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Abstract
The overall aim of this thesis was to investigate the interactive effect of
temperature and photon flux density (PFD) on vegetative and reproductive
growth responses of Shiraz vines in vineyard conditions. It was hypothesised
that the effect of high summer temperatures on the growth and development
processes of vines is exacerbated by exposure to high PFDs. To evaluate this
hypothesis, vines were covered with 0%, 10%, 30% and 50% shade cover in
vineyard conditions over three consecutive growing seasons. The vines were
managed through irrigation so that they did not experience any water constraints.
Several high temperature heat events, i.e., air temperatures exceeding 40oC for
several days, occurred in 2013/14. Additionally, to assess the hypothesis, a
controlled environment experiment was conducted at 25/12°C and 32/20°C and
350 µmol m-2 s-1 and 700 µmol m-2 s-1 to determine dynamics of vegetative
growth.

Shade treatments reduced canopy temperatures by 3.2 - 6°C in the cooler
season (2011/12) and by 4 - 6°C in the warmer season (2013/14) relative to air
temperature. Furthermore, diurnal canopy temperatures of shaded vines were
reduced by 5 - 7°C and bunch temperatures by 2 - 13°C compared with the open
canopy treatment. There were no indications of primary bud necrosis in the study
which is related to the shade. Relative growth rates in the medium to heavy
shade treatments were increased in comparison with control and light shade
treatments but shade had no effect on final shoot lengths. The expansion rate of
early emerging leaves was reduced in comparison to late emerging leaves and
internode lengths were longer in the medium and heavy shade compared to
control and light shade treatments. Dry matter allocation to leaves and
internodes was also affected, with a shift in allocation from the leaves to the
internodes as the shade intensity increased.

9

There were no significant treatments effect on flowering and fruit set whereas
there was a seasonal effect on fruit set. Veraison was delayed 8 days in the
heavy shade treatment relative to light and control treatments in the 2011/12 and
2012/13 seasons, respectively. Berry soluble solids accumulation was delayed
by the heavy shade treatment but sugar accumulation was not affected. Rates of
sugar accumulation were reduced markedly by the 2013/14 heat event in the
light shade treatments whereas rates of sugar accumulation were not penalised
in the medium and heavy shade by the heat event. However, there were marked
effects of season on sugar accumulation, much less sugar accumulated in
berries during the warm 2013/14 compared to the cool 2011/12 season. Heavy
shade also delayed the timing of berry expansion and dry matter accumulation in
berries. During the season with the heat event, berry dry matter accumulation
was markedly higher in the shaded treatments compared to the unprotected
control vines. Nevertheless, there was no marked effect of shade on yield of
Shiraz vines.

Temperature and photon flux density interacted to affect growth of the Shiraz
vines in the controlled environment conditions, higher shoot lengths but slower
dynamics occurred in low compared to high temperature and high PFD. There
were also interactive effects on leaf expansion and internode extension with time
of leaf emergence also impacting on the response. The sizes of early emerging
leaves and internodes were not altered but the dynamics and sizes of mid and
late emerging leaves and internodes were affected by both temperature and
PFD.

It was concluded that the vegetative and reproductive growth of Shiraz vines
were negatively impacted on by high summer temperatures and their concurrent
exposure to high PFDs was also detrimental to their growth.

10

Glossary and Abbreviations
CE: Controlled environment

DAB: Days after bud break

Ψl : Mid-day leaf water potential

PFD: Photon flux density

11

Introduction
Temperature and light are key climatic factors which affect grapevine physiology
in the growing season (Gladstones, 1992; Iland et al., 2011; Greer and Weedon,
2012 b). The occurrence of high temperature periods/heat events are common
phenomena in Australian viticulture at present which exacerbate the grapevine
physiological functions (Jones, 2006; Greer and Weedon, 2013). The quantity
and quality of grapes and

wine are affected as a result of warm climate

conditions (Gladstones, 1992; Iland et al., 2011). According to the past studies
and future projections, it is clear that Australian viticulture is considerably
affected by high temperature conditions in the growing season. The predicted
shift of annual average temperature in Australian grape growing regions by 2030
will be 0.2 – 1.1°C (Webb et al., 2007) and timing of berry maturation will alter by
9.3 ± 2.7 days/°C. Hence, it is vital to consider the effects of changing climate
and responses of grapevines.

Temperature is commonly known as the main factor influences on composition
and quality of grapes (Coombe, 1987). Therefore, the consequences of elevating
temperature influences considerably the quality and attributes of wines (Bindi et
al., 1996; Schultz, 2000). Light mainly influences grapevine anatomical
properties such as leaf size and thickness which contributes to photosynthetic
carbon acquisition (Thompson et al., 1988; Cartechini and Palliotti, 1995) and
physiological properties of photosynthesis (Greer and Weedon, 2012 a; Greer
and Weedon, 2012 b). During high temperature/ heat events, high temperature is
likely to be compounded by the addition of high light intensity or radiant energy
(Webb et al., 2009) which deteriorates grapevine physiological functions.

In the high temperature periods/heat events, temperature exceeds 40°C and can
continue for a number of days (Australian Bureau of Meteorology, 2014).
Although, the high temperature instances were extensively reported in the 2006
and 2009 summers (Greer and Weedon, 2013), the heat events of 2014 were
12

the latest incidence. The effect of high temperature has been well studied on
grapevine physiology (Kliewer and Lider, 1968; Matsui et al., 1986; Sepúlveda
and Kliewer, 1986); however, most studies have been based on controlled
environment conditions (Sepulveda et al., 1986; Kadir, 2006; Wen et al., 2008).
Few studies have addressed the high temperature effects on grapevine
physiology in vineyard conditions especially in an Australian context. Hence, this
thesis investigates the mechanism to ameliorate the effects of

high

temperature/heat events in vineyard conditions.

A review of literature related to the effect of main climate factors on grapevine
physiology is presented in Chapter 1.
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Chapter 1- Literature review

1.1. Introduction
This chapter reviews temperature and photon flux density (PFD) effects on grape
vine physiology. The review explores the current knowledge of Australian
viticulture in relation to climatology, characters of the Shiraz grapevine variety
and grape vine responses to temperature and PFD in situ and in vitro.
Physiological responses of various grapevine varieties have already been
studied to some extent, including both vegetative and reproductive growth
processes, particularly in relation to high temperature and high PFD conditions
and these are the focus of this review. The gaps in understanding have been
drawn out for the development and formation of the research questions that
underpin this study.

1.2. Australian Viticulture
In Australia, vines were planted first to provide fresh and dried grapes and
subsequently for the production of wine. As a result of pioneering research in
viticulture, it was identified that there were many suitable areas and soil types for
wine production (Gladstones, 1992). Furthermore, it was determined that the
variety in combination with its locality determined the final vegetative and
reproductive characteristics of the grapevine including berry composition
parameters important to wine style. Because of the recent rise in temperatures
across many of Australia’s grape growing regions and the more rapid grape
maturation process, the suitability of a variety to a particular region is, however,
in flux (Webb et al., 2007). As Petrie and Sadras (2008) stated, the effect of
temperature on the rate of change in the date of specific maturity with region and
time was described. The rate of maturity with time was 9.3 ± 2.7 days/°C while
the rate of maturity with region was 6.6 ± 0.92 days/°C for 13 years (from 1993 to
2006). These were not significantly different. Further, this general warming trend
is relevant to viticulture because the phenological windows of grapevine and
berry development are known to be affected by rising diurnal temperature over a
14

sustained period of time (Smart et al., 1980; Petrie and Sadras, 2008). Because
of the recent evidence of climate change and the potential impact on viticulture
(Hall and Jones, 2010; Tomasi et al., 2011), it is important to quantify the
responses of grapevines to temperature and PFD to be able to better assess
grapevine performance in a warming climate.

As the Australian Wine and Brandy Corporation (2013) reported, hot climate
areas were producing around 70% of the annual grape yields in the 2007 and
2008 vintages. High temperatures or heat effects are significant phenomena in
all the major Australian viticulture regions, with heat events occurring in many of
the growing seasons (Gladstones, 1992; Christensen et al., 2007; Soar et al.,
2009; Greer et al., 2010). It is anticipated that Australian viticulture will be
exposed to more frequent and longer heat events, if the outcomes for climate
change are not altered.

Many studies have been conducted on the viticulture and climatology of
Australia. For example, Coombe (1988) described the classification of Australian
grapevine growing regions based on climate, characters of climate indices and
effect of these indices on viticulture. From this classification, it was revealed that
most of the Australian vineyards belong to hot to very hot regions but lack
regional specialization of varieties. According to Gladstones (1992), Australian
viticulture was assessed on the basis of climate effects or climate indices. It was
revealed that, despite several methodologies being available to classify the
Australian vine growing region, there are no methods to improve the
classification by the traditional temperature summations approach. Webb et
al.,(2007) predicted the future projection of Australian viticulture based on the
greenhouse gas emission scenarios by using two varieties. This study revealed
differences in timing of bud break in six vine growing regions, shorter seasons
(from bud break to harvest) and in future, inability to fulfil the chilling requirement
in a few regions. Petrie and Sadras (2008) studied the phenological windows of
Chardonnay, Cabernet Sauvignon and Shiraz vines over the past 13 years (1993
15

– 2006) and found that ripening was advanced by 3.5 days annually due to the
warm conditions. In addition, the study highlighted the necessity of a
comprehensive review of the regions focusing on the cultivar based rate of
change in ripening. (Hall and Jones, 2010) studied spatial differences of
temperature based indices within grape growing regions of Australia. This study
identified that the spatial intra variability of climate indices within a region are
vital to understanding variety suitability and it narrowed the global approach to
regional specifications. Furthermore, this study applied the most recent data for
updating the indices thereby more accurately quantifying spatial variability in
Australian grape growing regions. Greer and Weedon (2013) revealed high
temperature effects on Semillon growth and physiological functions including:
photosynthesis, transpiration, stomatal conductance, carbon and biomass
accumulation and berry ripening. It was surmised that even though, predictions
from advanced technological studies are available, comprehensive studies are
needed to disentangle the responses of different varieties to a changing climate
due to the peculiar behaviour of some varieties.

Across many of the Australian grape growing regions, there are inter and intra
similarities and differences in terms of climate. As Soar et al. (2008) stated, the
climate conditions of Coonawarra and Barossa Valley are similar. However, the
minimum temperature which prevailed at veraison in Coonawarra was relatively
lower than the Barossa Valley and these differences apparently improved wine
qualities. Webb et al., (2007) proposed that the chilling requirement for bud
break will not be fulfilled under future warmer climates in some regions such as
Margaret River. As a result, projected bud break will be delayed by 4 to 11 and 9
to 29 days in 2030 and 2050 respectively while Coonawarra, Clare Valley,
Riverland, Murray Valley and Riverina regions bud break will be advanced by 2
to 18 days. In term of harvest, the predictions of a hotter climate will cause the
vintage to advance by 45 days in Coonawarra based on the warming scenario of
2050 (Webb et al., 2007). Further, the maximum temperature of the Shiraz
ripening period varies between seasons by 7ºC in Coonawarra whereas by 3 - 5
ºC in Barossa Valley and Riverland (Sadras and Petrie 2012) which shows that
16

the interseasonal variation was dependent on the locality. These studies suggest
climate change will have stronger effects on some of the Australian grape
growing regions than others and this will have consequences on the style of wine
that is produced in these regions.

In the recent past (2006 and 2009), according to Greer and Weedon (2013),
high temperature events which referred to above 40°C and sustained for 4 days
were reported during a decade of growing seasons in the Riverina region. In
addition, six instances of above 45°C maximum temperatures occurred in the Sunraysia region of north - west Victoria from the decade starting at 2000
whereas only four high temperature occasions occurred in the three decades
between 1970 and 2000 (Edwards et al., 2011). In the present century, there is a
high probability of the average annual air temperature to increase by 2.8 - 3.5°C,
0.4 - 2.6°C and 1.0 - 6.0°C by 2030, 2050 and 2070 respectively (Webb et al.,
2007; Hall and Jones, 2008). Unequivocally, a trend of increasing elevated
temperatures and extreme heat events is occurring in the grape growing regions
in Australia. It is vital, therefore, to implement adaptive strategies (Jones, 2006)
which reduce the negative effects of growing varieties such as Shiraz (Petrie and
Sadras, 2008) in hot climates. Furthermore, it is essential to investigate and
understand the responses of vines and berry growth and development of this
variety to these conditions to base such adaptive strategies on.

1.3. Importance of Vitis vinifera cv. Shiraz in Australian Viticulture
Shiraz is significant for the Australian wine industry in terms of the extent of
cultivation, (Robinson, 1986a) as this variety is grown in every viticultural region
of Australia, including the Adelaide Hills, Coonawarra Padthaway-Keppoch in
South Australia, Mt. Baker and Margaret River in Western Australia, in many
regions in Victoria and New South Wales and Tasmania (Jackson and Schuster,
1994). According to the 2012 statistics, the most common red variety was Shiraz
(362 thousand tonnes), while Cabernet Sauvignon (208 thousand tonnes) and
17

Merlot (117 thousand tonnes) represented the second and third varieties
(Australian Bureau of Statistics, 2012)

1.3.1. Characters of Shiraz
Shiraz (known as Syrah elsewhere) is reputed to grow rapidly and is known as a
vigorous variety (Jackson and Schuster, 1994).

The shoots have yellow to

green medium sized leaves which are uneven and wavy-contorted with 5-lobed
leaves, typical of most grapevine leaves (Jackson and Schuster, 1994). The
berries are small to medium and oval shaped and packed in cylindrical bunches
with a long rachis. Shiraz is also known to be a low yielding variety (Jackson
and Schuster, 1994; Kerridge and Antcliff, 1999).

18

Figure 1.1: Map of grapevine climate / maturity groupings (Jones,
2006).

Using temperature-based metrics, Shiraz has been described as a variety
suitable for warm grape growing regions (Robinson, 1986b; Jackson and
Schuster, 1994; Kerridge and Antcliff, 1999; Clarke and Rand, 2001).
Accordingly, Jones et al. (2006) classified Shiraz as an intermediate to warm
climate variety but it is generally not recognised as a hot climate variety (Fig.
1.1). This conclusion, however, is not consistent with the successful production
of Shiraz in the many of the hot climate regions of Australia. The adaptability of
Shiraz vines to hot and dry environments is one of the unique characteristics of
this variety.
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1.3.2. Fruitfulness of Shiraz buds
A study of several grapevine varieties including Shiraz, Muscat Gordo Blanco,
Ohanez and Thompson Seedless noted that bunch primordia were present in
dormant Shiraz buds when grown at 20°C whereas they were not apparent in the
buds of these other varieties. The maximum fruitfulness of Shiraz and Gordo
occurred at 35°C while the other varieties were at or below 35°C (Buttrose,
1969a). However, in a direct comparison, Shiraz vines had a higher fruiting
percentage compared with Chardonnay when treated at 25/20°C day/night
temperature (Ebadi et al., 1996) which is consistent with bunch primordia
developing at this temperature range. Furthermore, in Shiraz and Riesling, a
strong correlation occurred between the number of inflorescence primordia in a
bud with increasing temperatures between 15°C and 25°C. Shiraz, however, did
not show a strong response when the temperature was increased from 25 to
35°C (Dunn, 2005). The question then is do Shiraz buds produce viable
inflorescence primordia at the higher temperatures which exceeds 40°C?

Shiraz grows well under intermediate to warm climate conditions of 15 – 19 °C
(Jones et al. 2006). The Shiraz flower number was not altered when vines were
transferred prior to anthesis from 25/20°C to 12/9°C or 17/14°C for 7 days (Ebadi
et al., 1996). Furthermore, the peak dry weight accumulation occurred between
20 - 35°C. Moreover, Shiraz shoot growth rate was highest at 20°C compared to
Gordo Blanco, Rhine Riesling, Ohanez and Sultana vines and the longest shoots
of Shiraz occurred at 25°C.

However, heated Shiraz vines shortly after fruit set up to maximum of 40°C for
three consecutive days showed a 16% reduction in berry size and sugar content
and increased stomatal conductance and gas exchange while berry growth and
sugar accumulation were not affected (Soar et al., 2009). Furthermore, Shiraz
fruit mass, berry weight, berry growth and total soluble solids were unaffected
when vines were exposed to slightly elevated
20

canopy temperatures (0.9 –

1.1°C) and slightly increased berry temperatures (2.3 – 3.2°C) compared with
control vines (Sadras and Soar, 2009).

According to Buttrose (1969a), fruitful buds occurred in Shiraz when vines were
exposed to high PFDs which was ~ 525 µmol m -2 s-1 but absent when exposed to
lower PFDs. In addition, buds exposed to long photoperiods were more fruitful
than buds exposed to short photoperiods. Therefore, the fruitfulness of Shiraz
buds appears to be greater at both high temperatures and high PFDs.

1.3.3. Phenotypic plasticity
The phenotypic plasticity of Shiraz has been considered to be an ontogenetic
character in that it is unresponsive to changes in temperature conditions. For
example, fruit mass, berry weight, berry growth and total soluble solids were
unaffected when vines were exposed to slightly elevated canopy temperatures
(0.9 – 1.1°C) and slightly increased berry temperatures (2.3 – 3.2°C) compared
with control vines at budbreak (E-L stage 4), shortly after flowering (E-L stage
23), pea size (E-L stage 31), around veraison (E-L stage 35) and shortly before
harvest (E-L stage 38) (Sadras and Soar, 2009). In an Australian study of Shiraz
across selected phenological stages, fruit mass, berry weight, berry growth and
total soluble solids were unaffected
elevated

when vines were exposed to slightly

canopy temperatures (0.9 – 1.1°C) and slightly increased berry

temperatures (2.3 – 3.2°C) compared with control vines. However, the response
of Shiraz to low temperatures has demonstrated that flower number was not
altered when vines were transferred prior to anthesis from 25/20°C to 12/9°C or
17/14°C for 7 days. Furthermore, fruit set and berry number per bunch were
higher in Shiraz compared with Chardonnay vines subjected to same treatments
(Ebadi et al., 1995 a; Ebadi et al., 1995 b; Ebadi et al., 1996).
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1.3.4. Shiraz vine and berry water demand
The ability of Shiraz vines to access water differs from some other grape
varieties because of the tendency towards anisohydric behaviour of the leaves
(Schultz, 2003; Soar et al., 2006). This mechanism potentially facilitates the
ability of the variety to withstand high temperature/heat conditions through
transpirational cooling in non-water stress conditions (Soar, Collins and Sadras
2009). However, during water stress, Shiraz showed greater stomatal
conductance and more negative pre-dawn leaf water potential compared with
Grenache (Soar et al., 2006).

Another attribute of Shiraz grapes is the loss of berry water at late maturity which
leads to a reduction of berry weight, yield and altered wine style (McCarthy,
1999; Rogiers et al., 2000; Petrie et al., 2004). Several studies (Smart et al.,
1974; Mccarthy, 1997; McCarthy, 1999; Tyerman et al., 2004; Rogiers et al.,
2004 b; Rogiers et al., 2006; Greer and Rogiers, 2009) have described weight
loss of berries at the end of the ripening period partly because of a reduction in
water inflow through the vascular system of the berries. This along with ongoing
transpiration and possibly some backflow results in a net negative water budget.
Even though this weight loss is common in some varieties, Shiraz berry weight
loss can be severe with yield losses up to 30%, especially in warm climate
conditions (Greer and Rogiers, 2009). During the weight loss period, berries
became shrunken and the skin became crinkly. Xylem supply to the berry is
thought to be terminated at veraison and phloem flow stops after the berry
maximum weight is reached (Rogiers et al., 2006; Greer and Rogiers, 2009).
Berry shrinkage of Shiraz bunches was common under different climatic regions
and water supply systems (Sadras and McCarthy, 2007). This further reinforces
that the shrinkage is a developmental phenomenon and cell death appears to
play a role (Tyerman et al., 2004). However, others have shown that the extent
of shrinkage is also dependent on the amount of exposure to light and
temperature (Bonada et al., 2013) but also to the berry water relations (Greer
and Rogiers, 2009).
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1.3.5. Shiraz vine vigour
Related to Shiraz vineyard management, Peterson and Smart (1975) concluded
that the Shiraz variety has a vigorous growth habit. Furthermore, a larger harvest
was not produced when Shiraz vines were minimally pruned, although a change
in yield was common in Riesling, Malbec and Semillon vines (McCarthy and
Cirami 1990). Shiraz yield, however, was negatively affected by the excessive
growth of the canopy in robust, non-water stressed vines due to excessive
growth competing with fruit set, berry growth and development as carbohydrates
and nutrients are diverted to support leaf and shoot growth. It is also possible
that large canopies increase vine water demand, drying the soil profile and
resulting in reduced water flow to the berries which is essential for cell expansion
(Freeman et al., 1979; Holzapfel and Treeby, 2007).

In summary, Shiraz is the most commonly grown red grape variety in Australia
and it has vigorous characteristics. It is suitable for hot and dry climates and
maximum fruitfulness occurs at high temperature and high PFDs. Phenotypic
plasticity is a unique ontogenetic character of Shiraz berries, which was apparent
in fruit mass, berry growth, berry weight, total soluble solids at 1°C and 2-3°C
elevated canopy and berry temperatures, respectively. Due to its anisohydric
stomatal behaviour, Shiraz can withstand high temperature/heat conditions
through transpirational cooling in non-water stress conditions. At late maturity,
Shiraz berry weight loss is the result of a restriction of water inflow through the
vascular

system.

However,

Shiraz

physiological

functions

under

high

temperature/heat events are less well understood.

1.4. Temperature effects on growth and development of the Grapevine
Temperature is one of the key factors that defines the geographical distribution
of viticulture and the composition of the grapes as well as wine style (Matsui et
al., 1986) (Jackson and Lombard, 1993). For example, in warm areas grapes
tend to be high in sugar and low in acidity whereas in cooler areas, they tend to
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be high in acidity and low in sugar (Kliewer, 1968). Similarly, (Winkler, 1962) has
asserted that temperature is one of the main determinants of grape berry
coloration. In addition, Sepulveda et al., (1986) found that a high temperature of
40/20°C inhibited the sugar loading process of berries. Furthermore, high
temperatures (35 - 40°C) can result in sunburn, scorch, a colour change from
brown to black, shrivelling and sometimes berry death (Coombe, 1988). These
changes demonstrate the significant influence that temperature can have on the
berry development and resultant wine quality.

The physiological effects of a change in temperature is dependent on factors
such as the length of the growing season, heat accumulation for the ripening
process and the risk of frost occurrence (Tonietto and Carbonneau, 2004; Jones
et al., 2005; Salinger, 2005; Gladstones, 2005 ; Hall and Jones, 2008).
Moreover, the growth of the grapevine begins at approximately 10°C in spring
and this is considered as the base temperature (Winkler, 1962; Jackson and
Cherry, 1988; Oliveira, 1998). Little or no growth can be seen below the base
temperature especially during autumn and winter (Winkler, 1962; Oliveira, 1998;
Jackson, 2001). Notably, it is observed that the optimum growth rate of
grapevine occurs within the range of 25°C and 32°C and the growth rate declines
and stagnates when that range is exceeded (Jackson, 2001). There is no strong
correlation of key phenological stages with other climatic elements except
temperature (Gladstones, 1992).

1.4.1 Bud break
Bud break is the process in spring where the initiation of shoot growth occurs
due to the expansion and enlargement of preformed leaves, internodes, and
inflorescences which were formed in the previous season. Temperature plays a
major role in the process of bud break during spring (Moncur et al., 1989; Dunn
and Martin, 2000; Iland et al., 2011). For grapevines, the temperature required to
break dormancy has a 10°C base though this depends on several factors,
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including variety, and methods of calculation (Winkler et al., 1974; Williams et al.,
1985; Villaseca et al., 1986; Moncur et al., 1989; Oliveira, 1998). Oliveira (1998)
revealed that the base temperature for bud break of Touriga Francesca vines
was 8.7°C. According to (Moncur et al., 1989), the base temperature for a range
of common Vitis vinifera cultivars varied between 0.4 – 4.6°C (mean 3.5°C).
Furthermore, for Merlot and Cabernet Sauvignon vines, bud break temperatures
were 12.2°C and 0°C respectively (Riou, 1994; Bowen et al., 2004). In kiwifruit
(Actinidia deliciosa) vines, the breaking of dormancy occurred at 12 - 15°C
(Warrington and Stanley, 1986; Greer et al., 2003). However, many of these
experiments aimed at defining the base temperature for bud break indicate that
earlier bud break occurred in controlled environment conditions than in
vineyards. Several factors were attributed to this observation, such as relative
humidity, and soil and nutrient conditions (Moncur et al., 1989) whereas the
temperature in the vineyard was variable due to the radiative or evaporative
cooling effect (Landsberg et al., 1974). Furthermore, soil temperature also likely
has an influence on the timing of bud break, since it drives root activity, including
the water uptake (Rogiers et al 2014) required for driving cell expansion. In
controlled environment chambers, root temperature is most often not regulated
and as a result can be greater, especially during the day compared with those
roots growing within a vineyard setting. Hence, the base temperature for bud
break may well depend on the location, soil properties as well as the variety.

In addition, it is interesting to compare the base temperature for bud break of
other crops with the grapevine. For instance, the base temperature of apple
(Malus domestica cv McIntosh) and cherry (Prunus avium cv Bartlett) was 5°C
(Anstey, 1966; Landsberg, 1979), while for peach (Prunus persica cv Veteran),
the base temperature was 4.5°C (Richardson et al., 1975). It is apparent that the
base temperature for bud break of grapevines is similar to that of other
deciduous horticultural crops.
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The effect of vineyard temperature on the bud break process and its subsequent
impact on reproductive growth has also been investigated. For example, Dunn
and

Martin (2000) revealed that bud break temperature weakly affected the

number of flowers in the inflorescence. By contrast, Petrie and

Clingeleffer

(2005) have shown that the formation of flowers was reduced by 17% at high
temperatures (22.5 – 37.5°C) during bud break and the number of flowers on an
inflorescence varied by 15 - 25% due to this temperature variation. Furthermore,
a greater number of flowers was evident in inflorescences on a range of varieties
under shading/low temperature treatments (Pouget 1981, Ezzili 1993).

In addition to air temperature, root temperature was also known to influence
flowering, with increasing root temperatures causing increased numbers of
florets and percentage fruit set (Woodham and Alexander, 1966). The timing of
this increase in root temperature appears to be important, however, as Rogiers
et al. (2014) found no effect on fruit set when temperatures were raised from
budbreak onwards. This was likely because the bunch branches and flower
initials were sufficiently formed prior to the onset of the treatments. However,
effects of root temperatures on flowering were beyond the scope of this thesis
and will not be considered further.

This suggests that the air temperature prevailing in the vineyard at or soon after
bud break, affects the number of flowers in the inflorescence which ultimately
determines the yield. Furthermore as referred to above, root temperature also
played a significant role in flower formation and flower number determination.

1.4.2. Leaf appearance and growth
The base temperature for leaf appearance of 10 common grapevine varieties
ranged between 5 - 8°C. However, the base temperature of latter leaves was
higher due to the growth and development of leaves and depending on the
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physiological functions such as photosynthesis (Moncur et al., 1989). In kiwifruit
(Actinidia chinesis), an ideal temperature for leaf appearance was 20 - 25°C
while low temperature reduced the rates of appearance (Morgan et al., 1985).

The leaf appearance of Semillon vines at 25/15°C averaged 0.44 leaves day-1
and these rates were well in accordance with other cultivars (Greer et al., 2010).
When the canopy temperature of Semillon vines was reduced 7 - 8°C compared
with the ambient temperature using a hydrocooling system, the average leaf area
of the hydrocooled vines was considerably smaller than the control vines (Greer
and Weedon, 2014). Furthermore, the duration of leaf expansion of the cooled
vines was significantly longer than that for control vines (Greer and Weedon,
2014). These data show the growth and development of, at least Semillon,
grapevines were influenced by temperature.

The base temperature for leaf appearance of Sour cherry (Prunus cerasus L.)
was 4°C (Eisensmith et al., 1980). Lindhagen (1996) noted the rate of leaf
appearance was reduced with time of treatment in apples trees which were
exposed to a 9°C - 27°C temperature range in the natural environment.
Furthermore, the rate of leaf appearance of Braeburn apple trees was higher at
24/19°C than at 19/14°C however at 9/4°C there were marked restrictions in leaf
appearance (Greer et al., 2002). In addition, peach and nectarine leaf
appearance rates also declined with thermal time in field grown trees (Kervella et
al., 1995). Thus the effects of temperature on the leaf appearance processes of
grapevines are well in accord with other fruiting tree species.

In simple models, the leaf area index was calculated as a direct function of total
number of leaves or length of vegetative growth (Dale et al., 1980; Flesch and
Dale, 1987). However, the models were developed by adding different processes
such as accumulation of dry weight, carbon or nitrogen, and complexity with
adding different components (Guitterez et al., 1985; Crespin et al., 1987;
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Wermelinger et al., 1991) with time. The environmental factors were added in
later models such as temperature to estimate the leaf area (Schultz, 1992). For
example, the simulation model of leaf appearance and leaf area growth for
different orientation shoots (Espalier-type system and Vertical cordon system) of
White Riesling grapevines has been introduced and the leaf plastochron index
determined the final leaf area. However, this model was accurate for cool climate
conditions whereas leaf number and leaf area were underestimated at hot
climates (Schultz, 1992).

1.4.3. Shoot growth
Vigorous shoot growth occurs soon after the bud break and vines use
carbohydrate and nutrient reserves rapidly, especially in warm climate conditions
(Skene and Kerridge, 1967; Zelleke and Kliewer, 1979; Field et al., 2009), Shoot
growth of grapevines did not appear to occur below 10°C (Winkler et al., 1974;
Carbonneau et al., 1992; Riou, 1994). Under higher temperature conditions
(~25°C), vegetative organs (leaves, internodes) developed quickly inside the
shoot and as a result of the rapid growth, a low number of flowers occurred. Due
to the sink effect of the vegetative organs being more prominent than flowers,
leaves and internodes developed rapidly (Sepulveda et al., 1986). Furthermore,
transportation of photosynthates to the leaves and internodes was higher at high
temperatures (Sepúlveda and Kliewer, 1986) resulting in the low number of
flowers.

Studies have shown that the shoot growth of heated vines (~ 40°C) was
influenced when based on bearing and non-bearing characters. As an example,
the shoot growth of bearing Chardonnay vines (40/20°C) was higher by 1.3 mm
day-1 than control vines (27/15°C). Furthermore, shoot growth of non-bearing
Chenin Blanc vines was lower by 9.6 mm day-1 compared with control vines. It
was revealed that the slow growth rate of non-bearing Chenin Blanc vines was
due to undesirable conditions whereas higher shoot growth of bearing
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Chardonnay vines was due to the prominent sink effect of shoot tips compared
with the berries (Sepulveda et al., 1986). This study suggested the slow growth
of shoots of non-bearing Chenin Blanc vines in the high temperature conditions
was because of retardation of the growth under high temperatures whereas the
higher shoot growth rates in the bearing Chardonnay vines under high
temperatures was attributed to the weak sink effect of the berries. As a result,
photosynthates were transported to the shoot tips rather than to the berries
(Sepulveda et al., 1986). Because of the damage to the fruit, Chardonnay berries
acted as weak sink at the high temperatures and this might account for the
higher shoot growth rates. However, the vine growth stages or berry
development stages were not mentioned in Sepulveda et al., (1986) as to when
the high temperature treatments were started so it remains uncertain why the
berries apparently lost sink capacity. Likewise, the shoot growth of Carignane
and Pinot noir vines at flowering was slow at 40 °C compared with that at 25 °C
and 25 - 35 °C respectively (Kliewer, 1977 a). It was proposed that the lower
shoot growth of Carignane and Pinot Noir under high temperatures was due to
the retardation of photosynthate transport (Kliewer, 1977 a). Consequently, the
sink effect of the shoot was apparently higher than the fruit set effect (Kliewer,
1977 a). In addition, shoot growth depends on the recovery period of the heat
stressed vines. For instance, in bearing Chardonnay vines, the shoot growth rate
was double soon after heat stress compared to vines with an 8 day recovery
period (Sepulveda et al., 1986).

It was also evident that high night temperatures stimulated the shoot growth of
vines. For example, Alexander (1965) noted the mean shoot length increased by
30% under a high night temperature (~ 25 °C) in Sultana vines compared with a
low temperature (~ 19°C). Furthermore, the interaction of temperature and PFD
affected the shoot growth of vines. For example, Shiraz shoot growth rate was
highest at 20°C compared to Gordo Blanco, Rhine Riesling, Ohanez and Sultana
vines and the longest shoots of Shiraz occurred at 25°C. Furthermore, these
above changes occurred when the PFD was constant and temperature was
changed (Buttrose, 1969b).
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1.4.4. Flowering
The reproductive cycle of grapevines begins with flower development which
comprises of three processes: inflorescence formation, flower differentiation and
inflorescence emergence (Sommer et al., 2000; Keller, 2010 a). Antcliff and
Webster (1955) discussed the temperature and PFD effect on bud fruitfulness of
Sultana vines and they found a possible synergic effect of temperature and PFD
on flower induction. May (1961) investigated the threshold level for bud
fruitfulness and revealed that temperatures exceeding 29.4°C during the early
summer period (mid-November – December) markedly influenced bud
fruitfulness. The number of bunch primordia in Sultana were very low in the
range of 20 - 35°C whereas in Riesling and Shiraz, more bunch primordia were
observed at 20°C compared to Sultana (Buttrose, 1969a). In addition, the
number of bunch primordia was higher with elevated temperatures up to 35°C in
Shiraz and Muscat Gordo (Buttrose, 1969a). Controlled environment studies
indicated that the optimum temperature for initiation of inflorescence primordia in
Shiraz was 30°C (Iland et al., 2011). It is possible that the discrepancies in
determining temperature requirements for primordial initiation could be attributed
to the relative differences in root and shoot temperatures in controlled
environment studies but further work is needed to clarify this question.

However, based on the field conditions in the early part of the season, the
validity of this observation is problematic (Dunn, 2005). The primary objective of
this study was to investigate the interaction of temperature and light on
vegetative and reproductive growth responses of Shiraz in field conditions under
specific light regimes. Hence, this study assessed the reproductive development
in field conditions, in recognition of the discrepancies between Iland et al., (2011)
and Dunn (2005) on the influence of temperature on floral primordial initiation. In
addition, several studies revealed that temperature and PFD conditions applied
prior to the dormant period were important factors for the formation of
inflorescence primordia which subsequently influenced the initial stage of the
growth of vines (Baldwin, 1964; Buttrose, 1974; Dunn and Martin, 2000).
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The base temperature which initiates flowering varies with variety. For example,
Oliveira (1998) reported the base temperature of flowering for Touriga Francesca
vines was 10.7°C. Moreover, there was an inverse linear correlation between the
rate of flowering and temperature (from 12°C to 25°C) in Cabernet Sauvignon
(Pouget, 1981). Furthermore, the number of flowers in the cluster was assessed
in Cardinal and Alicante Grenache vines and higher flower numbers were
observed at low temperature (Ezzili, 1993). Furthermore, it was reported that at
higher temperatures (~ 25°C), a 5% increase in flower functioning occurred when
compared to a low temperature (~ 12°C) (Pouget, 1981).

