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Abstract
The influence of Carbohydrate Availability Temperature and on the Bunch
Architecture of Vitis vinifera L. Sauvignon blanc.

by
Mark Andrew Maggio Eltom

The formation of inflorescence primordia (IP) marks an important step in the reproductive cycle of
grapevines. The development of an IP to a grape bunch occurs over the course of two growing
seasons. During season one, an IP initiates from a group of uncommitted cells, termed an anlage,
where initiation is thought to occur around the time of flowering. Further branching and
development of IP continues until the onset of winter dormancy. During spring of the following
season, branching of IP resumes and each branch terminates in a floral identity, where each floral
identity has the potential to form a berry. Inflorescence primordia initiation and development is
sensitive to carbohydrate (CHO) availability and temperature. This thesis explores the influence of
CHO availability and temperature during IP initiation and their continued development the following
season.
An inflorescence or bunch has two main components: the inner and outer arm. For the purpose of
this thesis, inflorescence or bunch architecture is defined by the type of structure occurring at the
outer arm position: and outer arm with floral identities; a tendril; or no structure. While the inner
arm is required for an inflorescence structure to occur, development of the outer arm to a floral
bearing structure does not always occur. Although initiation of the inner and outer arm likely occurs
at the same time, the development of the outer arm into a floral bearing structure is frequently
delayed compared to its inner arm structure. The causes and consequences of delayed outer arm
formation on yield and grape composition at harvest are also addressed in this thesis.
The effect of restricting CHO availability to IP during their second season of development was
achieved by pre-budbreak (BB) cane girdling. First, it was established that pre-BB cane girdling alters
the CHO availability to developing shoots and IP structures (Chapter 3.1). Canes were girdled 5, 10 or
20 cm from the terminal bud of the cane and shoot growth of the terminal bud was monitored over a
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single growing season. A linear relationship was found between the initial rate of shoot growth and
the amount of cane isolated by the girdle. A decrease in available CHOs during initial shoot growth
appeared to inhibit the shoot’s ability to produce new vegetative nodes past the point of
discontinuity. This resulted in a decrease in total leaf area due to incomplete leaf expansion. The
transition of the vine’s dependence on reserve CHOs to a net positive state appeared to occur when
shoot growth reached a steady state. In the case of severe CHO restriction, no lateral growth
occurred, suggesting the CHO status of the vine may play a role in lateral bud growth. The cross
sectional area of canes or shoots were shown to have a linear relationship to their CHO content,
which allowed for an estimation of the amount of CHOs required to obtain growth similar to the
Control treatment. Additionally, main shoot leaf area can be used to predict total CHO content in the
shoot at harvest. In the same experiment, the dates of flowering, flower number, berry number and
grape berry soluble solids (SS) were measured for the inner and outer arm components of the basal
and apical inflorescence and bunches separately (Chapter 3.2). Restricting pre-BB CHOs resulted in
the abortion of some pre-formed inflorescences and reduced branching of the inflorescences that did
develop. In general, berry SS were greatest for the basal inner arm, followed by those of the apical
bunch inner arm, then those of the basal bunch outer arm, then lastly by those of the apical bunch
outer arm. However, this was influenced by the relative berry numbers between the inner and outer
arm. Bunches with more similar berry numbers on the inner and outer arms had more synchronous
flowering and uniform SS. The differences in SS were largely a reflection of the timing of flowering of
the various inflorescence components and may be an important source of variation in SS within a
vine at harvest.
The effects of girdling shoots and / or periodic leaf removal post fruit set on the initiation and
development of IP was studied (Chapter 4). Dormant latent buds from treatment shoots (shoot node
positions one to ten) were grown as single node cuttings (SNCs). Inflorescence number per SNC and
their architecture were scored for every SNC. Girdling increased the proportion of SNC basal bunches
with an outer arm, but had no effect on the number if inflorescence structures per bud (fruitfulness).
However, there was a decrease in fruitfulness per bud and in the proportion of SNC basal
inflorescences with an outer arm when girdled shoots had their leaves removed at zero and four
weeks post fruit set respectively. This chapter presents novel information regarding the timing of IP
initiation, including the initiation and development of the outer arm. As well, for the first time, the
formation of an outer arm is shown to be sensitive to girdling and / or leaf removal.
The influence of temperature during IP initiation on the resulting fruitfulness, distribution and
architecture over the course of two consecutive growing seasons, at a single vineyard (2-Cane, 4Cane and Spur pruning) was studied (Chapter 5). The pruning system had no effect on the fruitfulness
per bud, or on the resulting bunch architecture. Warmer temperatures during IP initiation were
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correlated to: an increase in fruitfulness; an increase in the occurrence of an outer arm; and a
decrease in the basal bunch insertion point on a shoot. As well, an increase in cane cross sectional
area correlated to an increase in the average fruitfulness per shoot along a cane, where the influence
of cane cross sectional area on fruitfulness was consistent between seasons. Additionally, an increase
in cane cross sectional area correlated to an increase in the average occurrence of an outer arm per
shoot along a cane, where the influence of cane cross sectional area was greater when temperatures
during IP initiation were cooler.
Temperatures during winter dormancy and BB were altered to determine its influence on the timing
of BB and the branching of IP structures (Chapter 6). Winter dormant buds were passively heated
using plastic heating chambers for different periods during dormancy to BB. Heating buds from either
July or August to BB advanced the date of BB and the start date of flowering for the basal inner arm
component by 14 and 16 days respectively compared to the Control treatment. Heating buds during
winter dormancy had no effect on the fruitfulness of buds, the distribution of inflorescence
structures on shoots or on the identity of the structure occurring at the outer arm position. However,
elevated bud temperatures 12 days pre-BB caused a statistically significant decrease in the flower
number per shoot (P < 0.05). Additionally, it was found that any delay in the start of flowering (which
can be influenced by the date of BB, the position of the inflorescence on the shoot and / or the
inflorescence component in question) is reflected in the accumulation of SS at harvest.
The influence of temperature during IP initiation and CHO availability during BB were combined in a
final experiment to improve the ability to predict when IP is occurring (Chapter 7). In this experiment,
the influence of temperatures during IP initiation on fruitfulness and inflorescence architecture was
studied between vineyards from separate growing regions throughout New Zealand. Winter dormant
canes were harvested from each vineyard, and nodes three and ten were grown as SNCs. The volume
of the SNC, inflorescence number, the position of the bunch on the SNC shoot and the occurrence of
an outer arm were recorded. Inflorescence number and the occurrence of an outer arm increased as
the volume of the SNC increased. The timing of IP initiation was predicted using stepwise regressions
from 80 days pre to 90 days post 50% flowering with a variable window of time. Regressions of
average daily temperature during IP initiation versus bunch number and versus the occurrence of an
outer arm resulted in a linear continuum between node three and node ten for both bunch number
(R²=0.73) and the occurrence of an outer arm (R²=0.47). The results also indicate that the use of 50%
flowering as a reference point to calculate IP initiation is a valid alternative to destructively sampling
buds to determine bud fruitfulness and IP architecture.
This thesis provides an understanding of two of the major factors affecting bunch architecture,
specifically outer arm development, which are temperature and CHO availability. The results indicate
v

that temperature is likely the major factor influencing bunch architecture. Whereas CHO availability
is a modifying factor, and is likely not to be an issue in New Zealand where grapevines are rarely CHO
stressed.

Keywords: Grapevine, Vitis vinifera, Sauvignon blanc, Inflorescence, Primordia, Inner and Outer arm,
Temperature, Carbohydrate, Bunch Architecture
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Chapter 1
Introduction
Sauvignon blanc is the most important grapevine cultivar to the New Zealand wine industry. Of the
34,269 hectares of grapevine planted, Sauvignon blanc accounts for 19,930 hectares (approximately
58% of all varietals planted). The next closest varietal in terms of area planted is Pinot Noir, which
accounts for 15% of the total grapevine plantings in New Zealand (Winegrowers 2012a). In 2012,
178.9 million litres of New Zealand wine were sold internationally, for a record $1.18 billion NZD,
with Sauvignon blanc accounting for approximately 150.9 million litres (Winegrowers 2012b).
Although exports of wine has increased annually, the price per litre has decreased by approximately
7% in 2012 (Winegrowers 2012b). The decreasing value of the export price of Sauvignon blanc, as
well as the desire to reduce input costs, has spurred wine growers and researchers to find ways to
improve their understanding of the mechanisms controlling yield and grape composition.
A grape bunch can be divided into two main components, the inner and outer arm (Figure 1.1). Both
the inner and outer arm contribute to variation in yield between seasons. The average yield for
Sauvignon blanc grown in New Zealand measured from 1989 to 2010 varied from 6 t/ha to 12 t/ha
(Trought 2012). The outer arm has the potential to contribute up 40% of a total grape bunch weight
(see chapter 4), and / or have a delay in ripening causing a decrease in the total soluble solids of the
grape bunch (see chapters 4 and 6). Therefore, the presence or absence of an outer arm is a major
source of the variability observed in grapevine yield and grape berry composition. Figure 1.1
demonstrates a commonly observed situation in a grape bunches, where the outer arm is lagging
behind in development compared to its inner.
Previous research has indicated that the inner and outer arm primordia structures initiate at the
same time (Pratt 1971, Srinivasan and Mullins 1981). However, past the point of their initiation, the
development of the inner and outer arm diverge. While the inner arm undergoes repeated branching
before the onset of dormancy, the outer arm may or may not undergo branching. During BB of the
following spring, branching of the inner continues, whereas branching of the outer arm may not
occur (Pratt 1971, Srinivasan and Mullins 1981, May 2000). Historically, experiments investigating
factors known to alter inflorescence architecture, such as temperature (Baldwin 1964, Buttrose
1969a, Buttrose 1969b, Watt, et al. 2008) and CHO availability (Candolfi-Vasconcelos and Koblet
1990, Caspari, et al. 1998, Bennett, et al. 2005) do not differentiate between the inner and outer
arm. However, more recent research has indicated that temperatures during latent bud
development may influence when, and if, an outer arm will develop (Watt, et al. 2008).
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Outer Arm

Inner Arm

Figure 1.1

An example Pinot gris bunch highlighting differential development (colour change)
between the inner and outer arm.
Note that a Pinot Gris bunch was used as an example instead of Sauvignon blanc since it is
visually easier to observe developmental delays in a red variety. Photo taken my Mark Eltom.

Separating the influence of temperature and CHO availability on inflorescence development in
grapevines is difficult, in that the initiation of the inflorescence structures occurs during the season
prior to their appearance. Therefore, the entire process from IP initiation to ripeness typically takes
15 to 18 months, encompassing two growing seasons. Furthermore, the influence of temperature
and CHO availability during season one and two must be separated into their individual components.
The purpose of this thesis is to improve our understanding of two of the major factors influencing
outer arm development: temperature and CHO availability. The main two hypotheses driving this
thesis are:
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1. Altering CHO availability during IP initiation (season one) and their further development (season
two) will affect inflorescence and bunch architecture. A decrease in carbohydrate availability
during IP initiation and development will result in a decrease in inflorescence number per bud
and a decrease in the proportion of inflorescence structures with an outer arm.
2. Temperatures during IP initiation are critical in determining IP number per bud and inflorescence
architecture. An increase in temperatures during IP initiation will result in an increase in
inflorescence number per bud and an increase in the proportion of inflorescences with an outer
arm. Additionally, raising temperatures during winter dormancy and during BB will cause a
decrease in the branching of pre-formed IP structures within a bud.
The above hypotheses were tested by studying the effects of temperature and CHO availability as
individual components during season one and two of IP initiation and development separately.
Girdling and / or leaf removal techniques were utilized to alter CHO availability during IP initiation in
season one and IP development in season two. Temperatures during IP initiation in season one were
monitored at a single vineyard over the course of two growing seasons, and between multiple
vineyards for a single growing season. Temperatures were also altered during dormancy and BB in
order to determine the influence of temperature during these times on IP development. A brief
summary of the experiments performed are listed in Figure 1.2.

Influencing
Factor
Carbohydrate
Availability

Season Two

Season One

Chapter 4
The effect of limiting CHO availability
during IP initiation via shoot girdling
and/or leaf removal

Chapter 3
The effect of limiting CHO
availability on IP development via
pre-BB cane girdling
Chapter 7
The effect of SNC cane volume on
inflorescence number and
architecture

Outer Arm
Development

Temperature

Figure 1.2

Chapter 5
The effect of temperatures during IP
initiation and the resulting
inflorescence architecture
Chapter 7
Predicting the effects of temperature
during IP initiation on inflorescence
number and architecture using
multiple vineyards

Chapter 6
The effects of elevating winter
and BB temperatures on the
timing of BB and IP development

Brief outline of research topics.
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Chapter 2
Grapevine Structure and Literature Review
2.1 Botanical Classification of Grapevines
An understanding of the evolution and botanical classification of grapevines is important to
classifying its behaviour in vineyards today. Table 2.1 outlines the botanical classification of the
grapevine (according to the Woese Taxonomical System), which has been summarized from previous
research (Jackson 2008, Keller 2010b).
The Genus Vitis is of great importance to winegrowers around the world, and is composed of
approximately 60 species (Terral, et al. 2010, Keller 2010b). Modern winegrowers today typically use
American Vitis species as breeding and root stocks (e.g. Vitis rupestris, Vitis riparia or Vitis cinerea
var. helleri) due to their resistance to grapevine diseases such as phylloxera and mildews (Terral, et
al. 2010). However, the Eurasian species Vitis vinifera is used for the majority of wine production
worldwide. Vitis vinifera is typically grown between the latitudes of 50°N and 40°S and is easily
rooted from dormant or green cuttings (Jackson 2008). However, with the production of new
temperature, disease and drought resistant species, it is likely that we will see new Vitis cultivars and
hybrid species being planted in what we currently consider marginal growing regions.
Table 2.1

The botanical classification of grapevines.

Classification

Description

Domain Eukarya

All living things responsible for the biological diversity on earth.

Kingdom Plantae

Haplo-diploid life cycle and cell walls composed of cellulose.

Phylum Angiospermae

Flowering plants. Evolved approximately 160 million years ago. Have a single
bud develop in the axil of every leaf. Flowers produce seeds enclosed by a
carpel (the reproductive organ of the flower), consisting of an ovary and
stigma than has the potential to produce fruit.

Class Dicotyledoneae

Also known as dicot plants. Life cycle begins with two cotyledons (embryonic
leaves) preformed in the seed.

Order Rhamnales

The floral sepals, stamens and petal floral organs fuse to make a hypanthium.

Family Vitaceae

Collectively termed grapevines. Shrubs or woody lianas that climb vertically
by utilizing leaf-opposed tendrils. Possess simple leaves and simple or
branched tendrils. Typically unisex flowers (male = staminate, or female =
pistillate), fused flower petals which separate at the base forming a
calyptra/cap.

Genus Vitis

All members are perennial vines or shrubs with tendril-bearing shoots (n = 19
chromosomes).
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In vineyards around the world, Vitis vinifera cultivars of Sauvignon blanc, Chardonnay, Shiraz, Riesling
etc. are usually grown with specific fruit composition and yield targets for harvest, where these
targets can be manipulated by utilizing different vine pruning systems (May 2000, Friend and Trought
2007). Excessive shoot vigour is often trimmed two to three times during the growing season so that
shoot growth does not compete with other processes occurring in the vine, such as flowering, fruit
set or berry ripening. Pruning, and pruning systems are examples of cultural practices which act in
opposition to the primary prerogative of grapevines, which is to climb as high up the canopy it can.
Today, the majority of viticultural research involves enhancing seemingly counter evolutionary
behaviours, such as increasing yield but not seed dispersal, or reducing vine vigour whilst attempting
to alter berry composition to match winemaking demands. Therefore, a great deal of care must be
taken when drawing conclusions from viticultural experiments since the systems we are studying are
already under stress. The main purpose of this thesis is to understand one of the rudimentary
processes in a grapevine, which is the initiation and development of the outer arm structure. As
previously mentioned, it is likely that the presence of the outer arm has evolved to allow the
grapevine to further adapt its yield based on environmental and internal cues.

2.2 Annual Growth Cycle of the Grapevine
The growth cycle of a grapevine and its reproductive organs is a complex process, as it spans over
concurrent growing seasons. The development of a shoot begins as a bud, which forms in the axil of a
leaf on a shoot (Pratt 1971, Morrison 1991). After a period of dormancy, a shoot emerges and the
cycle repeats itself. Of particular interest to this thesis is the formation of the inflorescence
structures, which is a critical step in the reproductive cycle of grapevines.
Listed below are the three main stages involved in the formation of inflorescence structures and
flowers in the grapevine (Srinivasan and Mullins 1981). These stages are also highlighted Figure 2.1.
1. Formation of meristematic structures called anlagen (an uncommitted group of cells; and anlage
for singular usage), which develop in the apices of latent buds during season one.
2. The differentiation of the anlagen to form IP, which undergo repeated branching before
dormancy.
3. Formation of flowers as a result of repeated branching of IP during the spring of season following
inflorescence initiation.
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Figure 2.1

Growth cycle of the grapevine in New Zealand. Stages are numbered according to their
modified E-L Stage.

The modified Eichorn Lorenz system (E-L scale) was used to identify the stages of grapevine
development in this thesis, as is outlined in Figure 2.2 (Coombe 1995).
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Figure 2.2

The modified Eichorn Lorenz scale (Coombe 1995).

2.3 Grapevine Shoot Growth
Shoot growth can be divided into four main phenological stages. The first stage involves the
formation of a bud (complete with nodes, internodes, and primordia structures) from which the
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shoot grows. This can either be either a lateral or latent bud (Pratt 1971, Srinivasan and Mullins
1981). The second stage is the emergence and elongation of the preformed nodes and internodes,
and is referred to as fixed growth (Mullins, et al. 1992). The third stage is the formation of new nodes
arising from the shoot apical meristem and their elongation, which is referred to as free growth
(Mullins, et al. 1992). The internode that separates fixed from free growth is referred to as the point
of discontinuity. The fourth and final stage is the maturation of the shoot into a cane, occurring when
the shoot lignifies from the base to the apex in preparation for dormancy (Pratt and Coombe 1978).
Lignification of a shoot is typically complete once all the leaves have fallen off, at which time a shoot
is termed a cane.
Historically, the grapevine phyllotaxis has been described in two ways. The first description is the
grapevine as a monopodial system, where the main shoot axis continues to grow from year to year
such that the apical meristem continues in a vegetative manner and that inflorescences and tendrils
are initiated as lateral appendages (Pratt 1971, Srinivasan and Mullins 1976). The second is the
grapevine as a sympodial system, which is a linear series of shoots, where any new shoot develops
from an axillary bud from the previous shoot unit. In other words, the apical meristem of each
branch dies every year, and growth of the plant is continued via an axillary bud (Pratt 1971,
Srinivasan and Mullins 1976). A previous study was conducted where in vitro observations indicated
that shoots will undergo sympodisation on nodes with tendrils where the meristematic residue of the
apical dome is small. However, sympodisation does not occur when this meristematic residue
regenerates rapidly, as occurring in vivo (Fournioux and Bessis 1990).
The phyllotaxis of Vitis vinifera grapevine shoots have a pattern where leaves are on opposite sides
of the shoot from tendrils or inflorescence structures. The first six to ten leaves of a shoot are offset
by 137.5°, known as the “Golden-angle” (Galet 2000, Jose Carmona, et al. 2008), requiring two
revolutions of the shoot axis and five leaves to end up at the starting position (2/5 phyllotaxy).
Leaves formed in the season in which they are produced appear as a distichous, or 1/2 phyllotaxy
with 180° of rotation between each leaf (Srinivasan and Mullins 1981). A consequence of leaf
phyllotaxy is the angles of the bud within the axils of leaves, and the influence bud can have on the
date of BB within a cane pruned vine.

2.4 Lateral, Latent and Compounds Buds
Grapevine buds form in the axil of a leaf or bract on developing shoots. Lateral buds (aka prompt
buds) develop axillary to a leaf on the main shoot, and typically grow out in the season they are
produced, resulting in a lateral shoot. The lateral bud is further defined as the true axillary bud, or a
first-order bud, to the leaf axis in which it grows. Lateral bud formation occurs soon after the
subtending leaf separates from the apical meristem. A compound bud (aka dormant bud, or
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overwintering bud) is axillary to the basal prophyll (a modified leaf) of the lateral bud in which is it
formed, and typically grows out in the following season (Figure 2.3). However, severe pruning can
result in the compound bud growing out in the year it is produced (Vasconcelos, et al. 2009).

Figure 2.3

Illustration of the axillary bud complex in grapevine.
Depicted is the primary latent bud, two secondary latent buds (making the compound bud) and
the lateral bud within an axil of a leaf (Morrison 1991).

A compound bud is typically composed of three buds, a primary and two secondary latent buds. The
primary bud is a second order bud, and the two secondary buds are defined as third order buds, in
relation to the main shoot. The primary and secondary buds develop in the axil of bracts (Pratt 1971).
Initiation of the compound bud is thought to be delayed two to three weeks after the formation of
the subtending prophyll in the lateral bud, but is cultivar and environment dependent (Morrison
1991). An important difference between the lateral bud and compound bud is that the primary and
secondary buds within the compound bud develop direct vascular connections to the main shoot
after their initiation (Morrison 1991).

2.5 Formation of Anlagen
As a grapevine bud develops, the apical meristem produces meristematic structures called anlagen
which are formed in an acropetal fashion (Snyder 1933, Pratt 1971). The development of anlagen can
result in tendril, inflorescence, leaf and shoot primordia.
Anlagen have been shown to initiate once three to eight leaf primordia are formed (Srinivasan and
Mullins 1981), where the formation of an anlage is the first indication of the reproductive capability
in grapevines. Initiation of an anlage can be observed when the latent bud divides into two parts, the
apex and the anlage, which is opposite a leaf primordia (Figure 2.4A). Anlagen develop as broad
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blunt, ovate structures which lack stipular scales and continue their development with the formation
of a bract at the distal ends of the anlagen, forming a collar like structure (Srinivasan and Mullins
1981). This is followed by an unequal division of the anlagen apex into two parts, the inner and outer
arm. The inner arm, which is adaxial (nearer to) to the apex, develops into the main axis of the IP.
The outer arm, which is abaxial (further away) to apex adjoining the bract, forms the first branch
position of the inflorescence structure (Figure 2.4B).

(A)
Figure 2.4

(B)

The initiation of an anlage into an inner and outer arm.
(A) The initiation of an anlage, from the apex. (B) Division of an anlage to form an inner arm (IA)
and an outer arm (OA). Scanning electron microscopy images. A= Apex. AL = Anlage. BR= Bract.
(Srinivasan and Mullins 1981).

2.6 Formation of Primordia in the Primary Latent Bud
Anlagen have the potential to develop into IP, tendril primordia (TP) or leaf primordia (LP). The
current view of grapevine tendril and inflorescence structures is that they are homologous organs,
which is based on the following evidence:
1. Both structures are derived from the same meristematic structure, an anlage. When anlagen
form on a rapidly growing main or lateral shoot, a tendril is typically produced (Vasconcelos, et
al. 2009). Whereas, if anlagen undergo repeated branching, an inflorescence structure will
develop. Inflorescence structures may continue to develop in the following spring, potentially
forming flowers which can then go onto to form berries (May 2000).
2. Inter-conversion between the two structures may occur, and has been shown to be controlled by
the balance of cytokinins, gibberellins and their associated genetic pathways. Application of the
cytokinin 6-(benzylamino)-9-(2-tetrahydropyranyl)-9H-purine (PBA) can induce inflorescence
formation in the place of tendrils when applied to shoot apices (Srinivasan and Mullins 1979),
suggesting an alteration in the development of the anlage. Additionally, application of PBA to
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young tendrils will cause the formation of floral identities (Srinivasan and Mullins 1979). These
results indicate that the meristem of an inflorescence is a modified tendril meristem, lacking the
signals to branch and form floral identities. For a full review of the mechanisms and chemicals
responsible for the control of inflorescence development, see reviews by Boss (2000) and
Vasconcelos et al (2009). See Figure 2.5 for an outline of the most recent model regarding the
control of tendril and inflorescence structures.

Figure 2.5

A theoretical model for the development of anlage into a tendril or inflorescence.
The orange triangle indicates increasing branching of the anlage. Dark green circles represent the
shoot apical meristem (SAM) and light green circles the branching of the anlage. Step 1:
differentiation of the anlage from the SAM. Step 2: primary branching of the anlagen. The tendril
primordia (TP) represent a transition point where the fate of the anlagen is based on the
hormonal balance and regulators of the floral meristem identity (FMI). High gibberellic acid (GA)
and high levels of the flowering locus gene (FT) favour early FMI and leading to the termination of
branching, resulting in a tendril. High cytokinin level up regulates terminal flower 1 (TFL1) causing
further branching to occur, delaying FMI leading to increased branching an eventually
inflorescence development. Figure is modified from previous work (Crane, et al. 2012).

3. Intermediate structures between tendrils and inflorescence structures exist (Srinivasan and
Mullins 1981, Boss, et al. 2003, Calonje, et al. 2004), indicating that the developmental program
of an IP is plastic in nature (Figure 2.6). Inflorescence structures can also form vegetative shoot
apical meristems as part of their structure, where it has been suggested that inflorescences and
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tendrils are shoot homologous (Bugnon 1953, May 1964, Srinivasan and Mullins 1981, Morrison
1991, May 2000). Therefore, the mechanisms controlling apical dominance for the branching of
shoots through lateral or axillary structures are most likely similar to those controlling the
branching of IP.

Figure 2.6

Inflorescence, tendril and shoot structures.
(A) An inflorescence structure as the inner arm and a tendril as the outer arm. (B) An
inflorescence structure as the inner arm, with an outer arm composed of a tendril, inflorescence
and a leaf. (C) An inflorescence structure as an inner arm, with an outer arm composed of a
tendril, leaf and shoot apical meristem. (D) The main shoot apical meristem has terminated in a
inflorescence/tendril structure. I = Inflorescence. L = Leaf. SAM = Shoot apical meristem. T =
Tendril. TI = Terminal inflorescence. Figure is modified from previous work (Boss and Thomas
2000).
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Development of Leaf Primordia (LP)
The formation of LP at the flank of the latent bud apex is the first step in bud development. Leaf
primordia develop in an acropetal manner, with a distichous (opposite sides) phyllotaxy (Srinivasan
and Mullins 1981). Initially, a LP has the appearance of a pointed structure, but quickly grows into a
structure with a leaf-like appearance. The first two to three LP grow and envelop the subsequent
primordia structure. Small, hair like structures develop on the upper layers of the leaf cells, resulting
in a layer of matted woolly material on the surface of the structure which provides a protective cover
for the latent bud. Six to ten LP are produced in the latent bud before the bud enters dormancy,
however, this is varietal and temperature dependent (Srinivasan and Mullins 1981).
Inflorescence and Tendril Primordia Formation
Inflorescence primordia are formed by extensive branching of the anlage inner and outer arm
structures. Branching of the inner and outer arm results in second and third order branches, where
each branch formed is subtended by a bract (Figure 2.7). Branching of the inner arm structure (the
main axis of the inflorescence structure) decreases in an acropetal fashion, resulting in a typical
conical shaped inflorescence structure (Figure 2.7C) (Snyder 1933).
The acropetal development of IP in the latent bud results in IP structures that undergo varying levels
of branching before the onset of winter dormancy. Depending on the cultivar and temperatures, six
to ten nodes, and two to three IP opposite leaves are formed before the bud enters dormancy (Pratt
1971, Srinivasan and Mullins 1981). The degree of primary branching that an IP undergoes before
dormancy helps to determine the potential number of flowers in season two, where 51% to 80% of
the total flower number in season two is largely determined by the number of primary branches
formed per inflorescence structure (Dunn and Martin 2007).
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Figure 2.7

The development of an anlage into an inflorescence primordia.
(A) Formation of the inner and outer arm from an anlage. (B) Growth of the primordia structure.
(C) Continued branching of the anlagen resulting in an inflorescence primordia structure
(scanning electron micrograph). Br = Bract. IA = Inner arm. OA = outer arm. P = peduncle. Pr =
primordium. Modified from previous work (Morrison 1991).

