0
Lower optima 0.26 0.34 20 11 53

Note: Lower optima according to Morton and Roberts (1999)

In late May 2003 another set of 20 soil cores per treatment were taken. Again, only the
levels of sulphate sulphur were below that recommended for optimum growth of lucerne,
and 250 kg/ha of sulphur super (8% P and 20% S) was broadcast on 18 June 2003. On the
final evaluation (May 2004), all levels of nutrients were found adequate for optimurh

lucerne growth (Table 3.5).

3.3.4.3 Weed control

Herbicides were applied to maintain the crops free of weed competition during the entire
experimental period. In the first season herbicides were applied in all crops to control an
infestation of twitch (Agropyron repens) and twin cress (Coronopus didymus). In the first
season (2002/03), the herbicide applications (Table 3.6) were over in the entire 19 area,
although most of the weeds infested the crops subjected to the short regrowth cycle.
During the second season (2003/04), annual weeds invaded mainly SS and SL crops. The
main weeds at this time were white clover (Trifolium repens) and dock (Rumex sp.), and

those were controlled with spot spraying to avoid affecting the lucerne crop.
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Table 3.6 Herbicide applications to lucerne crops grown at paddock 19 in the Field Service

Centre, Lincoln University, Canterbury, New Zealand from 2002 to 2004.

Date Herbicide (active ingredient concentration) = Commercial dose applied
30/08/2002  Atradex (atrazine 500 g a.i./litre) 1.5 litre/ha

25/11/2002  Gallant (haloxyfop 100 g a.i/ litre) 2.5 litre/ha

19/02/2003  Preside (flumetsulam a.i. 800 g a.i./kg) 50 g/ha

09/06/2003  Gallant (haloxyfop 100 g a.i./ litre) 2.51/ha

20/06/2003 2,4 DB (2,4 DB 400 g a.i./ litre) 6.0 /ha

20/06/2003  Atrazine (atrazine 900 g a.i./ kg) 1.0 kg/ha

21/10/2003  Spinnaker (imazethapyr 240 g a.i./litre) 400 ml/ha

12/03/2004  Spinnaker (imazethapyr 240 g a.i./litre) 400 ml/ha

12/03/2004  Velpar DF (750 g/kg hexazinone) *Spot spraying

16/06/2004  Nu Triazine 900 DF (atrazine 900 g a.i./kg) 1.0 kg/ha

Note:"Spot praying directed exclusively over invading species (Section 3.3.4.3), all other applications were

made over the entire experimental area of Iversen 9.

3.3.4.4 Irrigation

Irrigation was applied to ensure crop growth was not limited by water stress at any time
during the experiment. Previous experiments in an adjacent paddock (‘Iversen 8’) had
shown that lucerne yield decreased when soil moisture deficit to 2.3 m soil depth
(SMDy 3r,) was greater than 215 mm (Inch, 1998). Therefore, a target of 200 mm actual
SMD, 3., was set as the maximum allowed SMD, 3, to ensure water stress was avoided.
Irrigation was applied using a hand shift pipe irrigation system with a rate of water
application of 8 mm/h. The amount of irrigated water applied was measured with four rain

gauges and details of the irrigation are shown in Table 3.7.
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Table 3.7 Irrigation water applied to the paddock 19 in the Field Service Centre,

Lincoln University, Canterbury, New Zealand from 2002 to 2004.

Start Date Finish Date Amount of irrigation
water applied (mm)

First growth season
11/09/2002 12/09/2002 42
09/10/2002 11/10/2002 40
30/12/2002 31/12/2002 47
18/01/2003 19/01/2003 40
10/02/2003 12/02/2003 45
26/02/2003 28/02/2003 45
12/03/2003 14/032003 50
26/03/2003 27/03/2003 40
Total first growth season 349
Second growth season
25/11/2003 27/11/2003 35
31/12/2003 02/01/2004 40
13/01/2004 14/01/2004 40
12/02/2004 15/02/2004 40
Total second growth season 155

The SMD, 3, was measured with Neutron Probe and Time Domain Reflectometer readings

(Section 3.4.1.3). The initial measured SMD, 3, at the site was 172 mm on 4 June 2002,

prior to the beginning of the experimental season. Irrigation was then applied to bring the

SMD; 3, up to ~15 mm from November to December 03. During the following summer,

SMD, 3, increased to a maximum of 153 mm by 10 February 2003. From then, SMD; 3,

decreased to ~13 mm by 24 April 2003 and stabilized near field capacity by 20 October

2003. In the summer of 2003, SMD, 3, increased to a maximum of ~130 mm by 30

December 2003. Irrigation was applied from this period on and SMD; 3, was maintained <

100 mm throughout 2004 (Figure 3.6).

47



o
1

-

o

o
1

Critical SMD, , .

200

W

o

o
L

Soil moisture deficit at 2.3 m depth (mm)
N
o
o

500 1 T 1 ) ) 1 J T 1 !
Jun Sep Dec Mar Jun Sep Dec Mar Jun Sep Dec
2002 2003 2004

Figure 3.6 Calculated potential (.....) and actual measured (—e—) soil moisture
deficit to 2.3 m depth from 4 June 2002 to 23 October 2004 at Lincoln University,
Canterbury, New Zealand.

Note: Rainfall data were collected at Broadfields Meteorological Station 2 km North of the
experimental site. Potential soil moisture deficit was calculated as Penman potential evapotranspiration

- (rain + irrigation) with SMD, 3 , set to zero when negative and on 1 July each year.

3.4 Measurements

3.4.1 Meteorological measurements

3.4.1.1 Air temperature and solar radiation

During the 2002/03 growth season, solar radiation (R,, MJ/m?®) was monitored using a
pyranometer LI-200SA (LI-COR Inc., Lincoln, Nebrasca, USA) and the air temperature
(Tair, °C) was measured by a thermistor installed at ~1.50 m above ground, adjacent to plot

5. Both R, and T, were measured every minute and the average recorded at each 1 hour
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interval by a CR10 datalogger (Campbell Scientific, Logan, Utah, USA). The thermistor
sensor was installed inside a 0.2 m long polished aluminium tube shelter to remain
protected from direct solar radiation and painted black inside to absorb reflected radiation.
It was calibrated to a thermometer with 0.1°C precision. During seven days of the
experiment, data were not available from 19 loggers due to equipment maintenance or
malfunction. Values for those were then substituted with data from “Broadfields
Meteorological Station”. This represented <1% of daily readings and overall temperature
and radiation data from I9 and Broadfields were linearly related (R?=0.99) with intercept of

-0.1240.1 (P<0.02) and slope=0.99+0.009 (P<0.0001).

During the 2003/04 growth season, a dataTaker logger model ‘DT600° (dataTaker
Australia Pty Ltd 7, Victoria, Australia) was used. In addition, five tube solarimeters model
TSM (Delta-T Devices, Cambridge, UK) were installed at ground level in plots 12, 13, 14
and 15 (2 units) together with one line quantum sensor LI-191SA (LI-COR Inc., Lincoln,
Nebrasca, USA) in plot 13. The measurements of solar radiation above canopy were done
by the same pyranometer used in the first season (LI-200SA), plus an extra tube
solarimeter and one Quantum sensor LI-190SA (LI-COR Inc., Lincoln, Nebrasca, USA), all
installed 1.8 m above ground. All measurements were taken at 30 second intervals and then

averaged and logged at hourly intervals.

3.4.1.2 Soil temperature

Soil temperature was recorded at 150 and 600 mm below ground level in plots 13 and 14.
The soil temperatures were recorded at hourly intervals by a ‘Hobo 4-channel logger’

(Onset Computer Corporation, Bourne, Maryland, USA).

3.4.1.3 Soil water measurements

Water content was measured in the topsoil (0.20 m depth) using a Time Domain
Reflectometer (TDR) Trase system, Model 6050X1 (Soil Moisture Equipment Corp., Santa
Barbara, USA). From 0.20 m to 2.25 m soil depth, water content was measured using a
neutron probe (NP) Troxler model 4300 (Research Triangle Park, NC, USA) at 0.20 m
intervals. Measurements were taken at the six points as in a previous experiment at the site

(Brown, 2004). These measuring points were located in plots 06, 09, 10, 14 and 15.
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Measurements using TDR and NP were taken at around 1 month interval, during the entire

experimental period.

Additional measurements related to specific procedures are reported in the relevant

chapters.

3.5 Statistical analysis

The experiment was set as a randomized complete block design with four treatments and
four replicates (Section 3.3). When comparing growth seasons, results for all variables
were analysed as a split-plot design with defoliation regime (LL, LS, SL and SS) as main-
plot and growth season (2002/03 and 2003/04) as sub-plots. When necessary, individual
regrowth cycles were analysed and compared within each season as a split-plot design with

defoliation regime as main-plot and regrowth cycle as sub-plot.

Additionally, linear and non-linear regressions were fitted between dependent and
explanatory variables using SIGMAPLOT version 8.02 (SPPSS Inc.) and the regression
coefficients and coefficients of determination reported. When appropriate, broken-stick
regressions were fitted by the use of a dummy variable to identify the point of breakage
(Draper and Smith, 1998) with GENSTAT 7% edition (Lawes Agricultural Trust, IACR,
Rothamsted, UK). The accuracy of model simulations was quantified mainly by the value

of the root mean squared deviation (RMSD) and its components (Section 8.2.7).

The regression coefficients and the results for all evaluated variables were tested using
analysis of variance (ANOVA). In all cases, means were compared whenever treatment
effects in the ANOVA presented P<0.05. Then, a Fisher’s protected least significant
difference (LSD) was used to separate means at the 5% level (a=0.05). The software used
for statistical analysis was GENSTAT 7% edition (Lawes Agricultural Trust, IACR,
Rothamsted, UK).
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4 Perennial dry matter and perennial reserves

4.1 Introduction

The understanding of lucerne yield forming processes involves the quantification of crop
physiological responses to environmental (e.g. Tmean, PAR; and Pp) and endogenous (e.g. C

and N reserves) factors (Chapter 2).

To uncouple these two factors, different defoliation regimes were used to create lucerne
crops with contrasting levels of perennial reserves (Chapter 2). This involved lucerne crops
grazed at different frequencies (regrowth cycle of 28 or 42 days) during different times in
the growth season (Chapter 3). Frequent defoliation treatments aimed to limit the
acquisition of CO, through photosynthesis and nitrogen through mineral uptake (NOs’,
NH;*) or fixation (Nj) inr comparison with the 42-day crops. In addition, to enhanc-e
differences in the level of perennial reserves, these regrowth cycles were applied
interchangeably to two treatments during periods of preferential accumulation (autumn) or

depletion (spring/mid-summer) of perennial reserves (Chapter 3).

This chapter reports on the outcomes of this initial procedural requirement. The seasonal
patterns of dry matter accumulation of lucerne perennial organs (crowns and taproots) and
the concentration of nitrogen and carbohydrate (soluble sugars and starch) of these organs

are reported.
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4.2 Materials and methods

During each regrowth cycle, crowns and taproots (300 mm depth) were sampled weekly to
supply information about the amounts of DM and the concentration of nitrogen, soluble

sugars and starch in lucerne perennial organs.

Chemical analysis of nitrogen and carbohydrates was performed exclusively on the taproot
fraction of perennial DM. This fraction was used as a reference for chemical composition
of perennial DM because: (i) taproots are a major storage organ in lucerne (Ourry et al.,
1994), (ii) the risk of soil contamination in taproot samples is reduced compared with
crowns (Fornasier et al., 2003) and (iii) taproots are more homogeneous tissues than
crowns which can have variable amounts of stem stubble attached. Nevertheless, a set of
crown samples were also analysed by wet chemistry to give an indication of the
concentration of soluble sugars, starch and nitrogen in relation to the concentration

measured in taproots (Appendix 1).

4.2.1 Sampling of perennial dry matter

Samples of perennial DM (crowns and taproots) were collected each 7 days, starting ~10
days after the end of the previous grazing. During winter (June to mid-September), when
shoot growth rates were negligible, harvests were extended to every ~30 days. Shoot
samples were firstly harvested from a single 0.2 m? quadrat, placed randomly in each plot
(Section 5.2.1), and then the perennial dry matter was obtained from the same area. To do
this, a trench was dug in this area to assess crowns and taproots at a depth of 300 mm. For
calculation purposes it was assumed that the sampled tissue represented 80% of total

perennial dry matter (Khaiti and Lemaire, 1992).

Crowns and taproots were immediately placed on ice and transported to a cool store (4°C)
for further processing. The material was washed free from soil under a stream of cold
water and crowns were separated from taproots at the transition zone between tissues.

Samples were then frozen at —20°C, freeze dried and weighed. Freeze-dried samples of
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crowns and taproots were ground to pass through a 1 mm mesh sieve and stored at room

temperature for future chemical analysis.

Samples were collected from 3 replicates during the 2002/03 growth season and 2
replicates during the 2003/04 growth season. The reduction was due to the need to preserve
plot area for sampling and the labour intensive and time consuming process of sampling
the root system. Therefore, during the 2003/04 season, harvests were alternated in
replicates 1-2 and 3-4 at each sampling date. Also, based on the fact that the upper part of
taproots is more homogenous in terms of chemical composition (Haagenson et al., 2003a),
taproots were split into their upper (<50 mm) and lower (50-300 mm depth) fractions for
chemical analysis. This also aimed to quantify the dynamics of reserves in deeper (>50

mm) profiles of taproots.

4.2.2 Total nitrogen analysis

Total nitrogen was analysed from 500 mg samples of plant dry tissue using the Kjeldahl
protocol (AOAC, 1995) at the Animal Science facilities, Lincoln University, Canterbury.

4.2.3 Soluble sugars analysis

Sugars were extracted and quantified from a 50 mg DM sample. This was done by
incubating samples at 80°C for 30 min with 5 ml of an 80% ethanol solution. Samples
were centrifuged for 4 min at 3500 rpm, cooled and the supernatant was transferred to 15
ml glass vials. This procedure was repeated to guarantee total extraction of soluble sugars.
The combined supernatants were then placed in a water bath at 70°C and dried with forced
air. Ten ml of distilled water was added to dried samples. Three sub-samples of 10 pl were
transferred to the wells of a microplate. Two pl of phenol and 100 pul of HySO4 were added
to each well. Sucrose standards in 6 dilutions (0 to 800 mg/l) were included with each plate
for calibration curves. Absorbance was read at 400 nm wavelength in a microplate reader
Model Ceres 900 (Bio-Tek Instruments Inc., Winooski, VT, USA). Concentrations were

calculated from standard curves and results reported as a percent of the tissue dry matter.
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4.2.4 Starch analysis

The ethanol-insoluble residue of the soluble sugars extraction (Section 4.2.3) was dried
free of ethanol in a heating plate at 70°C. Dry pellets were imbibed in 1 ml 2N KOH and
placed in a water bath at 100°C for 1 h to gelatinise the starch. After cooling to room
temperature, 1 ml of 2N acetic acid was added to each sample to adjust the pH. Starch was
digested by adding 2 ml (~50 U) of amyloglucosidase (Sigma Chemical, St. Louis; product
A3514) to each tube. Tubes were placed in a water bath at 45°C for 1 h. Samples were then
centrifuged at 3500 rpm for 4 min. A 500 pl aliquot was removed, transferred to a new
tube and diluted to 10 ml with distilled water. Microplate wells were filled with 20 pl of
samples (3 repetitions/sample) and glucose standards (800 mg/l) in 6 dilutions (0 to 800
mg/l). In each well 100 pl of glucose hexokinase (Sigma Chemical, St. Louis; product
G2020) was added, plates were then shaken for 1 h at 20°C, and read in a microplate
reader Model Ceres 900 (Bio-Tek Instruments Inc., Winooski, VT, USA) at 340 nm
wavelength. Readings were calibrated for each plate with glucose standards and results

reported as a percent of tissue dry matter.

4.2.5 Total amounts of reserves in taproots

The total amount of reserves of taproots (kg/ha) was calculated from taproot dry matter
(t/ha, DM,o) multiplied by the fractional concentration of reserves (%DM). This was done
for 8 selected final harvests, when treatments were sampled at similar dates. The difference
between DM,,« and the amount of perennial reserves (soluble sugars, starch and crude
protein) was termed ‘“structural dry matter”. Crude protein was estimated assuming an
average concentration of 16% nitrogen (6.25 x N%o0) (AOAC, 1995). The assumed
proportionality of N%;, and the protein concentration in taproots implies in an
oversimplification of the complex dynamics of N in taproot tissues. This adjustment aimed
to account for the carbon, hydrogen and oxygen in protein molecules. Structural dry matter
was therefore expected to be the taproot fraction composed of mainly of less labile
carbohydrates (cellulose, hemicelluloses, pectin), phenols and minerals other than nitrogen
but also with the possibility of including labile compounds (e.g. amino acids, nitrate,
phosphate sugars, organic acids) depending in the level of imprecision of the assumed

coefficient of 6.25 X N%:or.
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4.3 Results

4.3.1 Crown and taproot dry matter

During both growth seasons there was a similar (P<0.32) linear relationship (R*=0.76,
P<0.01) between crown DM and taproot DM for all treatments and defoliation regimes
(Figure 4.1). This strong relationship suggested that both organs responded similarly to
seasonal signals and defoliation treatments. Therefore, dry matter of both organs were

grouped and reported as a single variable denominated perennial dry matter (DMp,).

3.0
(a) 2002/03 growth season
2.5 1
e L
20{| © LS
a. 8L
151 | 4 SS
1.0
T
S 05 y=0.26+0.52x R*=0.76
@
£ 0.0
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2 2.5 1
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g 20{| © LS
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1.0
0.5 1 y=0.25+0.65x R?=0.75
0.0 . . — . . . :
00 05 10 15 20 25 30 35 40

Taproot dry matter (t/ha)

Figure 4.1 Relationship between crown DM and taproot DM (300 mm depth) of lucerne
crops subjected to four contrasting defoliation regimes during the 2002/03 and 2003/04

growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Acronyms LL, LS, SL and SS represent defoliation treatments as in Section 3.3.2
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4.3.2 Seasonality and treatment effects on perennial dry matter

Perennial dry matter (DM,e;) changed (P<0.01) throughout each growth season, being
greatest (P<0.05) during autumn and lowest during summer for all four treatments (Figure
4.2). For example, in August 2002 (winter), prior to treatments being applied, DMy,
averaged 4.5 t/ha. From this time, DM decreased (P<0.05) in all treatments to a
minimum of 2.5-3.0 t/ha in early to mid-summer (Dec 02-Jan 03). From mid-summer to
autumn, DM, in LL crops increased to be 5.0 t/ha in mid-autumn (May-June 03). In the
2003/04 growth season, DM, in LL crops showed a similar pattern but at 10-15% higher
levels, ranging from 4.0 t/ha in mid-spring (Dec 03) to >5.0 t/ha in mid-summer and

autumn (Figure 4.2 a).

In contrast, DM, in SS crops was ~2.5 t/ha lower (P<0.05) than LL crops from February
2003 onwards (mid—sumrnér, Figure 4.2 d). These differences were accentuated in the
autumn of 2002/03 and persisted throughout the following regrowth cycles. At this time,
SSpas03 crops had the lowest (P<0.05) DM, of 3.5 t/ha compared with ~4.0 t/ha in SLoy03
and LSg03 crops, and 5.0 t/ha in LLqyg3 crops (Figure 4.2 b, ¢). During the winter 2003,
when shoot accumulation was negligible, DM, decreased in all treatments. This decline
persisted during the onset of shoot regrowth until September 2003. In the summer period
(Jan 04), DM increased in LLoso4 to ~5.0 t/ha but was only 3.0-3.5 t/ha in SSo3/04 from
February to May 2004 (Figure 4.2 a). In the autumn 2004, LS04 and SLgsos crops
produced intermediary values of DM, of 4.1 and 4.9 t/ha, respectively. In the third and
last spring regrowth, DM, again declined in all the crops to reach values between 3.0 and

4.0 t/ha in October 2004 (Figure 4.2).
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Figure 4.2 Seasonal perennial dry matter (t/ha) at the end of each regrowth cycle of
lucerne crops subjected to four contrasting defoliation regimes in the 2002/03 and

2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Data-points from samples harvested during winter are also included. Bars represent one SEM for n=3
in the 2002/03 season and n=2 in the 2003/04 season. Dashed line indicates pooled average DM of 3.5

t/ha, Arrows indicate date of treatment change (4™ February).
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4.3.3 Soluble sugars concentration in taproots at harvest

The concentration of soluble sugars (Sugar%) in taproots during the last harvest of each
cycle ranged from 4 to 14% of DM (Figure 4.3). Soluble sugar concentration differed
(P<0.05) seasonally in all crops. Before treatments were applied (Sep 02), Sugar% was
~10% of DM in LLgy3 (Figure 4.3 a). After that, the Sugar% in LLgy3 declined to ~6-8%
of DM in late summer (Feb 03) and then increased to ~12% of DM in mid-autumn (May
03). In 2003/04 the same seasonal dynamics occurred in LLgs3/4 crops with an even sharper
decline in Sugar% to ~4% of DM in early-summer (Jan 04), followed by further
accumulation in mid-autumn to levels similar to the previous season (11% of DM). This
seasonality of response of spring/summer depletion and autumn accumulation of DM was

evident in all other treatments but at different levels (Figure 4.3 b, ¢, d).

Frequent defoliations reduéed (P<0.05) the Sugar% of taproots but the response was
transient. In SSqp03 crops Sugar% declined rapidly once treatments were first applied in
September 2002 to ~4-5% of DM (Figure 4.3 d). However by mid-summer (Feb 03), the
Sugar% had recovered to 8% of DM and was then maintained at similar or higher levels to

LLyy/03 following the same seasonal trends throughout the remainder of the experiment.

The response of Sugar% to the change in defoliation frequency was more evident in
2002/03, mainly in the crops that had the defoliation treatment changed on 4™ February
(LS and SL crops). At this time Sugar% in LSgy/3 crops declined sharply from 8 to 4% of
DM (Figure 4.3 b). These low levels of soluble sugars were maintained until mid-autumn
(May 03) when Sugar% increased to 11-13% of DM. In the 2003/04 growth season, this
response of Sugar% to treatments was relatively smaller but the seasonality of response

was maintained.
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Figure 4.3 Seasonal soluble sugar concentration (%DM) in taproots at the end of each
regrowth cycle of lucerne crops subjected to four contrasting defoliation regimes during

the 2002/03 and 2003/04 seasons at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one SEM for n=2. Horizontal dashed line represents the Sugars% pooled average of §

% of DM. Arrows indicate date of treatment change (4'h February).
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4.3.4 Starch concentration in taproots at harvest

The range of changes in taproot starch concentrations (Starch%) caused by defoliation
regimes was greater than for soluble sugars (Figure 4.4). Starch% ranged from a minimum
of 2.5% of DM (Figure 4.4 d) to a maximum of 28% of DM (Figure 4.4 a). In LLgy/3,
Starch% increased from 10% of DM in early-spring (Sept 02) to 20% DM in late-summer
(Mar 03). Starch% then declined sharply to ~13% of DM by mid-autumn (Apr 03) and was
maintained close to this level until the following early-spring (Sep 04). From early to late-
summer, Starch% in LL crops again increased to ~30% of DM by March 04 and then fell
throughout the winter period to reach a minimum of 10% of DM in early-spring (Sep 04).
This seasonality of accumulation and depletion was again followed by the other crops with

a marked effect of defoliation treatments (Figure 4.4).

Defoliation treatments affeéted Starch% in taproots to a greater extent than soluble sugars.
For example, at the end of cycles of LL crops, Starch% was usually near or greater than
the pooled average of 13% of DM (Figure 4.8). In contrast, crops that were subjected to
short intervals of defoliation responded rapidly to these treatments with a decrease in
Starch% in taproots. This caused, for example, SS crops to have lower Starch% than the
pooled average of 13% of DM throughout the entire experimental period, with the
exception of the summer-autumn period of 2003/04, when values for these treatments
peaked at 15% of DM (Figure 4.8 d). LS and SL crops showed that the response of
Starch% to defoliation frequency occurred immediately after the shift of regrowth length
4" February). This is highlighted by the sharp increase in taproot Starch% of SL crops in
late-summer 2003/04 (Mar 04), to levels similar to LL crops at that time (>20% of DM,
Figure 4.8 ¢).
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Figure 4.4 Seasonal starch concentration (%DM) in taproots at the end of each regrowth
cycle of lucerne crops subjected to four contrasting defoliation regimes during the

2002/03 and 2003/04 seasons at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one SEM for n=2. Horizontal dashed line represents the Starch% pooled average of

13% of DM. Arrows indicate date of treatment change (4™ February).
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4.3.5 Nitrogen concentration in taproots at harvest

The concentration of nitrogen in taproots (N%xoo) displayed a similar seasonal pattern to
carbohydrates (Figure 4.5). In early-spring (Sep 02), before treatments were applied, the
nitrogen concentration in taproots was 1.8% of DM. In LL crops this declined to ~1.3% of
DM by early-summer (Figure 4.5 a). This decline was repeated in 2003/04 and then
followed by an increase to ~1.8% of DM in late-autumn of both growth seasons. The
seasonal pattern of N%;qo: Was similar in all treatments with greater amplitude in crops
grazed with short defoliation intervals. The SSgy03 crops displayed a sharp decline in
N%q0: from mid-spring to late-summer (Dec 02-Mar 03) reaching a minimum of ~1.0% of
DM (Figure 4.5 d). Over the same period, N%;qo in LL crops was >1.3% of DM and
reached 1.8% of DM in early-autumn (Figure 4.5 a). After the first shift of defoliatio.n
treatments (4th February 2003), the N%;oor of LS crops declined to similar levels to SS
crops (~1.2% of DM) in both growth seasons (Figure 4.5 d).
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Figure 4.5 Seasonal nitrogen concentration (%DM) in taproots at the end of each
regrowth cycle of lucerne crops subjected to four contrasting defoliation regimes during

the 2002/03 and 2003/04 seasons at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one SEM for n=2. Horizontal dashed line represents the N% pooled average of

1.4% of DM. Arrows indicate date of treatment change (4™ February).
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4.3.6 Total amount of taproot reserves at harvest

The total amount of carbohydrate and crude protein (6.25 x N%;oot) in taproots differed
seasonally as a function of changes in both taproot dry matter (DMo) and the

concentration of reserves (% DM).

The total amount of reserves (kg/ha) accumulated in taproots at the end of a regrowth cycle
ranged by ~4 fold for sugars (70 to 300 kg/ha) and crude protein (88 to 350 kg/ha) but up
to 8 fold for starch (80 to 650 kg/ha). In most cases these amounts followed the same
seasonality observed in perennial dry matter (Figure 4.2) and the concentration of reserves
in taproots (Figure 4.3 to Figure 4.5). To illustrate differences the amount of taproot

reserves is displayed for pivotal dates of the growing season in the following sub-sections.

4.3.6.1 Taproot reserves prior to defoliation treatments

Prior to the application of defoliation treatments, crops had 2,107 kg/ha of taproot dr.y
matter to 300 mm depth. This dry matter was composed of 238 kg/ha of starch (11% of
DM;q0r), 205 kg/ha of soluble sugars (10% of DM,o) and 229 kg/ha of crude protein (11%
of DM oot) leaving 1,435 kg/ha (68% of DM, q0r) of structural dry matter (Figure 4.6).

Sol. sugars
205 (x17) kg/ha
10% DM

Crude protein
229 (+7.3) kg/ha
11% DM

Stru'clu'ralr dry matter
1435 (+49) kgha .-
U eB%DM ..

Figure 4.6 Composition of taproots during the early-spring harvest (30 September 2002)

of lucerne crops at Lincoln University, Canterbury, New Zealand.

Note: Pie graph includes each mean + one SEM for n=2.
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The ANOVA for comparison of the total amount of reserves among treatments was limited
by the sampling and analysis of only two replicates per treatment. For this reason, only the
trends in the mean calculated values of amounts of reserves for selected final harvests are
presented in the following sections. However, when all selected dates were analysed
together (with date as a factor), there was an effect of treatments on the total amount of
crude protein (P<0.05), sugars (P<0.02), starch (P<0.01) and to a lesser extent on
structural dry matter (P<0.13) of crops.

4.3.6.2 Taproot reserves during the late-spring period

By mid-spring (9 November 2003 and 2004), after ~50 days of contrasting defoliation
treatments, LLgy03 and SSop03 crops were harvested simultaneously and the amount of
taproot reserves compared (Figure 4.7). In the 2002/03 growth season, SS crops had 9%
less structural dry matter, 37% less soluble sugars, and 53% less starch in taproots than LL
crops (Figure 4.7 ). Crude protein was ~240 kg/ha in both crops. One year later (9
November 2004), the differences among treatments were accentuated with SS crops having
~50% less crude protein, 76% less starch, 40% less soluble sugars and 40% less structural
dry matter than LL crops (Figure 4.7 b). By this time, the amount of crude protein in LS
crops was similar to LL crops but there was a ~15-20% decline in structural dry matter and
soluble sugar amounts and a 30% decline in the amount of starch in taproots. In generzil
SLos04 crops had similar amounts of taproot reserves to SSoz4 crops during this period

(Figure 4.7 b).
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Figure 4.7 Total amount (kg/ha) of structural and reserve components of taproots during

the late-spring period of 2002/03 (a) and 2003/04 (b) in lucerne crops subjected to four

contrasting defoliation regimes during the 2002/03 and 2003/04 seasons at Lincoln

University, Canterbury, New Zealand.

Note: Late-spring taproot samples refer to harvests at the end of regrowth cycles on 9 November 2003 and

2004. Structural DM was assumed as the difference between total taproot dry matter and perennial reserves

(crude protein plus carbohydrates). For each fraction the mean + one SEM for n=2 is presented.
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4.3.6.3 Taproot reserves during the mid-summer period

During the mid-summer harvest (4 February 2003 and 2004) when defoliation treatments
where shifted in LS and SL crops, there were marked differences between LL and SS crops
with regard to the amount of taproot reserves (Figure 4.8). In the 2002/03 growth season
(Figure 4.8 a), SS crops had ~57% less crude protein, 78% less starch, 30% less soluble

sugars and 22% less structural dry matter than LL crops.

On 4 February 2004 (Figure 4.8 b), LL and LS crops had similar amounts of taproot crude
protein (~220 kg/ha), soluble sugars (~235 kg/ha), and structural dry matter (~1,900
kg/ha). In contrast, the amount of starch in LS crops was 60% of the LL crop (385 vs. 65-1
kg/ha). At this time, the amount of crude protein and structural dry matter (107 and ~1,100
kg/ha, respectively) were also similar in SL and SS crops, however both were only 50% of
LL crop levels (Figure 48 b). Similarly, the amount of starch in SL and SS crops was
~70% less than in LL crops taproots. During this time, soluble sugars were 60% (SL crops)
and 73% (SS crops) of that in LL crops (Figure 4.8 b).
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Figure 4.8 Total amount (kg/ha) of structural and reserve components of taproots
during the mid-summer period of 2002/03 (a) and 2003/04 (b) in lucerne crops
subjected to four contrasting defoliation regimes during the 2002/03 and 2003/04
seasons at Lincoln University, Canterbury, New Zealand.

Note: Mid-summer taproot samples refer to harvests at the end of regrowth cycles on 4 Feb 03 and 04.
Structural DM was assumed to be the difference between total taproot dry matter and perennial

reserves (crude protein plus carbohydrates). For each fraction the mean + one SEM for n=2 is

presented.
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4.3.6.4 Taproot reserves during the late-autumn period

During late-autumn harvests LL crops had 40% more crude protein than the other
treatments, that were similar at 160 kg/ha (Figure 4.9 a). Also, in both years there was a
recovery of the amount of starch in SL crops in relation to mid-summer levels (Figure 4.8
b). Specifically, the autumn starch level in SL crops was 70-90% of the level of LL crops

(Figure 4.9) compared with <30% in the previous mid-summer sampling (Figure 4.8 b).

This trend of recovery in the reserves of SL crops was most evident in the 2003/04 growth
season (Figure 4.9 b). The amounts of crude protein (250 kg/ha), starch (505 kg/ha) and
soluble sugars (255 kg/ha) in SL crops were 85-90% of LL crops. These levels were all
similar to LS crops. The SS crops had only ~30% of the nitrogen and starch, 60% of the
soluble sugars and ~50% of the structural dry matter amount of LL crops taproots in

2003/04 (Figure 4.9 b).

69



3500

300z10

3000 -

2500 -

2000 H

1500 -

357.8; (D) Late-autumn 2003/04

1000 -

500 -

3000 - /////

2500 - 554470

Dry matter in taproots (kg/ha)

2000 A

1500 -

1000 ~

500 -

LL

(a) Late autumn 2002/03 wmem Structural DM

2304
V

4631124
0

LS

182123

25013

e

505497

SL

Defoliation regime

&= Sol. sugars
— Starch
tzz2 Crude Protein

164+17
77 129126

409

11810

SS

Figure 4.9 Total amount (kg/ha) of structural and reserve components of taproots during

the late-autumn period of 2002/03 (a) and 2003/04 (b) in lucerne crops subjected to four

confrasting defoliation regimes during the 2002/03 and 2003/04 seasons at Lincoln

University, Canterbury, New Zealand.

Note: Late-autumn taproot samples refer to harvests at the end of regrowth cycles on 2 June 2003 and 31

May 2004. Structural DM was assumed to be the difference between total taproot dry matter and perennial

reserves (nitrogen plus carbohydrates). For each fraction the mean + one SEM for n=2 is presented.
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4.3.6.5 Taproot reserves during the early-spring period

During the early-spring harvests, at the onset of the new season regrowth, the relationship
among treatments shown in the previous autumn period (Figure 4.9) was relatively
maintained (Figure 4.10). In the spring of the 2003/04 growth season (Figure 4.10 a), the
amount of crude protein in SL and LS crops was 70-100% of LL crops, which highlights
the fast recovery of SL crops throughout mid-summer and autumn. Similarly, the amounts
of soluble sugar and structural dry matter in these crops were 70 to 90% of LL crops. In
contrast, SS crops had only 47% of the crude protein (100 vs. 212 kg/ha), 15% of the
starch (45 vs. 293 kg/ha), 60% of the soluble sugar amount (138 vs. 232 kg/ha) and 62% of

the structural dry matter amounts of LL crops during this period (Figure 4.10 a).

In the spring of the 2004/05 growth season, LL crops had a marked decline in the amount
of taproot reserves (Figure 4.10 b) when compared with the late-autumn levels (Figure 4.9
b). In the first 95 days of regrowth throughout winter and early-spring there was a
reduction of 144 kg/ha of crude protein, 393 kg/ha of starch, 155 kg/ha of soluble sugars
and 330 kg/ha of taproot structural dry matter. The level of recovery of crude protein
amounts, previously observed in SL crops (Figure 4.9 and Figure 4.10), was not evident in
the 2004/05 season. However, the amounts of soluble sugars and starch were similar to LL
crops. By this time, LL crops had 15-30% more crude protein than the other crops. Starcp
(~150-185 kg/ha) and soluble sugar (~140-170 kg/ha) amounts were similar among all
crops at this period (Figure 4.10 b). The amount of structural dry matter was 1,528 kg/ha in
LL crops but just 1,042 kg/ha in SL crops with intermediary values observed in SS and LS
crops (Figure 4.10 b).
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Figure 4.10 Total amount (kg/ha) of structural and reserve components of taproots during
the early-spring period of 2003/04 (a) and 2004/05 (b) in lucerne crops subjected to four
contrasting defoliation regimes during the 2002/03 and 2003/04 seasons at Lincoln
University, Canterbury, New Zealand.

Note: Early-spring taproot samples refer to harvest at the end of regrowth cycles on 14 Sep 03 (SS and SL
crops); 30 Sep 03 (LL and LS crops); and 22 Sep 04 (all crops). Structural DM was assumed to be the

difference between total taproot dry matter and perennial reserves (nitrogen plus carbohydrates). For each

fraction the mean + one SEM for n=2 is presented.
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4.3.6.6 Dynamics of perennial reserves within a regrowth cycle

The amount of dry matter (DM;o, t/ha) and the concentration of organic reserves (% DM)
was compared in the upper (<50 mm) and lower (50-300 mm) part of taproots during the

late-summer regrowth cycle from 4 February 2004 to 16 March 2004.

Taproot dry matter

In all crops the upper portion of taproots represented ~50% of total taproot dry matter
(Figure 4.11). This implies a five fold greater density of dry matter (g DM/mm soil depth)

in the first 50 mm horizon of soil when compared with the lower 250 mm.