The effect of low temperature on flowering has been well studied. In Cabernet
Sauvignon vines, the percentage of flowering was greater when vines were
exposed to 12°C than those exposed to 25°C and the number of flowers in an
inflorescence increased for each 1°C reduction in temperature over the range
between the above temperatures (Dunn and Martin, 2000). Furthermore, Petrie
and Clingeleffer (2005) observed a 17% reduction in flower numbers in
inflorescences of Chardonnay vines when average daily temperatures were 24 33°C compared with 16 - 18°C.

Furthermore, the inflorescences of Semillon vines subjected to a temperature
regime of 40/25°C for 4 days at the flowering stage senesced within a few days
of the treatment (Greer and Weston, 2010 a). In some varieties, the response of
reproductive growth to temperature depends on the phenotypic characters. For
Shiraz vines, the increase of temperature from 20 - 30°C at bud break had no
effect on the weight of the inflorescence primordia while for Riesling vines, the
primordial weight increased four-fold with the same increase in temperature at
bud break (Dunn 2005).
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1.4.5. Fruit set
Fruit set was described as the conversion of the flower ovary to young fruit from
a static condition to rapidly growing condition (Coombe, 1962). Several factors
determine the fruit set, such as variety, rootstock and environmental factors
including temperature, PFD, soil moisture and nutrient availability (Alleweldt and
Hofäcker, 1975; Schneider and Staudt, 1978; Keller et al., 2001; May, 2004 ; Dry
et al., 2010). According to Keller (2010 a) and Galet (1983), poor fruit set
occurred in varieties such as Merlot, Cabernet Sauvignon, Grenache and
Gewürztraminer and which were susceptible to environment conditions,
however, Pinot Noir, Chardonnay and Sylvaner showed higher fruit set. The poor
fruit set resulted from imperfect flower formation or anomalous, physiological
characters, environmental factors and pathological interventions (Carbonneau et
al., 2007).

Different percentages of fruit set occurred when grapevine varieties were
exposed to various temperatures. For example, fruit formation in Delaware vines
increased from 32 to 59% when exposed to night temperatures that increased
from 15 - 27°C (Kobayashi et al., 1960). Furthermore, in Cabernet Sauvignon
vines, fruit formation was higher when vines were treated at either 20/15°C or
26/21°C compared with 14/9°C and 38/33°C (Buttrose and Hale, 1973). These
data indicate that there was a distinct optimum temperature for fruit set, at
somewhere between 20°C and 26°C day temperature. Consistent with this,
Cabernet Sauvignon vines grown in controlled conditions from before anthesis to
harvest at 25/10°C, 25/20°C or 15/10°C had similar percentages of fruit
formation (Ebadi et al., 1995). Again, consistent with the previous observation,
fruit formation was 16 - 31% higher when vines of Carignane, Pinot Noir,
Cabernet Sauvignon, White Riesling and French Colombard vines were treated
at 15/10°C (Roubelakis-Angelakis and Kliewer, 1986). Furthermore, Thompson
Seedless vines exposed to 30/25°C had fruit set reduced by 3 - 7% when
compared with vines treated to 21/19°C (Alexander, 1965). Thus, across a
number of grapevine varieties, fruit set is highly temperature-dependent,
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however, further work is required to define the optimum temperature for a
particular variety.

1.4.6. Berry growth and development
Fruit set initiates fruit formation which includes processes such as development
and growth of the flesh, seed and skin, and accumulation of sugar and flavour
compounds in grape berries (Keller, 2010 a; Iland et al., 2011). Berry growth
typically follows the double sigmoid curve, as does sugar accumulation (Ollat et
al. 2002, Gray 2006). The optimum temperature for berry growth of Delaware
and Cabernet Sauvignon was 25°C (Kobayashi et al., 1965; Hale and Buttrose,
1974) and this falls within the 20 - 30°C range of grapevine berries more
generally (Tukey, 1958; Kobayashi and Fukushima, 1960; Alexander, 1965;
Ewart and Kliewer, 1977).

Temperature effects on berry growth are dependent on the developmental stage
of the fruit. Stage I is generally ascribed to the initial expansion of the berry
following fruit set. Stage II is the lag phase when berry expansion is negligible
and stage III begins with the onset of veraison when berry expansion and sugar
accumulation are most rapid (Coombe 1995). Growth during stages I and II is
generally regarded as more temperature-sensitive compared with stage III
(Radler, 1965; Hale and Buttrose, 1974). For instance, a significant reduction in
berry size occurred when Concord vines were subjected to 31.7°C for 13 days
compared with 21°C or 26°C soon after flowering occurred (Tukey, 1958).
Berries were smaller when Delaware vines were exposed, immediately after
flowering, with night temperatures of 15 - 35°C relative to 19.3 - 22.8°C
(Kobayashi and Fukushima, 1960). Similarly, Thompson Seedless vines
exposed to 33°C (day and night) for 20 days after flowering also had small
berries and this was ascribed to temperature restricting cell division of the
pericarp (Radler, 1965). Pericarp cell division occurs from 10 – 30 days after
flowering (Coombe, 1960; Coombe and Iland, 2004). Subjecting Cabernet
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Sauvignon vines to 35/30°C three weeks after flowering resulted in a restricted
period of berry growth at the end of the stage I (Hale and Buttrose, 1974). These
results, therefore, confirm the effect of high temperatures on the process of
pericarp cell division during this early stage of berry development. Consistent
with this hypothesis, Shiraz vines subjected to maximum temperatures of 42 45°C in the post-set stage and 28°C - 40°C at veraison resulted in a 16%
reduction in berry size compared to the control (Soar et al., 2009). These
examples demonstrate that higher temperatures above 30°C resulted in small
berries in several grape varieties, however, the threshold temperature may be
different for the different varieties. Extreme temperatures above a certain
threshold can alter grape berry development through several physiological
functions. For example, the organic acids in grapes such as malic and tartaric
acids were respired at 30°C and 35°C respectively (Kliewer, 1964). Delayed
ripening, smaller berries, low total soluble solids and titratable acidity were
observed at 40°C (Matsui et al., 1986; Soar et al., 2009). Further, reduction of
glucose and fructose of heat stressed berries was reported at 40/20°C
(Sepúlveda and Kliewer, 1986). Berry growth and sugar accumulation stopped at
40/25°C at flowering, fruit set, veraison and mid-ripening (Greer and Weston,
2010 a). Rate of ripening was reduced by 50% and delayed harvest occurred
when temperatures peaked at 45°C (Greer and Weedon, 2013).
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Table 1.1: The threshold level of extreme temperatures which can alter the grapevine
physiology.

Threshold
temperatures
30°C

Alteration of
physiological
functions
Malic
acid
respiration

35°C

Tartaric
respiration

40°C

Delayed ripening,
smaller berries, low
total soluble solid
and
titratable
acidity, reduction of
glucose
and
fructose in berries,
berry growth and
sugar accumulation
stopped, delayed
harvest.
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acid

1.4.7. Berry composition
1.4.7.1. Sugar accumulation and concentration
Glucose and fructose are the predominant sugars in the grape berry (Kliewer,
1965; Stoev et al., 1966; Keller, 2010 a). According to a number of studies, sugar
content of berries was determined by air temperature (Kliewer, 1964; 1968;
Buttrose et al., 1971; Kliewer et al., 1972; Winkler et al., 1974). However, the
effect of temperature on the sugar content mirrors that of TSS as the sugars
begin to dominate the TSS as maturity is approached. Night temperature is
considered important to the accumulation of sugars as evidenced in Concord
and Muscat of Alexandria vines (Kobayashi and Fukushima, 1960; Kobayashi et
al., 1965). However, a higher sugar content in berries of Pinot Noir occurred
when vines were exposed to 30/10°C compared with those that were exposed to
warmer nights (~ 30°C), due to favourable conditions for sugar loading into
berries (Coombe, 1987; Mori et al., 2005).

Temperature is one of the main abiotic factors driving stomatal conductance and
photosynthesis. Temperature can affect the regulation of the fruit hexose porters
which can affect sugar accumulation (Ollat et al., 2002). Similarly, vines treated
with high temperatures (40/25°C) caused a decrease in sugar accumulation of
Napa Gamay and Semillon berries (Matsui et al., 1986; Greer and Weston, 2010
a) as was also indicated by Sepúlveda and Kliewer (1986). It is also known that
the ripening of berries can stop or be slowed down at temperatures above 38°C
for 4 - 6 days (Kliewer unpublished information cited therein (Radler, 1965;
Sepúlveda et al., 1986). Thus, temperatures above ~ 30°C reduced the sugar
content in the grape berries, most likely as a result of a reduced sink demand at
high temperatures. The ratio of glucose to fructose increased during high
temperature exposures. Furthermore, high temperature may alter the berry
metabolism to favour glucose synthesis at the expense of fructose in
Chardonnay whereas no metabolic responses occurred at high temperatures in
Chenin Blanc (Sepúlveda and Kliewer, 1986). These differences were described
as varietal differences.
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During the ripening period of grapes, total soluble solids concentration (TSS)
increases in parallel with berry expansion. Temperature has an effect on the
accumulation of TSS in a variety dependent manner. For example, an 8 - 16%
increase in TSS occurred in Concord grapes treated over a 5 - 32°C range
(Morris et al., 1980) whereas a rapid increase in TSS occurred in berries when
vines were exposed to 30°C day and 10°C or 15°C night temperature (Shaulis,
1966). Furthermore, a similar or greater extent of TSS accumulation occurred in
Cardinal, Pinot Noir and Tokay berries when ripened at 15°C day and 15°C or
25°C night temperature compared with fruit ripened at 35°C (Kliewer and Torres,
1972). In contrast, a higher TSS (30° Brix) was evident when Chardonnay
berries were exposed to 40/20°C day/night temperatures relative to 25-29/1516°C day/night temperatures (Sepúlveda and Kliewer, 1986) and this was partly
attributable to water loss and shrinkage of the berries (Winkler, 1962). In
response to 40/20°C exposure for 8 - 12 days, the mean TSS of berries was
reduced markedly compared with berries from vines grown at 40/20°C for four
days (Sepúlveda and Kliewer, 1986; Greer and Weston, 2010 a). Heat stressed
(40/25°C) Semillon vines were most susceptible at the mid and late ripening
stages when accumulation of TSS was impeded. These studies demonstrate that
aside from the day temperature, the night temperature also affects TSS
accumulation. Furthermore, the phenological stage of the grapevine when heat
stress was imposed also determined the final TSS of berries.

1.4.7.2. Organic acids
The quality of grapes and resultant wine depend strongly on the organic acids,
and these are known to be influenced by temperature (Kliewer, 1964; 1968;
Buttrose et al., 1971; Kliewer et al., 1972; Winkler et al., 1974). Within grape
berries, the predominant organic acids are malic and tartaric acids (Smith and
Raven, 1979). The ideal temperature for the accumulation of malic acid appears
to be around 20°C (Kliewer, 1964; 1968). Many studies have confirmed that
malic acid content is increased when vines are exposed to low compared to high
temperatures (Kliewer and Lider, 1968; Buttrose et al., 1971; Kliewer, 1971;
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Kliewer, 1973; Lakso and Kliewer, 1978). Further, tartrates were respired when
grape temperatures exceeded 35°C, while malic acid was respired at 30°C
(Kliewer, 1964). These studies confirm that temperatures above ~ 20°C reduces
the acidity of berries in different varieties and high temperature conditions
therefore influence the acidity of the wine. In addition, it was likely that changes
in berry acidity would have been accelerated at the heat conditions of the
present study.

1.4.7.3. Anthocyanins
The anthocyanins form a

group of phenolic compounds that have a strong

impact on the wine colour (Cheynier, 2005; Keller, 2010 a). These compounds
start to accumulate in the grape berry skin at veraison and are responsible for
the red, blue and black colour of dark varieties (Mullins et al., 1992; Keller, 2010
a). The canopy microclimate has a marked effect on the anthocyanin
biosynthesis of grapes and includes PFD, temperature, nutrients and pathogens
(Spayd et al., 2002; Downey et al., 2004; Cortell et al., 2007).

The optimum temperature for the formation of anthocyanins is somewhere
between 17 - 26°C (Pirie, 1978) depending on the variety. For example,
Cardinal, Pinot Noir and Tokay berries ripened at a 15°C day temperature, but
the concentration of anthocyanins was 2 - 4 times more than berries ripened at a
35°C day temperature, despite similar night temperatures (Kliewer and Torres,
1972). Kliewer (1970) reported that in Cardinal and Pinot Noir berries coloration
increased significantly when vines were exposed to 20°C compared with 30°C.
Tokay grapes ripened at 25°C day and 15°C or 20°C night temperatures,
contained 5 - 7 times more anthocyanin content than berries ripened on vines at
25 or 30°C night temperatures. These studies suggest anthocyanin accumulation
is not favoured at high temperatures. Consistent with this, no coloration of
Cardinal and Tokay berries occurred at 30°C and 35°C day temperatures

38

regardless of the night temperature (Kliewer and Torres, 1972). Similar results
occurred with Cabernet Sauvignon berries (Buttrose et al., 1971).

1.4.8. Yield
Grapevine yield is the combination of several components such as buds per
vine, shoots per buds, bunches per shoot, berries per bunches and berry weight
(Tassie and Freeman, 2001; Keller, 2010 a). Temperature effects on yield have
been well studied in many varieties. For example, Shiraz yield was not affected
by elevating the maximum temperature by 2 - 4°C for 14 - 21 days (Sadras and
Soar, 2009). Similarly, in Merlot the yield was unchanged by increasing
temperature of vines for nearly two months, even though this treatment resulted
in smaller berries. However, in the same experiment, a yield reduction was
reported in a different location (Bowen et al., 2004). By contrast, Spayd et al.
(2002) reported an unchanged response of Merlot yield for increased
temperature of bunches at the later part of the season. Temperature effects on
yield components including bud fruitfulness, inflorescence initiation, number of
flowers in an inflorescence and berry growth has already been discussed earlier
in this section. It appears that temperature can impact on the yield, however
some varieties have the ability to compensate for the negative effect, but this is
likely dependent on the actual temperature, the length of the exposure, the
phenological stage when the temperature treatments were applied and other
factors such as canopy size and the water status of the vine.

1.4.9. Vine and berry dry weight
Dry weight is a measure for the accumulation of biomass and an indicator for the
partitioning of carbon and nutrients between the different plant sinks.
Temperature has a marked effect on the processes that contribute to the
accumulation of biomass. For example, peak dry weight accumulation occurred
between 20 - 35°C in Gordo, Shiraz and Sultana vines. Whereas there was no
temperature effect on root dry weight accumulation when temperature was
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elevated from 15 to 20°C, the proportion of leaf dry weight was reduced and
stem dry weight was increased (Buttrose, 1969b). The leaf dry weight of Shiraz
and Gordo vines was higher at high than at low temperatures (Buttrose, 1969b).
The berry dry weight depended on the berry size and sugar content in berries
(Kliewer, 1977 a). In Cabernet Sauvignon berries, the dry weight was higher at
25°C, 32.5°C and 35°C than at 37.5°C or 40°C (Kliewer, 1977 a). Higher dry
weights of Cardinal, Carignane and White Riesling hydrocooled berries
compared with control berries occurred during flowering to veraison. The
hydrocooled system consisted of sprinkler on 2 min, off 7 1/2 min; sprinkler on 4
min, off 15 min and sprinkling frequency controlled by wetness of a hemp string,
referred to as "wick" technique (Kliewer and Schultz, 1973). These and other
studies suggest that exposure to high temperatures increased the dry weight of
different parts of grapevines with the exception of the berries.

In summary, temperature has an effect on both vegetative and reproductive
growth of grapevines. In addition, temperature is the dominating climatic factor
which influences vine phenology. The base temperature of bud break of
grapevines was ~ 10°C which is well in accordance with the other deciduous fruit
crops while high temperatures (~ 22 - 38°C) prevailing during bud break reduced
the yield of grapevines. The rate of leaf appearance was slow at low
temperatures (~ less than 20 - 25°C) in vines such as Actinidia deliciosa and
growth of leaves was slow when canopy temperatures were reduced by 7 - 8°C
below air temperature in Semillon vines. Shoot growth of grapevines was
affected by temperature but this was dependent on variety and also on
bearing/non-bearing characters. Temperature during the dormant period
influenced the flowering of grapevines and phenotypically plastic varieties such
as Shiraz showed different responses to high temperature conditions compared
to other varieties. The optimum temperature for fruit set of grapevines ranged
between 20 - 26°C day temperatures whereas high temperatures (~ 30°C)
markedly reduced fruit set. The optimum temperature for grape berry growth was
20 - 30°C and the effect of temperature depended on the growth stage of the
berries. Berry composition such as TSS, sugar content, organic acid and
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anthocyanin content was reduced under high temperature/ heat stressed
conditions whereas dry weight of the various vine components, excluding
berries, increased with elevated temperatures. However, this was also variety
dependent.

1.5. PFD effects on the growth and development of grapevines
Solar radiation interception is important to the PFD stimulated physiological
functions in grapevines such as photosynthesis and biosynthesis of phenolic
substances in the berries (Iland et al., 2011). In addition, solar radiation acts as a
source of heat through radiation and by convection and conduction in the
vineyard (Crippen et al., 1986). Furthermore, photon flux density is tightly
coupled with temperature in a synergic effect (Antcliff and Webster, 1955; Iland
et al., 2011). During heat events, therefore, high temperatures are likely to be
exacerbated by the high PFDs in the vineyard which impacts negatively on
grapevines (Webb et al., 2009).

1.5.1. Bud break and shoot growth
Bud break is responsive to the PFD and temperature effects experienced by the
vine at the microclimatic level. For example, in Thompson Seedless vines, earlier
bud break occurred on the exposed canes while late bud break occurred on
canes shaded below the main body (May et al., 1976). As such, high PFDs along
with temperature would appear to accelerate bud break.

PFD had only a limited effect on shoot growth of Muscat Gordo Blanco, Rhine
Riesling,

Shiraz,

Ohanez

and

Sultana

grapevines

(Buttrose,

1969b).

Furthermore, no effect of PFD occurred on the growth of Actinidia deliciosa
(kiwifruit) vines under controlled conditions (Greer, 2001a). Similarly, in Semillon
vines, there was no effect of heavy shade on shoot length or node number
distribution along the shoot (Greer et al., 2010). These few studies indicate that
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PFD does not have a major direct effect on the shoot growth of several
grapevine varieties and other vines.

1.5.2. Leaf area and expansion
There is general consensus that PFD affects leaf size through a well-known
shade response (Osmond and Chow, 1988), with a general increase in leaf area
concomitant with a decrease in PFD. The dynamics of leaf expansion in
grapevines are also known to be altered by PFD. For example, the duration of
Semillon leaf expansion was reduced by 10 days when vines were exposed to
heavy shade compared with those in full sun (Greer et al., 2010). However, the
final total leaf area of Semillon shoots in the shade treatment was significantly
greater than control vines, in keeping with the well-known shade response. By
contrast, no effect of PFD on leaf expansion was apparent in Muscat Gordo
Blanco or White Riesling grapevines (Buttrose, 1968; Schultz, 1992). In Actinidia
deliciosa vines grown in moderate PFD and temperature conditions, duration of
leaf expansion was totally determined by the node position (Greer, 1996). For
this particular vine species, the relative expansion rate of the leaves and leaf
appearance rates were not affected by PFD. Thus although leaf area is generally
affected by PFD, there is no consensus on the impact on leaf dynamics.

1.5.3. Bud fruitfulness and flowering
There is agreement that bud fruitfulness is influenced by the penetration of PFD
into the canopy. For example, dense canopies with a low PFD within the fruiting
zone resulted in low bud fruitfulness (Buttrose, 1969a). Similarly, Thompson
Seedless vines exposed to a 30% shade treatment for 28 days from early
November to mid-December had decreased bud fruitfulness in the subsequent
season (May and Antcliff, 1963). Furthermore, buds of Thompson seedless vines
that were shaded in late October and mid-November, had lower fruitfulness in
the next season, especially those buds that were directly shaded (May, 1965).
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This indicates that the PFD within the canopy is known to reduce bud fruitfulness
of grapevines in the next growing season.

There is some evidence that there is an effect of PFD on the potential flower
number per inflorescence in grapevines. For instance, Chardonnay vines
exposed to a 25% shade treatment prior to bud break resulted in a 13% increase
in the number of flowers per inflorescence (Petrie and Clingeleffer, 2005). The
conclusion of this study was that favourable shade conditions caused the flower
numbers per inflorescence to increase.

1.5.4. Berry growth
Berry growth appears to be affected by PFD. For example, shading of Shiraz
bunches resulted in berries that were 20% smaller in size in comparison with
more open bunches (Renata et al., 2007b). Similarly, shaded leaves of Cabernet
Sauvignon vines caused a 14 day delay in berry growth and reduced the berry
expansion rate compared to vines with no leaf shading (Rojas-Lara and
Morrison, 1989; Morrison and Noble, 1990). Thus shading of both leaves and
bunches appears to cause a reduction in grape berry growth.

1.5.5. Berry composition
1.5.5.1. Soluble solids
The effect of shade on soluble solids accumulation has been well studied. For
example, in Seyval Blanc vines, the total soluble solids decreased in vines that
were shaded from veraison to harvest (Reynolds et al., 1986). However, in
Merlot, individual bunches were exposed to various combinations of sunlight and
temperature, and resulted in variable berry TSS with no regular pattern between
the treatments (Spayd et al., 2002). In contrast, a study conducted at the
University of California, the berries on the southern side had warmer
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temperatures than for berries on the north side in Cabernet Sauvignon and
Grenache (Bergqvist et al., 2001). There was also a lower TSS in Sangiovese
berries shaded by 40% and 70% compared with control berries (Cartechini and
Palliotti, 1995). This suggests there is a reduction in grape berry TSS under low
PFD conditions.

1.5.5.2. Sugar content
Glucose and fructose are the main sugars in the grape berries and are important
to fruit quality components and wine style (Hufnagel and Hofmann, 2008).
Berries of Cabernet Sauvignon vines exposed to full sunlight had a 20 – 48%
higher sugar content compared to shaded berries (Ribereau-Gayon, 1959).
Furthermore in the same study, a 14 day delay in the beginning of accumulation
of sugar (veraison) occurred in Cabernet Sauvignon berries on vines with leaf
shading compared with those vines with leaves fully exposed. Similar results
occurred in the studies of Rojas-Lara and

Morrison (1989), Downey et al.

(2004), Renata et al. (2007a) and Smart et al. (1988). Thus there appears to be
a consensus that shading of vines or bunches reduces the sugar content of
grape berries, however, vines with exposed leaves shows similar sugar content
even when bunches are covered.

1.5.5.3. Organic acids
Organic acids such as malic and tartaric acid are high in berries during the early
growth stage (Stage I) and are reduced during ripening (Kliewer, 1965). Shading
Cabernet Sauvignon vines caused a 5 – 9% higher titratable acidity in the berries
compared with those berries on exposed vines and this was caused by an
increase in malic acid (Ribereau-Gayon, 1959). Similarly, White Riesling berries
exposed to 80% shade had markedly higher acid content than berries on fully
exposed vines (Schultz and Lider, 1964). Similar results were found by
Cartechini and Palliotti (1995) and Smart et al. (1988). By contrast, the malic
and tartaric acid concentrations of Cardinal and Pinot Noir berries, were not
44

dependent on PFD (Kliewer, 1971). However, more generally across the other
studies, it was evident that low PFDs resulted in a higher acidity compared to
berries exposed to high PFDs.

1.5.5.4. Anthocyanins
A number of studies have shown that the anthocyanin concentration of grape
berries is influenced by PFD. The biosynthesis of anthocyanin was inhibited by
high PFDs (Bergqvist et al., 2001). However, heavy shading reduced
anthocyanin coloration of Cabernet Sauvignon berries (Smart et al., 1988;
Francesco et al., 1994). This was confirmed by Spayd et al. (2002), where a
higher anthocyanin content of Merlot berries and Pinot Noir occurred when the
bunches were in sunlight. There are, however, varietal differences in response in
that anthocyanin concentrations of Cardinal berries fluctuated much less than
occurred with Pinot Noir berries under different PFDs (Kliewer, 1970; Spayd et
al., 2002). Similarly, the anthocyanin biosynthesis of Shiraz berries was not
different between shaded and unshaded berries. However, there were
differences in the composition of anthocyanins (Renata et al., 2007b), see also
Downey et al. (2004). Even though, anthocyanin composition of grape berries
does not appear to depend on PFD, the amount or concentration is apparently
influenced by PFD. Further, the degree of responses may vary according to the
grapevine varieties.

1.5.6. Yield
There is strong evidence that grape yield is reduced under shade. For example,
in Sangiovese vines on Kober 5BB rootstock, yield was reduced by 11-14% on
vines in 40 and 70% shade (Cartechini and Palliotti, 1995). Similarly, in Semillon
vines, yield was decreased by 11 - 20% on vines in 70% shade compared to
open vines (Greer and Weedon, 2012 a). Similarly, the location of the shoot is
important to yield. For example, the yield of Thompson Seedless shoots from
outside the main body of the vine was 20% higher than the shoots from within
the main body and 50% higher than the shoots which were from below (May et
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al., 1976). However, shading bunches only (as opposed to the leaves as well)
had no effect on the yield of the exposed and shaded bunches of Merlot
grapevines under vineyard conditions (Spayd et al., 2002). Similar results were
observed by Smart (1985), Morrison and Noble (1990) and for other species
including Citrus x paradisi (grapefruit) (Cohen et al., 2005). Thus, there is a
consensus that shading of vines or bunches reduces yield. This might suggest
yield reduction relates to leaf functions such as photosynthesis rather than a
direct impact on the berries.

1.5.7. Biomass allocation and dry weight
The shoot biomass of Semillon vines, was significantly reduced by 20 – 25% on
shaded compared to control vines (Greer et al., 2010). Furthermore, there was a
25% and 30% higher leaf and stem biomass allocation in Actinidia deliciosa
vines grown in high compared with low PFDs (Greer, 2001a). Both studies
indicated that the allocation of carbon to above ground vegetative biomass of
grape and other vines was reduced when vines were grown in low PFDs. This
has been confirmed in a wider study of different grapevine varieties (Buttrose,
1969b) but also that the root dry weight increased more so with increasing PFD
than did stem or leaves.

In summary, bud break was accelerated by high PFD and there was no effect of
PFD on the shoot growth of grapevines. The leaf area was reduced in low
compared with high PFD growth conditions whereas there was no effect on the
rate of leaf expansion in some vines. The PFD within the canopy reduced bud
fruitfulness of grapevines in the next season. Furthermore, shade increased
flower number per inflorescence while leaf and bunch shading reduced berry
growth. Low PFDs reduced TSS accumulation and increased the acidity of grape
berries. PFD does not appear to affect the composition of anthocyanins while
there is an effect on concentration. Low PFD reduced yield and biomass
allocation of grapevines, probably through an effect on photosynthesis.
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1.6. Summary
In Australian viticulture, heat tolerant varieties are required for a changing
climate now and into the future. Shiraz is a common variety to Australia with
peculiar

behaviour

due

to

its

phenotypic

plasticity

and

anisohydric

characteristics. However, there are no studies which provide an understanding of
the suitability of Shiraz for high temperature conditions/heat events which is a
common phenomenon in many of Australian grape growing regions during
summer. A detailed examination of vegetative and reproductive growth under
these heat events has not been undertaken and requires further attention.

The application of artificial shading as an adaptation strategy to reduce canopy
temperature has been examined in Semillon, Cabernet Sauvignon, White
Riesling, Thompson Seedless, Kerner and Portugieser in Australian viticulture.
However, no comprehensive studies have been conducted on the Shiraz
grapevine which is the most common red variety in Australia. Shoot growth, leaf
appearance and growth dynamics, bud fruitfulness, flowering behaviour, berry
growth dynamics, sugar loading, the dynamics of the process and changes in
acidity in Shiraz berries, and the effect on yield and biomass allocation under
different PFDs are yet to be revealed.
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1.7. Hypotheses of the study
1. Shiraz vine growth and dynamics are dependent on PFDs and temperatures
and the high summer temperatures coupled with high PFDs are detrimental to
these processes.

2. High PFDs coupled with high summer temperatures have a negative effect on
Shiraz berry growth and dynamics as well as on berry composition.

3. High PFDs and high summer temperatures affect the productivity of Shiraz
vines by effecting a change in biomass accumulation and therefore an effect on
the yield

Definition of high temperature and high PFD:

High temperatures:
The optimal temperature range for the net photosynthesis of field grapevines is
between 25°C and 35°C (Kriedemann, 1968). Based on that, the high
temperature would be 35°C and above which affect photosynthesis and other
processes.

High Photon Flux Densities (High PFDs)
The PFD which saturates photosynthesis in grapevines is 1400 µmol m -2 s-1
(Greer and Weedon, 2012 b)

1.8. Research objectives
1. To determine the prevailing PFD and temperature conditions across three
growing seasons and to impose differences in PFD and temperature conditions
for vine growth by the use of different shade treatments in comparison to a nonshaded control treatment in the vineyard. - Chapter three addresses conditions
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of PFD, air temperature and canopy temperatures during the three growing
seasons. In addition, the PFD and canopy temperature conditions are revealed
in a range of shade treatments.

2. To compare the Shiraz leaf appearance, shoot growth and dynamics on vines
in the selected shade treatments including the non-shaded control vines.Chapter four addresses the changes in the different phenological windows over
the three growing seasons; dynamics of Shiraz shoot growth, leaf expansion and
internode extension, changes of leaf area and internode length distribution along
the shoot and changes of leaf, stem and total dry matter allocation at harvest in
the four shade treatments.

3. To evaluate the berry responses to the PFD and temperature conditions, and
quantify the impact of the interaction of PFD and temperature on the dynamics of
berry growth, sugar and dry weight accumulation in shade treatments. – Chapter
five address the condition of bunch temperatures for the last two growing
seasons in the shade treatments, total soluble solid and sugar accumulation over
the three growing seasons, effect of heat on total soluble solid and sugar
content, rate of sugar accumulation during the heat period, sugar accumulation
dynamics, anthocyanin, titratable acidity and pH at harvest in the shade
densities, dynamics of berry growth, berry dry weight and yield.

4. To assess Shiraz leaf appearance, shoot growth and dynamics of vines grown
in controlled environment conditions designed to match the vineyard conditions
but PFD decoupled from the temperature conditions. - Chapter six addresses
bud break at the given PFD and temperature conditions, leaf appearance and
dynamics of expansion of selected leaves along the shoot, shoot growth and
selected internode elongation and leaf area, internode length and dry matter of
leaves, stem and total changes along the shoot at the harvest.
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Chapter seven integrates each of these chapters together to resolve the impact
of temperature and PFD on Shiraz vine vegetative and reproductive growth,
including the dynamics of the leaf, internode, shoot and berry metamers. In
addition, the impact of PFD during a naturally occurring heat event on the growth
and vine performance of the Shiraz vines is documented and a greater
understanding of the Shiraz variety in relation to temperature and PFD is
achieved.
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Chapter 2: General materials and methods
2.1 Field trial
2.1.1 Experimental site and vines
The experiment was carried out in a plot of 10 year old own rooted Vitis vinifera L
cv. Shiraz vines grown at Charles Sturt University vineyard, Wagga Wagga, New
South Wales, Australia (Latitude 35.05ºS & longitude 147.35ºE). The vineyard
height is 219 m above sea level (Australian Bureau of Meteorology, 2013) and
according to the Heliothermal index (HI) (Tonietto and Carbonneau, 2004), it is
located to the warm class (toward very warm) (Fig. 2.1 and 2.2). The rows are
oriented in a north-south direction. The row and vine spacing were 3.0 and 1.7 to
2.3 m respectively and vines were trained to a horizontal bilateral cordon and
vertical shoot positioned (VSP) trellis system. Vine management was minimal
during the growing season and no leaf or shoot thinning was practised. These
vines were spur pruned to 25 buds/kg of pruning weight, based on the previous
year’s pruning.

A panel of three vines formed the replicate. Each treatment of one panel of three
vines was replicated once in the same row, giving a total of 6 vines per
treatment. Vines were planted on yellow brown medium clay soil (Wetherby,
1995). Drip irrigation was applied at 3.1 L h-1 for 14 h per week over the first 50
days until flowering and 28 h per week until the end of the growing season (115
days). Midday water potentials were measured so the water status was
determined and data were presented in Table 2.1 and 2.2. So discussion on any
water stress is discussed in later section (2.1.17) on page 82.
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Figure 2.1: The mean monthly air temperature and rainfall
of last 30 years in Wagga Wagga, Australia.
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Figure 2.2: The mean relative humidity of last 30 years in
Wagga Wagga, Australia.
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2.1.2. Light treatments
Four light treatments were used in the vineyard by using artificial shade cloth of
differing densities (Shade Australia, Sydney, Australia) notably, no light reduction
(open canopy), hereafter referred to as ‘Control’; 10% light reduction, hereafter
referred to as ‘light shade’; 30% light reduction, referred to as ‘medium shade’,
and 50% light reduction hereafter referred to as ‘heavy shade’. The shade cloth
used was neutral density and had no effect on light quality in the visible and long
wave spectrum (refer to Fig. 8.2) and, therefore, was unlikely to influence the
responses in contrast to that of light quantity. For each treatment, the shade
cloth covered six vines distributed across two panels and only the three middle
vines were used for measurements in order to avoid any edge effects. Each
treatment was replicated once in the same row.

The shade support structure consisted of a wooden horizontal bar (1.6 m width)
and two vertical metal bars (0.8 m length) which were attached to the middle of a
wooden bar at the top end (Fig. 2. 3). The frame was fastened to the wooden
support post of the vine row at both ends.

The frame was fastened to the wooden support post of the vine row at both ends
(Fig. 2.4).
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Figure 2.3: Shade support structures Figure 2.4: Different densities of
fixed in the vineyard.

shade cloths along the row
(white – 10% shade, green 30
and 50% shade.

2.1.3. Temperature
2.1.3.1. Definition of heat waves / High temperature events
Heat waves are defined as three or more days of a high maximum and minimum
temperature and which are of an uncommon occurrence (Australian Bureau of
Meteorology, 2014). Although there is variation in the definition of the high
maximum temperature, ranging from 35 to 40oC in different locations, in this
thesis, the definition of a heat event that has been adopted was 40oC for 4 days.

2.1.3.2. Air temperature
The air temperature and humidity of the 2012/13 and 2013/14 growing seasons
were monitored with an integrated temperature and humidity sensor (HMP50,
Vaisala, Helsinki, Finland) located inside a 5 x 16 cm wide protected white
screen divided by spacers at 1.5 cm (see Greer and Weedon, 2014) located 2.25
m above the ground level in the control panel of the experimental site. Average
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hourly temperatures and humidities were recorded with the data loggers (Fig.
2.5). The data loggers (CR 1000, Campbell Scientific, Townville, Australia) were
used with the supplied software to record hourly average canopy and bunch
temperatures and photon flux densities under four different treatments during the
seasons. Eight infra-red radiometers (SI-100, Apogee, Logan, UT, USA), one
humidity sensor (HMP50, Vaisala, Helsinki, Finland), eight quantum sensors
(SQ-110, Apogee, Logan UT, USA) and sixteen thermocouples (418-152, TC
measurements, Oakleigh, Victoria, Australia) were connected to each of four
data loggers.

Figure 2.5: Air and
humidity

sensors

connected to the
Campbell

data

loggers.