2.7 Development of Flowers
Branching of IP resumes approximately two to three weeks pre-BB and continues throughout BB,
where higher than average temperatures during this time have a negative influence on the number
of branches and flowers formed (Dunn and Martin 2000, Petrie and Clingeleffer 2005, Keller 2010b).
Each branch primordium of the IP may undergo further division, eventually terminating with the
production of floral initials (Figure 2.8).
The components of a grapevine flower develop in the following order: sepals, calyx, petals, stigma
then pistil. The calyx, formed from five sepals, appears as a ring on the base of flower primordia, and
forms an incomplete cover over the petals to protect the flower during the early stages of floral
development. Petals and stamens develop soon after the formation of sepals, and grow though the
calyx ring. Petals join together via epidermal cells to form the calyptra (cap). At the time of flowering,
petals become free at the bases and separate by curving upwards and outwards to release the
stamens (Srinivasan and Mullins 1981, Vasconcelos, et al. 2009). See Figure 2.8 for images of the
floral components, which has been summarized from previous research (Boss, et al. 2003).
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Figure 2.8

Photograph of an inflorescence structure at the time of flowering.

Figure 2.9

Components of a
grapevine flower.

(A) Initial floral stage showing
sepal/calyx development and the
beginning of the petal. (B) Immature
flowers with sepals (S) covering the
developing petals. (C) Mature flowers
with fused petals forming the cap. (D)
A longitudinal section of a grapevine
flower prior to anthesis (cap fall). (E) A
hermaphroditic grapevine flower just
after cap-drop. (F) Young berries
forming by the expansion of the pistil
after pollination. (G) Female flower.
(H) Male Flower. S = Sepal. P = Petal.
Note that a stamen consists of a
filament and an anther. Image
modified from previous works (Boss,
et al. 2002, Boss, et al. 2003).
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2.8 Variation in Yield
Predicting grapevine yield is complicated, yet necessary in order to successfully manage the supply
and quality of grapes to match both winemaking and economic demands. The mismanagement of
yield can result in undesirable grape quantity and / or quality.
One of the major issues is that grapevine yield can vary significantly from year to year, even for a
single variety. The yield for Sauvignon blanc grapes grown in Marlborough, New Zealand, from 1989
to 2010 varied from approximately 6 t/ha to 12 t/ha (Trought 2012). A similar study of Sultana vines
in Australia between 1944 to 1961 indicated that yield can vary by approximately 55% (Baldwin
1964). There is also a large amount of variation in yield between different cultivars, grown within or
between different regions. In a study of seven different cultivars (Cabernet Franc, Cabernet
Sauvignon, Chardonnay, Merlot, Riesling, Semillon and Shiraz) grown in regions representing
different climatic conditions of South Australia (Connawarra, Barossa Valley and Mount Benson), the
yield was shown to vary from 1.2t/ha to 18.7 t/ha; an approximate variation of 94% (Sadras, et al.
2009). Variability in yield between or within cultivars is evidence of the plastic nature of grapevine
yield, demonstrating that different environments and cultivars can have a major influence on yield.
The greatest factor influencing yield is the bunch number per shoot, which accounts for
approximately 60-70% of the variation in yield (Clingeleffer, et al. 2001). Bunch number per shoot is
mainly influenced by temperatures during the initiation of the grape bunch primordia during the
growing season previous to their appearance (Baldwin 1964, MacGregor 2000, Trought 2005,
Trought 2012). Flower number per inflorescence, determined by the degree of branching of the
inflorescence structure in season one (Dunn and Martin 2007) and two (Morrison 1991) is a
contributing factor in determining the percentage fruit set of the structure (Dry, et al. 2004). Berry
number per bunch, which accounts for approximately 30% of the variation in yield (Clingeleffer, et al.
2001), is determined by the process of fruit set, and is influenced by temperatures and humidity
during this time (Dry, et al. 2004). Additionally, berry weight, which accounts for approximately 10%
of the variation in yield (Clingeleffer, et al. 2001), is influenced by the growth and development of the
berries during a growing season (Gray and Coombe 2009).
Although the variation in the presence or absence of an outer arm contributes significantly to yield
(as indicated in Chapter 3 and Chapter 6), it has received little to no attention. Therefore, a portion of
this thesis is to understand the contribution of the outer arm to the variability in yield and fruit
composition at harvest.
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2.9 The Influence and Timing of Temperature on Inflorescence Primordia
Initiation and Development
Temperature is thought to be a major factor affecting the initiation and development of IP. A number
of studies have indicated that an increase in temperature during IP initiation and development in
season one results in an increase in the fruitfulness per bud (Baldwin 1964, Buttrose 1969b,
MacGregor 2000, Sanchez and Dokoozlian 2005, Trought 2005, Trought 2012). However, the exact
timing of anlagen initiation and development into IP is still under debate, as it likely varies with
variety and environment (Sanchez and Dokoozlian 2005, Watt, et al. 2008).
There have been a number of studies which correlate average temperatures during IP initiation to
the fruitfulness per bud. In an 18 year study the fruitfulness of Thompson Seedless was correlated to
the hours of “bright sunshine” and the sum of daily maximum temperatures between 27.8°C and
32.2°C during a 20 days period (Baldwin 1964), where the starting of the 20 day period was
calculated based on a summation of daily mean temperatures from BB. A study involving Chardonnay
demonstrated that fruitfulness is influenced by average daily temperature during IP initiation for the
range of 13.3°C to 17.5°C. Every degree Celsius increase above the long term average resulted in an
increase in fruitfulness by a factor of 0.22 (MacGregor 2000). Furthermore, a study involving
Sauvignon blanc indicated that fruitfulness increases in a linear fashion with increasing average daily
temperature (temperature measured by average GDD over inflorescence initiation, for a range of 5.2
to 8.6 average GDDs) (Trought 2005, Trought 2012). In Thompson Seedless and Flame Seedless, an
increase in light exposure and temperatures (three temperature regimes of 18°C, 25°C or 32°C) to
buds during IP initiation resulted in an increase in the fruitfulness of these two cultivars (Sanchez and
Dokoozlian 2005). Thompson Seedless and Flame Seedless had a maximum fruitfulness at 25°C,
however the response of fruitfulness to altered light exposure was cultivar dependent. Additionally,
in previous studies where field grown vines were shaded (which likely caused a decrease in bud
temperatures), fruitfulness decreased in Sultana (May and Antcliff 1963), Thompson Seedless (May
1965, Corzo 1978) and Palomino buds (Hopping 1977).
Controlled environments (growth chambers) have been used to more accurately determine the
effects of temperature on IP initiation and development. In a study of Muscat and Alexandria,
fruitfulness per bud increased when the temperatures during IP initiation increased from 20°C to
35°C, however, fruitfulness decreased past 35°C (Buttrose 1969b). Additionally, a similar study of
Muscat Gordo Blanco, Riesling, Shiraz, Ohanez and Sultana demonstrated that the response of
fruitfulness to low (15°C) or high (30°C) temperatures was cultivar specific (Buttrose 1970a). As well,
maximum fruitfulness of Thompson Seedless and Flame Seedless buds occurred at 25°C, but had a
similar reduction in fruitfulness at temperatures greater than 32°C (Sanchez and Dokoozlian 2005).
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These studies further demonstrate that the response of fruitfulness to temperatures during IP
initiation is cultivar specific.
There are a number of studies which have attempted to correlate the effects that temperature has
on IP initiation to particular stages of shoot growth. A study by Baldwin (1964) suggested that
temperature has the greatest influence on IP initiation when shoots are at growth stages EL-13 to EL18, corresponding to six leaves separated from the shoot apex to when 14 leaves are separated and
individual flower caps are visible. Buttrose suggested that air temperature is most influential on bud
fruitfulness when the bud in question is ten nodes below the shoot apex, and that a four hour pulse
of 30°C can induce maximum fruitfulness in a latent bud (Buttrose 1969b, Buttrose 1970b). In
another study, initiation of latent buds was thought to occur when there were five to seven nodes
present on the shoot, whereas IP initiation in those latent buds occurred when there were 14 to 18
nodes present on the shoot (Bozhinova-Boneva 1975). Previous research also suggested that 18-21
leaves must be present above the bud in question before IP initiation occurs (Lavee, et al. 1967). It
has also been suggested that the appearance of IP in the latent bud at the basal portion of a shoot
occurs when there were 13 fully expanded leaves present on the shoot, which corresponds to the
development of 6-7 nodes in the latent bud (Pratt 1979).
Additional theories regarding when temperature has its greatest influence on IP initiation and
development exist. One theory is that leaf primordia must reach a certain size in order for IP
initiation to occur (May 1965). A similar hypothesis states that the timing of anlagen initiation occurs
when five leaf primordia are initiated in the latent bud, with differentiation of the anlagen into TP
and IP around the time of flowering (Morrison 1991). Another theory suggests that temperature has
its greatest influence on IP initiation when the subtending leaf of the bud in question is 1.5 cm in
diameter, and that there must be three visible nodes between the bud in question and the SAM
(Palma and Jackson 1981). However, a more recent study has indicated that initiation of anlagen
occurs four weeks after BB in hot climates and six weeks in a cooler climate. The differentiation of
the anlagen to IP primordia then occurs two and three weeks after anlagen initiation in the hot and
cool climates respectively (Watt, et al. 2008).
Despite the various attempts to correlate IP initiation with a phenological event, there appears to be
an overall consensus that temperatures around the time of flowering are the most influential on IP
initiation (May and Antcliff 1963, Swanepoel and Archer 1988, Morrison 1991, MacGregor 2000,
Trought 2005, Trought 2012). However, the period of time which each bud undergoes IP initiation is
unclear. According to May and Antcliff (1963), the critical temperature and timing for IP initiation is
likely short for each bud, whereas the entire critical period for a shoot is much longer due to the
difference in phenological development of the nodes acropetally along a shoot (May and Antcliff
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1963). Additionally, previous work has suggested that there are three weeks between the initiation
of the first and second IP in a bud (Swanepoel and Archer 1988), implying a much longer period of
time of IP initiation.

2.10 The Influence of Carbohydrate Availability on Inflorescence Primordia
Initiation and Development
Carbohydrate availability during IP initiation and development has been shown to effect the number
of IP formed per bud. Previous work has demonstrated that the accumulation of starch in buds is a
necessary step for IP initiation to occur (Lavee, et al. 1967, Srinivasan and Mullins 1976, Srinivasan
and Mullins 1980, Srinivasan and Mullins 1981, Botti and Sandoval 1990), where a decrease in starch
concentration in a bud may result in a decreased fruitfulness (Sommer, et al. 2000).
In addition to the starch requirement, an increase or decrease in CHO availability during the growing
season has been shown to influence IP development (Bennett, et al. 2005). Shading of grapevines,
leaf removal and/or girdling are all techniques used to limit the supply of photosynthates or CHO
availability to developing IP. In studies where the leaves of field grown grapevines were shaded, the
fruitfulness of the latent buds decreased, where the more severe the shading treatment the greater
the reduction in bud fruitfulness (May and Antcliff 1963, Hopping 1977, Corzo 1978, Sanchez and
Dokoozlian 2008). This suggests that there is a CHO requirement for IP initiation and development, as
has been previously suggested (May 1965). However, one cannot discount the influence shading
would have on the temperature of the developing buds in these studies.
Leaf removal on the main and/or lateral shoots at or before the time of flowering has been shown to
have a negative influence in the re-charge of the vines CHO stores, resulting in a decrease in the
fruitfulness per bud (Candolfi-Vasconcelos and Koblet 1990). Bennett et al. (2005) suggested that the
earlier leaf removal is performed, the greater the decrease in the fruitfulness per shoot, as well as a
reduction in flower and berry number per bunch the following season. These studies suggest that
CHO availability may affect IP development throughout the entire growing season. Furthermore,
total leaf removal at harvest over the course of two consecutive growing seasons resulted in a
decrease of approximately 25% and 50% in the number of IP per bud during seasons two and three
respectively (Smith and Holzapfel 2009). The decrease in fruitfulness by total defoliation at harvest
likely caused an incomplete re-charge of the vines CHO reserves, resulting in a reduction of CHO
availability during BB of the next spring.
The effectiveness of shoot girdling and / or leaf removal has been used previously to study the
influence of these techniques on fruit set, shoot growth and the dry matter of developing shoots
(Caspari, et al. 1998). Girdling and leaf removal had an additive effect, where the more leaves that
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were removed on a girdled shoot, the greater the decrease in shoot growth, fruit set and the dry
matter of shoots. However, the authors did not go on to examine bud fruitfulness from the various
treatments. It can only be postulated that the decrease in available CHOs due to the combination of
girdling and leaf removal would have a negative influence on IP initiation and development.
However, Chapter 4 examines the effects of shoot girdling and/or leaf removal on fruitfulness and
inflorescence architecture.
Altering the CHO availability during IP initiation is typically achieved by shading leaves, reducing the
leaf area or by introducing a girdle on a developing shoot before the onset of dormancy. As a
consequence, it is difficult to separate the confounding effects of restricting CHO availability to the
developing shoot in the spring from the potential disruption to IP development in season one. This
leaves is a gap in understanding the effects of limiting CHO availability pre-BB on IP development in
season two. As well, the previously mentioned studies typically examine the treatment effects on the
number of IP formed per bud, and not on the resulting inflorescence architecture, specifically the
outer arm. Therefore, a major focus of this thesis was to investigate the effects of limiting CHO
availability in season one and two, separately, on bunch architecture, with a particular interest
regarding outer arm development.

2.11 Summary
Although there has been extensive research regarding the factors affecting IP initiation and
development (see review sections above), data remains discordant and there is much speculation.
More specifically, there has been very little research regarding the causes and consequences of outer
arm formation. Listed below are gaps in the literature that will be addressed in this thesis, and their
importance to our understanding of grapevine physiology.


Currently there is no research which assesses the influence of CHO availability during IP initiation
on outer arm development. Findings from this thesis will lead to a better understanding of one of
the major factors controlling outer arm development, CHO availability (which can be
manipulated through cultural practices).



The influence of altering CHO availability during BB on IP development. Although this is unlikely
to be encountered in typical field grown vine, there remains no information regarding the
influence CHO availability (separate from a CHO deficit in season one) may have during the final
branching of IP. Determining the influence of CHO availability would allow for an improved
understanding of the CHO requirements during BB on flower number per inflorescence.
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The timing of IP initiation, and the influence of temperature on this process. Previous research
has identified that IP initiation is likely occurring around the time of flowering (Trought 2005,
Watt, et al. 2008, Watt 2010, Trought 2012), however the exact timing is unknown. Refining our
knowledge of when and how temperature exerts its influence will improve our ability to predict
when IP initiation is occurring in latent buds acropetally along a shoot.



The influence of temperature on IP development before and during BB. Limited research
currently exists surrounding this topic (Dunn and Martin 2000, Petrie and Clingeleffer 2005,
Keller, et al. 2010b), Where none of these studies have specifically addressed the influence of
temperatures during these times on outer arm development. Improving our understanding of
the influence of temperature during BB may allow for improved prediction of the final flower
number per inflorescence structure.



The influence of temperature during IP initiation on the distribution of those primordia
structures within the latent bud. The spread of inflorescence structures acropetally along shoots
can be a source of variability in the timing of flowering and accumulation of SS between bunches
and bunch components (inner and outer arm). Improving our understanding of how temperature
influences this process across a range of temperatures though the development of a quantitative
function may allow for of a better prediction of the variability in fruit composition observed in
cane pruned vines.



The consequences of outer arm formation on phenological processes, such as the timing of
flowering and soluble solids accumulation at harvest. This may help to explain why the outer arm
is commonly observed to lag behind in phenological development compared to the inner arm
component.

The above gaps in the literature, along with the major hypotheses outlined in Chapter 1, are
addressed in this thesis. Any additional gaps identified in the literature, or further questions
generated from the experiments, are clearly outlined as possible future studies. Their significance,
and possibly methodology are explained in each chapter, and further summarized in Chapter 8.
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Chapter 3
The Effects of Restricting Carbohydrate Availability via preBudbreak Cane Girdling on Shoot Growth and Inflorescence
Primordia Development
The effect of restricting CHO availability via pre-BB cane girdling on bunch architecture is divided into
two sub-chapters. The first sub-chapter examines the consequences of pre-BB cane girdling on shoot
growth, leaf area and the CHO content of the shoots and canes. This portion of the study was
conducted to demonstrate that pre-BB cane girdling has a measurable effect on vine performance
and CHO allocation. The second sub-chapter examines the consequences of pre-BB cane girdling on
the bunch architecture and phenological development of the inner and outer arm inflorescence
components. Chapter 3.1 has been printed in the journal Functional Plant Biology (Appendix I).
Chapter 3.2 has been accepted for publication with the journal Vitis (Appendix J).

3.1 The Effect of pre-Budbreak Cane Girdling on Shoot Growth, Leaf Area
and Carbohydrate Content of Shoots and Canes
3.1.1 Abstract
Carbohydrate availability during BB can affect shoot growth and development. The influence of
restricting available CHOs on shoot growth was studied by cane girdling field grown Vitis vinifera L.
Sauvignon blanc grapevines pre-BB. Canes were girdled 5, 10 or 20 cm from the terminal bud of the
cane and shoot growth of the terminal bud was monitored over the course of a single growing
season. A linear relationship was found between the initial rate of shoot growth and the amount of
cane isolated by the girdle. A decrease in available CHOs during initial shoot growth appeared to
inhibit the shoot’s ability to produce new vegetative nodes past the point of discontinuity. This
resulted in a decrease in total leaf area due to incomplete leaf expansion. The transition of the vine’s
dependence on reserve CHOs to a net positive state appeared to occur when shoot growth reached a
steady state. In the case of severe CHO restriction, no lateral growth occurred, suggesting the CHO
status of the vine may play a role in lateral bud growth. The cross sectional area of canes or shoots
were shown to have a linear relationship to their CHO content, which allowed for an estimation of
the amount of CHOs required to obtain growth similar to the Control treatment. Additionally, main
shoot leaf area can be used to predict total CHO content in the shoot at harvest.
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3.1.2 Introduction
Girdling is a widely practiced technique in fruit-bearing perennial deciduous plants, such as kiwifruit
vines, apple trees and grapevines (Coombe 1959, Lemus and Aliaga 1995, Beruter and Feusi 1997),
and is typically used to improve fruit set and fruit quality (Coombe 1959, Brown, et al. 1988, Caspari,
et al. 1998). A girdle is made by severing the phloem, thereby largely preventing the export of
photosynthates away from the source area of the plant. Grapevines are typically trunk girdled
around the time of fruit set to direct the flow of metabolites to developing grape clusters, leaves and
shoot tips, rather than to the roots, which at that time act as competing sinks (Glad, et al. 1992,
Zapata, et al. 2004, Vaillant-Gaveau, et al. 2011). Phloem sap has been shown to contain and
transport sugars, amino acids, mRNA, organic ions and a range of proteins and phytohormones
including abscisic acid and auxin (Glad, et al. 1992, Kehr 2006, Robert and Friml 2009). Therefore,
cane girdling has the inherit effect of blocking the influence of compounds contained in the phloem
sap on shoot growth. Girdling does not affect the xylem, which is mainly responsible for the transport
of water, nutrients and cytokinins from the roots to the rest of the vine (Booker, et al. 2003, Robert
and Friml 2009).
Girdling has been shown to cause an increase in starch accumulation, and an increase in the level of
expression of genes that are closely associated with starch synthesis in leaves and bark above the
girdle (Li, et al. 2003). Additionally, girdling can also cause a plant to synthesize sucrose from starch,
as well as cause an increase in expression of enzymes involved in glycolysis to help to meet the
plant’s energy requirements in the section isolated (Beruter and Feusi 1997).
Grapevine shoot growth is affected by variety, soil, temperature and available CHOs (Coombe 1995,
Greer and Jeffares 1998, Bennett, et al. 2005, Keller and Tarara 2010a). Initial shoot growth is an
important stage of development, during which shoots quickly grow out of the preformed nodes and
leaves from the dormant compound buds (Morrison 1991). It is generally accepted that initial shoot
growth is supported by sugar mobilization from the roots, which results in a net negative carbon
balance in the vine (Scholefield, et al. 1978, Zapata, et al. 2004, Greer and Sicard 2009, Zufferey, et
al. 2012). A negative carbon balance is present until the leaves become net exporters of CHOs and
begin to supply CHOs to sinks, occurring at the time of flowering or when a leaf reaches 50% of its
maximum size (Zapata, et al. 2004b, Turgeon 2006, Marchi, et al. 2008). Recent research also
indicates that starch content in grapevine canes increases slightly from winter dormancy
concentrations to the appearance of the first leaf, followed by a 60% decrease thereafter (Zapata, et
al. 2004b), indicating that the CHOs present in the cane may not have a role in initial shoot growth.
However, the increase in starch content in the canes may be due to an influx from the root system.
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Despite previous research, it is still unknown if shoot growth similar to nongirdled canes can be
obtained when the initial CHO supply for shoot growth is limited to a known amount from the canes.
In our study, pre-BB cane girdling was used to limit CHO availability to developing buds. Shoot growth
was monitored during the growing season to determine if rates of growth corresponded to available
CHOs. Carbohydrate measurements were taken of the canes and shoots at harvest to determine if a
relationship exists between the volume of the section measured and the CHO content.

3.1.3 Methods and Materials
Plant Material
Forty eight randomly selected three-cane pruned Vitis vinifera L. Sauvignon blanc vines (SO4
rootstock), located on a commercial vineyard, Marlborough, New Zealand (-41.48° latitude, 173.95°
longitude), were used for this study. Vines were pruned during winter dormancy (August 2010) to
retain 10 nodes per cane and monitored over a single growing season from 2010 to 2011. The rows
were planted in a north west-south east orientation, and vines were vine spaced 1.8 m along and 2.7
m between rows. Three canes were lightly wrapped on fruiting wires, 0.9 and 1.1 m above the
ground (two on the lower and one on the upper wire). Foliage wires were used to keep shoots in a
vertical position and vines were trimmed (other than treatment shoots) two or three times during
the season, at a height of 2.0 m from the ground and 0.5 m between the vertical faces of the canopy.
Pest and disease management was achieved following Sustainable Winegrowing New Zealand
guidelines (http://www.nzwine.com/swnz/).
Treatments were grouped into 12 blocks along a row of vines, each block consisting of two vines,
with treatments randomly applied within the blocks. The selected vines were restricted to the middle
two vines of a bay (of four) to prevent any effect of the proximity of posts used to support the wires
on the developing shoot. The same girdling treatment was applied to both of the bottom two canes
on a vine, for a total of 24 replicates per treatment. Canes were girdled 20, 10, or 5 cm from the
terminal node and a non-girdled treatment was used as the Control treatment. A razor blade was
used to make two cuts 4-6 mm apart around the cane, severing the phloem. Tweezers were then
used to remove the periderm between the cuts. Girdles were monitored throughout the growing
season and any callus that formed was removed. The terminal bud was retained and shoot growth
was measured at regular intervals during the growing season. All buds up to 20 cm from the terminal
bud were excised to ensure that no other shoots were present to complete with the shoots that grew
from the experimental buds.
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Measurement of Cane and Shoot Area
Grapevine cane and shoot diameters were measured using a digital caliper (0.01 mm resolution). Due
to the oval shape of grapevine shoots and canes in cross section, two diameter measurements were
necessary to determine cross sectional area accurately (Equation 1). The diameters of treatment
canes were measured mid-way between the two apical node positions pre-BB and again at harvest.
The diameters of the developing shoots arising from the apical nodes were measured between basal
nodes two and three at harvest.
Equation 1 Cross sectional area
Cross sectional area = π * (diameter one / 2) * (diameter two / 2)
Measurement of Shoot Growth and Leaf Area
Shoot growth was recorded throughout the growing season with a tape measure. The area of a
subsample of 200 leaves were measured at harvest using a LI-3100c Area Meter (LI-Cor Biosciences,
Auckland NZ). A plot of leaf main vein length to leaf area was fitted in SigmaPlot V12.0 (Systat
Software INC., San Jose, CA USA) with a quadratic polynomial equation, y=y0+a*x+b*x², (R² = 0.92).
The resulting equation was then used to estimate the leaf area for the leaves on the treatment
shoots. The individual area of all leaves on treatment shoots were estimated at harvest by measuring
the main vein length from the base of the leaf to the tip.
Fitting Shoot Growth Data
Graphs of shoot growth over the entire season for all four treatments were fitted in SigmaPlot V12.0
using a four-parameter sigmoid curve, y=y0+a/(1+exp(-(x-x0)/b)).
Determination of Shoot Growth Rates
To determine the rate of growth for different phases (see results section for definition of the
observed phases), each replicate for every treatment was plotted as days after BB versus growth, and
fitted with a cubic polynomial curve, y=y0+ax+bx²+cx³, from the date of BB (E-L Stage 3)to the end of
phase two.
For all treatments, the rates of growth for phase one were determined at a shoot length of 5 cm for
the following reasons: shoot growth at this time is dependent on the available CHO reserves; the
rates of growth at 5 cm of length represent the slow, initial shoot growth observed in the field
occurring just after BB, but increasing as time progresses; and, shoots that died shortly after BB did
not grow past 5 cm in length. The rate of growth for phase two was calculated at the point in which
the cubic polynomial became linear, representing a more rapid, but constant rate of growth. Phase
two was calculated at shoot lengths of 70, 50, 30 and 20 cm for the Control, 20-cm treatment, 10-cm
treatment and 5-cm treatments respectively. Different length values for phase two were used since
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shoots reached phase two at different lengths and days after BB depending on the treatment
applied. Shoot length values for a respective treatment (the y-axis value) were then used to solve
the above polynomial equation to generate the corresponding x-axis value (days after BB). The
derivative of the above polynomials was then determined, using the corresponding shoot length (yaxis value) and the generated days after BB (x-axis value), yielding the rate of growth in cm/day.
Measurement of Water-Soluble Sugars and Starch
Sample preparation
Treatment canes, and the shoots which grew from them, were harvested at the onset of winter
dormancy (early July) and stored at 4°C for one month wrapped in moist newsprint in a polythene
bag. Storage of grapevine material for one month at 4°C most likely caused less than a 2% decrease
in water soluble sugars and starch content (Treeby and Considine 1982), thus storage effects were
considered to be insignificant. The internode between nodes two and three from the base of the
experimental shoots was taken for CHO analysis. The internode sections were freeze-dried for one
week at -30.0°C, 0.05 mBar, using an in-house manufactured vacuum chamber and purchased freeze
drier unit (Heto FD 3, Thermo Scientific, Auckland NZ). The sections were weighed and then ground
to a powder using an analytical mill (IKA Analytical A1 mill, Global Science, Auckland NZ) and stored
at -80°C until used for analysis. A further sample of cane material from which the shoots developed
was also taken for analysis. A section of internode between the two apical nodes on a cane were
harvested and then treated in a similar way as the shoot material.
Water-Soluble Sugars and Starch analysis
Water-soluble sugars and starch concentrations were measured according to a previously described
method (Edwards, Downie et al. 2011) with the following modifications: 10-15 mg of dried sample
was used and soluble sugars were measured using a spectrophotometer (FLUOstar Omega, BMG
Labtech, BioStrategy, Auckland NZ) with the determination of maximum absorbance for soluble
sugars at 625 nm and starch at 505 nm. Samples were analyzed in triplicate. Carbohydrate content is
expressed as mg in a 1 cm volume of cane or shoot section.
To determine if cross sectional area of canes or shoots versus their total CHO content is represented
by a single linear continuum, or by independent linear lines, a simple linear regression with groups
was performed using GenStat V12.1 (VSN International LTD., Hemel Hempstead, England).
Calculation of Main Shoot Leaf Area versus CHO Content
Total main shoot leaf area, calculated from leaves greater than 50% (for reasons outlined in the
intorductio) of the maximum leaf size for a given treatment at harvest, versus the shoot total CHO
content was fit in SigmaPlot V12.0 using a three-parameter exponential rise to maximum curve,
y=y0+a*(1-exp(-b*x)).
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Linear Regressions and Statistical Analysis
All regressions were carried out in GenStat Edition 12.1. One-way analysis of variance (ANOVA) tests
were carried out within and between treatments to determine P-values and to check if the data were
normally distributed. Fisher’s Unprotected Least Significant Difference (LSD) test (at a significance
level of P < 0.05) was used post hoc to separate treatment effects from one another.