In the upper part of taproots of LL crops, dry matter was 1.5 t/ha at Day O but decreased to
1.0 t/ha at Day 20 (~180°Cd). After that, DM, increased and reached similar levels to
those at the beginning of regrowth (Figure 4.11 a). The lower part of taproots (50-300 mm
depth) showed a similar dynamic, reaching a minimum of 1.0 t/ha at 30 days of regrowth
(~280°Cd) and recovering after that to >1.5 t/ha (Figure 4.11 b). The SS crops displayed a
less pronounced oscillation in DM, being always >0.5 t/ha lower than LL crop level in
both upper and lower portion of taproots. In general, LS crops followed the trends
observed in LL crops but, because they were harvested at Day 28, there was not a complete
replenishment of DM, in the lower part of the taproots (Figure 4.11 b). Interestingly, SL
crops showed a fast recovery of DM;q in both parts of taproots until Day 30 (250°Cd) but
declined after that to a level of ~0.7 t/ha.
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Figure 4.11 The dynamics of taproot dry matter in the (a) upper (0-50 mm) and (b) lower
(51-300 mm) part of taproots during the summer regrowth cycle from 4 February 2004 to
16 March 2004 of lucerne crops subjected to four contrasting defoliation regimes during
the 2002/03 and 2003/04 seasons at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one SEM for each harvest date, n=2. Upper taproot is the portion of taproot dry matter

<50 mm depth and lower taproot from 50 to 300 mm depth.

Soluble sugars concentration in taproots

The concentration of soluble sugars (Sugar%) in all defoliation regimes declined in the

first 20 days (~150°Cd) but accumulated after that (Figure 4.12). The LL crops had an

74



initial Sugars% of 6-8% of DM at Day 0 but, similarly to the other crops, these dropped to
~4% of DM at Days 15-20 and then increased to 12% at Day 36 (~300°Cd). The Sugar%
in the upper taproots of SS crops was ~10% of DM at Day 0 but decreased to 4% of DM
on Day 20. By Day 28 (~250°Cd), Sugars% returned to the initial level of 10% in both
taproot depths (Figure 4.12). Both LL and SL crops displayed a rapid decay in Sugars%
from Day 36 to 42 (300-380°Cd) in both upper and lower taproot after reaching maximum
levels of 12% of DM on Day 36 (Figure 4.12 b).

Soluble sugars in taproots (%DM)
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Figure 4.12 Taproot concentration of soluble sugars (%DM) during the summer regrowth
cycle from 4 February 2004 to 16 March 2004 of lucerne crops subjected to four:
contrasting defoliation regimes during the 2002/03 and 2003/04 seasons at Lincoln
University, Canterbury, New Zealand.

Note: Bars represent one SEM for each harvest date, n=2. Upper taproot is the portion of taproot dry matter

<50 mm depth and lower taproot from 50 to 300 mm depth.
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Starch concentration in taproots

The concentration of starch in taproots (Starch%) ranged from 10 to 25% of DM
depending on the treatment and the period of regrowth. In LL crops, Starch% declined
from ~20% on Day 0 to ~10% of DM on Day 30 (~250°Cd), this happened earlier in the
upper than the lower taproot (Figure 4.13). From then, Starch% increased to 13% of DM in
the upper and 25% of DM in the lower part of the taproots. In SS crops, Starch% was
similar to LL crops in the upper taproot but ~50% lower in the lower taproot during the
first 20 days (~150°Cd). The longer regrowth (42 days or 380°Cd) for SL crops allowed
these crops to reach Starch% levels similar to LL crops at the end of the cycle in the upper

and lower fraction of taproots (Figure 4.13).
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Figure 4.13 Taproot concentration of starch (%DM) during the summer regrowth cycle
from 4 February 2004 to 16 March 2004 of lucerne crops subjected to four contrasting
defoliation regimes during the 2002/03 and 2003/04 seasons at Lincoln University,
Canterbury, New Zealand.

Note: Bars represent one SEM for each harvest date, n=2. Upper taproot is the portion of taproot dry matter

<50 mm depth and lower taproot from 50 to 300 mm depth.

Nitrogen concentration in taproots

Nitrogen concentration in taproots (N%:r0r) tended to be maintained or slightly increased
from Day 0 to 14 (~100°Cd) in both upper and lower taproots (Figure 4.14). From 14 to 30
days (100-250°Cd) there was a trend of decline in N%;, in all crops with the exception of
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LS crops (Figure 4.14). From 30 to 42 days, after LS and SS crops were grazed, both LL

and SL crops showed an accumulation of N% to levels near 1.5% of DM.

Although differences among treatments were not statistically significant at most of the
harvest dates, there was a trend of SL and SS crops having N%;.o: consistently lower than
LL crops throughout the regrowth cycle. The extra 13 days of regrowth for LL and SL
allowed these crops to reach N%yoor >1.5% of DM in the upper-taproot at Day 42 compared
with 1.3% of DM in SS and LS crops at 28 days of regrowth (Figure 4.14).
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Figure 4.14 Taproot concentration of nitrogen (%DM) during the summer regrowth
cycle from 4 February 2004 to 16 March 2004 of lucerne crops subjected to four
contrasting defoliation regimes during the 2002/03 and 2003/04 seasons at Lincoln

University, Canterbury, New Zealand.

Note: Bars represent one SEM for each harvest date, n=2. Upper taproot is the portion of taproot dry

matter <50 mm depth and lower taproot from 50 to 300 mm depth.
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4.4 Discussion

The use of the defoliation regimes (Section 3.3) effectively created differences in the
amounts and levels of perennial reserves among lucerne crops. Therefore the first objective
of this experiment (Section 1.2) was achieved by setting a framework where the effect of
perennial reserves on the seasonal yield and development of lucerne crops may be

quantified (Chapters 5 to 7).

4.4.1 Perennial dry matter

The partitioning of dry matter to taproots and crowns responded similarly to treatments an.d
seasonal signals (Figure 4.1). On average, taproot dry matter increased at twice the rate
observed in crowns. These results suggest that both organs are important as storage
compartments of perennial reserves, but taproots (300 mm depth) represent a larger

fraction of perennial DM, as previously observed by Fornasier et al. (2003).

During the first five months after the application of defoliation treatments (Sep-Jan 03)
there was no difference in DMy, among treatments (Figure 4.2). This implies that
defoliation frequency had a minimal influence on the partitioning of dry matter to
perennial organs during spring and mid-summer. At this time, dry matter partitioning to
crowns and taproots was insufficient to compensate for losses in DM, which led to a
consistent decline of ~10 kg DM/ha/day in all treatments. A similar seasonal depletion of
lucerne fine roots in spring-summer was reported by Luo et al. (1995), who observed a
45% decline in root dry weight during this period. The insensitivity of DM, to defoliation
regimes in spring-summer suggests that dry matter allocation prioritized shoot growtil
ahead of perennial organs at this period. The decline in DM, during spring-summer can
be seen as a negative carbon balance in perennial organs with demand (e.g. maintenance
respiration and mobilization to shoots) being greater than supply (e.g. C flux from shoots)
leading to the need to use glucidic reserves. The low allocation of C to perennial organs in

spring-summer could be a response to environmental stimuli (Section 2.6).

From mid-summer to autumn there was an increase in the allocation of dry matter to

perennial organs at ~20 kg DM/ha/day in both LLgy3 and SSo03 crops (Figure 4.2 a, d).
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Similarly, Dhont et al. (2002) observed an increase in lucerne root weight from ~2.0
g/plant in summer to 4.5 g/plant during autumn in Canada (~46°N). The direction of DM
allocation to perennial organs in mid-summer/autumn was also not influenced b.y
defoliation treatments, and mimicked the seasonal accumulation of carbohydrates and

nitrogen in taproots described by Cunningham and Volenec (1998).

Overall the seasonal pattern of DM partitioning to perennial organs was unaffected by
defoliation treatments but short regrowth cycles reduced DM, Frequent defoliations
reduce the photosynthetic activity of crops and consequently the supply of carbon to
perennial organs (Richards, 1993). The average 13 less days in the cycle length for SS
crops reduced DMpe, by ~35-45% in relation to LL crops. Similarly, Gramshaw et al.
(1993) observed a 20% reduction in taproot reserves when cutting interval was shifted
from 35 to 21 days. This confirms that most of the allocation of DM to storage organs,
within each regrowth cycle, occurred after 15-20 days from defoliation, as previously

demonstrated by other authors (Habben and Volenec, 1990; Heichel et al., 1988).

The amount of DM, declined throughout both winters at ~5-10 kg DM/ha/day in all
crops. Considering that growth is negligible during this period (Section 5.3.2), most of the
decline in DM, can be attributed to root maintenance respiration (Ry). The root Rm at
20°C is commonly reported to be in the range of 1.0-3.0%/day for lucerne (Durand et al.,
1991) and cereal crops (Hay and Walker, 1989b). The reduction in DM from May to
September averaged 0.35% DM/day (~0.10-0.75%). It is possible that the low rates of
decline in DMp,, during winter resulted from a temperature effect on Rp,. Rates of root Ry,
respond exponentially to temperature by a Qo of ~1.1-2.9 (Atkin et al., 2000). Soil
temperatures in Canterbury during winter were ~7°C, which should bring Ry, to less than
0.5% depending on the values of Ry, Qo at 20°C. There is great uncertainty about these
parameters and a general lack of understanding of root respiration (Atkin et al., 2000). The
consistency of the patterns of accumulation and depletion of DM;,x however gives an
important insight into the possibility to model these processes. A lucerne simulation model

will be used to test hypotheses about root Ry, patterns in Chapter 8.

The LS and SL crops offer a framework to investigate the sensitivity of DMpe to
defoliation treatments. Treatments limited the accumulation of DM, to a greater extent
than the growth of shoots in autumn. By June 2003, DM of LSz was 20% lower
(Figure 4.2) than LLgys3 but the shoot yield of both treatments was similar (Section 5.3.2).
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This high sensitivity of perennial dry matter to autumn defoliations was also observed by
Dhont et al. (2004), who reported a decline of 30% in lucerne root dry matter when an
extra harvest was applied in autumn (400°Cd after the last summer cut) compared with

undefoliated crops.

In the same way, the long autumn defoliation interval of the SL crop restored part of the
DM, lost during spring-summer (Figure 4.2 ¢). These results support the suggestion that
long periods of regrowth (e.g.>35 days) in mid-summer/autumn are required to recover

DMy (Moot et al., 2003).

4.4.2 Concentration of perennial reserves in taproots

The concentration of nitrogen, soluble sugars and starch in taproots also differed
seasonally. The overall results suggest a strong environmental control of the mobilization
of reserves in lucerne taproots, which agrees with previous research (Avice et al., 2001;
Louahlia et al., 1998). The physiological mechanisms that drive such processes are not
fully quantified (Section 2.6), but gene activation and morphogenetic responses to
photoperiod and temperature were suggested to be involved in the control of DM

partitioning in lucerne (Gosse et al., 1984; Noquet et al., 2001).

4.4.2.1 Concentration of soluble sugars in taproots

Regardless of defoliation treatment, the concentration of soluble sugars in taproots tended
to an adjustment to similar seasonal values in all treatments (Figure 4.3). This suggests a
homeostatic regulation of Sugar% to an equilibrium possibly controlled by external
signals. The largest changes in Sugar% were observed in the first half of the 2002/03
growth season, as a short-term response to first imposition of frequent defoliations. At this
time, Sugar% declined in SL and SS crops from 8% DM in September to 4% DM by
December 02 (Figure 4.3 ¢, d). The same short-term response was observed in LS crops on
4™ February 2003, when these crops were first subjected to short regrowth cycles. After
that, notably in the 2003/04 growth season, the Sugar% returned to similar levels in all
crops following almost exclusively the common seasonal patterns. The short-term decline
of Sugar%, when short cycles were initially applied, indicates that this fraction was rapidly
mobilized to meet the post-harvest demand for carbon (e.g. respiration, translocation and

81



growth) of lucerne shoots and roots. The implication is that, in the long-term, Sugar% in
taproots was not a strong predictor of the carbohydrate status of lucerne crops. The
maintenance of high levels of Sugar% during winter (Figure 4.3), while Starch% was
declining (Figure 4.4), suggests that during this period starch was hydrolysed into soluble
sugars (Li er al, 1996) which were not consumed due to slow metabolism at low
temperatures (Haagenson et al., 2003b). The level of specific soluble sugars (e.g. raffinose
and stachyose) was shown to increase during winter and this may be related with

cryoprotective processes in lucerne plants (Dhont et al., 2002).

Nevertheless, seasonal signals influenced Sugar%, as demonstrated by the consistently
greater levels (~10-12% DM) during mid-autumn/winter than spring-summer (~4-6% DM)
despite differences in taproot biomass. Morot Gaudry et al. (1987) quantified a ~2.4 fold
greater partitioning of “C to lucerne roots in autumn than spring, 40-80% of this being
recovered as soluble sugars (~85% as sucrose). This seasonal pattern also agrees with the
observations of Cunningham and Volenec (1998), who reported that Sugar% levels

increased from 7% DM in summer to 16% DM in autumn in field grown lucerne.

4.4.2.2 Concentration of starch in taproots

The concentration of starch in taproots (Starch%) was consistently reduced by short
regrowth cycles (Figure 4.4). This can be highlighted by the range of variation of Starch%
in LL crops (~10-30% DM, Figure 4.4 a) in comparison with SS crops (~3-15% DM,
Figure 4.4 b). Other authors also reported variations greater than 5 fold in Starch% (Avice
et al., 2001). For example, Avice et al. (1997a) observed Starch% decline from 11.5% DM
in crops defoliated each 45 days to 4.5% DM in crops defoliated each 30 days, but the
level of response differed between lucerne cultivars. Starch is the main form of carbon
storage in lucerne (Heichel et al., 1988) and it is cyclically consumed after defoliation
(Nelson and Smith, 1968; Pearse ef al., 1969b). The storage of starch is an active process
as energy is needed to transport carbohydrates across membranes (Lemaire and Millard,
1999). This together with the resistances of C transport from a distant source (i.e. leaves)
makes starch storage only occur when other sinks are satisfied (Lemaire and Millard,
1999). Therefore Starch% declines when the regrowth length is too short to allow
sufficient carbon assimilation to compensate for losses from respiration, translocation to

shoots, exudation and decay of perennial organs.
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The levels of Starch% differed seasonally with the lowest levels observed in mid-spring
and the highest in early-autumn (Figure 4.4). This agrees with Cunningham and Volenec
(1998) who showed that starch accumulation resumed in mid-spring reaching 27% DM by
summer and declining through autumn-winter to less than 6% DM by the following early-
spring. These changes are partially explained by the seasonal activity of endoamylases in
lucerne roots (Li et al., 1996). The implication in terms of lucerne management is that,
frequent defoliations in a period of intense accumulation of starch, reduce the level of
reserves available for the following spring. This was the case for Starch% that was ~25-
30% lower in LS crops than in LL crops during April of both growth seasons (Figure 4.4 g,
b). Haagenson et al. (2003b) also observed that defoliation in early-autumn caused a
decline of 30% in Starch%, but this effect was diminished as the date of harvest advanced
to near winter. In the current experiment, the critical period for starch accumulation started
in mid-spring/summer (Figure 4.4), and therefore it can be expected that frequent

defoliations at any stage of this period will limit starch accumulation.

4.4.2.3 Concentration of nitrogen in taproots

Frequent defoliations (SS crops) reduced N%;oot by up to 30% compared with LL crops
(Figure 4.5 a, ¢). Similarly, Avice et al. (1997a) observed a decline in N%;q.t Wwhen crops
were defoliated each 30 days rather than 45 days. The reduction was probably caused by
limited N assimilation through a decline in the rate of mineral N uptake and N, fixation
(Section 2.6.2). This was particularly apparent in the first two weeks after harvest, which
represented relatively more time in the 28 day (short) than in the 42 day (long) crop.

Therefore, long cycle crops had more time to restore the levels of N in perennial organs.

Regardless of defoliation regime, all crops showed a marked seasonality in N%;oo (Figure
4.5) which suggests a strong environmental control. Low temperatures and short
photoperiods were shown to increase the allocation of nitrogen to lucerne roots (Noquet et
al., 2001). Under controlled conditions, a reduction in the photoperiod from 16 h to 8 h
resulted in a 3 fold increase in the concentration of nitrogen in taproots (Noquet et al.,
2003). These authors suggested that the phytochome system may be involved in the
process because an interruption of 15 min in the dark period at short Pp cancelled the

accumulation of 32 and 57 kDa VSPs.
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4.4.3 Total amounts of reserves in lucerne taproots

The total amount of reserves in taproots was more sensitive to defoliation treatments then
the concentration of nitrogen and carbohydrates. Explanatory relationships between
physiological traits of lucerne and perennial reserves can be improved when reserves are
expressed as total amounts instead of concentration (Dhont et al., 2002; Nelson and Smith,
1968). For example, while N%;oo changed by 2 fold (~1.0 to 2.0% of DM) throughout
treatments and seasons, the actual amount of nitrogen (i.e. 0.16 x crude protein) changed

by 4 fold (~90 to 350 kg/ha).

Starch and crude protein were the most sensitive fractions to defoliation treatments as their
concentrations were also affected by treatments (Section 4.3). Changes in the soluble
sugars amounts in general followed the changes in taproot biomass (DM, because

Sugar% was relatively insensitive to treatments (Section 4.3.3).

Structural dry matter ranged 2 fold among treatments and seasons from 1,000 to 2,100
kg/ha. The structural dry matter was also affected by treatments but declined slower than
reserves concentration (e.g. SS crop in Figure 4.7). This indicates a slow consumption and
decay of the poor labile components of taproots. Data from Avice et al. (1996) suggests
that less labile carbohydrates, such as hemicellulose, can also be mobilized after
defoliation which would contribute to the decline in taproot structural DM. This was
possibly the case for SS crops that often had the lowest amounts of structural DM (Figure
4.7 to Figure 4.10). Nevertheless, the uncertainty about the actual amount of crude proteins
in taproots, due to the simple assumption of proportionality between crude protein and
N%:;o0; (Section 4.2.5), would affect the estimation of structural DM. The protein content of
taproots (mainly soluble proteins) is known to fluctuate independently of the level of N in
taproots (Li et al., 1996). Therefore part of the differences in the structural dry matter
could be caused by the mobilization of labile compounds (e.g. amino acids, nitrate) that
were included in this fraction as an artefact of the calculation method, which assumed a

proportionality between crude protein and N%;oor.

The analysis of amounts of reserves was particularly useful to quantify the changes

observed in LS and SL crops. The shift of defoliation frequency on 4™ February was
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sufficient to deplete LS reserves and enhance SL crop reserves through late-autumn
(Figure 4.9). Several authors have shown that autumn defoliations cause depletion of
reserves in lucerne taproots (Section 2.6). This effect was more pronounced in LS and SL
crops after the shift of treatment (Figure 4.2) which is consistent with previous results

(Dhont et al., 2002).

4.4.4 Dynamics of taproot reserves within cycles

The total amount of taproot at 300 mm depth ranged from 0.5 to 1.8 t/ha which is close to
values reported for field grown lucerne (Lemaire et al., 1992; Nelson and Smith, 1968).
The cyclic mobilization of reserves after harvest was observed in both strata (<50 mm and
50-300 mm depth) of taproots (Figure 4.11 to Figure 4.14). This indicates that the patterns
of respiration (e.g. carbohydrate dynamic) and translocation of matter (e.g. nitrogen
dynamic) to shoots were similar throughout the 300 mm profile. Nevertheless, the first 50
mm of soil contained ~50% of the taproots dry matter from the 300 mm profile (Figure

4.11) which gives a 5 fold greater root DM density for this upper profile.

After defoliation, the soluble sugar fraction (Sugar%) showed the clearest pattern of
mobilization, which was similar regardless of defoliation regime (Figure 4.12). This
indicates the transient nature of soluble sugars in taproots, which reflects the balance
between supply and demand of carbon among plant organs. In this sense, Sugar%
represents the net result of the equilibrium among physiological processes (i)
photosynthesis, (ii) carbon partitioning to perennial organs, (iii) starch degradation and
accumulation, and (iv) taproot respiration. This explains the trend of Sugar% to return to
equilibrium (Figure 4.3) after an initial response to imbalances in source/ sink relationships

(e.g. defoliation event).

In general, regardless of defoliation treatment, the maximum mobilization of starch from
taproots occurred with a delay of 10-15 days in relation to Sugars%. It seems likely that
soluble sugars were immediately consumed to supply carbon skeletons and energy for
metabolic processes after photosynthesis ceased with defoliation. Once used, the
degradation of starch followed to restore Sugars% in taproots. For example, at 250°Cd,
when Starch% reached minimum values (Figure 4.13), the Sugar% was already increasing

to similar levels as before defoliation (Figure 4.12).
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The concentration of nitrogen in taproots (N%p.ot) tended to increase in most crops during
the first sampling date after defoliation (Figure 4.14). This reflected the relative
accumulation of this fraction in taproot DM due to the rapid mobilization of soluble sugars

in the early stages of regrowth.

The changes in the concentration and the amounts of perennial reserves in these crops are
expected to influence shoot growth and development (Section 2.6). The following chapter
explores the agronomic aspects of shoot yield and its components as related to defoliation

treatments and levels of perennial reserves.

4.5 Conclusions

The results of this chapter permit the following conclusions:

o The use of the defoliation treatments was effective in creating contrasting levels of
dry matter (~2.5 to 5.5 t/ha) and different concentrations of nitrogen and

carbohydrates in perennial organs.

¢ Frequent defoliations (28-day cycle) reduced the absolute amounts of perennial DM

and the amounts and concentrations of nitrogen and starch in taproots.

e The concentration of soluble sugars was similar among treatments, apart from a

short-term decline immediately after the application of short regrowth cycles.

e The defoliation frequency imposed specifically during mid-summer/autumn (e.g.
LS and SL crops) was important in defining the level of reserves for the following

spring growth.

e Total amounts of perennial dry matter and the concentrations of carbohydrates and
nitrogen in perennial organs followed a seasonal pattern in all crops. In general,
perennial reserves declined during winter to mid-summer and increased from mid-
summer to late-autumn. However, specific patterns differed as influenced by

defoliation treatments.
¢ The seasonal patterns and treatment effects on perennial DM were more evident in

the absolute amounts of reserves rather than their concentrations. This was because

structural DM also differed with seasons and defoliation treatments.
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S Lucerne yield and yield components

5.1 Introduction

Appropriate management practices for lucerne crops depend on an understanding of how
crop growth and development respond to environmental (e.g. temperature, radiation and
photoperiod) and endogenous (e.g. perennial reserves) factors. To uncouple these factors
requires crops with different levels of reserves but similar morphological characteristics
(e.g. residual LAI, meristem number) grown in a changing environment (Chapter 2). This
was achieved through the use of the four different defoliation regimes (Chapter 3) which

created crops with contrasting levels of perennial reserves (Chapter 4).

The impact of these treatments and consequent levels of perennial reserves on shoot yield
were assessed by quantifying the composition of leaves, stems and senesced material for
each regrowth cycle/treatment combination. Additionally, shoot yield was segmented into
yield components of plants/m®, shoots/plant and individual shoot mass (Volenec et al.,
1987). Limiting levels of perennial reserves can affect one or more of the lucerne yield
components by (i) accelerating the rate of plant death (Davies and Peoples, 2003); (ii)
limiting crown bud initiation (Berg et al., 2005); or (iii) by limiting the allocation of

assimilates to individual shoots (Volenec et al., 1987).

This chapter quantifies the agronomic aspects of the field experiment in relation to aerial
biomass production. Initially, annual and seasonal shoot yield are reported in relation to the
effects of defoliation treatments. Any differences in shoot yield are then analysed by the

seasonal pattern of each yield component.

87



5.2 Materials and methods

A detailed description of the experimental design and layout is given in Section 3.3. In this

chapter, methods specific to the measurement of shoots are reported.

5.2.1 Shoot dry matter yield

Shoot dry matter (DMhoot, t/ha) was measured from samples collected at 7 day intervals
starting 7-10 days after grazing. Samples were taken from a single 0.2 m? quadrat placed
randomly in each plot. Shoots were cut above crown level with a set of hand shears and the
number of shoots counted. During the first year, a sub-sample of ~20 shoots was separated
in three size classes based on the tallest shoot (Hp,y). The three classes were nominated (i)
‘suppressed shoots’ (shoot height <1/3 of Hy.x); (if) ‘intermediate shoots’ (shoot height
between 1/3 and 2/3 Hpay), and (iii) ‘dominant shoots’ (shoot height > 2/3 Hpay).

From each class sub-sample, shoots were separated into leaf (leaflets), stem (stem plus
petioles) and senesced material. Main samples (bulk) and sub-samples were dried in a
forced air draft oven at 65°C for at least 48 hours to a constant weight. Values of DM oo,
number of stems (stems/m>), and leaf to stem ratio (LSR) were then calculated for each
stem class. During the 2003/04 growth season, the DM Sub-sample was not split into
height categories but the remaining measurements were performed on the whole sample.
Final harvests for each regrowth cycle were taken within the 24 hours preceding

commencement of grazing.

5.2.2 Yield components

Lucerne shoot yield was analysed through its yield components (Volenec et al., 1987) as

shown in Equation 5.1:

Equation 5.1
DM o0t = (plants/m2 x shoot/plant x ISM) x 100

Where the unit of DMpor is t DM/ha and individual shoot mass (ISM) is in g DM/shoot.
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Plant population (plants/m®) was measured by counting the number of individual plants
from the single 0.2 m® quadrat sample per plot used to assess perennial dry matter (Section

4.2.1).

5.2.3 Calculations

5.2.3.1 Yield components

Values of plant population were reported as the mean of each regrowth cycle (3-4
consecutive sampling dates). Values of shoots/plant were calculated by dividing shoot
population (shoots/m?) by plant population (plants/m®) for each plot and sampling date.
Individual shoot mass (g DM/shoot) was calculated by dividing DMghoo yield (converted to
g DM/m?) by shoot population (shoots/m?) for each plot and sampling date.

5.2.3.2 Linear growth rates

Linear growth rates (LGR, kg DMgoo/ha/day) were calculated for each plot and regrowth
cycle. It was not possible to fit growth logistic curves to the data because there was no
clear indication of the initial lag phase, nor an obvious occurrence of an asymptotic (i.e.
ceiling) yield during the regrowth cycles. Therefore, LGR was calculated by fitting a linear
regression between regrowth period (days) and shoot dry matter accumulation using all
data-points within the range of 5 to 95% of the maximum observed yield for each regrowth

cycle (Brown, 2004).

5.2.3.3 Proportion of leaves

Leaf:stem ratio (LSR) and leaf proportion (LP) are two common ways to refer to the
relationship between leaves and stems in a sward (Fick ef al., 1994; Lemaire et al., 1992).
LSR was calculated by dividing leaf dry matter (DM,e,s) by stem dry matter (DMsem). Leaf
proportion represented the fractional contribution of DMie,¢ per unit of DMyeo. Both LSR

and LP were calculated and related to predictors such as thermal-time and DMgpoor. LSR

89



and LP were not measured during the winter/early-spring regrowth (Cycle 0) when leaf
and stem separation was difficult to perform because shoots were less than 20 mm in

height and first leaves were often frost damaged and tightly folded.

5.2.3.4 Theﬁnal—time calculation

Thermal-time (T#,5,°Cd) was derived from mean air temperature (Tmesn) Using a broken-
stick framework (Section 6.2.4) with four cardinal temperatures (Fick et al., 1988). This
framework has a base temperature of 5°C, which was validated for ‘Kaituna’ lucerne in the

current experiment (Section 6.3.4).

90



5.3 Results

5.3.1 Total annual shoot dry matter yield

Total annual accumulated DMg,oot increased through a sigmoid pattern (P<0.01, R2>0.99)
over time for all treatment/season combinations (Figure 5.1). Analysis of parameters of
these curves allowed the overall annual pattern of growth of the crops to be compared
(Table 5.1). The sigmoid curves were described by (7) the asymptote or maximum shoot
yield (Yieldpax, t/ha), (if) the maximum annual growth rate (GRy., kg/ha/day), (iii) the lag
phase defined as the number of days required to achieve 5% of Yieldmax (Diag, days), and
(iv) the number of days required to achieve 95% of Yieldmax (Dmax, days). The difference
between Dy, and Dy, indicates the approximate number of days of growth at GRpax of

each crop.

LL crops produced the highest (P<0.001) annual Yieldy.x of ~24 t/ha during both growth
seasons. This was followed by LS at 22 t/ha, SL at 15 t/ha and SS at 13 t/ha in the 2002/03
growth season. There was no interaction (P<0.37) between treatment and growth season
although, during the 2003/04 growth season, LS and SS crops had ~13% lower (P<0.05)
Yieldnax than in 2002/03.

During the 2002/03 season, the GRyax wWas 82 kg/ha/day for LL and LS crops but was 40%
lower for SL and SS crops (Figure 5.1). SL crops yielded more than SS crops due to 26
days longer growth (Dpax) at a similar GRmax (~49 kg/ha/day) (Table 5.1).

The effects of the defoliation regimes in 2002/03 were carried to the following season. In
2003/04, LL crops yielded similarly to 2002/03 (24.0 t/ha) but LS crops yielded 3.6 t/ha
less than the previous season. This difference was not due to a change in GRpyax, which wa.s
86 kg/ha/day for both crops, but caused by 26 days less of linear regrowth (i.e. Diax—Dlag)
in LS crops (Table 5.1).
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Figure 5.1 Cumulative shoot yield of lucerne crops subjected to four contrasting
defoliation regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University,

Canterbury, New Zealand.

Note: Solid lines represent sigmoid curves (y=a/l+exp(-(x-x0)/b), R%>0.99. Parameters are displayed in
Table 5.1. Bars represent one SEM at the end of each regrowth season, n=4. Arrows indicate the day when
treatments were shifted (4 February).

In 2003/04 SL and SS crops yielded 40-45% less than LL crops. This was mainly due to
the GRmax being 60 kg/ha/day compared with 89 kg/ha/day for LL crops. SL crops yielded

~2 t/ha more than SS crops in 2003/04, due to 38 days longer duration of regrowth at
GRpax (Table 5.1, Figure 5.1).
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Table 5.1 Parameters of sigmoid curves displayed in Figure 5.1 that represent the
accumulated growth of lucerne crops subjected to four contrasting defoliation regimes in

the 2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

Treatment Yieldnax GRumax Diyg Dinax Diyax-Dhag
2002/03 (t/ha) (kg/ha/day) (days) (days) (days)
LL 242, 80, 68.b 339, 271,
LS 23.8, 83a 74, 326y 252
SL 16.54 49y, 5% 358, 299,

SS 144, 48, 60y 332 272,
Significance <0.01 <0.01 <0.06 <0.01 <0.01
SEM 0.3 1.0 3.7 3.8 7.0
2003/04

LL 23.9, 89, 85. 329, 244,
LS 20.3; 84, 95b, 313, 218,
SL 147, 58 108, 334, 226,
SS 12.84 635 124, 296, 172,
Significance <0.01 <0.01 <0.01 <0.01 <0.01
SEM 0.9 5.0 4.7 4.9 8.2

Note: Within regrowth seasons, means in a column followed by similar letters are not different at a

significance level of ¢=0.05.

5.3.2 Seasonal shoot dry matter yield

The seasonal pattern of lucerne DM oo accumulation is displayed in Figure 5.2. The study
of individual regrowth cycles enabled the analysis of two distinct aspects of shoot growth:
(i) the seasonal pattern of DM 00 accumulation and (i) the impact of defoliation regimes

on individual regrowth cycles.

During both seasons, ~70% of annual DM, was produced before treatments were shifted
@™ February) in all crops. During this period, each 42 day regrowth cycle of LL and LS
produced yields in excess of 3 t/ha (Figure 5.2 g, b). In contrast, SL and SS crops, on the
28 day regrowth cycle, rarely exceeded 3 t/ha, the exception being SLgs4-Cycle 6 (Figure
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5.2 ¢). For all crops, DM;noot was negligible during May-July and, by the following early-
spring regrowths (Cycle 0), only the LLg3/04 crop exceeded 3 t/ha (Figure 5.2 a).

Also of note, was the impact of the previous spring-summer defoliation on the regrowth
cycles immediately after the shift of treatments (denoted with arrows in Figure 5.2) when
comparable crops were growing at the same time and environmental conditions. For
example, DMhoot In LSg3/04-Cycle 4 was 1.1 t/ha greater (P<0.004) than the comparable
SSo304-Cycle 6 over the 28-day regrowth cycle. Similarly, over the 42-day regrowth cycle,
the DMghoot of LL-Cycle 4 was ~30% greater (P<0.05) than the comparable SL-Cycle 6 in

both growth seasons.
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Figure 5.2 Seasonal shoot dry matter yield of lucerne crops subjected to contrasting
defoliation regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University,
Canterbury, New Zealand.
Note: Dotted line represents yield of 3 t DM/ha for reference. Bars are SEM for comparison of regrowth_

cycles within each treatment, n=4. Regrowth cycles are numbered (0-9). Arrows indicate first regrowth

cycle immediately post treatments shift of for comparison between ({) LL and SL crops (l) and (i) LS and

SS crops ( -D— ).
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5.3.2.1 Shoot linear growth rates (LGR)

The mean linear growth rate (LGR) of each regrowth cycle is displayed in Figure 5.3.
During the winter, DMsnoot Was minimal and the first data-points considered in LGR
calculations were from mid-August. During both growth seasons, LL crops had an initial
LGR of 75 kg/ha/day in early-spring. This increased to a maximum of ~170 kg/ha/day in
summer (December-February). From late February to June, the LGR declined and reached

a minimum of less than 10 kg/ha/day during the final autumn defoliation.

LL crops always had greater (P<0.05) LGR than SS during spring-summer. In most cases,
crops defoliated with a long rotation during spring-summer (LL and LS) grew at 20-50
kg/ha/day faster than SL and SS crops during both 2002/03 and 2003/04 seasons.
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Figure 5.3 Linear growth rates (kg/ha/day) of lucerne crops subjected to contrasting
defoliation regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University,
Canterbury, New Zealand.

Note: Bars represent one SEM of a given growth cycle, n=4. Data points were positioned in the average

date of the range analysed in a regrowth cycle.

5.3.2.2 Early-spring regrowth

The two early-spring regrowth cycles, when all crops grew simultaneously (Cycle O in

2003/04 and 2004/05), were compared at a common thermal-time accumulation (Figure

96



5.4). During this period, the only contrasting factors affecting DMt accumulation were
the amounts and concentration of perennial reserves of each crop, as a result of the
previous defoliation regimes (Chapter 4). By the 2004/05 spring harvest, when crops had
accumulated ~370°Cd (Tp=5°C), LL and SL crops had a similar DMoe Of 2.5 t/ha. This
yield was greater (P<0.01) than for LS (2.0 t/ha) and SS (1.6 t/ha) crops (Figure 5.4).
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Figure 5.4 Shoot yield during two winter/early-spring regrowth periods in relation to
thermal-time accumulation of lucerne crops subjected to contrasting defoliation regimes
in the 2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury, New
Zealand.
Note: Data refer to regrowths from ~14 June to 1 October. Dotted arrows indicate estimated > Tt,s when

shoot yield was 1.5 t/ha for reference. The parameters of exponential models are displayed in Table 5.2. All

R%>0.95. Regressions were fitted to data-points combined from both growth seasons for each treatment.

Exponential regressions (Figure 5.4) indicated that LL crops grew at faster rates (P<0.06)
than SS crops during early-spring (Table 5.2). LS and SL crops were similar at
intermediate growth rates, but there was a trend of SL crops having faster growth as

reflected by the greater yield at the final harvest (~370°Cd after grazing).
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Table 5.2 Comparison of parameters of exponential regressions (Figure 5.4) relating
shoot yield during early-spring regrowth and thermal-time accumulation after grazing of
lucerne crops subjected to contrasting defoliation regimes in the 2002/03 and 2003/04

growth seasons at Lincoln University, Canterbury, New Zealand.

Parameter LL LS SL SS Significance SEM
a 0.0716,  0.0485;  0.0516,  0.0224,  P<0.06 0.000829
b 0.01043  0.01045 0.01248  0.01255 P<0.16 0.000819

Note: Exponential model was y= a x exp(b x x). Means followed by the same small letters in lines are not

significantly different at a=0.05.