2.1.3.3. Canopy temperature
Canopy temperatures were monitored within the four different treatments, using
infra-red radiometers (SI-100, Apogee, Logan, UT, USA). These radiometers
were placed 0.3 m away from the vine on both the eastern and western sides of
the canopy and at 1.2 m height above the ground in each case. The centre vine
in each treatment was used to measure the canopy temperatures. Average
hourly temperature was recorded using the data loggers as described above
(Fig. 2.6).
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The mean seasonal and daily canopy temperatures for each growing season
were calculated by averaging the mean hourly canopy temperature across each
day and across each growing season from bud break to harvest in each season.

Figure

2.6:

radiometers
side

of

connected

Infra-red
at

both

the

vine

to

the

Campbell data logger.

2.1.3.4. Bunch temperature
Bunch temperatures were monitored using thermocouples (418-152, T C
measurements, Oakleigh, Victoria, Australia) which were inserted against the
rachis and inside the inflorescence (Fig. 2.7) before bunch closure had occurred
and connected to the data loggers as described above. Four bunches were
selected at random within the canopy from both east and west sides (2 –east
and 2-west). Hourly temperatures of four bunches per treatment were recorded
from the time of flowering (E–L stage~ 19) to harvest (E-L stage ~38) (Coombe,
1995a).

The mean seasonal bunch temperature was calculated by averaging hourly
bunch temperature of each day (06 00 to 20 00 h) from fruit set (E-L stage~ 27)
to harvest.
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Figure 2.7: Thermocouples
were attached inside the
sample bunch.

2.1.4. Photon flux density
Photon flux density (PFD) was measured with quantum sensors (SQ-110,
Apogee, Logan UT, USA) placed 25 cm below the shade cloth of each panel
(Fig. 2.8). In the control canopy, the light sensor was fixed at the same height
(2.25 m above the ground) as with the other treatments. The mean hourly PFD
was recorded by data loggers connected to the quantum sensors. However,
because of the unavailability of the sensors in the 2011/12 growing season, PFD
data were only collected during the 2012/13 and 2013/14 growing seasons.

The mean seasonal photon flux density for the latter two seasons was calculated
by averaging the mean hourly photon flux density across each day (from 0600 to
1800 h) and from the start to the end of the growing seasons.

Figure 2.8: Quantum
sensor

under

the

shade

cloths

and

connected

to

the

Campbell data logger.
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2.1.5. Phenology
Phenology was tracked by visual observation following the scheme developed by
Coombe (1995a). The stages followed included; bud break (E–L stage 4),
flowering (E–L stage 19), fruit set (E–L stage 27), and veraison (E–L stage 35).
The date of breaking of each bud, 50% of flowering and fruit set of each
inflorescence, and 50% of colour change of each bunch were recorded
separately for each of the four treatments in each of the three growing seasons.
The date of each phenological stage was determined as the date when 50% of
the sample had reached the particular phenostage.

2.1.6. Shoot growth
The shoot growth was measured (Fig. 2.9) from about 4-5 days after bud break
and continued until the growth of the shoots had slowed markedly. The
measurements were continued at 5 - 7 days intervals during each of the three
growing seasons. Four shoots per vine, three vines per panel and six vines per
treatment were measured, resulting in a total of 24 measured shoots per
treatment. Furthermore, the final shoot lengths were measured after destructive
harvests at the end of the season.

Figure

2.9:

Measuring

shoot lengths of sample
vines in the vineyard.
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2.1.7. Leaf area
The leaf area during the third growing season (2013/14) only was measured from
when leaf appearance (E–L stage 7) occurred to the end of the expansion
growth of the leaves. All measurements were at 5 - 7 day intervals along the
shoot until the 25th node position. The leaf area was measured following the
procedure of (Greer and Sicard, 2009) in which the length and width of each leaf
was monitored and then multiplied to determine leaf area. The widths and
lengths of the leaves were measured on one shoot of each of 6 vines, resulting
in 6 shoots being measured per treatment. At the end of the growing season, the
area of all leaves was measured with a leaf area meter (LI 3000, LiCor Inc.
Lincoln, Nebraska, USA) after the destructive harvest (Fig. 2.10).

Figure

2.10:

Measuring final leaf
area from the leaf
area meter after the
harvesting.

2.1.8. Internode length
The internode lengths were also measured along the shoot and again only in the
third season. Measurements were also at 5 - 7 day intervals from about 4 - 5
days after bud break. The same shoot per vine of the 6 vines per treatment used
in the leaf area measurements were used and were measured from the 1st
internode to 25th internode of each shoot. At the end of the growing season, the
internodes were detached and measured to determine the final internode
lengths.
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2.1.9. Shoot dry matter
After the destructive harvests of the shoots of each vine, each shoot was
separated into internodes, leaves and bunches (Fig. 2.11) and dried at 60°C in
an oven (TD-B6T, Thermoline Scientific, Smithfield, NSW, Australia) for 14 days.
Afterward, the dried samples were weighed separately to evaluate the dry matter
allocation in the separate shoot parts.

Figure 2.11: Separated
leaves and internodes
of a shoot for final leaf
area, internode length
and dry weights.

2.1.10. Total soluble solids concentration
Sixty berries were sampled for the total soluble solids (TSS) measurement from
five randomly chosen bunches of each treatment at approximately weekly
intervals over 8 to 13 weeks in the three growing seasons. Different bunches
were used on each sampling occasion. Three berries were randomly sampled
from the top, middle and bottom of the selected bunches (15 berries per
treatment). The detached berry was crushed by hand and squeezed directly on
to the prism of the digital refractometer (PR-101, Atago, Tokyo, Japan). This
procedure was repeated for 15 berries for each treatment. Berry sampling was
initiated when the berries were 5 - 6 mm in diameter (E-L stage ~ 30).
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After the harvest, sample bunches were transported to the laboratory and berries
were separated for the TSS measurements (300 berries per treatment). TSS of
each berry was measured as described above.

2.1.11. Fresh and dry weight of berries
Berries that were sampled for the weekly TSS measurements were also used to
determine the fresh weight in the 2012/13 and 2013/14 growing seasons. At
harvest, 240 berries per treatment were sampled and processed for dry weight
determination in the three seasons. This was achieved by keeping the berries in
a drying oven for 8 weeks at 60°C. In addition, using the same procedure, the
dry weight accumulation of berries was determined at weekly interval in the
2013/14 growing season.

2.1.12. Berry diameter growth

Figure 2.12: Processing berries for Brix measurements during the seasons.

Increases in berry diameter were assessed over three growing seasons with
digital microcalipers (Carbon Fibre Composites, ThermoFisher Scientific
Australia Pty. Ltd, Victoria, Australia) from the 3 - 4 mm (E-L stage ~ 27) to
harvest (Fig. 2.12 and 2.13). These berries were also used in the other
measurements, including TSS, berry fresh and dry mass recording. Berries were
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selected from the top, middle and bottom of each bunch. A total of 15 berries
from 5 selected bunches per treatment were measured at weekly intervals in the
2011/12 season while 30 berries from 10 selected bunches were measured in
subsequent seasons.

2.1.13. Sugar accumulation
Sugar content was determined from the volume of the berry which was
calculated from the diameter, assuming the berry was spherical. Sugar
concentration was determined from the TSS measurement from the formula
below in accordance with the linear correlation between TSS and sugar
concentration (Iland et al., 2004; Greer and Weedon, 2014).

Sugar concentration (g/l)

= (0.015 * Brix) – 0.0366

Sugar content (mg/mm3)

= [Sugar] * berry volume

Figure 2.13: Measuring
berry

diameters

to

determine berry volume
for

calculating

sugar

concentration.

2.1.14. Anthocyanin
Six hundred (50 berries from 12 bunches) Shiraz berries per treatment after the
harvest were collected from each side (east and west) of the vines across the
treatments and replicates. Two bunches from one vine (one bunch from each
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side) and from three vines from each treatment and each of the two replicate
were sampled for assessment of anthocyanin concentrations. The anthocyanin
concentration was determined in both the 2012/13 and 2013/14 seasons by
colour analysis and followed the procedure of Iland et al. (2004). Briefly, 50
berries from each sampled bunch were put into a sample vial (Fig. 2.14) and
homogenised (Ultra-Turrax T25, CO, place, country) for 4 – 5 minutes to extract
g juice. Each sample of 1g of homogenate was placed in labelled centrifuge
tubes (Fig. 2.15) and 10 ml of 50% Ethanol was added (Fig. 2.16). The solution
was kept for 1h by inverting 3 times at 20 minute intervals. After 1 h, the solution
was centrifuged (Eppendorf, 5810 A, John Morris Scientific, Victoria, Australia) at
~ 3000 rpm for 10 minutes and a 1 ml extract (supernatant) was transferred to 9
ml of 1M HCl. The acidified solution was kept for 3 h. The volume of the
remaining supernatant was measured and the total extract volume calculated.
After 3 hours, the absorbance of the diluted HCl extract solution was read in a
microplate reader (µ Quant Universal Spectrophotometer, Com, place, country)
at 520 nm (Fig. 2.17).

Anthocyanin per berry (mg anthocyanin per berry) was calculated as the
absorbance at 520 nm x dilution factor x final extract volume (ml) / 100 x weight
of 50 berries (g) / weight of homogenate taken for extraction (g) x 1000 / 50 and
anthocyanin per gram berry weight determined (Iland et al. 2004).

Figure 2.14: Measuring
berry weight of samples
before homogenising.
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Figure 2.15: The 1g of

Figure 2.16: Adding 10 ml

homogenate in the labelled

of 50% ethanol to 1g

centrifuge tube.

homogenate.

Figure 2.17: Reading the
absorbance of the diluted
HCl extract solution by
the µ Quant Universal
Spectrophotometer.

2.1.15. pH and Total acidity
The frozen (4 weeks) berry samples (Fig. 2.18) were thawed in a 30°C water
bath (Fig. 2.19) for 30 minutes in a laboratory shaker. Because of the limited
amount of juice in the very immature berries, the number of samples that
required processing and from time restrictions, it was not possible to make an
assessment on fresh juice. Instead, berries were frozen to allow the development
64

of a method that would extract sufficient juice for repeated analyses with a
Metrohm Fully Automated 59 Place Titrando System (MT 19 auto Vortex,
Chiltern, Australia.). The juice was extracted manually by squeezing berries
separately for different samples (Fig. 2.20) and collected in centrifuge tubes and
mixed by a Vortex juice mixer (MT 19 auto Vortex, Chiltern, Australia.) until
mixture was uniform in appearance. The vortexed juice was heated at 30°C for
30 minutes again and then centrifuged at 4000 rpm for 5 minutes at 20°C. The
supernatant pH and total acidity was measured by the Metrohm Fully Automated
59 Place Titrando System (MEP Instrument, Gladesville, Australia) (Fig. 2.21).

Figure

2.18:

Frozen

berry

Figure

2.19:

Frozen

berry

samples before putting into the

samples were kept in the

water bath.

water bath.
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Figure 2.20: Manually squeezing

Figure 2.21: Titrating Shiraz

berry samples to extract juice.

berry juice by using Metrohm
Fully Automated 59 Place
Titrando System.

2.1.16. Yield
At harvest of each of the three growing seasons, all bunches were destructively
harvested (Fig. 2.22) separately for each vine and weighed (KPZ-2-03-10, KalusPeter Pty. Ltd, Poland) immediately to determine the vine yield (Fig. 2.23).

Figure

2.22:

Harvesting

Figure

2.23:

bunches separately from the

bunches

sample

sample vines.

vines

of

the

experiment.

66

Weighing

separately

of

2.1.17. Midday leaf water potential
Leaf water potential was measured on four horizontal leaves per treatment
selected from near the base of the shoots and an opaque plastic bag was placed
over the leaves to avoid transpiration and photosynthesis for at least 1 h before
the measurements (Fig. 2.24). Water potential was then measured using a
Scholander pressure chamber (PMS Instrument Company, Oregon, USA) (Fig.
2.25 and 2.26). The measurements were repeated at two weekly intervals.

According to the thresholds established by Deloire and Heyns (2011) the water
potential measurements were not affected as the vines were subjected to daily
irrigation and there was no significant differences in water potential between
treatments in any of the four shade treatments over the three seasons of the
study (Table 2.1 and 2.2).

Figure

2.24:

Non-

transparent bag placed
over the leaf which used
for mid-day plant water
potential measurements.
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Figure 2.25: The pressure
chamber connected to the
nitrogen cylinder.

Figure 2.26: The leaf petiole
was inserted through the
pressure chamber lid.
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Table 2.1: Mid-day mean leaf water potential of four treatments over the
2011/12, 2012/13 and 2013/14 growing seasons. Data represents the average of
12 measurements through the growing season.
Season

Ψl

Ψl

Ψl

Ψl

Control

Light

Medium

Heavy

(MPa)

shade

shade

shade

(MPa)

(MPa)

(MPa)

2011/12
2012/13
2013/14

-1.28
-1.12

-1.00
-1.23

-1.14
-1.13

-1.08
-1.03

-1.24

-1.21

-1.12

-1.05

Treatment

0.870

Season

0.584

Treatment
x Season

0.294
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Table 2.2: Mid-day mean leaf water potential of four treatments in vegetative and
reproductive stages over the 2011/12, 2012/13 and 2013/14 growing seasons.
Also included are the probabilities of significance between the treatments and
the growing seasons.
Year

Stage

Control
(MPa)

Light
shade

Medium
shade

Heavy
shade

(MPa)

(MPa)

(MPa)

2011/12

Vegetative

-1.35

-1.26

-1.24

-1.38

2012/13

Vegetative

-1.30

-1.21

-1.14

-1.41

2013/14

Vegetative

-1.48

-1.16

-1.28

-1.37

-1.40

-1.48

-1.20

-1.19

Treatment

0.360

Season

0.285

Treatment x 0.381
Season
2011/12
Reproductive
2012/13

Reproductive

-1.32

-1.90

-1.27

-1.47

2013/14

Reproductive

-1.03

-1.03

-0.97

-0.86

Treatment

0.283

Season

0.176

Treatment x 0.296
Season
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2.2 Controlled environment trial
2.2.1. Plant material
One hundred and fifty cuttings of Vitis vinifera cv. Shiraz were taken from the 10
year old vines at Charles Sturt Vineyard, Wagga Wagga, New South Wales,
Australia (Latitude 35.05°S & longitude 147.35°E) where the field experiment
was being conducted. The source of plants for the controlled environment study
and the field trial were the exact same vines. These cuttings were kept in a cold
room at 2°C for one month. Then, the cuttings were planted in boxes containing
perlite (Fig. 2.27) and kept in a controlled environment chamber (TH6000,
Thermoline Scientific, Smithfield, NSW, Australia) for 30 days at 25/12°C to
induce root growth. Subsequently, the rooted cuttings were planted into 18 L
pots with a commercial potting mixture (soil 1: sand 1: fertiliser 1).

These cuttings were kept for a further 7 months in the glass house with drip
irrigation at a rate of 1 ml min-1 for 15 minutes each day and with frequent
fertilizing using Ferticoat (Fig. 2.28). To induce dormancy, the vines were then
transferred to a cold room at 2°C and kept for 30 days. The vines were
subsequently pruned to retain four shoots per vine.
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Figure 2.27: Shiraz cuttings in

Figure

the perlite box in a controlled

Shiraz plants in the glass

environment chamber before

house.

transferring

to

the

2.28:

Growing

glass

house.

2.2.2. Growth conditions
The dormant vines were selected on the basis of girth of the trunk and the height
of the shoots as indicators of vigour. The 40 selected vines were then transferred
to each of two controlled environment chambers (TH6000, Thermoline Scientific,
Smithfield, NSW, Australia) to ensure adequate space for each vine in mid-winter
and were maintained at a day/night temperature of 25/12°C while the air vapour
pressure deficit (VPD) was maintained at 1.0/0.6 kPa (Greer and Weston 2010).
The photon flux density (PFD) was 350 µmol m-2 s-1 maintained over a 12 h
photo period and provided by a lighting system comprising of four 1 kW Metal
Halide lamps (HQI-T 1000D. Osram Powerstar, Germany). A 2 h temperature
and VPD changeover occurred at the beginning and end of each photoperiod,
with the lamps on and off halfway through the changeover. Carbon dioxide
concentrations were not controlled and not routinely measured. The conditions in
each chamber were set identically and monitored through out to ensure
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uniformity. Each potted vine was irrigated daily by using drippers at 1 ml min -1
frequency for 15 - 20 min and nutrients were supplied manually at 4 week
interval throughout the growth period. The vines were maintained in these
conditions until bud break which occurred from 23rd of July to 30th July 2013.
The vines were maintained in these growth conditions for another two weeks
until bud break had occurred.

Nutrients were supplied by using Ferticoat manually at 4 weeks intervals during
the study period. The 4 kg/100 m 2 Ferticoat was applied on the surface of soil
once in two weeks at first four weeks. Subsequently, the dosage was increased
up to 5 kg/100 m2 for 1 – 3 months at one application in two weeks. After 3
months, 3 - 5 kg/100 m2 Ferticoat was applied once a month.

Ferticoat is a controlled released

macromineral fertiliser (Table 2.3) which

provides specific quantities of nutrients when required to the plants. Particles
contain NPK which are released periods of 3, 6, 9 and 12 months at average soil
or 25°C temperatures.

Ferticoat fertilizer analysis:
Formulation: 17-6-8 + 2MgO + Micro
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Table 2.3: Formulation and life of Ferticoat (Bures Professional SA, 2015).

Macronutrients:

Formulation and Ferticoat life
3 Months

Total
(N)

Nitrogen

6 Months

9 Months

12 Months

17%

17%

17%

17%

Ammonium
nitrogen

8.8%

8.8%

8.8%

8.8%

Nitric nitrogen

8.12%

8.12%

8.12%

8.12%

Water
soluble
Phosphorus
(P2O5)

6%

6%

6%

6%

Water
soluble
Potasium oxide
(K2O)

8%

8%

8%

8%

Water
soluble
Magnesium
oxide (MgO)

2%

2%

2%

2%

Iron (Fe), EDTA

0.2%

0.2%

0.2%

0.2%

Manganese
(Mn), EDTA

0.06%

0.06%

0.06%

0.06%

Molibdene (Mo)

0.02%

0.02%

0.02%

0.02%

Zinc (Zn), EDTA

0.015%

0.015%

0.015%

0.015%

Copper (Cu)

0.05%

0.05%

0.05%

0.05%

Boron (B)

0.02%

0.02%

0.02%

0.02%

Micronutrients:
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2.2.3. Temperature and light treatments
A week after the initiation of bud break, 10 potted Shiraz vines were transferred
to each of four growth chambers and four different temperature and photon flux
density conditions were imposed for a total period of 10 weeks. In two chambers,
the day/night temperatures were maintained at 25/12°C (defined as low
temperature, L) and either at a PFD of 350 µmol m -2 s-1 (low PFD, L) or at a PFD
of 700 µmol m-2 s-1 (high PFD, H). In the other two chambers, the day/night
temperatures were maintained at 32/20°C (high temperature, H) and either at a
PFD of 350 µmol m-2 s-1 or 700 µmol m-2 s-1. The four treatments were thus
defined as L/L, L/H, H/L and H/H, respectively. In all cases, a photoperiod of 12 h
was administered with a 2 h changeover. In the two chambers with the low PFD,
the lighting system was as described above while in the two chambers with the
high PFD, a lighting system of 6 x 1 kW Metal Halide lamps and 8 x 20 W
compact fluorescent lamps (Cool white, Fairway, China) were used. These
temperature and PFD conditions were derived by matching the conditions with
daily PFD integrals and average seasonal temperatures in the field conditions.

2.2.4. Bud break
Bud break was tracked in 40 vines by visual observation of the shoots following
the phenology scheme developed by (Coombe, 1995b).The date of bud break
was determined as the date by which 50% of buds had broken in the sample
vines (Fig. 2.29).
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Figure 2.29: Bud break of
Shiraz potted vines in a
controlled

environment

chamber.

2.2.5. Leaf appearance
Leaf appearance was assessed after bud break by visual observation in 40 vines
(2 shoots x 5 vines x 4 treatments) daily. The date of leaf appearance was
determined when the leaf was separated from the shoot tip. The leaf appearance
was assessed in zone 1 (node 1 - 5), 2 (node 6 - 16) and 3 (node 17 - 25) of the
shoot.

2.2.6. Shoot growth
Shoot growth was measured from 4 days after initiation of bud break and
continued at 2 - 3 days intervals until the growth stopped (E-L stage ~ 38). Two
shoots per vine and 5 vines per chamber were measured (Fig. 2.30), resulting in
a total of 10 measured shoots per treatment. Final shoot lengths were also
assessed after a destructive harvest at the end of the growth period.
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Figure 2.30: Shoot
growing

on

the

Shiraz plants at the
controlled conditions.

2.2.7. Leaf area
Leaf area was measured from the first leaf to emerge (E–L stage 7) and the
measurements were continued for each new leaf as it appeared. The leaf area
measurements for all leaves were recorded at 2 - 3 days intervals and continued
until the expansion of each leaf was completed. Progressively more leaves were
measured along the shoot as each leaf appeared. The leaf area was measured
following (Greer and Sicard, 2009) in which the length and width of each leaf was
measured (Fig. 2.31) and multiplied to determine the leaf area. The areas of all
leaves were also measured on each of two shoots of each of 5 vines, thus a total
of 10 shoots per treatment. At the end of the growth period, the leaf area of all
leaves was measured with a leaf area meter (LI 3000, LiCor Inc. Lincoln,
Nebraska, USA) after the destructive harvest.

Figure 2.31: Measuring
leaf area of the sample
shoots.
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2.2.8. Internode length
Internode lengths were also measured along the Shiraz shoot at 2 - 3 day
intervals from about 4 days after initiation of bud break. The shoots were the
same as used for the leaf area measurements (5 vines per treatment) and were
measured continuously from the 1st internode to apex for each shoot. At the end
of the study, the internodes were detached and measured to determine the final
internode length.

2.2.9. Dry matter
After the destructive harvests of the shoots of each vine in each treatment, the
shoots were separated into internodes and leaves and dried at 60°C for 14 days.
Afterward, the dried samples were weighed separately to determine the dry
matter allocation in the separate shoot parts.

2.3 Statistical analysis:
The data were compiled in excel and analysed using a Generalised Linear Model
(GLM) approach with R version 3.0.3 statistical software (The R Foundation for
statistical computing, Vienna, Austria). The main and interactive effects of factors
were determined using an LSD test and statistical significance was calculated at
5% level.

A fully randomised design was assumed for these analyses in order to minimise
the effect of extraneous variables. The extraneous variables will affect
treatments equally, as a result any significant differences between treatments
were attributed to the independent variable.
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Chapter 3 - The interaction of temperature and photon flux
density in the Shiraz vineyard across the three growing seasons

3.1. Introduction
This chapter describes the interaction of temperature and light in the field
conditions in the vineyard over the three seasons from 2011-12, 2012-13 and
2013-14. The detailed material and methods are discussed in the Chapter 2.

Heat events are common occurrences during the summer months in many parts
of the warm regions in Australia. As a result, high temperatures affect the
Australian viticulture industry, resulting in alteration of many of the grapevine’s
physiological processes, including phenology, vegetative and reproductive
growth, and the quality and quantity of grape berries (Soar et al., 2009; Greer et
al., 2010; Greer and Weedon, 2013). One of the ameliorative practices to cope
with the negative effects of high temperatures is using artificial cover over the
vines and grapes in the vineyard. This is common practice in the table grape
industry (Coombe and Dry, 1992; Greer et al., 2010) and in other crops.
However, an alteration of the vine microclimate can affect vine growth and
development and grape berry traits which in turn can affect wine quality (Smart
et al., 1988; Iland et al., 2011). In addition, variation of light intensity from artificial
shade has resulted in alteration of biomass accumulation in the grape vine and
berries and also in the dynamics of growth (Johnson and Lakso, 1986; Greer et
al., 2003). Hence, it is important to assess the climate during the growing season
and to ascertain the impact of different shade covers on the vine and bunch
microclimate, particularly during the summer when heat events are likely. This
information will provide an understanding of the impact of heat events on the
vegetative (Chapter 4) and reproductive growth (Chapter 5) of Shiraz vines.
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3.2. Objectives
The objective of this chapter is to describe the light and temperature conditions
under four shade treatments in a Shiraz vineyard across each of three growing
seasons.

3.3. Material and methods
Refer to Chapter 2 for all relevant details on the methods used in this Chapter.

3.4. Results
3.4.1. Temperature
3.4.1.1. Air temperature
3.4.1.1.1. Seasonal mean daily maximum and minimum air temperature
fluctuations during the three growing seasons
The daily maximum air temperature fluctuated typically between 25°C and 35°C
in the 2011/12 season, and between 25°C and 40°C in the 2012/13 and 2013/14
growing seasons (Fig. 3.1). In the 2011/12 season, the daily maximum exceeded
35°C on 6 days while the temperature peaked at 38°C at around 105 DAB.
Subsequently, the maximum air temperature was reduced to below 25 and 30 oC.
In the 2012/13 season, the daily maximum temperature exceeded 35 oC for 23
days and 40oC for 11 days, respectively and peaked at 45oC at around 110 DAB.
In the 2013/14 season, the daily maximum air temperature exceeded both 35
and 40oC for 19 days each and also peaked at 45 oC around 130 DAB. The
minimum temperatures for the three growing seasons typically fluctuated
between 5 and 20oC.
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(a)

(b)

81

(c)

Figure 3.1: The seasonal pattern of the daily maximum and minimum air
temperatures across the 2011/12 (a), 2012/13 (b) and 2013/14 (c) growing
seasons in the Charles Sturt University vineyard in Wagga Wagga, Australia.

3.4.1.1.2. Diurnal pattern of temperature
Due to the unavailability of average hourly data of the 2011/12 season, only two
seasons are presented in Fig. 3.2. The seasonal average temperature across the
day (06 00 – 20 00 h) ranged between 15°C and 30°C in both seasons (Fig. 3.2)
while the seasonal average night temperature (21 00 – 05 00 h) fluctuated
between 15°C and 23°C (Fig. 3.2) during both seasons.

In comparison, the average day air temperature of the 2013/14 season was
reduced by 2.0 to 2.5°C while the average night air temperature was reduced by
3 to 4°C compared with the previous growing season.
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Figure 3.2: Diurnal changes in air temperature as averaged across the 2012/13
and 2013/14 growing seasons in the Charles Sturt University vineyard in Wagga
Wagga, Australia.

3.4.1.1.3. Air temperature fluctuation during the phase of berry growth
In the later part of the growing season, from 110 DAB to harvest, berry growth
occurs (see Chapter 5), hence the current focus on the temperatures during this
stage of the growing season (Fig 3.3). There were marked differences between
the three growing seasons, with air temperatures during the 2011/12 season
ranging between 25 and 35°C. In contrast, although the air temperatures during
this stage of the 2012/13 growing season were generally similar to the previous
season, there were two occasions when air temperature exceeded 40°C but for
relatively short durations. This also contrasted with the 2013/14 growing season
where air temperatures in the late stage exceeded 40°C on three occasions and
from 5 to 8 days in duration.
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(a)

(b)
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(c)

.

Figure 3.3: The daily maxima and minima of air temperatures during the later
stages of the growing season for 2011/12 (a), 2012/13 (b) and 2013/14 (c) in the
Charles Sturt University vineyard in Wagga Wagga, Australia.

3.4.1.2. Canopy temperature
3.4.1.2.1. Canopy temperature fluctuations under four shade treatments
across three growing seasons.
Across the 2011/12 season, the daily maximum canopy temperatures ranged
between 12 and 38°C, for the heavy shaded canopy and between 15 and 43°C
for the control (unshaded) canopy while light and medium shade canopy
temperatures ranged between these limits (Fig. 3.4 a). The maximum canopy
temperatures for the control, light and medium shade treatments exceeded 40°C
for 3 - 7 days but in the heavy shade treatment, canopy temperatures did not
exceed 40°C.
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By contrast, across the 2012/13 growing season, the daily maximum canopy
temperatures fluctuated between 10 and 45°C, in the control and light shade
treatments and between 13 and 40°C in the medium and heavy shade
treatments (Fig. 3.4 b). Thus, for even the heaviest shade treatments, canopy
temperatures approached 40°C while for the control and light shade treatments,
canopy temperatures exceeded 40°C. Furthermore, the maximum canopy
temperatures of the control and light shade canopies exceeded 40°C for 6 days
and peaked at 97 DAB.

In contrast to the two previous growing seasons, the canopy temperatures
exceeded 40°C in the third season in all treatments (Fig. 3.4 c). Thus, across the
2013/14 season, the daily maximum canopy temperature ranged between 12
and 48°C, for the control and light shade treatments and between 14 to 44°C in
the heavy shade canopy. In addition, the daily maximum canopy temperature
exceeded 40°C from anywhere between 11 and 29 days duration, depending on
the treatment, with the shortest duration under heavy shade and the longest
duration in the unshaded canopy.
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(a)

87

(b)

(c)

Figure 3.4: The seasonal pattern of the daily maxima and minima canopy
temperatures for each of the four shade treatments during the 2011/12 (a)
2012/13 (b) and 2013/14 (c) growing seasons.
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3.4.1.2.2. Diurnal pattern in canopy temperature across the growing season
During the 2011/12 growing season, there were marked differences in the
canopy temperatures in the four shade treatments throughout the day (Fig. 3.5
a). At the beginning of the day (06 00 – 08 00 h), the canopy temperature in the
medium shade treatments increased significantly by 2.5 - 2.8°C compared to
other treatments. However, the canopy temperature in the heavy shade was
significantly reduced by 2.5 – 6.9°C compared with the three lowest shades from
mid-day. At the end of the day (20 00 h), canopy temperature in the control
significantly increased by 2.3 – 4.4°C compared to other treatments. In the night
(21 00 – 05 00 h), the canopy temperature in the control significantly increased
by 1.6 - 4.1°C compared to the other treatments.

In the 2012/13 season, the canopy temperature in the light and heavy shades
significantly increased by 0.2 – 1.6°C compared with the other two treatments
from the early mid-day (1100 h) to evening (17 00 h) (Fig. 3.5 b). However, there
were no canopy temperature differences in the four treatments during the night.

In the 2013/14 season, the canopy temperature in the light shade significantly
increased by 1.8 – 3.0°C compared to the other three treatments from the
morning to afternoon (08 00 – 16 00 h) (Fig. 3.5 c). The canopy temperature in
the medium shade significantly increased by 1.9 – 2.7°C compared with the
control throughout the night.
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(a)

(b)

90

(c)

Figure 3.5: The diurnal canopy temperature pattern of the four shade
treatments, as averaged across the growing season in 2011/12 (a),
2012/13 (b) and 2013/14 (c).

3.4.1.2.3. High heat degree hours
There were significant (P < 0.01) interactions between treatment x season on the
summation of heat degree hours over 40°C determined from the maximum
seasonal canopy temperatures. During the 2011/12 to 2013/14 growing seasons,
there were marked and significant differences in the summation of heat degree
hours for the four shade treatments assessed at the end of each season (Fig.
3.7). In the 2011/12 and 2013/14 seasons, the summation of heat degree hours
of the control, light and medium shade significantly increased by 1 – 9 and 0.1 –
1.3 degree hours compared with the heavy shade respectively. However, in the
2012/13 season, heat degree hours over 40°C for the light shade treatment
significantly increased by 2 degree hours compared with the other three
treatments.
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Figure 3.7: The summation of heat degree hours over 40°C of the four shade
treatments at the end of the growing season in 2011/12 (a), 2012/13 (b) and
2013/14 (c). SEs are very small.
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3.4.2. Light intensity
3.4.2.1. Photon flux density fluctuations over two growing seasons
The daily maximum photon flux density above the vines of the different shade
treatments varied between 500 and 2500 µmol m-2 s-1 in the 2012/13 and
2013/14 seasons (Fig. 3.8). The maximum PFD of the treatments from least to
most shade ranged from greater than 2000 µmol m-2 s-1, to 1500 µmol m-2 s-1,
1000 µmol m-2 s-1 and 500 µmol m-2 s-1, respectively.

The intensity of intercepted radiation measured during the study in each of the
shade cloth treatments and compared with open sky (Fig 8.2) indicated there
were no spectral differences in the visible and long wave (IR) wavelengths that
were transmitted through the shade cloth to the Shiraz grapevine canopies.
Therefore, the conclusion was that the shade cloth had no effect on altering the
visible spectrum, that is, was neutral density, nor had any effect on the amount of
infra-red radiation that passed though the shade cloth and thus did not account
for differential effects of canopy temperatures between treatments.
(a)
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(b)

Figure 3.8: The daily maximum PFD during the 2012/13 (a) and the
2013/14 (b) growing seasons for each of the four shade treatments.

3.4.2.2. Shade cloth treatment effect
At the beginning of the day (0600 h) of the 2012/13 season, PFDs were not
significantly different between the different treatments although by 0700 h, the
PFD in the control canopy was markedly higher than for the other treatments
(Fig. 3.9 a). However, the PFD in the control and light shade canopies was not
significantly different throughout the rest of the day and maximum PFDs for vines
in these two treatments were typically between 1700 and 1800 µmol m-2 s-1 at
midday. Furthermore, the PFD for the medium shade treatment was significantly
lower than that of the control canopy and maximum PFDs were typically less
than 1500 µmol m-2 s-1 at midday. For the heavy shade treatment, the maximum
PFD at midday was well below 1000 µmol m-2 s-1.
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During the 2013/14 growing season, the PFDs for the different treatments were
not significantly different at the beginning of the day, however, there were
markedly different PFDs under the four treatments just after the day started (Fig.
3.9 b). PFDs under the four treatments were significantly different from each
other throughout the day. The maximum PFD for the control canopy was about
1800 µmol m-2 s-1 while for the light shade canopy, the PFD was about 1600
µmol m-2 s-1 at midday. Furthermore, the maximum PFD of the medium shade
canopy was below 1000 µmol m-2 s-1 whereas for the heavy shade canopy, the
PFD was just above 500 µmol m-2 s-1 at midday. Thus, there were some
treatment differences in the maximum PFDs that occurred in the different
treatments between the two seasons but the PFDs for each treatment were
generally in accord with the density of the shade cloth.

All four treatments were subsequently described on a quantitative basis of the
PFD summed and averaged over the whole of the growing season for both the
2012/13 and 2013/14 growing seasons. For the control canopy, the seasonal
average PFD was ~ 945 µmol m-2 s-1; for the light shade canopy, it was ~ 790
µmol m-2 s-1; for the medium shade canopy, ~ 520 µmol m-2 s-1 and for the heavy
shade canopy, the mean seasonal PFD was ~ 305 µmol m-2 s-1.

(a)
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(b)

Figure 3.9: The diurnal PFD pattern of the four shade treatments, as averaged
across the growing season in 2012/13 (a) and 2013/14 (b).

All four treatments were subsequently described on the quantitative basis of the
PFD summed and averaged over the whole of the growing season for both the
2012/13 and 2013/14 growing seasons. The seasonal average PFDs for the four
treatments are shown in Table 3.1 as well as the mean percentage shade of the
treatments.
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Table 3.1: The measured (actual) seasonal mean PFD in each of the four
treatments and averaged over the three growing seasons and the actual
percentage shade of the treatments.