3.1.4 Results
Shoot Growth
The shoot growth rates are separated into two distinct groups 17 days after BB (Figure 3.1). At this
time, the shoots of the Control and 20-cm treatments were growing faster and at a similar rate and
significantly different (P < 0.05) when compared to the 10-cm and 5-cm treatments. These two
groups continued to behave as pairs until the onset of flowering, approximately 68 days after BB, at
which time the shoots in all treatments were significantly different from one another (P < 0.001). The
Control and 20-cm treatment shoots continued to elongate throughout the entire growing season,
whereas the 10-cm and 5-cm treatment shoots ceased growth at 132 and 93 days after BB
respectively.
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Figure 3.1
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Grapevine shoot length plotted against days after budbreak.
All data points are mean values of actively growing shoots for each treatment at a given data
point. Values were statistically separated using Fisher Unprotected LSD test (P < 0.05). Vertical
bars represent the LSD calculated at that time point. R² values for the lines of best fit for each
treatment were all > 0.99.

Phase one of shoot growth represents the initial growth from just after BB, to the more rapid linear
phase (phase two). During phase one of shoot growth, the shoots in the Control treatment had the
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greatest rate of growth, followed by those in the 20-cm treatment. The slowest rates of growth were
in the 10-cm and 5-cm treatments, which were statistically similar at this stage (Table 3.1). Growth
rates for phase two were all statistically separate, with the Control shoots having the highest rate of
growth, followed by those in the 20-cm, 10-cm and then the 5-cm treatments. The number of days
between phases one and two was divided into two statistically separate groups, where the Control
and 20-cm treatment group took the most time to reach phase two, and the 10-cm and 5-cm
treatments group took the least amount of time.
Table 3.1

Average grapevine shoot growth rates for phases one and two of shoot growth.

Treatment
Control
20 cm
10 cm
5 cm

Phase One Rate of
Growth (cm/day)
0.6c
0.4b
0.3a
0.3a

Phase Two Rate of
Growth (cm/day)
2.5d
1.9c
1.2b
0.7a

Days to Reach
Phase One
22.4a
26.0ab
27.5b
38.6c

Days Between
Start of Phases
45.7b
43.9b
31.1a
36.0a

All values in the table represent mean values. P-values calculated from One-way ANOVA comparisons between
treatments were all < 0.001. Values were separated using Fisher Unprotected LSD test (P < 0.05), where values
with different letters in superscript are statistically different from one another between treatments.

Shoots in the Control treatment (Figure 3.2a) showed no correlation of phase one growth rates to
cross sectional area, whereas those in the 20-cm, 10-cm and 5-cm treatments exhibited a weak linear
relationship (Figure 3.2b). During phase two, shoots in all treatments reached a steady state of
growth (Figure 3.2c), with those in the Control treatment having the highest rate, followed in
descending order by those in the 20-cm, 10-cm treatment and then the 5-cm treatments.
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Cane cross sectional area (mm2)
versus rate of growth for
grapevine shoots during phases
one and two.
(A) Phase one - Control treatment. (B)
Phase one – 20-cm, 10-cm and 5-cm
treatments. A simple linear regression
with groups determined that all
treatments were best represented by a
single linear line of y=0.003x+.01,
R²=0.55. (C) Phase two - Control, 20cm, 10-cm, and 5-cm treatments.
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Shoot Length, Node Number, Internode Length and Leaf Area
Main and lateral shoot length, the number of nodes along these shoots (main and lateral), internode
length (main and lateral) and total leaf area (main and lateral shoots) were measured to assess the
treatment effects on shoot growth (Table 3.2). All these parameters recorded their highest values in
the Control treatment, followed in descending order by the 20-cm, 10-cm and then the 5-cm
treatments.
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Table 3.2

Grapevine leaf are and shoot characteristics for treatment shoots.

MS
LS Length MS Node
Treatment Length
(cm)
Number
(cm)
d

55.5

143.5

c

25.4

b
a

Control

224.7

20-cm
10-cm

59.3

5-cm

26.3

b

35

a

25

33.3

a

14

-

9

MS
LS Node
LS Internode
Internode
Number
Length (cm)
Length (cm)

d

9.2

c

5.0

b

a

c

6.7

d

5.4

a

5.6

c

4.7

6.8

b

4.0

b

-

2.8

a

Total MS
Leaf Area
2
(cm )

ns

4345

ns

2146

5.3

ns

835

-

426

Total LS
Leaf Area
2
(cm )
b

Internode
Length : Leaf
Main Vein
Length

d

1571

0.75

b

c

140

a

0.74

b

a

b

103

0.61

a

a

-

0.53

a

Values in the table are means taken at harvest. P-values calculated from One-way ANOVA comparisons
between treatments were all < 0.001, other than values with superscript letters of ns (not significant), which
represent P > 0.05. Values were separated using Fisher Unprotected LSD test (P < 0.05), where values with
different letters in superscript are statistically different from one another between treatments. MS = Main
Shoot, LS = Lateral Shoot

For all treatments, leaf area progressively decreased from the basal positions to the apex, with the
largest leaves observed between shoot nodes 5 and 10 (Figure 3.3). Girdling resulted in a significant
difference in leaf area, where leaf area was the greatest in the Control, followed by the 20-cm
treatment, then by the leaf areas in the 10-cm and 5-cm treatments, which were statistically similar
to each other.
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Figure 3.3
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50

Influence of girdling on leaf area at different positions on the main shoot at harvest.
Each data point is a mean value calculated from all leaves on all shoots, measured for a given
treatment at the respective shoot node number. Vertical bars represent Fisher’s Unprotected LSD
(P < 0.05), except for shoot nodes 30 and 35 where P > 0.05.

Analysis of Growth and CHO Content in Treatment Canes and Shoots
Growth in cross sectional area for treatment canes was the highest in the Control treatment,
followed by that in the 20-cm treatment (Table 3.3). The 10-cm and 5-cm treatment canes, on
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average, shrank during the growing season. Shoot cross sectional area growth was the highest for the
Control shoots, followed in descending order by those in the 20-cm, 10-cm and 5-cm treatments. All
shoots had a larger increase in cross sectional area than the increase in cross sectional area of the
canes from which they grew. However, canes always had a larger cross sectional area compared to
the shoot which grew from it at harvest, where the average difference in cross sectional area
between canes and shoots was 59.6, 87.7, 88.3, and 72.5 mm² for the Control, 20-cm, 10-cm and 5cm treatments respectively (P < 0.05, LSD=5.1 between treatments).
Table 3.3

Treatment

Determination of water-soluble sugars and starch content within grapevine canes and
shoots at harvest, in comparison with growth in cross sectional area of canes and
shoots between pre-budbreak and harvest measurements.
Total Water-soluble Sugars
(mg in a 1-cm section)

Total Starch Content
(mg in a 1-cm section)

Starch : Watersoluble Sugars

Growth of Cross
Sectional Area
(mm²)

Treatment Canes
Control
20-cm
10-cm
5-cm

c

16.7
d
26.5
b
9.4
a
2.7

d

53.2
c
34.2
b
18.8
a
9.6

3.4
a
1.3
b
2.4
b
2.3

c

53.7
b
22.0
a
-4.6
a
-17.0

c

b

c

Treatment Shoots
d

d

Control
20.7
32.4
1.6
93.5
c
c
b
b
20-cm
11.1
17.5
1.6
52.8
b
b
b
a
10-cm
3.9
4.7
1.8
28.9
a
a
a
a
5-cm
1.5
2.1
1.1
16.2
Values in the table are means. P-values were calculated from One-way ANOVA; comparisons between
treatments were all < 0.001. Values were separated using Fisher Unprotected LSD test (P < 0.05), where values
with different letters in superscript are statistically different from one another between treatments (cane and
shoot values calculated separately).

Water-soluble sugar content in canes was the greatest in the 20-cm treatment, followed by the
Control, 10-cm and then the 5-cm treatments. Water-soluble sugar content in shoots was the
greatest in the Control treatment, followed by those in the 20-cm, 10-cm then 5-cm treatments.
Starch contents in canes and shoots were the greatest in the Control, followed by those in the 20-cm,
10-cm and then 5-cm treatments. For all canes and shoots, in all treatments, the starch content
measured was statistically greater than the water-soluble sugars content (P < 0.05) (Table 3.3).
In canes, the ratio of starch content to water-soluble sugars was inconsistent between treatments,
where the Control canes had the greatest ratio. The canes in the 10-cm and 5-cm treatments had the
same (and second largest) ratio, indicating that there was a linear decrease in the storage of watersoluble sugars and starch content from the 10-cm to the 5-cm treatments. The canes in the 20-cm
treatment had the lowest ratio, due to the increase in water-soluble sugars content. In shoots, the
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ratios were statistically similar in the Control, 20-cm and 10-cm treatments, indicating that watersoluble sugars and starch were being stored at the same rate between treatments.
A linear regression grouping shoot and cane data indicated that the two data sets (shoots and canes)
represented separate lines with the same slope but different y-intercept values (Figure 3.4a and b).
For cane and shoot data, total carbohydrate content was the highest in the Control treatment, in part
because of larger cross sectional area, followed by the 20-cm, 10-cm and 5-cm treatments,
decreasing in a linear fashion. Canes had lower total CHO content than shoots for a given cross
sectional area (Figure 3.4).
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Data points are mean values (n=3). (A)
Shoots, linear regression y=0.66x-4.16,
R²=0.84. (B) Canes, linear regression
y=0.66x-33.1,
R²=0.86.
Total
carbohydrate content is the sum of
water-soluble CHOs and starch
content, expressed as mg in a 1-cm
section of cane or shoot.
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A plot of main shoot leaf area versus total CHO content (Figure 3.5) resulted in a continuum that
reached a maximum total CHO content value of approximately 85.6 mg in a 1-cm section of shoots at
a value of approximately 12586 cm2 of total leaf area.
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Total CHO Content (mg in a 1-cm section)

Figure 3.5
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The relationship between carbohydrate content (mM) in a 1-cm section and the main
grapevine shoot leaf area between shoots.
Calculated from leaves that were > 50% of the maximum leaf size for a given treatment. Data
points are mean values (n=3). Total CHO content is the sum of water-soluble carbohydrates and
starch content, expressed as mg in a 1-cm section of shoot. The data series was best fitted with a
single, three-parameter exponential rise to maximum curve, y=-10.9+96.7*(1-exp(-0.0003*x)), R²
= 0.95. See text for explanation of treatments.

3.1.5 Discussion
Cane girdling is an effective tool to study the influence of restricting early season CHO supply on
shoot growth. Shoot growth for the treatments were similar to previously reported findings in
grapevine and kiwifruit (Greer and Jeffares 1998, Field, et al. 2009, Greer and Weston 2010a, Keller
and Tarara 2010a, Borghezan, et al. 2012), where girdling was effective in causing a decrease in shoot
growth rates for the 20-cm, 10-cm and 5-cm treatments from the Control treatment.
Unfortunately, girdling has an inherent limitation in that it blocks any effect the phloem transported
metabolites could have on shoot growth. As well, the range of nutrients, proteins, phytohormones
and other plant signals that would be altered by disrupting the phloem were not measured. Although
the results clearly indicate a strong correlative relationship between initial CHO supply and shoot
growth (Figure 3.2), the lack of phloem transported metabolites may also have an influence in the
decrease in shoot growth in the 20-cm, 10-cm and 5-cm treatments.
As mentioned previously, initial shoot growth is dependent on the reserve CHOs in the vine. This
causes a net carbon loss lasting from 25-40 days after BB, or until there are enough mature leaves to
support a net positive carbon balance (Greer and Sicard 2009). Additionally, new leaves emerging
during this phase are considered to act as CHO sinks until they reach approximately 50% of their final
size (Turgeon 2006, Marchi, et al. 2008), further depleting the available reserves. A positive linear
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relationship between phase one shoot growth rates and cane cross sectional area, where cross
sectional area is directly related to the CHO content in the cane, exists in 20-cm, 10-cm and 5-cm
treatments, but not in the Control (Figure 3.2). The lack of relationship in the Control might be
explained by the fact that these developing shoots still have their phloem intact, allowing CHOs to
move freely from the whole-vine reserves to the developing shoots.
The transition from phase one to two (a steady state of growth) may represent the phenological
point during the annual cycle of a grapevine when leaves begin to act as net exporters of CHOs. This
is consistent with the findings that a grapevine leaf is most photosynthetically active approximately
40 days after its formation (Bertamini and Nedunchezhian 2003). This time point also corresponds to
when those leaves which were expanding during phase one reach their near maximum leaf size
(Greer and Weston 2010a). However, it has also been shown that the rate of leaf photosynthesis is
dependent on the ratio of leaf area to fruit weight (source:sink ratio) and not leaf age (Petrie, et al.
2000), where in this study the shoot tips and developing inflorescences are acting as sinks.
Additionally, it has been shown that around the time of flowering, starch begins to accumulate in the
canes and roots, indicating the leaves are now exporting sugars made during photosynthesis (Zapata,
et al. 2004). Therefore, the timing of the transition from phase one to phase two in this study takes
place when the CHO supply is high enough to maintain a steady state of growth, which is dictated by
a balance between the number of leaves present on the shoot, the leaf age and size, and the
strength of the sinks (inflorescence(s) and shoot tip). The steady state of growth observed during
phase two for all treatments was independent of cane cross sectional area (Figure 3.2c), indicating
that shoot growth is most likely being supported by leaf photosynthesis. The decrease in shoot
growth rates during phase two in the 20-cm, 10-cm and 5-cm treatments compared to the Control
may be in part due to the lower total leaf area of those treatments (Figure 3.3).
Although the appearances of individual nodes along a shoot were not recorded during the growing
season, one can calculate the approximate number of nodes present at the beginning of phase two.
When the shoot length used to determine phase two is divided by the average internode length of
the main shoot, an average result of 8.3 nodes present is found at the beginning of phase two for all
treatments (P-value > 0.5 between treatments). This result is consistent with the literature,
suggesting there are 6-10 preformed nodes in the compound bud which emerge and begin to
elongate after BB before any new nodes are produced (Buttrose 1974, Morrison 1991, Mullins, et al.
1992). This gives us evidence that phase one represents the emergence of preformed nodes from the
compound bud, and phase two represents the formation of new nodes past the point of
discontinuity.
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According to a study on Semillon vines (Greer and Weston 2010a), internode extension occurs before
the subtending leaf expands. In the current study, it is evident that the average internode lengths for
the main shoots in the 20-cm, 10-cm and 5-cm treatments were significantly less than in the Control
shoots (Table 3.2). This is likely to be a contributing factor that led to incomplete leaf expansion,
resulting in smaller leaves at any given shoot’s node position (Figure 3.3), with the largest leaves
observed between nodes 5 and 10. However, an examination of the ratio of average internode
length to average leaf main vein length on the main shoot (Table 3.2) shows that the ratio in the 20cm treatment was the same as that in the Control, indicating that internode elongation and leaf
expansion decreased by the same factor. This suggests that the 20-cm treatment shoots and leaves
are behaving in a similar manner to the Control shoots and leaves. However, the ratio for the 10-cm
and 5-cm treatments is lower than in the Control. The decrease in the ratio in the 10-cm and 5-cm
treatments is a result of a disproportional decrease in average internode length compared with the
decrease in the leaf main vein length. This indicates that the 10-cm and 5-cm treatment leaves
continued to expand regardless of decreased internode elongation rates. This is most likely due to a
mechanism allowing leaves to continue in their expansion so that they can become net exporters of
CHO in order to supply the necessary CHOs for shoot growth, inflorescence and bud development.
Additionally, this further indicates that when a shoot has a constrained CHO supply, such as in the 5cm treatment, new internode formation and elongation may not be as important as leaf expansion.
This is illustrated by the finding that in the 5-cm treatment there was no point of discontinuity
present on the shoots, indicating that the nodes present at harvest were formed during compound
bud development in the previous season, and not in the current season of shoot growth. The 5-cm
treatment shoots are therefore limited in the leaf area that they can produce, further constraining
the growth potential of the shoots.
In addition to a severe constraint on leaf number and canopy area, no lateral shoot growth occurred
in the 5-cm treatment shoots. Laterals arise from a prompt bud, which is an axillary bud that typically
grows out in the season it is formed. The burst of prompt buds is inhibited by the developing shoot’s
tip, which exerts apical dominance over other developing buds by producing and transporting auxin
down the main shoot (Thimann and Skoog 1933, Brown, et al. 1967, Prusinkiewicz, et al. 2009).
Lateral growth is stimulated when the shoot tip is damaged, removed or dies, and when the shoot tip
is sufficiently distal to the lateral bud to cause a reduction or removal of the apical dominance effect
(Mueller and Leyser 2011, Peer, et al. 2011, He, et al. 2012). In the current study, the apical tips of
the 5-cm treatment shoots were necrotic at approximately 93 days after BB. Given the decreased
size and number of leaves on the 5-cm treatment shoots, the decrease in cross sectional area of the
5-cm treatment canes and the resulting CHO content at harvest, I postulate that at 93 days after BB,
the CHO concentrations in the 5-cm treatment shoots would be much lower than those in any other
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treatment. This would then imply that despite the removal of the apical meristem, it is the lack of
CHOs available in the shoot system that limits the growth of laterals in the 5-cm treatment shoots.
Although factors such as low leaf area have been postulated to be a cause of decreased lateral
growth (Evers, et al. 2011), no empirical evidence has been provided to support these claims. This
study is the first to show evidence that decreased CHO content in an isolated shoot can cause
depressed formation of prompt buds, which are the source of laterals, demonstrating the
importance of CHO supply in promoting lateral development.
In addition to a decrease in leaf area in the 20-cm, 10-cm, and 5-cm treatment shoots, differences in
the cross sectional area growth of canes and shoots were observed, where cane shrinkage can result
from a CHO deficit derived during shoot growth that cannot be overcome (Buttrose 1966, Zapata, et
al. 2004b). The decrease in cross sectional area of the 10-cm and 5-cm treatment canes suggests that
the CHO reserves in the canes were depleted during initial shoot growth and could not be
replenished from the available leaf area on these shoots. Whereas, the Control and 20-cm treatment
canes, which had an average increase in cross sectional area, were able to fully recharge their
reserves and store additional CHOs. The Control and 20-cm treatment exhibit a similar pattern of
CHO fluctuations previously observed (Zapata, et al. 2004, Greer and Sicard 2009, Zufferey, et al.
2012). However, it is unknown if the reserves could have been fully recharged in the 10-cm and 5-cm
treatments if the inflorescence structures on the shoots were removed early in the season, thereby
reducing a large sink of CHOs.
Interestingly, the water-soluble sugar content was found to be much higher in the 20-cm treatment
canes than in the Control, 10-cm or 5-cm treatment canes. A possible explanation is that in the 20-cm
treatment shoots the water-soluble sugars produced were unable to be transported to the rest of
the vine for utilization or storage due to the girdle. However, since the canes were taken at the onset
of winter dormancy, it is unknown if the water-soluble sugars in the 20-cm treatment would have
been converted into starch during winter dormancy.
Regardless of a measured increase or decrease in cross sectional area, it was found that cross
sectional area can be used to accurately predict the total CHO content in canes and shoots (Figure
3.6), where a positive linear relationship exists between the cross sectional area of a shoot or cane
and the total CHO content (water-soluble sugars and starch). This is the first time such a finding has
been reported in the literature with specific water-soluble sugar and starch content values to support
it. Total CHO content of a shoot can also be predicted by calculating the total main shoot leaf area at
harvest of leaves > 50% of the maximum leaf size. The regression of leaf area versus total CHO
content indicates that at a main shoot leaf area of approximately 9061 cm², the total CHO content is
at 90% of the maximal value of 85.6 mg in a 1-cm section of shoot (Figure 3.5). Increasing the leaf
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area during the growing season past this point would have little impact on the CHO content in the
developing shoot at harvest, as indicated in recent a recent study that identified the maximum CHO
content in a grapevine based on its leaf area to fruit weight ratio (Zufferey, et al. 2012).
In the current study, it is unknown if the cane reserves were completely exhausted during shoot
growth. However, based on the literature mentioned above, and the observations of initial shoot
growth, it is likely that a deficit was encountered during phase one of growth. Growth of laterals
further complicates this issue, as it is unknown when lateral leaves begin to act as a source of CHOs.
Lateral leaves most likely behave in the same fashion as main shoot leaves, in that they act as sinks
until they are approximately half expanded, at which time they become a source of CHOs.

3.1.6 Conclusions
Early CHO restriction via pre-BB cane girdling sets up a cascade of negative effects throughout the
growing season. Restriction of CHOs causes decreased shoot growth rates, which in turn causes a
decrease in node formation and elongation, where in the 5-cm treatment no nodes formed past the
point of discontinuity. Due to the decrease in node formation, there are fewer leaves available to
produce CHOs. Additionally, average leaf area at a given shoot node position progressively decreased
from the Control to the 20-cm, then the 10-cm and 5-cm treatments. A decrease in total leaf area
lowers the vine’s ability to sequester CHOs via photosynthesis, despite the increased pressure for
shoots with lower leaf number to increase their photosynthetic rate. If the initial supply of CHOs is
too low, and adequate leaf area is not produced, there will be a decrease in cane cross sectional area
from BB to dormancy. Cane or shoot cross sectional area is a good indication of total CHO content,
where near maximum CHO content cannot be reached by shoots that were unable to produce
sufficient leaf area. In addition, excessive restriction of early season CHOs stops lateral shoots from
growing, indicating that lateral growth is linked to the CHO status of the vine.
A further investigation of limiting early season CHOs via pre-BB cane girdling is required to determine
the consequences this would have on bunch architecture and the timing of phenological events, and
is investigated in chapter 3.2.
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3.2 The Effect of pre-Budbreak Cane Girdling on Bunch Architecture and the
Phenological Development of the Inner and Outer Arm
3.2.1 Abstract
The development of IP into floral bearing structures is influenced by many environmental and
genetic factors. The main hypothesis of this chapter is that CHO availability at BB has a strong
influence on IP development, especially during the initial stages of shoot growth when pre-formed IP
emerge from dormant buds and may be dependent on reserve CHOs for further branching and
development. Carbohydrate availability to developing grapevine buds was manipulated by girdling
canes two weeks before BB. Dates of flowering, flower number, berry number and grape berry
soluble solids (SS) were measured for the inner and outer arm components of the basal and apical
inflorescence and bunches separately. Restricting pre-BB CHOs resulted in the abortion of some preformed inflorescences and reduced branching of the inflorescences that did develop. In general,
berry SS were greatest for the basal inner arm, followed by those of the apical bunch inner arm, then
those of the basal bunch outer arm, then lastly by those of the apical bunch outer arm. However, this
was influenced by the relative berry numbers between the inner and outer arm. Bunches with more
similar berry numbers on the inner and outer arms had more synchronous flowering and uniform SS.
The differences in SS were largely a reflection of the timing of flowering of the various inflorescence
components and may be an important source of variation in SS within a vine at harvest.