5.3.2.3 The effect of taproot reserves on LGR during the early-spring regrowth

There was a moderate relationship (R?=0.58) between LGR and taproot nitrogen
concentration (N%ioor) (Figure 5.5 a). Shoot linear growth rates increased (P<0.05) at 63
kg/ha/day/%N as N%;oo increased from ~1.2 to 1.8% DM (Figure 5.5 a). Total winter
nitrogen amounts were strongly (R*=0.76) related to spring LGR (Figure 5.5 d) which
increased (P<0.01) at 1.1 kg/ha/day for each additional 1 kg/ha of taproot nitrogen.

The relationship between LGR and the amounts and concentrations of carbohydrates in
taproots (Figure 5.5 b, ¢, ¢, f) were not significant (0.07<P<0.36) but there was a trend
(O.41<R2<0.52; 0.07<P<0.12) of increased LGR with greater winter amounts of starch and

soluble sugars in taproots (Figure 5.5 e, f).
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Figure 5.5 Relationship between linear growth rates (kg/ha/day) of shoot dry matter
during the first spring regrowth and the percentage (a, » and c¢) and total amounts (d, e
and f) of taproot reserves from samples harvested in the previous winter period from
lucerne crops subjected to four contrasting defoliation regimes in the 2002/03 and
2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one SEM for n=2. Symbols referring to treatment/growth season are displayed in

Table 3.3 .

5.3.3 Shoot components

Shoot samples were separated into leaves, stems and senesced material (Section 5.2.1).
Annual leaf yield was 9 t/ha for LL and LS crops, which was greater (P<0.001) than the
7.4 t/ha for SL and 6.7 t/ha for SS crops (Figure 5.6). The stem yield was the shoot
component that contributed the most to differences in annual DMgpeor. Annual stem DM
was greatest (P<0.001) in LLgyg3 crops (13.6 t/ha) followed by LSpp03 (12.1 t/ha), SLoz/03
(7.2 t/ha) and SSgy03 (6.2 t/ha). Senesced material represented <3% of total annual DM

99



in any crop. In general, LL and LS had a similar annual senesced DM yield of 300 kg
DM/ha compared with ~100 kg/ha for SL and SS crops.

o4 1 - 2002/03

o4 4 - 2003/04

Shoot yield (t DM/ha)

LL LS SL SS
Defoliation regimes

Figure 5.6 Annual yields of leaves (m); stems (ii); and senesced DM (1) of lucerne crops

subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04 growth

seasons at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one standard error of the mean (SEM) for comparison of shoot fractions within each

growth season/shoot component combination.
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5.3.3.1 Leaf:stem ratio and leaf proportion

The contribution of leaves in DMgoot Was quantified by the use of leaf:stem ratio (LSR) and
leaf proportion (LP) (Section 5.2.3.3). The LSR measured at the end of each regrowth
cycle, ranged from 0.5 to 2.0 (Figure 5.7). As expected, LSR was lower in periods of
intense growth (e.g. summer) and in treatments that accumulated more DM oot (€.g. long

regrowth cycles).
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Figure 5.7 Leaf:stem ratio at the end of each regrowth cycle of lucerne crops subjected to
four contrasting defoliation regimes in the 2002/03 and 2003/04 growth seasons at

Lincoln University, Canterbury, New Zealand.

To understand the mechanisms behind the changes in LSR or LP, two prediction bases
were tested. Firstly, as proposed by Onstad and Fick (1983), LP was plotted as a function
of thermal-time accumulation (3 T#,s, °Cd) from grazing day. There was a linear decrease
(P<0.01, R2=0.65) in LP with ) Ttys accumulation at a rate of -7x10* units/°Cd from 0.70
(i.e. 70% of leaves in DMgnoor) in early stages of regrowth to 0.40 at 400°Cd (Figure 5.8).
One of the models proposed by Onstad and Fick (1983) is plotted in Figure 5.8 for

reference.
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Figure 5.8 Relationship between leaf proportion (g leaf/g shoot) and thermal-time
accumulation from the last grazing day (°Cd) of lucerne crops subjected to four
contrasting defoliation regimes in the 2002/03 and 2003/04 growth seasons at Lincoln
University, Canterbury, New Zealand.

Note: Dashed lines (-----) represent model y=1.37-0.15 x In(x+1), proposed by Onstad and Fick (1983) for

early-spring regrowth.

The second approach was based on results from Lemaire et al. (1992), where DMhoor Was
tested to predict LSR at several stages of regrowth. The LSR was strongly related (R2=0.77)
to DMsnoot and decreased (P<0.01) exponentially from ~1.9 at the beginning of each
regrowth cycle to an estimated minimum of 0.3 when DM, was greater than 5.5 t/h'a

(Figure 5.9).
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Figure 5.9 Leaf to stem ratio in relation to shoot dry matter (DM) yield of lucerne crops
subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04 growth
seasons at Lincoln University, Canterbury, New Zealand.

Note: Dotted line represents model y=1.43(DMshom)’°'57 proposed by Lemaire et al. (1992) for DMgoot >1
t/ha. Bar represents one polled SEM.

Although LSR followed the same pattern of change with DM in all treatments, this
relationship was more variable at DMy,<1t/ha. For example, at the lowest measured
DMinoor, LSR ranged from 1.2 to 2.4. This was possibly an artefact of greater measurement
bias at low yields, as there was a strong (R*=0.99) allometric relationship between each
individual shoot fraction (leaf and stem) and DM, (Figure 5.10). The exponents of the
equations in Figure 5.10 indicated that the rate of accumulation of stem DM increased at
rates ~25% greater than for leaf DM and, at DMgo; Of 1 t/ha, DMgpeot Was 57% leaves and

43% of stems regardless of treatment or season.
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Figure 5.10 Relationship between leaf dry matter (), stem dry matter (A ) and leaf:stem

ratio (+) with shoot dry matter of lucerne crops subjécted to four contrasting defoliation
regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury,
New Zealand.

Note: Treatments/season are plotted combined. Leaf:stem ratio (LSR) was plotted for reference and is

displayed in detail in Figure 5.9.

5.3.4 Yield components

In the following sections the effect of defoliation treatments on yield components (plant

population, shoots/plant and yield/shoot) of lucerne crops were investigated individually.

5.3.4.1 Plant population

Plant population decreased (P<0.01) from 120 plants/ha on October 2002 to ~60 plants/ha
in September 2004 (Figure 5.11). An exponential decay model (R*=0.75) described the

104



decrease in population and this was unaffected (P<0.43) by defoliation treatments (Figure

5.11).
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Figure 5.11 Plant population (plants/m?) of lucerne crops subjected to four contrasting
defoliation regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University,
Canterbury, New Zealand.

Note: Bar represents one pooled SEM. Data points represent the average plant population of each regrowth

cycle (3-5 sampling dates).

5.3.4.2 Shoot population

Shoot population increased (P<0.01) similarly in all crops as leaf area developed within a
regrowth cycle. Shoot population reached its maximum at a LAI of 2.1 as indicated by a
peak function (R?=0.64, P<0.01) fitted between shoot population and LA including data
from all regrowth cycles. From negligible values at grazing day, shoot population

increased to a maximum of ~780 stems/m? at LAl of 2.1 and then declined (Figure 5.12).
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Figure 5.12 Shoot population (shoots/m?) within a regrowth cycle as a function of leaf
area index of lucerne crops subjected to four contrasting defoliation regimes in the

2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

The effect of defoliation treatments on the rate of shoot initiation (i.e. bud appearance in
crowns and axils) was tested during the initial phases of regrowth. To do this, linear
regressions were fitted to shoot population and Tt accumulation <150°C (3. Tts0) after
grazing. Shoot population increased (P<0.01) at similar (P<0.40) rates (~6 shoots/m*/°Cd),

starting from an intercept not different (P<0.44) from zero (Figure 5.13).
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Figure 5.13 Relationship between shoot population and thermal-time accumulation
(O Ttys; for Trs<150°Cd) of lucerne crops subjected to four contrasting defoliation
regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury,
New Zealand.

Note: Dashed line indicates the projection of the model to y=0.

5.3.4.3 Shoot categories

Shoots were classified into three categories of dominant (Dsheor), intermediate (Jsnoor) and
suppressed shoots (Sshoot) based on height relative to the tallest shoot in the canopy (Sectioil
5.2.1). The fraction of DM in each category was plotted against LAl to demonstrate the
dynamics of shoot recruitment for the LL crop (Figure 5.14 g). The fraction of Dspoors in
DMpo0t increased (P<0.02) curvilinearly with LAl (R2=0.86) from ~24% at low LAI values
to ~90% of total DM at a LAI of 5.0 (Figure 5.14 a). At LAI values greater than 2.0,
Dgoots made up more than half of DMpeor While Iinoors and Ssnoots represented ~30% and
15%, respectively. These empirical relationships developed for LL crops also explained the

shoot dynamics of LS, SL and SS crops (Figure 5.14 b). The root mean squared deviation
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(RMSD) between predicted and observed values for the other crops using the models

developed for LL crop was 0.07.

1.0

- y=0.24+0.18x-0.01x%, R%=0.87
(a) LL crop y + . ° 4

0.8 4 2
y=0.42-0.053x, R"=0.78 e

Fraction of shoot DM

0 1 2 3 4 5 6
Leaf area index

Figure 5.14 Relationship between leaf area index (LAI) and the fraction of shoot dry

matter on dominant (®), intermediate ((1) and suppressed (A ) shoots in (a) LL crops

and (b) LS (® @, 4),SL (®,M,A), and SS crops(O,CIA ) with LL derived relationships
plotted.

Note: Vertical dashed line indicates LAI of 2.0 for reference.
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5.3.4.4 Shoots per plant

The number of shoots per plant at harvest increased (P<0.05) at similar rates (P<0.51) in
all treatments. Shoots/plant increased from ~5.5 at 140 plants/m? (spring 2002/03) to ~15
shoots/plant at 50 plants/m” (autumn 2003/04) (Figure 5.15). This pattern maintained shoot

population at harvest of ~780 shoots/m?.
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Figure 5.15 Relationship between shoots per plant and plant population at harvest of
lucerne crops subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04

growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Bar represents one SEM.

5.3.4.5 Individual shoot mass

The individual shoot mass (ISM, g DM/shoot) explained 97% of the variation in DMt
yields (Figure 5.16). Shoot yield responded similarly in all treatments to increases in ISM
from <0.1 g DM/shoot to ~1.0 g DM/shoot. A linear regression (DMghoo=0.06+6.34 X ISM)
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explained 95% of the variation. However, this model had an uneven distribution of
residuals (predicted DM poo—0bserved DMgoo), With a trend to overestimate DMgnoor at
ISM>0.5. Therefore, a bi-linear (broken-stick) model (R*=0.96) was used which reduced
the RMSD from 0.28 t/ha to 0.23 t/ha. The broken-stick model indicated that, after shoots
attained a weight of ~0.3 g DM, the slope of the relationship changed from 8 t DMnoo/g
ISM to ~5 t DMghoo/g ISM (Figure 5.16). This change in slope was possibly caused by the
self-thinning of shoot population that resumed when LAl > 2.1 (Figure 5.12).

In summary, the differences observed in seasonal shoot yield, caused by defoliation
treatments and the level of perennial reserves, were mostly explained by the differential
allocation of assimilates to each individual shoot, with minimal impact on the other yield

components.

<0.3 g/shoot

©
£
=
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O 3 A
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£
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y= 0.1+8.1 X<0.Sg/shoot
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1 4 Y= 0.8+4.9 X>O.Sg/shoot
R®=0.97
0 - T . .
0.0 0.2 04 0.6 0.8 1.0

Individual shoot mass (g/shoot)

Figure 5.16 Relationship between individual shoot mass (g DM/shoot) and shoot yield (t
DM/ha) of lucerne crops subjected to four contrasting defoliation regimes in the 2002/03

and 2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Vertical dashed line represents inflection point of broken-stick model (x=0.3). Insert shows in detail

the distribution of data-points < 0.3 g/shoot in relation to the model.
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5.4 Discussion

Defoliation treatments significantly affected the seasonal shoot yield of lucerne (Figure
5.1). The effect was mainly caused by a differential supply of assimilates to each
individual shoot without a consistent change in the pattern of plant population decay or

shoot population dynamics.

5.4.1 Shoot dry matter yield

The greatest annual DM yields of 24 t/ha in LL crops are comparable to previous
experimental results for this location. Varella (2002) reported annual shoot yield of 17.5
t/ha of irrigated ‘Kaituna’ lucerne in Canterbury and Brown (2004) measured 25 t/ha in the

1997/98 season when working with lucerne in an adjacent field to I9.

The application of short defoliation cycles (28-day) at different times during the growing
season reduced yield by 50-80% compared with LL crops. This decrease in DMgoot iS
similar to the range observed by Gramshaw et al. (1993) in lucerne crops defoliated at
intervals less than 35 days in Queensland, Australia. The short cycle applied during spring
to mid-summer (e.g. SL crop) had a larger impact on the final annual yield than when it
was applied in autumn, as SL crops yielded 30% less annual DM o0 than LS crops (Figure
5.1). The difference occurred mainly because crops with longer rotations during early
season (e.g. LL and LS crops) were able to grow for longer periods when linear growth

rates (LGR) were the highest (Figure 5.3).

The LGR changed seasonally from less than 20 kg DM/ha/day in autumn to a maximum of
~170 kg DM/ha/day (LSo3/04 and LLg3j04) in summer. This agrees with Gosse et al., (1988)
who observed a decrease in LGR from 160 kg DM/ha/day in summer to 90 kg DM/ha/day
in autumn at Lusignan, France (~46°N). The decrease in LGR during autumn is partially
explained by the reduction in mean air temperature (Timean) and available radiation (R,
MJ/m?/day) during this period (Section 2.1). A plethora of literature suggests that lower
LGR during autumn are also due to a greater partitioning of photosynthates to perennial

organs (Section 2.6). These issues will be further explored in Chapter 7.
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The short defoliation cycle applied during the late season (LS crop) reduced shoot yield in
the following early-spring growth. This can be seen by the reduction in the growth rate of
LSq304 (~65% of Llosg) during early-spring 2003/04 (Figure 5.4). The reduction ih
DMt highlights the impact of limited autumn perennial reserves (Section 4.3.6.4) on
shoot yield during early-spring and is consistent with previous research (Belanger et al.,

1992; Haagenson et al., 2003b).

5.4.2 Leaf:stem ratio

The search for predictors of leaf to stem ratio (LSR, g leaf/g stem), or alternatively leaf
proportion (LP, g leaf/g shoot) are a major objective in lucerne simulation modelling (Fick
et al., 1994). The proportion of leaves in the dry matter is a major factor contributing to
yield (e.g. photosynthesis and transpiration) (Lawlor, 1995) and quality (Buxton et al.,
1985) of lucerne crops. Thermal—time accumulation (7y=5°C) explained 73% of the
variation in LP, which decreased at a rate of 7x10* units/°Cd (Figure 5.8). Onstad and Fick
(1983) also found Ttys adequate to predict leaf proportion (R%>0.80) but Fick et al. (1994)
indicated that the empiricism of the relationship limited its generalization to other sites and
seasons from where models were developed. Interestingly, the only model published by
Onstad and Fick (1983) that gave the closest fit to the whole data-set of ‘Kaituna’ was
derived for the early-spring growth of several lucerne cultivars grown in central New York

State (U.S.A)).

Alternatively, LSR was plotted against DMpoor assuming an allometric increase of leaves
and stems in total shoot DM (Lemaire ef al., 1992). Defoliation treatments and the level of
perennial reserves had no apparent effect on the LSR pattern when crops where compared
at similar DMgo, Which explained 77% of the observed differences (Figure 5.9). For
example, LSR decreased in all treatments from ~2.0 at the beginning of regrowth to 0.7 at 3
t/ha. Only LL and LS crops produced DM,o0 Yields in excess of 3 t/ha, therefore the LSR
of those treatments were usually lower than for SL and SS at the end of a regrowth cycle
(Figure 5.7). Similarly, Lemaire et al. (1992) showed that LSR was conservative when
compared at similar shoot yields regardless of growth cycles and mineral nitrogen supply.

The allometric model for DMg,o0 >1t/ha proposed by these authors, which was developed
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for cultivar ‘Europe’ in France, was an accurate predictor of LSR in the experiment

reported (Figure 5.9).

The greater variation in LSR at low DM (Figure 5.9) seemed to be an artefact of thfa
imprecision of measurements at low yields because strong allometric relationships
(R*=0.99) explained the differences of leaf and stem DM based on DMgoo. The
implication is that at any given DM, the parttitioning of dry matter to leaves (piear) Can
be estimated by the rate of change in the allocation of leaf DM (DMc,¢) to shoots (Equation
5.2). This is analogous to the first derivative of the increase of DMe,s with DM oot (Figure
5.10).

Equation 5.2

Prgs =0.26xexp(0.68/(DM ., +0.43))

shoot

Equation 5.2 demonstrates that the partitioning of dry matter to leaves is near 100% at
negligible values of DM, but it declines to a lower asymptote of ~26% as DMhoo tends

to the infinity.

5.4.3 The effects of perennial reserves on shoot yield

The effect of perennial reserves on shoot yield could be isolated during the first early-
spring regrowth and in the cycles following the shift of defoliation treatments (post 4
February). The DMhoo yield of LS crops successively decreased to be 160, 137 and 100%
of SS crop values in the three regrowth cycles (Cycles 4, 5 and 6) following the switch of
defoliation cycle. The higher level of perennial reserves in LS crops (Section 4.3.6.3)
contributed to the increased yield in LS crops relative to SS in Cycles 4 and 5, but the
impact was minimized by Cycle 6, when shoot yields were minimal. A similar but opposite
residual effect was observed in SL crops where DM,o yield increased to be 70, 83, and

93% relative to LL values after 4™ February.

The crops defoliated frequently in autumn (LS and SS crops) had lower winter levels of
perennial reserves than LL crops (Section 4.3.6.4) and this limited shoot growth rates
during the following spring regrowth (Figure 5.4). Dhont et al. (2004) observed that an

additional defoliation in mid-autumn reduced shoot yield in the following spring by 0.3 to
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2.0 t/ha. Similarly, Trimble et al. (1987) observed that an extra autumn defoliation reduced
yield in the following spring to ~80% of controls, possibly due to a reduction in the level
of storage nitrogen in roots and crowns. The impact of autumn defoliation on the level of
perennial organs, and consequently the regrowth potential in spring, has important
implications for lucerne management in Canterbury. In New Zealand farms where lucerne
comprises more than 30% of the area of forage production it is necessary to graze lucerne
as early as possible in spring, when crops are near 0.2 m tall or yield is ~1.5 t/ha (Moot et
al., 2003). The time to reach this yield was delayed by 60°Cd (~15 days in spring) in crops

with limited amounts of perennial reserves (Figure 5.4).

The winter amounts and concentrations of taproot reserves were tested as predictors of
spring shoot linear growth rates (Figure 5.5). Carbohydrate concentrations were not related
to differences in LGR (0.23<P<0.35). The relationship between taproot carbohydrate
amounts and LGR was also not significant (0.07<P<0.12) although there was a trend of
increasing LGR as the amounts of carbohydrates increased (Figure 5.5 e, f). Fankhauser et
al. (1989) also observed no difference in shoot growth rates among lucerne crops with root
carbohydrate levels differing by 3 fold. These findings agree with an abundance of
literature that shows that levels of carbohydrates in perennial organs have little influence
on growth potential of lucerne, as they are mostly consumed in root respiration (Avice et

al., 2001).

In contrast, winter nitrogen concentrations and mainly absolute ‘nitrogen amounts’ in
taproots were strongly related to spring shoot growth rates (Figure 5.5 a, d). Linear growth
rates increased from 50 kg DM/ha/day at 1.2% N or 20 kg N/ha to ~90 kg DM/ha/day at
1.8% N or 60 kg N/ha. Similarly, Ourry et al. (1994) observed a strong linear relationship
between the amounts of N in lucerne perennial organs at the day of harvest and shoot yield.
This because, after defoliation, root nitrogen is largely mobilized from roots (Barber et al.,
1996) to new growing shoots, making up more than 50% of shoot nitrogen after 30 days of
regrowth (Avice et al., 1996). The weaker relationship of N concentration and LGR
(R?=0.58) is in agreement with Avice et al. (1997b) who observed no relationship between
taproot N concentration and final shoot yield. These results indicate that the amounts of
nitrogen were a more reliable indicator of shoot potential growth rates than nitrogen
concentrations. This is because the N%; is counterbalanced by changes in total taprodt
biomass and therefore only partially reflects the differences in the availability of nitrogen

for mobilization to shoots (Section 4.4).
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5.4.4 Yield components

5.4.4.1 Plant population

The exponential decline in plant population over time (Figure 5.11) agreed with previous
reports in the literature (Belanger et al., 1992; Dhont et al., 2004; Gosse et al., 1984). By
the end of the 2003/04 season, plant population had declined to ~40% of the 120 plants/m>
observed at the beginning of the experiment (June 2002). Inter-plant competition for light
was probably the major cause of this decline (Gosse et al., 1988). This process is usually
characterized by an exponential increase in shoot mass/plant as plant population declines.
When plotted on a logarithmic scale, this relationship has a slope of ~1.0 to 1.7 which
characterizes the self-thinning of plants (Berg et al., 2005; Matthew et al., 1995). In the
current experiment the decline in plant population had no effect on shoot yield. Similarly,
Volenec et al. (1987) showed that lucerne crops at varying plant populations (11 to 172
plants/mz) yielded similarly because increases in the individual shoot mass (ISM) and

shoots/plant compensated for changes in plant population.

Of note was the fact that defoliation frequency and the level of perennial reserves had no
apparent effect on the rate of decline in plant population (Figure 12). This agrees with the
observation of Purves and Wynn-Williams (1994) who recorded similar rates of plant
population decay in lucerne crops grazed each 28 or 56 days in a four year trial using eight
different lucerne cultivars. Belanger et al. (1992) observed a similar and conservative
reduction in the stand from 100 to 60 plants/m2 among lucerne crops subjected to eight
contrasting cutting regimes. In contrast, literature often suggests that defoliation frequency
increases the death of lucerne plants due to the reduction in the level of perennial reserves
(Davies and Peoples, 2003). This is possibly because other stresses (e.g. weed competition,
pests, diseases, water logging, drought) increase the rate of plant mortality (Lodge, 1991;
Purves and Wynn-Williams, 1994), exacerbating the effect of frequent defoliations. In the
current experiment, weed invasion would be expected to enhance competition for light in
frequently defoliated crops (e.g. SS crops) but this was avoided through chemical weed
control (Section 3.3.4.3).
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5.4.4.2 Shoot population

In general, shoot population on the day of harvest was conservative at ~780 shoots/m?
throughout different treatments/season combinations. This was due to a compensatory
increase in the number of shoots/plant as plant population declined (Figure 5.15). This also
agrees with Gosse e al. (1988) who observed a conservative final number of shoots in
several regrowth cycles of cultivars ‘Du Puits’ and ‘Europe’. The range in plarit
populations observed during the current experiment (50-140 plants/mz) was therefore
above the threshold where the number of shoots/plant was unable to compensate for plant
population decline. This lower threshold may define the moment when the crop potential
productivity declines. The upper threshold of plant population, where shoots/plant is
unchanged, would appear to be above 140 plants/m* for ‘Kaituna’ lucerne. In Figure 5.15,
the exponential decline of shoots/plant indicated a lower asymptote of 3.7 shoots/plant at
high plant populations. This is close to the conservative 2.0 to 2.7 shoots/plant observed at
220 plants/m” in lucerne crops under contrasting K and P fertilization rates (Berg et al.,

2005).

After defoliation, shoot population increased at a rate of ~6 shoots/m*/°Cd (Figure 5.13) in
all treatments (Figure 5.12). Therefore basal and axillary shoot initiation, and consequently
shoot appearance rate, were not limited by the levels of perennial reserves in this
experiment. Most probably, morphogenetic responses to environmental factors defined
shoot appearance rates (Davies and Thomas, 1983). Air temperature was possibly an
important driver of shoot appearance rates but other factors should be involved as the
relationship between shoot population and ¥ T#,s had an R* of 0.62. The light environment
was managed by mowing to avoid any influence on shoot appearance rates. In contrast, at
more advanced stages of regrowth, the light environment limited shoot appearance rates
and self-thinning of shoots resumed. At LAl of 2.0, only ~20% of the available light
reached the basal buds (assuming k=0.81, Section 6.3.2) and this would be expected to
reduce the red-far red light ratio that stimulates bud initiation (Casal et al., 1985). This
value of transmittance is close to the light-compensation point of 0.15 observed by
Lemaire et al. (1991) for lucerne. These authors demonstrated that nitrogen content of
lucerne leaves declines at faster rates at transmittances below 0.15, ultimately leading
shoots to a negative carbon balance, senescence and shoot death. As shoot population

declined, there was a clear segregation of shoot height categories after a LAl of ~2.0
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(Figure 5.14). For example, dominant shoots (Dsnoor) represented ~80% of DMspoor at a LAI
of 4.0, but only 50% at LAI of 2.0.

5.4.4.3 Individual shoot mass

Individual shoot mass (ISM, g DM/shoot) was the yield component that explained most qf
the variation (R2=0.96) in DM,0or throughout seasons and among treatments (Figure 5.16).
DM oo increased bi-linearly with ISM at 8.1 t/g ISM when ISM was <0.3 g/shoot but at 4.9
t/g ISM after that. The point of inflection of the relationship (ISM=0.3 g/shoot) can be
empirically associated (R2=0.87) with an LAI of 2.7 (PAR transmittance of 0.11), and a
DMgoo: of 2.2 t/ha (R2=0.99) in the present experiment. Again, it seems that the
competition for light modified the shoot population dynamics from ~700-800 shoots/m’
when the canopy was open (PAR transmittance>0.15) to nearly 500 shoots/m® at more
advanced stages of regrowth. The inflection point, where self-thinning resumed, was near a
LAI of 2.0 but the decline in the response of DM to ISM became evident at LAI>2.7. At
this point, gains in ISM were partially offset by the death of intermediate and suppressed
shoots (Figure 5.14). The ISM was also shown to explain most of the yield differences
among lucerne crops under contrasting P and K fertilization rates (Berg et al., 2005). The
present experiment indicated that lucerne shoot yield reflected changes in the weight of
each individual shoot, regardless of (i) defoliation regimes, (ii) the level of perennie;l
reserves or (iif) seasonal environmental factors. The implication is that, for modelling
purposes, the crop can be treated as a group of homogenous shoots, as long as plant
population is above a threshold where it does not limit shoot appearance rates and LAl

development.

The differences in the allocation of assimilates to individual shoots and consequently shoot
yield may be explained by changes in resource capture (e.g. light interception), efficiency
of conversion of resources in biomass (e.g. RUE) and/or by different partitioning patterns

of DM between shoots and roots. These issues will be addressed in the following chapters.
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5.5 Conclusions

The results displayed in this chapter permit the following conclusions:

e The defoliation frequency applied in spring-summer largely determined total

annual yield that differed from 13 to 24 t DM/ha.

e The proportion of leaves in the shoot differed from ~40 to 70% of DM but could be
predicted by an allometric relationship with shoot yield for all treatments and

scasons.

e Autumn management affected shoot growth rates in the following early-spring

regrowth due to reduced availability of perennial reserves.

o The nitrogen component of taproot reserves had the strongest relationship

(0.6<R?<0.8) with shoot growth rate.

¢ Treatments and seasons affected lucerne shoot yield by changes in individual shoot
weight. Plant population and shoots/plant had compensatory dynamics which

maintained optimum shoot populations for the duration of the experiment.

The effects of contrasting defoliation frequencies and environmental factors on shoot yield
were mainly expressed on the weight of individual shoots. Therefore mechanisms able to
limit the allocation of DM to each individual shoot will be explored in the following
chapters. More specifically C allocation to shoots differed among treatments and seasons
and this could be caused by changes in (i) the amount of available resources for growth
(e.g. light interception), (if) the efficiency of conversion of resources to DMhoot (6.8 RUE)
or (iii) the allocation of DM to different organs. These possibilities will be analysed

individually in Chapters 6 and 7.
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6 PAR interception and canopy development

6.1 Introduction

Shoot yield of lucerne is strongly related to the amount of photosynthetic active radiation
(PAR) intercepted by the crop (Gosse et al., 1982a). The interception of PAR is a function
of canopy expansion rates, canopy structure and the optical properties of leaves (Section

2.3).

The reduction in shoot yield observed in frequently grazed lucerne crops (Chapter 5) could
be caused by reduced PAR interception compared with LL crops. Alternatively, a decrease
in the RUE (Section 2.5) or an increase in the partitioning of DM to perennial organs could

reduce shoot yield.

The objective of this chapter is to quantify seasonal differences and the effect of
defoliation treatments on PAR interception. Differences are analysed in terms of (i) canopy
architecture through the extinction coefficient for diffuse light (kq) and (i) canopy
expansion through the leaf area index (LAI). The development of LAI is segmented into its
components (leaf appearance rates and branching) and growth components (shoot

population, individual leaf area and leaf senescence).

Differences in these variables are analysed and discussed in relation to environmental

seasonal signals and the level of perennial reserves of crops.
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6.2 Materials and methods

6.2.1 Accumulated PAR interception

Accumulated intercepted PAR was calculated by summing daily estimates of intercepted
PAR (PAR;) from each regrowth period. Daily PAR; was obtained by multiplying the
available above canopy PAR of each day (PAR,) by the fractional PAR interception
(PAR/PAR,) of the same day for each treatment plot. '

Fractional PAR interception was estimated from measurements of fractional diffuse non-
interceptance (DIFN) taken with a canopy analyser LAI-2000 (LI-COR Inc., Lincoln,
Nebraska, USA). Readings of DIFN were taken in predominantly diffuse light conditions
at 7 day intervals, starting 10 days after the last grazing day of each regrowth cycle. The
equipment was set to take one reading above and five readings below canopy in each plot.
The canopy analyser measures the fractional transmission of diffuse PAR (i.e. DIFN)
through the canopy at wave lengths lower than 490 nm from readings at 5 different zenith
angles (7, 23, 38, 53 and 68°). Therefore, DIFN represents the fraction of sky that is not
blocked by foliage (Jonckheere et al., 2004) and represents 1-(PAR/PAR,).

To evaluate the accuracy of 1-DIFN as a measure of PAR/PAR,, the relationship between
1-DIFN (diffuse PAR interception) and fractional total solar radiation interception (Ri/R,)
was tested. This was done by plotting readings of 1-DIFN from 27 dates with independent
measurements of Ri/R, taken from tube solarimeters during the same days (Figure 6.1).
Measurements of Ri/R, were calculated by dividing daily intercepted solar radiation (R;) by
the above canopy solar radiation (R,) averaged through 3 tube solarimeters located in plots
14 and 15 (LL crop). There was a strong linear relationship (R%=0.96) between 1-DIFN
and Ri/R, with a slope (P<0.0001) of 1.03 + 0.09 (95% confidence interval) and an
intercept (P<0.01) of 0.08 (£0.06). This implies that the canopy analyser consistently
measured 0.08 more fractional interception than the tube solarimeters regardless of the
amount of canopy cover. This positive intercept would be expected because the canopy
analyser measures wavelengths in the blue region of the solar spectrum (<490 nm) while

the tube solarimeters are sensitive to a larger band of the entire solar spectrum (400-2200
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nm). Based on these observations, fractional PAR interception (PARi/PAR,) throughout this
thesis was assumed to be equal to diffuse interceptance (1-DIFN) measured with the
canopy analyser. Daily values of PAR/PAR, were estimated by linearly interpolating

weekly measurements of 1-DIFN.
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Figure 6.1 Relationship between fractional solar radiation interception from tube
solarimeters measurements and diffuse interceptance (1-DIFN) from canopy analyser
(LAI-2000) for a lucerne crop during the 2003/04 season at Lincoln University,
Canterbury, New Zealand.

Note: Dashed line represents the extrapolation of the model to x=0. Dotted lines delimit 95%

confidence intervals of the estimate.

6.2.2 Leaf area index

Leaf area index (LAI) was estimated from calibrated cémputations of plant area index
(PAL a1-2000) taken with the canopy analyser on the same dates when DIFN readings were
performed (Section 6.2.1). All readings at PAlar2000<1.5 were taken with the sensor lens
at ground level. This was done by placing the canopy analyser sensor inside channels (30
mm depth x 300 mm length) that were dug before the first measurement of each regrowth
cycle. This procedure guaranteed that the transmittance of light by short canopies was
measured by the sensors. When PAlyar2000>1.5 the readings were taken at sensor height

(~30 mm above ground level).
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PAI 12000 computations were calibrated with 110 destructive measurements of LAI taken
from 2 June 2003 to 16 March 2004 (Section 6.2.2.1). LAI increased linearly (£<0.0001)
with PAL 12000 With a slope of 0.93 (£0.05) and an intercept not different (P<0.32) from
zero. Therefore PAILar2000 Overestimated actual LAI by ~7% and this was corrected by

adjusting PAI 12000 as in Equation 6.1.

Equation 6.1.
LAI =0.93x PAI,,; 5000

6.2.2.1 Destructive LAl measurements

During the first half of the 2003/04 growth season, sub-samples of 5-10 ‘dominant’ shoots
were separated from the DMgnoo sample (Section 5.2.1). All the leaves of the selected
shoots were removed, opened onto a flat A4 white paper background and photographed
with a Nikon digital camera model CoolPix 950 (Nikon Co., Japan). Pictures were
analysed with the image software ‘QUANT’ v.1.0.1 (Vale et al., 2003) and individually
calibrated to the number of pixels contained in a 200 mm reference scale. Leaf samples
were then dried in a forced air oven for at least 48 hours at 65°C to a constant weight and
the average canopy specific leaf weight (SLW, g/m?) was calculated as leaf mass (g DM)

per unit area of green leaf (m?). Destructive leaf area index (LAlues) Was then calculated as:
Equation 6.2

LAl =DM, /SLW

dest
Where DM, is the total amount of leaf DM (g/m?) estimated for a given plot (Section
5.2.1) and SLW is the specific leaf weight.

6.2.3 Extinction coefficient for diffuse radiation

The extinction coefficient for diffuse radiation (kg) was calculated as the linear slope
between the natural log of PAR transmission [1-(PAR/PAR,)] during overcast conditions
and LAl (Hay and Walker, 1989b). The value of k4 was estimated by plotting 110
measurements of 1-(PAR/PAR,) taken with the canopy analyser with independent
destructive measurements of LAl from 2 June 2003 to 16 March 2004 (Section 6.2.2.1).
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6.2.4 Thermal-time calculation and temperature threshold

Daily thermal-time (7t, °Cd) was calculated using a broken stick threshold where Tt is
assumed zero for mean air temperatures (Tean) below the base temperatures (73,) (Section
2.4.1.1). In this framework 7t is accumulated linearly from 7} to an optimum temperature
(Topt) of 30°C. Above T, values of Tt decline linearly to zero at a maximum (Ty,) of 40°C.
Thermal-time accumulation (3 7t) was then calculated as the sum of daily Tt throughout

each regrowth cycle.

6.2.4.1 Validation of base temperature

The most suitable base temperature for the thermal-time calculation was estimated through
three different methods: (i) x-intercept; (if) least variable; and (iii) regression coefficient

(Sharratt et al., 1989).

Method (i), the x-intercept method (Arnold, 1959), consisted of plotting the main-stem leaf
appearance rate (leaves/day) against the mean air temperature of the respective regrowth
cycle. Firstly, primary leaf appearance rate (LAR, days/leaf) was calculated as the linear
slope between the number of primary leaves and the number of days after grazing for each
regrowth cycle. Secondly, LAR was plotted as a function of Tiean, and the extrapolation of

the linear relation to y=0 gave the x-intercept.

Method (if), the least variable method (Sharratt er al., 1989), consisted of determining the
value of T which resulted in the lowest coefficient of variation (CV%) of Tt for a
particular developmental stage over different periods. In this thesis the mean phyllochron
(°Cd/main-stem leaf) was calculated for each regrowth cycle and the CV% among cycles
was calculated for 10 different T}, values (from Ty,=1 to T;=10°C at intervals of 1°C). The T,

that produced the lowest CV% was assumed to be the correct base temperature.

Method (iii), the regression coefficient method, consisted of finding a T that makes the
variation in Tt requirement for a given developmental stage null in respect to different
Tinean (Hoover (1955) cited by Sharratt e al. (1989)). Specifically, the phyllochron for each
regrowth cycle was calculated using 10 different T;, (from Ty=1 to T,=10°C) at intervals of

1°C. Phyllochrons were then plotted against average Tiean for the respective regrowth
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cycle. The selected Ty, was the one that produced a slope with the highest probability (P

value) of not being different from zero.