Actual mean PFDs

Actual shade

(µmol m-2 s-1)

(%)

945

0

790

16

520

45

305

68

3.4.3. Relative humidity (RH)
The daily average RH% in the open air of control treatment and under the shade
cloth of light to heavy shade treatments varied between 9 – 93% in the 2012/13
and 2013/14 seasons (Fig. 3.10). The differences of RH% between shade
treatments were not observed whereas the control treatment RH% increased by

RH (%)

5 - 10% compared with the shade treatments throughout the seasons.
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Figure 3.10: The daily average relative humidity (RH%) during the
2012/13 (a) and the 2013/14 (b) growing seasons for each of the four
shade treatments.

There were canopy temperature differences whereas no differences in relative
humidity (Fig.3.10) occurred between the four shade treatments within the
growing seasons in the present study. Therefore, it is reasonable to conclude
that the changes in Shiraz grapevine physiology were due to an altered
interaction of temperature and PFDs during the growing seasons.
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3.5. Discussion
Air temperatures during the early part of the growing season were relatively
medium at about 25 to 35°C while higher temperatures occurred in the later part.
The maximum daily air temperature reached 44°C, especially in the latter two
seasons. This pattern of high late growing season air temperatures has been
well described in studies conducted in the Riverina grape growing region where
the present study was located (Gladstones, 1992; Rogiers et al., 2000; Rogiers
et al., 2006; Greer et al., 2010; Greer and Weedon, 2012 a; Greer and Weedon,
2012 b; Greer and Weedon, 2013; Greer and Weedon, 2014). It has been shown
that durations of high temperature events longer than 4 days are relatively
uncommon. Thus the long (> 6 days) duration of air temperatures exceeding
40°C during the 2013/2014 season was unusual and, furthermore, to have three
heat events in one growing season was exceptional. This may well be indicative
of climate change, especially the higher frequency of high temperature events
(Jones and Davis, 2000a).

The canopy temperatures of the control, light and medium shade treatments,
were 4.0 - 6.0°C warmer than the air temperatures during the 2011/12 season. In
contrast, the canopy temperatures of these treatments were 3.2 - 6.0°C cooler
than the air temperatures in the subsequent season. However, only the medium
shade canopy temperature was warmer, by 3.5 °C, than the air temperature in
the 2013/14 season. Moreover, the maximum daily canopy temperature reached
38 - 48°C during the study period at the experimental site. For the 2012/13
season, the daily average canopy temperatures of the control to heavy shade
treatments were reduced by as much as 92% relative to the daily average air
temperatures over the season. Hence, there may have been a high incidence of
convective heating in the 2012/13 season due to higher air temperatures
compared to the foliage temperatures (Salisbury and Ross, 1992; Greer and
Weedon, 2012 a).
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In keeping with literature, the heavy shade canopy was cooler by up to 7°C
compared with the control vines and the canopies of the light and medium shade
treatment canopies were cooler by as much as 5°C in comparison with the
control treatment canopy. For example, a shaded canopy of Semillon vine was
cooler by 3 - 5°C compared with a full light treatment (Greer and Weedon, 2012
a). Where a 30% light reduction was applied, Sangiovese vine mean canopy
temperatures were reduced by more than 2°C when light transmission was
reduced by 30 – 60% (Cartechini and Palliotti, 1995). By contrast, Merlot
maximum canopy temperatures were elevated by 5 - 8°C above the control vines
when polyethylene cover was used which may have been related to restriction of
air circulation (Bowen et al., 2004) or from the plastic nature of the cover,
trapping warm air. However, there was no temperature difference between
control and treatment when 56% shade cover above Cabernet Sauvignon vines
was used (Smart et al., 1988). During some occasions of the present study, the
light shade treatment canopies were warmer, by – up to 3°C, compared with the
control treatment canopy, especially in the latter two seasons. Whereas, the
heavy shade treatment was warmer, by as much as 4°C, compared with the
control, but only in the 2012/13 season. However, the shade cloth used was
neutral density and had no effect on the spectrum of transmitted light but also on
the infrared wavelengths (Fig. 8.2) and, therefore, unlikely to explain these
responses. It was possible that the warmer conditions in the heavy shade
treatment compared with the control treatment canopy could have been occurred
because of the extension of the shade cover towards the ground thus impeding
air circulation.

Furthermore, canopy temperature was measured using infrared radiometers
which were used for several canopy temperature studies (Bugbee et al., 1996;
Blonquist et al., 2009) over two decades and the advantages over the
thermocouple-restricted measurements were elucidated in some literature (Greer
and Weedon, 2012 b). The increased canopy temperature in the light shade
compared to control may be due to the white colour of the shade cloth which
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may have reflected more radiation than the green shade cloths (moderately and
heavy shades).

The accumulation of heat degree hours in the 2013/14 growing season was
markedly higher compared with previous two seasons, because of prevailing
heat conditions occurring then. The reduction in accumulation of heat degree
hours in the heavy shade treatment conformed to the cooler temperatures
prevailing under the shade cloth in the first and last season. However, the
apparently higher summation of heat degree hours in the light shade treatment
was not significant from the control treatment in the 2013/14 growing season
thus no obvious reason why this treatment had a significantly higher heat
summation than the other treatments. The accumulation of heat degree
hours/days (> 40°C) was consistent with the heat events occurring during the
2009 heat events (Webb et al., 2009). However, comprehensive studies on
grapevines were not conducted during this study. Furthermore, a heat
accumulation approach was used for assessing bud break (Moncur et al., 1989),
phenolic composition (Nicholas et al., 2011), fruit quality (Gu et al., 2012) and
wine quality (Orduna, 2010). Therefore, the present study stands as a forerunner
on the effects of heat accumulation on vine physiology during heat events.

The light shade treatment reduced irradiance by 7 – 13% during the growing
seasons while for medium shade, it was reduced by 32 – 33%. Furthermore,
heavy shade reduced irradiance by 54 – 55% compared to the control. Previous
studies with artificial shade covers have reduced light by 8%, 40%, 70% and
72% (Ebadi et al., 1996; Greer et al., 2010; Greer and Weedon, 2012 b). This
study is thus unique in that it examined the effects of 10%, 30% and 50% shade
on vine physiology and berry development.
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Seasonal variation in temperatures is expected and this may have influenced the
canopy temperatures in the shade treatments although the PFDs were invariant,
other factors such as wind may have influenced the canopy temperatures.

3.6. Conclusions
Light, medium and heavy shade reduced canopy temperature by 3.2 – 6.0°C
compared with air temperature in the warmer seasons whereas in the cooler
season, those shade treatments increased temperature by 4 - 6°C. However,
canopy temperatures were reduced under the light and heavy shade treatments
during the 2013/2014 growing season, which had three consecutive heat events,
while medium shade increased canopy temperature by 3.5°C relative to the air
temperatures. It was likely that the different shade cloths influenced air
circulation unequally and may have partly caused the different responses.
However, shade treatments, except light shade treatment, reduced canopy
temperatures by 5 - 7°C relative to the exposed canopy in the last two seasons.
Hence, application of shade over vines is a possible management strategy for
ameliorating the effect of heat events on grapevines during the summer growing
seasons.
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Chapter 4 - Vegetative growth of Shiraz shoots grown in
different photon flux densities imposed by selected shade
treatments covering vineyard-grown vines

4.1. Introduction
This chapter describes the result of the effect of different shade treatments on
Shiraz vine architecture, growth and development dynamics in vineyard
conditions. The detailed experimental approach is described in the Chapter 2.

In viticulture, protecting vines using shade cover is one of the strategies to
reduce the irradiance that vines are exposed to and thereby decrease the
canopy temperature. From the past, different shade densities have been used in
a number of studies. Some have observed the effect of shade on grapevine
morphology

and

growth,

while

others

have

determined

effects

on

photosynthesis, carbon acquisition and sequestration (Cartechini and Palliotti,
1995; Greer, 2001a; Seleznyova and Greer, 2001b; Greer et al., 2011).
Furthermore, fruit set and seed and berry development (Ebadi et al., 1996;
Downey et al., 2004), fruit ripening (Smart et al., 1988), berry composition
(Kliewer and Antcliff, 1970; Rojas-Lara and Morrison, 1989) and wine attributes
(Renata et al., 2007a) have also been reported.

The shade effects on vegetative growth have been explored especially in relation
to shoot growth, leaf area and dry matter accumulation. For example, Greer et al.
(2010) demonstrated 70% shade had no effect on Vitis vinifera cv. Semillon
shoots whereas there were effects on Trema micrantha seedlings and on Zea
maize plant heights (Fournier and Andrieu, 2000; Valio, 2001). Furthermore, leaf
area increased with the increase in shade density in Vitis vinifera (Greer et al.,
2010) as well as in some other crops such as Citrus x paradisi (grapefruit)
(Cohen et al., 2005), Triticum L. (wheat)
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(Friend and Pomeroy, 1968) and

Alocasia macrorrhiza (Sims and Pearcy, 1994) plants. The dry matter allocation
was markedly reduced by shade in Vitis vinifera (Greer et al., 2011), in Norway
spruce (Grassi and Minotta, 1999), Trema micrantha (L.) seedlings (Valio, 2001)
and in Dichanthium aristatum grass (Pablo, 1997).

The growth of leaves, shoots and especially dry matter accumulation over the
growing season are highly dependent on the dynamics of the growth and
development processes of these organs (Johnson and Lakso 1986a, b;
Grossman and DeJong 1994). Therefore, an understanding of the dynamics of
the growth of these organs will provide a quantitative platform on which a better
description of the shoot growth processes of the grapevines could be achieved.
Furthermore, this platform would enable the impacts of environment on the
growth processes to be assessed, quantitatively. The basis of this platform was
developed originally for Actinidia deliciosa (kiwifruit) vines using a modelling
approach to describe shoot growth patterns and to assess effects of temperature
(Seleznyova and Greer, 2001a; Greer et al., 2004). This modelling approach
has, however, been adopted to compare the effect of fruiting on the dynamics of
growth and development processes of Vitis vinifera cv. Semillon vines (Greer
and Weston, 2010 a). However, there are no detailed studies available on the
effects of shade on grapevine architecture using this approach. Hence, it is vital
to assess the vegetative growth cycle and growth dynamics where shading is
used to reduce the extreme heat effects under vineyard conditions.

4.2. Objectives
The objective of this chapter was to compare the growth, including the dynamics
of growth, of Shiraz vines growing in a range of shade densities.
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4.3. Material and methods
Refer to Chapter 2 for all relevant details on the methods used in this Chapter.

4.3.1. Growth dynamics
The leaf expansion and internode extension dynamics for the leaves and
internodes were assessed by fitting the Boltzmann sigmoid function following
Seleznyova and

Greer (2001a) but only at the 5th, 10th, 15th, 20th and 25th

internode positions by using Origin V 6.0 software (Origin Lab Corporation,
Northampton, MA, USA).
The function is
a(t) = ((A-B) exp((t-to)/Ƭ)) / (1+exp((t- to)/Ƭ)) + B

Equation - 1

The change in leaf area (or internode extension) in relation to time, a(t) where A
is the final leaf area or internode length, B is the initial leaf area, Ƭ quantifies the
duration of maximum expansion or extension, to is the inflection point where the
rate of expansion/extension is maximal.

The relative expansion or extension rate can be estimated at the point of
inflexion as;
RGR = (A2 – A1)
4dx

Equation - 2

RGR = Relative growth rate
A1 = Initial length
A2 =Final length
dx = Length of maximum growth window
(Seleznyova and Greer unpublished data in (Greer, 2001a)).
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4.3.2. Data analysis
The main and interactive effects of temperature and photon flux density were
determined for each growth parameter by using a LSD test. Means and standard
errors were calculated using R version 3.0.3 statistical software (The R
Foundation for statistical computing, Vienna, Austria) and significance calculated
at the 5% level. A fully randomised design was assumed for these analyses.

4.4. Results
4.4.1. Phenology
4.4.1.1. Phenological stages
The main phenological stages, that is, bud break, flowering, fruit set, veraison (E
– L stage 35) and harvest progressed forward as shown in Fig. 4.1.(a)-(c). Bud
break was advanced in the 2013/14 season, occurring 11 – 12 days earlier than
during the 2011/12 and 2012/13 seasons. However, Shiraz flowering in the
2013/14 season was delayed by 5 – 6 days relative to the 2011/12 and 2012/13
seasons. By contrast, fruit set during the 2012/13 season was 7 – 9 days earlier
than during the 2011/12 season but earlier, by 12 – 16 days, than in the later
season. The critical berry growth duration (that is, from veraison to harvest)
declined by 46% and 55% in the 2012/13 and 2013/14 seasons in comparison
with that in the 2011/12 season. Furthermore, the time of harvest was advanced
by 8 and 21 days in the latter two seasons compared with the 2011/12 season.
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(a)

(b)
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(c)

Figure 4.1: Phenological stages of the Shiraz vines as measured by the E-L
scheme under the four shade treatments and across the 2011/12 (a), 2012/13
(b) and 2013/14 (c) three growing seasons in the Charles Sturt University
vineyard in Wagga Wagga, Australia.

4.4.1.2. Dynamics of phenology
4.4.1.2.1. Bud break
Bud break followed a sigmoidal development pattern under the different shade
treatments in each of the three growing seasons. An exception was the vines in
the control treatment in the 2012/13 season and vines in the medium shade
treatment in the 2013/14 season (Fig. 4.2). Bud break started in the middle of
September and continued until about late September in the first two seasons.
However, in the 2013/14 season, bud break started at the beginning of
September and finished near the middle of the month. There were no significant
difference in bud break patterns for vines in the different shade treatments,
however, there was a significant seasonal effect. Hence, the time of 50% bud
break (as measured by the inflexion point of the sigmoid curves) shifted from the
20th September to the 6th of September in the three successive seasons. This is
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indicative of a tendency for bud break to shift forwards to the beginning of the
month in the successive growing seasons.
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(a)

(b)

(c)

Figure 4.2: The dynamics of the percentage of buds broken (Mean ± SE, n=12) und

the four shade treatments in the 2011/12 (a), 2012/13 (b) and 2013/14 (c) growin
seasons. The lines are the best fit to the Boltzmann sigmoid function.
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4.4.1.2.2. Flowering
There were no significant treatment effects and the interactive effects of season
and treatment on flowering under the different shade treatments was also not
significant. The dates of flowering under the different treatments for the 2011/12
season were 5-7th November, 8 - 9th November for the 2012/13 season and 1st
November for the 2013/14 growing season.

4.4.1.2.3. Fruit set
There was no significant difference in fruit set under the different shade
treatments whereas there was a significant seasonal effect. In the 2012/13
season, fruit set occurred at 78 – 79 DAB and for the 2013/14 season, fruit set
occurred at 82 – 85 DAB. Between treatments and for both these seasons, fruit
set was advanced because fruit set for vines in the 2011/12 growing season was
delayed until 85 - 86 DAB.

4.4.1.2.4. Veraison
There were markedly different responses for the time of veraison under the
different shade treatments across the three growing seasons. For example,
during the 2011/12 season, there was a significant difference of 8 days between
the heavy shade and light shade treatments on the time of veraison (Table 4.1)
whereas in the 2012/13 season, there was a significant difference, also of 8 days
between the heavy shade and control treatments. However, there were no
significant treatment effects in the last season.

There were significant interaction effects between seasons and the time of
veraison (Table 4.1). Veraison during the 2012/13 season was delayed by 9 - 12
days relative to the 2011/12 season. Furthermore, veraison during the 2013/14
season was delayed by 4 - 7 days compared with the 2011/12 season but
earlier, by 4 - 6 days, in comparison with the 2012/13 season. In addition,
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veraison was advanced in the light shade treatment relative to the other
treatments and this occurred in both the 2011/12 and 2013/14 growing seasons.

Table 4.1: Dates of veraison under the four shade treatments and across the
three growing seasons; 2011/12, 2012/13 and 2013/14.
Season

2011/12

2012/13

2013/14

Shade
Treatment
Control
Light
Medium
Heavy
Control
Light
Medium
Heavy
Control
Light
Medium
Heavy

Date of veraison

DAB

3rd January 2012
30th December 2011
4th January 2012
7th January 2012
11th January 2013
12th January 2013
15th January 2013
19th January 2013
7th January 2014
6th January 2014
10th January 2014
13th January 2014

106
101
106
109
115
115
116
123
122
122
125
129

4.4.2. Leaf appearance
From recent studies of vines (Seleznyova and Greer, 2001b; Pallas et al., 2009;
Greer and Weston, 2010) it has become apparent that the leaf appearance of
vines along the shoot can be divided into three zones. The first zone comprises
the preformed primordia of the first 5-6 leaves which all emerge as a flush
relatively rapidly. The second zone is also derived from preformed primordia
(Gerrath et al., 2001) but these leaves generally emerge in a linear pattern. A
third zone is also apparent by the subsequent leaves appearing at a slower rate
and these are generally recognised to be formed de novo as primordia
originating in the shoot apical meristem. This recognition of the leaf appearance
patterns was adopted for assessing the leaf appearance in the Shiraz vines.
There was a slight slope for the Zone 1 leaves appearing (Table 4.2) and an
average (across all treatments) phyllochron of one leaf appearing every 0.6
days. For leaves appearing in Zone 2, there was a significant treatment effect on
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the phyllochron and a marked reduction in leaf appearance at 7.7 days leaf -1 for
control vines and in all shade treatments, the phyllochron was significantly
shorter at 7.2 days leaf-1. There was striking change in the leaf appearance
pattern from Zone 2 to Zone 3, where the slope of the regression declined
significantly (Fig. 4.3). Furthermore, there were no treatment effects on the
phyllochron in Zone 3 where the phyllochron averaged 2.8 days leaf -1, thus a
markedly shorter phyllochron in comparison to Zone 2.

Figure 4.3: The time of leaf appearance (Mean ± SE, n = 6) along the shoot of
Shiraz vines grown in four shade treatments. The three zones indicated are
based on previous vine studies and the lines are the best fit to a linear
regression in each case (r2 = 0.97; P < 0.0001). SEs are relatively small. Shown
here is the mean leaf appearance response, averaged over all treatments.

The slope of the linear regressions fitted to the leaf appearance data in each
zone as a function of node number are given for the field-grown Shiraz vines in
the four shade treatments. The significance of the regression slopes are shown
(Table 4.2). The r2 value varied between 0.63 and 0.98.
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In each case, the P values are included for the main and interaction effects.

Table 4.2: The regression slopes of Zone 1 to 3 of time of leaf appearance of
Shiraz vines (Mean ± SE, n = 6).
Treatment

Zone 1

Zone 2

Zone 3

Control

Mean slope

7.7 ± 0.1

Mean slope

Light

0.6 ± 0.1

7.1 ± 0.1

2.8 ± 0.1

Medium

7.2 ± 0.1

Heavy

7.4 ± 0.1

Treatment

0.427

0.001

0.554

Node position

0.001

0.001

0.001

Treatment x
node position

0.060

0.110

0.419

4.4.3. Shoot growth
The number of shoots per vine for each of the treatments in the 2011/12 and
2012/13 growing seasons (Table 4.3) were not significantly different between the
shade treatments whereas during the 2013/14 growing season, the number of
shoots per vine for the light shade treatment were significantly (P < 0.001)
higher, by 18% - 76%, compared with the other shade treatments.

Furthermore, there was a significant (P < 0.01) seasonal effect and the number
of shoots per vine under all the shade treatments in the 2013/14 season were
significantly (P < 0.001) higher, by 11% - 108% compared with the first two
seasons.
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Table 4.3: The average number of shoots per vine (Mean ± SE, n = 6) for each of
the four shade treatments and for each of the three growing seasons from
2011/12 to 2013/14.

Season
2011/12

Control
12.7 ± 1.2

Light
13.7 ± 2.7

Medium
13.0 ± 0.9

Heavy
12.7 ± 0.9

2012/13

14.7 ± 1.9

15.8 ± 1.5

14.5 ± 2.0

14.2 ± 1.8

2013/14

19.0 ± 2.6

28.5 ± 2.1

24.2 ± 2.6

16.2 ± 2.0

4.4.4. Dynamics of growth
4.4.4.1. Shoot growth
There was a highly significant (P < 0.001) interaction between treatments and
seasons in the maximal shoot length (Table 4.4) and in all growing seasons,
there were general and progressive increases in shoot length for vines in the
control to those in the heavy shade treatment; from 1.2 to 1.9 - fold increases
(Fig 4). Of note, across the seasons, the shoot lengths in the control, light and
medium shade treatments were generally reasonably similar, whereas, there
was a marked increase in shoot length for vines in the heavy shade treatment
from the first to third growing season.

By contrast, there were only significant (P < 0.001) main effects of treatment and
season on the relative growth rates. There was less of a trend with treatment
compared to shoot length, but shoots on vines in the medium and heavy shade
treatments in the first two seasons generally grew faster, by about 20 - 30%,
compared with shoots on vines in the control and light shade treatments.
However, in the 2013/14 growing season, there was less difference, with only an
8% reduction in relative growth rates between lightest and heaviest shade
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treatments. Across the growing seasons, there was also a tendency for the
relative shoot growth rates to slow down.

The notion that when shoots attain 20% of the final length, they are deemed to
have started growing and when reaching 80% of their full size are deemed to
have stopped growing, was originally proposed by Greer and Weston (2010) and
has been adopted in this study. These are convenient points on the sigmoid plot
that enable the duration of growth between these two points to be ascertained
and then used to compare treatment effects on shoot extension and other organ
growth. These points can be readily determined when the sigmoid function is
fitted to such data by the Origin V 6.0 software (OriginLab Corporation,
Northampton, MA, USA).

The timing of shoot growth starting in each treatment in all growing seasons was
not significantly affected by treatment or season and occurred in all cases at
about 27 – 35 DAB. There was also no significant treatment effect on when
shoot growth stopped and in all cases, occurred at 55 – 89 DAB. However, there
was a significant seasonal effect and shoot growth terminated significantly earlier
in the 2011/12 season, by about 34 days, compared with those shoots in the
2013/14 growing season. Curiously, despite these significant changes in shoot
growth termination across the different growing seasons, there was no treatment
or seasonal effects on the duration of shoot growth, but across the seasons, the
duration increased from 28 to 54 days.
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(a)

(b)

(c)

Figure 4.4: The shoot length (Mean ± S.E., n= 24) of vines grown in the different
shade treatments for the 2011/12 (a), 2012/13 (b) and 2013/14 (c) growing
seasons. The lines are the best fit to the Boltzmann sigmoid function.
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Table 4.4: The dynamics of Shiraz shoot length extension (Mean ± S.E, n=24) for vines grown in four shade treatments in the season
2011/12 to 2013/14. Also included are the significant analyses of these data including the P values for the main and interactive effects of
treatment and season. The relative growth rate is calculated over the window of growth where growth is at a maximum and this can be
obtained by fitting the sigmoid function to the extension data according Seleznyova and Greer (2001b).

Shade

Season

Maximum
shoot length
(cm)

Relative
extension rate
(cm day-1)

Days to reach
20% growth

Days to reach
80% growth

Duration
of growth
(Days)

2011/12
2011/12
2011/12
2011/12

264.7 ± 5.1
282.2 ± 7.8
305.4 ± 7.7
319.1 ± 4.9
292.8 ± 6.4
201.9 ± 4.2
256.8 ± 7.1
362.2 ± 5.7
384.8 ± 8.1
301.4 ± 6.3

5.9 ± 0.1
5.4 ± 0.1
6.4 ± 0.1
7.9 ± 0.1
6.4 ± 0.1
4.2 ± 1.0
4.8 ± 1.0
6.4 ± 1.0
7.2 ± 1.0
5.7 ± 1.0

28.1 ± 4
25.4 ± 3
27.4 ± 2
29.4 ± 3
27.6 ± 3
24.7 ± 3
26.9 ± 1
33.9 ± 1
34.2 ± 1
29.9 ± 2

56.5 ± 5
57.1 ± 5
54.8 ± 5
52.3 ± 2
55.2 ± 4
61.4 ± 1
66.4 ± 3
73.4 ± 5
71.6 ± 2
68.2 ± 3

28.4 ± 7
31.7 ± 8
27.4 ± 8
22.9 ± 5
27.6 ± 7
36.7 ± 2
39.5 ± 9
39.5 ± 9
37.4 ± 4
38.3 ± 6

treatment

Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean

2012/13
2012/13
2012/13
2012/13
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Shade

Season

Maximum
shoot length
(cm)

Relative
extension rate
(cm day-1)

Days to reach
20% growth

Days to reach
80% growth

Duration of
growth
(Days)

2013/14
2013/14
2013/14
2013/14

269.1 ± 4.5
242.9 ± 6.5
344.6 ± 3.6
456.0 ± 5.6
328.2 ± 5.1
0.693
0.001
0.001

5.0 ± 0.6
4.1 ± 3.3
4.7 ± 1.0
5.0 ± 2.3
4.5 ± 1.8
0.001
0.001
0.103

40.3 ± 2
28.0 ± 3
36.5 ± 1
34.6 ± 1
34.8 ± 2
0.088
0.528
0.433

73.8 ± 1
105.7 ± 3
92.2 ± 5
84.4 ± 2
89.0 ± 3
0.581
0.003
0.439

33.5 ± 8
77.7 ± 5
55.7 ± 2
49.8 ± 2
54.2 ± 4
0.316
0.150
0.272

treatment

Control
Light
Medium
Heavy
Mean
Treatment
Season
Treatment
Season

x
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4.4.4.2. Leaf expansion
For the selected leaves, there were no significant effects of treatment or node
position on the maximum leaf area (Table 4.5) and, averaged across all node
positions, the maximum leaf areas ranged from 117 to 218 cm -2 between the
four shade treatments. By contrast, there was a highly significant interaction
between treatment and node position on the relative expansion rates of the
selected leaves. Thus, for vines in the control treatment, there was a trend for
early emerging leaves to have faster expansion rates compared with leaves
emerging late in the growing season. By contrast, there was little significance of
the difference in expansion rates between the selected leaves for vines in the
light shade treatment. Again by contrast, for those vines in the medium and
heavy shade, yet a different pattern (Fig. 4.5 a and b) occurred, with a trend for
early emerging leaves to have low expansion rates and those later emerging
leaves had the highest expansion rates.

There was a significant treatment x node position interaction on the timing of
leaf expansion commencing, as measured by leaves reaching 20% of full size
(Table 4.5). There was a strong and expected trend of a progressive delay in
the time of leaf expansion starting along the shoot between the early emerging
and later emerging leaves, from typically 16 DAB for the leaf at node 5 and 126
DAB for the leaf at node position 20. It is not readily apparent as to why there is
significant interaction but it may reflect the later start of expansion of, especially
the leaves at nodes 15 and 20, in the medium and heavy shade (134 DAB) in
comparison with those in control and light shade treatments (117 DAB).

By contrast, there was no significant interaction between treatment and node
position on the timing of leaf expansion terminating, but there were significant
main effects of both treatment and node position. Thus, for all treatments, there
was again an expected and significant trend along the shoot with a progressive
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delay in the leaves reaching full size (80% expansion), from about 56 DAB for
the leaf at node position 5 to 138 DAB for the leaf at node position 20. For the
significant treatment effect, there was a delay in each leaf reaching full size
progressively from the vines in the control treatment to those in the heavy
shade treatment. For example, for leaf 5, the time of expansion being
completed progressively advanced, from 46 to 63 DAB for heavy shade
treatment compared to the control treatment.

This trend of a significant interaction between treatment and node position was
evident for the duration of leaf expansion (Table 4.5). In general, treatment
differences in duration of leaf expansion indicated that the duration was longer
for leaf 5 in all treatments in comparison with leaf 20 and the other leaves were
intermediate. However, there was also an effect of node position, leaf 5
expanded from 33 – 50 days between the vines treated in control and heavy
shade treatments. For leaf 10, the treatment effects were continued in that the
control and light treatments had a markedly different duration of expansion (17 24 days) from the two heavier shade treatments (36 days). Similarly, for the
later emerging leaves, there was some tendency for vines in the heavy shade
treatment to have a much longer leaf expansion (10 - 30 days) compared with
control vines (15 – 20 days). Thus, the strongest effect on the duration of leaf
expansion was the node position of the leaf. Across all treatments, the early
emerging leaves took more than twice as long in duration to expand as the later
emerging leaves and this conforms to the higher relative expansion rates noted
above in the late compared with early emerging leaves.
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(a)

(c)

(b)

(d)

Figure 4.5: The growth of 5th (a), 10th (b), 15th (c) and 20th (d) leaf of the shoots
on the vines in the four shade treatments of the 2013/14 season best fit to the
Boltzmann sigmoid function (Mean ± S.E, n= 6).
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Table 4.5: The dynamics (Mean ± SE, n=6) of Shiraz leaf area expansion of selected leaves between nodes 5 and 25 for
shoots on vines grown in each of four shade treatments during the 2013/14 season. In all cases, these data were obtained
from the fit of the Boltzmann sigmoid function. The relative growth rate is calculated over the window of growth which is at a
maximum and this can be obtained by fitting the sigmoid function to the extension data, specifically Ƭ, according Seleznyova
and Greer (2001b).
Shade

Leaf no

treatment

Maximum

Relative

Days to reach Days to reach Duration

leaf area

leaf growth rate 20% extension

(cm2)

(cm day-1)

80% extension

of
extension
(Days)

Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean

5
5
5
5
10
10
10
10

121.7 ± 4.0
92.0 ± 3.0
171.8 ± 4.5
239.3 ± 4.0
156.2 ± 3.9
157.0 ± 4.0
186.5 ± 3.0
245.4 ± 5.0
295.2 ± 3.0
221.0 ± 4.0
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10.2 ± 1.3
4.4 ± 0.6
5.3 ± 0.6
5.6 ± 2.0
6.4 ± 1.1
7.1 ± 2.7
7.5 ± 2.1
7.7 ± 2.1
8.3 ± 1.2
7.6 ± 2.0

13.2 ± 6
19.1 ± 5
20.2 ± 7
14.0 ± 7
16.6 ± 6
58.7 ± 5
64.2 ± 6
64.5 ± 1
69.1 ± 3
64.1 ± 4

46.2 ± 5
52.0 ± 1
62.0 ± 8
64 0 ± 3
56.0 ± 4
75.6 ± 1
87.8 ± 1
100.6 ± 7
104.3 ± 7
92.1 ± 4

33.0 ± 9
32.9 ± 5
41.8 ± 2
50.0 ± 2
39.4 ± 5
16.9 ± 5
23.6 ± 5
36.1 ± 6
35.2 ± 4
27.9 ± 5

Shade
treatment

Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean
Treatment
Node
position
Treatment x
Node position

Leaf no

15
15
15
15
20
20
20
20

Maximum
leaf area
(cm2)
130.6 ± 3.0
120.4 ± 3.0
169.4 ± 4.0
227.5 ± 4.0
162.0 ± 4.0
86.0 ± 3.5
68.1 ± 3.5
107.4 ± 4.5
109.8 ± 4.0
92.8 ± 3.9
0.333
0.244
0.086
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Relative
leaf growth
rate
(cm day-1)

Days to reach Days to reach Duration of
20% extension 80% extension
extension

4.2 ± 0.8
5.9 ± 1.0
8.2 ± 2.5
6.7 ± 0.8
6.3 ± 1.3
2.4 ± 0.6
3.8 ± 1.5
10.3 ± 2.3
13.4 ± 4.0
7.5 ± 2.1
0.162
0.021

77.4 ± 3
80.1 ± 2
88.6 ± 1
92.2 ± 3
84.5 ± 2
117.1 ± 5
117.4 ± 3
136.7 ± 1
134.3 ± 6
126.4 ± 4
0.600
0.001

97.7 ± 3
102.9 ± 2
112.6 ± 3
122.1 ± 1
108.8 ± 2
131.7 ± 3
134.0 ± 5
142.7 ± 1
144.4 ± 3
138.2 ± 3
0.002
0.001

20.3 ± 1
22.8 ± 2
24.0± 4
29.9 ± 7
24.2 ±3
14.6 ± 3
16.6 ± 5
6.0 ± 1
10.1± 9
11.8 ± 5
0.001
0.453

0.029

0.501

0.001

0.001

(Days)

4.4.4.3. Internode extension
Internode extension for the shoots on vines in all treatments followed sigmoid
kinetics (Fig. 4.6) and differentiated early (20 - 25 DAB) in the growth of the
shoots in the four shade treatments. The final length of the internodes at the
selected node positions were, however, not significantly affected by an
interaction between treatments x node positions although there was a
significant effect of treatment (Table 4.6). Thus, averaged across nodes, the
lengths of the internodes in general increased as the intensity of the shade
treatment increased and, on average, internodes were longest in the heavy
shade treatment. For the dynamics of internode extension, there was also no
significant interaction between treatment and node position for any of the
attributes. There were no main significant effects of treatment or node position
on the relative extension rates even though the relative growth rate all
internodes under the heavy shade treatment averaged 1.1 cm day-1 while under
the three lowest shade treatments averaged between 0.4 – 0.7 cm day-1. On the
timing of the start and completion of internode extension, there was a significant
node effect in each case. On average, the early emerging internodes (internode
5) started expanding at 39 DAB and finished at 51 DAB whereas the last
emerged internode (20) commenced extension at 133 DAB and finished at 143
DAB. However, the duration of extension was not significantly influenced by
treatment or node position.
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(c)

(a)

(b)

(d)

Figure 4.6: The growth of 5th (a), 10th (b), 15th (c) and 20th (d) internode of the
shoots under the four shade treatments of the 2013/14 growing season and the
line is the best fit to the Boltzmann sigmoid function (Mean ± SE, n=6).
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Table 4.6: The dynamics (Mean ± SE, n=6) of selected Shiraz vine internodes between nodes 5 and 25 for shoots on vines
grown in each of four shade treatments during the 2013/14 season. In all cases, these data were obtained from the fit of the
Boltzmann sigmoid function. The relative growth rate is calculated over the window of growth which is at a maximum and this
can be obtained by fitting the sigmoid function to the extension data according Seleznyova and Greer (2001b).