3.2.2 Introduction
The initiation of a grape bunch begins as an group of uncommitted cells (an anlage) in the leaf axils of
developing shoots in the growing season preceding the appearance of flowers and fruit (Pratt 1971,
Srinivasan and Mullins 1981). The development of these anlagen into leaf, tendril or inflorescence
primordia starts at leaf position one (basal leaf on the shoot) at about the time of flowering in the
first season (Swanepoel and Archer 1988, Morrison 1991, MacGregor 2000, Trought 2012) and then
progresses along the shoot in an acropetal fashion (Snyder 1933, Pratt 1971, Srinivasan and Mullins
1981, Morrison 1991). This results in the development of six to ten pre-formed nodes in the bud by
dormancy in late autumn (Buttrose 1974). Factors such as the position of the bud on the developing
shoot, temperature, light during initiation and grapevine variety will influence the number of
developing inflorescence primordia, each of which has a bract with two arms (inner and outer) in its
axil (Vasconcelos, et al. 2009). Depending on environmental conditions, a degree of branching of the
inner and outer arms is observed before the onset of dormancy (Buttrose 1969a, Buttrose 1969b,
Sommer, et al. 2000, Sanchez and Dokoozlian 2005, Watt, et al. 2008). Development of IP has been
shown to continue throughout winter dormancy, but is cultivar and climate specific (Jones, et al.
2009). Further branching and differentiation of the inner and outer arms into floral structures
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resumes shortly before and after BB in season two, forming an inflorescence structure that has the
potential to flower and develop berries (Swanepoel and Archer 1988, Morrison 1991, May 2000).
Typically observed inflorescence structures are shown in Figure 3.6.
While a number of studies have been conducted to determine the influence of CHO availability on
the development of IP, they typically alter CHO availability by reducing the leaf area or introducing a
girdle on a developing shoot before the onset of dormancy (Candolfi-Vasconcelos and Koblet 1990,
Caspari, et al. 1998, Bennett, et al. 2005, Sanchez and Dokoozlian 2008, Smith and Holzapfel 2009,
Vrsic, et al. 2009). As a consequence, it is difficult to separate the confounding effects of restricting
CHOs to the developing shoot in the spring from the potential disruption to IP development in season
one. However, in general, earlier leaf removal results in a greater reduction in inflorescence number,
flower number and berry number in season two (Bennett, et al. 2005).
Initial shoot development in the spring depends on the stored CHO reserves in roots, shoots and the
trunk of the vine (Zapata, et al. 2004, Greer and Sicard 2009, Eltom, et al. 2013). To date, little work
has been reported on the effects of varying the amount of available endogenous CHOs pre-BB via
cane girdling on inflorescence development and/or bunch architecture. However, girdling pre-BB not
only blocks the transport of sugars from source to sink (Glad, et al. 1992), but also has the inherit
limitation of blocking all the compounds in the phloem sap that could influence IP development, such
as auxin, amino acids, mRNA and other proteins and phytohormones (Glad, et al. 1992, Kehr 2006,
Robert and Friml 2009).
This chapter focused on separating the confounding effects of limiting CHOs during season one by
allowing unaltered growth of the compound bud to occur during season one, and then limiting CHO
availability in season two via pre-BB cane girdling. The following were recorded to help quantify the
physical and phenological differences between bunch components and bunch position on a shoot:
bunch number; the types of structures observed at the primary branch point of the rachis during
flowering for all bunches; the timing of flowering for all bunch components; the numbers of flower
caps and berries per inflorescence and bunch structure; percentage fruit set (%FS); and berry SS.

3.2.3 Methods and Materials
Definition of Terms and Structure Identification
Any structure at the primary branch point of the main rachis that had flower(s) present was defined
as an outer arm (Figure 3.6). The inflorescences/bunches were compared separately, giving four
bunch components on a shoot (basal/apical bunches: inner/outer arms).
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Plant Material
The plant material and treatment information for this experiment is the same as found in chapter
3.1.
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Flower Cap Collection and Flowering Progression
One week before flowering commenced, fine mesh bags were placed over entire inflorescence
structures, and these were removed one week after flowering was complete. Flowering progression
of the inner and outer arm (where present) of each inflorescence was monitored three times a week
during flowering. Once flowering was completed and the bags were removed, the flower caps were
counted to estimate the number of flowers per inflorescence.
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Calculation of Total Shoot Leaf Area versus Total Bunch Soluble Solids Content
Total leaf area (main and lateral shoots) was previously reported in chapter 3.1, and used in this
study to identify its relationship with total bunch soluble solids content (g/shoot) at harvest. Total
bunch soluble solids content (g/shoot) was determined by adding the soluble solids content values
for the basal and apical bunch components on the shoot (See Equation 2).
Equation 2 Calculation of soluble solids content (g/shoot) for an individual component
Soluble solids content = oBrix * component weight(s) (g) / 100
Total main shoot leaf area versus the total bunch soluble solids content (g/shoot) was fitted in
SigmaPlot V12.0 using a three-parameter exponential rise to maximum curve, y=y0+a*(1-exp(-b*x)).
Statistical Analysis
All regressions were carried out in GenStat Edition 12.1. One-way analysis of variance (ANOVA) tests
were carried out within and between treatments to determine P-values and to check if the data were
normally distributed. Fisher’s Unprotected Least Significant Difference (LSD) test (at a significance
level of P < 0.05) was used post hoc to separate treatment effects from one another.

3.2.4 Results
Structures Observed at the Primary Branch Point of the Main Rachis During Flowering
The effect of girdling on bunch number and structure observed at the primary branch point of the
rachis can be divided into two groups: the Control and 20-cm treatments as one; and the 10-cm and
5-cm treatments as the other (Table 3.4). The 10-cm and 5-cm treatments resulted in a reduced
bunch number per shoot, by approximately 40%, from that in the Control and 20-cm treatment
group. There was a reduction in the presence of an outer arm in the basal bunch position of
approximately 50% and an increase in the presence of a tendril of approximately 40% in the 10-cm
and 5-cm treatments from the Control and 20-cm treatments. The occurrence of no structure in the
basal bunch position was statistically similar between all treatments. The presence of an outer arm
decreased in apical bunches compared with basal bunches, and was statistically similar between all
treatments, where the decreased presence of an outer arm in the Control and 20-cm treatments was
far greater than the decreased presence in the 10-cm and 5-cm treatments. The presence of a tendril
increased in apical bunches compared with basal bunches, and was statistically similar between all
treatments (approximately 90%).
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Table 3.4

Variation in the structure observed at the primary branch point of the main grapevine
rachis during flowering.
Basal Bunches (%)
Outer
Tendril
Nothing
Arm

Treatment

Bunch #

Control

1.8b

83.3b

12.5a

4.2ns

20-cm

1.9b

81.8b

18.2a

10-cm

1.2a

25.0a

5-cm

1.2a

40.0a

Apical Bunches (%)
Outer Arm

Tendril

Nothing

5.3ns

94.7ns

0.0ns

0.0ns

4.8ns

90.5ns

4.7ns

58.3b

16.7ns

14.3ns

71.4ns

14.3ns

50.0b

10.0ns

0.0ns

100ns

0.0ns

Values in the table are means. Percentage values were calculated from the total number of bunches in the
basal or apical bunch position within a treatment. Values were separated using Fisher’s Unprotected LSD test,
where values with different letters in superscript are statistically different from one another (P < 0.05) between
treatments (basal and apical positions calculated separately). ns = not significant (P > 0.05).

Progression of Flowering between Treatments, Inner and Outer Arm Bunch Components
Regardless of the girdling treatment, flowering generally progressed in the order starting with the
basal inflorescence inner arm, apical inflorescence inner arm, basal outer arm and finally the apical
outer arm (Table 3.5).
Table 3.5

The influence of cane girdling pre-budbreak on the timing of flowering.
Basal Inner Arm

Apical Inner Arm

Basal Outer Arm

Apical Outer Arm

Start of Flowering (5%, 2012 date)
Control

5-Dec

a/1

8-Deca/2

12-Deca/3

15-Deca/4

20-cm

5-Deca/1

8-Deca/2

12-Deca/3

15-Deca/4

10-cm

8-Decb/1

11-Decb/2

14-Decb/3

18-Decb/4

5-cm

8-Decb/1

12-Decb/2

15-Decb/3

np

Duration of Flowering (days)
Control

6.0

ns

5.8ns

5.9ns

6.3ns

20-cm

5.2ns

5.4ns

5.7ns

5.6ns

10-cm

5.8ns

6.2ns

5.7ns

6.3ns

5-cm

6.1ns

6.2ns

5.6ns

np

Values in the table are means. Values were separated using Fisher’s Unprotected LSD test, where values with
different letters (between treatments for a given bunch component) and numbers (within a treatment across
all bunch components) in superscript are statistically different from one another (P < 0.05). ns = not significant
(P > 0.05). np = no structure present.

On an individual shoot, flowering took approximately 16 days (from the date at which the basal
inflorescence inner arm reached 5% flowering to the date at which the apical inflorescence outer arm
achieved 95%). Girdling had no effect on the duration of flowering within or between treatments,
although the start of flowering for the 5-cm and 10-cm treatments was approximately 3 days behind
the 20-cm and Control treatments. Flowering started on the outer arm approximately 7 days after its
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inner arm component, and was unaffected by the presence of a girdle and/or bunch position (Table
3.5).
There was a decrease in flower number in apical inflorescences compared with basal inflorescences
in all treatments, except for the 5-cm treatment (Figure 3.7a). Inflorescences in the 20-cm treatment
had the greatest number of flowers in the basal and apical bunch positions, followed by those in the
Control, and then those in the 10-cm and 5-cm treatments (which were statistically similar).
Conversely, there was an increase in %FS in the apical position compared with the basal position
(Figure 3.7b). Percentage fruit set in the basal and apical positions was the greatest for the 20-cm
treatment, followed by those in the Control, 10-cm and 5-cm treatments, which had statistically
similar %FS values in the basal and apical bunch positions.
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Total shoot bunch weight was statistically similar in the Control and 20-cm treatments, whereas the
10-cm and 5-cm treatments resulted in decreased values compared with that in the Control. While
the average berry number in all structures in the 20-cm treatment increased compared with that in
the Control, average berry weight decreased, resulting in statistically similar total shoot bunch
weights between the 20-cm and the Control treatments. Average inner arm berry number was
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greater than that for the outer arm in all treatments and bunch positions, where the observed
decrease in berry number from basal to apical bunch positions was not affected by girdling. Average
inner arm berry weight and SS were greater than those for the outer arm in all treatments and bunch
positions. However, the Control treatment had the greatest average berry weight and SS values for
all bunch positions and components, followed in descending order by the 20-cm, 10-cm and then the
5-cm treatments. As well, there was a decrease in berry weight and SS from the basal to apical bunch
position (Table 3.6).
Table 3.6

Grape berry number, berry weight and % soluble solids at harvest.

Total Bunch
Weight (g)

Berry
Weight (g)

o

SS ( Brix)

Apical

Basal

Apical

IA

IA

OA

OA

c/4

115.2

c/4

114.8

b/4

85.4

a/3

37.1

Control

140.4

20-cm

142.5

10-cm

111.0

5-cm

44.8

Control
Berry #

Basal

b/3

78

b/3

61

a/3

53

10-cm

74

5-cm

64

c/3

30.6

b/3

20.0

a/2

9.8

a/2

82

95

27.2

64

c/4

20-cm

c/3

1.5

Control

19.6

20-cm

16.0

1.8

a/1

218.2

2

a/1

0.9

0.8

a/1

b/1

0.9

a/1

d/3

18.2

c/3

14.7

c/2

12.8

b/2

ns

c/2

16.4

b/1

b/1

10.8

a/1

b/2

a

91.7

np

b/1

a/ns

b

ns/1

b/1

0.7

c

ns/1

1.5

a/ns

c

ns/1

c/1

1.0

19.4

ns

a/1

b/2

d/3

b/3

b/2

b/2

0.7

0.7

295.1

1.6

a/ns

5-cm

a/1

c/2

1.4

1.5

7.2

9

14

b/2

10-cm

c/2

8

a/2

1.4

20-cm

294.8

b/2

20

b/2

1.8

a/1

a/1

a/2

1.8

Control

12.0

17
34

c/2

c/2

a/1

b/3

Total Shoot Bunch
Weight (g)

a/1

10-cm
14.3
12.6
12.7
10.3
a/ns
a/ns
a/ns
5-cm
9.0
9.6
9.2
ns
Values in the table are means. Values were separated using Fisher’s Unprotected LSD test, where values with
different letters (between treatments for a given bunch component) and numbers (within a treatment across
all bunch components) in superscript are statistically different from one another (P < 0.05). ns = no structure.
SS = soluble solids. IA = Inner Arm. OA = Outer Arm.

The differences in SS (oBrix) between the inner and outer arm within a bunch was a reflection of the
relative number of berries on each structure. The more alike the berry numbers between the inner
and outer arm structures were, the more similar the SS were at harvest. This is a reflection of the
relative timing of flowering between the two components, where the more similar in berry number
the inner and outer arm were, the more closely the flowering start times were relative to one
another (Figure 3.8).
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Calculating the total bunch SS indicated that as the proportion of fruit on the outer arm decreased,
the overall bunch soluble solids initially decreased, reflecting the lower SS of the outer arm.
However, as the outer arm berry number continued to decrease relative to the inner arm berry
number total bunch SS increased (Figure 3.9).
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Figure 3.9

The effect of the relative difference in grape berry number between the inner and
outer arm compared with the overall bunch soluble solids (SS) for the Control
treatment.
Total bunch SS was calculated using the regression of percentage inner arm berry number per
bunch versus the difference in SS between the inner and outer arm (Figure 3.8A). The relative
proportions of berries for the inner and outer arm components were multiplied by their
respective °Brix values, and then added together. The resulting calculated quadratic equation is
y=16.6x²-26.7x+ 9.8.

Restricting the developing shoot leaf area by girdling also limited the total soluble solids content of
bunches on a shoot. Increases in leaf area beyond approximately 4900 cm 2/shoot had little effect on
the total bunch soluble solids content (48.9 g/shoot), while the accumulation of soluble solids
content on shoots with lower total leaf areas was significantly lower (Figure 3.10).
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Figure 3.10 The relationship between total grape bunch soluble solids content (g/shoot) and the
total shoot leaf area (main and lateral).
The data series was fitted with a single, three-parameter exponential rise to maximum curve,
y=48.9*(1-exp(-0.0006*x)), R² = 0.59.

3.2.5 Discussion
Inter-conversion of the structure at the primary branch point between a tendril and inflorescence
structure is not uncommon, as the two structures are considered homologous, based on the
following evidence: both structures are derived from uncommitted primordia (anlagen); interconversion between the two structures is based on cytokinin/gibberellin balance and temperatures;
and intermediate structures between a tendril and inflorescence structure exist (Srinivasan and
Mullins 1981, Boss and Thomas 2000, Boss, et al. 2003, Calonje, et al. 2004). In addition to this
evidence, the current study demonstrates that limiting early season CHO availability reduced the
occurrence of an outer arm and promoted the presence of a tendril. This gives new evidence that the
final identity of the structure observed at the outer arm position can be influenced by local CHO
status in season two. However, the presence of a girdle blocks the effects of all phloem transported
metabolites, including CHOs, which may influence inflorescence development (Kehr 2006, Robert
and Friml 2009).
Based on previous work indicating that the presence of the girdled resulted in a CHO deficit at the
start of season two (Chapter 3.1), possible explanations for the observed decrease of an outer arm at
the basal bunch position in the 5-cm and 10-cm treatments are as follows. The first is that a CHO
deficit caused the conversion of an outer arm with floral identities into a tendril. The second
explanation is that the CHO deficit caused incomplete development of the structure at the outer arm
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position formed during the previous season. The second explanation is likely correct, as evidence in
the literature indicates that floral identities at both the inner and outer arm positions develop in
season two of IP development (Srinivasan and Mullins 1981, Morrison 1991, May 2000).
Additionally, a CHO deficit at the start of season two was likely the cause of the observed decrease in
the 10-cm and 5-cm treatment bunch numbers per shoot from the Control. This suggests that a
decrease in CHO availability at the start of season two can cause the abortion of entire pre-formed IP
structures at, or shortly after BB. This result is consistent with the literature which indicates that the
number of inflorescence structures per bud is determined during season one of bud development
(Buttrose 1974, Morrison 1991, Mullins, et al. 1992), which can be further modified during BB of the
following season.
Interestingly, there was a greater percentage decrease in the presence of an outer arm in the 10-cm
and 5-cm treatments over that in the Control versus the percentage decrease in bunch number (60%
versus 35% respectively, Table 3.4). This indicates that the development of a structure with floral
identities at the outer arm position is more sensitive to changes in the local CHO status of the vines
than the inflorescence primordia as a whole. However, a bunch must be present for an outer arm to
develop, meaning that a decrease in bunch number is more detrimental to the overall yield of the
vine than a decrease in the presence of an outer arm.
Bunch architecture is further affected by the local CHO status of the vine during the initial stages of
growth in season two, where an increase or decrease in branching of inflorescence primordia
structures occurs, depending on the treatment applied. Previous studies have indicated that the
degree of branching of inflorescence primordia is directly correlated to the number of flowers
formed (Petrie and Clingeleffer 2005, Dunn and Martin 2007), and that a decrease in CHO availability
during IP initiation during season one (and the resulting CHO deficit in season two) can cause a
decrease in flower number in season two (Bennett, et al. 2005). However, the existence of studies
which investigate alterations of available CHOs to IP at the start of season two, such as in the current
study, are unknown. In the experimental setup, the Control treatment buds had access to a larger
share of the CHO resources from the vine’s trunk and root system, but to less cane-stored CHOs
compared with buds in the 20-cm treatment (Chapter 3.1). Since the 20-cm treatment buds had
access to a greater amount of cane-stored CHOs than those in the Control, and the presence of a
girdle would have prevented any export of CHOs to the rest of the vine, a state of cane-stored CHO
“excess” compared with that in the Control may have occurred during BB, resulting in the observed
increased branching for the 20-cm treatment inflorescence structures. Following this logic, the 10-cm
and 5-cm treatment buds would have had access to less cane-stored CHOs than the Control and 20-
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cm treatment buds, creating a potential CHO deficit for the developing 10-cm and 5-cm treatment
buds.
In addition to the variation in bunch architecture, the timing of flowering between treatments was
also influenced by the girdling treatment applied. Previous work has indicated that the 10-cm and 5cm treatment shoots had a decreased CHO status at the time of flowering (Chapter 3.1), which may
have been the cause in the delay in flowering. Additionally, vines in the 5-cm treatment were not
further delayed in flowering compared to those in the 10-cm treatment, indicating that a minimum
CHO threshold in the shoot/vine may be required for the “normal” timing of flowering, and shoots
that are below this threshold will encounter a delay in the start of flowering. This finding is consistent
with other studies which indicate that CHOs, and their associated biochemical pathways are critical in
the timing of flowering (Bernier, et al. 1993, Srikanth and Schmid 2011, Proveniers 2013, Wahl, et al.
2013).
Wherein the timing of flowering between treatments may to be due to differences in the CHO status
of the treatment shoots, the observed sequence in the start of flowering between bunch
components and bunch positions is intrinsic to all developing grapevine buds. The delay in the start
of flowering between bunch positions along a shoot is explained by the acropetal delay in IP
development (Snyder 1933, Pratt 1971, Srinivasan and Mullins 1981, Morrison 1991). Possible
explanations for the delay between the inner and outer arm bunch components are that the final
identity of the outer arm is not determined until season two, causing a further delay in its
development, or that the timing of flowering of the outer arm is a function of the relative difference
in berry number between the two structures.
Although the duration of flowering between all treatment bunch components was similar (Table 3.5),
the duration of flowering on a whole can be very susceptible to changes in temperature and humidity
before and during flowering. Lower temperatures before and during flowering can cause flowering to
occur over a longer period of time (Staudt 1982, Staudt 1999, Friend 2005, Vasconcelos, et al. 2009,
Keller, et al. 2010b). As well, high amounts of humidity can cause flowering to occur over a longer
period of time (Cunha, et al. 2003). In the current study, the daily maximum, minimum and average
temperatures during flowering were consistent between all treatments, giving further evidence that
the CHO status of the shoot, the presence of a girdle, and the shoot’s total photosynthetic ability all
have a role in the timing of flowering between treatments.
In addition to differences in the timing of flowering between treatments, the local CHO status of the
shoot may have influenced %FS, where previous studies indicate that a decrease in the CHO status of
the shoot during flowering can cause a decrease in %FS values (Keller and Koblet 1994, Caspari, et al.
1998, Lebon, et al. 2008). However, the 20-cm treatment inflorescences had increased %FS values,
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despite their decreased CHO status during flowering (Chapter 3.1). The increase in %FS may likely be
a result of the increase in flower number per inflorescence structure, and not an effect of the CHO
status of the shoot.
The CHO status of the vine not only affects bunch architecture and the timing of flowering and %FS,
but also has an important role in determining berry SS at harvest (Brown, et al. 1988, Caspari, et al.
1998, Bennett, et al. 2005). An alteration in the start of flowering for the basal inner arm
components in the 20-cm, 10-cm and 5-cm treatments (0, 3, and 3 days after the Control
respectively; Table 2) does not sufficiently account for the decrease in SS values at harvest (3.6, 5.3
and 10.6 °Brix respectively, Table 3.6). Therefore, it is likely that the decreased photosynthetic
capability of the shoots resulted in fewer sugars that could be sequestered by the berries, resulting in
a decrease in SS values. Evidence for this is provided in Figure 3.10, where the total bunch soluble
solids content (g/shoot) is directly related to total leaf area of a shoot. Additionally, at a leaf area of
approximately 4900 cm², the total bunch soluble solids content is at 95% of the maximal value (48.9
g/shoot). Increasing the leaf area past this point would have little effect on the bunch soluble solids
content on a shoot.
The factors causing differences in berry number between the inner and outer arm components still
have to be elucidated. One hypothesis proposed is that temperature during IP branching is a major
influencing factor on inflorescence development and branching, where CHO availability is only a
modifying factor.
For the first time reported in the literature, this experiment demonstrates that the difference in SS
between the inner and outer arm bunch components is related to the relative difference in berry
number between the two components. Figure 3.8 indicates that the more similar the inner and outer
arm are in berry number, the earlier the outer arm starts flowering after the inner arm, resulting in
more similar SS values at harvest. However, the total bunch SS is a result of the relative berry
numbers of the inner and outer arms and their SS values at harvest. For bunches with a relatively
small outer arm component, the SS values between the two components are at their maximum
difference (Figure 3.8A). However, the total bunch SS is not affected as much, since the outer arm
contributes relatively little to the overall bunch (Figure 3.9).

3.2.6 Conclusions
In this study, pre-BB cane girdling had a direct influence on bunch architecture. When available CHOs
to developing shoots were severely restricted, entire pre-formed inflorescence structures aborted.
The final identity of the structure at the primary branch of the rachis can also be influenced by CHO
availability early in season two, where shoots in a CHO-restricted state favoured the formation of a

50

tendril rather than an outer arm in the basal bunch position. As well, an “excess” of cane-stored
CHOs may be the cause of increased branching of inflorescence primordia structures, which is
reflected in the flower number. It was also found that there was a significant delay in flowering
between basal and apical bunches as well as between inner and outer arm components. This delay in
flowering is hypothesised to cause a decrease in SS between bunch positions and components within
a single treatment, and the shoot’s overall photosynthetic capability is thought to cause the
differences in SS between treatments. As well, the more similar in berry number the outer arm is to
the inner arm, the more closely flowering starts between the two components, resulting in more
similar SS values at harvest. However, total bunch SS depends on the relative size of the outer arm
and its SS value.
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Chapter 4
The Effects of Shoot Girdling and / or Periodic Leaf Removal on
Inflorescence Primordia Initiation and Development
4.1 Abstract
The effects of girdling shoots and / or periodic leaf removal post fruit set on the initiation and
development of inflorescence primordia (IP) was studied. Dormant latent buds from treatment
shoots (shoot node positions one to ten) were grown as single node cuttings (SNCs). Inflorescence
number per SNC and their architecture were scored for every SNC. Girdling increased the proportion
of SNC basal bunches with an outer arm, but had no effect on the fruitfulness per bud. However,
there was a decrease in fruitfulness per bud and in the proportion of SNC basal inflorescences with
an outer arm when girdled shoots had their leaves removed at zero and four weeks post fruit set
respectively. This chapter presents novel information regarding the timing of IP initiation, including
the initiation and development of the outer arm. As well, for the first time, the formation of an outer
arm is shown to be sensitive to girdling and / or leaf removal.

4.2 Introduction
Inflorescence primordia initiation occurs in latent buds on growing shoots around the time of
flowering (May and Antcliff 1963, Swanepoel and Archer 1988, Morrison 1991, MacGregor 2000,
Trought 2012). During IP initiation, a bract with two arms (inner and outer) in its axil develops (Pratt
1971, Srinivasan and Mullins 1981). A decrease in the amount of available CHOs during IP
development can result in a decrease in the number of IP formed per bud (May 1965, Sommer, et al.
2000, Bennett, et al. 2005). Methods used to alter the CHO status of a shoot involved leaf removal
(Candolfi-Vasconcelos and Koblet 1990, Bennett, et al. 2005, Smith and Holzapfel 2009, Vrsic, et al.
2009), bud and leaf shading (May and Antcliff 1963, Hopping 1977, Corzo 1978, Sanchez and
Dokoozlian 2008) and shoot girdling (Caspari, et al. 1998). In general, the earlier the restriction of
CHO availability, the greater reduction in inflorescence number per bud. Although the previously
mentioned studies give insight into the influence of CHO availability on the formation of IP in latent
buds, they do not give any information regarding the effects of restricting CHO availability on outer
arm development.
The following chapter examines the influence of altering CHO availability via shoot girdling and / or
leaf removal on IP initiation, including the inner and outer arm components. Inflorescence number
per SNC and their architecture was analyzed by growing dormant buds as SNCs in a green house.
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Additionally, results from the various treatments were used to elucidate the timing of IP initiation
acropetally along a shoot.

4.3 Methods and Materials
Plant Material
Thirty-two randomly selected three-cane pruned Vitis vinifera L. Sauvignon blanc vines (SO4
rootstock), located at the Lincoln University Vineyard, New Zealand (-43.65° latitude, 172.46°
longitude) were used for this study. Vines were pruned during winter dormancy (August 2010) to
retain 10 nodes per cane and monitored over a single growing season from 2010 to 2011. The rows
were planted in a north-south orientation, and vines were spaced 1.8 m along and 2.2 m between
rows. Three canes were lightly wrapped on fruiting wires, 0.9 and 1.1 m above the ground (two on
the lower and one on the upper wire). Foliage wires were used to keep the shoots in a vertical
position. At the time of fruit set (pea size berries, 4-6 mm diameter), all treatment shoots were
pruned to ten nodes in length and pruned to retain a single grape bunch (the basal bunch was
retained if two bunches were present). Eight different shoot positions along the bottom two canes
were selected at random, with eight different treatments randomly applied to the different shoot
positions. Each treatment was replicated at each of the shoot positions four times, for a total of 32
replicates per treatment so that treatments were evenly distributed along the various positions of
the cordon. See Figure 4.1 for a diagram and explanation of the treatments applied. Leaf removal for
the girdled and non-girdled Control treatments was recorded when the leaves naturally fell off the
shoots, which was at 16 weeks post fruit set.
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A schematic representation of an example vine with treatments randomly assigned to
eight different shoot positions.
All girdles were made at fruit set (pea size berries, 4-6 mm in diameter). The two basal leaves
were left when leaves were physically removed from treatment shoots. Leaf removal 16 weeks
post fruit set represents leaf senescence due to lower daily temperatures, also marking the onset
of dormancy. G = Girdled. NG = Non-girdled.