6.2.5 Leaf area expansion rate

Leaf area expansion rate (LAER, m*/m*/°Cd) was calculated as the slope of the linear
regression between LAI against ) Tt for each treatment-regrowth cycle combination. The
LAER was then plotted against the mean date of each regrowth cycle to test the seasonal

pattern of the relationship.

6.2.6 Shoot population

Shoot population was measured weekly by counting the number of shoots in a 0.2 m’

quadrat randomly placed in each plot. Detailed methods are described in Section 5.2.

6.2.7 Primary leaf appearance and senescence

Fully expanded primary leaves were counted from 80 marked shoots (5 per plot) on 255
dates from 22 August 2003 to 8 June 2004. At the beginning of each regrowth cycle a
group of five dominant shoots (Section 5.2.1) per treatment plot (from different plants)
were marked with numbered labels. Starting from 7-10 days after grazing, these marked
shoots were assessed every 7 days for (§) the number of fully expanded primary leaves, (if)
stem height (from ground to the apical bud) and (iii) the number of senesced leaves
(2003/04 growth season only). A leaf was considered senesced when more than half of its
area was pale-yellow or when the leaf was not attached to the node. Measured shoots that
exhibited an early senescence or death were discarded and replaced with new shoots. This
bias was intentionally used to ensure that only dominant shoots were assessed as they

contributed to the majority of the yield (Section 5.3.4.3).
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6.2.8 Phyllochron calculation

The number of primary leaves per shoot (Section 6.2.7) was plotted against thermal-time
accumulation (Section 6.2.4) of each rotation. The slope of the linear regression represents
the phyllochron or the average accumulated thermal-time required for the appearance of

one primary leaf during each regrowth cycle (°Cd/leaf).

The average photoperiod (Pp) of each regrowth cycle was tested as a predictor of
phyllochron. This was done by plotting phyllochron as a function of increasing and

decreasing Pp and testing the relationship with linear and non-linear regressions.

6.2.9 Number of axillary leaves (branching)

The number of axillary leaves at each main-stem node was counted during the summer-
autumn period of the 2003/04 growth season (19 February 2004 to 5 May 2004). This was
done on the same marked shoots used for the leaf appearance measurements (Section
6.2.7). Measurements were taken in LL (cycles 4 and 5), LS (cycles 5, 6 and 7), SL (cycle

7) and SS crops (cycles 6, 7 and 8) on the same dates that leaf appearance was measured.

6.2.10 Individual area of primary and axillary leaves

Leaf area of individual primary and axillary leaves was measured on 3 occasions from 1
October 2003 to 16 March 2004. For each sampling date 20 dominant shoots (5 per plot) of
treatments LL and SS were harvested. Leaves of each main-stem node position were
detached and photographed. Images were analysed using the software ‘QUANT’ (Vale et

al., 2003) and the area of each leaf was calculated as detailed in Section 6.2.2.1.
Leaf area was plotted against main-stem node position from the base of the shoot. A bell-

shaped function (Dwyer and Stewart, 1986) commonly used to model leaf area in cereals

(Elings, 2000) was tested to describe the variation in leaf area with node position:
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Equation 6.3,
Y =Y, xexplax(X - X,)’ +bx(X - X,)’]

Where Y is the individual leaf area (mm?) at node position X, ¥, is the mature leaf area of
the largest leaf (mm?), X is the leaf number counted from the base of the main-stem, Xp is
the position of the largest leaf in the main-stem (inflection point of the curve), and a and b
are empirical constants. Parameter a quantifies the kurtosis or “breadth” of the curve
whereby low values of a result in a sharp increase or decrease of the curve. Parameter b
quantifies the degree of “skewness” of the curve with positive values resulting in curves

skewed to the right (towards leaf positions greater than Xp).

To test the similarity of parameters among crops and regrowth cycles the values of X were
normalized by the final number of leaves (Xmax). Similarly, the values of Y were
normalized by area of the largest leaf (Yj). This was done by dividing ¥/Yy and X/Xmax an;l
plotting the resulting normalized variables (Elings, 2000).
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6.3 Results

6.3.1 Annual accumulated PAR interception

The accumulated amount of intercepted PAR (PAR;, MJ/m?) throughout 2002/03 and
2003/04 growing seasons is shown in Figure 6.2. As expected, intercepted PAR mimicked

annual DMpoo accumulation (Section 5.3.1) and increased in a sigmoidal pattern.

1600 -

1400 +

—

N

o

o
1

1000 A

800

600 -

Intercepted PAR (MJ/mz)

400 A

200 -

Sep Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep
2002 2003 2004

Figure 6.2 Seasonal accumulated PAR interception (MJ/m?) of lucerne crops
subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04 growth
seasons at Lincoln University, Canterbury, New Zealand.

Note: Arrows indicate the date when defoliation treatments were shifted (4™ February). Solid lines are

sigmoid functions; parameters are displayed in Appendix 2. Bar represents one SEM for final annual

PAR interception.

The LL crops intercepted the greatest (P<0.01) amount of PAR in both growing seasons.
During 2002/03, LL intercepted 1,600 MJ/m? followed by LS (1,400 MJ/mz), SL (1,100
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MJ/m?) and SS (~1,000 MJ/m?). The ranking of the treatments was similar in 2003/04 but

the difference between LL and the other crops increased.

Interestingly, LLoss crops intercepted ~200 MJ/m? less PAR than LLgyg3 but yielded
similar amounts of DM (24 t/ha, Section 5.3.1). This implies a possible difference in the
efficiency of conversion of PAR to DM (i.e. RUE) or partitioning of assimilated carbon to

shoots. These processes are discussed in Chapter 7.

The lower interception of PAR in LS, SL and SS crops when compared with the LL crops
suggested that the area of green leaves (i.e. LAI) or the efficiency of interception per unit of

leaf (e.g. different canopy architecture) was reduced in these more frequently grazed crops.

6.3.2 Extinction coefficient as an indication of canopy architecture

Canopy architecture (i.e. leaf angles and leaf distribution) was described by the extinction
coefficient for diffuse PAR (k4 Section 6.2.3). There was no difference (P<0.95) in the
pattern of light interception per unit of LAl among the four defoliation treatments. A
conservative kg of 0.81 indicated that all crops had a similar critical LAl (LAL) of 3.6,
when 95% of available PAR (PAR,) was intercepted (Figure 6.3).
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Figure 6.3 Relationship between LAl and the fractional PAR interception of lucerne
crops subjected to four contrasting defoliation regimes in the 2003/04 growth season
at Lincoln University, Canterbury, New Zealand.

Note: LAI readings were taken from shoot destructive samples and fractional light interception

(PAR/PAR,) from canopy analyser diffuse interceptance (1-DIFN).

6.3.3 Seasonal leaf area index development

The pattern of LAl development differed among seasons (Figure 6.4). The maximum value
observed for LAI was ~6 in LL and LS crops during the summer regrowth cycles (Figure
6.4 a, b). Treatments with short defoliation intervals had a lower (P<0.05) LAI than Li,
crops in both growth seasons. LL crops reached LAl during most regrowth cycles, the
exception being the last autumn cycle (cycle 6) in both growth seasons and Cycles 0 and 5
in 2003/04 (Figure 6.4 a). In contrast, SS crops only reached LAl in 3 of their 18
regrowth cycles (Cycle 4 in 2002/03 and Cycle 5 during both growth seasons) (Figure 6.4
d). LS crops reached LAl in most of the spring-summer regrowth cycles (apart from
Cycle 0 — 2003/04). SL crops only reached LAl in Cycles 5 and 6 (both growth seasons)
and Cycle 4 in 2002/03 (Figure 6.4 c).
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Figure 6.4 Seasonal leaf area index of lucerne crops subjected to four contrasting
defoliation regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University,
Canterbury, New Zealand.

Note: Bars represents one standard error of the mean (SEM) pooled among regrowth cycles within each

treatment. Numbers indicate the order of regrowth cycles of each growing season. Horizontal dotted

line represents the critical LAI of 3.6 for reference.
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With the objective of explaining the seasonal differences observed in LAI between
regrowth cycles, LAI development was calculated on a thermal-time (77) basis
(m*m?/°Cd). This required the validation of a base temperature (7,) that minimizes
variation in Tt requirements for a given developmental stage (Section 6.2.4.1). In the case
of the current experiment, leaf appearance rate was used as the variable to estimate Ty, and

calculate 7t requirements.

6.3.4 Estimation of base temperature for thermal-time calculation

Initially the value of the base temperature (Tp) for main-stem, leaf appearance was
calculated for the control crop (LL) using the ‘x-intercept’ method (method i, Section
6.2.4.1). There was a strong relationship (R?=0.96) between primary leaf appearance rates
and the mean daily air temperature. The extrapolation of the model to y=0 (null
development) gave an estimate of T;, of 5.2°C + 95% confidence interval of 0.8°C (Figure
6.5). Estimates of T, using ‘least-variable’ (method ii) and ‘regression coefficient’ (method
iify methods confirmed the statistical validity of T,=5°C (Table 6.1), and gave estimates of
T, of 5.5°C (#2.1) and 5.5°C (%1.3), respectively.

Table 6.1 Base temperature for thermal-time calculation of ‘Kaituna’ lucerne grown at

Lincoln University, Canterbury, New Zealand.

Method Mean Ty, SEM 95% Confidence
interval
(i) x-intercept 52 0.31 4.8-5.6
(it) Least variable 5.5 0.74 3.4-7.6
(iii) Regression coefficient 5.5 0.42 4.2-6.8

Note: Details about methods are given in Section 6.2.4.1
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Figure 6.5 Relationship between leaf appearance rate (LAR) of primary leaves and
mean air temperature for the lucerne control crop (LL) in the 2002/03 and 2003/04
growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Dotted lines represent 95% confidence interval for slope. Dashed line represent projection of

model to y=0 where x=T;.

In addition to the validation of Ttys, a test of the broken-stick model using T#,1;5 (Moot et
al., 2001) was performed by the least-variable and the regression coefficient methods
(Table 6.2). The coefficient of variation of phyllochron among regrowth cycles decreased
from 21% for Ttyys to 15% for Ttys. Additionally, when Tt,s was used in the calculations,
Tmean had no systematic influence (slope=-0.27, P<0.63) on phyllochron calculation. In
contrast, the phyllochron calculated using 7,15 decreased with Tean (P<0.02) at a rate of
1.83°Cd/leaf/°C (Table 6.2).
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Table 6.2 Test values for comparison of two temperature thresholds used to calculate
thermal-time for lucerne crops subjected to a 42-day grazing rotation in the 2002/03

and 2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

Method CV (%) b P value
Ttos 15 -0.27 0.63
Tto1/5 21 -1.83 0.02

Note: CV (%) is the coefficient of variation of phyllochron values calculated using a different T;,
throughout the 2002/03 and 2003/04 growing seasons. Value of b represents the slope (°Cd/leaf/°C) of
the linear model between mean air temperature and phylochron calculated by the regression coefficient

method. P is the probability that b is not different to zero.

6.3.5 Seasonal leaf area expansion rate

The reliability of thermal-time accumulation (7%s) as a predictor of leaf area index (LAI)
expansion was tested by regression analysis (Figure 6.6). The linear slope of the
relationship was defined as leaf area expansion rate (LAER, m*/m?/°Cd). The LAER was
not constant among regrowth cycles (P<0.001) and declined (P<0.02) from spring to
autumn. For example in the LL crop, LAER decreased from a maximum of 25x107
m*/m*°Cd in spring-summer to less than 5x10° m*m?%°Cd in the last autumn regrowth
cycle (Figure 6.6). Interestingly, during both growth seasons LAER of LL and LS crops
had a peak in Cycle 1 (October-November) at 25x10° m%m?°Cd. Empirical broken-stick
models (0.76<R2<O.99) were fitted to all treatments in 2002/03 season and to LL crops in
2003/04 to determine the date when LAER declined at faster rates. For both seasons, the
point of breakage of the bi-linear model was close to the autumn solstice (21 March) % 6

days. After this date the decline in LAER was 0.2x10™ m*m?*°Cd per day.

Short intervals of defoliation, mainly in spring-summer (SL and SS crops) reduced LAER
notably in the 2003/04 growing season (Figure 6.6). In addition, the defoliation treatment
imposed in the previous growth season carried an effect in LAER for the following early-
spring regrowth. For example, LAER of SL crops was 34% and 20% greater than SS crops
in the early spring regrowth periods of 2003/04 and 2004/05 respectively (Figure 6.6).
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Figure 6.6 Seasonal variation of leaf area expansion rate (LAER) of lucerne crops subjected
to four contrasting defoliation regimes in the 2002/03 and 2003/04 growth seasons at
Lincoln University, Canterbury, New Zealand.

Note: Dark dashed-lines (———) represent a broken-stick model where x is days after 1 September 2002.
Arrows indicate point of breakage of bi-linear models for all treatments in 2002/03 (x=200=19 Mar 03,
R?=0.78) and in 2003/04 for LL crops (x=574=27 Mar 04), excluding data-point from cycle 1. Linear model

(y=a+bx) coefficients (intercept and slope respectively) in 2002/03 are: 23.2, -0.034 for y<200; 59.3,-0.22 for
¥>200. In 2003/04 coefficients are 14.72, -0.004 for y<574; 50.99,-0.16 for y>574.

6.3.5.1 LAER and photoperiod

The LAER was plotted against the mean photoperiod (Pp) of each respective regrowth
cycle and the point of model breakage on 22 March (Figure 6.6) was positioned in the Pp
of ~12.5 h (Figure 6.7). Empirical quadratic functions (0.55<R%<0.67) were fitted to the
data-set to quantify the consistent trend of decline in LAER at Pp <12.5 h. This trend c;f
saturation at Pp>12.5 h was more evident in LL and LS crops although during the spring
regrowth (Cycle 1) LAER was consistently higher at 25x10° m%m?°Cd when Pp was
~15.5 h in both 2002/03 and 2003/04. In LL crops LAER declined from 16x10° m*/m%°Cd
at Ppof 12.5h to 5x10” m*m?*°Cd at Pp of 10.5 h (Figure 6.7a). The reduction in LAER
of SL and SS crops (Figure 6.6) showed that the relationship of LAER and Pp was
influenced by the low level of perennial reserves of these crops, particularly at Pp >13 h

(Figure 6.7 ¢, d).
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Figure 6.7 Relationship between leaf area expansion rate (LAER) and the mean
photoperiod of the respective regrowth cycles of lucerne crops subjected to four
contrasting defoliation regimes in the 2002/03 and 2003/04 growth seasons at Lincoln
University, Canterbury, New Zealand.
Note: Horizontal dashed line represents the summer average of LAER (16x10” m%m%°Cd) for LL

crops as reference. Vertical dotted line indicates a Pp of 12.5 h which refers to the approximate timing

when the rate of increase in LAER of LL crops began to decline (Figure 6.6).
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6.3.5.2 The influence of winter taproot reserves on spring LAER

Early-spring LAER increased (R*=0.80, P<0.01) as the amount of taproot dry matter in the
previous winter period increased (Figure 6.8). The LAER during spring was ~11x107
m%m*°Cd when winter taproot dry matter was ~1.5 t/ha but increased to 17x10

m?/m*/°Cd at taproot DM of 3.3 t/ha.
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Figure 6.8 Relationship between leaf area expansion rate (LAER) during the early-spring
regrowth and taproot DM (t/ha) harvested in the previous winter period of lucerne crops
subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04 growth

seasons at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one SEM for n=2 for DM, and n=4 for LAER.

The relationship between early-spring LAER and concentrations (% of taproot DM) or
amounts (kg/ha) of taproot winter reserves was tested by linear regression analysis (Figure
6.9). The concentration of carbohydrates or nitrogen in taproots was weakly related
(0.14>P>0.99) to differences in LAER (Figure 6.9 a, b and c¢). In contrast, the amount of
taproot nitrogen explained 67% of the variation (P<0.02) in LAER (Figure 6.9 d). Also, the
amount of sugars was positively (R%=0.60, P<0.04) related to LAER (Figure 6.9 f). In
contrast, the amount of starch was poorly related (R*=0.12) to LAER (Figure 6.9 e).
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Figure 6.9 Relationship between leaf area expansion rate (LAER) during the first
spring regrowth and the percentage (a, b and c) and total amounts (d, e and f) of
taproots reserves from samples harvested in the previous winter period from lucerne
crops subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04

growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one SEM for n=2. Symbols are displayed in Figure 6.8.

6.3.6 Shoot population as a component of LAl expansion

Shoot population dynamics were unaffected by defoliation treatments (Section 5.3.4).
After grazing the shoot population increased at a rate of ~6 shoots/m%°Cd (Figure 5.13) to

a maximum of ~780 shoots/m® when LAI was 2.0 and then decreased (Figure 5.14).

6.3.7 Primary leaf appearance rate

Leaf appearance rate (LAR, leaves/day) of primary leaves increased from <0.10 leaves/day
in autumn/winter to >0.40 during summer (Figure 6.10). During mid-spring and summer,

LAR was similar (P<0.92) among all treatments. The differences in LAR among treatments
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and seasons were then assessed in relation to thermal-time accumulation by the analysis of

the phyllochron (Section 6.3.8).
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Figure 6.10 Primary leaf appearance rate (leaves/day) of lucerne crops subjected to
four contrasting defoliation regimes in the 2002/03 and 2003/04 growth seasons at
Lincoln University, Canterbury, New Zealand.

Note: Vertical dotted lines delimit seasons of the year: spring (Spr), summer (Sum), autumn (Aut) and

winter (Win).

6.3.8 Phyllochron in primary leaves

During the spring-summer period, the phyllochron (°Cd/primary leaf) was similar (P<0.88)
for all crops at ~34°Cd/leaf (Figure 6.11). In contrast, it increased to 40-65°Cd during
autumn-winter. During this period, LL crops had a lower (P<0.02) phyllochron
(~40°Cd/leaf) than LS (63°Cd/leaf) and SS (56°Cd/leaf) but similar to SL crops
(47°Cd/leaf).
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Figure 6.11 Phyllochron of lucerne crops subjected to four contrasting defoliation
regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University,
Canterbury, New Zealand.

Note: Dashed line represents an average phyllochron of 34°Cd/main-stem leaf. Bars represent one

SEM for the mean phyllochron of each regrowth cycle.

6.3.8.1 Phyllochron in relation to photoperiod

Phyllochron decreased exponentially (R*=0.76) from 42°Cd/leaf at a photoperiod of 10.5 h
to ~34°Cd/leaf at 16.5 h in the LL crop (Figure 6.12). The critical Pp (Ppit), defined as the
Pp when phyllochron was 5% greater than the asymptote (34°Cd), was 12.5 h for LL crop
(Figure 6.12). Phyllochron was similar among treatments at Pp>Ppcqi. In contrast, for
photoperiods less than Pp.;, treatments defoliated at short intervals after 4™ February (LS
and SS) had an 18% higher (P<0.02) phyllochron (51°Cd/leaf) than LL and SL crops
(43°Cd/leaf). Assuming a linear increase in phyllochron at Pp<Ppc, phyllochron
increased at a rate of 3.5°Cd/h for each 1 h decrease in Pp in LL and SL crops and-
9.2°Cd/h in LS and SS crops.
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Figure 6.12 Relationship between phyllochron and mean photoperiod of lucerne crops

subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04 growth

seasons at Lincoln University, Canterbury, New Zealand.

Note: Arrow indicates Pp of 12.5 h, when phyllochron is 5% greater than asymptote (34°Cd) for LL

Crops.
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6.3.9 Axillary leaf appearance (branching)

Branching, quantified as the total number of leaves in relation to the number of primary
leaves, was similar (P<0.57) for all treatments (Figure 6.13). The appearance of axillary
leaves started approximately after the 4™ primary leaf was fully expanded and progressed
through a bi-linear relationship (R*=0.98) with primary leaf appearance. Axillary leaves
appeared at a similar rate (P<0.31) of 3.1 leaves/primary leaf until the expansion of the ot
primary leaf. After that, branching increased to 6.8 leaves/primary leaf until the expansion

of the 11 primary leaf (the maximum number of primary leaves measured at that period).
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Figure 6.13 Total number of expanded leaves (primary and axillary) in relation to
main-stem leaves (primary) of lucerne crops subjected to four contrasting defoliation
regimes at Lincoln University, Canterbury, New Zealand.

Note: Dashed line represents x=y. Arrows indicate points of inflection for the start of branching (x=4.0)

and acceleration of branching rate (x=8.7). R? is pooled for both equations.
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6.3.10 Individual area of primary leaves

The area of each individual primary leaf (mm*/leaf) increased from the smallest leaf at
node position 1 (~120 mm?) to a maximum at node position 8 (1000 to 2000 mm?) in all
crops (Figure 6.14). At higher node positions leaf area decreased to 800-1000 mm?’ at node
position 11 in LL crops, which was the highest node position on which leaf area was

measured.

From node position 1 to 6 there was no effect of defoliation treatments on primary leaf
area. In contrast, from node positions 7 to 10, primary leaves in the SS crop were 60-85%
smaller (P<0.05) than in LL crops. On average, these leaves represented 40 to 70% of the

total primary leaf area of each individual shoot.
Primary leaves of each node position were largest (P<0.05) in the regrowth of 16 March

2004 (mean of 1,110 mm?) followed by 24 December 2003 (755 mm?) and 1 October 2003
(455 mmz) in both treatments (Figure 6.14).
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Figure 6.14 Area of primary leaves (mm?*/leaf) at each node position from the base of
the main-stem of lucerne crops subjected to a long (42 days, LL) or a short (28 days,
SS) defoliation interval in the 2002/03 and 2003/04 growth seasons at Lincoln

University, Canterbury, New Zealand.

Note: Bars indicate one pooled SEM for each node position. Bell-shaped curves are:

(a) LL: y=927%exp(0.07(x-8.0)>+0.0019(x-8.0)%); SS: y=575*exp(0.04(x-7.3)*0.0016(x-7.3)*);

(b) LL: y=1293*exp(0.04(x-7.2)’+0.0039(x-7.2)%); SS: y=983*exp(0.04(x-6.4)*-0.0031(x-6.4)*);
(c) LL: y=1850*exp(0.05(x-7. 1)%4+0.0020(x-7. 1)3); SS: y=1411 *exp(0.04(x-6.4)2-0.004(x-6.4)3).
All equations R>0.95 apart from (b) SS where R?=0.85. Harvest dates are displayed in each graph.
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6.3.10.1 Describing the size of primary leaves with a bell-shaped function

A Dbell-shaped function (Dwyer and Stewart, 1986) explained most of the variation
(0.85<R?<0.95) in leaf area in relation to node position from the base of the shoot (Figure
6.14). Functions for all treatments and regrowth cycles had similar kurtosis (a = 0.0554,
P<0.25) and skewness (b=3.06x107, P<0.71). The position of the largest primary leaf (Xop)
at the 7™ main-stem was also similar (P<0.16) in all treatments. During early-spring (1
October 03) the value of Xgp, was 0.6 units higher (P<0.04) than the two other sampling
dates (7.4 vs. 6.8 respectively). The area of the largest primary leaf (Yo,) was sensitive to
defoliation treatments and was on average 30% greater (P<0.007) in LL (1,300 mm?) than
SS crops (1,000 mm?). Also, the average Yo, was smaller (P<0.001) during early-spring
regrowth (1 October 03, ~580 mm?) than by early-summer (24 December 2003, 1,000
mm?) or late-summer (16 March 2004, 1,430 mm?).

On the basis that only Yo, was affected by treatments, results were normalized for Yo, (i.e.
Y /Yop) to test if a single model could explain leaf area for all defoliation treatments and
seasonal cycles (Figure 6.15). This single bell-shaped function showed that most of the
variation (R*=0.90) in the normalized primary leaf area (Y’,) was explained by main-stem

node position (X).
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Figure 6.15 Normalized area of individual primary leaves as a function of node
position from the base of the main-stem of lucerne crops subjected to four contrasting
defoliation regimes at Lincoln University, Canterbury, New Zealand.
Note: Arrow indicates the position of the largest primary leaf (Xp,). Treatments are: LL (black

symbols); SS (grey symbols). Dates of harvest were 1 October 2003 (circles); 24 December 03
(triangles) and 16 March 04 (squares).

6.3.11 Axillary leaf area per node position

The total area of axillary leaves for each node position was affected by defoliation

treatments and differed among seasons (Figure 6.16).

Axillary leaves were larger (P<0.05) in LL crops than SS crops from the 3" to the 7™ node
position with no difference at higher or lower nodes. The greatest difference (P<0.03) was
in the area of the largest axillary leaf (Yo.x) that was on average 1,530 mm? for LL crops

but 726 mm?” on SS crops.
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Figure 6.16 Area of axillary leaves (mm?*/node) at each node position from the base of
the main-stem of Iucerne crops subjected to a long (42 days, LL) or short (28 days,
SS) defoliation interval in the 2002/03 and 2003/04 growth seasons at Lincoln
University, Canterbury, New Zealand.

Note: Bars indicate one pooled SEM for each node position. Fitted models are:

(a) LL: y=361%*exp(0.13(x-4.7)*+0.0019(x-4.7)*); SS: y=94*exp(0.07(x-4.2)2—0.0016(x-4.2)3);

(b) LL: y=1320%exp(0.06(x-7.3)*+0.0039(x-7.3)’); SS: y=877*exp(0.09(x-6.3)>-0.0031(x-6.3)°);

(c) LL: y=2468*exp(0.14(x-6.4)*+0.0020(x-6.4)*); SS: y=1197*exp(0.12(x-5.9)%-0.004(x-5.9)*).

All equations R%>0.97 apart from (a) SS R*=0.62 and (b) LL R?*=0.87. Harvest dates are displayed in
each graph.
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There was also a seasonal effect on axillary leaf area in both treatments. In early-spring (1
October 2003) the area of individual axillary leaves from nodes 4 to 8 was smaller

(P<0.05) than in early-summer (24 December 2003) or late-summer (16 March 2004).

6.3.11.1 Describing axillary leaf area with a bell-shaped function

A bell-shaped function (Section 6.2.10) explained the variation in axillary leaf area for the
final harvest of cycles ending on 1 October 2003, 24 December 2003, and 16 March 2004
(Figure 6.16). Parameters a and b were conservative (P<0.30) among all treatment-
regrowth cycle combinations at 0.16 and 0.02, respectively. The value of Xo.« (the node
position of the largest area of axillary leaves) was also similar among treatments (P<0.71)
and regrowth cycles (P<0.51) and occurred at the 6™ main-stem node. This was influenced
by the timing of harvest because crops always had a final node count of 10 to 12 during
these harvests. In reality, the position of the largest axillary leaf area (Xo.x) advances as

new main-stem nodes are produced (Brown et al., 2005b).

The size of the largest axillary leaf (Yo.x) was the parameter that differed the most between
treatments and regrowth cycles. On average, SS crops had a Y. 47% lower (P<0.02) than
LL crops. Similarly, averaged between treatments, Yo, was the lowest (P<0.01) during

2 2

early-spring at 180 mm? but increased to 1,200 mm? in early-summer and 1,900 mm” in

late-summer.

Knowing that Yp,x differed with treatments and that the position of Xp.x progresses with
Xmax, @ double-normalization of the variables (Elings, 2000) was performed to identify
similarities in the pattern of leaf size in axillary leaves (Figure 6.17). When all three
datasets were plotted together the normalized bell-shaped function for branches had an R?
of 0.82. There was symmetry in leaf area from Xg,, because b was not different from zero
(P<0.77). The largest axillary leaf area occurred at around half (X’p.,=0.54) of the distance

between the first and last node where branching was expressed.
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Figure 6.17 Double-normalized bell-shape function of axillary leaf area per node
position on the main-stem of lucerne crops subjected to long (42 days, dark symbols)
and short (28 days, empty symbols) contrasting defoliation regimes at Lincoln
University, Canterbury, New Zealand.

Note: Arrow indicates the position of the normalized largest primary leaf (X’;). Dates of harvest are: 1

October 2003 (circles); 24 December 2003 (triangles) and 16 March 2004 (squares).

6.3.12 Senescence of primary leaves

During the entire 2003/04 season leaf senescence of primary leaves was recorded on the
marked shoots (Section 6.2.7). Leaf senescence occurred at a similar (P<0.17) rate for all
defoliation treatments. A broken-stick model explained 89% of the variation of the
relationship between the accumulated number of senesced primary leaves and the number
of main-stem nodes (Figure 6.18). The model indicated that senescence of the first primary
leaf started at the time of appearance of the 3™ main stem-node. In this first stage,
senescence proceeded at a rate of 0.2 primary leaves/main-stem node until the appearanc.e
of the 6™ main-stem node. After the appearance of node 6, senescence rate increased to

0.48 leaves/main-stem node.
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Figure 6.18 Number of primary senesced leaves per main-stem node position of
lucerne crops subjected to four contrasting defoliation regimes in the 2003/04 growth
seasons at Lincoln University, Canterbury, New Zealand.

Note: Arrows indicate estimated point of senescence initiation (x=3.6) and bi-linear model breakage

(x=6.3) when senescence rate accelerates.

6.3.13 Annual shoot yield as a function of accumulated PAR;

Accumulated intercepted PAR (3 PAR;) explained ~84% of the annual shoot yield of
lucerne crops (Figure 6.19). The relationship departed from an intercept not significantly
different (P<0.73) from zero. The slope of the linear equation gives an idea of a “general”
efficiency of conversion of PAR; to DMjpeor (annual RUE0o). This pooled annual RUE ot
was 1.6 g DM/MJ PAR; but the model in Figure 6.19 showed that individual treatment and
growing seasons were not randomly scattered around the line. This suggests that there may

be differences in the RUEg for treatments and seasons and this will be explored in

Chapter 7.
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Figure 6.19 Annual accumulated shoot yield as a function of accumulated intercepted
PAR (3 PAR;) of lucerne crops subjected to four contrasting defoliation regimes in the
2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury, New
Zealand.
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6.4 Discussion

Accumulated PAR interception (3 PAR;) explained ~84% of the differences in annual shoot
yield among crops (Figure 6.19). Therefore, frequent defoliations and low levels of
perennial reserves reduced DM assimilation mainly by limiting the amount of energy
captured and used for photosynthesis. The causes of differences in ) PAR; were then

explored by studying canopy architecture and canopy expansion.

6.4.1 Canopy architecture

The extinction coefficient for diffuse PAR (kg) was used as an indicator of morphological
changes in canopy architecture. All crops had a similar k4 of 0.81 which demonstrates that
canopy architecture (i.e. mean canopy leaf angle and optical properties) was unaffected by
seasons, defoliation treatments and the level of perennial reserves (Figure 6.3). This lack of
morphological changes in canopy architecture in response to stresses was also observed in
lucerne by Varella (2002) who showed that k4 was unchanged in crops grown in full sun or
severe shade. This could be justified by the fact that lucerne already has an efficielit
canopy architecture (Duncan, 1971) with erect leaves in the top and flatter leaves at the
bottom of the canopy, which are able to track solar radiation efficiently (Travis and Reed,

1983).

The implication of a single and conservative kg value is that, for any given LAl it is
possible to predict the PAR interception for crops subjected to different environments and
managements. This becomes a sound framework to estimate carbon assimilation in lucerne

simulation models (Gosse et al., 1984).

6.4.2 Canopy expansion

The lower interception of PAR observed in frequently defoliated crops (Figure 6.19) was
mostly explained by differences in canopy expansion. Canopy expansion, quantified as
LAI, was affected by defoliation treatments and also by the levels of perennial reserves
(Figure 6.4). Crops that were frequently defoliated during spring-summer (SL and SS
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crops) reached LAl only in 20% of the regrowth cycles (Figure 6.4 ¢, d). In contrast, LL
and LS crops had full canopy closure in 65% of the regrowth cycles and remained above
LAI; for longer periods (Figure 6.4 g, b). In this sense, the regrowth length per se limited

PAR interception in frequently defoliated crops during spring-summer (SL and SS crops).

Leaf area expansion rates (LAER, m?/m*°Cd) were also reduced by low levels of perennial
reserves (Figure 6.6). Slow canopy expansion caused a delay in the time to reach complete
PAR interception (i.e. LAl Figure 6.4 d) which limited photosynthesis per unit of area
and consequently linear growth rates. For example, final LAI was ~30% lower in SS than
LL crops during the last early spring regrowth of 2004/05 (Cycle 0, Figure 6.4 a, d) and it
was highly related (R?=0.81) to the winter amount of taproot dry matter (Figure 6.8). The
LAER increased from ~0.011 m”/m’/°Cd at 1.4 t/ha to 0.017 m*m*°Cd at 3.2 tha.
Although this strong relationship is in accordance with Justes er al. (2002), the authors
observed a faster response of LAER to DM,y which increased from ~0.014 to 0.028
m?/m?/°Cd as lucerne DM;o0: (200 mm depth) increased from ~0.5 to 2.0 t/ha respectively.

The amount of taproot nitrogen (kg N/ha) was the strongest predictor (P<0.04, R%<0.64) of
early-spring LAER. (Figure 6.9 d). The measurement of the “amount” of reserves (e.g. kg
N/ha) incorporates the differences in both concentration (e.g. N%;po) and size of the
storage organs (e.g. DM;oo). This makes the amount of reserves a more reliable indicator of
the real availability of assimilates for mobilization. Meuriot et al. (2005) also showed that
limited supply of taproot nitrogen to shoots, during early regrowth, reduced LAI
development by delaying recovery of photosynthetic capability and nitrogen uptake of
lucerne plants. There was a weak relationship between LAER and starch (amounts and
concentrations) which agrees with previous reports (Louahlia et al, 1998). This is
explained by the fact that carbohydrates are mostly used for respiration of perennial organs
and only slightly mobilized to shoots in the early stages of regrowth (Section 2.6.1).
Nevertheless, the amount of soluble sugars in taproots measured in the previous winter was
significantly (P<0.04, R%=0.60) related to spring LAER (Figure 6.9 f). This was possibly an
artefact of the strong relationship between LAER and DM, (that decreased in frequently

defoliated crops) and the stability of sugar concentrations (Section 4.3).
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6.4.3 Seasonality of leaf area expansion rate

The expansion of leaf area per unit of Ttys (i.e. LAER) was inconsistent throughout the year
and decreased sharply during autumn (Figure 6.6). Therefore, thermal-time accumulation
(3.Tt,s) alone was not a stable predictor of LAl expansion throughout an entire growth
season. This agrees with Gosse et al. (1984) who found temperature sum a reliable
predictor of lucerne LAI during spring-summer, but the relationship did not hold in
autumn. Interestingly, the decline in LAER in both growth seasons occurred near the
autumn equinox (21* March) which implies a strong environmental control of canopy
morphogenesis. Other environmental factors influence the rate of LAI development,
notably photoperiod (Hodges, 1991). The LAER increased with photoperiod (0.55<P<0.76)
in all crops (Figure 6.7). In LL crops LAER increased from ~0.005 m*/m?°Cd at a Pp of
10.5 h to a summer average of 0.016 m*m?*°Cd (Figure 6.7 a). The LAER was particularly
high (0.020-0.025 m*m?/°Cd) during Cycle 1 in LL and LS crops (Figure 6.6). This cycle
occurred from 6 October and 12 November, a period when partitioning of DM to perennial
organs is minimal (Section 4.3.2) and the average maximum temperatures are near the
optimum for lucerne photosynthesis. These processes were possibly the cause of
differences in canopy specific leaf weight (SLWean, g DM/m? leaf) which is reflected in leaf
thickness (Appendix 3). During early-spring (~21% September) the average canopy SLWea,
of LL crops achieved the highest (P<0.03) values of ~50 g/m® compared with a season
average of 30 g/m’ This was possibly the result of an increase in the flux of assimilates to
leaves at rates more than proportional to increases in LAER during early-spring. This
dynamic highlights the independence of LAER from carbon assimilation and the plasticity
of SLW in response to seasonal changes in carbon balance and leaf expansion (Tardieu et
al., 1999). Therefore, these seasonal differences in LAER indicate that other factors limit
LAER in winter/early-spring (e.g. leaves formed under sub-optimal conditions) and autumn

(e.g. preferential partitioning of DM to perennial organs).