Shade

Node

Maximum

Relative

Days to reach Days to reach Duration

treatment

no

internode

internode

20% extension

length

extension

extension

(cm)

rate (cm day-1)

(Days)

Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean

5
5
5
5

8.2 ± 4.5
10.6 ± 3.1
11.4 ± 2.4
12.6 ± 4.0
10.7 ± 3.5
10.8 ± 3.5
9.9 ± 2.5
13.2 ± 2.9
12.5 ± 4.1
11.6 ± 3.3

10
10
10
10
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0.6 ± 0.1
0.6 ± 0.1
0.8 ± 0.4
1.4 ± 0.4
0.9 ± 0.3
0.4 ± 0.1
0.3 ± 0.1
0.5 ± 0.2
0.8 ± 0.5
0.5 ± 0.2

29.1 ± 4
35.5 ± 3
43.0 ± 7
48.3 ± 3
38.9 ± 4
66.2 ± 4
62.7 ± 1
61.0 ± 3
62.2 ± 3
63.0 ± 3

80% extension

40.5 ± 0
48.4 ± 2
54.2 ± 7
62.1 ± 7
51.3 ± 4
97.2 ± 2
94.1 ± 6
94.0 ± 3
80.1 ± 4
91.3 ± 4

of

11.4 ± 5
12.9 ± 4
10.9 ± 6
13.9 ± 4
12.3 ± 5
31.4 ± 2
31.7 ± 3
33.0 ± 5
17.9 ± 1
28.5 ± 3

Shade

Node no

Maximum
internode
length (cm)

15
15
15
15

7.9 ± 1.0
8.8 ± 3.8
7.7 ± 1.5
9.5 ± 7.4
8.5 ± 3.4
6.0 ± 2.3
9.8 ± 1.1
7.6 ± 0.6
7.8 ± 3.3
7.8 ± 1.8
0.033
0.384
0.206

treatment
Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean
Treatment
Internode
Treatment
x Node

20
20
20
20
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Relative
internode
extension rate
(cm day-1)
0.4 ± 0.1
0.8 ± 0.1
0.3 ± 0.1
0.5 ± 0.3
0.5 ± 0.1
0.3 ± 0.2
1.0 ± 0.4
0.4 ± 0.2
1.7 ± 2.0
0.8 ± 0.7
0.880
0.897
0.481

Days to reach
20% extension

Days to reach
80% extension

75.1 ± 5
66.2 ± 3
75.5 ± 3
69.6 ± 3
71.6 ± 4
116.5 ± 2
130.0 ± 1
142.3 ± 5
145.2 ± 2
133.5 ± 3
0.763
0.001
0.264

82.1 ± 4
106.4 ± 1
100.0 ± 2
86.0 ± 3
93.6 ± 3
134.1 ± 2
137.3 ± 2
150.0 ± 4
153.4 ± 5
143.7 ± 3
0.568
0.001
0.739

Duration
of
extension
(Days)
7.0 ± 3
40.2 ± 2
74.5 ± 4
16.4 ± 3
34.5 ± 3
17.6 ± 1
7.3 ± 3
8.3 ± 3
8.2 ± 3
10.3 ± 2
0.691
0.786
0.312

4.4.5. Leaf area distribution at harvest
There was a significant (P < 0.05) interaction between the treatment x season
(Table 4.7) on final leaf area. In the 2013/14 season, the leaf area of vines in
the heavy shade treatment was significantly increased, by 38 - 39 cm2,
compared with the previous two seasons (Fig. 4.7 a). Furthermore, the leaf area
for vines in the heavy shade treatment in the last season was significantly
higher from the 3rd internode to 12th internode compared to other treatments. In
the same season (2013/14), the leaf area along the shoot for vines in the
medium, light and heavy shade treatments were significantly (P < 0.001) higher
than for the control vines. The leaf areas along the shoot more generally
increased up to the 5 - 6th node position and then decreased thereafter. This
distribution pattern occurred in all vines in each of the three growing seasons.

(a)
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(b)

(c)

Figure 4.7: Changes in the leaf area distribution (Mean ± SE. n=24) along the
shoot as measured at the harvest in four shade treatments in the three growing
seasons, 2011/12 (a), 2012/13 (b) and 2013/14 (c).
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4.4.6. Internode pattern at harvest
There was a significant (P< 0.05) treatment effect whereas no interaction
between treatment x season on the internode length (Table 4.7). The internode
lengths under the heavy shade increased significantly in the first two seasons
compared with the other treatments (Fig. 4.8). Furthermore, internode lengths
for vines in the heavy shade treatment were significantly longer (P < 0.01)
during the 2011/12 (for node positions 6 - 21) (Fig. 4.8 a) and also during the
2012/13 season (for node positions 15 - 23) (Fig. 4.8 b) compared with shoots
on vines in the other shade treatments. However, for the shoots in the 2013/14
growing season, only a few internodes were significantly longer for vines in the
heavy shade treatment (Fig. 4.8 b). Additionally, there were also some
significant differences in internode lengths along the shoot for vines in the
different shade treatments although not consistently. Moreover, the pattern of
internode lengths along the shoot increased with node position to a maximum
around node position 5 and then decreased thereafter along the shoot. This
pattern was retained in each of the three growing seasons and mirrored the
pattern of leaf area distribution along the shoot.

(a)
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(b)

(c)

Figure 4.8: Changes in the distribution of internode lengths (Mean ± SE, n=24)
along the shoot and measured at the harvest under the four shade treatments
and across the three growing seasons; 2011/12 (a), 2012/13 (b) and 2013/14
(c).
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Table 4.7: Average leaf area and internode length per shoot of Shiraz (Mean ±
SE, n=24) for vines grown in four shade treatments in the season 2011/12 to
2013/14. Also included is the statistical analysis of these data including the P
values for the main and interactive effects of treatment x season.

Leaf area
(cm2)
116.7 ± 8.8
126.6 ± 8.4
125.1 ± 10.3
147.7 ± 8.7
129.0 ± 9.0

Internode length
(cm)
9.0 ± 1.1
8.7 ± 1.0
9.8 ± 0.6
11.4 ± 1.0
38.9 ± 0.9

2012/13
2012/13
2012/13
2012/13

145.6 ± 4.9
144.1 ± 7.4
164.1 ± 9.6
149.1 ± 11.5
150.7 ± 24.8

10.3 ± 0.9
9.9 ± 1.0
11.1 ± 0.3
12.8 ± 0.3
11.2 ± 0.6

2013/14
2013/14
2013/14
2013/14

106.0 ± 13.1
127.9 ± 14.1
141.6 ± 10.9
186.8 ± 8.7
140.6 ± 11.7
0.644
0.164
0.034

7.5 ± 1.0
8.7 ± 1.0
8.7 ± 0.7
9.1 ± 1.2
8.5 ± 1.0
0.026
0.676
0.495

Treatment

Season

Control
Light
Medium
Heavy
Mean

2011/12
2011/12
2011/12
2011/12

Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean
Treatment
Season
Treatment x
Season

4.4.7. Dry matter allocation
There were significant (P < 0.05, P < 0.001) interactions between treatment x
season on leaf, internode and total dry matter (Table 4.8). Furthermore, there
were significant differences in dry matter allocation between leaves, internodes
and the total shoot dry matter along the shoot for vines grown in the different
shade treatments (Fig. 4.9). However, there was no consistent pattern. The
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maximum leaf, internode and total dry matter occurred at the 10th node position.
From the 10th node, higher dry matter occurred in vines in the medium shade
treatment compared with vines in the other treatments. Of the total dry matter
allocation, 68 - 70% was allocated to the internodes while 30 - 32% was
allocated to the leaves along the shoot for vines in the two heaviest shade
treatments along the shoot. However, for vines grown in the control and light
shade treatments, the percentage of dry matter allocation to the internodes was
69 - 74% of the total whereas for the leaves, 30 - 32% of dry matter was
allocated along the shoot.

(a)
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(b)

(c)

Figure 4.9: Changes in distribution of dry matter allocation along the shoot for
the different components leaf (a), internode (b) and total dry matter (c) (Mean
± SE, n = 24) measured at harvest for the four shade treatments during the
2011/12 growing season.
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During the 2012/13 season, leaf dry matter allocation for shoots on vines grown
in the heavy shade treatment was significantly lower (Table 4.8) than for shoots
on vines grown in the other treatments, particularly from the 8 th to 30th node
position (Fig. 4.10). However, dry matter allocation to internodes and the total
allocation for shoots of vines grown in the heavy and medium shade treatments
were significantly higher along the shoot than for shoots on vines grown in the
other shade treatments. The maximum dry weight of the leaves occurred at the
8th internode position for shoots of vines in the control treatment, thus similar to
the distribution for shoots during the 2011/12 season. The maximum internode
and total dry weight occurred at the 7th internode position for shoots on vines in
the heavy shade treatment. The dry matter allocated to the internodes along the
shoots on vines in the two lowest shade treatments was 45 – 48% of the total
dry matter while 52 – 54% of dry matter was allocated to the leaves. By
contrast, along the shoots on vines in the two heaviest shade treatments, the
allocation of dry matter to internodes ranged from 62 - 76% of the total while 21
- 35% of dry matter was allocated to the leaves.

(a)
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(b)

(c)

Figure 4.10: Changes in distribution of dry matter allocation along the shoot for
the different components leaf (a), internode (b) and total dry matter (c) (Mean ±
SE, n=24) measured at harvest for the four shade treatments during the
2012/13 growing season.
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In the 2013/14 season, the leaf dry matter changes for vines in the different
shade treatments were not consistent along the shoot which was a different
pattern to that of the previous season (Fig. 4.11). However, the dry matter
allocated to the internodes and the total dry matter for vines in the two heaviest
shade treatment were significantly higher from about the 6th internode onwards
along the shoot. This pattern also occurred for vines during the 2012/13 season.
The leaf dry weight was maximal at the 11th internode whereas the internodes
dry weight was highest at the 8th internode position. Of the total dry matter
distribution along the shoot, some 50 - 57% was allocated to the internodes
whereas 40 - 43% was allocated to the leaves for shoots on vines grown in the
two least shaded treatments. However, for shoots grown in the two heaviest
shade treatments, 65 - 66% of the total dry matter was allocated to the
internodes and 31 - 34% was allocated to the leaves.

(a)
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(b)

(c)

Figure 4.11: Changes in distribution of dry matter allocation along the shoot for
the different components leaf (a), internode (b) and total dry matter (c) (Mean ±
SE, n=24) measured at harvest for the four shade treatments during the
2013/14 growing season.
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Table 4.8: Average leaf, internode and total dry matter per shoot of Shiraz
(Mean ± SE, n=24) for vines grown in four shade treatments in the season
2011/12 to 2013/14. Also included is the statistical analysis of these data
including the P values for the main and interactive effects of treatment x
season.

Treatment

Season

Leaf dry
matter (g)

Total dry
matter (g)

1.1 ± 0.1
1.2 ± 0.1
1.1 ± 0.1
1.1 ± 0.1
1.1 ± 0.1

Internode
dry
matter (g)
2.5 ± 0.3
2.8 ± 0.3
2.3 ± 0.3
2.6 ± 0.3
2.5 ± 0.3

Control
Light
Medium
Heavy
Mean

2011/12
2011/12
2011/12
2011/12

Control
Light
Medium
Heavy
Mean

2012/13
2012/13
2012/13
2012/13

1.2 ± 0.1
1.2 ± 0.1
1.2 ± 0.1
0.7 ± 0.1
1.1 ± 0.1

1.0 ± 0.1
1.1 ± 0.1
2.1 ± 0.1
2.5 ± 0.1
1.7 ± 0.1

2.2 ± 0.1
2.3 ± 0.1
3.4 ± 0.1
3.3 ± 0.1
2.8 ± 0.1

Control
Light
Medium
Heavy
Mean
Treatment
Season
Treatment
x Season

2013/14
2013/14
2013/14
2013/14

0.8 ± 0.1
0.9 ± 0.1
1.0 ± 0.1
1.1 ± 0.1
0.9 ± 0.1
0.022
0.003
0.034

1.1 ± 0.1
1.2 ± 0.1
1.9 ± 0.1
2.3 ± 0.1
1.6 ± 0.1

2.0 ± 0.2
2.1 ± 0.2
2.9 ± 0.1
3.5 ± 0.1
2.6 ± 0.1
0.183
0.001
0.001
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0.363
0.001
0.001

3.6 ± 0.1
3.8 ± 0.1
3.4 ± 0.1
3.7 ± 0.1
3.6 ± 0.1

4.5. Discussion
In the 2013/14 season, the timing of bud break, the critical berry growth period
and the harvest were advanced, while flowering and fruit set were delayed,
compared with the previous two seasons. Similarly, fruit set was earlier and a
narrower window between veraison and harvest occurred in the 2012/13
growing season compared with the previous season and a later harvest was
also evident in 2012/13. It was apparent that the warmer conditions resulted in
shifting the phenological stages of the growth cycle. However, according to the
literature (Jones and Davis, 2000b; Pearce and Coombe, 2004; Webb et al.,
2007), grapevine phenology is mainly dependent on temperature. Hence, the
advanced phenological windows in the present study may be due to the warmer
conditions which prevailed in the different growing seasons.

There were no significant differences between the different shade treatments on
the timing of bud break, flowering and fruit set whereas veraison was delayed in
heavy shade treatment berries in comparison with the control and light shade
treatments in the first two seasons. In the warmest season (2013/14), there
were no significant differences between shade treatments in the phenology of
the Shiraz vines. In Semillon vines treated to a 70% shade treatment bud break,
flowering, fruit set and veraison were not affected when compared to well
exposed vines (Greer and Weedon, 2012 b), whereas in Cabernet Sauvignon, a
44% shade treatment delayed veraison by 23 days after the applied shade
treatment (Smart et al., 1988). These findings and this study demonstrate that
the phenology apparently depends more on the seasonal attributes rather than
density of shade over vines.

The leaf appearance rate of field grown Shiraz in Zone 3 was higher compared
to zone 1 and 2. This difference was prominent in the latter part of the season.
There were no shaded vine studies to compare the Shiraz vine leaf appearance
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in the field. However, the phyllochron was around 0.6 days per leaf in the
present study which was smaller than the Semillon (Greer et al., 2010) and
Actinidia deliciosa (Seleznyova and Greer, 2001b) vines in the controlled
environment conditions. In the field-grown grapevines, the leaf appearance
rates were slower in the later part of the growth stage compared to leaf
appearance rates in the controlled environment treatments. This difference may
have been attributed to a higher competition for photosynthates in the fieldvines, with the bunches as strong sinks (Moncur et al., 1989). By contrast, in the
present study, the leaf appearance rate in the vineyard was higher compared
with early part of the growth stage and the controlled environment study
(Chapter 6). This may be due to the prevailing heat conditions in the later part of
the season in 2013/14. This suggests a future study to evaluate the leaf
appearance rates during the heat events which appear to affect source: sink
relationships and thus shoot growth.

Shoot growth per vine in all treatments increased across the growing seasons
especially in the last season. This difference may be attributed to the different
pruning strategies between the seasons (Smart et al., 1982). Even though the
vines were trained according to the Vertical Shoot Positioning (VSP) training
strategy over each of three growing seasons, the lighter pruning in the last
season might have increased the number of shoots per vine (May et al., 1973;
Smart et al., 1982). To implement this training strategy, heavy pruning was
necessary during the first two seasons but in the third season, when many
shoots were now upright, only light pruning was required. This did, however,
mean more shoots were retained in the third season. The final shoot lengths in
the various treatments increased markedly with increasing density of the
imposed shade in all growing seasons, which is in contrast with some studies
(Buttrose, 1969b; Fournier and Andrieu, 2000; Greer, 2001a; Valio, 2001; Greer
et al., 2010). In particular, Buttrose (1969b) concluded that shoot growth of
Shiraz vines did not change markedly in different light intensities in controlled
conditions and these results are in contradiction with the present finding.
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However, there are apparently no other studies on Shiraz shoot growth in
vineyard conditions with imposed shade treatments. A reason for the longer
shoot growth in the heavy shade treatment of the present study may be that the
sink demand of shoot tips in low photon flux densities was higher than for other
sinks including the bunches.

The final shoot growth of Shiraz vines in the present study and in the shade
treatments were longer, by 45 – 71%, in comparison with Semillon vines in
deeper shade (Greer and Weedon, 2012 b). However, Shiraz shoots extended
considerably more in the absence of shade in a potted vine experiment (Louarn
et al., 2007). Even though long shoots are a distinct character of the Shiraz
vines, the shoot growth increase on vines in shaded treatments in comparison
to the control treatment demonstrated that shoot growth increased with
increasing shade densities in this study. It was revealed that the rate of shoot
growth had increased under the shade. Therefore, this study addressing the
dynamics of Shiraz shoot growth is the first to observe this growth effect for
Shiraz vines.

The shoots of all treatments showed growth at the early stages but there were
no differences in timing of shoot growth being initiated. However, in the 2012/13
season, shoot growth of vines in all canopies terminated much later, by 21 - 34
days in comparison with the previous growing seasons. This may be due to
temperatures being 3.2 – 6.0°C warmer in 2013/14 than the earlier growing
seasons. However, there was no differences in the dynamics of shaded
Semillon shoots with reduced canopy temperatures, by 7 - 8°C, in comparison
with control shoots in an open canopy (Greer and Weedon, 2012 b). The
differences in shoot growth dynamics of the Shiraz and Semillon vines under
shade may be due to the varietal differences. Generally, Shiraz is described as
a fast and vigorous growth variety (Jackson and Schuster, 1994; Kerridge and
Antcliff, 1999).
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In contrast to the shoot lengths, there were no effects of the different seasons
on the final leaf areas at selected positions along the shoot and there was also
no treatment effect, despite the differences in accumulated leaf area shown in
Fig. 4.9. This pattern was shown in the Semillon leaf under the 70% shade
(Greer et al., 2010) whereas not in Actinidia deliciosa shoots (Greer, 2001a).
However, the leaf area in all treatments increased up to the 5 – 6th node position
and decreased thereafter up to the 25th node position. By contrast, in Actinidia
deliciosa and Semillon vines, the leaf

area increased up to the 10th node

position irrespective of low and high light intensities or hydrocooled or nonhydrocooled vines (Greer, 2001a; Seleznyova and Greer, 2001b; Greer et al.,
2010; Greer and Weedon, 2014).

In the present study, the dynamics of leaf area expansion of the Shiraz vines
were very markedly affected by the treatments in contrast to the actual leaf
area. The rates of leaf area expansion, for example, of early and late emerging
leaves varied markedly under the different shade treatments. High rates of
expansion occurred in the earliest emerging leaves of control treatment vines
and low rates in the most recently emerged leaf. This pattern between the
different leaves was not sustained in the other treatments and, in fact, in the two
heaviest shade treatments, the pattern was reversed, with highest expansion
rates occurring in the most recently emerged Shiraz leaf. These data
nevertheless clearly suggest an effect of shade, or PFD more particularly, on
the relative expansion rate of the Shiraz leaves. In contrast, for some other
grape varieties, there was no strong relationship between leaf expansion rates
and light intensity (Buttrose, 1968; Schultz, 1992; Greer, 2001a). For Semillon
vines grown in shade and in the open, the maximum whole shoot leaf
expansion rates were not significantly affected by the differences in PFD (Greer
and Weedon, 2012 b). However, there is some evidence (Greer, 1996; Greer
and Jeffares, 1998) that the temperature has an effect on leaf expansion rates.
For example, in hydrocooled Semillon vines, the maximum leaf area was
significantly smaller and shoot growth dynamics were slower in comparison with
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naturally warmer vines (Seleznyova and Greer, 2001b; Greer and Weedon,
2014). Given that there was no temperature control in the vineyard of the
present study, it, therefore, remains uncertain if the observed treatment effects
on leaf expansion were related to the temperature or light conditions.

It was to be expected that the initiation and completion of leaf expansion would
be progressively delayed along the shoot in concert with delay in appearance of
the leaves as this has been well documented (Seleznyova and Greer, 2001b;
Greer and Weedon, 2014) and also shown in the present study (Table 4.5).
Perhaps what is less well known is that the shade treatments of the present
study disturbed this pattern, not so much for the early emerging leaves but
certainly for the latest emerging leaves. In their case, when treated to the
medium and heavy shade, the time of leaf expansion starting was about 2 - 3
weeks after the comparable time for vines in the control and light shade
treatments. Furthermore, the time of leaf expansion terminating was also
delayed, by 1 - 2 weeks, for the shoots on vines in the medium and heavy
shade compared with those in control and light shade treatments. Of note for
these vineyard-grown Shiraz vines, the duration of expansion for leaves of vines
in all treatments had a longer period of expansion in the early compared to late
emerging leaves. For vines in the control treatment, the duration of expansion of
late emerging leaves was only about half the time for the early emerging leaves.
However, there were treatment effects on these differences in duration between
leaves. For the earliest emerging leaf, from the control to the heavy shade
treatment, the duration of expansion increased markedly by 1.5 - fold. By
contrast, for the late emerging leaves, the comparable leaf duration was
reduced by 50% for vines in the control and heavy shade treatments. This
provides evidence that the PFD that the vines were exposed to over the
growing season interacted with the ontogeny of the shoot and the time of leaf
appearance. It may also reflect the differences in physiology of leaves along the
shoot, with those leaves below about nodes 12 - 14 originating from preformed
(in the previous season) primordia and those at nodes above originating de
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novo from primordia produced by the apical meristem in the current season
(Louarn et al., 2007; Greer et al., 2010).

In contrast to the growth and dynamics of the Shiraz leaves, there was a totally
different picture with the internodes, with no significant interaction between
node position and treatment. There was a significant treatment effect on
internode length, however, principally because those in the medium and heavy
shade treatment vines were longer than those in the control treatment. There
were no treatment effects on the relative internode extension rates and this was
also true for the timing of internode extension. There were, however, node
position effects on the timing of extension growth, both for when it started and
when it finished and comparable with the leaves. On average, the early
emerging internodes for all treatments commenced extension at about 40 DAB
and this was apparently very delayed in comparison to the subtending leaf
starting to expand (Table 4.6). Although the mid and late emerged leaves
showed a similar pattern, the differences between the leaves and internodes
were generally smaller but this comparison was complicated by the time of leaf
expansion starting being significantly affected by the treatment and node
position interactively. The extension of internodes in the present study was
comparable to that for Sangiovese (Cartechini and Palliotti, 1995) and Semillon
vines (Greer et al., 2010) which asserted that the higher internode lengths in
shade treatments were attributed to more carbon allocation by reducing leaf
number, internode diameter and the number of axillary shoots. By contrast to
this study, internode length declined in maize (Zea mays L.) under shade from a
low carbon availability (Fournier and Andrieu, 2000). However, there does not
appear to be any comparable studies in which to compare the dynamics of
growth of different internodes with the present study. In a study with Semillon
vines, Greer et al. (2011) that shade had no effects on the dynamics of stem
extension and internode extensions.
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Fortunately, internode extension dynamics of other plant species have been
studied. Garrison (1973) assessed the internode extension of Helianthus at
several stages of development to determine the pattern of growth. The growth
of an internode from the time of initiation until maturity usually takes place within
a 2 to 3 week period and followed the pattern of a sigmoid curve. In the present
study, internodes extended for a 1-5 week period at 5th, 10th, 15th and 20th
internode positions which were a somewhat longer period than that for
Helianthus. Furthermore, Reddy et al. (1997) studied the temperature effects on
dynamics of internode extension of cotton plant and observed that the
internodes typically took less time to reach the final size compared to leaves
(also shown by Greer and Weston 2010) at all temperatures and the ratios
between leaf and internode expansion durations decreased as temperature
increased.

The dry matter of leaves, internodes and the total dry matter were distributed in
a similar pattern to that occurring in other vines (Greer and Weedon, 2014) in
that the maximum dry matter occurred at node positions 8 – 11 and thereafter
the dry matter along the shoot declined markedly. A similar pattern was evident
in each of the three growing seasons. The internodes had a higher percentage
dry weight along the shoot for the vines in all treatments during the three
seasons where as in the Semillon study, the early emerging internodes (node
position 1-8) had higher dry weights while leaves had the higher dry weights at
nodes beyond (Greer and Weedon., 2014). This may be attributable to a
varietal difference as Shiraz is known to be a vegetatively vigorous growth
variety (Jackson and Schuster, 1994; Kerridge and Antcliff, 1999) and
consequently may allocate more biomass to the internodes than the leaves.

The leaf dry matter under the heavy shade was reduced 26 – 40% compared
with control vines whereas internode dry matter increased 45 – 56% under the
two heaviest shade treatments compared with the control and light shade
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treatments in the latter two seasons (Data not shown). These results are
comparable with the internodes of Rhine Riesling, Shiraz and Ohanez vines
whereas the leaf dry matters are in contradiction with Muscat Gordo Blanco,
Rhine Riesling, Shiraz, Ohanez and Sultana leaves (Buttrose, 1969b).
However, Greer et al. (2010) described a similar pattern of internodes under the
70% shaded Semillon vines. In addition, in Trema micrantha (L.) seedlings
(Valio, 2001) and Dichanthium aristatum grass (Pablo, 1997), a reduced dry
weight with increasing shade densities was observed. The reason may be that
as a result of low light intensity of the heavy shade, Shiraz vines grew
vigorously and reduced biomass accumulation in leaves in favour of stem
growth.

4.6. Conclusion
The phenological stages were advanced forward in comparison to previous
years possibly because of the warm conditions that prevailed during the
2011/12 to 2013/14 summer growing seasons. Veraison was delayed in the
shaded treatments; however, there were no differences of timing of the
phenological stages in shade and open canopy during the high temperature
seasons with consecutive heat events. The leaf appearance rate in the later
part of the season was considerably higher, irrespective of shade density during
the warmest season. The Shiraz shoot growth, leaf expansion rate and
dynamics of early emerging leaves were markedly delayed in shaded vines
compared to non-shaded vines. The internode elongation and dry matter
allocation on leaves, internode and total dry matter of vines were also affected
by the shade of the Shiraz vines. It was likely that vine performance in the
shade was compromised in terms of vegetative growth but this must be viewed
in the light of protection from heat, especially the reproductive growth (see
Chapter 5). Thus, these impacts on growth may impact on later season’s growth
and, therefore, should be considered when implementing this strategy to
mitigate the effects of heat events in the long term.
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Chapter 5 - Reproductive growth of Shiraz berries grown in
different photon flux densities imposed by selected shade
treatments covering vineyard-grown vines

5.1. Introduction
This chapter describes the results of the effect of the different shade treatments
on Shiraz berry growth at the vineyard condition. The detailed experimental
approach is described in the Chapter 2.

In some parts of Australia, the frequency of high temperature periods has been
increased during the grape growing season in the recent past. High temperature
and high light conditions can impair several physiological functions such as
flowering, berry growth, sugar loading and fruit mass (Gladstones, 1992; Greer
and Weston, 2010 a; Greer and Weedon, 2013) changes in fruit composition in
grapevines, with resultant costs on quantity and quality attributes of grapes and
wines (Greer and Weston, 2010 a; Iland et al., 2011).

There have been a large number of studies investigating high temperatures on
grapevine performance and berry development (Kliewer, 1977; Sepúlveda and
Kliewer, 1986; Greer and Weston, 2010 a) and these have demonstrated a
dramatic effect on the berry ripening process, often accompanied with an arrest
in sugar accumulation. By contrast, studies addressing the interactive effects of
high light intensities and temperature on grapevine performance are more
scarce. The exception is some more recent studies (Spayd et al., 2002; Greer
and Weedon, 2012 b) indicating that the effects of high temperatures on berry
development are exacerbated by high light intensities. Therefore, it is vital to
understand berry traits at the field level including extreme climatic conditions.
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5.2. Objectives
The objectives of this chapter were therefore to evaluate berry responses to
PFD and temperature, quantify the impact of the interaction of temperature and
PFD and to describe mathematically berry growth, sugar and dry weight
accumulation in Vitis vinifera cv. Shiraz berries under set PFDs in the vineyard.
The description of the shade cloth treatments over the vines was described in
Chapter 2.

5.3. Material and methods
Refer to Chapter 2 for all relevant details on the methods used in this Chapter.

5.3.1. Data analysis
The main and interactive effects of treatment and season were determined for
each of the berry attributes using a general linear model procedure and means
and standard errors were calculated using the R statistical software (The R
Foundation for statistical computing, Vienna, Austria).

5.4. Results
5.4.1 Bunch temperatures
Across the 2012/13 growing season, the daily maximum bunch temperatures
varied between 23 and 41°C for the heavy shaded bunches and between 22
and 43°C for the control bunches (Fig. 5.1 a). The maximum temperatures for
the bunches in all treatments exceeded 40°C for 1- 3 days. Night temperatures
in all treatments were typically in the 10 to 20°C range, though did increase to
above 30°C when day temperatures exceeded 40°C.
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Across the 2013/14 season, the daily maximum bunch temperature varied by a
similar range. For those bunches in the control treatment, temperature varied
between 19 and 47°C, and between 16 and 42°C in the heavy shade treatment,
with the cooler temperatures generally occurring in the early stage of bunch
growth. However, there were high temperatures both in the early and late
stages of bunch development. Notably, in this season, temperatures of the
bunches on vines in all treatments exceeded 40°C for several hours each day
for a total over the growing season of 6 to 24 days, with the shortest duration
occurring in the heavy shade treatment while the longest duration occurred in
bunches on vines in the control treatment.
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(a)

(b)

Figure 5.1: The seasonal pattern of the daily maxima and minima bunch
temperatures of Shiraz vines across the 2012/13 (a) and 2013/14 (b) growing
seasons.
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5.4.2.1. Total soluble solids concentration over the growing seasons
In the 2011/12 growing season, TSS accumulation in the berries of the control
and light-medium shade treatments was not significantly different (Fig. 5.2a).
However, during the growing season, the TSS of berries in the heavy shade
treatment were significantly (P < 0.001) lower, by 1.4 – 1.8 oBrix compared with
the other treatments. The difference was somewhat transient because at
harvest, there were no treatment differences in TSS.

Similarly, across the 2012/13 growing season (Fig 5.2 b), the TSS accumulation
of berries on vines in the medium and heavy shade treatments were
significantly reduced, by up to 4.8 °Brix and 2.4 °Brix compared to those berries
on vines in the control and lowest shade treatments. It was notable that the
differences were apparent from about veraison onwards and occurred because
accumulation of TSS in the medium and heavy shade treatments was initially
(105 – 140 DAB) delayed, more so in the heavy than the medium shade
treatment. However, thereafter, the rates of TSS accumulation in the berries
from these two treatments were comparable with those from the control and
light shade treatments. At harvest, berries from the heavy shade treatment
remained significantly less ripe than those in the other treatments.
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(a)
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(b)

156

(c)

Figure 5.2: Changes of total soluble solids concentration (Mean ± SE, n = 15) of
Shiraz bunches over the growing season for the four shade treatments as indicated
during the 2011/12 (a), 2012/13 (b) and 2013/14 (c) growing seasons.
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For the 2013/14 growing season (Fig. 5.2c), patterns of accumulation of TSS
were generally similar to that in the previous season. Thus, a delay in
accumulation of soluble solids again occurred in berries from the medium and
heavy shade treatments, such that differences in TSS between these and
berries from the other two treatments were significant. However, in contrast to
the previous growing seasons, the treatment effects on TSS accumulation were
not sustained from two events. Firstly, the rate of accumulation of TSS in the
berries of control and light shade treatments declined or slowed down
dramatically from 130 DAB, and consistent with the onset of the first heat event
(cf. figure. 3.3). Although, accumulation in these berries did recommence, the
second event was that berries on vines in the heavy shade treatment increased
the rate of TSS accumulation from about 140 DAB and was transiently
significantly higher than that for berries in the control and medium shade
treatments. At harvest, TSS in heavy shade berries was significantly higher than
the other treatments.

There was a significant (P< 0.05) interaction between season x treatment and
the main effect of season and days after bud break (DAB) (Table 5.1) in TSS of
Shiraz berries.
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Table 5.1: The model parameter estimates of the significant analysis of the
effect of season and time of sampling (DAB) on soluble solids accumulation in
each of the four shade treatments (averaged over all seasons). Also shown are
the estimates of variance (r2) that the model accounted for as well as the
probability (P) that the model was significant.

Model parameter estimates
Treatment

Season

DAB

r2

P value

Control

-1.090

0.264

0.65

0.001

Light

-1.412

0.268

0.62

0.001

Medium

-1.781

0.260

0.61

0.001

Heavy

-1.701

0.274

0.59

0.001

The statistical Model = season x treatment x DAB that was used in the analysis.

In this model, the date of sampling (DAB) contributed mostly (Mean square
(MS) = 129780.80) to the variance in TSS whereas season, season x treatment
and treatment contributed (MS = 268.8), (MS = 132.73) (MS = 28.1) much less
to the overall variance. It indicated particularly that the season coefficient
contributed negatively and more so for the bunches in the heavy shade
treatment compared to those in the control treatment whereas the DAB effect
was positive and the coefficients were generally similar across treatments.

5.4.2.2. Sugar accumulation over the growing seasons
The pattern of sugar accumulation of bunches in all treatments followed a
general curvilinear pattern in each of the seasons (Fig. 5.4). In the 2011/12
season, there were some treatment differences in the berry sugar content,
notably the bunches in the heavy shade treatment had an initially significantly
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lower sugar content than bunches in the other shade treatments but these
differences had largely disappeared by about 130 DAB. By contrast in the
2012/13 season, the sugar content of berries on bunches on the heavy shade
berries was significantly lower compared with the berries of bunches of all other
treatments and this difference was evident from shortly after ripening
commenced and persisted through to harvest. At harvest, there was a slight
difference in the berry sugar content of bunches in the control to medium
treatments. At the final assessment, there were no treatment differences in
sugar content and this was most likely related to a decrease in berry volume of
which Shiraz vines have a well-known reputation to shrink just before full
ripeness is achieved (McCarthy, 1999; Rogiers et al., 2000; Petrie et al., 2004).
This is due to a reduction in water inflow through the vascular system of the
berries. Along with ongoing transpiration and possibly some backflow, this
results in a net negative water budget (Smart et al., 1974; Mccarthy, 1997;
McCarthy, 1999; Tyerman et al., 2004; Rogiers et al., 2004 b; Rogiers et al.,
2006; Greer and Rogiers, 2009). A similar pattern of differences occurred in the
2013/14 growing season except that the sugar content of berries in bunches of
the two heaviest shade treatments remained significantly lower almost
throughout the ripening period compared to the berries of bunches in the two
highest shade treatments. However, at harvest, the sugar content was
significantly higher in the light and heavy shade berries. Thus across first two
growing seasons, the berries of bunches in the heavy shade treatment
consistently had a delay in ripening commencing and even if the rate of ripening
was not different, there was a persistently lower sugar content compared to all
other treatments though not at the end of the ripening period. However, in the
last season the sugar content was significantly decreased in control berries
compared to other treatments.
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Figure 5.3: Berry volume (Mean ± SE, n = 15) of Shiraz bunches over the
growing seasons on vines grown in each of four shade treatments as indicated
and during each of the three 2011/12 (a) 2012/13 (b) 2013/14 (c) growing
seasons.
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(a)

(b)

163

(C)

Figure 5.4: Sugar accumulation (Mean ± SE, n = 15) of Shiraz bunches over the
growing season on vines grown in four shade treatments as indicated and
during each of the three 2011/12 (a) 2012/13 (b) 2013/14 (c) growing seasons.

5.4.2.3. Effect of the heat events on soluble solids accumulation and sugar
content
The accumulation of soluble solids and sugar content in the period from 125 to
165 DAB was specifically addressed in each of the three seasons to assess the
effect of the heat event that occurred at this time in the 2013/14 growing
season. A statistical analysis of the season, time of sampling (DAB) and
treatment and the various interactions for both attributes were performed. In
each case, there was a significant interaction between the treatment x time of
sampling and highly significant main effects of season and time of sampling and
treatment. To assess the treatment x DAB interaction, this was examined
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separately for each season. The changes in soluble solids accumulation across
the period for the four shade treatments in the 2012/13 and 2013/14 growing
seasons were both significantly significant whereas for the 2011/12 growing
season, the treatment effects were not significant.

The accumulation of soluble solids in the berries during the 2011/12 growing
season (Fig. 5.5) increased in a general linear pattern for bunches of all the
treatments. As was evident for the whole season (Fig. 5.5 a), the bunches in the
heavy shade treatment had a lower TSS compared with the bunches in the
other treatments. By contrast, during the 2013/14 heat event (Fig. 5.5 b),
ripening was strongly perturbed for bunches in control and light shade and the
soluble solids concentration stopped accumulating and then increased slowly.
However, there was also strong recovery when the heat event had subsided
and control and light shade berries ripened to a lower level compared to other
treatments.
(a)

165

(b)

Figure 5.5: Changes of total soluble solids concentration (Mean ± SE, n =
15) of Shiraz berries during the ripening period of the 2011/12 (a) and
2013/14 (b) growing season where there was a sustained heat event as
indicated (See Fig. 5.1). The horizontal line indicated the heat period. SEs
are relatively small.