All girdles were made at fruit set (pea size berries, 4-6 mm diameter). A girdle was made by using a
razor blade to make two cuts 4-6 mm apart around the base of a shoot (below the first leaf), severing
the phloem. Tweezers were used to remove the periderm between the cuts. The resulting girdle was
monitored throughout the growing season and any callus that formed was removed. Leaves were
removed on three separate occasions (0, 4 and 8 weeks post fruit set) from all positions on shoots
except the basal two. Lateral shoots were removed every two days.
All treatment shoots were left on the vine until the end of May 2011, allowing the shoots to fully
lignify and enter into winter dormancy. Shoot were then removed and had their cross sectional area
measured at a single point; between basal nodes two and three. Due to the oval shape of grapevine
shoots in cross section, two diameter measurements were necessary to determine cross sectional
area accurately (Equation 1, Chapter 3). Dormant shoots were then wrapped in moist newsprint and
stored in a polyethylene bag at 4°C until September 2011.
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Single Node Cuttings (SNCs)
Dormant shoots were cut into ten sections, with cuts made just above each node position along the
cane. Therefore, each SNC contained a dormant bud and an amount of cane (Figure 4.2). All SNCs
were placed in polystyrene trays, which were floated in water (Figure 4.3). All SNCs were grown in a
glass house located at Lincoln University. Day time temperatures were maintained at approximately
22°C to 25°C with night time temperatures maintained at approximately 16°C to 18°C. Leaves were
removed from the SNCs as they appeared and the shoot tip was excised after the appearance of a
tendril (which marks the end of the emergence of inflorescence structures on a shoot).
Measurement of Bunch Architecture
The number of inflorescence structures and the structure occurring at the primary branch point of
the main rachis (an outer arm, a tendril or no structure) was recorded for every SNC at approximately
one to two weeks before flowering, which corresponded to stage 17 on the modified E-L scale
(Coombe 1995).

Figure 4.2

An example single node cutting with
a single inflorescence structure
present, complete with an outer arm.
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Figure 4.3

Example of polystyrene trays floating in water, filled with single node cuttings.

Statistical Analysis
All regressions were carried out in GenStat Edition 12.1. Two-way analysis of variance (ANOVA) tests
were carried out within and between treatments to determine P-values in order to check for
statistically significant effects and if the data were normally distributed. Fisher’s Unprotected Least
Significant Difference (LSD) test (at a significance level of P < 0.05) was used post hoc to separate
treatment effects from one another.
Non-normally distributed data (bunch number and occurrence of an outer arm data) was analyzed in
GenStat Edition 12.1, with a Poisson distribution and a logarithm link function to test for interactions
between girdling and leaf removal treatments, and for determining statistically significant effects
between treatments.

4.4 Results
Girdling resulted in a statistically significant increase (P < 0.05) in shoot cross sectional area of 7.1
mm² (approximately 15%) compared to the non-girdled treatments for any time point. Additionally,
leaf removal eight weeks post fruit set resulted in a statistically significant increase (P < 0.05) in shoot
cross sectional area (P < 0.05) for the girdled and non-girdled treatments compared to their
respective controls.
A regression of SNC cane cross sectional area versus the average bunch number per SNC along the
cane resulted in an R² values < 0.1 (data not shown). However, grouping cane cross sectional area in
increments of 10mm² for all treatments versus the average bunch number per SNC along a cane
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resulted in an R² value of 0.90, where the girdled an non-girdled treatments represented a

Average Inflorescence Number per Shoot Along
a Cane

polynomial continuum (Figure 4.4).
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Figure 4.4

Cane cross sectional area versus average bunch number per shoot along a cane.
All data points are mean values. Cane cross sectional area was measured at the onset of winter
dormancy at the second basal internode. Cane cross sectional area was grouped in 10mm²
increments. Data were fitted to a polynomial regression with groups of grouped cane cross
-05
sectional area versus average bunch number along a cane for all treatments, y=-9E x²+0.03, R² =
0.90. Vertical error bars represent standard error of the mean. No error bar represents data
points with n=1 replication.

Average bunch number per single node cutting increased as cane node number increased in all
treatments except for treatments G0 and G4 (Figure 4.5). Treatment G0 had a decrease in average
SNC bunch number to a value of approximately 1.0 from node six to ten, whereas average bunch
number per SNC for treatment G4 decreased to approximately 1.4 from node eight to ten. An
analysis of the polynomial and linear curves which represent the relationships between average SNC
bunch number versus cane node number for all treatments can be found in Appendix A.
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Figure 4.5

The effect of girdling and leaf removal on the average bunch number per single node
cutting at each cane node number.
All data points are mean values. Average bunch number calculated from single node cuttings.
Values were statistically separated using Fisher Unprotected LSD test (P < 0.05). Vertical bars
represent the LSD calculated at a given cane node number.

The average proportion of a SNCs with an outer arm (basal bunches only) increased as cane node
number increased (Figure 4.6), except for treatments G0 and G4 which had a decrease in the
proportion of outer arms past cane node numbers six and eight respectively. Girdling caused a
statistically significant increase (P < 0.05) in the proportion of SNCs with an outer arm at any cane
node number compared to the non-girdled treatments (Figure 4.6), except for treatments G0 and G4
past cane node numbers six and eight respectively. Regressions of the average proportion of SNCs
with an outer arm versus cane node number can be found in Appendix B.
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Figure 4.6

The effect of girdling and leaf removal on the average proportion of SNCs with an
outer arm versus cane node number.
All data points are mean values calculated from fruitful single node cuttings (SNCs), basal
bunches. Values were statistically separated using Fisher Unprotected LSD test (P < 0.05). Vertical
bars represent the LSD calculated at a given cane node number.

4.5 Discussion
The influence of girdling and / or periodic leaf removal on IP initiation and development was studied
through the use of SNCs. The presence of a girdle at the base of treatment shoots restricts the flow
of leaf photosynthates to the rest of the vine and the import of CHOs from the rest of the vine (Lang
and Thorpe 1989, Candolfi-Vasconcelos and Koblet 1990). Therefore, girdling shoots likely resulted in
an increase in the local CHO availability of the shoot compared to their non-girdled counterparts,
resulting in an increase in shoot cross sectional area. Shoots that were non-girdled would have been
transporting a portion of CHOs produced from leaf photosynthesis to other sinks in the vine (Zapata,
et al. 2004, Zufferey, et al. 2012), reducing the amount of CHOs available for shoot growth. However,
one cannot discount that CHOs may have been transported into the non-girdled shoots during the
growing season from other parts of the vine (Intrigliolo, et al. 2009). However, leaf removal likely
caused a local CHO deficit in the girdled versus non-girdled treatments shoots, as the leaves and the
shoot itself would have been the sources of CHOs. This is supported by work indicating that a CHO
deficit causes the utilization of locally stored CHOs, resulting in shrinkage of the source material
(Buttrose 1966, Eltom, et al. 2013).
Surprisingly, leaf removal eight weeks post fruit set resulted in an increase in shoot cross sectional
area for girdled and non-girdled shoots compared to the Control treatments (P < 0.05). The increase
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in cross sectional area of the non-girdled shoots may be explained in that leaf removal at this time
caused a local CHO deficit, possibly causing a signal to import CHOs to the shoot. The import of CHOs
to a shoot from the rest of the vine has been shown to occur in grapevine (Intrigliolo, et al. 2009),
and is critical to the theory that the available CHOs are a shared pool of resources in a vine (Pallas, et
al. 2010, Vaillant-Gaveau, et al. 2011). However, this does not explain why the girdled shoots show
an increase in shoot cross sectional area as well. Although research demonstrates that the remaining
leaves on the girdled shoots could increase their photosynthetic rates (Hunter and Visser 1988,
Petrie, et al. 2000), it is unlikely that the leaves would obtain a rate sufficient to cause the observed
growth in cross sectional area. Regardless, I am unable to fully explain this finding, which would
require further experimentation to decipher the underlying factors. A possible future experiment
could involve determining if the observed increase in cross sectional area eight weeks post fruit set is
solely due to an increase in shoot size and / or if this is accompanied by an increase in CHO content.
The influence of girdling and leaf removal on the relationship between cane node number and the
average SNC bunch number indicates when IP initiation and development is likely to be occurring.
When girdled shoots had their leaves removed at zero or four weeks post fruit set, there was a
statistically significant decrease in bunch number per SNC at cane node six and eight onwards
respectively (Figure 4.5). This can be explained either by an abortion of IP within those buds, or a
termination in the formation of new IP. It is likely that a decrease in the local CHO status of the
shoots may have prevented new IP formation, which was observed in previous research involving
CHO restriction to developing buds (Bennett, et al. 2005), and not the abortion of already formed IP.
Additionally, previous studies have demonstrated that around the time of fruit set the development
of IP within latent buds are susceptible to environmental (Baldwin 1964, Watt, et al. 2008, Trought
2012), and endogenous conditions, such as the CHO status of the vine (Candolfi-Vasconcelos and
Koblet 1990, Bennett, et al. 2005). However, there were no statistically significant decreases (P >
0.05) in the average SNC per bunch number when girdled shoots had their leaves removed eight
weeks post fruit. This result indicates that IP was complete by this time for these positions on the
shoot. This further suggests that there was an acropetal development of IP along a shoot, which is
consistent with evidence from studies (Pratt 1971, Bozhinova-Boneva 1975, Swanepoel and Archer
1988).
Although girdling was ineffective in altering the bunch number per SNC (Figure 4.5), it did
significantly increase (P < 0.05) the proportion of SNCs with an outer arm at any cane node number
(Figure 4.6). A likely explanation is that shoot girdling, among other its other influences, affects the
local CHO status of the shoot (Motomura 1993, Caspari, et al. 1998, Li, et al. 2003), which may have
influenced the development of an outer arm. The timing of outer arm development at each latent
bud is the same as previously mentioned for the bunch number per latent bud, where girdled shoots
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that had their leaves removed at zero and four weeks post fruit set had a decrease in the proportion
of bunches with an outer arm to the level of the non-girdled leaf removal Control.
Results in this chapter give insight into the timing of IP initiation in latent buds acropetally along a
shoot. However, it is still unknown exactly when IP initiation begins. Thus, one cannot state with
certainty if the initiation of IP occurs in a linear fashion acropetally along a shoot, or if this process
represents any other type of mathematical relationship. A possible future experiment would be to
apply the treatments earlier in the growing season in order to determine the earliest point they
could affect IP development, which would give further insight into the timing of IP initiation.

4.6 Conclusions
Girdling resulted in an increase in shoot cross sectional area at any time point. As well, girdling and
leaf removal eight weeks post fruit set resulted in an increase in shoot cross sectional area compared
to the controls, where the reason for this requires further experimentation. Bunch number per bud,
as observed though SNCs, was negatively affected by girdling and leaf removal when performed at
zero and four weeks post fruit set, indicating the development of IP are sensitive to their local CHO
status until approximately eight weeks post fruit set. Girdling resulted in an increase in the
occurrence of an outer arm for all time points, whereas girdling and leaf removal resulted in a
decrease in the occurrence of an outer arm at zero and four weeks post fruit set. The decrease in the
development of an outer arm was greater than the decrease in the bunch number per SNC,
indicating that the development of the outer arm is likely more sensitive to perturbations in the local
CHO status of the shoot. This study is the first to indicate that the development of the outer arm is
likely sensitive to the local CHO status of the shoot until approximately eight week post fruit set,
giving further insight into the timing of IP development.
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Chapter 5
The Effect of Temperatures During Inflorescence Primordia
Initiation and the Resulting Bunch Architecture. A Comparison of 2Cane, 4-Cane and Spur Pruning Over Two Growing Seasons.
5.1 Abstract
Temperature is hypothesized to be the greatest influencing factor affecting IP initiation and
development. In this experiment, the influence of temperature during IP initiation on the resulting
bunch number, distribution and architecture over the course of two consecutive growing seasons, at
a single vineyard (2-Cane, 4-Cane and Spur pruning) was studied. The pruning system had no effect
on the fruitfulness per bud, or on the resulting bunch architecture. Warmer temperatures during IP
initiation were correlated to: an increase in fruitfulness; an increase in the occurrence of an outer
arm; and a decrease in the basal bunch insertion point on a shoot. As well, an increase in cane cross
sectional area correlated to an increase in the average fruitfulness per shoot along a cane, where the
influence of cane cross sectional area on fruitfulness was consistent between seasons. Additionally,
an increase in cane cross sectional area correlated to an increase in the average occurrence of an
outer arm per shoot along a cane, where the influence of cane cross sectional area was greater when
temperatures during IP initiation were cooler.

5.2 Introduction
Temperature has been shown to be a major factor influencing grapevine bud and IP development
between seasons and cultivars (Baldwin 1964, Buttrose 1969a, Buttrose 1969b, Buttrose 1970a,
Buttrose 1974, Sanchez and Dokoozlian 2005, Watt, et al. 2008, Watt 2010). Other process, such as
shoot growth (Keller and Tarara 2010a, Keller, et al. 2010b), berry development (Belancic, et al. 1997,
Greer and Weston 2010, Sadras, et al. 2012, Bonada, et al. 2013), anthocyanin production (Sadras
and Moran 2012) and leaf photosynthesis (Greer and Weston 2010, Sadras, et al. 2012) are all, in
part, temperature dependent.
Previous research suggests that although the period of time which IP are most sensitive to
temperature is likely short for each bud (May and Antcliff 1963), the acropetal development of latent
buds along a shoot results in an extended period of IP initiation for the entire shoot (May and Antcliff
1963, Lavee, et al. 1967, Palma and Jackson 1981, Swanepoel and Archer 1988, Morrison 1991). This
can result in buds, and their IP, experiencing different environmental conditions during their
initiation.
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An increase in average daily temperatures during initiation results in an increase in fruitfulness
(Baldwin 1964, Buttrose 1969b, MacGregor 2000, Sanchez and Dokoozlian 2005, Trought 2005,
Trought 2012). In addition to bud fruitfulness, temperature can influence the primary branching of
IP, where primary branching can account for 51 to 81% of the flower number per inflorescence the
following season (Dunn and Martin 2007). However, this is likely a temperature and cultivar specific
response. Despite the previous research, there has have been no studies regarding the influence of
temperatures during IP initiation on bunch architecture, specifically outer arm development.
The purpose of this study is to identify the effects of temperature during IP initiation on the resulting
bunch architecture and bunch distribution, specifically regarding the outer arm. This was
accomplished by correlating the temperatures during IP initiation to the resulting bunch number,
distribution and architecture over the course of two consecutive growing seasons, at a single
vineyard (2-Cane, 4-Cane and Spur pruning).

5.3 Materials and Method
Plant Material
Vitis vinifera L. Sauvignon blanc vines (SO4 rootstock), located on a commercial vineyard,
Marlborough, New Zealand (-41.53° latitude, -173.88° longitude), were used for this study. Vines
were planted in a north-south orientation. Foliage wires were used to keep shoots in a vertical
position and vines were trimmed two or three times during the season, at a height of 2.0 m from the
ground and 0.5 m between the vertical faces of the canopy. Three different pruning systems were
used for this study: cordon trained spur pruned vertical shoot position (VSP); head trained 4-Cane
pruned VSP; and head trained 2-Cane pruned VSP. Vines were pruned during winter dormancy to
retain 2 nodes per spur, or 10 nodes per cane. The pruning systems were planted as four separate
randomly distributed rows within a section of the vineyard. Twelve, six and three vines per row were
selected at random for the 2-cane, 4-cane and spur pruning systems respectively in order to have
similar number of canes and buds used or analysis. See Figure 5.1 for a schematic representation of
the different pruning systems used.
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Figure 5.1

Schematic representation of cordon trained spur pruned vines and head trained cane
pruned vines.
Black shading represents buds, lightly shaded areas represents one year old wood, and the nonshaded areas indicate wood greater than one year old. Note that a spur is essentially a two node
cane. Original diagram from Weaver, R. J. Grape Growing, Copyright © 1976, John Wiley & Sons
Inc.

Measurement of Bunch Architecture
Approximately two weeks before flowering, the number of bunches and their position on shoots, as
well as the structure observed at the outer arm position (an outer arm with flowers, a tendril or no
structure) were recorded at every cane node position.
Measurement of Cane Cross Sectional Area
Cane cross sectional area was determined by measuring the diameter of the cane between the first
and second basal nodes approximately two weeks before flowering. Due to the oval shape of
grapevine shoots in cross section, two diameter measurements were necessary to determine cross
sectional area accurately (Equation 1, Chapter 3).
Temperatures during Inflorescence Primordia Initiation
Temperatures during season one influence the initiation and development of IP (Pratt 1971,
Srinivasan and Mullins 1981, Morrison 1991). Therefore, temperatures during IP initiation (the
season previous to the appearance of structures) were analyzed. Temperatures from the 11-Dec to
17-Jan the following year are hypothesized to be the period of time when temperature exerts its
greatest influence on IP initiation for Sauvignon blanc in Marlborough, New Zealand (Trought 2005,
Trought 2012). Although the start and end date of IP initiation will likely depend on the temperatures
for a given season, these dates represent the most accurate long term study of when IP initiation is
likely occurring for Sauvignon blanc in Marlborough, New Zealand.
Heating units, expressed as growing degree days (GDDs, base temperature of 10°C and no upper
limit) were determined by calculating the growing degree units per hour, then averaging all 24 hourly
values to give the daily GDD value (Equation 3). A base temperature of 10°C was used as it the most
commonly used base temperature in viticultural work, and it is the proposed temperature in which
processes affecting phenological development are activated (Winkler, et al. 1962, Williams, et al.
1985a, Williams, et al. 1985b).
Equation 3 Calculation of growing degree units
Growing Degree Unit = (Temperaturemax + Temperaturemin)/2 – Base Temperature
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Regressions and Statistical Analysis
All regressions were carried out in GenStat Edition 12.1. One-way analysis of variance (ANOVA) tests
were carried out within and between treatments to determine P-values and to check if the data were
normally distributed. Fisher’s Unprotected Least Significant Difference (LSD) test (at a significance
level of P < 0.05) was used post hoc to separate with and between treatment effects from one
another.

5.4 Results
Average daily temperatures during the 2010-2011 growing season were warmer than the 2011-2012
growing season, which resulted in greater CGDDs (Figure 5.2). The average daily temperature during
which IP are proposed to be most susceptible to temperature was 18.3°C and 16.7°C during the
2010-2011 and the 2011-2012 growing season respectively; a difference of 1.6°C.
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Figure 5.2

Date

(A) Average temperatures and (B) cumulative growing degree days (CGDDs; base 10oC)
for the 2010-2011 and 2011-2012 growing seasons.
The areas highlighted in grey are the dates in which IP initiation is proposed to be most
susceptible to the influence of temperature.

The average cane cross sectional area for either growing season versus the pruning system was
analyzed using an ANOVA. There was a statistically significant decrease (P < 0.05) in cane cross
sectional area in the 2012-2013 growing season from the 2011-2012 growing season for any of the
three pruning systems (Figure 5.3). As well, for either growing season, the 2-Cane pruned system had
the largest canes in cross sectional area, followed by those of the 4-Cane pruning system then lastly
by those of the Spur pruning system (P < 0.05).
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Figure 5.3

The effect of season and pruning system on cane cross sectional area.
Data represents mean values. Cane cross sectional area was measured between basal nodes two
and three. Values were statistically separated using Fisher’s Unprotected LSD test, where bars
with different letters are statistically different from one another (P < 0.05).

Additionally, the position of the cane on the vine for the 2-Cane and 4-Cane pruned systems (canes
running either north or south, and upper and lower for the 4-Cane pruned vines) had no statistically
significant effects (P > 0.05) on the average bunch number or cane cross sectional area.
The effect of cane cross sectional area versus the average bunch number per shoot along a cane was
analyzed by grouping cane cross sectional area in increments of 10 mm². An ANOVA and a
polynomial regression with groups was carried out between the three pruning systems and between
the two growing seasons of the average bunch number per shoot along a cane versus cane cross
sectional area grouping. The results indicate that, for either year, the effect of the three pruning
systems was statistically similar in regards to the average bunch number per shoot along a cane for a
given cross sectional area grouping (P < 0.05), where the two years are represented by separate
parallel lines (Figure 5.4). Additionally, there was an increase in bunch number of approximately 0.44
in the 2011-2012 growing season compared to the 2012-2013 growing season. However, seasonal
differences could be overcome though the influence of cane cross sectional area.
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Average Bunch Number per Shoot Along a Cane
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The effect of cane cross sectional area on the average bunch number per shoot along a
cane.
Cane cross sectional area was calculated between basal nodes two and three. Cane cross
2
sectional area was grouped in 10 mm increments, with the average bunch number of each
increment indicated in the figure. Average bunch number along the cane was calculated by
adding the bunch number for each shoot along a cane together, then dividing by the number of
shoots along the cane. Data were analyzed using an ANOVA and a regression with groups of the
pruning systems and the two growing seasons for bunch number versus cane cross sectional
area. The vertical error bar represents the LSD calculated from Fisher’s Unprotected LSD test (P <
0.05). The red solid line represents the regression for the 2011-2012 growing season, y=-2.29x10
5
x²+0.0098x+1.22, R²=0.92. The dotted blue line represents the regression for the 2012-2013
-5
growing season, 2012-2013 growing season, y=-2.29x10 x²+0.0098x+0.77, R²=0.95. Frequency =
number of measurements in each size grouping.

Bunch number per shoot versus cane node number was analyzed using an ANOVA and a regression
with groups between the three pruning systems and the two years for average bunch number per
shoot versus cane node number. The results indicate that, for either year, the effects of the three
pruning systems was statistically similar in regards to the average bunch number per shoot for a
given cane node number (P < 0.05), where the two years are represented by separate parallel lines
(Figure 5.5). Bunch number per shoot increased by approximately 21%, at any cane node number, in
the 2011-2012 growing season compared to the 2012-2013 growing season (Figure 5.5). As well,
bunch number increased from cane node number one to a maximum at approximately cane node
number six in both growing seasons.
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The effect of cane node number versus the average bunch number per shoot.
All bunch number data represents mean values. Data were analyzed using an ANOVA and a
regression with groups of the three pruning systems between the two years for the average
bunch number per shoot versus cane node number. Vertical error bars represents the LSD
calculated from Fisher’s Unprotected LSD test (P < 0.05) at each cane node number. The red solid
2
line represents the regression for the 2011-2012 growing season, y=1.3+0.77*(1-exp(-0.55*x)), R
= 0.94. The dotted blue line represents the regression for the 2012-2013 growing season, 20122
2013 growing season, y=0.85+0.77*(1-exp(-0.55*x)), R = 0.86.

The effect of cane cross sectional on the average proportion of basal bunches along a cane with an
outer arm was analyzed by grouping cane cross sectional area in increments of 10 mm². An ANOVA
and a polynomial regression with groups was carried out between the three pruning systems and the
two years for the average proportion of basal bunches along a cane with an outer arm versus cane
cross sectional area groupings. For either year, the effects of the three pruning systems was
statistically similar in regards to the proportion of basal bunches along a cane with an outer arm for a
given cross sectional area grouping (P < 0.05). Also, the two years are represented by separate lines
(Figure 5.6). For either growing season, an increase in cane cross sectional area was correlated to an
increase in the proportion of basal bunches with an outer arm (Figure 5.6). However, cane cross
sectional area had a greater influence on the proportion of basal bunches along a cane with an outer
arm in the 2012-2013 growing season compared to the 2011-2012 growing season.
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Average Proportion of Basal Bunches Along a Cane with
an Outer Arm

Figure 5.6
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The effect of cane cross sectional area on the average proportion of basal bunches
along a cane with an outer arm.
Cane cross sectional area was calculated between basal nodes two and three. Cane cross
sectional area was grouped in 10 mm² increments. The average proportion of basal bunches
along a cane with an outer arm was calculated by counting the number of basal bunches along a
cane that had an outer arm present divided by the total number of shoots along a cane. Data
were analyzed using an ANOVA and a regression with groups between the three pruning systems
and the two years for the average proportion of basal bunches along a cane with an outer arm
versus cane cross sectional area groupings. The vertical error bar represents the LSD calculated
from Fisher’s Unprotected LSD test (P < 0.05). The red solid line represents the regression for the
-6
²
2011-2012 growing season, y=-9.4x10 x²+0.0036x+0.63, R =0.86. The dotted blue line represents
-6
the regression for the 2012-2013 growing season, y=-9.6x10 x²+0.0079x-0.17, R²=0.94.
Frequency = number of measurements in each size grouping.

The average bunch insertion point (basal and apical) on a shoot versus the cane node position was
analyzed using an ANOVA and a regression with groups between the three pruning systems and the
two growing seasons. The results indicated that the pruning system had no statistically significant
effect on the basal or apical bunch insertion point for a given year (years calculated separately; P <
0.05; Figure 5.7). A regression with groups also indicated that the apical bunch insertion point is
represented by a common line between the two growing seasons (Figure 5.7). As well, the basal
bunch insertion point versus cane node number for the two growing seasons is represented by
separate parallel lines (Figure 5.7). Overall, there was an increase in the average basal bunch
insertion point of approximately 0.4 in the 2012-2013 growing season compared to the 2011-2012
season at any cane node number. As well, the basal bunch insertion point decreased as cane node
number increased in both growing seasons.
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The effect of cane node number on the average basal and apical bunch insertion point
on a shoot.
Data was analyzed using an ANOVA and a regression with groups between the pruning systems
and growing seasons for the bunch insertion point versus cane node number. Vertical error bars
represents the LSD calculated from Fisher’s Unprotected LSD test (P < 0.05) at each cane node
number. A common regression was found between the two growing seasons for the average
apical bunch insertion point, y=4.5x, R²=0.79 and 0.84 for the 2011-2012 and the 2012-2013
seasons respectively. The basal bunch insertion point versus cane node number was represented
by parallel regressions between the two growing seasons: 2011-2012, y=3.3-0.3lnx, R²=0.89;
2012-2013, y=3.7-0.3lnx, R²=0.86.

There was an approximate 48% decrease in the presence of an outer arm and 48% increase in the
presence of a tendril in the 2012-2013 growing season compared to the 2011-2012 growing season
when averaged across all shoot node numbers (Table 5.1). In both growing seasons, as shoot node
number increased, the occurrence of an outer arm decreased and the occurrence of a tendril
increased (Table 5.1). Additionally, there was a statistically significant increase in the presence of an
outer arm in the basal bunch position as cane node increased (P < 0.05, data not shown), due to the
average decrease in the position of the basal bunch as cane node number increased (Figure 5.7).
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Table 5.1

Percentage occurrence of an outer arm, tendril or no structure for bunches on the
treatment shoots

1

2

Outer Arm (%)
Tendril (%)
Nothing (%)

n/a
n/a
n/a

95.4e/4
1.0a/1
3.6ab/ns

Outer Arm (%)
Tendril (%)
Nothing (%)

n/a
n/a
n/a

79.0d/4
13.7c/1
7.3b/ns

Shoot Node Number
3
4
5
2011-2012 Growing Season
86.6d/3
42.8b/2
17.6c/1
8.3a/2
51.6c/3
75.7d/4
5.1a/ns
5.6a/ns
6.7b/ns
2012-2013 Growing Season
54.1c/3
5.9a/2
0.6a/1
40.1b/2
88.6d/3
95.0e/4
5.8a/ns
5.5a/ns
4.4a/ns

6
0.0
92.9c/5
7.1b/ns
0.0
96.4d/4
3.6a/ns

Values in the table are means of all pruning regimes. Values were separated using Fisher’s Unprotected LSD
test, where values with different letters (between structures for a given shoot node number) and numbers
(between shoot node numbers for a given structure) in superscript are statistically different from one another
(P < 0.05). n/a = no sample available. Note that these findings were independent of the cane node number.