6.4.4 Area of individual leaves

Differences in LAI were mostly explained by changes in the area of individual leaves on
primary and axillary nodes (Section 0 and 6.3.11). The area of leaves was the most
sensitive component of LAI to seasonal signals and to the levels of perennial reserves. The

area of the largest primary leaf (Yg,, Section 0) was on average ~30% greater in LL. crops
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than SS crops (Figure 6.14). This is consistent with the lower availability of perennial
reserves in SS crops, particularly taproot nitrogen. Leaf expansion rates are strongly
limited by low availability of nitrogen (Simon et al., 2004; Thornton and Millard, 1997)
but are less sensitive to the supply of carbohydrates (Tardieu et al., 1999). The decline in
the individual area of primary leaves was particularly evident after the 5" primary leaf
(Figure 6.14). This indicates that crops may be still dependent on the supply of matter from
perennial organs after the 5™ expanded leaf. Alternatively, the exogenous supply of C
(photosynthesis) or N (mineral uptake) may be compromised at more advanced stages of
regrowth due to the effect of low levels of perennial reserves on physiological processes
(e.g. photosynthesis) early in regrowth (Meuriot et al., 2005). The conservative area of
leaves at lower node positions may be because the demand of assimilates to expand these
leaves was lower than the supply from perennial organs, even at the minimum levels
observed in SS crops. Alternatively, leaf thickness could be compromised to maintain leaf

area expansion rates. These issues will be explored in Chapter 7.

The area of axillary leaves was also significantly reduced in crops with limited amount of
reserves (Figure 6.16). The area of the largest axillary leaves (Yp.x) was again the most
sensitive parameter of the bell-shaped function (R?=0.78) that related axillary leaf area and
node position. The Y« in SS crop was approximately half of LL crops (Figure 6.16).
Therefore the expansion of axillary leaves was relatively more sensitive to the level of
perennial reserves than the area of primary leaves. Axillary leaves were extremely
important for canopy formation as they comprised 25 to 60% of the final LAI (Figure 6.16)
mainly during periods of fast growth (e.g. summer) and in crops with high levels of

perennial reserves (e.g. LL crop).

There were also seasonal differences in the area of individual leaves, regardless of
treatment. The largest area of leaves per node position (Yy) was smaller in spring than
summer. The Yy was 60% lower in primary leaves and 90% lower in axillary leaves in
spring than summer. Smaller leaves during spring were previously observed in ‘Kaituna’
and are possibly caused by sub-optimal temperatures for growth or development processes
during leaf formation in winter (Brown et al., 2005b). The extensibility of cell walls to
turgor pressure declines at low temperatures and this limits cell expansion (Pollock, 1990;
Tardieu et al., 1999). Alternatively, a lack of carbon or nitrogen to form new leaves
reduces potential leaf expansion mainly in the early phases of cell division, when the leaf is

heterotrophic (Tardieu et al., 1999). There was probably no C or N limitation for
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expansion in spring because during the onset of spring regrowth (early September) there
was a significant increase in canopy specific leaf weight (Appendix 3). This increase in
leaf thickness signals that the flux of assimilates to leaves was greater than the demand for

the expansion of leaves formed in winter.

Seasonal differences were also evident in axillary leaf area which was smaller in early-
spring compared with late-summer (Figure 6.16). These results highlight the importance of
understanding branching patterns when developing mechanistic lucerne simulation models

which is not currently the case (Robertson et al., 2002).

6.4.5 Development component of leaf area index

Developmental processes of LAI formation (e.g. leaf appearance, branching and shoot
initiation) were less sensitive than on growth processes (e.g. leaf expansion) to defoliation

treatments and the level of perennial reserves.

The phyllochron in spring-summer was conservative among defoliation treatments at
~34°Cd/leaf (Figure 6.11) which indicates that temperature was the main driver of primary
leaf appearance during this period. Robertson er al. (2002) also derived a mean
phyllochron of 34°Cd (T,=5°C) for lucerne which was included as a parameter in the
APSIM-lucerne model. The insensitivity of phyllochron to defoliation treatments and the
level of perennial reserves during spring-summer agrees with other reports where a
conservative phyllochron of ~34-37°Cd was observed under moisture stress and light
limiting conditions (Brown, 2004; Varella, 2002). Nevertheless, during autumn-winter,
phyllochron increased to 40°Cd in LL and SL crops and ~55°Cd in LS and SS crops. In
accordance with Brown ef al. (2005b), photoperiod (Pp) was tested as a predictor of
phyllochron. The phyllochron deviated from 34°Cd only when Pp<12.5 h (Figure 6.12)
and this was assumed to be the critical photoperiod (Pp.) for leaf appearance (Hodges,
1991). The mechanism for such increase in phyllochron may be triggered by the activity of
genes that is enhanced below Pp., as assumed in the model proposed for long-day plants
by Yan and Wallace (1998). Alternatively, high values of phyllochron in autumn may be
due to a limited availability of assimilates to shoots (Brown et al., 2005b) because the DM
partitioning to crowns and roots is high at this period (Section 2.6). This hypothesis is

reinforced by the fact that crops with low levels of reserves in autumn (i.e. LS and SS
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crops) had higher phyllochrons than LL and SL only at Pp<12.5 h (Figure 6.12).
Developmental processes are expected to be affected by assimilate supply only at extreme
levels of stress (Grant and Barthram, 1991). This was possibly the case for LS and SS
crops at Pp<12.5 h. These crops had the lowest levels of perennial reserves in autumn
(Section 4.3.6.4) when the sink strength of shoots is expected to be low (Noquet et al.,
2004).

The rate of branching was unaffected by defoliation treatments and could be predicted as a
function of primary leaf appearance, as previously observed by Brown et al. (2005b).
Branching started after the expansion of the 4™ leaf and progressed at a rate of ~2 axillar'y
leaves/node, until main-stem node number 9. From this point, the rate of branching
increased to ~6 axillary leaves/node which resembles the exponential increase in the
number of axillary buds of other legumes (Ranganathan et al., 2001). The observed rate of
branching is possibly lower than the genetic potential of ‘Kaituna’ because there was
strong competition for light among shoots (Section 5.3.4.3) and this could limit the
expression of potential branching rates (Ranganathan et al, 2001). Nevertheless,
competition for light was similar among all treatments (Section 5.3.4.3) which validates

their comparison in terms of branching patterns.

Shoot appearance dynamics were similar in all crops (Section 5.3.4.2) and had no apparent
influence on the differences observed in LAI development. Therefore the extent by which
defoliation treatments reduced the level of perennial reserves was insufficient to limit basal

bud initiation.

6.4.6 Thermal-time calculations

The validity of the commonly used 7,=5°C (Section 6.3.4) was tested due to its importance
for proper estimation of 7t accumulation. Using the three methods detailed in Section
6.2.4.1, Ty, was not different from 5°C and a further test with a broken-stick threshold
(Moot et al., 2001) showed no improvement in 7¢ calculations. This was contrary to
previous observations for lucerne grown in Canterbury which had a more stable
phyllochron when Tt was calculated using a faster 7t accumulation at Tean<15°C (Brown
et al., 2005b; Moot et al., 2001). This contrast may be because the curvilinear response of

development processes to temperature (Bonhomme, 2000) was not totally captured in the
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range of Tiean (7.5°C<Tmean<15°C) where phyllochron was measured. Nevertheless, this
indicates that the use of a single Ty, of 5°C allowed estimation of leaf appearance rates in

lucerne grown in most seasons of the temperate climate of Canterbury.

6.4.7 Senescence of primary leaves

The rate of senescence of primary leaves was unaffected by defoliation treatments (Figure
6.18). Hence low levels of perennial reserves (e.g. SS crops) did not accelerate the
remobilization of assimilates from older leaves to expanding ones. Senescence started afte_r
the 3" primary leaf and proceeded from the bottom to the top of the canopy at a rate of 0.2
leaves/main-stem node until main-node position 6. This agrees with previous reports in
‘Kaituna’ (Brown et al., 2005b). After the expansion of the 6" primary leaf, senescence
was faster at 0.48 leaves/main-stem node. Assuming an average phyllochron of 34°Cd
(Section 6.3.8) the longevity of each primary leaf was estimated according to main-node
appearance and varied from 165°Cd until node 6 to ~70°Cd/leaf after that. At the onset of
the expansion of the 6™ primary leaf, LAl was around 2.0, which gives an interception of
80% of the available PAR (Figure 6.3). This was the stage where the decay of shoot
population resumed (self-thinning) (Section 5.3.4.2) demonstrating that competition for
light probably triggered senescence of leaves and shoot death, simultaneously. These rates
of senescence differ slightly from Brown et al. (2005b) who observed 1.08 senesced
leaves/main-stem node occurring after the 9™ main-stem node, when canopy was near
LAIL . In practical terms, this difference is minor because the area of senesced leaves iTl

the first 42 days of regrowth is minimal.

6.4.8 The ) PAR,; as a predictor of annual shoot yield

On average for each 1 MJ PAR,; there was a production of 1.6 g of shoot DM (Figure 6.19).
This “annual” conversion efficiency (annual RUE) is close to the figure of 1.72 g DM/M]J
of “absorbed” PAR reported in Durand et al. (1989) if absorption is assumed to be 90% of
intercepted PAR (Gosse ef al., 1984). Nevertheless, the unevenness of distribution of the
data-points around the model suggested that the seasonal pattern of RUE deserves further
investigation. The seasonal pattern of shoét RUE for each regrowth cycle/treatment

combination will be assessed in Chapter 7.
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6.5 Conclusions

The results presented in this Chapter allowed the following conclusions:

e Accumulated PAR; explained most (R?=0.84) of the differences observed in annual

shoot yield.

e The differences in radiation interception were mainly due to differences in
individual primary and axillary leaf area, always smaller in crops defoliated

frequently and consequently with less available perennial reserves.

e Canopy architecture was unaffected by defoliation treatments or the level of

perennial reserves and a conservative k of 0.81 was found for ‘Kaituna’.

e Leaf appearance ratc was conservative on a Tty basis at a phyllochron of
34°Cd/leaf in spring-summer. In autumn-winter (Pp<12.5 h) phyllochron increased
to ~40°Cd in LL and SL crops and to ~55°Cd in LS and SS crops.

e Senescence and shoot appearance rates were unaffected by defoliation treatments or

the level of perennial reserves.

The results presented in this chapter indicate that the greater yield observed in crops
defoliated at longer intervals (Chapter 4) could be explained by the greater amount of PAR
intercepted (PAR;) by these crops. This was due to (i) longer spelling periods that allowed
crops with long rotations to reach full canopy closure (LAI>LAI) and (if) faster LAl
development in early stages of regrowth possibly due to greater availability of perennial
reserves. There was a minor effect of defoliation treatments on leaf appearance rate, and no
change in canopy architecture, branching pattern and senescence rate. The faster LAI
development in LL crops, when compared with SS, was due to a faster leaf expansion rate
in primary and axillary leaves which lead to larger leaf sizes. In the following chapters the
efficiency of conversion of PAR in terms of shoot DM (RUEgpot) and total DM (RUEqa1)

will be examined in detail.
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7 Radiation use efficiency, DM partitioning and shoot N

dynamics

7.1 Introduction

In Chapter 6 the differences in shoot yield of lucerne crops with contrasting levels of
perennial reserves were mostly (R*=0.84) explained by an “annual” RUE for shoot dry
matter of 1.6 g DM/MJ PAR;. The radiation use efficiency for the production of aerial
biomass has been successfully used to study the responses of annual crops to
environmental factors (Monteith, 1977). The strength of the relationship between radiation
receipts and aerial DM yield allowed the use of RUE as a major parameter to derive DM
assimilation in crop simulation models (Sinclair and Seligman, 1996). The stability of RUE
as a parameter relies on the assumptions that (i) the relationship between photosynthesis
and respiration is constant and (ii) that the partitioning of DM to unharvested organs is

constant within the crop cycle (Sinclair and Muchow, 1999).

These assumptions fit the reality of annual crops but are severely broken when applied to
perennial crops. In lucerne, the RUE for the production of shoot biomass (RUEgeo) Was
shown to vary seasonally (Gosse et al., 1984) due to changes in the differential partitioning
of DM to perennial organs (Khaiti and Lemaire, 1992). These authors proposed the
concept of RUE for the total lucerne biomass (RUEy,), this being constant at 2.3 g
DM/MJ PAR regardless of time of the year. Avice et al. (1997a) showed that low levels of
root reserves, particularly endogenous nitrogen, reduced RUEgoo: in lucerne crops. But it
was not clear if these effects were due to changes in RUE ., or in the partitioning of DM

to perennial organs (Pper).

In this chapter the seasonal pattern of RUEg oo is examined and the null hypothesis that
RUE a1 and pper were stable among seasons and unaffected by the level of perennial
reserves is tested. Analyses of leaf photosynthesis and the nitrogen nutrition status of the

crops are used to interpret the results.

159



7.2 Materials and methods

7.2.1 Radiation use efficiency for shoot DM

Shoot radiation use efficiency (RUEsoo, g DM/MJ PAR;) was calculated from linear
regression (y=a+bx) of DMg.ot against PAR; for each regrowth cycle where the coefficient
(b) represents RUE. The intercept (a) of regressions was not forced through the origin
because, unlike annual crops, there may be an allocation of DM from perennial organs to

shoots during the early stages of lucerne regrowth (Section 2.6).

7.2.2 Radiation use efficiency for total DM

Radiation use efficiency for total DM (RUE 1) represented the conversion of PAR; to total
crop DM. Total crop DM was calculated as the sum of DM, and 1.25 x DM, The
adjustment was because DMy (crown + taproots at 300 mm depth) was assumed to be
80% of the total perennial biomass (Section 4.2.1). This was done using data-points taken
after ~14 days of regrowth, when DM, was expected to increase (phases II and III of
regrowth, Section 2.5.2). When DM, was stable or declined (net loss of DMpe), RUE ol
was omitted for that regrowth cycle (Figure 7.1 b). This resulted in 24 estimates of RUE a1

from 72 available regrowth cycles.
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Figure 7.1 Representation of shoot (®) and perennial dry matter (O) against accumulated
PAR; as an example of the methodology used to estimate RUE,q, in each regrowth cycle.

Note: In the example of graph a (cycle 3, LLyy; crop) there was a measurable increase in DMy, that made*
possible the estimation of RUE,. In graph b (cycle 8, SSqy43 crop) DMy, declined and therefore RUE
was not estimated for this cycle. Note that crops grazed with short cycles (e.g. graph &) had only 3 data-

points available for curve fitting compared with 4 data-points in long cycle (42-days) crops.

Due to the effects of temperature on lucerne RUE (Section 2.5.1.4), the estimated values of
RUE4, were reported as a function of mean air temperature (Tiean) using the framework
proposed by Brown (2004) = a 95% confidence limit of 10%. In this temperature
framework, RUEq is nil at 0°C but increases linearly to an optimum (RUEqy) of 3.2 g

DM/MJ PAR,; at @ Tyean of 18°C (Figure 2.1).

7.2.3 Dry matter partitioning to perennial organs

Fractional dry matter partitioning to perennial organs (pper) Was estimated as the reciprocal

of the relationship between RUE g0t and RUE o (Equation 7.1).

Equation 7.1

R UE shoot

=1-
Pper RUE

total

Fractional partitioning was plotted against the mean photoperiod (Pp) experienced by

crops during each regrowth cycle. This analysis was segmented in periods of increasing Pp
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(IPp) and decreasing Pp (DPp) because lucerne response to environmental factors may

differ with the direction of Pp (Brown et al., 2005b; Holt et al., 1975).

Alternatively, pyer Was also related to the ratio between soil (100 mm profile) and air
temperature (Tsoi/Tair) as suggested by Hargreaves (2003). This was based on the
simplified rationale that the metabolic activity of shoots and perennial organs respond
solely and similarly to temperature with a common base temperature of 0°C. The ratio
Tsoi/ T then defines the sink strength of the organ at any given time (Section 2.6). In both

approaches, pper was assumed to be nil when RUEghooe> RUE a1,

7.2.4 Leaf net photosynthesis rate

7.2.4.1 Spot readings at 1000 umols photons/mz/s (Priopo)

Leaf net photosynthesis (Pnjop, pmol COz/mZ/s) was measured each 15-30 days (as
weather permitted) in LL and SS crops. Prjgy measurements were taken between 1100 and
1400 h in clear sky conditions. Readings were taken on 3-4 of the youngest fully expanded
leaves per plot, at artificial light fluxes (PPFD) of 1000 pmol photons/m?/s using a portable
photosynthesis system LI-6400 (LI-COR Inc, Lincoln, Nebraska, USA). The temperature
in the leaf chamber was set to 21°C and the CO, concentration at 400 ppm. Readings were
taken after a coefficient of variation (CV) < 3% was obtained for the Pnjg logs. Readings
were adjusted according to the actual area of the leaf contained in the equipment chamber.
Individual leaf area was quantified after Pn measurements by removing the leaf and

photographing it to calculate leaf surface by image analysis (Section 6.2.2.1).

Priooo data are reported in two forms. Firstly, when data from similar periods of regrowth
were compared, Prjgg is reported as measured. Alternatively, when data from different
dates were compared in relation to a single variable (e.g. chlorophyll concentration,
Section 7.2.5), Pnjgoo was normalized by the highest average daily Prnjgoo (Priooomax) and

multiplied by the assumed optimum Prjgoo from all sampling dates (Equation 7.2).
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Equation 7.2

Prygg

Pn' = Pn X
1000 10000pt
? Pn

1000 max

The optimum Prniooo (Prioooopt) Was assumed to be 31.5 pmol COz/mZ/s because it was the
average maximum Pr observed in LL crops at Tiean>25°C on 24 January 2004, This value

agrees with previous reports of Prjgp in Canterbury in summer (Varella, 2002).

7.2.4.2 Light response curves

In addition to the Pryggo readings, full photosynthetic light response curves were measured
with the photosynthesis system. Measurements were taken on 3 or 4 of the youngest fully
expanded leaves of each plot from LL and SS crops. Readings were taken at seven PPFD
levels: 0, 100, 250, 500, 750, 1000, 2000 pmol photons/mZ/s. The criteria for taking
measurements were a minimum waiting time of 60 seconds and a CV < 3% for each PPFD
level. The photosynthesis system configurations and criteria used to perform the light

response curves were the same as the Pnjggo readings (Section 7.2.4.1).

A non-rectangular hyperbola (Equation 7.3) was fitted to the data to obtain the main

parameters from the light-response curves (Thornley and Johnson, 2000):

Equation 7.3

_ (P +axPPFD)-[(P_,. +ax PPED]? —[4 % OxaxPPFDxP_ 1) B
2x0

Pn

R,

Where Pn is the leaf net photosynthesis rate (umol CO,/m*/s), Ry is the rate of dark
respiration (umol CO,/m?/s), PPFD is the photosynthetic photon flux density (umol
photons/m?/s). The parameters a, 6 and P, represent the initial slope (umol CO,/pmol
photons), the convexity (dimensionless) and the upper asymptote (xmol CO,/m?/s) of the
light-response curve. Curves were fitted with Sigmaplot v.8 (SPSS, 7Inc.) using the
following constraints: a>0; 0.3<6<1.0; 2.0< Pnax<70.0; R4 <5.0.

Based on the observation that the effects of the defoliation treatment on crop yield (Section
5.3.2) and perennial biomass (Section 4.3.2) occurred mainly after the first spring of

2002/03, the parameters of light-response curves were pooled within spring and summer-
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autumn periods. Parameters from light response curves of LL and SS crops were then

compared using ANOVA between each of these two periods.

7.2.5 Chlorophyll readings

Leaf chlorophyll concentration was estimated using a chlorophyll meter (SPAD-502,
Minolta Camera Co, Japan). The SPAD readings were taken on 627 leaves where
photosynthesis was also measured from January 2003 to May 2004. Readings were taken
at noon * 2 h on sunny days. The SPAD reader measures the transmittance of blue light
(430 nm) in relation to the near infra-red (750 nm) through a leaf (Markwell et al., 1995).
Thus, SPAD readings were used primarily as an indication of the level of chlorophyll and
consequently N nutrition of the youngest fully expanded leaves. SPAD readings were
calibrated against actual chlorophyll concentration measured by wet chemistry (Section

7.2.5.1).

7.2.5.1 Chlorophyll extraction and SPAD calibration

Readings of SPAD of 33 youngest fully expanded leaves were calibrated against actual
chlorophyll a+b concentration per unit area (Chl,,,, mg/m” leaf) obtained by the dimethyl
sulphoxide (DMSO) method (Hiscox and Israelstam, 1979; Tait and Hik, 2003). For the
calibration, leaves were collected on a sunny day (14 March 2003) within +2 h from noon
to avoid variations in specific leaf weight (Hoel and Solhaug, 1998). The youngest fully
expanded leaves were subjectively selected according to their greenness to generate a wide
range of SPAD readings. The average weight of one individual leaf was ~0.017 g DM, so
the whole leaf was used for the determination. After measuring individual leaf area
(Section 6.2.2.1) each leaf was incubated for 2 hours in a water bath at 65°C with 7 ml of
DMSO. After extraction, the volume of the decanted supernatant was adjusted with fresh
DMSO to 10 mi to standardize the dilution. The absorbance at wavelengths (A) of 645 and
663 nm was measured using a Shimadzu UV-160 spectrophotometer (Shimadzu
Corporation, Kyoto, Japan). The calculation of chlorophyll content (mg/l) was based on
Equation 7.4 (Arnon, 1949; Hiscox and Israelstam, 1979).

164



Equation 7.4
Chl,,, =(20.2x A645) + (8 x 1663)

For the calibration curve, chlorophyll concentrations were expressed on a leaf area basis

(mg/m2 leaf) and regressed against SPAD readings (Figure 7.2).

500

y=-23.6+7.84x R?=0.84

400 -

300 A

Chlorophyll a+b (mg/m2 leaf)

0oL — . , . =l

0 30 40 50 60 70
SPAD reading

Figure 7.2 Calibration curve between chlorophyll concentration per unit leaf area
(mg/m?) and SPAD reading of lucerne leaves at Lincoln University, Canterbury, New
Zealand.

Note: Leaves were randomly collected on 14 March 2003 from all crops by subjectively selecting

youngest fully expanded leaves with contrasting levels of greenness.

To test the SPAD calibration equation an independent set of 20 leaves randomly sampled
from all treatments on 20 April 2005 was analysed for Chl,.,. The relationship between
predicted and observed values was similar to 1.0 (P<0.05) and the intercept was not
different from zero (P<0.38); with an RMSD of the model of 11.5 mg/m2 (3.5% of the

mean value).
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From 18 March to 28 April 2003, 54 leaves (3 to 4 per plot) of LL and SS crops which had
Pnyopo previously measured, were also analysed for total chlorophyll content (Chlyw,
mg/m?®) by wet chemistry. These leaves were used to test the relationship between leaf

photosynthesis and Chl,.y.

7.2.6 Specific leaf weight

Specific leaf weight (SLW, g/m?) of individual leaves, where photosynthesis was recorded
(Section 7.2.4), was measured on dates when LL and SS crops were at a similar number of
days post grazing. SLW was calculated by dividing leaf weight (g) by the area of each leaf
(m?) as estimated by digital image analysis (Section 6.2.2.1).

7.2.7 Leaf nitrogen concentration and specific leaf nitrogen

Leaf nitrogen concentration (% of DM) was measured by Kjeldahl extraction from shoqt
samples (Section 4.2.2). After sampling, shoots were kept in a cold chamber (4°C) before
being processed into leaves (leaflets), stems (stem and petioles) and senesced tissues.

Samples were then dried in a forced air oven at 60°C for 48 h.

Specific leaf nitrogen (SLN, g N/m” leaf) was obtained by multiplying N concentration by
the specific leaf weight (SLW, g/m?) of fully expanded leaves from where photosynthesis
measurements were previously taken. SLN was estimated from pooled samples (3-4
leaflets) per plot on 18 March 2003, 9 April 2003, 29 November 2003, 26 December 2003,
15 January 2004 and 23 January 2004.

7.2.8 Nitrogen nutrition index calculation

The nitrogen nutrition index (NNI) was calculated as the relationship between the actual
nitrogen concentration (N%,) and the critical nitrogen concentration (N%cq) of shoots

(Lemaire and Gastal, 1997) as shown in Equation 7.5:

Equation 7.5
NNI = NP
N%

crit

166



The value of N%.; was calculated as the minimum nitrogen concentration in shoots able to
promote the maximum rates of growth (Lemaire and Gastal, 1997). For lucerne crops witp
DM oot (t/ha) greater than 1 t/ha the value of N%.; was calculated according to Equation
7.6 (Lemaire et al., 1985).

Equation 7.6

N%,, =4.8x(DM )%

crit
For DMhoot less than 1 t/ha, an exponential curve with three parameters (R2=0.92, P<0.01)
described the decline of N%j.c and DM oo in the LL crop (Appendix 6).

This model (Equation 7.7) assumed that LL crops were not N limited or had luxury N
consumption at DMheor<1t/ha and N%..it was 5.8% at a hypothetical null DM hoot.

Equation 7.7

N%,, =1.96+3.79xexp(-0.24x DM , )

crit
The NNI was compared between LL and SS crops throughout both growing seasons.
Furthermore, NNI was plotted against the number of primary leaves at specific dates when
crops had a similar development stage (5 Jun to 14 Sep 03; 16 Feb to 2 Mar 04 and 11 May

to 9 Jun 04) or when the number of primary leaves was > 7.
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7.3 Results

7.3.1 Seasonal shoot RUE (RUEg01)-

The values of seasonal RUEgo ranged from 1.0 to ~2.5 g DM/MJ PAR; (Figure 7.3).
RUEg,00t changed (P<0.01) throughout the year, the lowest values of each growth season
usually occurred in autumn for all treatments. In general RUE,00 Was >1.5 g DM/MJ PAR;
from August to February (winter/mid-summer) but declined to <1.2 g DM/MJ PAR; by
April (autumn). The exceptions for this pattern were the last autumn cycles of LLgy/3 and
SLgoios which had RUEgpo: of ~2.5 g DM/MJ PAR; (Figure 7.3 a, ¢). However, the final
shoot yield in this last cycle was less than 400 kg DM/ha in both treatments. During the
early-spring regrowth of 2004/05, when all crops were harvested on 5 October 2004,
RUE, o0t Was similar in all treatments at 1.2 g DM/MJ PAR;.

The effect of treatments on RUEs oo Was characterized by a strong interaction (P<0.01)
with annual season. During spring, there was no difference in RUEgoo among treatments
with an overall average of 1.5 g DM/MJ PAR; (Figure 7.3). In summer LL and LS crops
had 20% greater RUEghoo than SL and SS crops (1.6 and 1.4 g DM/MJ PAR, respectively).
In autumn, SS crops had the lowest average RUEgoo (1.0 g DM/MJ PAR;). During the
winter period, SL and SS crops showed the highest (P<0.05) values of RUEnoot at ~2.0 g
DM/MIJ PAR, (Figure 7.3 b, c¢). This was possibly an artefact of the time of the first grazing
of the growth season (i.e. winter/early-spring grazing), that was 15 days earlier for SL and

SS crops than for the other two crops (Section 3.3).
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Figure 7.3 Seasonal radiation use efficiency for shoot yield (RUEgoo) Of lucerne

crops subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04

growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Vertical dotted lines represent first day of annual seasons. Horizontal dashed line represents

pooled averaged RUEg,, of 1.5 g DM/MJ PAR; for reference. Bars represent one SEM of each

regrowth cycle/treatment combination (n=4).
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7.3.2 Radiation use efficiency for total dry matter (RUEy)

The pooled average of RUEy. among treatments was 2.2+0.4 g DM/MJ PAR;, with
individual values ranging from 1.3 to 3.6 g DM/MJ PAR;. To account for temperature
effects, estimated values of RUE . were plotted on the temperature framework (Figure
7.4) proposed by (Brown, 2004). RUEy, of LL crops tended to increase with Tiean
(P<0.11) at a rate of 0.10 g DM/MJ PARi/°C. In contrast, no systematic differences

(0.43<P<0.88) were observed in the other treatments.

The root mean squared deviation (RMSD) in relation to the RUE-Tiesn framework was
lower in LL and LS crops (RMSD of 0.4 to 0.7 g/MJ or ~20% of the mean) than in SL and
SS crops (RMSD of ~0.9 g/MJ or 48% of the mean). The high RMSD in SL and SS crops
was due to a group of four cycles of SS crops, two of which were also shown in SLgy/3
(Figure 7.4 d), that were segregated at 0.7-1.0 g/MJ below the confidence interval lines.
The other four available data-points from SS crops were close to the proposed framework.
In SL crops the other three cycles for 2003/04 also showed the predicted response to

temperature (Figure 7.4 c).

Due to the practical difficulties involved to obtain accurate estimates of RUEq, in field
conditions (Section 2.5.2), measured RUE\, was mainly used to validate the temperature
framework. To continue the calculation of fractional partitioning to perennial organs (pper),
which depends on estimates of RUEy, for each regrowth cycle, the temperature
framework was assumed as a correct basis for deriving values of RUE,q, for each regrowth

cycle.
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Figure 7.4 Estimated values of RUEy, plotted against mean air temperature of each
respective regrowth cycle of lucerne crops subjected to four contrasting defoliation
regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury,
New Zealand.

Note: Solid line represents an assumed linear increase in RUEy; with temperature and dotted lines delimit +

10% of the model (Section 7.2.2).
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7.3.3 Partitioning of DM to perennial organs

Seasonal changes in the partitioning of dry matter to perennial organs were analysed by
comparing “measured RUEgnq" and “calculated RUE,” throughout the growth season
(Figure 7.5). RUEy, was calculated assuming an optimum RUEw of 3.2 g DM/MJ PAR;
adjusted for the temperature limitation at Tyean<18°C (Brown, 2004). Measured values of
RUEgt Were as displayed in Figure 7.1. In this sense, the reciprocal of the relationship
between RUEgoot and RUEy, represents the fractional partitioning of DM to perennial
organs (pper). In SS crops, estimates of RUE were also displayed with a hypothetical
30% decrease in relation to the potential seasonal RUE.. The objective was to
demonstrate a possible decline in RUEy, with a similar magnitude as observed in the four

data-points that were positioned below the RUE-T ean framework (Figure 7.4 d).

During the early-spring regrowth cycles, RUEy, in LL and LS crops was similar to
RUE g0t at 1.8 g DM/MJ PAR; (Figure 7.5 a, b). This indicates that the partitioning of dry
matter to perennial organs was negligible during early-spring. For SL and SS crops, which
had the first harvest of each season 15 days before LL and LS crops, measured RUFEhoo
was ~0.7 to 1.0 g DM/MJ PAR; higher than the estimated RUEiy, in both years. This
implies a flow of dry matter from perennial organs to shoots during these early stages of
regrowth. For all crops, the difference between RUEgoot and RUEiy, increased to a

maximum in mid-summer that was maintained throughout autumn.
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Figure 7.5 Seasonal estimated total radiation use efficiency (4) and measured shoot

radiation use efficiency (®) of lucerne crops subjected to four contrasting defoliation

regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University,

Canterbury, New Zealand.

Note: Potential estimated RUE,y, was calculated using an optimal RUE, of 3.2 g/MJ and temperature

adjustment (Section 7.2.2). In SS crops an example of estimated RUEy; with an assumed 30% decline

in estimated RUE o (1)) during spring-summer regrowth cycles (Section 7.3.2). Arrows indicate that

the difference between RUEg, and RUE,q,. This difference defines the extent of DM partitioning to

perennial organs.
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7.3.3.1 Fractional partitioning of DM to perennial organs in relation to photoperiod and

temperature

The estimated fractional partitioning of DM to perennial organs (pper) Was calculated for
each regrowth cycle (Section 7.2.3) and plotted against the average photoperiod (Pp)
(Figure 7.6). A hysteresis model was needed to describe changes in py; at increasing (IPp)

or decreasing (DPp) photoperiods.

In LL crops at IPp, ppe increased (P<0.01) from <0.10 at a Pp of 10.5 h to ~0.50 at a Pp of
16.5 h (Figure 7.6 a). This implies that for each increment of one hour of IPp there was an
increase of 0.07 in the partitioning of DM to perennial organs. As Pp decreased (late-
summer and autumn) p,, was maintained at ~0.40-0.50 with no systematic influence

(P<0.66) of DPp.

Fractional partitioning to perennial organs in LS and SL crops followed a similar pattern of
increase (0.76<R><0.89) with IPp, as in LL crops (Figure 7.6 b, c¢). Values of pp. increased
(P<0.01) with IPp at 0.07/h for LS and 0.08/h in SL, rates which were similar to LL crops.
As photoperiod declined, LS crops maintained a pp., of ~0.35 while SL crops were between
0.40-0.60, both showing a greater variability than LL crops but still with no significant
influence (0.10<P<0.49) of DPp.

In SS crops, assuming a 30% decline in RUE|q1 (Section 7.3.3), pper increased (P<0.02) at

0.05/h. This rate of increase of pper with IPp was lower (P<0.05) than the other crops. At
DPp there was no significant effect of Pp on pyer with an average of ~0.25 (Figure 7.6 d).
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Figure 7.6 Estimated fractional partitioning of dry matter to roots of lucerne crops
subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04 growth

seasons at Lincoln University, Canterbury, New Zealand.

Note: Lines represent linear regressions of pp.. with IPp (—) and DPp (----). For IPp, slopes were
significantly (P<0.05) different from zero for all crops at 0.07/h for LL, LS and SL and 0.05/h for SS
crops. For DPp all slopes were not different from zero (0.20<P<0.97).
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Because the estimated value of py is dependent on the calculated RUE o1, pper Was also
calculated for SS crop without considering any decrease in RUE a1 (Appendix 4). With
this assumption ppe for SS crop would have an increase with IPp at 0.097/h similar to the

other crops and be unaffected by Pp (P<0.81) at 0.44 at DPp.

The ratio between soil (100 mm depth) and air temperature (Tgou/Tair, Section 7.2.3) was
tested as an alternative predictor of seasonal differences in pper (Figure 7.7). The ppe
increased (P<0.05) in all treatments as T/ Ty increased from 0.9 to 1.3. There was a trend
for faster rates of increase of pper With Tyoi/Tyir in LL and SL (~1.0) than SS and SL (~0.7).
Nevertheless, the large standard error of the slope (0.27) implied no significant difference

among defoliation treatments (Figure 7.7).
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Figure 7.7 Relationship between fractional partitioning of DM to perennial organs (pper)
and the ratio between soil and air temperatures (7soi/T5ir) of lucerne crops subjected to
four contrasting defoliation regimes in the 2002/03 and 2003/04 growth seasons at

Lincoln University, Canterbury, New Zealand.

Note: Estimates of pp., for SS crop without a -30% in RUE y are displayed in Appendix 4
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Nevertheless, the strong relationship (R2=O.90) between Pp and Tyou/Ta (Figure 7.8 b)
indicates that, in field conditions, it was not possible to isolate their individual effects on

Pper.
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Figure 7.8 Seasonal variation in the average photoperiod and average T;q;/Tair Of €ach
regrowth cycle (a), and linear relationship between the average Tioi/Tair and
photoperiod (b) of regrowth cycles of lucerne crops grazed each 42-day at Lincoln

University, Canterbury, New Zealand.

Based on the fact that there was some evidence of a decline in RUE,,; of SS crops (Figure

7.4 d) a further investigation of photosynthetic capacity and nitrogen nutritional status of

LL and SS crops was undertaken.
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7.3.4 Leaf photosynthesis rates

Light-response curves of LL and SS crops were measured in the 2002/03 growth season
and spot readings of Pn at 1000 pmol CO,/m*/s (Pnygoo) in both 2002/03 and 2003/04

growth seasons (Section 7.2.4).

7.3.4.1 Light response curves and seasonal photosynthesis

The analysis of the light response curve parameters was segmented into an early (spring)
and a late (summer-autumn) period of the first growth season (2002/03). During the spring
of 2002, all four parameters of the light response curves were unaffected by short or long
regrowth cycles (Table 7.1). On average, Ppax was 36 pmol COy/m%/s; alpha (a) was 0.07
pmol COy/pmol photons, theta (6) was 0.61 and dark respiration (R;) was 1.82 umc;l
COz/mZ/s. In contrast, during summer-autumn, LL crops had 20% greater (P<0.01) Ppax

than SS crops, the other three parameters being similar between treatments (Table 7.1).

Table 7.1 Parameters of light response curves of lucerne crops subjected to 28-day (SS)
and 42-day (LL) regrowth cycles in the spring and summer-autumn of the 2002/03
growth season at Lincoln University, Canterbury, New Zealand.