The sugar content of bunches across the restricted ripening period of the
2011/12 growing season (averaged over samples) followed a generally
curvilinear pattern and peaking at about 500 ± 10 mg berry-1 at about 145 DAB
and thereafter a slight decline in sugar content occurred (Fig. 5.6). A similar
pattern occurred in the 2012/13 growing season and, as indicated for Fig. 5.4b,
the berries of bunches in the heavy shade treatment had a significantly lower
sugar content. However, for all bunches of the treatments in this season, the
overall sugar content at 372 ± 15 mg berry-1 was markedly lower compared with
the bunches during the 2011/12 growing season. Although there were
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significant treatment effects for the berry sugar content for the bunches during
the 2013/14 growing season, there was a marked affect of the heat event as
occurred with soluble solids. However, for all treatments, the sugar content of
bunches in this last season was again lower at around 295 ± 13 mg berry-1.
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Figure 5.6: Changes in sugar content (Mean ± SE, n = 15) of Shiraz berries
during the restricted ripening period of the 2011/12 (a), 2012/13 (b) and
2013/14 (c) growing seasons for bunches on vines treated to four shade
treatments as indicated. The horizontal line indicated the heat period.
168

5.4.2.4. Rates of sugar accumulation during the heat period
The rates of sugar accumulation of berries on bunches in the control and light
shade treatments declined significantly from about 20 mg berry-1 day-1 just
before the heat event occurred to about 5 mg berry-1 day-1 at 140 DAB (Fig. 5.7)
in the middle of the heat event. There were further small changes in the rates of
ripening thereafter, but the rates of ripening remained very low. Prior to the heat
event, the rates of sugar accumulation of berries on bunches in the medium and
heavy shade treatments were significantly lower, at about half the rates,
compared with the other treatments. However, there were no marked decreases
in the rates after the onset of the heat event and a slight increase even occurred
in bunches in the heavy shade treatment. Notably, after the high temperatures
subsided (150 DAB), there was a decrease in the rate of ripening in the berries
of bunches in the medium heavy shade treatments but from about 140 DAB,
these bunches maintained a significantly higher rate of ripening than bunches of
the control and light shade treatments. This was clear evidence that the 30 –
50% shade was providing protection to the ripening process during the heat
event.
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Figure 5.7: Rates of sugar accumulation (Mean ± SE, N = 15) of Shiraz berries
on bunches in each of four treatments, as indicated, during the heat period of
the 2013/14 growing season.

5.4.2.5. Berry sugar content at harvest
When the sugar content of the berries in the different treatments and across the
different growing seasons were assessed statistically, there were significant (P<
0.001) interactions between the treatment x season (Fig. 5.8). In the 2011/12
season and averaged across the treatments, the sugar content was 500 ±10 mg
berry-1 and this was markedly and significantly higher than the berry sugar
content in the latter two seasons. Thus in the second season, the sugar content
averaged 372 ± 15 mg berry-1 and in the third about 295 ± 13 mg berry-1. This
conforms to the changes occurring between each of the growing seasons (Fig.
5.6).
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Figure 5.8: Differences in the sugar content (Mean ± SE, n = 300) at harvest in
field grown Shiraz berries in the 2011/12, 2012/13 and 2013/14 growing
seasons. There was a significant (P <0.001) season x treatment interaction
effect on the sugar content.

5.4.2.6. Dynamics of sugar accumulation
In all the growing seasons, the accumulation of sugar content of the Shiraz
berries on bunches in the four shade treatments followed sigmoid dynamics
(Fig. 5.9). The dynamic analyses of these data revealed a significant (P<0.05)
interaction between treatment x season (Table 5.2) on the maximum sugar
content in the berries. In all cases, there was a similar relative rate of sugar
accumulation. Across all seasons, there were no significant differences in the
timing of the ripening process, berries in all treatments and seasons started
ripening at 115 to 128 DAB and finished ripening at 121 to 135 DAB.
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(a)

(b)

(c)

Figure 5.9: Changes in sugar accumulation (mean ± SE, n=15).under the four
shade treatments of the 2011/12 (a), 2012/13 (b) and 2013/14 (c) seasons. The
lines are the best fit to the Boltzmann sigmoid function.
.

172

Table 5.2: The dynamics (Mean ± SE, n = 15) of Shiraz sugar accumulation across the growing seasons of berries in each of
the four shade treatments during the 2011/12 to 2013/14 season. In all cases, these data were obtained from the fit of the
Boltzmann sigmoid function to these data across the period of berry ripening. Also shown are the probabilities that the
treatment, season and the interactive effects were significant for each attribute.

Shade
Treatment

Season

Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean

2011/12
2011/12
2011/12
2011/12
2012/13
2012/13
2012/13
2012/13

Maximum
sugar
content
(mg berry-1)
522.2 ± 10
507.2 ± 10
491.5 ± 10
477.9 ± 10
499.7 ± 10
386.0 ± 20
379.5 ± 11
381.1 ± 17
342.7 ± 13
372.3 ± 15
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Relative sugar
accumulation
rate (mg day-1)
23.0 ± 0.1
29.0 ± 0.1
33.0 ± 0.1
26.3 ± 0.1
27.8 ± 0.1
25.0 ± 0.1
28.9 ± 0.1
30.0 ± 0.1
20.1 ± 0.1
26.0 ± 0.1

Days to reach
20%
accumulation
111.4 ± 4
114.5 ± 3
118.4 ± 2
116.9 ± 3
115.3 ± 3
123.7 ± 5
128.3 ± 3
121.5 ± 2
122.1 ± 4
123.9 ± 4

Days to reach
80%
accumulation

Duration of
accumulation
(Days)

127.4 ± 5
124.7 ± 5
125.7 ± 5
127.8 ± 2
126.4 ± 4
128.7 ± 4
128.3 ± 3
132.8 ± 2
131.1 ± 5
130.2 ± 3

8.0 ± 5
5.1 ± 4
3.7 ± 5
5.4 ± 1
5.5 ± 3
5.9 ± 6
9.3 ± 7
9.4 ± 4
13.8 ± 8
9.6 ± 6

Shade
Treatment

Season

Control
Light
Medium
Heavy
Mean
Treatment
Season
Treatment x
Season

2013/14
2013/14
2013/14
2013/14

Maximum
sugar
content
(mg berry-1)
266.9 ± 12
306.5 ± 13
295.3 ± 13
313.5 ± 10
295.3 ± 13
0.023
0.001
0.048
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Relative sugar
accumulation
rate (mg day-1)

Days to reach
20%
accumulation

Days to reach
80%
accumulation

Duration of
accumulation
(Days)

22.1 ± 0.1
29.7 ± 0.1
21.1 ± 0.1
26.1 ± 0.1
24.7 ± 0.1
0.452
0.994
0.996

121.0 ± 3
120.6 ± 4
129.9 ± 1
128.4 ± 4
125.0 ± 3
0.652
1.000
1.000

129.5 ± 5
133.2 ± 6
141.4 ± 6
139.6 ± 4
135.9 ± 5
0.623
1.000
1.000

15.9 ± 5
10.1 ± 4
7.4 ± 5
10.9 ± 1
11.1 ± 4
0.961
1.000
1.000

5.4.3. Anthocyanin
When the anthocyanin contents of the berries in the different treatments and
across the different growing seasons were assessed statistically, there was no
significant interaction between treatment and season, but there was a highly
significant effect of season. Thus, across the shade treatments, the anthocyanin
content at harvest of the 2102/13 growing season averaged 3.0 ± 0.7 mg g (dry
wt)-1 and 4.8 ± 0.6 mg g (dry wt)-1 in the 2013/14 growing season.

5.4.4. pH and Titratable Acidity
There were no significant interactions between season and treatment or any
main effects of treatment and season on the berry titratable acidity. However,
there was a highly significant interaction between treatment x season on the
berry pH. In the 2011/12 season, the pH of berries in the control treatment was
significantly (P < 0.05) higher, by 0.2 pH units, compared with berries in all
other treatments (Fig. 5.11). In the 2012/13 growing season, there was no effect
of treatment but in the 2013/14 growing season, the pH of the berries in medium
and heavy shade treatments were significantly lower than berries in the control
and light shade treatments.
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Figure 5.10: Differences in the pH (Mean ± SE, n = 600) at harvest in field
grown Shiraz berries in the 2011/12, 2012/13 and 2013/14 growing seasons.
There was a significant (P <0.05) treatment x season interaction effect on the
pH.

5.4.5. Dynamics of berry growth
Across all seasons, berry diameter growth followed sigmoid dynamics (Fig.
5.11) but there were no treatment effects on the final berry sizes (Table 5.3) but
there were differences across the seasons, notably, final berry size was
significantly smaller in the 2013/14 season compared to the other two seasons.
However, there were no treatments or season effects on the relative rates of
berry expansion and the average expansion rates ranged between 0.7 and 1.3
mm day-1. By contrast, there were highly significant treatments x season
interactions on the timing of berry expansion starting, as well as on the timing of
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when berry expansion stopped. Thus, for the 2011/12 growing season, the time
of berry diameter expansion started on vines in the medium and heavy shade
treatments about 7 - 10 days before those berries in control and light treated
vines. There were only small (3 days) treatment differences in time of berry
expansion starting in the 2012/13 growing season while in the 2013/14 season,
berry expansion started later, by 7 – 8 days in berries of vines in shade
treatments compared with those in the control treatment.
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(a)

(b)

(c)

Figure 5.11: Diameters (Mean ± SE, n=15) of Shiraz berries on bunches in the
four shade treatments, as indicated, as a function of days after bud break for
each of the 2011/12 (a), 2012/13 (b) and 2013/14 (c) growing seasons. The
lines are the best fit to the Boltzmann sigmoid function.
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The times when berry expansion stopped in the 2011/12 season were
progressively advanced for berries of vines in the heavy shade treatment
compared to those in the control treatment, with about 2 – 3 days and 9 days
overall. Again, there were no marked treatment differences in the timing of berry
expansion stopping for berries on vines in each of the four treatments during the
2012/13 growing season and all stopped within 4 days of each other. Curiously,
during the 2013/14 growing season, berry expansion growth was delayed, by 4
- 5 days on vines in both the light and medium shade treatments compared with
those in the control and heavy shade treatments.
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Table 5.3: The dynamics (Mean ± SE, n = 30) of Shiraz berry growth in each of four shade treatments during the 2011/12 to
2013/14 season. In all cases, these data were obtained from the fit of the Boltzmann sigmoid function to these data across the
period of berry growth. Also shown are the probabilities that the treatment, season and the interactive effects were significant
for each attribute.
Shade
Treatment

Season

Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean

2011/12
2011/12
2011/12
2011/12
2012/13
2012/13
2012/13
2012/13
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Maximum
diameter
(mm)
13.7 ± 1.6
14.0 ± 1.0
13.9 ± 1.0
14.6 ± 1.2
14.0 ± 1.2
13.8 ± 1.0
14.1 ± 0.7
14.4 ± 0.9
13.8 ± 0.8
14.0 ± 0.9

Relative
growth rate
(mm day-1)
1.5 ± 0.3
1.2 ± 0.9
1.5 ± 0.8
0.8 ± 0.7
1.3 ± 0.7
0.9 ± 0.4
1.4 ± 0.8
0.6 ± 0.4
0.3 ± 0.1
0.8 ± 0.4

Days to
reach 20%
expansion
112.1 ± 5
114.6 ± 3
121.1 ± 4
122.9 ± 5
117.7 ± 4
121.2 ± 2
121.3 ± 1
118.9 ± 2
118.9 ± 2
120.1 ± 2

Days to
reach 80%
expansion
116.4 + 1
118.6 ± 1
123.7 ± 1
125.6 ± 1
121.1 ± 1
123.6 ± 1
122.5 ± 1
123.8 ± 4
126.4 ± 2
124.1 ± 2

Duration of
expansion
(Days)
4.3 ± 2
4.0 ± 2
2.6 ± 4
2.7 ± 3
3.4 ± 3
2.4 ± 1
1.2 ± 1
4.9 ± 1
7.5 ± 1
4.0 ± 1

Shade
Treatment

Control
Light
Medium
Heavy

Season Maximum
diameter
(mm)

Relative
Days to reach Days to reach Duration of
growth
20%
80%
expansion
rate
expansion
expansion
(Days)
-1
(mm day )

2013/1
4
2013/1
4
2013/1
4
2013/1
4

11.8 ± 1.6

0.4 ± 0.6

112.0 ± 2

123.5 ± 3

11.4 ± 3

12.1 ± 2.5

0.7 ± 0.6

119.3 ± 1

128.1 ± 2

8.8 ± 1

12.5 ± 1.0

0.9 ± 0.2

121.5 ± 4

127.1 ± 3

5.5 ± 5

12.1 ± 0.8

0.7 ± 0.3

119.7 ± 3

123.6 ± 2

4.0 ± 3

12.1 ± 1.5
0.232
0.001
0.926

0.7 ± 0.4
0.103
0.142
0.568

118.1 ± 2
0.002
0.001
0.005

125.6 ± 2
0.004
0.351
0.001

7.4 ± 3
0.461
0.115
0.121

Mean
Treatment
Season
Treatment x
Season
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5.4.6.1. Berry dry weight
At harvest, and across the shade treatments and the three seasons, there was
a significant (P < 0.05) interaction between treatment x season (Table 5.4) on
the berry dry weight. In the 2011/12 growing season, the berry dry weight
averaged across the treatments was 560 ± 26 mg berry-1 while there were no
significant differences between the shade treatments (Fig. 5.12). However, the
average berry dry weight of the 2012/13 season was markedly and significantly
lower than in the previous season and averaged about 480 ± 13 mg berry -1.
There were, however, significant treatment effects with the berry dry weight in
the heavy shade treatment below that of berries in the other treatments. The
trend of a lower berry dry weight in all treatments continued to occur in the third
season, with the average berry dry weight across all treatment being 200 ± 10
mg berry-1. Again there was a significant treatment effect, with the dry weight of
berries in the shade treatments significantly higher by 40 ± 13 mg berry -1
compared with berries in the control treatment.
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Figure 5.12: Differences in the berry dry weight (mean ± SE, n = 240) at harvest
in field grown Shiraz berries in the 2011/12, 2012/13 and 2013/14 growing
seasons. There was a significant (P < 0.05) treatment x season interaction
effect on the dry weight of berries.
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5.4.6.2. Dynamics of berry dry weight
The patterns of dry weight accumulation of berries on bunches in the different
treatments during the 2013/14 growing season (Fig 5.13) followed sigmoid
dynamics thus similar to the berry expansion patterns (Fig 5.11 c). There were,
however, no significant treatment effects on the final berry dry weight (Table
5.4). Similarly, there were no treatment effects on the relative rate of berry dry
matter accumulation and averaged 6 mg day-1. There were, however, highly
significant treatment effects on the dynamics of berry dry weight accumulation
with a significantly later (125 DAB) start to dry weight accumulation in the heavy
shade treatment in comparison with the berries of control vines (107 DAB). The
berries on vines in the medium and light shade treatments commenced dry
matter accumulation about midway (116 DAB) between these two extremes
(Table 5.4). The pattern was maintained for the completion of dry matter
accumulation, with berries on vines in the control treatment terminating growth
at 128 DAB while those in the medium and heavy shade treatment terminated
growth significantly later at about 145 DAB. There was also a significant
treatment effect on the duration of berry dry matter accumulation but no clear
pattern, with the shortest duration in the berries on vines of the heavy shade
treatment and longest in the berries of vines of the medium shade treatment.
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Figure 5.13: Berry dry weight accumulation (mean ± SE, n=12) of Shiraz berries
in the four shade treatments over the time of the season 2013/14 best fit to the
Boltzmann sigmoid function.
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Table 5.4: The dynamics (mean ± se, n=15) of Shiraz dry weight accumulation of berries in each of four shade treatments
during the 2013/14 season. In all cases, these data were obtained from the fit of the Boltzmann sigmoid function. Also included
is the statistical analysis of these data including the P values for the main and interactive effects of treatment x season.

Shade
Treatment

Maximum Relative dry
dry weight weight
(mg/berry) accumulation
rate (mg day-1)

Days to
reach 20%
expansion

Days to
reach 80%
expansion

Duration of
accumulation
(Days)

Control

295.1 ± 13

7 ± 0.1

107.3 ± 1

128.4 ± 4

21.1 ± 1

Light

322.6 ± 9

5 ± 0.2

115.7 ± 4

140.8 ± 5

25.1 ± 4

Medium

312.5 ± 8

8 ± 0.3

117.8 ± 1

145.8 ± 1

28.0 ± 1

Heavy

340.7 ± 11

4 ± 0.2

124.9 ± 1

143.5 ± 1

18.6 ± 5

Mean

317.7 ± 10

6 ± 0.2

116.4 ± 2

139.6 ± 3

23.2 ± 3

0.427

0.405

0.001

0.001

0.001

Treatment

186

5.4.7. Yield
There were significant (P < 0.05) interactions of the treatments x season on the
Shiraz yield (Table 5.5). The relatively large difference in yield in the 2011/12
growing season, which was 3.3 kg/ vine compared with last two seasons.

There was a significant (P < 0.05) interaction between treatment x season on
bunch number per vine (Table 5.5) and these were largely a result of the
pruning in each season and the number of winter buds left on each vine.
However, it was possible that the persistent use of heavy shade over the three
growing seasons may have impacted on inflorescence initiation as there was a
consistently lower number of bunches per vine in the heavy shade treatment. In
addition, the shoots were trained according to Vertical Shoot Position (VSP),
with two nodes retained per spur per shoot. In 2012/13 season, the increment of
average bunch number per vine was 49 – 61% in higher shade intensity to
lower shade intensity than the 2011/12 season. Furthermore, the increment of
average bunch number per vine in 2013/14 season was 54 – 74% and 9 – 35%
in higher shade to lower shade intensity than in the 2011/12 and 2012/13
seasons respectively.

In the 2011/12 season, the average bunch fresh weight for vines in shade
treatments were higher by about 10 g than the weights of bunches in the control
treatment. There were no clear patterns in the 2012/13 growing season, but the
average bunch fresh weights in the heavy shade treatment were the lowest and,
notably, lower than in any of the treatments in the previous season. However, in
the 2013/14 growing season, the average bunch fresh weight in all shade
treatments were significantly (P < 0.01) lower than for those on vines in the
2011/12 and 2012/13 growing seasons. Furthermore, the average bunch fresh
weight of vines in the medium shade treatment was significantly higher than for
those in all other treatments in the last season.
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Table 5.5: Yield, average bunches / vine and bunch fresh weight of Shiraz under the four shade treatments in the season
2011/12 to 2013/14. Also included is the statistical analysis of these data including the P values for the main and interactive
effects of treatment x season.

Shade
Treatment
Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean

Season

Yield (kg/vine)

2011/12
2011/12
2011/12
2011/12

3.1 ± 0.5
3.2 ± 0.4
3.5 ± 0.5
3.1 ± 0.2
3.2 ± 0.4
7.1 ± 0.5
7.3 ± 0.5
6.4 ± 0.4
5.5 ± 0.6
6.6 ± 0.5

2012/13
2012/13
2012/13
2012/13
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Average bunch
no/vine
15.8 ± 3.9
17.5 ± 2.5
19.2 ± 3.5
16.7 ± 4.0
17.3 ± 3.5
40.1 ± 4.5
40.3 ± 3.0
34.3 ± 4.0
33.0 ± 3.0
36.9 ± 3.6

Bunch Fresh
Weight (g)
196.2 ± 3.1
185.9 ± 2.1
184.8 ± 2.5
185.4 ± 3.5
188.1 ± 4.7
173.4 ± 3.1
181.9 ± 2.3
184.9 ± 3.6
167.7 ± 4.2
176.9 ± 3.3

Shade
Treatment

Season

Yield (kg/vine)

Average
bunch
no/vine

Control
Light
Medium
Heavy
Mean
Treatment
Season
Treatment x
Season

2013/14
2013/14
2013/14
2013/14

7.1 ± 0.8
7.5 ± 0.6
7.3 ± 0.8
4.2 ± 0.7
6.5 ± 0.7
0.309
0.001
0.023

61.3 ± 4.0
64.5 ± 4.0
53.4 ± 3.0
36.4 ± 4.2
53.9 ± 3.8
0.029
0.001
0.001
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Bunch
Fresh
Weight
(g)
115.1 ± 1.7
116.9 ± 2.0
136.5 ± 1.7
115.9 ± 1.2
121.1 ± 1.7
0.309
0.001
0.023

5.4.8. Shrivelled berries
There was significant (P < 0.05) seasonal effect on shrivelling in berries at
harvest (Table 5.6). However, no treatment effects on the percentage of berry
shrivel. The percentage of berry shrivel at harvest in 2012/13 and 2013/14
seasons was calculated whereas it was not considered in 2011/12.

Table 5.6: Percentage of berry shrivel at harvest (Mean ± SE, n=12) of Shiraz
under the four shade treatments in the season 2012/13 to 2013/14. Also
included is the statistical analysis of these data including the P values for the
main and interactive effects of treatment x season.

Shade
Treatment
Control
Light
Medium
Heavy
Mean
Control
Light
Medium
Heavy
Mean
Treatment
Season
Treatment x
Season

Season

Shrivel berry
percentage (%)
9.4 ± 0.2
8.0 ± 0.1
4.5 ± 0.3
0.5 ± 0.1
5.6 ± 0.2
37.8 ± 0.2
30.0 ± 0.4
24.2 ± 0.3
2.9 ± 0.2
23.7 ± 0.3
0.514
0.042
0.245

2012/13
2012/13
2012/13
2012/13
2013/14
2013/14
2013/14
2013/14

5.4.9. The effects of heat
There were no heat effects in 2011/12 season (Fig 8.1). In the 2012/13 season,
the TSS accumulation were affected by heat for 10 days while the TSS and
sugar accumulation and berry growth were penalised on four occasions (Table
5.7).

190

Table 5.7: The heat effects of season 2011/12 to 2013/14 and the Shiraz vine
responses affected by the heat events.

Season

Vine response
TSS accumulation in light shade berries

2012/13 Season

significantly reduced compared with control
berries from 121 to 130 DAB.
Berry diameter significantly reduced in light
shade and medium shade compared with
control and heavy shade from 103 to 106
DAB.

Rate of sugar accumulation in medium
shade

and

heavy

shade

dramatically

increased compared with control and light
2013/14 Season

shade from 126 to 135 DAB.

The rate of increment of TSS, sugar
accumulation and berry growth in medium
and heavy shade significantly increased
compared with control and light shade from
143 to 149 DAB.

Sugar content in heavy shade berries
significantly

increased

compared

with

control, light and medium shade from 154 to
158 DAB.
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5.5. Discussion
During the two growing seasons (2012/13 and 2013/14), the bunch temperature
maxima fluctuated between 41 - 47°C from the control to heaviest shade
treatments. Due to the unavailability of thermocouples, the bunch temperatures
of 2011/12 were not recorded. In the 2012/13, in comparison with air
temperature, bunch temperatures for vines in all the treatments were cooler by
1 – 5°C during the day and warmer by 1 - 2°C during the night. This pattern
deviated in the 2013/14 growing season and the bunches of vines in the control
treatment were warmer by 2 -10°. However, the bunches on vines of the light to
heavy shade treatments were cooler by 1 – 2°C especially in the later part of
the season. In comparison to the bunches on vines in the control treatment, in
the 2011/12 season, those bunches on vines in the light to heavy shade
treatments were virtually similar in temperature, being less than 2°C during the
day and no temperature difference occurred during the night. In the 2013/14,
the bunches on vines in all shade treatments were cooler by as much as 8°C
compared to the control vines during the day and warmer by 3 - 13°C during the
night. Thus, the shade treatments had a marked impact on lowering the bunch
temperatures.

In addition to an effect on bunch temperature, the shade treatments also had
apparent effects on the accumulation of soluble solids during the berry ripening
period. There were few differences in TSS accumulation of Shiraz berries of
vines in the control, light and medium shade treatments, however, for the
berries of vines in the heavy shade treatment, accumulation of TSS was
delayed by up to 5 °Brix, particularly during the middle of the ripening process
(~ 110 – 145 DAB). A similar difference in ripening was also observed in
Semillon berries where TSS accumulation was lower for vines under heavy
shade compared to those fully exposed to the summer light (Greer and
Weedon, 2012 b). However, at the end of the first season, TSS accumulation in
berries in all shade treatments were similar (Ristic et al., 2006) whereas in the
subsequent season, the heaviest shade berries accumulated 2.5 °Brix lower
than the control berries. In contrast, in the third season, the above pattern
deviated during the high temperature period over 15 days and resulted in the
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TSS stagnating for around 10 days (~ 130 DAB – 140 DAB) under the control
and light shade conditions (Kliewer and Torres, 1972; Matsui et al., 1986;
Mullins et al., 1992; Mori et al., 2005; Yamane et al., 2006; Greer and Weston,
2010 a) but not in the medium and heavy shade berries in the present study.
Conversely, Soar et al. (2009) described the TSS accumulation at the high
temperature was not affected in Shiraz berries except heating immediately after
fruit-set. Presumably, the heat spell of their study remained for only three
consecutive days which was shorter than the heat spell of the current study
and, therefore, accounts for the difference in results.

The soluble solids accumulation of berries is known to be determined by several
factors including variation between seasons, temperature, geographical
locations, grape varieties, source to sink ratio and water management
(McCarthy, 1997; Petrie and Clingeleffer, 2005; Sadras and McCarthy, 2007;
Soar et al., 2008; Sadras and Soar, 2009). In the present study, the location,
variety and water management were generally held constant or uniform while
the season, temperature and PFD all affected the soluble solids accumulation
both within and between the seasons. The different PFDs created by the shade
treatments also caused temperature differences of both the canopy and the
bunches which may have contributed to the variation in soluble solids
accumulation, especially in the last two seasons. However, the soluble solids
accumulation for the Shiraz vines in all cases were comparable at the end of the
season despite the earlier delays in ripening, notably by the heavy shade
treatment, and it was not apparent why the treatment differences abated by the
end of the season.

Consistent with the patterns of soluble solids accumulations, the patterns of
sugar accumulation were generally similar between bunches of vines in the
control and light shade treatments. That is, the sugar contents were not
markedly different throughout the growing season for any of the growing
seasons. However, the sugar contents of berries on vines in these treatments
were markedly higher in comparison to berries on vines in the medium and
heavy shade treatments. Leaf shading has been shown to influence sugar
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accumulation of grape berries in a number of studies (Reynolds et al., 1986;
Smart et al., 1988; Rojas-Lara and Morrison, 1989; Keller et al., 1998; Ristic et
al., 2006; Iland et al., 2011) and thus consistent with the low sugar
accumulation in berries of vines in the heavy shade treatment of this study.

There were also marked changes across the growing seasons in the total
amounts of sugar accumulated in the Shiraz berries. The average sugar content
in all treatments in the first season were 500 ± 10 mg berry-1 and this season
was characterised by relatively normal temperatures without any high (> 40oC)
temperatures apparent (See Chapter 3). By contrast, although the second
season was marked by about a week of high temperatures, the average sugar
contents for this season were 372 ± 15 mg berry-1 and this trend continued into
the third season. With the sustained high temperature period in the mid to late
ripening period for the Shiraz berries during the 2013/14 growing season, the
average sugar content was reduced to 295 ± 13 mg berry-1. Thus, it was
apparent that the temperatures of the growing season had a marked effect on
the total amounts of sugar accumulated by the berries. This has been shown by
Sepúlveda and Kliewer (1986) and Greer and Weston (2010 a) to be the result
of high temperatures impeding photosynthesis and reducing assimilate supply
to the berries. High temperatures have been known to cause low sugar
accumulation in a number of different studies. Sepúlveda and Kliewer, (1986)
revealed that high temperatures (40/20°C) inhibited enzyme activities related to
phloem loading and as a result, sugar translocation was stopped in Chardonnay
berries. Similarly, the sugar accumulation process was arrested for 5 days and
the rate was reduced at harvest when high temperatures were applied at
different stages of the ripening period in Semillon berries (Greer and Weston,
2010 a). By contrast, sugar accumulation was not interrupted by exposure to
20°C to 30°C temperatures in Cabernet Sauvignon berries (Buttrose et al.,
1971) and a short heat spell did not disturb the sugar loading in Shiraz berries
(Soar et al., 2009). The Shiraz berry ripening process (from ~ 105 DAB) was
only subjected to the high temperature period in the third growing season. As a
result, the lowest sugar content occurred in the open canopy berries whereas
higher sugar contents were evident in the medium and heavy shade berries.
Furthermore, as the sugar content per berry was dependent on the measured
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soluble solid concentration (SS) and on the volume of the berries, therefore, a
low level of TSS resulted in a high sugar content because of a larger volume of
the berries. Under the heavy shade, berry volume was relatively higher than for
the other treatments (Fig. 5.3) leading to the higher sugar content per berry.
Hence, both PFD and temperature apparently play a role in determining sugar
accumulation in the lowest and heaviest shaded berries in the last season of
this study.

There was no doubt that the exposure of the Shiraz vines to the sustained high
temperatures had an impact on the berry ripening process. More particularly,
the sustained high temperature event of the third season had a marked effect
on the ripening rate, especially for berries on vines in the control and light shade
treatment where there was a halving of the ripening rate during the high
temperature exposure. That the medium and heavy shade provided protection
from this heat event was also evident since there were only small fluctuations in
the ripening rate throughout this heat exposure.

While there were marked effects on the sugar content by season and by the
exposure to shade and temperatures, there were no treatment effects on the
berry anthocyanin content or titratable acidity, although there were minor effects
on the berry pH. Thus, in this study, berry composition did not respond to the
shade treatments, which is in contrast to some studies that reported the total
anthocyanin contents in the artificial shading and non-shading were similar,
however, the composition of anthocyanins were different in Shiraz berries
(Downey et al., 2004; Ristic et al., 2006). Furthermore, Tarara et al. (2008)
found that the amount of different anthocyanins decreased in exposed berries
compared with shaded berries when the berry temperatures were similar. The
low berry pH for vines in the heavy shade was probably due to the shade
invoking higher malic acid in the berries (Ristic et al., 2006). In contrast, some
studies described berries in a shaded canopy with a higher pH and lower acidity
when grown in an open canopy and harvested when the TSS was 23 - 24oBrix.
In this study, the berries under the low shade reported a higher pH which is
agreement with other studies. However, the pH of heavy shade berries was
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similar to the light to medium shade treatment berries. However, the pH of
heavy shade berries was similar to the light to medium shade treatment berries.

Consistent with the small changes in berry composition with treatment, during
the study period, the Shiraz berries followed the typical double sigmoid growth
curve but there were no treatment differences in the rates of expansion or in the
final berry size. Similar results have been shown in many other studies (Kliewer,
1977; Matsui et al., 1986; Coombe and Dry, 1992; Greer and Weston, 2010 a).
By contrast, berry growth of Cabernet Sauvignon was decreased permanently
when treated at high temperature but only at the early stage of development
(Buttrose and Hale, 1973) and Shiraz berry growth was not affected by high
temperature conditions occurring at veraison and at the mid-ripening period
(Soar et al., 2009). Furthermore, berry growth in Delaware grapes was
stimulated under a high PFD however, the increased temperature occurring as
a result of increased PFD was not inhibitory for the growth of berries (Kobayashi
et al., 1965).

Despite a lack of treatment effect on berry size and expansion rates, across the
three seasons, there were seasonal effects on the maximum berry size, with
those berries in all treatments in the third season smaller in comparison with the
other two growing seasons. This is consistent with the high temperatures
occurring in the third season. However, there were marked season and
treatment effects on the berry growth dynamics, notably when berry expansion
started and stopped. It was notable that the berry expansion in berries of all
treatments started about the same time of each season but was delayed to stop
later, but by a few more days, in the hot third season. Greer and Weedon
(2014) reported higher berry expansion rates and a longer berry development
time (40 days) for Semillon berries with a hydrocooled canopy compared to an
open canopy. However, the Shiraz berries on vines in the heavy shade
treatment expanded within a duration of 4 - 7 days in the present study. This
difference may be due to varietal effects and lack of a cool environment,
particularly below about 35°C (Greer and Weedon, 2014) under the heavy
shade.
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Although berry dry weights were only determined in the third season, they were
comparable with the berry diameters in that there were no treatment effects on
the maximum berry weight or on the relative rate of berry dry matter
accumulation. However, and again in keeping with the berry diameter, there
were significant treatment effects on the dynamics of berry accumulation of dry
matter. In fact, the start of berry dry matter accumulation was earliest for vines
in the control treatment and a progressive delay occurred with each increase in
shade density. Thus, an 18 day delay occurred for the berries of vines in the
heavy shade treatment in comparison with those on vines in the control
treatment. The timing of the termination of dry matter accumulation was also
significantly affected by the treatment, but for the berries on vines in the three
shaded treatments, this occurred between 141 and 146 DAB whereas, for
berries on vines in the control treatment, termination of berry dry matter
accumulation was about 14 days earlier. However, the timing of dry weight
accumulation in hydrocooled and control Semillon bunches were not
significantly different (Greer and Weedon, 2014). This result of the present
study was surprising given that the berry sugar content becomes an
increasingly dominant fraction of the berry dry weight over the ripening period
but there was no effects of the treatment on the dynamics of sugar
accumulation. Furthermore, very few studies have been conducted on the
dynamics of berry dry weight accumulation which restricted the comparison of
the results of this study.

In contrast to the present study, there are a number of reports where shade
treatments have been known to reduce berry size. For example, it was revealed
that higher shade caused low dry weights in grapevines (Pinot Noir) (Gu et al.,
1996), Actinidia deliciosa (Grant and Ryugo, 1984) and apples (Rom and
Ferree, 1986). According to Kliewer (1977 a), berry dry weight depended on the
berry size and on sugar accumulation. The dry weight of Cabernet Sauvignon
berries was lower at high compared to moderate temperatures while berry dry
weight of Tokay vines was reduced at temperatures above about 30°C,
compared with that at 25 °C (Kliewer, 1977 a). Furthermore, a lower dry weight
was reported for Cardinal, Carignane and White Riesling berries on vines
exposed to 30°C compared with berries on vines exposed to temperatures 10°C
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above and below this temperature (Kliewer and Schultz, 1973). However, a
reduction in fruit dry weight was not reported in Actinidia deliciosa at cool
compared with warm temperatures and high light conditions (Greer et al., 2003).

Furthermore, the average berry dry weight of the present study was reduced by
24% and 45% in the second and third growing season compared to the first
season, while the berry dry weight of the third season decreased by 28%
compared with the second season. There is evidence for the reduction of berry
dry weight across the season. For example, Greer and Weedon (2012 b) found
that a 15% dry weight reduction occurred in the Semillon berries over two
seasons. The sugar content was reduced across the seasons at the harvest in
the present study which may be the reason for the low dry weights across the
season (Kliewer, 1977 a). There were also pronounced differences in the
dynamics of dry weight accumulation in the berries under the different shade
treatments in the last season. The heavy shade treatment stimulated the dry
weight accumulation in Shiraz berries and, as a result, berries under the shaded
treatments accumulated the most dry matter. Because of the high temperature
conditions that prevailed in the light and medium shade treatments compared to
the heavy shade treatment, the maximum dry weight was highest in heavy
shade berries. Furthermore, the timing of the dry matter accumulation process
in berries of vines in the light and medium shade treatments was longer by 4 - 7
days more than the control and heavy shade treatments so it is not easy to
discern any effect of temperature or PFD on the dry matter accumulation
dynamics. However, the dynamics of the dry weight accumulation should be
studied further under the different PFDs.