5.5 Discussion
The sum of all climatic effects was used to compare their influence(s) on IP initiation and
architecture, where temperature is likely to be the major influencing factor. These combined climatic
factors were examined using 2-Cane, 4-Cane and Spur pruned vines. One of the factors likely
affecting the difference in cane cross sectional area between the 2-Cane and 4-Cane pruned vines
was the individual performing the pruning. When cane pruning vines, it is typical to select the largest
of the available canes for next year’s growth. Thus, it is much easier to find two larger than average
canes for a 2-Cane pruning system compared to trying to find four in a 4-Cane pruning system.
However, the influence of the ability of the vines to produce and sequester photosynthates, which is
based on its fruit weight to leaf area ratio (Petrie, et al. 2000), on the growth of canes when they
were shoots during the previous growing season cannot be discounted. A possible study could
involve measuring leaf photosynthesis, shoot growth and the carbohydrate distribution in the vine to
determine the differences between 2-Cane and 4-Cane pruned vines.
Previous research indicates that temperature during IP initiation is the factor influencing the number
of IP formed per bud and their architecture (Baldwin 1964, Buttrose 1969b, MacGregor 2000,
Sanchez and Dokoozlian 2005, Trought 2005, Dunn and Martin 2007, Trought 2012). Therefore, the
differences in bunch number per shoot and their architecture is likely to be due to temperatures
during IP initiation and development. However, the influence of cane cross sectional area can
overcome the differences in bunch number per shoot and their architecture within a single season.
To completely overcome the between seasonal differences would require the selection of only very
large canes in cross sectional area, which is very unlikely to occur as canes of this size only represent
a small portion of the available canes during pruning. As well, the distribution of bunches on a shoot
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cannot be overcome though cane selection, as the node position of these structures is determined
during bud development the season previous (Pratt 1971, Srinivasan and Mullins 1981, Morrison
1991).
The correlation between the increase in bunch number per shoot and an increase in the proportion
of basal bunches with an outer arm as cane cross sectional area increases cannot be explained
directly by the results. However, it is likely that the cane cross sectional area is representative of the
vines total CHO status and health. Chapter 3 clearly demonstrates that the size of a cane or shoot can
be used to determine the total available CHO content within. Additionally, recent work has
demonstrated that a positive correlative relationship exists between the starch in a cane and the
inflorescence number per shoot along the cane (Jones, et al. 2013). Thus, the relationship between
the size of the cane or shoot may relate to the total CHO status of the vine, however, further
experimentation to validate this hypothesis is required.
Previous research has indicated that the acropetal development of latent buds along a shoot, and of
the IP within the buds is temperature driven (Snyder 1933, Pratt 1971, Srinivasan and Mullins 1981,
Morrison 1991, Watt, et al. 2008), which likely causes the differences in IP architecture within a vine.
Although this argument is somewhat correct, it fails to explain the observations made in the current
study regarding the development of latent buds and their IP at shoot node number one versus ten.
Comparing the latent bud at shoot node number one versus ten, there was an observed decrease in:
fruitfulness; the occurrence of an outer arm; and total flower number on the resulting shoot (Chapter
4). These observations are seemingly counterintuitive since the latent bud at shoot node number one
initiates its developmental program before the latent bud at node ten. As well, the increase in the
basal bunch insertion point in the latent bud at shoot node number one versus ten requires an
explanation.
To aid in the explanation of these observations, I propose two new ideas concerning IP initiation. The
first is the initiation of an IP occurs at the same time for all latent buds present on a shoot, and not in
an acropetal gradient. The signal for initiation is likely a result of a temperature threshold being met,
as research of grapevines grown in temperature controlled environments indicates that there is a
minimum temperature requirement for IP initiation (Buttrose 1969b, Buttrose 1970a, Sanchez and
Dokoozlian 2005). The second idea is that when the signal for IP initiation occurs, the IP initiate at the
first node position available in the latent bud that is sufficient distal to the inhibiting effect of the
shoot apical meristem (SAM) in the latent bud.
The decrease in the basal bunch insertion point is explained by previous research which indicates
that soon after a leaf appears on a shoot, the latent bud at that node position begins to develop
(Pratt 1971, Srinivasan and Mullins 1981). Therefore, when the signal to initiate the IP occurs, the
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latent bud at shoot node number one will have more node positions developed versus the latent bud
at shoot node number ten. This causes an increase in the basal bunch insertion position at shoot
node number one since the first available node position in the latent bud is more apically located
compared to the latent bud at shoot node number ten. Additionally, in a warmer year, the signal for
of Anlagen
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IP initiation Node
likelyDevelopment
occurs earlier
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between a warm and cool year is outlined below (Figure 5.8).
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A schematic representation of the developing latent buds at shoot node number one
versus ten when the theoretical temperature threshold is met, resulting in IP
initiation.
The figure depicts the acropetal development of inflorescence primordia in latent buds at shoot
node number one and ten. The shoot node numbers (n) are labelled next to the latent bud. n =
shoot node number as well as the node number in the developing latent buds.

Although auxin, cytokinin or their associated genes were not measured in this study, these
compounds have an important influence on latent bud and IP development. In fact, previous work
has demonstrated that the initiation and development of an IP is under the direct control of auxin
and cytokinin, and their associated biochemical pathways (Srinivasan and Mullins 1979, Carmona, et
al. 2002, Jose Carmona, et al. 2008, Crane, et al. 2012). Branching of a shoot and IP structures is
inhibited by the SAM, which exerts apical dominance over the developing structures by producing
and transporting auxin (Thimann and Skoog 1933, Brown, et al. 1967, Prusinkiewicz, et al. 2009).
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Branching of IP structures is stimulated by cytokinins, which occurs when the source of auxin is
removed, or when the source of auxin is sufficiently distal to the site of branching to cause a
reduction (or removal) of the apical dominance effect (Mueller and Leyser 2011, Peer, et al. 2011,
Crane, et al. 2012, He, et al. 2012). Therefore, IP which are more apically located in a latent bud will
undergo less branching compared to basally located IP in part due to the proximity of the apical
meristem, resulting in decreased outer arms production and a decrease in flower number per
inflorescence structure the following season. As well, the decrease in fruitfulness of the latent bud at
shoot node number one versus node ten is explained by the fact buds at shoot node number one
have more nodes developed when the signal to initiate IP occurs, thus limiting the number of
structures that are able to develop due to the influence of apical dominance. However, primordia still
form past the apical insertion point in grapevine (Srinivasan and Mullins 1976). Typically, these
weakly differentiated primordia can still form an inner and outer arm, but do not undergo any
further branching before dormancy, and remain a tendril in season two (Srinivasan and Mullins 1976,
Srinivasan and Mullins 1981).
Another factor that is likely influencing the development of an outer arm are the temperature during
the spring of season two, when the pre-formed IP emerge. Previous work has shown that an increase
or a decrease in the average daily temperatures during BB can result in decreased branching of the
entire inflorescence structure (Dunn and Martin 2000, Petrie and Clingeleffer 2005, Keller, et al.
2010b). This is a very important factor which affects outer arm development, which is examined in
chapter 6.

5.6 Conclusions
Temperatures during IP initiation and development influence the number of IP formed per bud and
their architecture. The pruning systems had no statistically significant effects on the number of IP
formed per bud, the distribution of the primordia along shoots or on the development of an outer
arm. An increase in temperature during IP initiation correlated to: an increase in the number of
inflorescence primordia formed per bud; an increase in the proportion of basal bunches with an
outer arm; and a decrease in the basal bunch insertion point. Cane cross sectional area is a modifying
factor affecting bunch number per shoot and the proportion of basal bunches with an outer arm,
which can overcome the seasonal differences due to temperature. The results demonstrate how the
relationship between temperature during IP initiation and the size of the cane can influence bunch
number and bunch architecture.
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Chapter 6
The Effects of Winter and Budbreak Temperature on the Timing of
Budbreak and the Development of Inflorescence Primordia
6.1 Abstract
Inflorescence primordia development is a temperature sensitive process. The influence of
temperatures during winter dormancy and BB were altered to determine its influence on the timing
of BB and the branching of IP structures. Winter dormant buds were passively heated using plastic
heating chambers for different periods during dormancy to BB. Heating buds from either July or
August to BB advanced the date of BB and the start date of flowering for the basal inner arm
component by 14 and 16 days respectively compared to the Control treatment. Heating buds during
winter dormancy had no effect on the fruitfulness of buds, the distribution of inflorescence
structures on shoots or on the identity of the structure occurring at the outer arm position. However,
elevated bud temperatures 12 days pre-BB caused a statistically significant decrease in the flower
number per shoot (P < 0.05). Additionally, it was found that any delay in the start of flowering (which
can be influenced by the date of BB, the position of the inflorescence on the shoot and / or the
inflorescence component in question) is reflected in the accumulation of SS at harvest.

6.2 Introduction
The initiation of primordia and their subsequent development into flowers and berries occurs over
two consecutive growing seasons. During season one, IP initiate from anlagen, which themselves are
uncommitted groups of cells formed in the axils of leafs on a growing shoot (Srinivasan and Mullins
1981). Inflorescence primordia then develop a bract with two arms (the inner and outer) in its axil.
Uneven branching of the inner and outer arm primordia structures occurs before dormancy, at which
time further inflorescence development is thought to cease until spring of season two (Pratt 1971,
Srinivasan and Mullins 1981, Morrison 1991, May 2000).
Evidence of IP inactivity during dormancy is indicated by the nil expression of genes closely
associated in the control of floral identity development during dormancy (Boss, et al. 2002, Calonje,
et al. 2004). However, a recent study of Vitis vinifera L. Pinot Noir grown in southern Tasmania (a
cool climate) demonstrated that mitotic activity of IP was occurring throughout dormancy, and that
the IP structures present increased in size during dormancy (Jones, et al. 2009). Additionally, a winter
dormant bud has been shown to produce or be influenced by a range of chemicals and proteins, such
as: abscisic acid; gibberellins; fatty acids; thiols; proteins and amino acids; nucleic acids; and sugars
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(Lavee and May 1997, Ben Mohamed, et al. 2010). However, it is widely accepted that IP
development resumes in the spring of season two, when additional branching of structures occurs,
followed by the development of individual floral identities (May 2000, Dunn and Martin 2007).
Previous research has indicated the importance of pre-BB temperatures on IP branching. In a study
using Cabernet Sauvignon, the timing of BB was manipulated by the timing of winter pruning and the
application of hydrogen cyanamide. Researchers found a weak negative linear correlation between
the daily maximum temperature (for a range of 17°C to 22°C) and daily mean soil temperature (for a
range of 12°C to 16°C) at BB (Dunn and Martin 2000). In another study, plastic mini-chambers were
used to heat or cool individual buds 14 days pre or 13 days post-BB (Petrie and Clingeleffer 2005).
Enclosed mini-chambers were on average 2.7°C warmer than the control treatment (15.1°C), with
maximum temperatures reaching 37.5-39.9°C inside the chambers compared to the control
treatment (27.7°C). The researchers found that an increase in average bud temperatures (for a range
of 14.5°C to 18°C) had a weak negative linear correlation to flower number. In a more recent study,
dormant buds were heated or cooled from before budswell to the appearance of individual flowers
using a forced air system (Keller, et al. 2010b). The mean ‘hot treatment’ temperatures were 4.48.7°C warmer and the mean ‘cool treatment’ temperatures were 0.2-0.9°C cooler compared to the
control treatment (mean temperature 10.4-11.4°C), depending on the year. They found that flower
number per inflorescence was negatively correlated to pre-BB temperatures (for a range of 10°C to
20°C), whereas flower size increased with greater temperatures. Although the previously mentioned
studies give valuable insight into the influence of pre and post-BB temperature on inflorescence
development, they examined the inflorescence structures as a whole, leaving a gap in the literature
concerning outer arm development. In addition, there has been no research conducted to explain
why the outer arm may lag behind in phenological development compared to the inner arm
component. The phenological delay in development between the inner and outer arm components in
season two is visible as early as flowering, having the potential to cause variability in grape
composition at harvest, as indicated in Chapter 3.
In this chapter, winter dormant buds were passively heated using plastic tunnels in order to
determine the effects of elevated winter dormancy temperatures on bunch architecture. In order to
elucidate the effects the treatments on the differences between the inner and outer arm bunch
components, the following was parameters were measured: the progression of flowering; flower
number per inflorescence structure; berry number; %FS; SS of the berries; bud and air temperatures
during dormancy; and air temperatures during the growing season.
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6.3 Materials and Methods
Plant Material
A single row of 96, three-cane pruned Vitis vinifera L. Sauvignon blanc vines (SO4 rootstock) pruned
during the winter (mid-June 2010) to retain ten nodes per cane were used in the experiment. Vines
were located on a commercial vineyard, Marlborough, New Zealand (latitude -41.48°, longitude
173.95°) and monitored over a single growing season from 2011 to 2012. The rows were planted in a
north west-south east orientation and vines were spaced 1.8 m within and 2.7 m between rows.
Canes were lightly wrapped on fruiting wires, 0.9 and 1.1 m above the ground. Foliage wires were
used to keep shoots in a vertical position and vines were trimmed two times during the season, at a
height of 2.0 m from the ground and a depth of 0.5 m between the vertical faces of the canopy. Pest
and disease management was achieved following Sustainable Winegrowing New Zealand guidelines
(http://www.nzwine.com/swnz/).
The vines were divided into 24, four vine blocks, with each treatment randomly assigned to each
block. Cane were passively heated by constructing a 1 m by 0.1 m polyethylene tunnel around the
treatment canes. Fencing wire (16 gauge) was attached to the fruiting wire to support the internal
structure of the heating tunnel by making two 0.1 m diameter rings around the cane at 1/3 intervals
along the cane. Polyethylene plastic (Agphane Extreme, 200 mu) was wrapped around the ring
structure and sealed at both ends with duct tape. Holes, 3 mm in diameter, were punctured along
the bottom of the heating tunnels every 5 cm to allow for gas exchange, and to allow condensation
to drain.
Four treatments consisted of encasing canes and buds in the heating tunnels for one of the following
time regimes: 1-July-2011 to BB (treatment one); July only (treatment 2); 1-August-2011 to BB
(treatment 3); and a non-heating tunnel control (treatment 4). For all treatments, the buds and the
resulting inflorescence structures on the shoots at every cane node position were monitored during
the entire growing season. Phenological stages were assessed using the modified Eichhorn-Lorenz
system (Coombe 1995), where BB represented the appearance of a green leaf tip (stage 4).
Measurement of Temperature and Growing Degree Days
Bud and air temperatures were measured using type T thermocouples. Thermocouples were
constructed out of 0.08 mm copper and 0.08 mm constantan wires coated in PTFE (Labfacility, UK) by
joining the exposed ends of both wires to make a 1 mm section of wire. The joined ends were coated
in adhesive (Superglue) to improve stability and to prevent oxidation. An extension wire, 0.2 mm
PTFE sheath (Labfacility, UK), was used to connect the thermocouples to the data logger. Any
exposed wire was covered in heat shrink. Thermocouples were inserted into separate buds, and fixed
into place using tape and cable ties. A CR1000 data logger (Campbell Scientific, UK), affixed with an
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internal thermister was programmed to record bud and air temperatures inside and outside of the
heating tunnels every 10 seconds, then averaged at two minute intervals. Air temperatures were
measured with a shielded, aspirated thermocouple. Heating units, expressed as growing degree days
(GDDs, base temperature of 10°C and no upper limit) were determined by calculating the growing
degree units per hour (Equation 3, Chapter 5), then averaging all 24 hourly values to give the daily
GDD value. A base temperature of 10°C was used as it the most commonly used base temperature in
viticulture, and it is the proposed temperature in which processes affecting phenological
development are activated (Winkler, et al. 1962, Williams, et al. 1985a, Williams, et al. 1985b).
Flower Cap Collection
One week before flowering started, fine mesh bags were placed over entire inflorescence structures
at each shoot node position along the canes, and removed one week after flowering was complete.
Flowering progression was determined every two to three days, by visually estimating the number of
flower caps that have fell off as a percentage of the total flowers present per inflorescence structure
(inner and outer arm separately), at every shoot position along the canes. Once flowering finished,
the mesh bags were removed and the flower caps were counted to estimate the number of flowers
per inflorescence.
Grape Bunch Collection, Grape Measurements and Percentage Fruit Set
Bunches were harvested shortly before the commercial harvest date in the second week of March
2011. All treatment bunches were processed in the same manner. Bunches were separated into their
inner and outer components (if present) and weighed. All berries were removed from their rachis,
counted, and weighed. Percentage fruit set for an entire inflorescence structure was calculated by
dividing the number of berries at harvest (inner and outer arm) by the number of flower caps
collected. Soluble solids were determined by crushing the berries of the inner and outer arm in
separate plastic bags. The juice was sieved to remove the majority of particulates, and 0.5 mL was
analysed using a digital refractometer (Pocket Refractometer, PAL-1, ATAGO) to give a reading of
°Brix.
Fitting of pre-Budbreak Temperatures versus Flower Number
Previous work has indicated that the branching of IP during the spring are most susceptible to
temperatures leading up to BB (Dunn and Martin 2000, Petrie and Clingeleffer 2005, Keller, et al.
2010b). Thus, a stepwise regression of average daily temperature from 21 days pre-BB until the time
of BB versus the total flower number per shoot between all treatments was performed. The greatest
R² value generated from the multiple regressions was used to determine the most likely that
correlate average daily temperature pre-BB with total flower number per shoot between treatments.
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Phenological Comparison of Flowering and Soluble Solids Accumulation between Treatments and
between Inner and Outer Arm Bunch Components
Using SigmaPlot V12.0, a 3-parameter sigmoid curve, y=a/(1+exp(-x-X0)/b)), was fitted to the
progression of flowering for each inflorescence structure. The dates of 5% and 95% flowering were
determined for each inflorescence and used to define the start and end of flowering respectively as
the slope of the curve between these dates represented the approximate linear rate of flowering.
The soluble solids accumulation at harvest was fitted to polynomial curves, y=ax²+bx+c.
Linear Regressions and Statistical Analysis
One-way analysis of variance (ANOVA) tests (using GenStat Edition 12.1) were carried out within and
between treatments to determine P-values and to check if the data were normally distributed.
Fisher’s Unprotected Least Significant Difference (LSD) test (at a significance level of P < 0.05) was
used post hoc to separate treatment effects from one another.

6.4 Results
The heating tunnels raised air temperatures compared to air temperatures outside the tunnels
during the day, however temperatures were lower during the evenings inside the tunnels (Figure
6.1). See Appendix C for the influence of the heating tunnels on individual bud temperatures.
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Figure 6.1

Example temperature profile inside and outside the heating tunnels.
Figure is representative of a typical temperature profile inside and outside of the
heating tunnels over the course of 24 hours. Solid green line represents the 0°C.
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The mean daily air temperature from July to BB was 2.1°C warmer inside the heating tunnels when
compared to outside of the tunnels. The minimum air temperatures inside the heating tunnels from
July to BB were on average 1.9°C cooler when compared to outside of the tunnels (Table 6.1), where
the cooler temperatures were encountered during the evenings (Figure 6.1). Maximum air
temperatures were on average 15.8°C warmer inside the heating tunnels from July to BB, occurring
during the daytime. Although the greatest differences in temperatures occurred from October to BB,
this was only encountered for an average of two days for treatments that still had their heating
tunnels present.
Budbreak occurred in two statistically separate groups, where the July to BB and August to BB
formed the first group and initiated BB an average of 14 days before the July Only and the Control
treatments, which formed the second group (Table 6.2). The July to BB treatment received the most
cumulative heating units, followed by the August to BB treatment, then the July Only treatment, then
lastly the Control (Table 6.2). However, the additional heating units received by the August to BB
treatment during July, compared to the Control, did not advance the date of BB or flowering
compared to the Control. The delay in BB between the two groups of treatments was also reflected
in the average start date of flowering, where the July Only and the Control treatments initiated
flowering an average of 16 days after the two other treatments. The duration of flowering, calculated
from the average start of the basal inner arm to the end of the apical outer arm bunch components
on a shoot, was statistically similar between all treatments.
The heating treatments had no effect on bunch number per shoot (P > 0.05) or the position of the
bunches on the developing shoots (P > 0.05). However, for all treatments there were statistically
significant differences in the distribution of bunches acropetally along a shoot. The average
percentage distribution for all treatments along a shoot were: node two (13%), node three (36%),
node 4 (26%) and node 5 (25%); node four and five formed a ground that was statistically separate
from nodes two and three (P < 0.05). See Appendix D for the table of data.
Table 6.1

Minimum, maximum and average daily air temperatures (oC) inside and outside of the
heating tunnels.

Date
July
August
September
October to BB

Inside Heating Tunnels (Air)
Min.
Max.
Average
-5.1
34.1
7.6
-7.1
38.7
10.0
-2.4
42.6
11.0
-2.6
46.4
15.4

Outside Heating Tunnels (Air)
Min.
Max.
Average
-3.0
23.7
6.7
-5.4
24.0
7.7
-1.2
24.7
9.8
-0.2
26.3
11.5
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Table 6.2

Average date of budbreak, flowering (2011-2012) and cumulative growing degree
days.
Flowering

CGDDs

Treatment (Heating)

Date of
BB

Start

End

July

August

1 – July to BB
2 – July Only
3 – August to BB
4 – No Heating Control

1-Octa
15-Octb
2-Octa
13-Octb

28-Nova
18-Decb
30-Nova
15-Decb

14-Deca
3-Janb
16-Deca
1-Janb

105
105
34
34

144
54
144
54

September
to BB
149
102
156
99

Values in the in the table are means. The start of flowering was calculated by the average start date of the
basal inner arm component and the end of flowering by the average end date of the apical outer arm
component. Values were separated using Fisher’s Unprotected LSD test, where values with different letters in
superscript are statistically different from one another (P < 0.05) between treatments. CGDDs = cumulative
growing degree days (base 10°C). BB = Budbreak.

The heating treatments also had no effect on the development of an outer arm. However, outer arm
development decreased and tendril development increased as shoot node number increased
acropetally along a shoot (Figure 6.2). See Appendix E for a comparison of the presence of an outer
arm, a tendril or no structure within each treatment.
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The effect of treatment and shoot
node number on the occurrence
of an outer arm, a tendril or no
structure.
Values in the figures are means.
Values were separated using
Fisher’s Unprotected LSD test,
where bars with different letters
inside are statistically different
from one another (P < 0.05).
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Heating buds from July or August to BB resulted in greater temperatures in the 12 days pre-BB and
lower flower number per shoot, when compared to treatments not heated at this time (Figure 6.3).
However, a linear regression of the average daily temperature versus total flower number per shoot
resulted in a poor R² value (0.25), indicating that average daily temperature 12 days pre-BB is not the
only factor influencing the number of flowers per shoot. Average daily temperature 12 days pre-BB
were used since this period of time represented the midpoint between the best R² values generated
from a stepwise regression of average daily temperature pre-BB versus total flower number per
shoot from zero to 21 days pre-BB (Appendix F).
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Figure 6.3
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The effect of average daily temperature from 12 days pre-budbreak to BB on the total
number flowers per shoot.
All data points represent mean values. Error bars represent standard error of the mean for a
given treatment. Linear regression, y=-117.3x+1570, R²=0.98.

Heating either for July to BB or from August to BB had a negative effect on the average flower
number per inflorescence structure, at any shoot node number, compared to the Control and July
Heat treatments (Figure 6.4). Flower number decreased as shoot node number increased.
Regressions of the average flowering number per inflorescence structure resulted in R² values > 0.9;
however, the non-averaged data resulted in R² values < 0.3. This indicates that shoot node number is
not the only factor contributing to the variation in flower number per inflorescence structure.
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Average Flower Number per Inflorescence
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The effect of shoot node number on the total number of flowers per inflorescence.
All data points represent mean values. Vertical error bars represents the LSD calculated from
Fisher’s Unprotected LSD test (P < 0.05) at each shoot node number; * = P > 0.05. July Heat and
the Control treatments linear regression with groups, y=-28.1x+275.3, R²=0.94. July to BB and
2
August to BB treatments linear regression with groups, y=-84.0x+641.9, R =0.91.

Average %FS per shoot node number increased as shoot node number increased (Figure 6.5). Buds
heated either from July or August to BB had an increase in %FS of approximately 17% at any shoot
node number compared to the July Only or Control treatments. However, the non-averaged data
resulted in a poor linear regression (R² = 0.2), indicating that there are factors other than average
daily temperature during anthesis that influence %FS.
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The effect of average daily temperature on percentage fruit set acropetally along a
shoot.
All data points represent mean values. Linear regression, y=0.5x-8.0, R²=0.91. The letter in the
treatment symbol represents the corresponding shoot node number. Vertical error bars
represent standard error of the mean for a given shoot node number.

The treatments had no statistically significant effects (P < 0.05) on berry number at harvest, at any
shoot node number for the inner or outer arm respectively (Figure 6.6). Inner arm berry number
increased as shoot node number increased from shoot node number two to four, then decreased at
shoot node five. Whereas outer arm berry number decreased as shoot node number increased. For
both the inner and outer arm components, a regression of shoot node number versus average berry
number resulted in R² values > 0.85. However, regressions of the non-averaged data resulted in poor
R2 values, indicating that that the shoot node number alone does not account for the total variation
in observed berry number at harvest.
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The effects of shoot node number on berry between and within treatments.
All data points represent mean values. Vertical error bars represents the LSD calculated from
Fisher’s Unprotected LSD test (P < 0.05) at each shoot node number. (A) Non-linear regression
with groups, y=-4.6x²+33.4x+15.4, R²=0.86. (B) Linear regression with groups, y=-2.8x+25.4,
R²=0.88.

For ease of presentation, the Control treatment is used to explain the differences in the timing of
flowering and SS accumulation at harvest acropetally along a shoot, for the inner and outer arm
bunch components. All other treatments expressed the same patterns of flowering between shoot
nodes and SS accumulation, but were shifted relative to their average start dates of flowering (Table
6.2).
There is an acropetal delay in the start of flowering along a shoot (Figure 6.7A), where the inner arm
starts flowering before its outer arm component. The acropetal delay in flowering between bunch
positions and components is reflected in the SS accumulation at harvest (Figure 6.7B). A regression
with groups of the date versus progression of flowering resulted in all bunch components
represented by parallel sigmoidal curves. A similar result was obtained for date versus soluble solids
accumulation, where all bunch components are represented by parallel polynomial curves.
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2 - Inner Arm

3 - Inner Arm

4 - Inner Arm

5 - Inner Arm

2 - Outer Arm

3 - Outer Arm

4 - Outer Arm

5 - Outer Arm

The timing of flowering and soluble solids accumulation for the inner and outer arm
bunch components, expressed as shoot node number.
Control treatment. Data points are mean values. Horizontal error bars represents the LSD
calculated from Fisher’s Unprotected LSD test (P < 0.05) at 5% and 95% flowering. Vertical error
bars represents the LSD calculated from Fisher’s Unprotected LSD test (P < 0.05) at a given date.
(A) Regression with groups resulted in data fitted with parallel 3-parameter sigmoid curves,
y=1/(1+exp(-(x-x0)/1.6)), R²>0.95 for all curves. (B) Regression with groups resulted in data fitted
with parallel polynomial curves, y=-0.006x²+0.47x+b, R²>0.95 for all curves.