Prnax a g Rq
{(pmol COZ/mZ/s) (umol COy/pmol photons)  (dimensionless)  (umol CO,/m%/s)

Spring

LL 34.9, 0.065, 0.54, 1.78,
SS 36.2, 0.068, 0.67, 1.87,
SEM 1.99 0.0034 0.055 0.095
Summer-Autumn

LL 39.6, 0.065, 0.47, 1.92,
SS 32.5, 0.055, 0.62, 2.04,
SEM 0.66 0.0045 0.054 0.33

Note: Within columns, values with the same letter are not significantly different (0=0.05) when
comparing data of each seasonal period. SEM is the standard error of means for n=4. Spring was assumed

as the period from 23 Sep 02 to 22 Dec 02 and summer-autumn from 23 Dec 02 to 21 Mar 03.
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7.3.4.2 Leaf photosynthesis at 1000 umol photons/m*/s within cycles

Leaf net photosynthesis at 1000 umol photons/mz/s (Pniogo) was used to test the hypothesis
that photosynthetic capacity was similar between treatments throughout an entire regrowth
cycle. To test this hypothesis, linear regressions were plotted between Prjg and thermal-
time accumulation (3 Tt,s) for LL and SS crops. Leaf Pnjgy was on average 24 pmol
COy/m¥s for LL crops (b=0, P<0.89) with no systematic effect of ) T#s on photosynthesis.
In contrast, Prnjoy of SS crops increased (P<0.03, R2=O.28) by 0.03 gmol CO,/m¥s for
each 1°Cd of T#,s accumulation (Appendix 5). This suggested that Prnjgg in SS crops was
lower than LL crops mainly during the first half (~150°Cd) of an average regrowth cycle.
Following this rationale, Prjgg values were grouped in early (<150°Cd), or late (>151°Cd)
stages of each regrowth cycle. Pooled Pnjgy values were then compared by ANOVA.
Pnyooo readings taken prior to 150°Cd were ~20% greater (P<0.03) in LL crops (24.9 pmol
CO,/m?/s) than SS crops (20.4 pmol CO,/m?*/s) (Table 7.2). In contrast, after 150°Cd, both
crops had a similar (P<0.34) Pnjgo of 23.8 pmol COg/mZ/s.

Table 7.2 Leaf photosynthesis at 1000 pmol photon/m?/s of lucerne crops subjected to
28-day (SS) or 42-day (LL) grazing regrowth cycles.

Thermal-time sum LL SS
(°Cd, Ty=5°C) pmol CO,/m*/s
0-150 24.9, 20.4y
151-350 23.5, 24.2,

Note: Values with the same letter within rows are not significantly different (0=0.05). SEM is 0.702.

7.3.4.3 Chlorophyll concentration and photosynthesis rates

There was a strong linear relationship (R2=0.7O; P<0.01) between Pnio and in vitro
chlorophyll (Chl,v) concentration (Figure 7.9 a). Pnjooo increased at a rate of 0.04 pmol

CO,/m?/s for each milligram increase in leaf Chlyyp/m?.

The same relationship was tested using leaf Chl,4, estimated by SPAD readings under a
wide range of climatic conditions in the field (Section 7.2.5.1). From the spring of 2002/03

to the autumn of 2003/04, the relationship between leaf Pn’ig00 (Pnigop normalized as a
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fraction of the optimum daily Prnjgoo, Section 7.2.4.1) was plotted as a function of SPA]_)
readings (Figure 7.9 b). Pn’1000 had a weak (R?=0.38) but significant (P<0.01) increase of
0.03 of Pn’1g0 for each one mg Chla+b/m2. This rate of increase had a SEM of 0.006 and

therefore was similar to the slope observed in laboratory conditions (Figure 7.9 a).
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Figure 7.9 Relationship between leaf net photosynthesis and chlorophyll content of

the youngest fully expanded leaf of lucerne crops subjected to 28-day (SS) or 42-day
(LL) regrowth cycles in the 2002/03 and 2003/04 growth seasons at Lincoln

University, Canterbury, New Zealand.

Note: In graph a values of chlorophyll (pooled per plot) were measured in vitro using DMSO
extraction with leaves collected on 18 Mar 2003, 9 Apr 2003 and 28 April 2003. In graph b chlorophyll

values (pooled per day) were estimated from SPAD readings collected in the field at various dates in

2002/03 and 2003/04 season, normalized by the maximum Prygy of each day and multiplied by an

assumed optimum Pngg of 31.5 pmol CO,/m*s (Section 7.2.4). Values in parenthesis are one SEM of

coefficients. Bar is one SEM
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In both in vitro measurements and SPAD readings, the leaf Chl,y, values ranged from 250
to 450 mg/mz. In both data sets, Chlyp, of leaves from SS crops ranged from 250 to 35b
mg/mz. In contrast in LL crops leaf Chl,.1, values covered the entire observed range with a

greater concentration of data-points from 350 to 450 mg/m2 (Figure 7.9).

7.3.5 Leaf photosynthesis rates and leaf nitrogen concentration

The relationship between leaf Pn’1g0p and specific leaf nitrogen (SLN, g N/mz), was tested
by using a three parameter equation (Sinclair and Horie, 1989). This relationship (Equation
7.8) explained 68% of the variation in Pr’jg that increased (P<0.01) from 15 pmol
CO,/m?/s at a SLN of 1.5 g/m® to ~30 pmol COy/m*/s at a SLN of 3.4 g/m?.

Equation 7.8

Pr'p, = 31.4 x 2 -1
1+ exp(—1.58 x (SLN —0.92))

Equation 7.8 indicates that Pn’jg reached an asymptote at 31.4 pmol CO,/m?/s, this being
an artefact of the assumed optimum Pr’ip0 of 31.5 pmol COg/mz/s (Section 7.2.4).
Maximum values of Pn’1ggo were observed from a SLN> 2.0 g/m2 mostly in LL crops. A

projected nil Pnjggo at SLN of 0.92 g/m2 could also be extrapolated from the relationship.
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Figure 7.10 Relationship between normalized leaf photosynthesis rates at 1000 pmol
photons/mzls (Pn’1000) and specific leaf nitrogen (SLN, g/mz) of lucerne crops subjected to
28-day (SS) and 42-day (LL) regrowth cycles in the 2002/03 and 2003/04 growth seasons
at Lincoln University, Canterbury, New Zealand.

Note: Bars represent one SEM of each replicate (n=4). Solid line represents Equation 7.8 and dashed lines

represent its projection to y=0.

7.3.5.1 Leaf nitrogen concentration (N%icas) and specific leaf weight (SLW)

The two components of SLN (SLW and N%;,r) of the youngest fully expanded leaves were

tested as independent predictors of Pn’1o00 (Figure 7.11).
The same equation used for SLN (Section 7.3.5) was tested to explain differences in Pr’ 1000

with SLW. This relationship explained ~80% .of the variation in Pn’ 990 (Figure 7.11 a). In
contrast N%;es Was not related to Pn’yop0 (0.29<P<0.70) being on average 4.9% DM +0.08.
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Figure 7.11 Relationship between normalized leaf photosynthesis at 1000 pmol
photons/m2/s (Pr’1000) and (a) specific leaf weight (SLW) and (b) leaf nitrogen’

concentration (% of DM).

Note: Data-points represent average of 3-4 leaves per replicate.

The Pn’ 1000 values in LL crops were on average higher than in SS crops at similar levels of
N%icos (Figure 7.11 b). For example, at N%e,s of 5.0% DM, LL crops had an average
Pr’ 1000 of 27 pmol photons/m?/s in comparison with 21 gmol photons/m*/s for SS crops.
This was probably an effect of higher SLW of LL crops at any N%;e,r in comparison with
SS crops.

7.3.6 Nitrogen status of LL and SS crops

Nitrogen concentration of shoots (N%jsnoot) and its components (leaf and stem) differed
throughout the year (Appendix 6) but differences were mostly explained by DMpeo: (Figure
712 a). N%shoor declined (P<0.01) from ~5.0-6.0% at minimal shoot yields to ~3% at
DM 006 t/ha. This pattern of decline was compared with a model of critical nitrogen
level (V%) for lucerne shoots (Section 7.2.8). All data-points of LL crops were close or
above the N%ci model. This indicated that these crops were non N-stressed as
demonstrated by the nitrogen nutrition index (N%jct /N%cri, NNI) > 1.0 in LL crops at any
given shoot yield (Figure 7.12 b). In contrast at DMg,o<1t/ha, SS crops displayed a group
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of data-points below the N%. line (Figure 7.12 a) which consequently led to a NNI < 1.0
that indicates N deficiency (Figure 7.12 b).
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Figure 7.12 Relationship between (g) nitrogen content of shoots (N%,.) and (b)
nitrogen nutrition index (NNI, N%ga/N%i) with shoot yield of lucerne crops
subjected to four contrasting defoliation regimes in the 2002/03 and 2003/04 growth
seasons at Lincoln University, Canterbury, New Zealand.

Note: Critical nitrogen (N%:,;) of shoots was calculated after Lemaire et al.(1985) for DM, > 1 t/ha
and derived from LL data for DM, < 1 t/ha (Section 7.2.8).

Throughout the vegetative development, characterized by the number of expanded primary
leaves, NNI in LL crops was similar (P<0.13) and above 1.0 regardless of the number of

expanded leaves (Figure 7.13). LL crops displayed a greater occurrence of NNI > 1.0
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throughout the whole range of development stages (2 to 13 expanded primary leaves) than

SS crops. In contrast, NNI of SS crops tended to increase (R?=0.32, P<0.01) at later

developmental stages. This was characterized by NNI values <1.0 (sub-optimal N

nutrition) mainly before the expansion of the 7™ primary leaf. From the 7™ to the 10™ leaf

NNI in SS crops was always greater than 1.0 but did not reach the same levels of LL crops

(~1.2).
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Figure 7.13 Relationship between nitrogen nutrition index (NNI) or the number of

primary leaves of lucerne crops subjected to four contrasting defoliation regimes on the

2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Data from cycles when LL and SS crops grew simultaneously and number of primary leaves was >

7.0 (Section 7.2.8). Dotted arrow indicates leaf position 7.
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7.4 Discussion

7.4.1 RUE for shoot dry matter

Spring-summer RUEgo of LL crops was within the range of 1.5 to 1.8 g DM/MJ PAR;
(Figure 7.3). In autumn RUEg.o declined in all treatments to ~1.0-1.2 g DM/MIJ PAR;.
This seasonal decline in RUFEgqo has been previously shown for the temperate climates of
France (Khaiti and Lemaire, 1992) and Canterbury, New Zealand (Brown, 2004). The
reduction in RUFEg e in autumn was previously attributed to an increasing allocation of
photoassimilates to lucerne roots in response to environmental signals (Gosse et al., 1983;
Khaiti and Lemaire, 1992). The ‘“seasonal pattern” of autumn decline in RUEg,,x Was
similar among defoliation treatments although crops had very contrasting levels of
perennial reserves (Section 4.3.2) and consequently different source-sink balances. A
similar partitioning regardless of the level of reserves apparently goes against the Miinch
hypothesis (Bancal and Soltani, 2002) which assumes that the osmotic potential, created by
the concentration of C and N substrate in sources and sinks, is the main driving force for
partitioning. However the concentration of soluble sugars was conservative in lucerne
taproots regardless of defoliation management (Section 4.3.3). Sucrose concentrations are
particularly important in defining the osmotic potential of plant cells (Farrar and Jones,
2000). This plasticity of lucerne crops in maintaining sucrose concentration in taproots
may have buffered the potential for large changes in the C flow between shoots and roots,

consequently maintaining the seasonal pattern of RUE g in all treatments.

The most important differences in RUEg,0or among treatments occurred during summer,
when RUEg o of LL and LS crops were ~13% higher than in SL and SS crops. This may
be caused by the lower amounts of perennial reserves in SL and SS crops, particularly
nitrogen reserves (Section 4.3.5). Avice et al. (19972a) showed that low levels of nitrogen in
lucerne roots were associated with a decline of 22% in RUEe of ‘Europe’ lucerne. The
authors inferred that an initial period of nitrogen deficiency in ‘Europe’ was the cause of
reduced RUEg oo due to changes in DM partitioning between roots and shoots, with no
mention about possible changes in the crop photosynthetic capacity. RUEgoo 18 sensitive to
any factor that affects the shoot carbon balance such as photosynthesis, respiration and DM

partitioning (Section 2.5). In this sense, a lower summer RUEg in SS crops could have
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been caused either by a decrease in C fixation (i.e. lower leaf Pn) or in the sink capacity

(i.e. increased partitioning of DM to perennial organs).

7.4.2 RUE for total dry matter

In LL crops RUE . was on average 2.2 g DM/MJ PAR; (Figure 7.4) which is consistent
with the 2.3 g DM/MJ PAR, observed in France (Durand et al., 1989; Khaiti and Lemaire,
1992). These authors however have not assumed or observed changes in RUE with
temperature. In contrast Brown (2004), working with ‘Kaituna’ lucerne in Canterbury,
observed a maximum RUEy, of 3.2 g DM/MJ PAR; in summer (~18°C) and a decline in
RUEy,;; with temperature at a rate of 0.18 g DM/MJ PAR;/°C. This temperature framework
was compared with estimates of RUE . (Figure 7.4). In the LL crop, the positive slope
(P<0.11, R%:=0.30) and the low RMSD (0.4 g DM/MJ PAR,) suggested a temperature effect
on RUEa (Figure 7.4 a). The justification for the use of a temperature response for
RUE, in temperate climates relies on the fact that lucerne net photosynthesis responds to
temperature in a bell-shaped pattern (Murata and Honma, 1968) and that RUE and
photosynthesis are strongly related (Sinclair and Horie, 1989). Therefore the temperature
framework was further used to estimate RUEua for each regrowth cycle in the ppe
calculations. The values of RMSD for RUE . increased to 0.7 g DM/MJ PAR; in LS and
~0.9 g DM/MJ PAR; in SL and SS crops (Figure 7.4 ¢, d). This increase in the RMSD
showed that the relationship between RUEiota and Tmesn Was altered in treatments with
lower perennial reserves than LL crops. Specifically, four regrowth cycles of SS crops had
RUE, values at ~50% of those predicted. As discussed for RUEgo0t (Section 7.4.1), a
limited supply of nitrogen from perennial reserves to shoots could explain the reduction in

RUEq, through a reduction in photosynthetic capacity.

7.4.3 Leaf photosynthesis rate

The photosynthetic capacity during the summer-autumn period, measured as leaf Ppax, was
39 pmol COy/m%/s in LL crops but only 33 pmol CO»/m?s in SS crops (Table 7.1). This
difference was consistent with the trends in RUFEo, (Figure 7.4). When leaf Pnjggo wa’s
analysed within regrowth cycles, the Prnjgg was also ~20% lower in SS crops but only in
the earlier stages of regrowth (3 Tf,s<150°Cd). This recovery of photosynthetic capacity

could be explained by the diminishing dependency of shoots on nitrogen reserves as crop
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growth progresses (Louahlia et al., 1998). In the early stages of regrowth, the proportion of
nitrogen from endogenous sources, recovered in shoots, is nearly 100% (Kim et al., 1991).
This figure has been shown to decrease to less than 30% after four weeks of regrowth,
when mineral uptake accounts for the remaining 70% (Kim et al., 1991). Therefore a
limited supply of endogenous nitrogen to growing shoots could explain this low
photosynthetic capacity in the early periods of regrowth. Nitrogen is preferably allocated to
the synthesis of structural protein and thus affects cell division and development (Lawlor et
al., 2001). At the plant level, the mechanisms responsible for the trade off between leaf
expansion (leaf area) and leaf composition (e.g. SLN) seemed to prioritize leaf expansion
in the first 150°Cd. Assuming that carbon is the most limiting resource after complete
defoliation, maximizing photosynthetic area at the expense of photosynthetic efficiency
(i.e. leaf Pn) seems a logical adaptative strategy of lucerne. This rationale would be in
accordance with the idea of a functional equilibrium between shoot and roots (Lemaire and

Millard, 1999).

This initial period of low leaf photosynthetic capacity represented proportionally more of a
short cycle crop (e.g. SS crop) than a long cycle one (e.g. LL crop). Assuming an average
phyllochron of 34°Cd (Section 6.3.8), a Y'Ttys of 150°Cd corresponds to the expansion of
~5 primary leaves. These first 5 primary leaves were those that appeared incapable o.f
changing their individual area despite the contrasting defoliation treatments (Section
6.4.4). Thus, it seems that for both LL and SS crops these first 5 leaves were expanded to
their potential leaf area, maximizing light capture. However in SS crops these leaves had a
lower photosynthetic potential, which would consequently lead to a lower RUE o, during
this period. Additionally, as the crop grows, a larger proportion of the nitrogen is directed
to the upper part of the canopy (Lemaire and Gastal, 1997) at the expense of lower shaded
leaves, creating an exponential gradient of nitrogen concentration though the canopy
profile (Lemaire ef al., 1991). This, together with an increasing N uptake, would guarantee
a recovery of photosynthetic capacity of leaves expanded later in the regrowth cycle (i.e.

above the 5™ main-stem node).

The nitrogen status of LL and SS crops was assessed by the nitrogen nutrition index (NNI).
SS crops had a higher frequency of data-points at NNI<1.0 (N limited), mainl.y
concentrated in the early stages of regrowth (DMgpoa<1t/ha or ~6" leaf stage). These
results reinforce the idea of sub-optimal supply of nitrogen to shoots in the early stage of

regrowth, This limited supply of N is also consistent with the 20% lower chlorophyll
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content (Chl,4p) found in leaves of SS crops in comparison with LL crops (Figure 7.9).
Okubo et al.(1975) has shown a highly significant correlation between lucerne of saturated
leaf Pn and the levels of Chl, under field conditions. Chlorophyll-protein complexes
account for about 20% of the total nitrogen of C3 plants and influence light absorption,
energy transfer and electron transfer in the photosynthesis process (Lawlor, 2001). This is
consistent with the linear increase of Pnjgg to the observed range of leaf Chl,y, at 0.04
pmol photons/mzls for each additional 1.0 mg/m2 Chlyyp (Figure 7.9). The maximum
concentrations of Chlyy, measured in this experiment (~450 mg/mz) were in agreement

with values found by Evans (1993) in the top leaves of lucerne canopies.

The effect of limited N supply in reducing photosynthesis rates can be caused by changes
in the chemical and anatomical traits of lucerne leaves (Section 2.5.1.3). Specific leaf
nitrogen (SLN) explained 68% of the differences in normalized Pnjgo (Figure 7.10). The
response of Prn to SLN followed a typical saturation curve as proposed by Sinclair and
Horie (1989) with a projected null Pn’ 900 at 0.77 g/mz. In fact, if the values of SLN for LL
crops are analysed alone, there seems to be no systematic change in photosynthesis until a
SLN of ~2.2 g/m2 when Pn’ 1900 was ~25 to 30 pmol C02/m2/s. The SLN is the product of
changes in the metabolic (i.e. leaf nitrogen content, N%ie,r) and structural (i.e. specific leaf
weight, SLW) components of leaves (Reich et al., 1998). While N%;,s ranged from 4 to 6%
DM, without any systematic effect on leaf Pn’ig00, SLW ranged from 35 to 70 g/m2 and
explained 81% of the variation of leaf Pn’ygp0 (Figure 7.11). The strong positive
relationship between lucerne photosynthetic capacity and SLW was also observed by
Pearse et al. (1969a) who found an increase of 2.5 fold in P, as SLW increased from 19
to 53 g/m”. Similarly, Okubo ef al. (1975) measured an increase in saturated leaf Pn from
~6 pmol COy/m?%s at an SLW of 20 g/m? to 25 pmol COy/m*/s at an SLW of 55 g/m’. The
structural components of lucerne leaves have a marked plasticity to adjust SLW
(Hodgkinson, 1974). Evans (1993) showed that more than 40% of the decline observed in
SLW within the canopy profile can be attributed to anatomical changes in lucerne leaves,

such as the reduction of palisade mesophyll cell layers.

The low photosynthetic rates observed in the leaves of SS crops could therefore be mainly
attributed to a reduction in the thickness of these leaves (i.e. lower SLW). Although
photosynthesis was shown to respond positively to N%ie.¢ in several crops (Evans, 1989;
Lawlor et al., 2001) there was no clear effect from the observed range N%eas. This lack of

response of Pn to N%).,s Was possibly because the reduction in leaf area and thickness in
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SS crops maintained N%;e,¢ within an optimum range for photosynthesis. The occurrence
of nitrogen deficiency during the very early stages of regrowth, when cell division in the
shoot meristematic tissues was taking place, would limit the number of cells in the shoot
primordia leading to low SLW later in growth. A sufficient flux of N substrate is needed in
the very early stages of cell division in leaves due to DNA replication and protein synthesis
(Lemaire and Millard, 1999). Leaves formed in a N limiting environment would bp
expected then to have fewer cell layers and consequently have lower demand for nitrogen

to achieve similar levels of N%;e,s in relation to unstressed leaves.

7.4.4 Partitioning of DM from shoots to perennial organs

Fractional partitioning of DM to perennial organs (pp.) was calculated using the
relationship between measured RUEg oot and calculated RUEy, using the temperature
framework (Section 2.5.1.4). The largest differences between RUEgon and RUE
occurred during mid-summer (Figure 7.5). This was consistent with the observation that
perennial DM (DM,.;) accumulation resumed in late-December (Section 4.3.2). During this
period of the year the flux of C substrate to perennial organs was sufficient to promote
growth and offset the increasing costs of root maintenance respiration. Assuming a Qo of
2.0 for root Ry, at 20°C for a vegetative crop (Hay and Walker, 1989a; Lawlor et al., 200 1)
and an index value of 1.0 for Ry, during winter (Tjean=7.5°C in Canterbury); Ry would be
expected to increase to 1.2 in autumn (Tiean=10°C), 1.4 in spring (Tmean=12°C), and 1.8 in
summer (Tiean=16°C). Therefore the largest absolute fluxes of dry matter to roots probably
occurred in mid-summer instead of autumn as commonly suggested in current literature

(Section 2.6).

Literature also often suggests ppe as changing from about 0.20 in spring-summer to an
autumn value of ~0.50 (Section 2.6). In the present experiment the observed change in pper
was not abrupt, but occurred gradually (Figure 7.6) which indicates a systematic response
to seasonal environmental stimuli. In fact, a major proportion of DM was allocated to roots
from late December on, when absolute carbon assimilation was high due to fast canopy
expansion, high photosynthetic rates and PPFD levels above 1000 pmol photons/mz/s. This
pattern agrees with the “shared control” hypothesis of C transport to roots (Farrar and
Jones, 2000) where the C flux is “pushed” by substrate availability (e.g. high
photosynthesis rates) and simultaneously “pulled” by sink demand (e.g. low level of
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soluble sugars in roots in summer). Obviously, more complex underling mechanisms may
be involved in these processes such as gene activation by substrate concentration or
environmental signals, and phloem transport resistances. These processes are however
poorly quantified to become part of mechanistic models able to explain partitioning of dry
matter to roots (Farrar and Jones, 2000). In autumn, although pp.r remained high at ~0.40
(Figure 7.6), lower absolute quantities of DM were allocated to perennial organs as total
DM accumulation rates declined. This shows that in this experiment, the mid-summer

period (February-March) was a key period for accumulation of DM in perennial organs.

Temperature and photoperiod were previously suggested to be the triggers for nitrogen and
carbon partitioning patterns in lucerne (Section 2.6). In early-spring pper was less than 0.15
but it increased to a maximum of 0.50 in mid-summer being strongly related to increasing
photoperiod (Figure 7.6). Similarly, Morot Gaudry et al. (1987) measured marked carbon
(**C) allocation to lucerne roots to be 20% in spring but increase to 50% in autumn. From
mid-summer to autumn, when Pp decreases, pper showed a non significant decline with Pp

to be ~0.35-0.40 in late autumn.

Lucerne plants grown at longer photoperiods, as in summer, were shown to develop greater
shoot/root ratios than at short photoperiod (Noquet et al., 2003). These authors measurefi
an increase in shoot/root ratio from 1.8 at Pp of 8 h to 3.8 at Pp of 16 h in controlled
conditions. The hypothesis behind Pp controlling py is that genes that control shoot and
root morphogenesis respond to photoperiod. Organ initiation, differentiation and expansion
then imposes a demand (sink strength) for assimilates which balances with C and N supply
and defines the direction and rate of flow of assimilates in the plant (Lemaire and Millard,
1999; Woolley et al., 2001). Low photoperiods have been shown to increase the
partitioning of N to Iucerne taproots, with accumulation of specific N pools (Noquet et al.,
2001; Noquet et al., 2003). Other authors however observed no systematic effect of Pp on
the partitioning of DM between shoots and roots of lucerne (Philippot et al., 1991; Singh,
1974). In asparagus low photoperiods only partially explained the seasonal DM
partitioning between shoots and roots and an interaction with low temperatures was

suggested as a possible explanation (Woolley et al., 2001).

The use of Tyi/Tsir as an alternative predictor of pper eliminated the hysteresis that was
evident in the relationship between Pp and pye, but demonstrated that other factors were

involved because the maximum R* obtained was only 0.55 (Figure 7.7). The use of Tsoir/Tir
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assumes that the flow of DM from shoots to roots is in direct proportion to the temperature
of each organ and consequently to their metabolic activity. Possibly a single ratio Tsoi/7Tir
with a base temperature of 0°C is a rather simplified way of deriving the relationship with
Pper- Indeed, shoot activity (e.g. photosynthesis) and root activity (e.g. nitrogen uptake and
fixation) are known to respond differently to temperature (Lemaire and Millard, 1999).
Nevertheless, a direct effect of temperature of meristematic tissues was shown to control
partitioning of DM between shoots and roots in wheat and maize (Engels, 1994).
Hargreaves (2003), after reanalyzing data from Khaiti and Lemaire (1992), suggested that
temperature of shoots and roots could explain most of the partitioning patterns of lucerne.
Singh (1974) measured an increase in the flow of 'C to lucerne roots as day/night
temperatures decreased from 30/25°C to 20/15°C in a controlled environment. Similarly,
Noquet et al.(2001) observed an increase in the partitioning of nitrogen to roots as
day/night temperatures decreased from 20/18°C to 5/5°C. Both authors however have not
tested the differential temperature between shoots and roots as a driving variable for

partitioning.

The high correlation between Pp and T/ Ty in temperate climates (Figure 7.8) makes it
difficult to isolate the effects on py in field experiments. The potential for an interaction

between temperature and Pp suggests the need for experiments in controlled environments.

Defoliation treatments apparently affected pper only in SS crops which had lower ppe than
the other treatments (Figure 7.6 and Figure 7.7). This level of response was not accurately
quantified as it depends on the assumption about the extent of decline in RUEqa for SS
crops (Appendix 4). Even assuming that calculated py: for SS crops was lower than LL
crops could be misleading because pyr may be always low in early stages of regrowth. In
short cycled crops, this period can be overweighed in partitioning calculations. This
problem brings the issue of the pattern of DM partitioning to roots “within cycles”. It is
intuitive to expect that the relative flux of DM to perennial organs increases throughout
each regrowth cycle, regardless of seasonal patterns of partitioning. This would decrease
the cycle averaged values of ppe in SS crops compared with crops with 42-day regrowth
cycles, as an artefact of the regrowth lengths. Despite this, SS crops also had an apparent
“seasonal pattern” of ppe, suggesting that the crop was still sensitive to the same seasonal
signals that control partitioning, regardless of the level of feserves in perennial organs.

This would agree with Engels (1994) who observed that temperature controlled
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partitioning between shoots and roots despite the concentration of nitrogen or

carbohydrates in roots of wheat and maize.

7.5 Conclusions

. In general, RUEgo: displayed a seasonal pattern with the highest values in spring-
summer (1.5-2.0 g DM/MJ PAR;) and the lowest in autumn (1.0-1.2 g DM/MJ PAR;).

) Treatments with higher levels of perennial reserves in mid-summer (LL and LS

crops) had 20% greater RUFE oo than SL and SS crops during this period.

. An apparent decline of 30% in RUEy in SS crops in relation to LL crops was

observed in four regrowth cycles.

. A decline of ~20% in the photosynthetic capacity (Pmax) of the first 5 primary leaves

(<150°Cd) of SS crops in relation to LL crops was consistent with low RUE 1.

o Differences in leaf photosynthesis rates were largely explained by the N status of
crops. These were consistent with declines in chlorophyll content and SLN.
Differences in SLN were mostly explained by changes in SLW with a non significant

effect on leaf N%.

o The effect of defoliation treatments on DM partitioning to perennial organs (pper) Was
unclear due to the difficulties in estimating perennial DM patterns within regrowth
cycles. Nevertheless, all treatments were sensitive to seasonal signals and ppe
increased from <10% in early-spring to a maximum of ~50% in mid-
summer/autumn, These changes could be empirically related to Pp and the ratio of

TsoiI/ Tair-
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8 Simulation of lucerne growth and development

8.1 Introduction

The response of ‘Kaituna’ lucerne to environmental factors, derived from the previou-s
results chapters (Chapters 4 to 7), can be integrated into a simple computer simulation
model. This procedure allows the evaluation of the consistency of such relationships, by
measuring the ability of the model to simulate crop growth, development and the

underlying physiological processes.

One of the major challenges in constructing simulation models for perennial crops is to
capture the seasonal changes of physiological processes in response to the environment
(Section 2.7). Specifically, during the spring and autumn regrowth of lucerne, there are
changes in the rate of canopy expansion (Section 6.3.5) and DM partitioning to roots
(Section 7.3.3). These have not been sufficiently quantified to be included in the structure

of previous models.

The model construction used in this chapter was based on empirical summary relationshi;;s
(e.g. RUE and allometric partitioning coefficients) derived in the main from previous
results chapters. The initial objective is to simulate seasonal crop growth and development
of a ‘Kaituna’ lucerne crop in Canterbury, under non-limiting environmental (water and
nutrients) and endogenous (root reserves) conditions (e.g. LL crop). Therefore the main
drivers of crop growth and development are temperature, intercepted radiation and
photoperiod. Secondly, for the parameters that were not assessed in the field experiment
(e.g. root respiration rates), the model is used as a hypothesis testing tool to derive the most
suitable coefficients from the literature to fit measured data. Finally, the model simulations
are compared with measured data from crops with limited levels of reserves (LS, SL and

SS) to quantify the effect of perennial reserves per se on yield.
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8.2 Materials and Methods

The lucerne model was used to accomplish four specific objectives. Initially, the model
was used to define the most suitable methods to (i) calculate daily thermal-time, (if) define
the predictor of the fractional partitioning of DM to roots and (iii) establish the moment of
application of maintenance respiration on DM_root. The data used for this purpose were
the original set from the field experiment; the same used to derive the proposed
relationships (Section 8.2.1). Secondly, the model simulations were tested against observed
data from the original and also from independent data-sets (Brown, 2004) to check the
consistency of the assumptions. Thirdly, the model was used to test new hypotheses with
regard to parameters or variables that were not assessed in the field experiment (e.g. root
maintenance respiration rates). Finally, the model simulations of shoot yield were
compared with those measured from crops at suboptimal levels of perennial reserves. The
difference between predicted and observed values was assumed to quantify the effect of

the level of reserves per se on shoot yield.

8.2.1 Model description

The model was constructed using the software ModelMaker version 4.0 (Cherwell
Scientific Publishing, Ltd, UK) and runs in daily time-steps by assessing weather data from
a text file. Weather data were obtained from Broadfields Meteorological Station (Section
3.4.1). Data are organized in the text file columns as: ¢ (time, independent); Rain
(mm/day); Tmax, Tmin and Tmean (°C, maximum, minimum and mean daily temperatures
respectively), Radn (daily total solar radiation, MJ/m®), Ph (photoperiod, h), Ph_dir
(photoperiod direction of change) and Tsoil (°C, soil temperature at 100 mm depth).
Photoperiod was calculated for the Iversen 9 site (43°38’S and 172°28’E) and added to the
weather file as a daily input. At this stage the model assumes water is a non-limiting

resource, therefore the variable Rain is not computed in the model calculations.
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8.2.2 Model structure as in ModelMaker

Figure 8.1 shows the graphic representation of the lucerne model as displayed in the “Main
view” of ModelMaker. Some of the variables were duplicated to test different frameworks.
For example, node accumulation is calculated by a simple daily 7t sum
(Node_acc_simple_Tt) and alternatively by the use of the methodology proposed by Jones
et al. (1986) for the calculation of daily Tt (Node_acc, Section 8.2.3.2).

Thermal time calculation
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Figure 8.1 Basic structure of the lucerne model as displayed in the “Main view” of
ModelMaker.

Note: Symbols and acronyms are refereed to in the text (Section 8.2.2).
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The crop DM was divided in three components (i.e. model state variables): leaves
(DM_leaf), stems (DM_stem) and roots (DM_root), all expressed in g DM/m” soil.
DM _root was assumed to include all perennial dry matter (i.e. taproots and crowns,
Section 4.2.1). Shoot dry matter is calculated by the sum of DM_leaf and DM_stem.
DM _root is calculated as the sum of “new” assimilated dry matter which was partitioned to
roots during each current regrowth cycle (DM_root_new) and the “old” root dry matter

from the previous cycles (DM_root_old).

Each day, dry matter assimilation is calculated as the intercepted amount of PAR (PARI,
MJ PAR/m?) multiplied by the total RUE adjusted for temperature (RUE_tot_T, g DM/MJ
PAR;) as described in Section 8.2.4.1. This new daily assimilated dry matter
(DM_total_day, g/m®/day) is partitioned to shoots (DM_shoot_day, g DM/m?*day) or
integrated in the new root dry matter (DM_root_new, g/mz). The partitioning of
DM_total_day between shoots and roots is controlled by the fractional coefficient of
partitioning to roots (Part_root, dimentionless) that ranges from 0 to 1. Two
methodologies were tested to derive Part_root: (i) firstly as a function of photoperiod and
(i7) alternatively as a function of the relationship between soil and air temperature (Section
8.2.5.1). DM_shoot_day 1is integrated in DM leaf or DM_stem, according to the
partitioning coefficient to leaves (Part_leaf, dimmentionless). Part_leaf declines
exponentially with DM_shoot as a function of the allometric growth of these organs

(Section 8.2.5.2).

Two methods were tested to discount the maintenance respiration from DM_root. In the
first the new daily dry matter partitioned to perennial organs (DM_root_new) is not
subjected to respiration. In this case root respiratory losses (Rm_root, g DM/m?/day) are
only subtracted from the root dry matter from previous regrowth cycles (DM_root_old)
(Section 8.2.5.1). This approach assumes that, within a regrowth cycle, RUE_tot_T already
accounts for the maintenance respiration of the DM partitioned to roots. At the start of each
regrowth cycle (i.e. t=0) the DM_root_new from the previous regrowth cycle is added to
DM root_old and therefore at =0, DM root_new = 0. In the second method,
DM_root_new is subjected to maintenance respiration from the time it is assimilated,

simultaneously to DM _root_old.
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8.2.2.1 Model parameters and variables

Weather (Table 8.1) and management data (e.g. grazing dates) are organized on a daily

basis as a function of the independent variable “time” (¢).

Table 8.1 Weather data inputs for the simulation model for lucerne crops defoliated at

regrowth cycles of 42 days at Lincoln University, Canterbury, New Zealand.

Acronym | Definition Units

Radn Total solar radiation MJ/m*/day
Tmax Daily maximum air temperature °C

Tmin Daily minimum air temperature °C

Tmean Daily mean air temperature °C

Tsoil Daily mean soil temperature at 100 mm depth °C

Pp Photoperiod Hours

Pp_dir Photoperiod direction (>0 for IPp, and <0 for DPp) dimensionless

Note: IPp and DPp are the increasing and decreasing photoperiods respectively.

The lucerne model variables are displayed in Table 8.2.

Table 8.2 Variables for the simulation model for lucerne crops defoliated at regrowth

cycles of 42 days at Lincoln University, Canterbury, New Zealand.

Acronym Definition Units
State variables
DM _leaf Accumulated leaf dry matter g DM/m”
DM_stem Accumulated stem dry matter g DM/m”
DM _shoot Accumulated shoot dry matter g DM/m*
DM_root Accumulated root dry matter g DM/m”
LAI Leaf area index m” leaf/m” ground
Node_acc™ Accumulated number of main-stem nodes nodes/main-stem

Other variables

Rm_root Daily maintenance respiration of roots g DM/m?/day
Part_leaf Fractional partitioning of DM to leaves dimensionless
Part_root™ Fractional partitioning of DM to roots dimensionless

Note: ¥ Different methods were tested to derive these variables.