As the differences in expansion rate and duration of expansion were not
significantly different, as was evident in Table 5.4, it was not possible to
speculate

what

might

physiologically explain

the

highest

dry

weight

accumulation in the heavy shade treatment. It is possible that the heavy shade
treatment altered carbon allocation but as there were no treatment differences
in leaf and stem biomass, this argument is also difficult to sustain. Hence there
does not appear to be any ready explanation for these results.
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There was a significant interaction of season and treatment on the yield per vine
and this was attributable to the low yields in the 2011/12 growing season and no
effects of treatment thereafter. These yields were low in accordance with the
low bunch numbers and severe pruning which were executed to train the vine at
the beginning of the study. The yields doubled in the later seasons (2012/13
and 2013/14), also in keeping with increases in bunch numbers to more than 50
- 70%. The buds, due to light pruning in 2012/13 and 2013-14, increased by 20
– 35% and 35 – 60% compared with the 2011/12 season (Table 8.1) which
probably caused increased yield. The vines were retrained to a VSP trellis for
the study. Therefore, severe pruning was needed to assert the VSP trellis on to
the vines and this pruning continued during the study period. The yields doubled
in the later seasons, also in keeping with increases in bunch numbers and there
was a tendency for the yield to be lowest on vines in the heavy shade
treatment, by as much as 40% of control treatment vines. Some other studies
have been conducted under different light intensities. For example, the yield of
Semillon vines in low PFD conditions was decreased, though non-significantly
by up to 20% compared to high PFD conditions (Greer and Weedon, 2012 b). In
the present study, a similar response occurred in the 50% shade conditions,
which was significant in the 2013/14 growing season. Furthermore, berry yields
of Sangiovese vines were reduced by 11 – 15% under similar shade treatment
conditions (Cartechini and Palliotti, 1995) to the present study. Even though the
yield reduction was not as great in the low light conditions of the Sangiovese
vines, the results were consistent with the conclusion that a yield reduction
occurred for vines on low light conditions.

However, the yield was not significantly affected by the treatments in this study
(page 189). Hence, there appeared to be no low fruitfulness indications caused
by the shade. Similarly, there were no significant treatment effects on shoot
length (page 120 and 121). Therefore, while higher shoot lengths may have
contributed to low fruitfulness, it was not apparent in this study. In the present
study, a similar response occurred in the 50% shade conditions, which was
significant in the 2013/14 growing season. Furthermore, berry yields of
Sangiovese vines were reduced by 11 – 15% under similar shade treatment
conditions (Cartechini and Palliotti, 1995) to the present study. Even though the
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yield reduction was not as great in the low light conditions of the Sangiovese
vines, the results were consistent with the conclusion that a yield reduction
occurred for vines on low light conditions.

In all probability, the yield increases over the growing seasons of the present
study was due largely to the pruning strategies which increased the number of
bunches / vine whereas the yield reduction for vines in the heaviest shade
treatment may have been attributable to the low shoot numbers and a reduced
number of bunches / vine (Smart, 1985; Iland et al., 2011). However, the low
photosynthetic rates in the heaviest shade have also been reported in number
of studies (Schultz et al., 1996; Greer and Weedon, 2012 b). Thus, low
availability of carbon assimilates may also have contributed for the low yield in
heavy shade (Greer and Weedon, 2012 b). Furthermore, shade studies on
grapevines have revealed that the lower yields can be a result of low berry
weight (Smart et al., 1988; Cartechini and Palliotti, 1995; Cohen et al., 2005;
Ristic et al., 2006) although this was not evident in the present study. Hence,
the yield reduction under the heavy shade may be from a combination of
several factors in this study.

The increment in percentage of berry shrivel in 2013/14 season was 3 – 28%
higher than in the previous season. The warmer climate condition that prevailed
in the last season probably caused the higher percentage shrivel. Bonada et al.
(2013) described elevated temperature increased the rate of mesocarp cell
death and berry shrivelling in Shiraz. Furthermore, shrivelled Shiraz berries
occurred from inadequate xylem flow at the late ripening stage and where
phloem flow into berries declined. At this stage, the transpiration losses
remained high and as a result, Shiraz berries shrivelled (Rogiers et al., 2006;
Greer and Rogiers, 2009). Moreover, weight loss was characteristic of
shrivelled Shiraz berries which showed up at or before harvest (McCarthy,
1997).
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5.6. Conclusions
The different shade percentages in the vineyard had distinct effects on the
reproductive growth and berry development of the grapevine, especially during
the high temperature conditions. With respect to the control berries, the light
shade berries had very little effect on berry sugar content, dry weight, or yield
during the growth in each of the three seasons and conferred no protection on
the bunches during the heat events. This was evident during the 2013/14 heat
event that a marked decrease in the rate of ripening occurred in concert with
berries on control vines. The medium shade vines also had a similar berry
sugar content, dry weight and yield to the control berries but while a lower rate
of ripening was present at the start of the heat event in 2013/14, the rate was
not compromised by the 30% shade density during the heat event. Thus, this
level of shade did not compromise berry growth and development but did
protect the ripening process during the high temperature exposure. By contrast,
the heavy shade treatment also conferred a similar level of protection to the
berry ripening process though did not compromise the amount of sugar
accumulated by the berries even though this level of shade caused a transient
delay in sugar accumulation over the growing season. Furthermore, the berry
dry matter accumulation in the heavy shaded bunches was increased during the
high temperature season relative to the control berries. However, although not
rigorous across all seasons, the heavy shade had a cost in lower yields,
especially in the third season. Hence, for protection of the reproductive
processes on the Shiraz vines, a shade density of at least 30% would be
needed to confer protection without compromising sugar accumulation and crop
yield.

201

Chapter 6 - Vegetative growth of Shiraz shoots grown in low
and high temperatures and photon flux densities in controlled
environment conditions

6.1. Introduction
This chapter describes the decoupling of temperature and light effects on the
vegetative growth attributes of Shiraz vines in controlled environment
conditions. The detailed material and methods are discussed in Chapter 2.

The effects of radiative heat from direct sun exposure and of convective heat
from a mass of hot air (wind) (Greer and Weston 2010) on field-grown grape
vines have been well studied (Smart and Sinclair 1976, Matsui, Ryugo and
Kliewer 1986, Soar, Collins and Sadras 2009, Zsofi et al. 2009, Greer, Weston
and Weedon 2010). Radiative heat exposure during sunny days is the most
regular occurrence when vine leaves may be subjected to high temperatures.
However, during the more damaging heat events, convective heating from the
mass of hot air sweeping across the Australian continent exacerbates the heat
exposure and leaf temperature well exceeds the ambient temperatures (Greer
and Weston 2010). Studying the effects of convective heating on grapevine
performance separate from the radiative exposures in the field is impractical
because of the inherent coupling of the two thermal processes. Therefore, most
of the studies on the convective heat effects on vines have been conducted in
the controlled environment conditions, where the two thermal processes are
effectively uncoupled (Kliewer 1977, Sepulveda, Kliewer and Ryugo 1986, Mori
et al. 2005, Kadir and Weihe 2007, Greer and Weston 2010).

An understanding of the intrinsic vegetative growth and development processes
is an important objective towards knowing how grapevines perform in the
seasonal climate. Furthermore, how high temperatures impact on these
processes is also important, particularly from a productivity perspective, as yield
can be impacted on when growth is impeded (Buttrose, 1969b; Greer and
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Sicard, 2009; Greer and Weedon, 2013). Hence, an understanding of the
impact of temperature and PFDs on vegetative growth and development
processes of grapevines is vital. Several studies have been conducted and
these include assessing dry matter accumulation, leaf expansion and shoot
growth and architecture. For example, dry weight of Muscat Gordo Blanco,
Rhine Riesling, Shiraz, Ohanez and Sultana were affected by PFDs of 360 –
720 µmol m-2 s-1 (Buttrose, 1969b). By contrast, the dry weight of non-bearing
Chenin blanc and bearing Chardonnay vines were not affected by the heat
stress (40/20°C day/night) applied over 4, 8 or 12 days (Sepulveda et al., 1986).
In Actinidia deliciosa vines, 100% of leaf area and 20% of stem growth were
observed at 28/22°C compared to growth at 17/12°C and 700 µmol m-2 s-1
(Greer and Jeffares, 1998). Furthermore, stem and leaf extension, total leaf
numbers and accumulation of dry matter of these vines were maximal at 20 25°C whereas these processes were retarded at low temperatures such as
10°C (Morgan et al., 1985). The rates of biomass accumulation of Actinidia
deliciosa vines were curvilinearly dependent on photon flux density (Greer,
2001b). In addition, in Semillon vines grown at 25/15°C at 800 µmol m -2 s-1, the
dynamics of leaf growth was faster than the dynamics of stem growth (Sicard,
2009). In shaded Semillon vines, leaf expansion was slower, by 10 - 25 days,
compared with a no shade treatment (Greer et al., 2010).

It was evident from the previous studies that both temperature and light
influence the dynamics of growth and development of vines. Given the thrust of
this thesis was to investigate the impact of temperature and light on the growth
and development processes of Shiraz vines, an imperative was to adopt the
modelling platform as a quantitative description of Shiraz vine growth which has
not yet been described. The field experiment of this study (Chapter 4)
addressed the interactive effects of temperature and photon flux density on
vegetative growth. The objective of this chapter, therefore, was to decouple the
temperature and photon flux conditions and then use the quantitative modelling
approach to describe the vegetative growth and development of Shiraz vines.
Application of this approach to reproductive growth was not possible as the
potted vines used did not produce inflorescences in the growth conditions.
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6.2. Objectives
The objective of this chapter was to assess temperature and PFD effects on the
Shiraz growth and dynamics in controlled environment conditions.

6.3. Material and Methods
Refer to Chapter 2 for all relevant details on the methods used in this Chapter.

6.3.4.7. Growth dynamics
The dynamics of leaf expansion and internode extension were assessed by
fitting the Boltzmann sigmoid function following the methods of Seleznyova and
Greer (2001a) to the leaf area and stem extension data over the course of their
growth period. From practical considerations, only leaves and internodes at
every 5th node position were reported. The fitting to each leaf and internode was
achieved using the Origin V6.0 software (Origin Lab Corporation, Northampton,
MA, USA). The mathematical relationship of the Boltzmann function was
described in Chapter 4.

6.3.5. Data analysis
The main and interactive effects of temperature and photon flux density were
determined for each growth parameter using an LSD test. Means and standard
errors were calculated using R statistical software (The R Foundation for
statistical computing, Vienna, Austria) and significance calculated at the 5%
level. A fully randomised design was assumed for these analyses.

6.4. Results
6.4.1. Bud break
Bud break of the Shiraz vines in the treatment growth conditions followed a
sigmoid pattern and was initiated in late July and continued over 7 days (Fig.
6.1). The inflection point of the sigmoid curve (that is time of 50% buds broken)
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occurred on July 26th and thus was considered the date of bud break. All
dynamic data are subsequently reported as days after bud break (DAB). There
was an average of 148 ± 2 buds per Shiraz vine at the end of the process.

160
140
Number of broken buds

120
100
80
60
40
20
0
-20
22

24

26

28

30

Days after bud break

Figure 6.1: The number of buds (Mean ± SE., n = 148) of Shiraz
vines breaking over time when grown in a controlled
environment at a temperature of 25/12°C (day/night) and a PFD
of 350 µmol m-2 s-1. The line is the best fit to the Boltzmann
sigmoid function and SEs are small.
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6.4.2. Leaf appearance
Leaf appearance of the Shiraz shoots on vines grown in the controlled
environment conditions conformed to the pattern shown for other vines and for
the Shiraz vines in the vineyard conditions (Chapter 4) in that three zones of
leaf appearance could be recognised (Fig 6.2).

Figure 6.2: The time of leaf appearance (Mean ± SE, n = 10) along the shoot of
Shiraz vines grown in controlled temperature and light conditions. The three
zones indicated are based on previous vine studies and the lines are the best fit
to a linear regression in each case (r2 = 0.89; P < 0.0001). SEs are relatively
small. Shown here is the mean leaf appearance response, averaged over all
treatments.

There was a less distinct change in leaf appearance from zone 2 to zone 3 but
across the treatments there were significant differences in the phyllochron of
leaf appearance. There was a highly significant (P< 0.0001) treatment x node
number interaction on the leaf appearance of the Shiraz vines (Table 6.1). Once
the interaction effect was separated when based on the different zones, Zones
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1 and 3 had significant (P < 0.0001) treatment x node number interactions
whereas, for Zone 2, there were no significant effects of treatment.

Table 6.1: The slopes of the linear regressions fitted to the leaf appearance in
each of three zones as a function of node number are shown for the Shiraz
vines grown in each of four controlled environment treatments where LL
represents the low temperature - low light treatment, LH represents the low
temperature - high light treatment, HL represents the high temperature - low
light treatment and HH represents the high temperature - high light treatment
(see Section 6.3.3 for further details). Also shown are the probabilities that the
regression slopes were significant. In each case the r2 values ranged from 0.53
to 0.91.

Treatment

Zone 1

Zone 2

L/L

1.75 ± 0.24 3.13 ± 0.22 2.79 ± 0.09

L/H

0.88 ± 0.09 2.84 ± 0.33 2.40 ± 0.11

H/L

0.99 ± 0.12 2.59 ± 0.29 2.66 ± 0.20

H/H

0.86 ± 0.11 2.59 ± 0.48 2.55 ± 0.09

Treatment

0.034

0.904

0.037

Node position

0.0004

0.0001

0.0001

Treatment x

0.0001

0.438

0.015

node position
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Zone 3

6.4.3. Dynamics of growth
6.4.3.1. Shoot growth
There was a highly significant (P<0.001) interaction between temperature x
PFD on maximum shoot length and growth dynamics of the potted Shiraz vines
(Table 6.2). The average stem extension of the shoots in each of the treatments
over the growth period is shown in Figure 6.3. In each case, the shoot extension
generally followed a sigmoid pattern, rising to a maximum extension rate which
subsequently declined and most shoot growth had terminated by about 50 DAB.
There were marked treatment differences in the timing of shoot growth and in
the overall dynamics, notably the maximum shoot length of vines in the L/L
treatment was significantly longer at 180 cm compared with those shoots on
vines from all other temperature and PFD treatments (Fig 6.3, Table 6.2).
However, for shoots on vines in the H/H treatment, the maximum length of 143
cm was also significantly greater than for shoots in the L/H and H/L treatments.

It was clear the Shiraz shoot growth under the low light condition began to
deviate from the normal growth pattern from about 60 - 65 DAB and appeared
to be growing continuously. Other studies of grapevines have shown repeatedly
that shoot growth typically stops at about the time that flowering occurs thus the
behaviour of this L/L treatment appears to be odd and inexplicable.
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Figure 6.3: The shoot lengths (mean ± SE, n= 10) measured over the growth
period of Shiraz vines grown in the four treatments; where LL represents the
low temperature - low light treatment, LH represents the low temperature - high
light treatment, HL represents the high temperature - low light treatment and HH
represents the high temperature - high light treatment. The lines are the best fit
to the Boltzmann sigmoid function.

When considering the growth dynamics, the relative extension rates (RER) of
shoots of vines in all treatments were typically between 0.07 and 0.1 cm day -1,
although there were significant differences. For vines in the two treatments with
the shortest shoots, that is L/H and H/L treatments, these vines also had the
higher relative extension rates and were significantly higher, by 0.02 cm day -1
than shoots on vines in the other two treatments. As an indication of the initial
time when extension commenced, the time to reach 20% of the final length was
between 11 and 13 DAB for vines at the high PFDs as well as high
temperatures in contrast to those vines in the low temperature and low PFD
treatment (L/L), which took nearly 18 days to reach 20% of final shoot length.
This also conforms to the slowest RER for vines in the L/L treatment. As an
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indication of the time when shoot extension stopped, the days to reach 80% of
final shoot length also differed significantly between the treatments. For vines at
high temperatures, growth stopped at 29 DAB, by contrast for those vines at low
temperature, the PFD affected the timing with vines at the high PFD stopping
shoot extension at 25 DAB while those at the low PFD continued to grow until
37 DAB. On average, there was no effect of temperature on the duration of
shoot extension, while those vines at the low PFD, on average, grew slightly
longer (17.5 DAB) compared with those at high PFD (15.9 DAB).
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Table 6.2: The dynamics (mean ± se, n=10) of Shiraz shoots on vines grown in each of four treatments; where LL represents
the low temperature - low light treatment, LH represents the low temperature - high light treatment, HL represents the high
temperature - low light treatment and HH represents the high temperature - high light treatment. In all cases, these data were
obtained from the fit of the Boltzmann sigmoid function.
Temperature/
Light
Treatment
L/L
L/H
H/L
H/H

Maximum
shoot
length
(cm)
180.3 ± 3.1
121.9 ± 3.5
125.8 ± 3.2
140.5 ± 3.1

Relative
extension
rate
(cm day-1)
5.0 ± 1.0
4.9 ± 1.0
5.0 ± 1.3
4.7 ± 1.0

Days to
reach 20%
growth

Days to
reach 80%
growth

Duration of
growth
(Days)

17.6 ± 3
11.5 ± 2
13.7 ± 3
12.3 ± 3

36.7 ± 5
25.9 ± 3
29.6 ± 4
29.8 ± 3

19.1 ± 2
14.4 ± 2
15.9 ± 3
17.5 ± 2

Temp

0.002

0.820

0.005

0.001

0.001

PFD

0.003

0.826

0.004

0.001

0.001

Temp x PFD

0.005

0.759

0.014

0.001

0.001
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6.4.3.2. Leaf expansion
In all cases of the selected leaves, expansion over the growth period generally
followed a sigmoid pattern as with shoot extension (Fig. 6.4). However, there
were marked treatment differences in the timing of leaf expansion, overall
dynamics and in the final leaf areas.
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(a)

(c)

(b)

(d)

Figure 6.4: The growth of leaves at nodes 5th (a), 10th (b), 15th (c)
and 20th (d) leaf of the shoots on the vines in the four temperature
and PFD treatments in the controlled environment conditions. The
lines are best fit to the Boltzmann sigmoid function (mean ± s.e., n=
10).
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The attributes of the dynamic analyses of these leaves are shown in Table 6.3.
For the earliest emerging leaf (5), the maximum leaf area on average was
significantly greater for those leaves on vines grown at the low (133.5 ± 3 cm 2)
compared with those grown at the high temperature (81.6 ± 2 cm2), however,
PFD had no effect on leaf size. Despite these differences, there were no
significant treatment effects on the relative rate of leaf 5 expansion, but the
leaves on vines in the low temperature treatments were delayed in commencing
expansion, by 7 days, on average, compared to those on vines in the high
temperature treatment. For the high temperature grown vines, the high PFD
treatment did significantly enhance initiation of expansion of leaf 5 also by about
7 days compared with those at the low PFD. Curiously, given the larger leaf
areas of the low temperature grown vines, it was surprising that the duration of
leaf expansion was not significantly affected by the treatments.

There were significant effects of the treatments on the maximum leaf area of the
mid emerging leaf (10) in that temperature had a marked effect, with the leaf
area of low temperature vines averaging 141 ± 5 cm 2 compared with an
average of 81.7 ± 3 cm2 for the high temperature vines. However, for the leaf at
node 10, the PFD effect on leaf size was not significant, although, of the low
temperature vines, low PFD-grown vines had a full size of about 160 cm 2 and
for high PFD-grown vines about 120 cm2. A similar trend was evident for the
high temperature-grown vines but again was not significant.

The effects of treatment on the dynamics of leaf expansion of the mid emerging
leaf were different from that of the early emerging leaf in that low temperature
significantly delayed initiation of leaf expansion, by nearly 10 days, compared
with the high temperature-grown vines, averaged across PFD. However, there
was a highly significant temperature x PFD interaction which indicated that PFD
had an effect at low temperature but not at high temperature. It was again
evident that the time to reach full expansion for the mid emerging leaf was
delayed in low temperature-grown vines, by about 9 days, on average,
compared with those grown in high temperatures, however, the temperature x
PFD interaction was significant and showed that PFD also influenced the timing
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of expansion but at high and not low temperature, with a slight delay.
Consequently, there were also highly significant interactive effects on the
duration of expansion and again there was a generally longer duration of
expansion by 4 - 5 days in low compared with high temperature-grown vines.
However, PFD had a marked effect on the duration of expansion and averaged
across temperature, there was a longer duration of expansion, by about 3 days,
in low compared with high PFD.

For the late emerging leaves (15, 20), there were a highly significant interaction
of temperature and PFD on the maximum leaf areas. When averaged across
PFD, there was a marked temperature effect on maximum leaf size, as
occurred in the mid emerging leaves. By contrast, there was an effect of PFD,
with the leaf size significantly larger; 83.9 ± 4 cm 2 and 42.1 ± 5 cm2, on
average, for leaves 15 and 20, respectively, for the low PFD-grown vines
compared with 62.6 ± 5 cm2 and 28.8 ± 2 cm2, on average, for the high PFDgrown vines. However, the effect of temperature was significant and there was
a trend of the low temperatures delaying the initiation of leaf expansion, with 11
and 28 days, on average, delay (leaves 15, 20) between the low and high
temperature-grown vines. The trend of the low temperatures delaying the time
for full expansion to occur as evident in leaves 5 and 10 was also evident in
leaves 15 and 20 although only significant for leaf 15. Thus for leaf 15, there
was a delay of 11 days, averaged across PFD, between low and high
temperature grown vines whereas leaf 20 reached full expansion on average 90
± 2 DAB for the low temperature vines and 56 ± 4 DAB for the high
temperature-grown vines. It was also apparent for leaf 15 that the differences in
timing of leaf expansion also translated into a significantly longer duration of
growth, however, there was a highly significant temperature x PFD interaction.
Thus at low temperature, there was about a 50% reduction in the duration of
expansion at high compared to the low PFD-grown vines but at high
temperature, vines grown at high PFD had a longer duration of expansion of
leaf 15, by 2 days, compared with those vines grown in low PFD. Notably, the
fastest duration of expansion of this leaf occurred in the low temperature, high
PFD treatment. When averaged across temperature, there was a slightly longer
duration of expansion (0.5 days) in low compared with high PFD and a slight
215

delay in high compared to low temperature. Although a similar trend was
apparent with leaf 20 the differences were not significant.

Thus, across all leaves maximum size was affected by temperature, largest in
low temperature conditions, when emerging in the early to mid-stage of
development but by PFD, also largest in low PFD conditions when emerging
late in development. Time of expansion initiation of all leaves was influenced by
temperature with a delay from 7 to 28 days across the shoot for vines grown in
low compared to high temperatures.
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Table 6.3: The dynamics (Mean ± SE, n=10) of leaf area expansion of selected leaves of shoots of Shiraz vines grown in each of four
temperature and PFD treatments in controlled environment conditions. In all cases, these data were obtained from the fit of the
Boltzmann sigmoid function to the time dependent data in Fig. 6.4.
Temperature/
Light
Treatment

Internode
No

Maximum
leaf area
(cm2)

Relative
expansion
rate
(cm2 day-1)

Days to
reach 20%
expansion

Days to
reach 80%
expansion

Duration of
expansion
(Days)

L/L
L/H
H/L
H/H
Mean
Temp
PFD

5
5
5
5

123.0 ± 1.2
144.1 ± 3.5
88.3 ± 2.2
75.0 ± 4.7

11.9 ± 0.2
16.1 ± 0.2
7.4 ± 0.4
5.9 ± 0.3

18.2 ± 4
17.2 ± 2
14.1 ± 3
7.7 ± 4

29.2 ± 5
25.4 ± 4
23.5 ± 2
21.2 ± 3

11.0 ± 1
8.2 ± 2
9.4 ± 5
13.5 ± 3

107.6 ± 2.9
0.953
0.182

10.3 ± 0.3
0.861
0.155

14.3 ± 3
0.760
0.105

24.8 ± 3
0.189
0.520

10.5 ± 3
0.760
0.102

0.051

0.664

0.051

Temp x PFD
L/L
L/H
H/L
H/H
Mean
Temp
PFD
Temp x PFD

0.189
10
10
10
10

0.177

161.9 ± 3.9
120.3 ± 8.0
84.2 ± 7.0
79.3 ± 3.9

11.9 ± 0.3
21.5 ± 0.1
13.7 ± 0.1
10.6 ± 0.4

37.5 ± 2
42.0 ± 2
31.0 ± 3
30.0 ± 4

49.6 ± 2
45.7 ± 4
37.1 ± 4
40.0 ± 4

12.1 ± 1
4.1 ± 6
6.1 ± 6
9.6 ± 2

111.4 ± 5.7
0.004

14.4 ± 0.2
0.458

35.1 ± 3
0.633

43.1± 4
0.001

8.0 ± 4
0.022

0.013
0.017

0.036
0.037

0.005
0.004

0.084
0.102

0.106
0.149
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Temperature/
Light Treatment

Internode
No

L/L
L/H
H/L
H/H

15
15
15
15

Mean
Temp
PFD
Temp x PFD
L/L
L/H
H/L
H/H
Mean
Temp
PFD
Temp x PFD

20
20
20
20

Maximum
leaf area
(cm2)
99.1 ± 5.0
51.6 ± 5.0
68.6 ± 3.5
73.5 ± 2.6

Relative
growth rate
(cm2 day-1)
11.3 ± 0.1
13.4 ± 0.1
20.5 ± 0.1
9.7 ± 0.1

73.2 ± 4.0
0.009
0.003
0.008
43.9 ± 5.0
21.2 ± 5.0
40.3 ± 3.0
36.4 ± 2.0
35.4 ± 4 .0
0.038
0.029
0.045

Days to
reach 20%
expansion
51.4 ± 3
51.9 ± 4
39.6 ± 2
40.8 ± 3

Days to
reach 80%
expansion
59.6 ± 5
56.1 ± 5
44.8 ± 3
48.2 ± 5

13.7 ± 0.1

45.9 ± 3

52.2 ± 5

6.2 ± 2

0.162
0.246
0.202
3.4 ± 0.4
2.1 ± 0.1
4.5 ± 0.2
4.2 ± 0.4

0.002
0.967
0.875
73.9 ± 3
72.0 ± 2
47.3 ± 3
42.3 ± 5

0.001
0.069
0.062
94.3 ± 3
86.0 ± 2
61.4 ± 2
51.0 ± 7

0.003
0.001
0.001
17.4 ± 4
9.6 ± 4
11.8 ± 7
10.2 ± 2

3.6 ± 0.3

58.9 ± 3

73.2 ± 4

12.3 ± 4

0.031
0.732
0.638

0.103
0.984
0.859

0.130
0.131
0.198

0.983
0.691
0.739
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Duration of
expansion
(Days)
8.1 ± 2
4.2 ± 2
5.2 ± 2
7.3 ± 3

6.4.3.3. Internode extension
In the case of internode extension, the pattern was essentially sigmoidal in all
cases except in contrast to leaves, the initial extension was considerably more
rapid (Fig. 6.5), especially for internodes expanding early in development. The
full dynamic analyses of the selected internodes on the shoots of the vines in
each of the four treatments are shown in Table 6.4.

Across all node positions, there was no significant effect of the treatment on the
maximum internode length although there was a marked and significant
reduction in internode length along the shoot, from 10.4 ± 3 cm at node 5 to 3.6
± 2 cm at node 20. For the most part, there were also no differences in the
relative expansion rates along the shoot except at node 20 where the rates
were significantly lower than at earlier node positions but also there was a
significant temperature x PFD interaction rate (Table 6.4). This appeared to
derive from the vines in the low temperature-high PFD treatment where the
internodes continued to grow at the rates of the other nodes whereas in all other
treatments, the relative rate of expansion decreased markedly.

It was noteworthy that there was a highly significant temperature x PFD
interaction on the dynamics of internode expansion at nodes 5 and 10 and, in
general, the timing of expansion commencing at low temperatures was
markedly delayed (4 – 10 days) when vines were grown at low compared to
high PFDs whereas at high temperatures, growth at high PFD delayed the time
of expansion by 2-3 days. A similar significant interaction was apparent for both
internodes when full extension occurred and again there were delays in
reaching full elongation when vines grown at low temperature where also grown
in low compared to high PFDs (5-10 days). Again when grown at high
temperature, there was a delay in the internodes completing growth when the
vines were grown at high compared to low PFD. This was most marked for
internode 10 where the internodes in the high PFD treatment reached full
expansion 48 DAB in contrast to those in the low PFD treatment which reached
full expansion in 26 DAB.
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Despite the temperature x PFD interactive effect on the dynamics of expansion
of internode 5 there was no significant effect of either treatment on the duration
of expansion and in all cases the internode expanded over about 10 days. By
contrast, for internode 10, the differences in dynamics translated into significant
effects on the duration of expansion and in keeping with the effects of the
treatments. Thus, when grown at low temperature, internodes on vines in low
PFD had a longer growth period than those on vines in high PFD, by just over 3
more days. Again when grown at high temperature, internodes on vines in the
high PFD had a markedly longer (24 days) growth period compared to those in
the low PFD (8 days). It would seem the high PFD and the high temperature
was detrimental for internode expansion, at least at nodes 5 and 10.

By contrast, the dynamics of the later emerging internodes (15, 20) were
generally less affected by the treatments compared with the early emerging
internodes. There was no treatment effect on the timing of the initiation of
expansion but there was a significant temperature effect on the timing of full
expansion for internode 15, with the internodes completing expansion about 8
days later, when grown in low compared to the high temperature, but this did
not translate into significant treatment effects on the duration of expansion.
Notably for internode 20, there was a highly significant interactive treatment
effect on the initiation of expansion. For those vines grown at low temperature,
this internode started expanding 52 DAB when grown in low PFD and 8 days
later when grown in high PFD. This effect was reversed when grown in high
temperature, although the difference was small, with those internodes in the low
PFD commencing growth about 50 DAB and those in high PFD starting growth
at 47 DAB. There were no treatment effects on when internode expansion was
completed and no significant differences in duration of expansion.

Thus in contrast to the leaves, the dynamics of internode expansion were much
less affected by the treatments and it was only the early emerging internodes
that were affected.
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(a)

(c)

(b
)

(d)

Figure 6.5: The growth of the 5th(a), 10th(b), 15th(c) and 20th(d) internode of the
shoots on the vines in the four temperature and PFD treatments in the
controlled environment conditions. The lines are best fit to the Boltzmann
sigmoid function (Mean ± SE, n= 10).
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Table 6.4: The dynamics (Mean ± SE, N=10) of internode extension of selected internodes between nodes 5 and 20 for shoots
on Shiraz vines grown in each of four temperature and PFD treatments in controlled environment conditions. In all cases,
these data were obtained from the fit of the Boltzmann sigmoid function.
Temperature/
Light Treatment

Internode
No

Maximum
internode
length (cm)

Relative
growth
rate
(cm day-1)

Days to
reach 20%
extension

Days to
reach 80%
extension

Duration of
extension
(Days)

L/L
L/H
H/L
H/H

5
5
5
5

9.5 ± 2.1
10.1 ± 1.6
10.2 ± 2.5
10.9 ± 1.8

0.7 ± 0.9
0.7 ± 0.8
0.8 ± 0.2
0.8 ± 0.3

11.0 ± 3
1.8 ± 1
8.0 ± 4
10.0 ± 1

21.5 ±1
10.9 ± 2
18.8 ± 4
20.3 ± 4

11.6 ± 1
9.7 ± 2
10.8 ± 3
11.3 ± 4

10.2 ± 2.0

0.7 ± 0.5

7.7 ± 2

17.9 ± 3

10.8 ± 3

Mean
Temp

0.609

0.518

0.011

0.001

0.556

PFD
Temp x PFD

0.617
0.752

0.803
0.790

0.060
0.001

0.001
0.001

0.464
0.489

8.6 ± 2.0
7.6 ± 1.2
6.7 ± 2.8
7.0 ± 3.9

0.7 ± 0.5
0.5 ± 0.1
0.7 ± 0.1
0.3 ± 0.1

21.9 ± 2
17.7 ± 4
20.2 ± 2
23.8 ± 5

34.7 ± 3
29.4 ± 4
26.4 ± 4
48.3 ± 2

15.0 ± 3
11.7 ± 7
8.4 ± 6
24.5 ± 2

Mean

7.5 ± 2.5

0.6 ± 0.2

20.9 ± 3

34.7 ± 3

14.9 ± 4

Temp
PFD
Temp x PFD

0.188
0.392
0.418

0.940
0.722
0.952

0.378
0.257
0.259

0.001
0.001
0.001

0.040
0.031
0.020

L/L
L/H
H/L
H/H

10
10
10
10
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Temperature/ Light
Treatment

Internode
No

Maximum
internode
length (cm)

Relative
growth rate
(cm day-1)

Days to
reach 20%
extension

Days to
reach 80%
extension

Duration of
extension
(Days)

L/L
L/H
H/L
H/H
Mean

15
15
15
15

8.1 ± 2.0
3.6 ± 2.0
6.4 ± 3.7
5.6 ± 3.6
5.9 ± 2.6

1.3 ± 0.3
0.5 ± 3.6
1.3 ± 0.9
0.6 ± 0.1
0.9 ± 1.2

42.6 ± 4
39.5 ± 4
34.7 ± 3
34.6 ± 6
37.8 ± 4

48.1 ± 3
52.1 ± 5
38.5 ± 3
45.6 ± 3
46.2 ± 3

5.5 ± 2
7.2 ± 2
3.8 ± 2
10.0 ± 3
6.6 ± 2

0.120
0.062
0.102

0.879
0.661
0.802

0.092
0.403
0.450

0.031
0.630
0.385

0.257
0.348
0.218

5.7 ± 1.5
3.5 ± 1.7
4.2 ± 2.0
2.7 ± 0.9
4.0 ± 1.5

0.2 ± 0.1
0.6 ± 0.1
0.1 ± 0.1
0.1 ± 0.1
0.2 ± 0.1

52.3 ± 2
60.0 ± 2
49.5 ± 4
46.6 ± 6
52.1 ± 3

69.7 ± 3
70.0 ± 2
76.7 ± 2
57.3 ± 7
68.4 ± 3

17.4 ± 5
9.9 ± 5
27.2 ± 3
10.7 ± 3
16.3 ± 4

0.160
0.252
0.476

0.003
0.076
0.006

0.001
0.001
0.001

0.282
0.270
0.206

0.096
0.387
0.198

Temp
PFD
Temp x PFD
L/L
L/H
H/L
H/H
Mean
Temp
PFD
Temp x PFD

20
20
20
20
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6.4.4. Leaf area distribution at harvest
There were significant (P<0.001) main effects of temperature on leaf area
distribution at harvest (Table. 6.5). The maximum leaf area distribution along
the shoot at harvest was markedly different between the vines in the high and
low temperature treatments. The earliest emerging leaves (nodes 1 – 6)
increased in area along the shoot for the vines in all treatments in a generally
similar pattern, although leaves from the low temperature/high PFD treatment
appeared to be larger from the start (Fig. 6.6). The largest leaves along the
shoot occurred at nodes 5 – 8 but were larger (142 ± 2, 161 ± 2 cm2) for the two
low compared with the two high temperature treatments (107 ± 3, 95 ± 5 cm 2)
for the low and high PFD treatments, respectively. From node positions 6 - 12,
the maximum leaf areas of vines in all treatments were about constant, mostly
so for the low temperature, low PFD treatment but the differences in leaf areas
were maintained between treatments. In all cases, the maximum leaf area
declined at nodes beyond about node 12. By contrast, the final leaf area under
the high PFD treatments increased significantly, by 3.5 – 26.0 cm2 from nodes
25 – 30 node positions. Further, the final maximum leaf area on vines in the low
temperature with high light treatment was significantly reduced by 5.4 – 81.5
cm2 relative to the vines in the low temperature with low light treatment from
node position 1 – 20. In addition, there was a marked reduction of leaf number
on the vines in the low temperature with low light treatment.
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Figure 6.6: Changes in the leaf area distribution (Mean ± SE, n=10) along the
Shiraz shoots at harvest for vines grown in four different controlled environment
treatments; LL represents the low temperature – low light treatment, LH
represents the low temperature – high light treatment, HL represents the high
temperature – low light treatment and LL represents the low temperature – low
light treatments.