6.5 Discussion
The influence of passively heating winter dormant buds for different periods leading up to BB on the
date of BB and inflorescence primordia development was studied. Heating buds during winter
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dormancy had no effect on bunch number, the distribution of bunches along the developing shoot,
or on the presence or absence of an outer arm. This is consistent with previous research indicating
that IP initiation occurs during season one, with primary branching of the IP occurring before the
onset of dormancy (Pratt 1971, Srinivasan and Mullins 1981, Boss, et al. 2002). Individual flowers
then develop during the spring of the following season (Srinivasan and Mullins 1981, May 2000, Boss,
et al. 2003, Dunn and Martin 2007, Vasconcelos, et al. 2009), when temperatures before BB can
influence the branching of IP structures (Dunn and Martin 2000, Petrie and Clingeleffer 2005, Keller,
et al. 2010b). Consistent with the previously mentioned literature, results in this chapter found that
higher than average temperatures pre-BB, and not at the onset of winter dormancy correlated to
decreased flower formation per inflorescence. Although, pre-BB temperatures did not account for all
of the variation observed in flower number. This is because flower number per inflorescence
structure is influenced by temperatures during primordia initiation during season one and
temperatures around the time of BB in the following season. However, the influence of CHO
availability during IP initiation (Bennett, et al. 2005) and their subsequent development (Eltom, et al.
2013), as well as the various genetic controls of primordia development (Boss, et al. 2003, Crane, et
al. 2012) cannot be discounted as they were not measured in this experiment. Due to the
experimental setup, buds inside the heating tunnels experienced cooler night time temperatures
compared to buds outside the heating tunnels. If cooler night time temperatures at the onset of
winter dormancy were critical to IP development, then there would have been differences in flower
number between the July Heat and Control treatments.
In field studies where temperatures were directly controlled, a decrease in night time bud
temperatures compared to their control treatments was not reported (Kliewer and Torres 1972,
Tarara, et al. 2000, Petrie and Clingeleffer 2005, Keller and Tarara 2010a, Sadras, et al. 2012, Sadras
and Moran 2013). The decrease in night time temperatures inside the heating tunnels compared to
ambient temperatures was possibly due to a combination of the release of energy from excessive
day time humidity accumulation inside the tunnels and the lack of mixing with the ambient nocturnal
air (Geiger, et al. 2003).
An additional consequence arising of the experimental setup is that buds inside the heating tunnels
experienced maximum temperatures well above the maximum temperature buds experienced
outside the heating tunnels. In plants, an increase in temperature typically results in increased rates
of enzymatic activity. However, once temperatures reach 35°C, enzyme activity begins to decrease
rapidly and heat stress begins to accumulate (Keller 2010a). Using 35°C as the temperature at which
heat stress starts to accumulate, there were 13 days during September and 1 day in October inside
the heating tunnels which had a maximum temperature at or above 35°C; an average of 47% of the
days in question. Additionally, individual bud temperatures can be 5°C to 8°C above the air
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temperature inside the heating tunnels (Appendix C), indicating a potential for increased heat stress.
It is possible that the maximum temperatures experience by buds in the July or August to BB
treatments had a disproportional effect on IP development, as observed through decreased flower
number. However, any attempt at a regression between of the number of days a bud receives
temperatures at or above 35°C pre-BB versus the total number of flower caps resulted in P-values >
0.05 and R² values of which account for less than 1.0% of the observed variation. Therefore, it is most
likely that the flower number per inflorescence structure is influenced by average daily temperatures
pre-BB (Figure 6.3), which can be further modified by the amount of heat stress incurred. A possible
future study would involve determining if the decrease in flower number per inflorescence was
simply due to cell death, or due to an activation or de-activation of the biochemical pathways
associated with IP branching when influenced by temperatures > 35°C.
The acropetal decrease in flower number along a shoot is likely a combined effect of temperature
during IP initiation, the amount of time the IP has to develop before dormancy, and the balance of
auxin and cytokinin and their associated genetic pathways (Boss and Thomas 2000, Crane, et al.
2012). As well, for the first time reported, the presence of an outer arm with floral identities
decreased as shoot node number increased, irrespective of the position of the shoot on a cane.
These observations are consistent with the previous research indicating an acropetal development of
IP in the latent buds, (Snyder 1933, Pratt 1971, Dunn and Martin 2000, Petrie and Clingeleffer 2005,
Keller, et al. 2010b), where a competitive advantage is gained by IP more basally located in
developing buds. As well, these observations are consistent with theories regarding latent bud and IP
development in Chapter 5.
The resulting flower number per inflorescence in season two, and the temperatures during flowering
may be acting together to influence %FS values. Previous research has indicated that temperature
has a strong influence on %FS, where a decrease or increase in temperatures during flowering has a
negative influence on %FS (Ebadi, et al. 1995a, Ebadi, et al. 1995b, Ebadi, et al. 1996, Dry, et al. 2004,
Rogiers, et al. 2011). In the current study, the difference in temperature during flowering for
treatments two and four and treatments one and three was approximately 0.5°C. Although a
difference in 0.5°C may have a significant effect on %FS, it is not likely to be the major cause of the
differences observed in %FS in this study. Therefore, the greatest influencing factor in this study is
likely to be the flower number per inflorescence structure. As mentioned previously, flower number
decreased acropetally along a shoot, whereas %FS increased. The increase in %FS along a shoot may
be an attempt by the grapevine to maximize the number of berries per bunch without causing
bunches to be overly compact, which can lead to higher risk of disease and rot (Hed, et al. 2009).
Another explanation arises from a previous study suggesting that the July and August to BB
treatments buds may have gained a competitive advantage over the other treatments, as a result of
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the heating tunnels. Buds inside the heating tunnels may have grown out faster, thereby providing
more leaf area, which are a source of CHOs during flowering and fruit set (Keller, et al. 2010b).
However, leaf area or shoot growth data was not recorded to confirm this hypothesis.
An additional novel finding is that the delay in flowering between bunch position and components is
mirrored in their delay observed in SS accumulation leading up to harvest. Although this was
highlighted in Chapter 4, the results from this study further contribute to our knowledge of the
causes and consequences of bunch architecture.

6.6 Conclusions
The heating tunnels used in this experiment were successful in altering winter dormancy
temperatures in a diurnal fashion, where buds inside the heating tunnels experienced higher day
time and lower night time temperatures compared to buds outside of the heating tunnels. Elevated
winter dormancy temperatures had no influence on the presence or absence of an outer arm, giving
further evidence of IP inactivity during winter dormancy. However, an increase in the daily average
temperature 12 days pre-BB was correlated to a decrease in flower number per inflorescence. As
well, a delay was observed in the initiation of anthesis between the inner and outer arm bunch
components acropetally along a shoot for all treatments, where the observed delays in anthesis were
mirrored in the SS accumulation leading up to harvest. Therefore, any delay in berry development,
which can be caused by a delay in BB, the position of the bunch on the shoot and/or the bunch
component is not overcome during the ripening period leading up to harvest.
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Chapter 7
Predicting the Effects of Temperature during Inflorescence
Primordia Initiation on Bunch Architecture using Multiple Vineyards
throughout New Zealand from a Single Growing Season.
The purpose of this chapter was to combine the influence of temperature during IP initiation and
CHO availability during IP development. Results from this chapter provide insight into the influence
and timing of temperature during IP initiation on bunch number and bunch architecture. As well, the
results validate the previous findings regarding the influence of temperature during IP initiation
(Chapter 5) and the influence of CHO availability during IP development (Chapter 3 and Chapter 4).

7.1 Abstract
Knowledge of when and how temperature influences IP initiation is crucial to understanding its
development. In this experiment, the influence of temperatures during IP initiation on fruitfulness
and inflorescence architecture was studied between vineyards from separate growing regions
throughout New Zealand. Winter dormant canes were harvested from each vineyard, and nodes
three and ten were grown as SNCs. The volume of the SNC, inflorescence number, the position of the
bunch on the SNC shoot and the occurrence of an outer arm were recorded. Inflorescence number
and the occurrence of an outer arm increased as the volume of the SNC increased. The timing of IP
initiation was predicted using stepwise regressions from 80 days pre to 90 days post 50% flowering
with a variable window of time. Regressions of average daily temperature during IP initiation versus
bunch number and versus the occurrence of an outer arm resulted in a linear continuum between
node three and node ten for both bunch number (R²=0.73) and the occurrence of an outer arm
(R²=0.47). The results also indicate that the use of 50% flowering as a reference point to calculate IP
initiation is a valid alternative to destructively sampling buds to determine bud fruitfulness and IP
architecture.

7.2 Introduction
The prediction of grapevine yield involves an understanding of when and how the various yield
components are influenced by environmental, genetic and cultural practices factors. The timing of IP
initiation and development is critical for accurate yield predictions as these events influence the
number of IP formed per bud and their architecture (Baldwin 1964, Buttrose 1969b, Buttrose 1970a,
Buttrose 1970b, Dunn and Martin 2007, Watt, et al. 2008). An existing yield model for Sauvignon
blanc grown in New Zealand uses the average daily temperature during IP (Dec 11th to January 17th
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the following year) to predict the number of IP formed per bud, and the temperatures during fruit set
to predict the final berry number per grape bunch (Trought 2005, Trought 2012). This model is
effective in predicting how grapevine yield fluctuates from the long-term average; however, it could
be improved upon with a more accurate determination of when IP initiation occurs in each latent
bud on a shoot.
The timing of IP initiation has been suggested to occur along a shoot 12 to 15 days before flowering
and lasting until 25 days after flowering, with as much as three weeks between the initiation of the
first and second (basal and apical) IP in a latent bud (Swanepoel and Archer 1988). Additionally, a
recent study has indicated IP initiation is related to the anlagen initiation where IP initiation occurs
two and three weeks after anlagen initiation in the hot and cool climate respectively (Watt, et al.
2008). However, measuring primordia development in the field remains very impractical. Regardless,
it is generally accepted that the entire period of IP initiation is delayed along a shoot in an acropetal
fashion, as indicated in previous work (Snyder 1933, Pratt 1971, Srinivasan and Mullins 1981,
Swanepoel and Archer 1988). As well, the acropetal delay of IP initiation along a shoot is dependent
on the emergence of the nodes as the shoot grows, which is thought to occur approximately every
four to seven days in Chardonnay grapevines grown in New Zealand (Bennett 2002).
The purpose of this study was to investigate the timing of primordia initiation through the influence
of temperature between different growing regions in New Zealand, and the subsequent influence of
node position and size of the cane on the development of the primordia the following season.
Temperatures during the growing season from the different vineyards were recorded. Dormant
winter canes were selected from different vineyards, and buds from node position three and ten
were grown as SNCs. The resulting inflorescence number per SNC and the inflorescence architecture
were recorded in an attempt to elucidate when IP initiation is occurring for the latent buds at shoot
node numbers three and ten.

7.3 Methods and Materials
Site Selection and Plant Material
Vineyards planted with Vitis vinifera L. Sauvignon blanc were selected from regions throughout New
Zealand: Hawke’s Bay, Wairau Plains, Awatere Valley and Central Otago (Figure 7.1). Vineyard name,
location and clone are listed in Table 7.1. See Appendix G for rootstock, vine age, vine/row spacing,
soil type and yield information.
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Hawke’s Bay

Wairau Plains

Awatere
Valley

Central
Otago

© Google 2013

Figure 7.1

Map showing the location of the different growing regions used for this study.

For each vineyard, 60 canes were selected consisting of 20 small, 20 medium and 20 large diameter
canes (dormant shoots) taken from all positions on the vines. For the purposes of this study, canes
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were harvested to give a representative range in sizes for each vineyard. Canes were immediately
wrapped in moist new print, sealed in a polyethylene bag and stored at 4°C until used for analysis.
Table 7.1
Code
O1
O2
O3
O4
O5
O6
A1
A2
A3
W1
W2
W3
W4
W5
H1
H2
H3
H4

Vineyard location, clone and proximity to weather station.
Region

Vineyard

Central
Otago
Central
Otago
Central
Otago
Central
Otago
Central
Otago
Central
Otago
Awatere
Valley
Awatere
Valley
Awatere
Valley
Wairau
Plains
Wairau
Plains
Wairau
Plains
Wairau
Plains
Wairau
Plains
Hawke’s
Bay
Hawke’s
Bay
Hawke’s
Bay
Hawke’s
Bay

Domain Road
Upper
Domain Road
Lower
Templars Hill
Misha’s
Vineyard
Pisa
Lockaburn
Tohu
Redwood Pass
Seaview
Waihopai
Brancott
Oyster Bay, DBlock
Oyster Bay, E
Block
Rowley
Crescent
Te Mata
Constellation
Elephant Hill
Mission Hill

Location
(Lat., Long.)
-45.09°,
169.16°
-45.09°,
169.16°
-45.08°,
169.16°
-44.96°,
169.28°
-44.92°,
169.28°
-44.89°,
169.29°
-41.74°,
173.87°
-41.64°,
174.08°
-41.63°,
174.13°
-41.56°,
173.78°
-41.54°,
173.85°
-41.52°,
173.76°
-41.512°,
173.76°
-41.49°,
173.95°
-39.67°,
176.92°
-39.66°,
176.67°
-39.62°,
176.96°
-39.52°,
176.85°

Clone

Proximity to
Weather Station

MS

< 100 m

MS

< 100 m

MS

< 1.5 km

NIWA

MS

< 100 m

Harvest
Electronics

MS

< 1.5 km

NIWA

MS

< 100 m

Harvest
Electronics

MS

< 20 m

HortPlus

MS

< 500 m

NIWA

MS

< 20 m

HortPlus

MS

< 20 m

HortPlus

MS

< 20 m

HortPlus

MS

< 500 m

HortPlus

BDX13

< 1 km

HortPlus

MS

< 1 km

HortPlus

MS

< 2.5 km

HortPlus

MS

< 8.5 km

HortPlus

MS

< 2.5 km

HortPlus

MS

< 4 km

HortPlus

Source of Data
Harvest
Electronics
Harvest
Electronics

MS = UCD1 Mass select. Harvest Electronics (www.harvest.com, 2013). HortPlus = HortPlus
MetWatch Online (http://www.hortplus.metwatch.co.nz, 2013). NIWA = The National Institute of
Water and Atmospheric Research (www.niwa.co.nz, 2013).
Single Node Cuttings (SNCs)
For each cane collected, nodes three and ten were grown as SNCs. Nodes were prepared by cutting
the cane 1 cm above the node of interest and approximately 10-12 cm below the node of interest. A
digital caliper (0.01 mm resolution) was used to measure the length of the SNCs as well as the two
diameters to calculate the cross sectional area and volume of the cane. All SNCs were placed in
polystyrene tray, which was floated in water. All SNCs were grown in a glass house located at Lincoln
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University. Day time temperatures were maintained at approximately 22°C to 25°C with night time
temperatures maintained at approximately 16°C to 18°C. See Chapter 4 for pictures of SNCs.
Calculation of Cumulative Heating Units
Heating units, expressed as growing degree days (GDDs), using a base temperature of 0°C and no
upper limit, were determined by calculating the growing degree units per hour, then averaging all 24
hourly values to give the daily GDD value (Equation 3, Chapter 5). Cumulative growing degree days
were calculated from the 28-August. The 28th of August and a base of 0°C (instead of 10°C) were used
as recent research suggests these values are the most accurate when attempting to model the
phenological development of grapevines (Parker, et al. 2011); whereas a base of 10°C is more
commonly used to compare general trends in temperature.
Modelling the Influence of Temperature on Bunch Number and on the Occurrence of an Outer Arm
In order to accurately compare phenological events between vineyards, a common standardized
event between all vineyards was used. In this study, 50% flowering was selected as the standardized
event to compare IP initiation and development across vineyards. To standardize 50% flowering
between vineyards, the actual date of 50% flowering for each vineyards was based on the
information provided by the vineyards managers. The number of CGDDs the actual date of 50%
flowering date corresponded to was then calculated. The CGDD values for each vineyard were
averaged to give a CGDD value (1468.6) which corresponded to 50% flowering between sites. The
averaged CGDD value was then used to calculate the corresponding date of 50% flowering for each
vineyard.
The mean daily temperatures were calculated for intervals of one to 35 days, starting from 80 days
before the calculated date of 50% flowering to 90 days after for each vineyard. Regressions of the
mean daily temperature versus bunch number and versus outer arm development were calculated
for each vineyard for all intervals, node positions three and ten separately. The resulting R² values
generated from each regression, the slope of the line and the physiological implication
physiological implication was used to assign the most likely window of time that was associated with
anlagen, IP and outer arm initiation for node three and ten.
As indicated in Chapter 3, restricting the amount of cane to a developing bud can result in decreased
inflorescence number per shoot, as well as affecting inflorescence architecture. Therefore, in order
to model the influence of temperature on bunch number and on the occurrence of an outer arm,
only values generated from the SNCs that were likely not to be under a CHO deficit were used. This
was determined by using bunch numbers and outer arm proportions from SNC cane volumes that
were greater than one standard deviation from their respective vineyard average. As well, when
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comparing temperature versus the proportion of bunches with an outer arm, only basal bunches
were used as apical bunches rarely had an outer arm present.
Statistical and Predictive Analysis
The number of bunches per SNC were analysed in GenStat Edition 12.1 using an HGLM (hierarchical
generalised linear model) with poisson distribution and log link for fixed terms, and gamma
distribution and log link for random terms. The data for nodes three and node ten were analysed
separately. For both bunch number and the proportion of bunches with an outer arm, cane volume
was divided up into increments of 0.4 cm³. The occurrence of outer arms was analysed in GenStat
Edition 12.1 using an HGLM (hierarchical generalised linear model) with binomial distribution and
logit link for fixed terms, and beta distribution and logit link for random terms. The data for node
three and node ten were analysed separately.
All regressions were carried out in GenStat Edition 12.1. One-way analysis of variance (ANOVA) tests
were carried out within and between treatments to determine P-values and to check if the data were
normally distributed. Fisher’s Unprotected Least Significant Difference (LSD) test (at a significance
level of P < 0.05) was used post hoc to separate treatment effects from one another.

7.4 Results
Predicting 50% Flowering
A comparison of the actual date of 50% flowering versus the predicted value resulted in linear
regression (R²=0.83) (Figure 7.2), indicating that using a CGDD value of 1468.6 (calculated using base
temperature 0°C from 28-August) was an accurate method to predict the date of 50% flowering in
this experiment.
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Calculated Date of 50% Flowering

28-Dec-11

O5

A2
W1

24-Dec-11
O4 W4

20-Dec-11

A1
O1/O2
O3

A3 W2
O6 W3

W5
H3

H4
H1

16-Dec-11

H2

12-Dec-11

Actual Date of 50% Flowering

Figure 7.2

Observed versus estimated date of flowering.
Dates of 50% flowering were calculated from the date which corresponded to 1468.6 CGDDs
from 28-August. Linear regression of y=0.99x, R² = 0.83. Codes in each data point represent
respective vineyard. O = Central Otago. A = Awatere Valley. W = Wairau Plains. H = Hawke’s Bay.
See Table 7.1 for corresponding vineyard names.

The CGDD deviation over the entire growing season was calculated for each vineyard against the
average of all sites. The slope of the line for a specific vineyard over a given period was used to
determine if the temperatures were warmer or cooler than the average of all sites for that year
(Figure 7.3). A positive slope for any period indicates temperatures were above the average, whereas
a negative slope indicates the opposite.
Vineyards within a region had similar patterns of CGDD deviation from the mean. Hawke’s bay was
typically warmer than the average, except around the time of flowering where the CGDD deviation
from the average had a negative slope. Vineyards located in the Wairau Plains had a similar decline in
temperature around the time of flowering, but overall were more consistent with the average of all
sites. Vineyards in the Awatere Valley behaved similar to the average until around the time of
flowering, where there was a decline in temperature compared to the average, except for Tohu
which had a consistent decline in its CGDD deviation from the average. Vineyards located in Otago
had a similar decline in their CGDD deviation from the average compared to Tohu. However, there
was an increase in the CGDD deviation from the average during flowering for Otago vineyards (Figure
7.3).
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160
Hawke’s Bay Mission Hill (H4)
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Hawke’s Bay Constellation (H2)
Hawke’s Bay Elephant Hill (H3)

120

Hawke’s Bay Te Mata (H1)

Node 3

Wairau Plains Brancott (W2)
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0
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Awatere Valley Red Wood (W2)
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Awatere Valley Tohu (A1)

-100

Awatere Valley Sea View (A3)
Otago Misha’s Vineyard (O4)

-120

Otago Lockaburn & Pisa (O6 & O5)
Otago Domain Road (O1 & O2)

-140

Otago Templars Hill (O3)

-160

Date of 50% Flowering

Figure 7.3

25-Mar-12

11-Mar-12

26-Feb-12

12-Feb-12

29-Jan-12

15-Jan-12

1-Jan-12

18-Dec-11

4-Dec-11

20-Nov-11

6-Nov-11

23-Oct-11

9-Oct-11

25-Sep-11

11-Sep-11

-180

28-Aug-11

CGDD (Base 0oC) Deviation from the Average

Wairau Plains Waihopai Valley (W1)
Wairau Plains Rowley (W5)

60

Vineyard cumulative growing degree (CGDD; base 0°C) deviation from the average of
all vineyards.
Dates of flowering represent calculated values. The grey boxes represent the proposed timing of
inflorescence primordia initiation for node three and ten respectively. Note that at 12-Jan-2012
the data logger for Waihopai stopped working. A positive slope for any period of time for a single
site indicates temperatures were above the average, whereas a negative slope indicate the
opposite. Average daily temperatures for inflorescence primordia initiation at each site are given
in Figure 7.7.

Predicting the Timing of Primordia Initiation using Temperatures and 50% Flowering
A window of seven days was found to give the greatest R² values generated from a stepwise
regression of average daily temperature (for periods of time ranging from one to 35 days from 80
days pre to 90 days post 50% flowering) versus bunch number per SNC. The predicted timing of
anlagen and inflorescence primordia initiation were assigned based on the timing of the maximum R²
values, the slope of bunch number versus average daily temperature associated with the R² values
and the physiological significance/interpretation (Figure 7.4).
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0.6
Node 3
Anlage Initiation

(A) Node 3
R2

0.5
Node 3
IP
Initiation
0.4

0.3

0.2

0.1
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Node 10
Anlage Initiation
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(B) Node 10

0.5
Node 10
IP
0.4
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0.3

0.2

0.1

Days pre-Flowering

Figure 7.4

Days post-Flowering

R2 values generated from the regressions of average daily temperature using a seven
day window versus bunch number for node three and ten.
The predicted timing for anlagen and inflorescence primordia initiation are displayed. Areas
under the curve shaded in grey represent regressions for that period of time with a positive
slope, whereas non-shaded areas represent negative slopes. Bunch numbers were obtained using
single node cuttings which had volumes greater than one standard deviation from their
respective vineyard average.

A window of four days was found to give the greatest R² values generated from a stepwise regression
of average daily temperature (for periods of time ranging from one to 35 days from 80 days pre to 90
days post 50% flowering) versus proportion of bunches with an outer arm (Figure 7.5). The
theoretical timing of outer arm initiation was assigned in the same fashion as bunch number and
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found to be correlated to the same times pre and post 50% flowering as inflorescence primordia
initiation.
0.6

Outer Arm
Initiation
0.5

(A) Node 3
R2

0.4

0.3

0.2

0.1

0.6
R2

(B) Node 10

0.5

0.4

Outer Arm
Initiation

0.3

0.2

0.1

Days pre-Flowering

Figure 7.5

Days post-Flowering

The R2 values generated from the regressions of average daily temperature using a
four day window versus the proportion of basal bunches with an outer arm for node
three and node ten.
The predicted timing for outer arm initiation is displayed. Areas under the curve shaded in grey
represent regressions for that period of time with a positive slope; whereas non-shaded areas
represent negative slopes. Proportion of basal bunches with an outer arm were obtained using
single node cuttings which had volumes greater than one standard deviation from their
respective vineyard average.
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A window of seven days was found to give the greatest R² values generated from a stepwise
regression of average daily temperature (for a window of time ranging from one to 35) versus the
associated phenological event of anlagen and inflorescence initiation. Whereas a window of four
days found to give the greatest R² for outer arm initiation (Figure 7.6).
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Figure 7.6

R² values generated from regressions of average daily temperature for windows of
time ranging from one to 35 days versus bunch number or occurrence of an outer arm
from the associated phenological event.
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The Influence of Temperature on Bunch Number and Occurrence of an Outer Arm
An increase in the average daily temperature during IP initiation resulted in an increase in the
average bunch number per single node cutting and the average proportion of basal bunches with an
outer arm (Figure 7.7). A linear regression with groups resulted in a single linear continuum for node
three and ten bunch number and proportion of basal bunches with an outer arm respectively.
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The effect of average daily temperature during inflorescence primordia initiation
versus the bunch number per single node cutting and versus the proportion of basal
bunches with an outer arm.
Bunch numbers and outer arm values were obtained using single node cuttings which
had volumes greater than one standard deviation from their respective vineyard
average. (A) Linear regression, y=0.098x+0.35, R2 = 0.73. (B) Linear regression, y=0.16x2.01, R2 = 0.47. Numbers in the symbols represent the vineyard code.
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Cane Size and Single Node Cutting Volume
Although the sampling regime was not designed to be representative for an entire vineyard or
region, there was a statistically significant decrease (P < 0.05) in the Wairau cane cross sectional
compared to all other regions for cane node number three. For cane node number ten, the cane
cross sectional area, from least to greatest was: Otago followed by Wairau and Hawke’s bay then the
Awatere. As well, there was a decrease in cane cross sectional area from node three to node ten in
all regions (Table 7.2).
Table 7.2

Cane volume and cross sectional area of the single node cuttings used from all regions.