199



The parameters of the lucerne model are displayed in Table 8.3.

Table 8.3 Parameters for the simulation model for lucerne crops defoliated at regrowth

cycles of 42 days at Lincoln University, Canterbury, New Zealand.

Acronym Definition Value Source
RUE_tot_opt | Total radiation use efficiency 3.2 g DM/MJ PAR | Brown (2004)
k_PAR Extinction coefficient for PAR 0.81 Section 6.3.2
LAER_opt Optimum leaf area expansion 0.016 m*m*/°Cd Section 6.3.5.1
rate

PAR/R, Fraction of PAR in total solar 0.50 (Szeicz, 1974)
radiation

Rm_root_rate | Maintenance respiration 0.015 DM/day“) Durand et al.(1991)
coefficient for root DM Atkin et al.(2000)

Q0 Rm Qjo for maintenance respiration 1.8 Atkin et al.(2000)
of root DM

Tref Rm Reference  temperature  for
maintenance respiration rate of 20°C Atkin et al.(2000)
root DM

T pean Cardinal temperatures for Tt 0, 5, 30, 40°C Fick et al.(1988)
calculation ; Section 2.4.1.1

Tt, Tt, accumulation for cardinal 0,0, 25,0°Cd Fick et al.(1988);
T" mean Section 2.4.1.1

Note: Y Rm_root_rate was further calibrated to the best fit with original data-set of DM_root.

Conceptually, the model structure can be segmented into three major physiological
processes: (i) PAR interception (LAl expansion), (if) total DM accumulation (RUE and root
respiration) and (iii) DM partitioning among leaves, stems and roots. Each of these

processes is described in detail in the following sections.

8.2.3 Simulation of PAR interception

The interception of PAR is calculated by assuming an exponential decay of transmitted
PAR through the canopy with LA increments in accordance with Beer’s law (Section 2.3).
A single extinction coefficient for diffuse PAR (k_PAR) of 0.81 was used for ‘Kaituna’
lucerne (Section 6.3.2), which was assumed to integrate the changes of k within each day

(Equation 8.1).

Equation 8.1

PAR,/ PAR, =1—exp(-0.81x LAI)
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8.2.3.1 Simulation of LAI expansion

The LAI was calculated by assuming an optimum leaf area expansion rate (LAERopt) of
0.016 m*m*°Cd as a simplification of the relationships shown in Figure 6.7. This
parameter is adjusted as a function of photoperiod by a linear decline of 0.0064

m?/m%/°Cd/h for Pp below 12.5 h (Section 6.3.5.1), until zero at Pp of 10 h (Figure 8.2).

0018—70

0.000 +" f— T T T
0 10 12 14 16 18

Photoperiod (h)
Figure 8.2 Leaf area expansion rate (LAER, m?/m?°Cd) function in relation to photoperiod
for the calculation of LAI expansion for ‘Kaituna’ lucerne at Lincoln University,

Canterbury, New Zealand.

Leaf senescence was not included in the model because the crops from where relationships
were derived never reached significant senescence in the maximum cycle of 42 days
(Section 5.3.3). To account for a ceiling canopy cover, LAl expansion was held constant at

a maximum value of 6.0.
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8.2.3.2 Thermal-time calculation

Thermal-time is calculated as a function of mean air temperature (Tmean) using the
framework suggested by Fick et al. (1988) (Figure 8.3) in which the base temperature (T5,)
of 5°C was validated for ‘Kaituna’ (Section 6.2.4.1).
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Figure 8.3 Temperature thresholds used for calculation of thermal-time of ‘Kaituna’

lucerne crops at Lincoln University, Canterbury, New Zealand.

Two approaches were tested to compute daily thermal-time: (i) using a simple daily Tmean
directly from the weather file; or (if) using calculated temperature for each of eight 3-hour
intervals daily. The latter framework accounts for the sinusoidal diurnal fluctuation of
temperature and was calculated by the method suggested by Jones et al. (1986). This is
done through the use of a dummy variable, calculated by a 3™ order polynomial equation
(first component of Equation 8.2), which segments the 24 h of the day in 8 periods of 3 h
(Figure 8.4). An estimated value of temperature (7" guma)) Was then calculated for each

period “n” using Equation 8.2.

Equation 8.2

T =[(0.931+0.114x n—0.0703x n* +0.0053 x 1°) X (T — T )1+ T
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Where n represents the n™3h period of a day (1 to 8), T"gumal is the mean temperature for
the period n of the day, and Tmax and Tmin are the maximum and minimum temperature
of the day. In the model structure (Figure 8.1) these variables are denominated 7_per_1,

T per_2,..., and T _per_8.
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Figure 8.4 Sinusoidal pattern of daily air temperature used to calculate mean temperature

fluctuation for thermal-time calculation.

Note: The relationship was based on Equation 8.2 after Jones et al. (1986).

The daily thermal-time accumulation is then calculated by averaging Tt estimates for each
one of the 8 periods using the relationship between Tt and T giyma (Figure 8.3). Thi.s
procedure aimed to improve the accuracy of Tt calculation by compensating for the diurnal
fluctuation of temperature and consequently avoiding underestimation of 7t during cold

periods of the year by setting 7t=0 for intervals where T" giuma<Tb.

8.2.3.3 Node appearance

Node appearance rate is calculated based on a phyllochron (Phyl) value of 34°Cd/node
(Tb=5°C) at photoperiod (Pp)>12.5 h, adjusted for an increase of 4°Cd/h from Pp<12.5 h
until a maximum of 40°Cd at Pp of 10.5 h (Equation 8.3).
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Equation 8.3

Node accumulation (Equation 8.4) is calculated as the sum of daily node appearance. Daily
accumulated thermal-time using sinusoidal Tmean calculation (Tt_day_sin) is divided by

the phyllochron adjusted for photoperiod (Phyl).

Equation 8.4

Node _acc = Z (Tt _day _sin/ Phyl)

Alternatively, node accumulation using a simple 7t calculation (Node_acc_simple_Tt) was

used for comparison to define the most appropriate 7¢ calculation method.

8.2.4 Simulation of total dry matter accumulation

8.2.4.1 Daily total dry matter accumulation

Daily total dry matter accumulation is calculated as the product of PARi and RUE_tot_T.
Daily RUE_tot_T is calculated by assuming an optimum RUE, of 3.2 g DM/MI PAR,; at
T nean>18°C (Section 2.5.1.4) which declines by 0.18 g/MJ/°C from 18°C to 0°C (Equation
8.5).

Equation 8.5

RUE _tot _T = RUE _tot _opt x (Tmean/18°C)
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8.2.4.2 Root respiration

The growth component of respiration of shoots and roots was assumed to be integrally
accounted for in the value of total RUE (RUE_total_T). In this sense, only maintenance

respiration of root dry matter (Rm_root) was considered further.

Root maintenance respiration (Rm_root_day, g DM/m*/day) is applied exclusively onto
DM _root at a rate of 1.5% DM/day (i.e. Rm_root_rate = 0.015) at a reference soil
temperature (Tref_soil_Rm, 100 mm depth) of 20°C (Equation 8.6). The values of these
two parameters were assumed based on suggested values in the literature (Durand et al.,
1991; Ziska and Bunce, 1994) and further adjusted to a best fit with measured data using
ModelMaker sensitivity analysis run (Figure 8.15). As soil temperature fluctuates,
Rm_root_rate is adjusted by a Qjo of 2.0 (Atkin et al., 2000; Tjoelker et al., 2001).

Equation 8.6

Tooit

Ty
Rm _root _day =[Rm_root _rate x QIO( o ]x DM

root

Two methods were tested in relation to the timing of application of maintenance
respiration on DM _root. In method (i) Rm_root_day was discounted only from the
DM _root_old and therefore DM_root_new was without respiration, This rationale assumes
that for the time course of one regrowth cycle RUE_tot_T accounts for the respiration
losses of the “recently” accumulated DM. In method (ii) Rm_root_day is applied on
DM _root immediately after DM assimilation, consequently assuming the maintenance
respiration of perennial organs is not implicit in the value of RUE_fot_T. Both approaches
were compared and the one with the lowest RMSD (Section 8.2.7) incorporated in the final

model structure.
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8.2.5 Simulation of dry matter partitioning

8.2.5.1 Partitioning between shoots and roots

Two hypothetical approaches were tested to drive DM partitioning to perennial organs (i.e.
“roots” in the model nomenclature). In method (i) dry matter partitioning between shoots
and roots is described as a function photoperiod and its direction (Equation 8.7 a and b)

based on Section 7.3.3.

Equation 8.7

(a) For increasing photoperiod:
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Figure 8.5 Relationship between the fraction of dry matter partitioned to roots and Pp

incorporated in the simulation model for ‘Kaituna’ lucerne grown at Lincoln University,

Canterbury, New Zealand.

Alternatively, in method (i) dry matter partitioning between shoots and roots was

described as a function of the ratio between soil and air temperatures (Figure 8.6, Equation

8.8) based on the relationships found for the LL crops (Figure 7.7).

Equation 8.8

r

X
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Figure 8.6 Relationship between the fraction of dry matter partitioned to roots and Tsoil/Ta'ir
incorporated in the simulation model for ‘Kaituna’ lucerne grown at Lincoln University,

Canterbury, New Zealand.

8.2.5.2 Partitioning of shoot DM between leaves and stems

The fraction of daily assimilated DM (DM_total_day) directed to shoots (DM_shoot_day)
was then partitioned to leaves or stems according to an allometric relationship based on

shoot yield (DM_shoot) as in Equation 8.9.

Equation 8.9

p_leaf =0.26xexp(0.67/(DM _shoot/100)+0.43)

Equation 8.9 assumes an exponential decline in the partitioning of DM as DM_shoot
increases based on the derived relationships from the field experiment observations

(Equation 5.2).
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Figure 8.7 Relationship between the fractional partitioning of dry matter to leaves
(p_leaf) and shoot yield incorporated in the simulation model for ‘Kaituna’ lucerne

grown at Lincoln University, Canterbury, New Zealand.

8.2.6 Resetting of variables at harvest

To simulate sequential harvests the model requires the input of the respective values of the
independent variable ¢ when the events occurred. For example, for LL crops the model
assumes 1 January 02 as day 1 (t=1) and the first grazing date on 5 October 2002 (t=262).
At the start of each cycle, a group of state variables is reset to initial values. The initial
value of DM_leaf was assumed 0.0030 g/m2 (i.e. 0.03 kg DM/ha) and DM _stem as 0.0015
g/m®, The definition of a negligible initial DM_shoot, with a leaf to stem ratio (LSR) of 2.0
(the maximum observed LSR, Section 5.3.3.1), was necessary to allow the
recommencement of the model computations without divisions by zero. Similarly, the LAl
was set to 0.0001 m*/m” at every new cycle by assuming an average canopy SLW of 30 g
DM/m? leaf (Appendix 3). The number of main-stem nodes (Node_acc) was set to 1.0 as
this was the y intercept for the measurements on LL crops (Appendix 8). Additionally at

each cycle thermal-time accumulation (7t_acc_sin) was set to 0°Cd.
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8.2.7 Model evaluation

The simulated and measured values were compared using the root mean squared deviation

(RMSD) as in Equation 8.10 (Kobayashi and Salam, 2000).

Equation 8.10

RMSD = \/li(m[ -5.)°
no

Where n is the number of measurements, m; is the measured value for observation i and s;

is the simulated value for observation i.

The MSD (i.e. RMSD?) values were further segmented in their components (Equation 8.11)
to quantify the causes of deviation of the model (Dolling et al., 2005; Gauch et al., 2003).

Equation 8.11

MSD =SB+ NU +LC

Where SB is the standard bias or the squared difference between the means of simulated
and measured values (Equation 8.12), NU is the non-unit slope (Equation 8.13) and LC is
the lack of correlation (Equation 8.14).

Equation 8.12

SB = (m—s)*

Where m and s are the average of all measured (m) and simulated (s) values respectively.

Equation 8.13

NU =(1-bY x (3 (s—5)*/n)
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Where b is the slope of the least-squared regression between measured (y axes) and

simulated values (x axes).

Equation 8.14

LC=(1-R)x(3 (m—my*/n)

Where R is the coefficient of determination calculated from the linear relationship

between measured and simulated values.

Measured and simulated values were plotted and the significance of the intercept (a) and

linear slope (b) were assessed by testing the null hypothesis Hy that a=0 and b=1.
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8.3 Results

8.3.1 Simulation of cfop development

8.3.1.1 Model improvement for Tt calculation

The accuracy of primary leaf appearance simulations was used as the criteria to define the
most suitable calculation for daily thermal-time (7%,s). The use of Jones et al. (1986)
method (Section 8.2.3.2) improved the accuracy of the model, predominantly during
winter/early-spring (Figure 8.8). At that period, the residual mean squared deviation
(RMSD) was up to three fold lower using the Jones et al. (1986) method than for the simple
Tmean calculation. For example, in the spring 2003, the RMSD was 0.55 primary
leaves/shoot when the segmented framework was used, compared with 1.9 primary
leaves/shoot for the simple Tmean calculation (Figure 8.8). During mid-spring/summer,
when temperatures were higher, both methods predicted leaf appearance with similar

RMSD (Figure 8.8).
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Jones et al. (1986) method (—) in comparison with measured data (O) from lucerne crops

subjected to a 42-day regrowth cycle in the 2002/03 and 2003/04 growth seasons at

Lincoln University, Canterbury, New Zealand.

Note: Bars indicate one residual mean square deviation (RMSD) for each regrowth cycle. Details about Tt

calculation methodologies are given in Section 8.2.2.2.

8.3.1.2 Model testing for the number of primary leaves/shoot

Leaf appearance was simulated with a RMSD of 0.9 leaves/shoot (13% mean) for the
original data-set and 1.7 leaves/shoot (19% mean) for the independent data-set (Table 8.4).
In both data-sets there was a slight rotation of the fit between simulated and measured data

(20%<NU<46% MSD) with consequent significant slope and intercept (Table 8.4).
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Table 8.4 Statistics for the comparison of simulated and measured count of primary leaves

of lucerne crops grown at Lincoln University, Canterbury, New Zealand.

Original data-set Brown (2004) data-set
RMSD 0.9 1.7
RMSD (% mean) 13 19
SB (% MSD) 2 3
NU (% MSD) 20 46
LC (% MSD) 77 50
Intercept 1.1+ 2.7«
Slope 0.9« 0.7+
R’ 0.92 0.86

Note: (ns) Non-significant; (*) Indicates intercept different from zero or slope different from unit at a level of

significance (o)) of 0.05.

In mid-spring/summer (Oct-Mar) there was agreement between simulated and measured
data (Figure 8.9). The higher RMSD for the independent data-set (Table 8.4) was mainly
caused by underestimations in the autumn of 2002 (Apr-Jul) cycles (Figure 8.9) when there

was a high number of main-stem nodes at the beginning of the regrowth period.

2014 | O Measured (Brown 2004)
—— Simulated

Number of expanded primary leaves

Jan Apr Jul Oct Jan Apr Jul
2001 2002

Figure 8.9 Comparison of measured and simulated number of expanded primary leaves
(independent data-set) of lucerne crops grown at Lincoln University, Canterbury, New

Zealand.
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8.3.2 Simulation of leaf area expansion

Leaf area index was simulated with a RMSD of 0.6 m*m? (24% of mean) for the original
data-set and 0.8 m*m? (25% of mean) for the independent data-set (Table 8.5). In both
data-sets the slope and intercept of the fit between simulated and measured values were not
different from unit and zero respectively (Table 8.5). This was reflected in the high lack of
correlation (84%<LC<95% MSD) indicating a random distribution of bias.

Table 8.5 Statistics for the comparison of simulated and measured leaf area index of

lucerne crops grown at Lincoln University, Canterbury, New Zealand.

Original data-set Brown (2004) data-set

RMSD 0.6 0.8

RMSD (% mean) 24 25

SB (% MSD) 5 15

NU (% MSD) 0 1

LC (% MSD) 95 84

Intercept -0.09,5 0.96,,

Slope 0.99,, -0.19,

R® 0.88 0.81

Note: (ns) Non-significant; (*) Indicates intercept different from unit or slope different from zero at a level of

significance (o) of 0.05.

For the independent data-set, most of the simulations of LAI less than 3.6 (LAl) were
close to measured data (Figure 8.10). At later stages of canopy development there were
underestimations in the October 2001 cycle and overestimations in the March 2002 cycle

when senescence was not captured by the model.
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Figure 8.10 Comparison of simulated and measured leaf area index (independent data-set)

of lucerne crops grown at Lincoln University, Canterbury, New Zealand.

8.3.3 Simulation of shoot growth

8.3.3.1 Model improvement for the predictor of Part_root

The criteria to define the most suitable method to derive partitioning of DM to roots
(Part_root) was the minimization of the RMSD for shoot yield predictions. Simulations of
DM _shoot using photoperiod as a driver of partitioning (Figure 8.11, a) had a RMSD of 0.4
t/ha (25% of mean DM _shoot). Simulations were improved by the use of Tsoi/Tair (Figure
8.11, b) which decreased the RSMD to 0.3 t/ha (20% of mean DM_shoot). Additionally,
the use of T/ Tair improved the ability of the model to simulate the mean DM _shoot as the
SB component of MSD decreased from 24% with the Pp method to only 2% of the MSD
when Tyoi/Tair was used. With the use of Tyoi/Tair the greatest component of MSD was the
LC (96% MSD) which indicates that the bias was not systematic (Figure 8.11 ). In
contrast there was a ~10% underestimation (b=1.1, P<0.01) when Pp was used to derive

partitioning (Figure 8.11 a).
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Figure 8.11 Simulated and measured values of shoot dry matter for lucerne crops subjected
to a 42-day cycle defoliation regime in the 2002/03 and 2003/04 growth seasons at Lincoln
University, Canterbury, New Zealand. Simulations were performed with a partitioning
coefficient of DM to roots driven by (a) photoperiod (Pp) or (b) the relationship between
soil and air temperature (Tsoip/Tair)-

Note: Details about methodologies to derive partitioning are described in Section 8.2.5.1. SB, NU and LC are

the components of the mean squared deviation (MSD, Section 8.2.7). RMSD is the root mean squared

deviation.

8.3.3.2 Model testing for shoot yield

There was a close agreement between simulations and measured data for shoot yield in the
original data-set (Figure 8.12). Shoot yield was simulated with a RMSD of 0.3 t/ha (20% of
mean) with the original data-set (Figure 8.11 b) and 0.6 t DM/ha (31% of the mean) in
relation to independent data (Figure 8.13 b). Shoot yield was only underestimated for the
original data-set during the April 2003 cycle (autumn). Three data-points collected after
the onset of canopy senescence (pointing arrows in Figure 8.13 a) were not included in the
calculations of RMSD, as senescence was out of the scope of the model. The test with
independent data gave a slight rotation of the fitted regression (NU=20% MSD and 5=0.80)
but the mean shoot yield was accurately estimated (SB=1% MSD).
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Figure 8.12 Comparison of simulated and measured shoot yield for lucerne crops subjected

to a 42-day cycle defoliation regime in the 2002/03 and 2003/04 growth seasons at Lincoln

University, Canterbury, New Zealand.

Note: Statistics for the fit are given in Figure 8.11 .

The increase in the RMSD for shoot yield when the simulations were compared with the
independent data-set were mainly caused by a large underestimation in the April to early-
September (autumn/winter) period of 2001 (Figure 8.13 a). For the original data-set, the
autumn/winter period was usually accurately simulated, with the exception of the April
2003 cycle (Figure 8.12). From October to March (spring/summer) simulations of shoot

yield were accurate in both data-sets (Figure 8.12 and Figure 8.13).
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Figure 8.13 Comparison of simulated and measured shoot yield (independent data-set) of

lucerne crops grown at Lincoln University, Canterbury, New Zealand.

Note: In Figure 8.13 a simulated and measured values are compared. Arrows indicate data-points post-
senescence that were not included in the calculation of the RMSD value shown in Figure 8.13 b. Pie chart

represents the percent composition of the mean squared deviation (MSD) as detailed in Section 8.2.7.

8.3.4 Simulation of root DM

8.3.4.1 Model improvement for the timing of application of Rm on root DM.

Either the (i) application of maintenance respiration (Rm) on DM_root_new immediately
after assimilation (Rmagireet method) or (i) after one regrowth cycle (Rmgclay method) were
tested as the best method to estimate DM_root. Both approaches poorly simulated

measured values of DM_root with a RMSD of 1.8 t/ha for Rmgireet method (33% mean) and
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1.9 t/ha Rmgelay method (35% mean). The NU was the most significant component of MSD
in both simulations (52-73% MSD) which indicated a large systematic bias in the

simulations.
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Figure 8.14 Simulated and measured values of root dry matter for lucerne crops subjected
to a 42-day cycle defoliation regime in the 2002/03 and 2003/04 growth seasons at Lincoln
University, Canterbury, New Zealand.

Note: The model variable root dry matter (DM_roof) was assumed to represent the measurements of
perennial dry matter (Section 4.2.1); estimated as 1.25 x (crown DM plus taproot DM to a 300 mm depth).

SB, NU and LC are the three independent additive components of the mean squared deviation (MSD) which

are shown in the pie charts (Section 8.2.7). RMSD is the root mean squared deviation.

A possible cause of large NU values was the use of an incorrect maintenance respiration
rate. Therefore other maintenance respiration rates were tested using the sensitivity
analysis function of ModelMaker v.4.0. There was no improvement in the fit between
simulated and measured data with any fixed Rm_root ranging from 0.005 to 0.03 DM/day
(Figure 8.15).
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Figure 8.15 Testing of six values of maintenance respiration rates of root DM (0.005-0.030
DM/day) for lucerne crops subjected to a 42-day cycle defoliation regime in the 2002/03
and 2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

Note: Rm_root_day is the fractional daily maintenance respiration rate of root DM. The model variable root

dry matter (DM_root) was assumed to represent the measurements of perennial dry matter (Section 4.2.1);

estimated as 1.25 x (crown DM plus taproot DM to a 300 mm depth).

The overall seasonal pattern of accumulation and depletion of DM_root was mimicked by
the simulation (Figure 8.14). However in general, the pattern of accumulation and
depletion was anticipated by ~90 days. For example, an accumulation of DM_root was
measured in December but the model simulated this increase from September. There was
also an anticipation of the decline in DM_root which resumed in late-April but was

simulated from late-February.

8.3.4.2 Improving the simulation of root dry matter

To improve the simulation of root dry matter, an alternative hypothesis with regard to root
respiration was tested. This assumed that (i) root respiration rates fluctuated seasonally in
response to differences in the metabolic activity of roots; (ii) the Qo for any rate is
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constant at 1.8 and; (iii) during solstices and equinoxes there was a shift in respiration rates
to adjust for a best fit as a broken-stick model (Figure 8.16). These assumptions allowed
adjusting of Rm_root to the “most probable” respiration rate at the beginning of each

season by trial and error, until a close fit was achieved (Figure 8.17).
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Figure 8.16 Assumed seasonal pattern of respiration rates to adjust root dry matter
simulations to create a best fit with measured data of lucerne crops grazed at 42-days,

regrowth cycles at Lincoln University, Canterbury, New Zealand.

The adjustment of respiration rates with seasons (Figure 8.16) allowed an improvement in
the RMSD for DM_root to 0.7 t/ha (14% mean) and a reduction in the systematic bias of
the simulation as LC increased from 38% to 85% of the MSD.
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Figure 8.17 Adjusted fit of root dry matter simulation for lucerne crops grazed at 42-days
regrowth cycles at Lincoln University, Canterbury, New Zealand.

Note: SB, NU and LC are the three independent additive components of the mean squared deviation (MSD)

which percent is shown in the pie graphs (Section 8.2.7). RMSD is the root mean squared deviation.

8.3.5 Comparing simulations of shoot yield among defoliation treatments

The simulated annual shoot yield for LL crops was 23.4 t DM/ha, similar to the 23.1 t/ha
actually measured in the field. The model accurately predicted the yield of a crop with non-
limiting levels of perennial reserves (e.g. LL crops) and therefore any difference between
simulated and measured yield for the other crops (LS, SL and SS) can be assumed as
caused by a lack of reserves for growth processes. The remainder of the difference in
relation to LL yield can be then assumed as the effect of defoliation per se on shoot yield.
For example, SS crops yielded 11.1 t/ha less shoot DM than LL crops from which 6.8 t/ha
were caused by low levels of perennial reserves and 4.2 t/ha were due to the short regrowth
length (i.e. harvests before LAl.;). The reduction in shoot yield caused by low levels of

reserves was 1.1 t/ha for LS but increased to 5.6 t/ha for SL (Figure 8.18).
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Figure 8.18 Measured and simulated annual shoot yield for lucerne crops subjected to four
contrasting defoliation regimes in the 2002/03 and 2003/04 growth seasons at Lincoln

University, Canterbury, New Zealand.

Note: Arrow indicates the shoot yield simulated for SS crops (18.9 t/ha) by the lucerne model as a reference.
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8.4 Discussion

The objective of this chapter was to describe the construction and test the accuracy of a
lucerne simulation model. The relationships derived in the result chapters were
successfully integrated in the model which simulated seasonal growth and development of

lucerne crops.

8.4.1 Overview

The model structure was adapted from the original framework proposed by Monteith
(Monteith, 1977) and applied for lucerne crops by Gosse (Gosse et al., 1984) in which
shoot yield is a product of PAR; and RUEpe (Section 2.1). The main limitation for the use
of this framework in lucerne is the inconsistency of physiological responses (e.g. LAI
expansion and RUE) to the seasonal environment (Section 2.7). To overcome such
limitations and predict seasonal yield accurately, the model structure was improved in four
main aspects by assuming (i) a seasonal rate of leaf expansion based on thermal-time with
a Ty, of 5°C (Section 8.2.3), (if) RUE for total biomass instead of RUFEg.q: (Section 8.2.4.1),
(iii) the use of a temperature correction for RUEy, (Section 2.5.1.4), and (iv) a seasonal
partitioning coefficient of DM to roots (Section 8.2.5). The simulations with the adapted
model were then used to find the most suitable method (i) for thermal-time calculation
(Figure 8.8), (ii) to derive partitioning of DM to roots (Figure 8.11) and (iii) to apply

maintenance respiration on root DM (Figure 8.14).

The improved model simulated leaf appearance (Figure 8.9), leaf area index (Figure 8.10)
and shoot yield (Figure 8.13) with acceptable accuracy (polled RMSD of 22+2% mean; LC
of 80+£7% MSD). However, the simulations of root DM were initially poor (RMSD of 31%
mean, LC of only 38% MSD; Figure 8.14). To improve the simulations of root DM, the
hypothesis of a seasonally variable root maintenance respiration rate was tested (Figure
8.16). This adjustment improved simulations of root DM and reduced the RMSD to 14%
mean (Figure 8.17). The model was then used to quantify the exclusive impact of perennial

reserves on the annual shoot yield of each one of the four defoliation regimes (Figure
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8.18). Simulations showed that low levels of perennial reserves caused a decline in yield

from 1.1 t/ha for LS crops to 6.8 t/ha for SS crops.

8.4.2 Simulation of shoot DM

The simulation of shoot DM for the original data-set was accurate with a RMSD of 0.3 t/ha
or 20% of the mean (Figure 8.13). This compares with a RMSD of 0.8 t/ha (33% mean) of
APSIM-lucerne (Dolling et al., 2005; Robertson et al., 2002). During mid-spring/summer
there was a strong agreement between simulated and measured data in both data-sets.
However, for the independent data-set, the RMSD increased to 30% of the mean (0.6 t/ha),
this being caused by underestimations of shoot yield from June-September 2001 (Figure
8.13). This was consistent with the underestimation of LAl at the same period (Figure
8.10), indicating that PAR explained part of these differences. For the independent data-
set, the model also largely overestimated shoot yield during the autumn cycles of 2001 and
2002 (Figure 8.13). The overestimation was caused by the occurrence of significant
senescence during these autumn cycles (Brown et al.,, 2005b) with decline in the
accumulated shoot yield (Figure 8.13). These results highlight the need to include a
senescence function in the model and to define the drivers of such process (e.g.

reproductive stage, shoot C balance, leaf life span).

The use of T/ Tair to drive pper, instead of Pp improved the simulations of shoot DM
making the RMSD decline from 0.4 to 0.3 t/ha and reducing the SB from 24 to 2% of MSD
(Figure 8.11). This improvement was because the bias involved in the hysteresis model
based on Pp (Figure 7.6) was greater than for the overall unifying relationship for Tsoi/ Tair
(Figure 7.7), mainly at decreasing photoperiod. A unifying relationship between Tioit/ Tair
and pp.r was possible because there is a lag between the increase in soil and air
temperature, which slightly uncouples the fluctuation of Tyo/Twir from the seasonal Pp

pattern in autumn (Figure 7.8).

The use of T/ Tair as the predictor of pp for lucerne modelling is a simplification of the
hypothesis proposed by Hargreaves (2003) in which the flux of DM from shoots to roots is
in direct response to the ratio of temperature of these organs. Although the empirical
relationship between pper and Tsoi/ Tair does not imply a direct causal mechanism; it is based

on the hypothesis that the metabolic rate of each organ responds to temperature (Engels,
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1994) and this defines the direction and intensity of DM flow. Of note, the inclusion of any
variable to drive ppe in lucerne models possibly demands the use of cultivar specific
parameters because partitioning patterns may be different according to the level of winter-
dormancy (Dolling et al., 2005; Lemaire and Millard, 1999; Volenec et al., 2002; Volenec
et al., 1996).

8.4.3 Simulations of leaf area expansion

There was a close agreement between simulated and measured LA/ during spring/summer
(Figure 8.10). Therefore, a single LAER (0.016 m*m*°Cd, Ty=5°C) was successfully used
as the main driver of lucerne LAl expansion during the warmer months. Gosse et al. (1984)
also showed that LAl was linearly related to thermal-time sum (7,=0°C) for ‘du Puits’
lucerne in France, but the relationship was different for the spring/summer and
winter/autumn periods. Two changes were made to the Gosse et al. (1984) model to
improve winter/autumn simulations: (i) an empirical adjustment of LAER based on
photoperiod and (ii) the use of T of 5°C to calculate Tt. Using this new structure, the
RMSD for LAI was ~25% of the measured mean for both original (0.6 m*m?) and
independent (0.8 m*/m®) data-sets (Table 8.5). For the independent data-set, there was a
trend to (7) underestimate LA in September 2001 (early-spring cycle) and (ii) overestimate
LAI in the early stages of regrowth in half of the analysed cycles (Figure 8.10). The
dynamics of early regrowth in lucerne is a challenging process to model because several
factors, apart from temperature, influence LAI expansion immediately after harvest. For
example, early rates of canopy expansion may be affected by (i) the level of perennial
reserves (Section 6.3.5.2), (if) the initial number of growing points and (iii) the residual

leaf area at the start of regrowth (Meuriot et al., 2005).

To simulate LAl expansion by a more mechanistic approach would be to model leaf
appearance rate and the area of individual leaves as in APSIM-lucerne (Robertson et al.,
2002). However, using such an approach, APSIM-lucerne gave a poor estimation of LAl
with a RMSD of 56% of the mean (1.4 m%/m?) (Robertson et al., 2002). This reinforces the
need for gaining quantitative understanding of canopy forming processes. This thesis bring
initial insights about some of these issues such as the seasonality of phyllochron (Section
6.2.8), branching patterns (Section 6.3.9) and the effect of perennial reserves on individual

leaf area (Section 6.3.10) that can be incorporated in future lucerne models. Therefore at
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this stage the use of a empirical approach for LAl simulation, such as LAER adjusted for

Pp, can be justified for predictive purposes (Sinclair and Seligman, 1996).

8.4.4 Simulations of primary leaf appearance

Simulations of primary leaf appearance (Figure 8.8) were improved by the calculation of
thermal-time using the Jones et al. (1986) method instead of a using Tppean from the weather
file (Section 8.2.3.2). This was characterized by a decline in the overall RMSD from 1.4
leaves/shoot to 0.9 leaves/shoot. The use of Jones et al. (1986) method improved the
simulations because the Trmean during the winter/early-spring period is often lower than the
Ty, of 5°C which causes the underestimation of Tts (Figure 8.8). Therefore, in cool
temperate climates such as Canterbury, it was necessary to take into account the diurnal

temperature fluctuation for the accurate calculation of ) Tt.

With the improved Tt calculation, leaf appearance was accurately simulated with an RMSD
of 0.9 leaves/shoot (13% mean) for the original data-set and 1.5 leaves/shoot (19% mean)
for the independent data-set. The increase in the RMSD for leaf appearance in the
independent data-set was mainly caused by (i) large overestimations in the end of autumn
cycles (Mar-Apr) and (ii) the underestimation observed in the early stages of regrowth
during the last measured autumn cycle (April 2002). The reason for these poor simulations
was the occurrence of flowering and senescence in the autumn cycles (Brown et al.,
2005b). These processes were not accounted in the model framework. The occurrence of
flowering significantly decreases the rate of leaf appearance in lucerne (Brown et al,
2005b). Therefore it is necessary to include an adjustment of leaf appearance rates as a
function of the reproductive stage of the crop. This seems to be a straightforward approach
because the moment of flowering can be predicted from the thermal-time accumulation and

photoperiod in lucerne (Moot ef al., 2001).

A function to account for senescence is also necessary to improve simulations for long
regrowth cycles. During the early autumn cycles from the independent data-set crops
regrew for 54-62 days (Brown, 2004) in comparison with 42 day cycles in LL crops. This
long regrowth allowed the occurrence of senescence at a level that caused net loss of shoot
DM (Figure 8.13). Most probably, senescence allowed light to penetrate through the open

canopy increasing the red/far-red ratio at crown level and triggering the initiation of basal
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shoots. These shoots were already developed (~4 main-stem nodes; Figure 8.9) in the
beginning of the following cycle (last cycle of 2002) which explains the underestimation of
the number of primary leaves at this time because the model assumed a single expanded

leaf at the beginning of regrowth cycle.

In a model framework where canopy development and DM assimilation are simulated
independently, as the one proposed in this chapter, senescence may be considered for
leaves (e.g. LAI dynamics) and for shoots (e.g. DM loss) as result of self-thinning (Section
5.3.4.3). The senescence of LAI can be predicted from main-stem node appearance
(Section 6.3.12) as previously proposed by other authors (Brown et al, 2005b;
Ranganathan et al., 2001; Robertson et al., 2002). Accurate simulations of leaf appearance
are necessary to allow more mechanistic approaches of LAl modelling in the future as used

in APSIM-lucerne (Robertson et al., 2002).

8.4.5 Simulation of root DM

The simulations of root DM were extremely poor (Figure 8.14) when the initial
assumptions about root dynamics were used (Section 8.2.4.2). In the original model
structure, root DM is calculated as a function of (i) total DM assimilation; (i) the fractional
partitioning of DM to roots and; (iii) root maintenance respiration losses. The first two
components were assumed to be correct as they also impacted on shoot yield simulations,
which were accurate (Section 8.3.3). Therefore the poor simulation of root DM was
assumed to be mainly caused by incorrect assumptions about the root maintenanqe

respiration rate (Rm_root_rate).

The model was then used to test a range of fixed Rm_root_rate (0.005 to 0.03 DM/day)
with no significant improvement in simulations (Figure 8.15). Therefore a new hypothesis
assuming a seasonally variable Rm_root_rate was tested (Bouma et al, 2000). This
approach considerably improved the simulations and allowed the derivation of the most
probable respiration rates for each season (Figure 8.16). The use of very low respiration
rates (<0.005 DM/day) in autumn which increased slowly to ~0.01 DM/day at the end of
the winter and reached a maximum of 0.035 DM/day in early-summer gave a low RMSD
of 0.7 t/ha (14% of the mean) for the simulation (Figure 8.17). This seasonal pattern for

Rm_root_rate is consistent with the expected changes in the metabolic activity of crowns
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and taproots throughout the seasons. For example, from spring to summer there is a strong
mobilization of reserves, notably nitrogen, from perennial organs to shoots (Volenec et al.,
2002). This process implies the degradation of soluble proteins and transport of amino
acids to shoots, which may cause an increase in respiration to provide energy for such
processes. During mid-summer to early-autumn maintenance respiration may progressively
decrease as a function of a reduction in the total amount of assimilates being stored in
perennial organs. Nevertheless, during this period the energy costs related to active
transport of assimilates for storage should exist (Lambers et al., 1996). During mid-autumn
to mid-winter there may be a reduction in the metabolic activity of perennial organs,
possibly in accordance to the dormancy level of the cultivar. From mid-winter to early-
spring maintenance respiration would be expected to increase again as a function of th.e

activation of shoot meristem and increasing demand for perennial reserves.