225

6.4.5. Internode pattern at harvest
There was no significant temperature x PFD interaction or main effect on the
internode length at harvest (Table 6.5). However, there was a general pattern of
an increase in internode length up to about node 7, where the maximum
internode length occurred at about 12 cm and thereafter a steady decline in
lengths occurred along the shoot in all cases (Fig. 6.7). There were, however,
significant differences on internode lengths on vines in the high and low
temperature treatments. Even though the initial internode lengths were not
significantly different, the internodes at node positions 11 - 24 for vines grown in
low temperature and with low PFD were significantly reduced by 2 – 4 cm
compared with the vines in all other treatments. There were some other minor
treatment effects along the shoot, with some of the very late emerging
internodes longer than earlier emerging internodes but there was no consistent
pattern between treatments.
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Figure 6.7: Changes in the distribution of internode lengths (Mean ± SE, n=10)
along the shoot harvest for the different temperature and light treatments in the
controlled environment.
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(a)
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(b)
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(c)

Figure 6.8: Changes in distribution of dry matter allocation along the shoot for
the different components leaf (a), internode (b) and total dry matter (c) (Mean
± SE, n=10)

measured at harvest for the different temperature and light

treatments in a controlled environment.
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Table 6.5: Average leaf area and internode length per shoot (Mean ± SE, n=10)
for vines grown in each of four temperature and PFD treatments in controlled
environment conditions. Also included is the statistical analysis of these data
including the P values for the main and interactive effects of temperature x PFD.

Temperature/
Light
Treatment
L/L
L/H
H/L
H/H
Mean
Temp
PFD
Temp x PFD

Leaf area
(cm2)

Internode
length (cm)

94.8 ± 9.8
78.0 ± 10.9
64.5 ± 6.5
61.2 ± 6.8
74.9 ± 8.5
0.001
0.031
0.068

7.3 ± 1.6
6.6 ± 0.5
6.4 ± 0.7
6.5 ± 0.8
5.8 ± 0.5
0.386
0.674
0.972

6.4.6. Dry matter allocation
There was no significant temperature x PFD interaction on dry matter allocation
on leaf, internode and total dry matter in the vines (Table 6.6). However, there
were significant differences in dry matter allocation between leaves, and
internodes and the total shoot dry matter for vines grown in the different
temperature and PFD treatments although there were no consistent patterns
(Fig. 6.8). In keeping with early emerging leaves and internodes initially
increasing along the shoot, the dry matter allocation showed a similar pattern.
The maximum leaf, internode and total dry matter occurred about node position
5 - 6 although there were some perturbations in this pattern. Leaf dry matter
was generally consistent between treatments along the shoot whereas there
were significantly higher allocations of dry matter to internodes of the shoots on
vines grown in low temperature and low PFD in contrast to the other treatments,
notably from about node 7 to 17. Of the total dry matter allocation, 50 – 60%
was allocated to the leaves while 40 – 50% was allocated to the internodes
along the shoot for vines in the two low PFD treatments. For vines in the two
high PFD treatments, dry matter allocation to leaves was 55 – 60% of the total
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whereas for the internodes, 40 – 45% of dry matter was allocated along the
shoot.

(a)
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(b)
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(c)

Figure 6.9: Changes in distribution of dry matter allocation along the shoot for
the different components (a) leaf, (b) internode and (c) total dry matter (Mean ±
SE, n=10)

measured at harvest for the different temperature and light

treatments in a controlled environment.
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Table 6.6: Average leaf, internode and total dry matter per shoot of Shiraz
(Mean ± SE, n=10) for vines grown in each of four temperature and PFD
treatments in controlled environment conditions. Also included is the statistical
analysis of these data including the P values for the main and interactive effects
of temperature x PFD.

Temperature/
Light
Treatment
L/L
L/H
H/L
H/H
Mean
Temp
PFD
Temp x PFD

Leaf dry
matter (g)
2.7 ±0.1
2.9 ± 0.1
2.9 ± 0.1
2.6 ± 0.1
2.8 ± 0.1
0.954
0.830
0.795

Internode
dry
matter (g)
2.8 ± 0.1
2.1 ± 0.1
1.8 ± 0.1
2.0 ± 0.1
2.2 ± 0.1

Total dry
matter (g)

0.066
0.149
0.176

0.149
0.184
0.212
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5.4 ± 0.1
5.3 ± 0.1
4.7 ± 0.1
4.6 ± 0.1

6.5. Discussion
There was a significant temperature x PFD interaction on the overall dynamics
of Shiraz shoots and treatment effect on the maximum shoot length of the
vegetative Shiraz vines (Table 6.2). In keeping with past studies (Sepulveda et
al., 1986), the maximum shoot length of vines at low temperature and low PFDs
were significantly longer than the other treatments in the current study.
However, all vines in the controlled environment were vegetative vines as the
reproductive growth was aborted. In potted Shiraz vines, the shoot growth
reached maximum shoot lengths at around 50 DAB in the four treatments (Fig.
6.3). These data were consistent with the potted Semillon vegetative vines
(Greer and Weston, 2010 b), Cabernet Franc (Matthews et al., 1987) and Pinot
Noir (Petrie et al., 2000). In contrast, Greer & Sicard (2009) reported that
Semillon fruiting vines which were grown at high temperatures and high light
(25/15°C and 800 µmol m-2 s-1) conditions reached maximum growth ~ 80 DAB.
However, high temperature and high light conditions were 32/20°C and 700
µmol m-2 s-1 respectively in the present study. The relative extension rate of the
Shiraz vines varied between 4.7 – 5.0 cm day-1 but there were no treatment
effects on the relative extension rate (RER) (Table 6.2). There was, by contrast,
maximal vegetative shoot elongation of Actinidia deliciosa vines at 20 - 25°C
compared with that at 15 - 30°C (Morgan et al., 1985). However, the growth rate
of non-bearing Actinidia deliciosa vines grown under warm temperatures was 8
cm day-1 while at cool temperatures was 6 cm per day (Greer and Jeffares,
1998). The RER of non-bearing Semillon vines was ~ 6.6 cm day-1. In the
present study, the RERs in all treatments were generally similar. This suggests
that, the RER of non-bearing Shiraz vines was lower in comparison to nonbearing Actinidia deliciosa and Semillon vines under low temperature
conditions.

There was a highly significant temperature x PFD interactive effect on the
dynamics of shoot elongation in potted Shiraz vines (Table 6.2). In Semillon
vines, stem extension from 20 to 80% of full length occurred from 13 – 51 DAB
which was longer than the comparable data for the potted Shiraz vines in the
current study. The reason for this may be that Semillon vines were fruiting vines
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and the bunch sink effect influenced the stem growth (Naor et al., 1997; Petrie
et al., 2000 b). Shoot elongation in the low temperature, low light treatment
initially followed sigmoid kinetics but at about the time growth was stopping in
other treatments, these shoots began to extend. At the completion of the
experiments, these shoots were actively growing. In most studies of shoot
extension in grapevines (Mullins et al., 1992; Greer and Weston, 2010; Greer et
al., 2010), shoot growth reaches a maximum rate early in the growing season
and terminates at about the time that flowers appear. There is no simple
explanation for the apparently deviant behaviour of the shoot growth pattern in
the low temperature, low light treatment of the present study but perhaps
warrants further study.

The patterns of leaf appearance on Shiraz shoots was similar to that reported
for other grapevines (Greer and Weston, 2010) and other vines (Seleznyova
and Greer, 2001b) in that three zones of appearance could be recognised, as
was also evident in the vineyard-grown vines (Chapter 4) (Fig. 6.2). However,
what was different for the Shiraz vines compared with these other vines was
that temperature and PFD had an influence on the phyllochron of the first cohort
of Shiraz leaves (Zone 1), ranging from 0.9 to 1.8 ± 0.2 days leaf -1. These are
within the range reported for Zone 1 leaves of Semillon vines (Greer and
Weston, 2010). Furthermore, this affect was not apparent in the vineyard grown
Shiraz vines, where these leaves in essence had a very small phyllochron (0.6
± 0.4 days leaf-1). It was notable that the phyllochron of the leaves in Zone 2
was not affected by the treatments, although at 2.8 ± 0.3 days leaf-1, this was
slightly higher than for Semillon (Greer and Weston, 2010) and Actinidia
deliciosa (Seleznyova and Greer, 2001a) vines. For the controlled environmentgrown Shiraz vines, there was a less distinct change in the phyllochron between
Zone 2 and Zone 3 compared with other vines and the vineyard-grown Shiraz
vines, there were, nevertheless, significant treatment effects on the phyllochron
of Zone 3. This varied from 2.4 to 2.8 ± 0.1 days leaf -1 and was highest in those
vines exposed to the low temperature and low light treatment and generally
similar in all other treatments. However, the phyllochron for Zone 3 of Shiraz
leaves was generally smaller than that for Semillon leaves (Greer and Weston,
2010). The total number of leaves per shoot was restricted to 20 – 30 leaves in
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this study. For the early emerging leaves (5 - 10), a higher leaf area was
observed in the low temperature treated vines than in the high temperature
treated vines whereas in the later emerging leaves (15, 20), a higher leaf area
occurred on the vines in the low PFD treatments (Fig 6.6). Importantly, there
was no PFD effect on the final leaf area of the early emerging leaves of the
vines in the controlled environment conditions. Hence, it can be concluded that
temperature caused the differences in the final leaf area of the early emerging
Shiraz leaves, while PFD caused the differences in leaf area of the later
emerging leaves of the present study. However, the final leaf area in the
Semillon vines at 25/15°C and 870 µmol m -2 s-1 (Greer and Weston, 2010 b)
was lower than the Shiraz vines at 25/12°C and 700 µmol m -2 s-1 and higher
than the 25/12°C and 350 µmol m -2 s-1. This difference may be a varietal
difference rather than treatment differences. By contrast, a higher leaf area was
observed in the high temperature, high light-grown vines compared to the low
temperature high light grown non-bearing Actinidia deliciosa vines (Greer and
Jeffares, 1998). The reason may be that the higher temperature in the current
study at 32/20°C, may have restricted leaf growth while the lower temperature
at 25/12°C was perhaps more favourable for leaf growth. But these results were
comparable with the high temperature conditions of the Greer and Jeffares
(1998) study. Furthermore, the final leaf area of the initial cluster of leaves was
not affected by temperature in non-bearing Actinidia deliciosa vines whereas
the data for Shiraz showed that final leaf area appeared to affected by the
temperature (Seleznyova and Greer, 2001b).

The leaf expansion rate of the different leaves along the potted and non-bearing
Shiraz vines was typically about 10 to 15 cm2 day-1 (Table 6.3). The same
responses occurred with Semillon non-bearing and bearing vines at 25/15°C
and 870 µmol m-2 s-1 even though the rates were markedly different (Greer and
Weston, 2010 b). However, there was no treatment effect on the leaf expansion
rates of Shiraz potted vines in the present study. In contrast, in non-bearing
Actinidia deliciosa vines, a higher leaf expansion rate was observed at high
temperature high light while a lower rate occurred at low temperature and high
light conditions (Greer and Jeffares, 1998).
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There was a highly significant temperature x PFD interaction on the mid
emerging leaf expansion dynamics whereas not so on the early or late
emerging leaves. The leaf expansion duration of the non-bearing Shiraz vines
was 4 – 17 days and this was in keeping with that for non-bearing Semillon
vines (Greer and Weston, 2010 b) (Table 6.3). The duration of leaf expansion
was also shorter than the duration of internode expansion in the potted Shiraz
vines. By contrast, in Riesling vines (Schultz and Matthews, 1988; Mullins et al.,
1992) a shorter duration in internode extension occurred compared with leaf
expansion and this was concluded to be an attribute to of the liana habits of
grapevines. It is not clear why the Shiraz vines had a different response but a
future study on different varieties in at a range of temperature and PFD
conditions is warranted.

There was no treatment effects on the maximum internode extension rates
whereas the internode length changed markedly along the shoot of the potted
non-bearing Shiraz vines (Figure 6.7 and Table 6.4). The internode extension
was as rapid in the early developed Shiraz internodes (Fig. 6.5) as that
occurring in high temperature and high light-grown Semillon vines (Greer and
Weston, 2010 b). Furthermore, early emerging internode (5 and 10) extension
rates were not affected by treatments in the potted vines. In addition, there were
no differences in the relative extension rate across all internodes except the
most recently emerged internode which had a lower extension rate than the
early emerging internodes which averaged from 0.1 to 0.8 cm day-1. However,
the maximum internode length in the potted Shiraz vines was 12 cm (Table 6.4)
which was 42% higher than the maximum internode length of potted nonbearing Semillon vines grown at high temperature and high light conditions
(Greer and Weston, 2010 b). There was a significant temperature x PFD
interaction on the dynamics of the early and mid-emerging internodes in the
potted vines in this study. High temperature and high PFD markedly delayed the
internode extension in early emerging internodes whereas this effect was
weaker in the late emerging internodes. In the low temperature treatments, all
specified internodes started and stopped extension before the subtending
leaves. However, the internode extension along the shoot on vines in the
different treatments extended for 4 - 27 days whereas non-bearing Semillon
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vines had shorter internode growth period (~ 4 day) especially in the initially
emerging internodes (Greer and Weston, 2010 b). This may be the varietal
differences in response to the low temperature of the present study which had a
longer duration of internode extension compared with the Semillon vines. Since
there are no other in-depth studies of the dynamics of internode elongation of
grapevines, there are few other data on which the dynamics of present results
were able to be compared. However, some studies on deciduous trees such as
apple trees (Seleznyova et al., 2003) and Actinidia deliciosa vines (Mikolaj et
al., 2010) have been conducted in relation to architecture and carbon dynamics
which can be used as a basis of future studies in grapevines. In the present
study, the shoots were not categorised on basis of the number of internodes
(overall shoot length) which has been used in these other studies (Seleznyova
and Greer, 2001b; Greer and Weston, 2010 b). The shoot architecture of Shiraz
could have been discussed more comprehensively if the shoots were analysed
on the basis of shoot lengths and node numbers and may be future work for this
grapevine variety.

The dry matter distribution of leaves, internodes and total dry matter along the
Shiraz shoots were higher in the initial node positions of the present study (Fig.
6.8). However, the maximal dry matter occurred at node positions 5 – 6 in the
potted vines. In addition, higher dry matter of internodes was observed in the
low temperature low light treatment compared with the other treatments in this
study (Table 6.6). Favourable conditions for vine growth may have occurred in
this treatment in contrast to the other treatments. These data were comparable
with the non-bearing Chenin Blanc vines exposed to heat stress (40/20°C
day/night) for zero and twelve days compared with vines treated for four and
eight days (Sepulveda et al., 1986). Similar results were obtained for nonbearing Shiraz, Gordo and Sultana vines grown at 20°C (Buttrose, 1969b).
There were no leaf dry matter differences between treatments in the present
study. Buttrose (1969b) showed higher Shiraz leaf dry matter at ~ 30°C while
the leaf dry matter was lower at 25°C compared to 30°C and similar to that at
35°C. Similarly, leaf dry matter in this study may be due to the unfavourable
conditions for maximum leaf dry matter accumulation at the two temperatures
used for the Shiraz vines. The allocation of dry matter in the leaves of the vines
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at the two PFDs was around 50 – 60% while the dry matter in the internodes
was around 40 – 50%. A similar pattern was observed in Shiraz vines at 15 35°C and at a similar range of PFDs to the present study (Buttrose, 1969b;
Edson et al., 1995; Petrie et al., 2000) which, therefore, suggested that more
dry weight was allocated to leaves in non-bearing compared with bearing vines.

6.6. Conclusions
The low and high temperatures and PFDs had a marked effect on the nonbearing growth of Shiraz vines. The leaf appearance, shoot growth and growth
dynamics were affected by the low and high temperatures and PFDs. The leaf
area of the early emerging Shiraz leaves in low temperature conditions was
significantly higher compared to the high temperature conditions. However, final
leaf area of mid and late emerging leaves were affected by temperature and
PFD, especially at low temperature. The onset of expansion of mid and late
emerging leaves was delayed by low temperature compared to high
temperature and there was a PFD effect at low temperature. At high
temperature, there was a PFD effect on the expansion dynamics of mid
emerging leaves, whereas both temperature and PFD had an effect on the
dynamics of late emerging leaves. The final internode length and relative rate of
elongation were not affected by temperature or PFDs whereas node position did
have a marked effect. However, early emerging internodes were significantly
delayed at low temperature when there was low PFD. The dynamics of the mid
emerging internodes were more responsive to temperature and PFDs than the
early and late emerging internodes. At harvest, the leaf area was significantly
affected by temperature whereas internode length was not. Similarly, dry matter
allocation between the shoot components was not affected by low or high
temperature and PFDs in Shiraz vines.
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Chapter 7 - Conclusions and Integration

In Australian viticulture, the grapevine varieties which are able to tolerate high
temperature conditions are required for future climates but are based on past
studies. At the present, the effects of a changing climate on grape quantity and
quality lead to enormous challenges for the Australian wine industry. Hence, it is
vital to understand the physiological performance of warm climate tolerant
varieties such as Shiraz (Jones, 2006). The physiological performance of Shiraz
is not well understood under different temperature and PFDs especially in
Australian vineyard conditions. Therefore, the aim of this thesis was focused on
the impact of the present temperature and PFD conditions during the growing
seasons, on Shiraz vegetative and reproductive growth. The warm climate
Riverina grape growing region is characterised, as many regions are, by an
occurrence of heat events in mid-summer where the air temperatures can
exceed 40oC and such conditions can be sustained for a number of days. It is
not known how vines perform in these conditions when they are concurrently
exposed to high PFD. This gap in understanding is critical as the combination of
excessively high summer temperatures combined with high PFDs is likely to
increase with the impacts of climate change.

The following hypotheses were proposed to investigate this gap and advance
our understanding of the growth and development of Shiraz grapevines in a
warm climate. The hypotheses were tested by a manipulation of the PFD by the
use of shade cover which ranged from an open canopy (control), 10% reduction
in light transmission (light), 30% reduction in transmission (medium) and 50%
reduction in transmission (heavy) but allowing for natural variation in the
seasonal temperatures.
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7.1 Hypothesis 1: Shiraz vine growth and dynamics are dependent on
PFDs and temperatures and the high summer temperatures coupled with
high PFDs are detrimental to these processes.
The growing seasons across the period of study were characterised by heat
events where high temperatures (~ 44 °C) occurred in the later part of the
growing season in 2012/13 and in 2013/14. In the third season, particularly, the
daily maximum temperatures were above 40°C for 19 days in total across three
consecutive heat events. These conditions, notably the consecutive heat events
in one growing season have hitherto not been reported in other studies
(Gladstones, 1992; Rogiers et al., 2000; Rogiers et al., 2006; Greer et al., 2010;
Greer and Weston, 2010 a; Greer and Weedon, 2012 a; Greer and Weedon,
2012 b; Greer and Weedon, 2013; Greer and Weedon, 2014) which have been
conducted in the same grape growing region.

The shoot growth of both controlled environment-grown and field-grown vines
were affected by treatments. Low temperatures coupled with low PFDs had a
significant effect on enhancing the final shoot length while vines in the two
heaviest shade treatments, which is at the lowest PFDs, also enhanced shoot
length. The overall shoot extension was lower in the potted compared with the
field-grown Shiraz vines. This may have been caused by variation in the
vegetative habit as opposed to the reproductive habit of the field grown vines.
These observations are in accordance with some past studies (Sepulveda et al.,
1986) whereas in contrast to the non-bearing and bearing Semillon vines (Greer
and Weston, 2010 b) and Actinidia deliciosa (Greer and Jeffares, 1998). Even
though higher stem growth of non-bearing vines compared with bearing vines
has been reported in past studies (Sepulveda et al., 1986; Greer and Weston,
2010 b), it appeared that the limited resources such as small root volume in the
controlled environment study may have restricted the Shiraz shoot growth in
comparison with the field grown vines of this study (cf. Tables 4.4 and 6.2). By
contrast, the relative stem extension rates were similar between the potted and
field-grown vines in the present study but higher in non-bearing compared with
bearing vines in the study of Greer and Weston (2010 b). Controlled PFDs and
temperatures had no effect on this attribute but the low PFDs in the field
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enhanced the relative extension rate and perhaps this was because of higher
temperatures in the field. These responses certainly suggest an additional sink
in the field-grown fruiting vines may have enhanced the rates of extension.
However, the growth rate of vegetative Actinidia deliciosa vines was higher in
warm compared to cool conditions but within the range for the Shiraz vines
(Greer and Jeffares, 1998). The rates of extension for vegetative Semillon vines
were also generally similar. However, the controlled temperatures and PFDs
had an influence on dynamics of Shiraz vines growth, with high temperatures
and high PFDs enhancing the timing of extension whereas this effect was not
observed with the field-grown Shiraz vines. Greer and Jeffares (1998) also
observed no treatment effect on the dynamics of Actinidia deliciosa shoot
growth. Thus the conclusion that high PFDs during the summer reduced the
stem growth of the Shiraz vines is supported by these data.

Total leaf area of the potted vines was necessarily smaller than the field-grown
vines because of the fewer nodes that developed. However, there were marked
effects of PFD and temperature but only for late emerging leaves and PFD had
a greater effect and was largest at low PFDs and a similar result occurred with
these leaves in the field-grown vines, thus consistent with the well-known shade
response (Osmond and Chow, 1988). By contrast, the leaf expansion rates of
the potted non-bearing Shiraz vines were similar to those bearing vines in the
field. Similar responses occurred with Semillon non-bearing and bearing vines
in similar conditions even though the rates were different (Greer and Weston,
2010 b). Conversely, for Vitis labrusca vines, leaf expansion was higher in
bearing than non-bearing vines (Goffinet, 2004). Overall, however, low
temperatures delayed the timing of leaf expansion in the potted vines whereas
low PFDs delayed expansion in the field-grown vines. Duration of leaf
expansion of the non-bearing Shiraz vines was short in contrast to the bearing
vines. In keeping, there was slow expansion on bearing vines compared with
non-bearing Semillon vines (Greer and Weston, 2010 b). Notably, the duration
of leaf expansion was also shorter than the duration of internode expansion at
the same nodes in the Shiraz potted vines was also observed in the field-grown
Shiraz vines but this is in contrast to existing knowledge (Schultz and Matthews,
1988; Mullins et al., 1992). Controlled PFDs and temperatures had no effect on
internode extension but there was an effect of PFD on the field-grown Shiraz
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vines with longer internodes in low PFDs. The internode extension rates of the
potted Shiraz vines were lower than for the field-grown vines but there were no
treatment effects. Thus, there were few effects on leaf and internode growth
from the high PFDs and temperatures so the hypothesis is not sustained for
these attributes.

While the growth of leaves and internodes were not affected by the growth
conditions, this was not so in examining the dynamics of leaf appearance. PFD
and temperature had marked effects on leaf appearance on the Zone 2 leaves,
with the low temperature and PFD reducing the rate of leaf appearance but the
contrast with the field vines was dramatic, with drastically slower rates of leaf
appearance. As these were only measured in the warm season, it is tempting to
conclude the high temperatures reduced these leaf appearance rates. However,
there were also marked differences in rates of leaf appearance between potted
and field-grown vines for the neoformed leaves (Zone 3), which in comparison
with the preformed leaves (Zone 2) slowed down in the potted vines and
increased in the field-grown vines. The field observation was in contrast to
existing knowledge, while the CE observation was consistent. Greer and
Weston (2010 b) reported a similar behaviour of leaf appearance rate in the
Zone 3 of Semillon vines in CE conditions. However, Moncur et al. (1989)
described a slow rate of leaf appearance in the vineyard due to competition of
assimilation. The higher rate of leaf appearance in the present study may be
related to the consecutive heat events in the later part of the season in 2013/14.

Therefore, the low shoot growth and leaf area expansion, shorter internodes
and slow leaf appearance rate were observed in the high temperature coupled
with high PFDs.

To conclude, this hypothesis was sustained as there was clear evidence that
the vegetative growth of Shiraz vines was retarded in high temperatures and
high PFDs in comparison to protected vines. A corollary to this was that
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vegetative growth of vines protected from the high PFDs yet still exposed to
high temperatures were less affected than when exposed to the high PFDs.

7.2 Hypothesis 2: High PFDs coupled with high summer temperatures
have a negative effect on Shiraz berry growth and dynamics as well as on
berry composition.
This hypothesis was tested by examining the growth and development of the
Shiraz berries for the vines exposed to different PFDs with the range of shade
coverings. Berry expansion was not affected by the treatments when
determined at harvest but there were effects on the dynamics of berry
expansion.
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Figure 7.1: The diameter (Mean ± SE n= 15) of Shiraz berries as a function of
the mean seasonal PFD occurring over the growing season for each shade
treatment. These data were collected at the mid stage of berry expansion. Also
shown (line) are the mean seasonal temperatures in each treatment recorded
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over the 2013/14 growing season. The letters included on the graph signify
significance at P < 0.05 of the treatment means.

The duration of berry expansion in high PFD compared with low PFD, occurred
over a longer period. Hence, these data support the conclusion that high
temperatures coupled with a high PFD were unfavourable for the process of
berry expansion and, therefore, support the hypothesis.

The start of the accumulation of TSS was delayed for a short period (~ 15 days)
in berries of the high PFD treated vines during the heat events in the 2013/14
growing season but this did not occur when treated to low PFDs. The low
soluble solids accumulation in high PFD and high temperature conditions
conform to several other studies (Kliewer and Torres, 1972; Matsui et al., 1986;
Mullins et al., 1992; Mori et al., 2005; Yamane et al., 2006; Greer and Weston,
2010 a).

The rate of berry growth was not different across the treatments in the present
study which was similar to other studies (Kliewer, 1977 a; Matsui et al., 1986;
Soar et al., 2009; Greer and Weston, 2010 a). However, berry size was
markedly lower in the 2013/14 season compared to the previous two seasons,
which may be due to the high temperature conditions prevailing in that period.
Similarly, dynamics of expansion of berries was affected by treatments, with
longer expansion periods in lowest PFD treatments (except 2nd season due to
high temperature in the heavy shade treatment) which is contrast to hydro
cooled Semillon berries (Greer and Weedon, 2014). No other shaded studies
measured berry expansion dynamics with which to compare the present
findings.

Changes in the patterns of berry sugar content differed across the seasons,
with a much higher amount of sugar accumulated in the 2011/12 season but
there were no effects of treatment. This high amount of sugar may well relate to
the generally lower temperatures in that season. By contrast, berry sugar
contents differed between treatments in the 2012/13 season with a much lower
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accumulation in the low PFD conditions but between high and medium PFD
conditions there was little effect on sugar contents. While this season had some
high temperatures, these did not appear to influence the accumulation of sugar.
However, the reduced sugar content in the low PFD treatment is in keeping with
the literature (Greer and Weedon, 2012 b). There were marked treatment
effects on sugar accumulation in the third season and in general, the berries
had the lowest accumulation of all seasons and this was consistent with the
high temperatures that the vines were exposed to. However, again there was a
reduction in sugar accumulation in low PFD conditions, at least during the heat
event. High temperatures are known to arrest sugar accumulation in some
studies (Sepúlveda and Kliewer, 1986; Greer and Weston, 2010 a) which
describes the low sugar content in the high PFD exposed berries in the third
season. However, clear evidence of the impact of high temperatures and high
PFDs was observed when rates of sugar accumulation were determined. Rates
of accumulation decreased dramatically in the high PFD exposed berries when
the heat event occurred and although rates were lower in low PFD treated
berries, they did not change.
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Figure. 7.2: Differences in the Shiraz berry sugar content (Mean ± SE, n=300)
at harvest as a function of the average seasonal PFDs that occurred in each of
the shade treatments. Also included (line) are the average seasonal canopy
temperatures across the 2013/14 growing season for each treatment.
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letters included on the graph signify significance at P < 0.05 of the treatment
means.

As shown in Fig. 7.2, there were differences in the berry sugar contents
between the different treatments. While these data also show higher
temperatures were correlated with high PFDs, this snapshot does not convey
the dynamic changes in sugar accumulation which were most strongly affected
by the high PFDs and the high temperatures.

There were only small changes in the berry composition, including anthocyanin
content, pH and titratable acidity with respect to the treatments. Although this
response is in contrast with some other studies (Downey et al., 2004; Ristic et
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al., 2006; Tarara et al., 2008) this does not deter from the hypothesis as sugar
is the dominant solute in the berry.

To conclude, this hypothesis is also confirmed as there was clear evidence that
berry sugar accumulation was compromised when exposed concurrently to high
PFDs and high temperatures.

7.3 Hypothesis 3: High PFDs and high summer temperatures affect the
productivity of Shiraz vines by effecting a change in biomass
accumulation and, therefore, an effect on the yield.
The accumulation of dry matter of leaves and internodes was higher in the initial
node positions of the potted and field-grown vines in the present study.
However, the maximal dry matter occurred earlier in development of the potted
vines in comparison to the field-grown vines. The dry matter allocation to the
leaves on vines in low temperatures and PFDs was slightly higher compared to
the internodes. However, the internode dry matter allocation in the field-grown
bearing vines was generally higher on vines in the four shade treatments
compared to the leaf dry matter allocation. A similar response was observed in
the non-bearing Shiraz vines by Buttrose (1969b) therefore, this suggests that
more dry weight is allocated for leaves in non-bearing vines whereas with
bearing vines, more dry weight is allocated for the stem.

The berry dry weight was not affected by treatments, whereas the dynamics of
berry dry matter accumulation were affected. Notably, the timing of dry matter
accumulation was delayed in the low PFD treatment in the warm season
although this did not compromise dry matter accumulation. Again, this finding is
in contrast with hydrocooled Semillon berry dry weight accumulation (Greer and
Weedon, 2014), which was not affected by this treatment. There are no other
studies on dynamics of dry weight accumulation on shaded and non-shaded
berries which is, therefore, a new finding for present knowledge. The yield was
markedly affected by the low PFD especially in the heavy shade as yield was
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reduced by 23 - 41% in the last season compared to non-shading which was
consistent with the past studies (Cartechini and Palliotti, 1995; Greer and
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Figure 7.3: The changes in Shiraz berry dry weights determined at harvest as a
function of the average seasonal PFD for each of the four shade treatments.
Also shown are the mean seasonal berry temperature measured over the
2013/14 growing season. The letters included on the graph signify significance
at P < 0.05 of the treatment means.

As shown in Fig. 7.3, the accumulation of dry matter was delayed in high
compared with low PFDs, and this was caused by a longer accumulation
process. Hence, these data support the conclusion that high temperatures
coupled with a high PFD were unfavourable for the process of berry dry matter
accumulation and, therefore, support the hypothesis.

7.4. Summary of findings
In summary, the grapevine vegetative and reproductive growths were affected
by a range of photon flux densities which reduced canopy and bunch
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temperature compared to air and the open control canopy. Shiraz shoot growth
was not affected but the dynamics of growth were. The expansion rates of early
and late emerging leaves were affected differently with PFDs. Internodes
elongated more in the low PFDs compared to high PFDs. Vine dry matter was
most concentrated in leaves in high PFDs and in internodes in low PFDs. The
total soluble solids accumulation, sugar content and berry dry weight were
higher in low PFDs compared with high PFDs and the ripening rate was
penalised during heat events in the high but not low PFDs whereas low PFDs
were a cost for reduced yield. There were no PFD effects on the dynamics of
sugar accumulation, berry composition, final berry size, relative growth of berry
size and dry weight accumulation. The berry growth and dry weight
accumulation was delayed in low PFDs. These many effects demonstrate that
high PFDs coupled with high temperatures are detrimental to many aspects of
the vegetative and reproductive growth of Shiraz vines.

7.7. Future work
The leaf appearance rates for Shiraz vines in the vineyard were different to the
current knowledge, therefore, further studies are needed in different grape
varieties during the heat periods at vineyard conditions. Internode and leaf
growth initiation of the Shiraz vines was not consistent with the literature. To
develop a comprehensive knowledge of the growth of leaves and internodes of
grapevines, future studies are also warranted at range of temperature and light
conditions as this will assist our understanding of shoot growth and vine
performance in a changing climate.

The effect of temperatures and PFDs on Shiraz berry anthocyanin composition
was addressed in this study but results were in contrast to published results.
More generally, berry composition needs also to be addressed in future studies
in relation to high light and high temperatures as this will provide better quality
grapes for the winemaking process again with the knowledge to manage a
changing climate.
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Chapter 8 - Appendices
Appendix 1
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Figure 8.1: The high heat degree hours over 40°C maximum mean seasonal canopy temperature of the four shade treatments
in selected 5 days of each growing seasons in 2011/12 ((a) - (d)), 2012/13 ((e) - (i)) and 2013/14 ((j) – (n)). SEs are very small.
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Appendix 2

Intensity of the intersected radiation:
The intensity of intersected radiation was measured at the beginning of
the study by using a radiometer (DM-254XA) from 400 to 900 nm at 2m
distance and 1.7m height from the ground. The radiometer readings were
as below:
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Figure 8.2: Intersected radiation of shade cloths at the beginning of
the study (2011).
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Appendix 3

Reduced irradiance % = {[(Light intensity of Light shade) x100}
(Light intensity of Control)]

Same procedure was followed for the medium and heavy shade
treatments in a particular season.

Appendix 4

Table 8.1: The number of buds after pruning of season 2011/12 to
2013/14 seasons.
Seasons

Control
72

Light
shade
72

Medium
shade
72

Heavy
shade
72

2011/12
2012/13

108

112

104

91

2013/14

114

172

156

142
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Temperature of Infrared radiometer
(°C)

Appendix 5
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Figure 3.6: Calibration of the Infra-red radiometers against a
standard thermometer and the legend for each sensor is as
below:

R1C1 - Replicate 1, Control
R2C1 - Replicate 2, Control
RIT1 - Replicate 1, Light shade
R2T1 - Replicate 2, Light shade
R1T2 - Replicate 1, Medium shade
R2T2 - Replicate 2, Medium shade
R1T3 - Replicate 1, Heavy shade
R2T3 - Replicate 2, Heavy shade
ST

- Standard thermometer
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