Cross Sectional Area (cm2)
Volume (cm3)
Node 3
Node 10
Node 3
Node 10
b/2
b/1
b/ns
Hawke’s Bay
0.73
0.64
9.1
9.0c/ns
Awatere
0.75b/2
0.70c/1
9.2b/ns
9.1c/ns
a/2
c/1
a/ns
Wairau
0.67
0.62
8.0
8.2b/ns
b/2
a/1
a/2
Otago
0.72
0.48
8.4
6.1a/1
Values in the table are means. Values were separated using Fisher’s Unprotected LSD test, where
values with different letters (between regions) and number (between node three and ten for a given
parameter) in superscript are statistically different from one another (P < 0.05). ns = not significant (P
> 0.05).
A comparison of SNC cane cross sectional area (cm²) versus cane volume (cm³) resulted in a linear
regression of y=12.5x, R²=0.84 (graph not shown).
The Effect of Cane Volume on Bunch Number
The observed bunch number per SNC increased as the volume of the SNC increased (Figure 7.8). This
is verified in Table 7.3, where the volume term generated from the hierarchical generalised linear
model (HGLM) has a statistically significant influence on bunch number (P < 0.05). However, the
influence of the region is only statistically significant for node ten (Table 7.3). The HGLM also
predicted that bunch number increased as the volume of the SNC increased for both nodes three and
ten, except for Otago node three, which was a horizontal line (Figure 7.9). Differences between the
regional prediction of bunch number versus SNC cane volume (Figure 7.9) are explained by the
temperatures during IP initiation (Figure 7.7). For example, Otago had the lowest temperatures
during IP initiation at cane node three, resulting in the lowest bunch number (predicted and actual).
However, the increase in temperatures during IP initiation at cane node ten for Otago was greater
than other regions, resulting in an increase in actual and predicted bunch number comparatively.
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The effect of the single node cutting cane volume on the resulting bunch number.
Canes were grouped in 0.4 cm³ increments. Frequency = number of measurements in each size
grouping.
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Table 7.3

Summary of hierarchical generalised linear model (HGLM) likelihood ratio test results
for model terms used in predicting the number of bunches.
Node 3
P-value
< 0.001
0.99
0.021

Term
Volume
Region
Volume x Region

Node 10
P-value
< 0.001
< 0.001
0.19

Values generated using a hierarchical generalised linear model (HGLM) with poisson distribution and log link
for fixed terms, and gamma distribution and log link for random terms.
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Predicted bunch number versus cane volume for node three and ten for all regions.
Predictions were made using a hierarchical generalised linear model (HGLM) with poisson
distribution and log link for fixed terms, and gamma distribution and log link for random terms.
Crosses mark the predictions at the regional mean cane volumes.

The Effect of Cane Volume and Shoot Node Position on the Occurrence of an Outer Arm
The observed proportion of bunches with an outer arm increased as cane node number increased
from node three to ten for all regions (Figure 7.10). As well, there was a decrease in the proportion of
bunches with an outer arm acropetally along a shoot for both node three and ten in all regions. For
Hawke’s Bay, the greatest proportion of outer arms at cane node three occurred mostly at shoot
node numbers three and four, and then decreased to shoot node numbers two and three for cane
node ten. A similar trend was found in Otago, where the greatest proportion of outer arms at cane
node three occurred mostly at shoot nodes three, four and five and then decreased to shoot nodes
three and four at cane node ten. However, the Wairau and Awatere remained consistent. Predictions
made using the HGLM verify that the volume of the SNC, shoot node number, region and shoot node
number x region have statistically significant influences on the occurrence of an outer arm (Table 7.4)
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Figure 7.10 The effect of cane volume and shoot node number on the presence of an outer arm.
Canes were grouped in 0.4 cm3 increments. Frequency = number of measurements in
each size grouping.
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Table 7.4

Summary of hierarchical generalised linear model (HGLM) likelihood ratio test results
for model terms used in predicting the proportion of bunches with an outer arm
present.

Node 3
Node 10
P-value
P-value
Volume
< 0.001
< 0.001
Shoot Node Number
< 0.001
< 0.001
Region
0.028
0.001
Volume x Shoot Node Number
0.2
0.53
Volume x Region
0.002
0.72
Shoot Node Number x Region
< 0.001
0.034
Volume x Shoot Node Number x Region
0.62
0.81
Values generated from a hierarchical generalised linear model (HGLM) with binomial distribution and
logit link for fixed terms, and beta distribution and logit link for random terms.
Term

Differences in the predicted proportion of bunches with an outer arm between node three and node
ten using cane volume versus shoot node number (Figure 7.10) are explained by the temperatures
during IP initiation. For example, Otago had the lowest temperatures during IP initiation for node
three. However, the increase in temperatures during IP initiation for node ten was greater than other
regions, resulting in an increased proportion of bunches with an outer arm at any shoot node
number and cane volume comparatively. Whereas temperatures for the Awatere and Wairau were
more consistent, resulting in similar proportion of bunches with an outer arm for any shoot node
number between node three and ten.
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Figure 7.11 The effect of cane volume and shoot node number on the predicted proportion of
bunches with an outer arm for cane node number three and node ten.
Data were generated using a hierarchical generalised linear model (HGLM) with binomial
distribution and logit link for fixed terms, and beta distribution and logit link for random terms.
Contour lines indicate the predicted proportion of bunches with an outer arm.
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7.5 Discussion
The influence of temperature during IP initiation on inflorescence number per bud and their
architecture was studied between different vineyards from separate growing regions in New
Zealand. Nodes three and ten were selected from dormant winter canes and grown as single node
cuttings. Temperatures during the growing season for each vineyard were examined. A base
temperature of 0°C (instead of 10°C) was used for GDD calculations post August 28th for the following
reasons. Recent research suggests that a base temperature of 0°C is the most accurate when
modelling the timing of flowering for Vitis vinifera L. (Parker, et al. 2011). The choice of base
temperature and date is validated in Figure 7.2, where a regression of the actual versus predicted
date of flowering resulted in a linear regression of y=0.99x (R² = 0.83). The CGDD value of 1468.6
used in this experiment to predict 50% flowering was greater than the CGDD value (1270) found in
Parker et al. This is likely a reflection of how GDD values were calculated (hourly average versus daily
value respectively). A positive linear regression was used as part of the selection criteria when
selecting the appropriate period to correlate average daily temperature versus bunch number or
versus the occurrence of an outer arm. This was based on previous research which has demonstrated
that an increase in temperature during IP initiation is correlated to an increase in fruitfulness
(Baldwin 1964, Buttrose 1969a, Buttrose 1969b, MacGregor 2000, Trought 2005, Trought 2012).
The model used in this experiment predicted that IP initiation (including the outer arm) occurred
around the time of flowering, which is consistent with the previous literature (Swanepoel and Archer
1988, MacGregor 2000, Trought 2005, Watt, et al. 2008, Trought 2012). Furthermore, the model
predicted that there were 31 days between the initiation of the anlage at node three and ten, which
corresponds to approximately five days between the initiation of anlagen acropetally along a shoot.
Additionally, the model predicted that there were 27 days between the initiation of IP at shoot node
three and ten, which equates to three to four days between IP initiation acropetally along a shoot.
These values are consistent with the hypothesis by Bennet (2002) that there are four to seven days
between the emergence of nodes on growing shoots, and consistent with the timing of IP initiation
discussed in Chapter 4. The model also predicted that there were approximately 35 to 39 days
between the initiation of an anlage and the initiation of its IP, which is consistent with recent
research (Watt, et al. 2008). However, as hypothesized in Chapter 5, it is also likely that IP initiation
occurs at the same time at every shoot node position, so long as enough nodes are developed in the
latent to allow IP initiation to occur which are sufficiently distal to the apical dominance effect of the
apical meristem. Therefore, the model may be indicating what the average daily temperature
requirement is for adequate latent bud growth that would allow IP initiation to occur.
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The model further suggests that the initiation of the inner and outer arm may be occurring at the
same time, although the period of time during which the initiation of the outer arm is sensitive to
temperature is shorter compared to the inner arm structure. As well, there was an increase in the
average daily temperature of approximately 2.5°C between the initiation of the inner and outer arm
component, for both node three and ten. The increased temperature requirement for the initiation
of the outer arm component may give some insight into the developmental delay observed between
the inner and outer arm (Chapter 3 and Chapter 6).
The use of single node cuttings is a common practice to asses bud fruitfulness (Mullins 1968, Mullins
and Rajasekaran 1981, Bennett 2002). However, there are inherent issues associated with their use
that must be considered. Firstly, the volume of the SNC had a direct influence on the observed bunch
number and the proportion of bunches with an outer arm. These results are similar to the effects of
limiting CHO availability via pre-BB cane girdling on IP development (Chapter 3), where a decrease in
cane volume resulted in a decrease in bunch number and the occurrence of an outer arm. Similar to
Chapter 3, the volume of the SNC may be directly related to its CHO content. However, the CHO
content of the SNCs were not measured in this experiment. Additionally, one cannot rule out the
effects of limiting nitrogen or other metabolites that would typically be transported to a developing
shoot and IP in field grown vines, which does not occur when using SNCs (Hunter and Ruffner 2001,
Zapata, et al. 2004, Zufferey, et al. 2012).
Another potentially confounding issue is the size of the bud, where larger buds may have more
developed IP, giving them a competitive advantage to other buds. Previous work has indicated that
increased development of IP before dormancy (i.e. more branching) positively correlates to its
potential flower number in season two (Palma and Jackson 1981, Dunn and Martin 2007). As well,
recent work has demonstrated that a positive linear relationship exists between the size of the latent
bud, and the diameter of the internode below (Watt 2010). However, this effect was only correlative
as the degree of IP branching during dormancy was not examined. In the current study, there was no
evidence indicating that SNCs with a larger internode diameter for a given range of cane volumes had
any effect on the SNC bunch number or the occurrence of an outer arm (data not shown for this
reason). Moreover, a regression of cane cross sectional area (cm²) versus cane volume (cm³) resulted
in a linear regression with an R² value of 0.84. This indicates that cane cross sectional area is likely an
indicator of the influence cane volume can have on IP development. In addition, current research of
field grown vines demonstrated that the starch content of a cane correlates to the average
fruitfulness per shoot along the cane (Jones, et al. 2013). Regardless if the hypothesis of bud size
versus cane cross sectional area is valid, it is likely that in a SNC system cane volume will be the
dominant factor influencing IP development. A possible future experiment would be to investigate if
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the relationship between cane and IP size by the use of use scanning electron microscopy examining
the degree of IP branching from a range of cane sizes.
The calculation of average daily temperature during IP initiation weighted each daily temperature
evenly, resulting in regression of bunch number or occurrence of an outer arm versus temperature
with good R² values (Figure 7.7). The method of uneven weighted daily temperatures was also used,
which did not improve the regressions of bunch number or occurrence of an outer arm versus
temperature. However, improvement of the ‘uneven weighted daily temperature method’ might be
possible based on previous and future studies. Previous work has indicated that a minimum
temperature threshold is required for IP initiation, where increasing temperatures past this threshold
results in an increasing number of IP formed per bud (Baldwin 1964, Buttrose 1969b, Buttrose
1970a). As well, it has been hypothesized that a maximum daily pulse of high temperatures may
result in IP initiation (Buttrose 1969b, Buttrose 1970b). Therefore, a model using ‘weighted’ daily
temperatures, functioning on the premise that a cumulated amount of temperature, or an average
daily temperature for a given period of time, is required for IP initiation, and could be defined as
follows:


If the average daily temperature < minimum threshold, then only a proportion of the average
daily temperature is used;



If the average daily temperature > minimum threshold, then the proportion value is equal to
one; and



If a high pulse of temperature occurs for a given period of time, then IP initiation occurs,
regardless of accumulated heating units.

A model such as this would involve the determination of cultivar specific characteristics, such as: the
minimum temperature required for IP initiation; the maximum temperature which IP will not occur
after; and the effect of a high pulse of temperature. As well, the predictions made in this model
would need to be validated through scanning electron microscopy, or other such methods that could
confirm the developmental stages of the IP within the latent buds.

7.6 Conclusions
The results indicate that the use of SNCs from multiple vineyards representing different growing
regions is an effective method to determine the timing and influence of temperatures during
primordia initiation. Whereas using a single site over the course of multiple growing seasons is less
likely to capture the range of temperatures during IP. The use of SNCs was an effective nondestructive tool to determine the number of inflorescence structures per bud and their architecture.
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The volume of the SNC influences the resulting inflorescence number per shoot and occurrence of an
outer arm. An increase in temperatures during IP initiation resulted in an increase in inflorescence
number and the proportion of bunches with an outer arm. Predictions made regarding the timing of
anlagen and IP initiation are consistent with the literature, indicating the method used to model
these events are likely to be correct. However, further data would be required to verify the model.
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Chapter 8
Conclusions and Future Work
The purpose of this thesis was to examine the influences of temperature and CHO availability on
bunch architecture, with an emphasis on outer arm development. The influence of temperature and
CHO availability was investigated during IP initiation (season one) and during the further
development of IP into flowers and berries (season two). In addition, the timing of when IP initiation
is most sensitive to temperatures was investigated in order to improve our prediction of two
important components of yield: bud fruitfulness; and inflorescence architecture.
Results from this thesis suggest that there is a complex interaction between temperature and CHO
availability during IP initiation and development. This interaction influences the number of IP formed
per bud and their architecture (Figure 8.1). Temperature is likely to be a major factor influencing the
number of IP formed per primary shoot primordia, as well as the development of an outer arm with
floral identities. However, CHO availability is likely a modifying factor as Sauvignon blanc grown in
New Zealand is seldom growing under a CHO stressed environment.
Girdling and / or leaf removal was utilized to alter CHO availability during IP initiation, where the
earlier girdled shoots had their leaves removed, the greater the negative influence on the resulting
bunch number per bud and the occurrence of bunches with an outer arm. However, further
experimentation is required to determine how early in the growing season the girdling and / or leaf
removal treatments can influence IP initiation.
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loads and solar radiation. As well, results from chapters 5 and 7 indicate that the occurrence of
bunch with an outer arm increases as temperatures during IP initiation increase. Additionally,
temperatures during IP initiation influences the distribution of bunches (and their architecture)
acropetally along a shoot. Cooler than average temperatures during IP results in more apically
located bunches on a shoot, implying that temperatures are also affecting the growth of the latent
bud, which ultimately determines the number of IP that can form. The distribution of bunches on
shoots has an important role in the timing of flowering between bunches and their components,
where there is an acropetal delay in flowering along shoots, with the outer arm further delayed
compared to its inner arm component. The delay in flowering between the inner and outer arm
component is correlated to the difference in size between the two components. Components that
are more similar have more synchronous flowering, resulting in more similar soluble solids
accumulation at harvest. However, the decrease in total bunch soluble solids due to the outer arm
components becomes negligible once the relative size of the outer arm is < 20% of the total bunch
berry number (despite an increase in soluble solids difference between the two components).
Therefore, knowledge of the bunch number per shoot, the distribution of bunches on shoots along a
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cane and the bunch architecture before harvest would allow predictions of the potential variability in
fruit composition at harvest.
Temperatures during BB also have a major influence on the branching and development of IP
structures. The results from this thesis indicate that higher than average daily temperatures 12 days
pre-BB will have a negative influence on the flower number. This result is consistent with findings
previously reported in the literature (Dunn and Martin 2000, Petrie and Clingeleffer 2005, Keller, et
al. 2010b). The influence of temperature during BB on the branching of IP is an important step in the
determination of the final flower number per inflorescence structure, where flower number per
inflorescence will influence percentage fruit set values (Dry, et al. 2004). However, in this thesis it is
unknown if the decrease in flower number per inflorescence structure was due to the accumulation
of heat stress (temperatures > 35oC), or if the increase in temperature altered the genetic pathways
that would be normally controlling IP development at that time. A possible future study would be to
further investigate the influence of temperatures during BB on IP branching by analysing the
underlying genetic mechanisms controlling these processes.
To separate the effects of temperature during season one and two on IP development, one could use
potted vines in a controlled environment to alter the temperatures during IP initiation and the
temperatures during BB during the following season. Or, buds could be passively heated and/or
cooled in the vineyard during season one and two of IP initiation and development. An additional
method would be to heat or cool buds in a vineyard, then grow the buds as SNCs. Results such as
bunch number per bud, the degree of branching of the inflorescence structures (inner and outer
arm), flower number (inner and outer arm) and rachis length (inner and outer arm) could be used to
determine the effects of temperatures during season one and two on IP initiation and development.
Predicting IP initiation is key to understanding two important components of grapevine yield: bud
fruitfulness and bunch architecture. As outlined in the introduction, there have been many attempts
to correlate IP initiation to a phenological event. The results in chapter 7 indicate that 50% flowering
can be used to compared the timing of IP between vineyards, which accounts for shifts in the timing
of flowering between vineyards due to temperature. However, determining the period of time in
which temperature exerts its influence on IP initiation requires more work. Two future experiments
to improve our understanding would be as follows:
1. Improvement of our understanding of when anlagen and IP initiation is occurring. An accurate
method to accomplish this would be to use scanning electron microscopy (SEM) images or X-ray
micro-computed tomography of the developing latent buds at different positions along a shoot
during the growing season.
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2. Instead of using the average daily temperature during IP initiation between over a period of time,
a proportion of the average daily temperature could be used.
Another possible area of research is to further our understanding of the effect that bud angle, cane
cross sectional area and cane node number have on the date of BB. As indicated in Appendix C, buds
that are facing upwards go through BB before buds facing downwards. However, an additional year
of research would be necessary in order to more accurately measure the angle of the buds. The
influence of cane cross sectional area is likely a thermal response, as a smaller cane will heat up
faster than larger canes. This may trigger the flow of nutrients and hormones from the rest of the
vine earlier than in larger canes. However, there may be a geotropic effect controlling grapevine BB
as well, where buds that break may be having an antagonistic effect on neighbouring buds (Mullins
1965, Mullins and Rogers 1971, Tomasi, et al. 2007), possibly through the transportation of auxin.
In addition to the above physiology work, there is much work to be done surrounding the influence
of auxin, cytokinin and gibberellins and their associated biochemical pathways on the development
of latent buds and on the IP structures within. Although research has mapped the influence of auxin
and cytokinins on the growth of lateral meristematic structures and IP development (Carmona, et al.
2002, Crane, et al. 2012), a great deal still needs to be conducted in order to determine when during
the formation of an IP the associated genes and biochemical pathways are being activated. The
determination of the genetic controls may give insight into possible methods for controlling IP
architecture, including the formation of the outer arm.
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Appendix A
Average Single Node Cutting Bunch Number versus Cane Node
Number
A non-linear regression with groups carried out between all the treatments indicated that treatments
NG0, NG4, G8, NG8, G16 and NG16 are best represented by a single quadratic continuum (Figure
A.1). For treatment G0, a suitable regression of cane node number versus average SNC bunch
number was not found. However, the relationship between cane node number and average bunch
number per SNC followed that of the previously mentioned polynomial until cane node number six;
where past cane node number six a linear regression was used to fit the data (Figure A.1). A
regression of cane node number versus average SNC bunch number for treatment G4 was similar to
treatment G0 where, however a decrease in bunch number was not encountered until cane node
number eight.

Average Single Node Cutting Bunch Number

2

1.5

1

0.5

0
0

1

2

3

4

5

6

7

8

9

10
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Figure A.1 Regressions for average single node cutting bunch number versus cane node number.
■ = Treatments NG0, NG4, G8, NG8, G16, NG16; regression with groups resulted in a
single continuum, y=1.8*(1-exp(-0.4*x)), R2=0.94. ▲= Treatment G0; cane node
numbers one to five represented by the ■ regression; past node five, data is represented
by the regression y=0.02x+0.8, R2=0.84. ● = Treatment NG4; cane node numbers one to
seven represented by ■ regression; past node seven, data is represented by the
y=0.015x+1.26, R2=0.96.
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Appendix B
Average Single Node Cutting Bunch Number versus Occurrence of
an Outer Arm
A polynomial regression with groups between all the treatments resulted in two separate treatment
groupings. Treatments G8 and G16 are represented by a quadratic equation, and treatments NG0,
NG4, G8, NG8 and NG16 represent a separate quadratic equation (Figure A.2). A suitable regression
for treatments G0 and G4 was not found, however, the relationship of treatments G0 and G4
between cane node number and the proportional occurrence of an outer arm followed that of
treatment groups G8 and G16 until cane node number five and seven respectively, at which time the
proportional occurrence of an outer arm for treatments three and five decreased significantly (P <

Average Proportion of SNCs with an Outer Arm

0.05).
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Figure A.2 Regressions for cane node number versus average proportion of SNCs with an outer
arm.
■ = polynomial regression with groups (treatments G8 and G16; treatments G0 and G4
up to cane node number six and eight respectively) resulted in a single continuum, y=0.002x2+0.058x+0.07, R2=0.87. ● = Treatment G0; polynomial regression with groups
(treatments NG0, NG4, NG8 and NG16; treatments G0 and G4 after cane node number
six and eight respectively) resulted in a single continuum, y=-0.001x2+0.028x+0.02,
R2=0.92.
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Appendix C
Bud Angle and Date of Budbreak
Measurement of Bud Angles
The angle of each bud for every cane was measured using a protractor in order to determine the
influence of bud angle on the date of BB. See Figure A.3 for a depiction of how bud angle was
determined and described.

NW (325o)

0o
Trunk

-90o

+90o
(axis parallel to ground)

SE (145o)
+/- 180o
(axis perpendicular to ground)

Ground

Figure A.3 Determination and description of bud angles.
Bud angles were measured using a protractor.

The increase in bud temperature influenced by its angle relative to the normal axis of the grapevine,
where 0° is perpendicular to the ground. Bud that were orientated to the axis perpendicular to the
ground received more radiative heat, both inside and outside of the heating tunnels.
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Figure A.4 Example air and bud temperature profile.
Figure is representative of a typical temperature profile over the course of 24 hours. Bud angles
are listed in brackets. 0° is facing upwards and perpendicular to the ground. Buds with positive
angle values face east, and buds with negative values face west.

The angle of the bud also correlated to the date of BB, where buds receiving more radiative heat
initiation BB earlier than those receiving less radiative heat.
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Figure A.5 The effect of bud angle on the date of budbreak.
o

o

Control treatment. All data points are mean values. Buds were groups into 60 increments. 0 and
o
o
180 is perpendicular to the ground, where 0 is vertical. Positive angle groupings face east,
where as negative angle groupings face west. The data was fit with a polynomial curve, y=0.18x²1.6x+40832, R²=0.96, where 40832 corresponds to 16-Oct-2011. Vertical error bars represent the
standard error of the mean.
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Appendix D
Bunch Distribution Along Treatment Shoots
Table A. 1

Percentage distribution of bunches along treatment shoots.

Bunch
Shoot Node Number
Number
1
2
3
4
5
1 – July to BB
1.9
n/a
15%a
36%c
26%b
23%b
2 – July Only
1.9
n/a
9%a
36%c
28%b
27%b
3 – August to BB
1.9
n/a
18%a
35%c
24%b
23%b
a
c
b
4 – No Heating Control
1.9
n/a
14%
37%
25%
24%b
Values in the in the table are means. Values were separated using Fisher’s Unprotected LSD test,
where values with different letters in superscript are statistically different from one another (P <
0.05) within a treatment. No statistically significant differences were found between treatments for
bunch number or bunch distribution per shoot node number. n/a represents not enough material for
analysis.
Treatment (Heating)
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Appendix E
Comparison of the Structure Occurring at the Outer Arm Position
within each Treatment.
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Figure A.6 The influence of shoot node number on the structure occurring at the outer arm
position.
Values in the figures are means. Values were separated using Fisher’s Unprotected LSD
test, where bars with different letters inside are statistically different from one another
(P < 0.05) within a treatment.
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Appendix F
R2 Values Generated from Stepwise Regressions of Average Daily
Temperature pre-BB versus Total Flower Number
See method section in Chapter 6 for a detailed explanation how, and why, the figure was calculated.

R2 Values From Individual Regressions
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Figure A.7 R2 values generated from stepwise regressions of average daily temperature prebudbreak versus total flower number between all treatments from zero to 21 days
pre-budbreak.
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Appendix G
Vineyard and Grapevine Information
Table A. 2

Vineyard and grapevine information for the vineyards and vines used in Chapter 7.

Region

Central Otago
Central Otago

Vineyard
Domain
Road Upper
Domain
Road Lower

Central Otago

Templars Hill

Central Otago

Misha’s
Vineyard

Central Otago

Pisa

Central Otago

Lockaburn

Awatere Valley

Tohu

Location
(Lat.,
Long.)
-45.09o,
169.16o
-45.09o,
169.16o
-45.08o,
169.16o
-44.96o,
169.28o
-44.92o,
169.28o
-44.89o,
169.29o
-41.74o,
173.87o

Vitis
Clone
MS
MS
MS
MS
MS
MS
MS

Rootstock
101-14, 3309,
Schwarzmann
101-14, 3309,
Schwarzmann
101-14, 3309,
Schwarzmann
101-14, 3309,
Schwarzmann
101-14, 3309,
Schwarzmann
101-14, 3309,
Schwarzmann
n/a

Year
Planted

Vine x Row
Spacing (m)

Soil Type

n/a

2.5

1.6

Silt / Clay

n/a

2.5

1.6

Loam / Clay

n/a

3

2

2005

n/a

n/a

2007

2.5

1.6

Gravely Loam

2007

2.5

1.6

Gravely Loam

n/a

n/a

n/a

n/a

Bannockburn
(Man-made)
silty sand,
pockets of red
sticky clay

Awatere Valley

Redwood
Pass

-41.64 ,
174.08o

MS

101-14

2002

2.5

1.8

Ugbrooke
Mottled
Moderately
Deep Silt Loam

Awatere Valley

Seaview

-41.63,
174.13

MS

S04

2000

2.4

1.8

Seddon Silt Loam

o

Training
System

Yield
(before
thinning,
T/ha)

Proximity
to Weather
Station

2 Cane
VSP
2 Cane
VSP
2 Cane
VSP

8.6

< 100 m

n/a

< 100 m

7.9

< 1.5 km

2 Cane
VSP

10.3

< 100 m

2 Cane
VSP
2 Cane
VSP
4 Cane
VSP

6.4

< 1.5 km

11.9

< 100 m

n/a

< 20 m

4 Cane
Scott
Henry

8.06

< 500 m

3 Cane
VSP

8.4

< 20 m
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-41.56,
MS
101-14
2002
173.78
-41.54,
Wairau Plains
Brancott
MS
n/a
n/a
173.85
Oyster Bay,
-41.52,
Wairau Plains
MS
101-14
2004
D-Block
173.76
Oyster Bay, E -41.512,
Wairau Plains
BDX13 Schwarzmann 1999
Block
173.76
Rowley
-41.49,
Wairau Plains
MS
SO4
n/a
Crescent
173.95
-39.67,
Hawke’s Bay
Te Mata
MS
101-14
2007
176.92
-39.66,
Hawke’s Bay
Constellation
MS
n/a
n/a
176.67
-39.62,
Hawke’s Bay
Elephant Hill
MS
101-14
2007
176.96
-39.52,
Hawke’s Bay
Mission Hill
MS
101-14
1998
176.85
MS = Mass select. n/a = no information provided by the company or grower(s).
Wairau Plains

Waihopai

3

1.8

n/a

n/a

8.7

< 20 m

n/a

n/a

n/a

n/a

n/a

< 20 m

n/a

n/a

Renwick

9.3

< 500 m

n/a

n/a

Renwick

10.8

< 1 km

2.7

1.8

n/a

n/a

< 1 km

2.4

2

Ngatarawa
Sandy Loam

2 Cane
VSP
3 Cane
VSP
3 Cane
VSP
2 Cane
VSP

9.2

< 2.5 km

n/a

n/a

n/a

n/a

n/a

< 8.5 km

2.2

1.8

Silt loam over
clay

8.7

< 2.5 km

2.7

1.8

Silt loam

3 Cane
VSP
4 Cane
VSP

12.0

< 4 km

126

Appendix I
Chapter 4.1 Publication

127

128

129

130

131

132

133

134

135

Appendix J
Chapter 4.2 (currently in press)
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