The importance of a correct understanding of root maintenance respiration relies on the
fact it has a major impact on the total crop C budget, consuming up to 50% of the daily
fixed carbon (Atkin e al., 2000). However, due to the lack of quantitative understanding
about root Rm, most crop simulation models assume a constant maintenance factor over
root biomass (Marcelis et al., 1998) or carbohydrate basis (Holt et al., 1975). The
alternative approach of a broken-stick model with a seasonally variable root Rm (Figure
8.16) offers an innovative mode to quantify lucerne roots dynamics. There is reasonable
evidence for a variable root Rm in other perennial crops such as apple trees (Bouma et al.,
2000). These authors showed that root Rm changed more than 4 fold with the root ageing
and with environmental conditions. There are several possible reasons to justify a variable
root Rm. Root respiration differs depending on the chemical composition of organs (e.g.
protein content) and the energetic costs of performing different metabolic activities such a‘.s
N uptake, uptake of others ions, N fixation, phloem loading and protein turnover (Bouma
et al., 1996; Cannell and Thornley, 2000). Also, the sensitivity of root respiration to
temperature, quantified as the Q10, may vary with the chemical composition of roots (Atkin

et al., 2000) and temperature itself (Lemaire and Millard, 1999; Tjoelker et al., 2001).

In this sense, a more accurate modelling of root dynamics would demand the
compartmentalization of roots into structural (passive) and labile reserves (active) tissues
(Bouma et al., 2000). The definition of labile (e.g. starch, sugar, soluble proteins) and
structural (e.g. cellulose, protein associated with cell walls) would give a more realistic

representation of the pools that are prone to mobilization (Cannell and Thornley, 2000). In
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addition, root exudation was not considered in the model although it can contribute with a

significant loss of C from roots (Lemaire and Millard, 1999).

Other issue to be considered for the simulation of lucerne root DM is the respiration and
reserves translocation pattern ‘within’ a regrowth cycle. Root respiration rates in lucerne
increase shortly after defoliation (Singh, 1974). However the metabolic activity of roots in
response to defoliations is expected also to vary seasonally because carbon storage is faster
in autumn than spring (Morot Gaudry et al., 1987). All these potential improvements in
root Rm dynamics would involve the aggregation of relationships that are not properly
quantified which would compromise the accuracy of the model. Therefore at this stage, a
simple and easily traceable model structure, as proposed in this chapter, becomes a useful
tool to quantify the general pattern of root dynamics regardless of the empiricism of the

relationships.

8.4.6 Isolating the effect of perennial reserves on shoot yield

The model was used to quantify the exclusive effect of perennial reserves on shoot yield.
The lower shoot yields observed in frequently defoliated crops (LS, SL and SS) were
caused by (i) the effect of defoliation frequencies per se (e.g. harvesting before LAl s,
Section 6.3.3) and (i7) the effect of low perennial reserves by reducing growth rates by

their effect on LAER and RUF (Section 6.3.5.2).

The decline in yield caused by perennial reserves increased from 1.1 t/ha/year in LS crops
to 6.8 t/ha/year in SS crops being 32% and 62% of the total difference respectively. This
shows that physiological processes responsible for growth rates (e.g. canopy expansion and
photosynthesis) were affected twice as much in SS crop than LS crop by the level of
reserves. On the other hand, simulations showed that shorter period of regrowth were
responsible for declines in 2.3 to 4.2 t/ha of annual shoot DM in relation to LL crop. This
was caused by the greater occurrence of lag phases of growth in crops grazed frequently
and also due to shorter periods of regrowth under near complete PAR interception (i.e.

LAIZLAI crit) .
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8.5 Conclusion

The specific conclusions for this chapter are:

e It was possible to integrate the mathematical relationships developed in the

previous results chapters into a simple simulation model.

o The model simulated seasonal shoot yield and development with an acceptable
level of accuracy. In general the RMSD was 13-24% of the measured mean for the

original data-set and 19-31% mean for the independent data-set.

e The most accurate predictions of growth and development were obtained by using
the following methodologies:

o Segmentation of day in 8 periods of 3 h for Tt,s calculation (Jones et al.,1986)

o The use of Ty,/T,; to derive fractional DM partitioning to roots

¢ Root DM was poorly simulated (e.g. RMSD=33% mean, NU=52% MSD) initially
and required a change in the assumptions about maintenance respiration rates to

improve simulations.

¢ Root DM simulations were greatly improved (e.g. RMSD=14% of mean, NU=7%
MSD) by assuming a seasonal root maintenance respiration rate instead of a fixed

one.

The modelling exercise performed in this chapter demonstrated that it was possible to
simulate seasonal lucerne growth and development by the use of summary relationships
such as RUE and LAER. The level of empiricism and specificity of such relationships

deserve further testing before being extrapolated to other sites and cultivars.
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9 General discussion

9.1 Overview

The aim of this thesis was to improve the understanding of lucerne physiological responses
to environmental factors, as affected by the level of perennial reserves (Section 1.2). To
accomplish this, four defoliation regimes were imposed on a ‘Kaituna’ lucerne crop to
create contrasting levels of perennial reserves (Section 3.3). The four treatments involved a
factorial combination of two regrowth lengths (28 or 42 day cycle) applied at two periods

of the growth season (before and/or after 4™ February).

The seasonal patterns of growth and development of the lucerne crops were then monitored
through two growth seasons (2002-2004), based on the yield framework proposed by
Monteith (1972). In this framework shoot yield is analysed as the product of intercepted
PAR (PAR;), the radiation use efficiency (RUE, g DM/MJ PAR;), and the harvest index
(Equation 2.1). These three components were used to segment the study of crop
physiological processes into (i) canopy development, (i) photosynthetic capacity and (iii)
DM partitioning to perennial organs (pper), respectively. The relationships derived from this
study were then integrated into a simple computer simulation model. The lucerne model
aimed to predict seasonal yield and development of ‘Kaituna’ lucerne with non-limiting
perennial reserves in the cool temperate climate of Canterbury. The model testing enabled
the evaluation of the consistency of the assumed relationships and highlighted areas for

further research.

9.2 Agronomical implications

The use of the four defoliation regimes was effective in creating lucerne crops with
contrasting amounts of perennial DM and different concentrations of carbohydrates and
nitrogen in perennial organs (Section 4.3). For example, after the first 5 months, SS crops
had 58% less nitrogen, 78% less starch, 30% less soluble sugars and 17% of the structural
DM than LL crops. This demonstrated that a 13 day shorter regrowth period for SS crops
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was sufficient to limit carbon assimilation (i.e. photosynthesis) and N assimilation (i.e.

mineral uptake and N; fixation) which reduced assimilate storage.

Regardless of the defoliation treatment, all crops went through a similar seasonal pattern of
accumulation and depletion of perennial reserves. For example, perennial DM in LLoyp3
crops was 3 t/ha in early-summer but increased to ~5 t/ha in late-autumn (Figure 4.3.2). In
general, the amounts and concentrations of perennial reserves reached the highest levels in
early-autumn (March-April). These reserves declined throughout the winter/spring period
until the lowest levels in early-summer (December-January). From mid-summer to autumn
reserves and structural DM again accumulated in perennial organs. This pattern agrees
with previous reports for the seasonal concentrations of C and N in lucerne roots
(Cunningham and Volenec, 1998). However the largest influxes of carbon to perennial
organs occurred in mid-summer rather than autumn, as is commonly suggested in the

literature (Section 2.6).

The differences in the concentration of N and carbohydrates in taproots had no apparent
effect on the seasonal pattern of DM, The concentration of reserves in taproot cells
defines the osmotic potential that, according to Miinch theory, is the main force driving
carbon partitioning in plants (Bancal and Soltani, 2002). The soluble fraction of
carbohydrates, measured as Sugar%, is an important component to define the cellular
osmotic potential in plants (Farrar and Jones, 2000). The effect of defoliation treatments on
Sugar% was transient and minor when compared with the differences observed for N%;oo
and Starch%. Possibly the osmotic potential and consequently the sink strength of
perennial organs was maintained at similar levels among treatments. The Sugar% tended to
a seasonal homeostasis in all crops which may have caused the similar seasonality of
DM,,... Nevertheless, the mechanisms and signals that control the seasonality of Sugar%

deserve further investigation.

The seasonality of DM partitioning has practical implications for lucerne management.
Farmers use defoliation frequency as a management tool to balance forage yield, quality
and persistence (Keoghan, 1982). If the aim is to improve crop persistence and yield, by
restoring the level of C and N in perennial organs, the best time to apply long regrowth
lengths is from mid-summer to early-autumn because (i) the relative partitioning of DM to
perennial organs (i.e. pper) is the highest (Figure 4.3.2) and (if) photosynthetic rates are
highest (Table 7.1). Belanger et al. (1999) also observed that harvests ‘early’ in autumn are
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more deleterious to the following spring growth than when an extra defoliation is applied
late in the growth season. Consequently, long spells in late-autumn (May-Jun) are expected
to have little impact on the level of perennial reserves because total carbon assimilation is
limited by low radiation receipts and low temperatures. On the other hand, if crops are
allowed to rest for longer periods during mid-summer/early-autumn (Feb-Apr), the
absolute amount of C and N allocated to perennial organs is maximized. This was
confirmed by the recovery of reserves in SLosj4 crops by late-autumn (Figure 4.9). Within
regrowth cycles, the recovery of nitrogen and carbohydrate reserves started at ~250°Cd
after defoliation, which is close to when crops reached LAl (assuming LAER of 0.016
m*/m?/°Cd, Section 8.2.3.1) and senescence and self-thinning of shoots resumed (Figure

5.14). This suggests a synchronicity of physiological events in shoots and taproots.

Frequent defoliations decreased annual shoot yields from 23 t/ha in LL crops to 14 t/ha in
SS crops (Section 5.4.1). The differences in shoot yield were analysed through the study of
each yield components of plants/mz, shoots/plant and individual shoot mass (ISM). The
individual shoot mass (/SM, g DM/shoot) was the yield component which explained most
of the differences in shoot yield (Figure 5.16). This agrees with previous observations in
lucerne at different populations and levels of fertility (Berg et al., 2005; Volenec et al.,
1987). Therefore, a reduction in the availability of C and N for the growth of each
individual shoot was the primal mechanism by which frequent defoliations or low level of
reserves affected shoot yield. Defoliation treatments had no effect on plant population
(Figure 5.11) and on the number of shoots/plant (Figure 5.12). Therefore, the observed
range in the level of reserves was not sufficient to accelerate plant mortality or to limit
shoot appearance. The main cause of plant population decay was possibly the inter-plant
competition for light (Gosse et al., 1988). Suppressed lucerne plants are progressively
deprived of light which reduces root biomass and the levels of endogenous reserves,
notably soluble proteins (Avice er al., 1997a). Therefore, the low level reserves are not the
cause of plant death, but rather indicative of a negative C balance, as a consequence of
reduced capacity to compete for light with neighbouring plants. This mechanism of plant
self-thinning occurred similarly in all crops, although the ranking in terms of absolute
amounts of reserves was greater for LL than SS crops. Under farm conditions, weed
invasion in paddocks of crops with low level of reserves may accelerate the decay of plant
population. Crops grazed frequently will be prone to intense weed invasion because the
canopy is open for longer periods and growth rates are limited by the low levels perennial

reserves. In this case, competition for light among species would be expected to accelerate
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death of lucerne plants. In the present experiment, weed invasion was avoided by intense
chemical control of invading species, mainly in SS crops (Section 3.3.4.3). The rate of
shoot initiation was also not affected By the level of perennial reserves. Immediately after
defoliation the shoot primordia are the main sinks for assimilates, however the absolute

demand for C and N was possibly lower than the supply, even for SS crops.

These observations suggest that predictive lucerne simulation models may successfully
operate at the ‘crop level’ without the need to assess plant and shoot population dynamics.
This would be untrue if plant population is lower than the threshold in which the
compensatory increases in shoots/plant are unable to maintain optimum shoot populations
(Figure 5.15). For ‘Kaituna’ there was no limitation in shoot yield until ~60 plants/mz, the
lowest observed plant population (Figure 5.11). Belanger et al. (1992) found that shoot
yields declined only when plant population was lower than 46 plants/m* for cultivar's

‘Apica’ and ‘Oneida VR’ grown in Atlantic Canada (~46° N),

Leaf to stem ratio was conservative when related to shoot yield (Figure 5.9). Interestingly,
the allometric growth of leaf and stem for ‘Kaituna’ (Figure 5.9) was in close agreement
the report for ‘EBurope’ in France (Lemaire et al., 1992). Shoot yield is an empirical but
reliable predictor of DM partitioning between leaf and stem and can be used for such in

predictive simulation models (Figure 8.7).

The dynamics of shoot self-thinning was also similar among crops (Figure 5.14). The
segregation of shoot classes (Section 5.2.1) was evident after an LAl of 2.0, when a
maximum shoot population of ~780 shoots/m* was reached and self-thinning resumed
(Figure 5.12). This suggests that a common mechanism controlled shoot death, probably
through competition for light (Gosse et al., 1988; Lemaire et al.,, 1992; Simon and
Lemaire, 1987). Self-thinning of shoots in ‘Kaituna’ started when fractional transrnitte'd
PAR was ~0.20 (Figure 5.14). This can be incorporated as a mechanism to model shoot

population in the future.

9.3 Physiological implications

After quantifying the effect of defoliation treatments on perennial DM and shoot DM, the

focus of this thesis moved to the physiological explanation of these differences. This was
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done by the analysis of the accumulated intercepted PAR (Y PAR;), the radiation use
efficiency (RUE) and the partitioning of DM to perennial organs (pper).

As expected, the ) PAR; was reduced by the use of short regrowth cycles (Figure 6.2). The
interception of PAR in short cycle crops was limited by (i) a direct effect of the 13 days
shorter regrowth period, and (ii) indirectly by slower canopy expansion rates at the
beginning of each cycle, caused by low levels of perennial reserves. In short cycle crops
the canopy was often harvested before LAl was achieved, impeding full PAR
interception (Figure 6.4). In contrast when long regrowth cycles were used, the crops
frequently reached LAl and experienced longer periods under complete PAR interception

(i.e. closed canopy).

The causes of differences in ) PAR; were then analysed by studying (i) canopy architecture,
(if) shoot population, (iii) leaf appearance rates, and (iv) the individual leaf area. The main
cause of differences in leaf area expansion rates (LAER, m*/m?*°Cd) was the reduction in
the expansion of individual leaves at primary and axillary nodes in SS crops. In primary
leaves these differences were only evident after the 5™ main-stem node. These first 5
expanded leaves however had lower photosynthetic capacity (Pnigo, Section 7.3.4.2)
which was consistent with the low values of RUE\.,; observed in SS crops (Figure 7.4 d).
Differences in leaf photosynthetic rates were explained by the specific leaf nitrogen (SLN,
Section 7.3.5.1) that ranged from 1.5t0 3.5 g N/m? leaf. Low values of SLN were mainly a
consequence of a reduction in leaf thickness (i.e. SLW, Figure 8.11 a) with no significant
effect of the nitrogen concentration (N%;e,s) that was relatively high (4-6% leaf DM, Figure
8.11 b). Leaf chlorophyll content was also lower in SS than LL crops, and linearly related
to Pniooo (Figure 7.9). These results imply that SS crops were N limited in the early stages
of regrowth. This hypothesis was further reinforced by a lower nitrogen nutrition index
(NNI) in SS crops at DM < 1 t/ha or 6 primary leaves when compared with LL crops
(Figure 7.12 and Figure 7.13).

Canopy architecture was conservative in all the crops which had a common extinction
coefficient for diffuse PAR (kg) of 0.81 (Figure 6.3). Therefore k4 can be used as a fixed
parameter to estimate PAR; in lucerne simulation models, regardless of the levels of
perennial reserves of these crops. Shoot population dynamics were also unaffected by
defoliation treatments (Figure 5.12) and consequently was not the cause of differences in

LAER.
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Leaf appearance rates were characterized by the value of the phyllochron (°Cd/primary
leaf) which was conservative at 34°Cd (7,=5°C) during photoperiods >12.5 h (mid-spring
to early-autumn) for all crops. Plant developmental processes are usually conservative
among a wide range of environmental and management conditions (Grant and Barthram,
1991). In contrast, at Pp <12.5 h (late-autumn/winter) the phyllochron increased to ~44 to
60°Cd, being greater for crops with low levels of perennial reserves. The autumn increase
in phyllochron may be caused by an increasing dependency of leaf appearance on
perennial reserves at a period when conditions are limiting for photosynthesis (e.g. low
temperatures and low PPFD receipts). This hypothesis is consistent with the fact that the
highest values of phyllochron were observed in crops with the lowest levels of perennial
reserves in autumn (Figure 6.12). Brown et al. (2005b) also observed an increase of
‘Kaituna’ phyllochron in autumn but proposed a hysterisis model in which the phyllochron
changed abruptly in summer. This contrast was partially due to different base temperature
used for Y Tt calculation (Tbl/s, Section 2.4.1.2) which indicates that the values and the
seasonality of the phyllochron can be an artefact of the chosen Ty. A future assessment of
node appearance rates in controlled conditions would be necessary to isolate the effects of
temperature and photoperiod on lucerne development. The rate of appearance of axillary
nodes (branching) was unaffected by defoliation treatments or the level of perennial
reserves (Section 6.2.9) and was related to main-stem node position as previously (Brown

et al., 2005b).

The effect of limited perennial reserves on reducing leaf area expansion rates (LAER,
m*/m*°Cd) was most evident in the spring cycles of SS crops in 2003/04 (Figure 6.6 and
Figure 6.7). The LAER was strongly related to the total amount of taproot dry matter
(R?=0.81), nitrogen (R*=0.67) and soluble sugars (R*=0.60) in taproots. Justes et al. (2002)
also observed a rise in LAER with increasing root biomass and soluble protein content in
lucerne. Possibly the relationship between LAER and soluble sugar amounts was an
artefact of its strong relationship with total taproot biomass. This is because carbohydrate
reserves are often not associated with canopy expansion (Section 2.6.1) and Sugar% was

similar among treatments.

The interpretation of these results suggests that limited nitrogen reserves reduced shoot
growth rates by different means according to the developmental stage of the crop (Figure

9.1). In the early stages of regrowth (<~5 primary leaves) N deficiency reduced specific
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leaf nitrogen (SLN) compromising the photosynthetic capacity of these leaves and reducing
the RUE s of these crops. The continuous scarcity of N or C, after the appearance of the

6" primary leaf, reduced the expansion of these leaves and restricted PAR; (Figure 9.1).
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Figure 9.1 Schematic representation of the effect of limited N reserves in perennial organs
on the growth of ‘Kaituna’ lucerne crops during early (<5 leaves) and late (>5 leaves)
stages of regrowth.

Note: Grey boxes represent physical components of the system connected by a flow of energy or matter (—?.
Dashed arrows indicate influence among processes. LAER is the leaf area expansion rate, SLN is the specific

leaf nitrogen, SLW is the specific leaf weight, LAI is the leaf area index, N%;, is the nitrogen concentration

of leaves, RUE is the radiation use efficiency, k is the extinction coefficient.

Immediately after defoliation carbon is the most limiting resource for growth and N
mobilization, therefore lucerne plants maximize leaf expansion (e.g. LAER) and
consequently PAR;, at the expense of photosynthetic capacity (e.g. RUE). After the canopy

is initially established, if resources are still limiting, there is a reduction in leaf expansion
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which causes photosynthetic components to accumulate in young leaves and boost RUE
(Figure 9.1). This trade off between leaf expansion and photosynthetic capacity is
consistent with the hypothesis of a functional equilibrium occurring between shoots and
roots (Lemaire and Millard, 1999). The reduction in individual leaf expansion at later
stages of regrowth may be caused by a continuous dependence on N reserves for cell
division and expansion when the crop prioritizes photosynthetic efficiency. Alternatively,
leaf expansion may be limited due to the low carbon assimilation of previous leaves. This
mechanism was previously proposed to explain reductions in leaf area for sweet corn (Zea

mays) at contrasting phosphorous nutrition (Fletcher, 2004).

The fractional partitioning of DM to perennial organs (pp.;) was estimated by dividing the
RUEgo0t by RUE . The RUE, was estimated for each regrowth cycle from the
framework proposed by Brown (2004) that accounts for temperature effects on RUE. The
framework was validated for the experimental conditions (Figure 7.4). A general pattern of
increase in partitioning to perennial organs was evident from pp.<0.05 in winter/early-
spring to a pper of ~0.50 in summer (Figure 7.6). This was consistent with the fast
accumulation of perennial DM observed from summer to autumn (Figure 4.2) and agrees
with previous reports in the literature (Section 2.6). The transport of carbon to roots may
be regulated by signals in sink (roots) and source (shoots) simultaneously, as in the ‘shared
control’ hypothesis (Farrar and Jones, 2000). The uncertainties about the underlying
mechanisms involved in these processes justify the use of empirical approaches for
predicting py., (Sinclair and Seligman, 1996). In this sense, temperature and photoperiod
were tested as predictors of ppr (Section 2.6). The relationship of pp with Pp was
inconsistent and a hysteresis model was necessary to explain pp. in periods of increasing
or decreasing Pp (Figure 7.6). For example in LL crops at Pp of 10.5 h, pper was ~0.05 at
winter/spring (increasing Pp) but 0.40 in autumn (decreasing Pp). This differential
response of pper to Pp was previously observed in field grown lucerne (Fick et al., 1988)
and suggests that (i) lucerne physiology responds to Pp direction of change or (ii) other
factor(s) control ppe. Alternatively, the ratio of soil to air temperature (Zso/T%ir) Was tested
as a predictor for pp.r (Hargreaves, 2003). The Tyi/Tair gave a relationship closer to an
unifying linear increase (R2=0.53) at ~0.10 units of ppe, for each 0.10 units Tsoi/ Toir for LL
crops. The py., increased from 0.05 at T/ Tyir 0f 0.8 to 0.50 at T/ T of 1.3 (Figure 7.7).

Nevertheless, the relationship of pye: with any environmental factor does not imply a direct

causal mechanism. The partitioning of DM to perennial organs may also be affected by (i)
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a different effect of temperature on the metabolic rates of shoots and roots (J. Hargreaves,
pers. comm., 2005); (i) different base temperature for the response in metabolic rates of
roots and shoots (P. Jamieson, pers. comm., 2005); (iii) seasonality of chemical
composition of perennial organs (Lemaire and Millard, 1999); (iv) physical limits for root
growth; and (v) the interaction between temperature and photoperiod in controlling
morphogenesis and growth (Durand et al., 1991). Therefore the assumption that the flow of
C is directed to the organ that experiences the highest temperatures, and consequently has

the highest metabolic rates, is more of a functional than a mechanistic approach.

9.4 Considerations for mechanistic modelling of lucerne crops

The physiological relationships derived from result chapters were integrated in a lucerne
simulation model (Chapter 8). The model was successfully used to test the consistency of
these relationships in predicting lucerne growth and development. Additionally the model
was used to test a new hypothesis to explain lucerne physiological responses to the

environment.

Initially, the simulations demonstrated that lower RMSDs (i.e. better fits) were obtained
when (i) Tt was calculated by the method suggested by Jones et al. (1986) instead of Tinean
from the weather file; (i{) maintenance respiration was constantly applied to roots instead

of assumed implicit in RUE;; and (ii5) ppe was derived from T/ Tair instead of Pp.

In general there was agreement between simulated and measured LAI data mainly during
spring/summer (Figure 8.10). Therefore during the warmer months LAER (T3=5°C) can
be used as an accurate and single predictor of LAl as previously shown by Gosse et al.
(1984). These authors also observed that LAER (7,=0°C) was a poor predictor of LAl ip
autumn/winter. To improve LAl simulations during autumn/winter two changes were
incorporated in the lucerne model (i) the use of a T, of 5°C and; (ii) an empirical reduction
in LAER at Pp<12.5 h. This adjustment accounts for the response of physiological
mechanisms to seasonal signals, other than Tiyean, that may limit plant morphogenesis (e.g.
leaf appearance rates and branching, Section 6.2.8) and plant growth (e.g. low C
assimilation and allocation to shoots, Section 7.3.1) during autumn/winter. The site

specificity of such adjustment depends on the actual mechanisms that regulate canopy
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expansion (e.g. gene activation, hormonal signals and/or phytochrome mediated
responses). Also, the level of change in LAER during autumn may be different among
lucerne cultivars with contrasting winter hardiness and levels of dormancy (Volenec ef al.,

2002).

Shoot dry matter assimilation was simulated by assuming RUE. as a “variable” derived
from the product of RUE. and ppe (Section 8.2.4). This approach differs from other
published simulation models which use RUEg as a “parameter” adjusted for temperature
like CropSyst (Confalonieri and Bechini, 2004), or adjusted for seasonal changes in pper
like APSIM-lucerne (Robertson et al., 2002). Therefore, the use of RUEiy, and pper as
parameters gave an additional mechanistic level to the model by exposing the components
responsible for the seasonality of RUE.. To make the lucerne model more mechanistic
requires an assumption that py, is a variable controlled by the balance between the supply
and demand for assimilates in shoots and roots (Durand et al., 1991). The direction and
intensity of the C flux in the plant would be then a function of the supply of C from
photosynthesis and the demand of C from the product between (i) plant morphogenesis and
(i) the mass/volume ratio of plant organs. The hierarchy of DM allocation to leaves, stems
and roots would then be the next level of empiricism of such an approach (Durand et al.,

1991).

The initial simulation of root DM was extremely poor (Figure 8.14). The initial structure of
the model assumed a fixed root Rm of 0.015 DM/day (Section 8.2.4.2). To improve root
DM simulations an alternative hypothesis of a “seasonally variable” root Rm was tested.
The simulations were significantly improved when root Rm was assumed to increase from
<0.005 DM/day in winter to ~0.035 DM/day in summer (Figure 8.17). By adjusting the
values of R, on a seasonal basis the RMSD declined from 33% to 14% of the measured
mean. Obviously, the seasonal Rm is a simplification of several physiological changes that
may occur in lucerne roots. For example, the known response of Qi to temperature and
substrate availability (Atkin et al., 2000; Tjoelker et al., 2001) were not incorporated-in the

model because they are not yet quantified in lucerne roots.
The simulations showed the potential of the lucerne model as a useful tool to identify gaps

of knowledge on lucerne physiology and also to test alternative hypothesis that can be

validated in the future.
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9.5 Suggestions for future research

The result chapters and the modelling exercise indicated areas where further research is
needed to complement the current knowledge of lucerne physiology. Some of the points

that deserve future investigation follow.

a) The understanding of yield components dynamics for modelling genetically contrasting
lucerne cultivars. Yield component (Section 5.2.2) can be monitored on lucerne cultivars
with various levels of winter dormancy, sown at a range of plant populations (Volenec et
al., 1987). It is particularly important to quantify plant population by harvesting roots
instead of counting crowns because the later method tends to underestimate plant

populations.

b) The physiological mechanism that reduces individual leaf area after a certain node
position (Xp, Section 6.2.10) needs clarification. It could be hypothesized that leaves are
smaller because there are fewer cells in the leaf primordia or because cell expansion is
reduced. This could be quantified by counting the number and measuring the area of
mesophyll cells in transversal cuts of leaflets, taken from different main-stem node

positions.

c) Low levels of perennial reserves limited individual leaf expansion. However the effect
of C and N reserves and the mechanism by which leaf area is reduced are not clear. Again,
transversal sections of lucerne leaflets can provide information about changes in cell
division or cell expansion (Section 9.5 b). Perennial reserves could be manipulated in
controlled environment. The critical demand for N to support leaf growth occurs before the
demand for C (Lemaire and Millard, 1999) and therefore the study of cell growth and

expansion can bring some light to these issues.

d) The actual mechanisms and the signals that control the seasonal partitioning of C to
lucerne roots are unknown. Temperature or photoperiod may influence py through the
control of plant morphogenesis and metabolism (Section 2.6). Therefore the first step
would be to isolate the individual contribution of Pp and Tiean to the seasonality of pper.
One option would be to maintain Pp constant at the maximum for the site (e.g. ~16.5 h at
Lincoln, Canterbury). The natural Pp could be complemented to 16.5 h by the use of LED

panels with low level of PPFD output. The rationale would be to cancel phytochrome
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mediated responses without changing the Y PAR; of crops. Possible quantitative or
obligatory responses to Pp would be tested by varying the time and level of Pp treatment
during specific periods of the growth season. It would be interesting to set a field
experiment with plants grown in PVC columns (Figure 9.2) making the access to roots less

laborious and more accurate (Brown, 2004).

€) The proposed hypothesis about a seasonal change in the rate of root maintenance
respiration (Section 8.3.4.2) deserves further testing. This would demand quantification of
the carbon balance of lucerne plants in field conditions. One possibility would be to grow
lucerne plants in PVC columns at ground level in the field (Brown, 2004) and access the
CO, exchange, root biomass and chemical composition at different times of the growth
season (Figure 9.2). The CO, exchange of leaves and roots from the known volume of soil
inside the columns (root and soil respiration) could be measured with a portable
photosynthesis system similar to the LI-6400 (Section 7.2.4). The advantages of such
method would be the possibility of harvesting the entire plant immediately after
photosynthesis and respiration rates are taken. Additionally, mass and concentrations of C
and N could be measured in the plants. A further sophistication of this method would be

the inclusion of photoperiod treatments (Section 9.5 ¢) or defoliation regimes (Section 3.3).

%

Figure 9.2 Schematic representation of an experimental method to quantify carbon balance

Pl N )

0

of lucerne plants.

Note: Method adapted from Brown (2004). LI-6400 is the portable photosynthesis system (Section 7.2.4).
244



e) There is a clear need to integrate the large amount of knowledge currently available on
lucerne physiology. Simulations models, such as the APSIM-lucerne model (Robertson et
al., 2002), are effective tools to amalgamate and test the coherence of hypothesis aboit
physiological mechanisms (Hammer et al., 2002). The results of this thesis showed that
lucerne simulation models need to better address DM partitioning and root respiration for
accurate predictions of total DM accumulation. This knowledge will be necessary to create

the basis for further modelling of the effects of perennial reserves on shoot yield.

9.6 Conclusions

Frequent defoliations limited shoot yield and the accumulation of perennial DM in lucerne
crops. Low levels of perennial reserves also limited shoot yield through a reduction in
canopy expansion and possibly in photosynthetic capacity. The main findings in each

chapter were:

Chapter 4. Frequent defoliations (28 day cycle) reduced perennial DM accumulation by up
to 20% when compared with LL crops. There was a seasonal pattern of accumulation (mid-
summer/autumn) and depletion (winter/early-summer) of reserves in all crops, regardless

of defoliation regime.

Chapter 5. Frequent defoliations and low levels of perennial reserves limited shoot
regrowth rates. This reduction in yield was caused by limited allocation of assimilates for
the growth of each individual shoot. No significant differences in plant and shoot

population dynamics were observed among crops.

Chapter 6. Differences in annual shoot yield were mostly (R*=0.84) explained by a
reduction in Y PAR; in frequently defoliated crops. Low ) PAR; was caused by limited

canopy expansion through smaller individual leaf areas in primary and axillary leaves.
Chapter 7. There was evidence for a reduction in RUE 1 of crops with the lowest level of

perennial reserves (SS crops). This was consistent with lower leaf photosynthetic capacity

of these crops at early stages of regrowth (<5 leaves or ~150°Cd after grazing). Reductions
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in leaf chlorophyll content, SLN and NNI were in agreement with the lower photosynthesis

rates of these leaves.

Chapter 8. The integration of the relationships from result chapters was relatively
successful in simulating leaf appearance, LAl and shoot yield of lucerne crops. However to
accurately simulate root DM, a seasonally variable root maintenance respiration had to be

assumed.

This thesis provides new knowledge about the response of lucerne crops to environmental
factors and also the influence of perennial reserves on these relationships. The modelling
exercise demonstrated the current knowledge about environmental physiology of lucerne is

robust enough to allow the testing of new hypothesis and refocus research efforts.
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Appendices

Appendix 1 Relationship between crown and taproot concentration of (a) soluble sugars,

(b) starch and (c) nitrogen of lucerne crops subjected to four contrasting defoliation

regimes in the 2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury,

New Zealand.
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Appendix 2 Parameters of sigmoid curves that represent the seasonal accumulated PAR;

(Figure 6.2) of lucerne crops subjected to four contrasting defoliation regimes in the

2002/03 and 2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.

a b x0

2002/03 growth season

LL 1665 (29.9) 44.4 (2.3) 122 (2.9)
LS 1471 (23.4) 40.2 (2.2) 110 (2.6)
SL 1163 (14.4) 42.1 (1.5) 125 (2.0)
SS 1078 (14.7) 39.2(1.6) 118 (117.7)
2003/04 growth season

LL 1431 (20.0) 44.4 (1.9) 480 (2.3)
LS 1196 (7.2) 37.1(0.8) 473 (1.0)
SL 985 (10.9) 40.3 (1.2) 497 (1.6)
SS 775 (4.3) 33.3(0.6) 485 (0.8)

Note: Sigmoid equations are a/(1+exp(-(x-x0)/b)). Values in brachets are one SEM for the respective

coefficient. All R%0.99.
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Appendix 3 Canopy specific leaf weight (g DM/m? leaf) for lucerne crops subjected to
long (42-day cycle, ®) and short (28-day cycle, A) defoliation regimes in the 2003/04

growth season at Lincoln University, Canterbury, New Zealand.

100

o] At | win | Spr Sum Aut

70 A

60 - | A

50 - i

VP.& | A
1 2 e LN A‘ ® A
o] © o2 éxﬁﬂ“'.‘s‘?

®n

Specific leaf weight (g DM/m? leaf)

: ®
? - AA f
20 )

0 ) !‘r L I - T LI 1 T I ) 1 ]
Jun  Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May
2003 2004

266



Appendix 4 Estimated fractional partitioning of dry matter to roots for lucerne crops

subjected to 28-day regrowth cycles (SS crops) in the 2002/03 and 2003/04 growth seasons

at Lincoln University, Canterbury, New Zealand.

Fractional partitioning of DM to perennial organs (pper)
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Note: The calculation of py, was done assuming RUE\, adjusted for temperature (Figure 2.5.1.4) and

without accounting for the potential decline in RUEy; in SS crops (Section 7.3.3).
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Appendix 5 Leaf photosynthesis at 1000 pmol photon/m®/s (Pniog) of lucerne crops
subjected to 28-day (SS crop) and 42-day (LL crop) regrowth cycles in the 2002/03 and
2003/04 growth seasons at Lincoln University, Canterbury, New Zealand.
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Note: Vertical dotted line indicates a > T#,s 150°Cd which defined the two periods for analysis of variance to

compare LL and SS crops (Section 7.3.4.2).

There was no systematic influence (P<0.42) of the period of regrowth (e.g. > Tts) on the
leaf photosynthetic rates (Pnjogo) of LL crops. In contrast, there was a significative increase
(P<0.03) in the Pnjppo of SS crops at 0.03 umol/mz/s/"Cd. At ) Ttys greater than 150°Cd
Pnyon of SS crops approached the values observed for LL crops and this criterion was used

to segment the period in two for a comparison using ANOVA (Section 7.3.4.2).
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Appendix 6 Relationship between shoot yield and shoot nitrogen concentration used to

calculate the critical concentration of nitrogen (N) in Section 7.3.6.
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Note: Dashed line represents model proposed by Lemaire (1985) for shoot DM<1t/ha. Solid line is the

exponential model found for LL crops. Dashed line indicates yield of 1¢/ha where the model for LL was used

to calculate critical N.
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Appendix 7 Seasonal differences in nitrogen concentration of leaves and stems at harvest
for lucerne crops subjected to four regrowth cycles in the 2002/03 and 2003/04 growth

seasons at Lincoln University, Canterbury, New Zealand.
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Appendix 8 Relationship between days after grazing and the number of primary leaves in

LL crops.

16

14 - o
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Primary leaves count
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0 10 20 30 40 50

Days after grazing

The relationship between the count of primary leaves and the days after grazing indicated
that LL. crop had one primary leaf left at the start each regrowth cycle. This was

incorporated in the lucerne model (8.2.6).
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