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ABSTRACT
To examine the interactive effect of temperature and photon ﬂux density (PFD) on growth dynamics
and gas exchange of young Vitis vinifera L. cv. Shiraz vines, a controlled environment study was
conducted by exposing vines to two different temperatures combined with either high or low
PFD. Shoot growth was accelerated and the phyllochron of Shiraz leaves was hastened in the
low temperature (25/12°C) × low PFD condition (350 μmol m−2 s−1). In early emerging leaves,
leaf area was responsive to temperature whereas in later emerging leaves it was dependent on
light intensity. The high temperature (32/20°C) × high PFD (700 μmol m−2 s−1) treatment
delayed internode extension of early emerging internodes. However, low temperature × high
PFD increased leaf gas exchange across the different growth stages. The net shoot carbon
balance was greater for the low temperature × high PFD treatment. Dry matter accumulation
was also greater in early emerging internodes irrespective of treatment. These results on young
Shiraz vines indicate that 25°C is favourable to 32°C, and some growth characteristics are
accelerated at low PFD while others favour higher PFD.
Keywords: gas exchange, internode extension, leaf appearance, leaf expansion, light intensity, net
carbon balance, photosynthesis, phyllochron, temperature.
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High temperature and high light intensities are characteristic of Australian summers,
especially for inland viticulture regions. Grapevines may be subjected to radiative heat
from direct sun exposure and/or convective heat from a mass of hot air (wind) (Greer and
Weston 2010). Radiative heat exposure during sunny days is the most regular occurrence
when vines are 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 radiant heat exposure and leaf temperature will often well
exceed ambient temperatures (Greer and Weston 2010). These high temperature
conditions have been shown to retard grapevine physiological function in Australian
vineyard conditions (Sadras and Soar 2009; Greer and Weedon 2012b, 2013; Abeysinghe
et al. 2019). For example, high temperature (40°C) was unfavourable for most
physiological processes including biomass accumulation in Vitis vinifera L. cv. Semillon
vines grown without evaporative cooling or extra irrigation, and the threshold level was
35°C for growth and development processes to continue (Greer and Weedon 2016). The
photosynthetic rate of Semillon was lower by 35% during the heat events of 2009 (Greer
and Weedon 2013). These heat events have a signiﬁcant carry-on eﬀect on the carbon
economy of grapevines. Reserve accumulation can be severely aﬀected and this will be
especially critical for young vines.
Light intensity regulates plant morphological and physiological characters such as leaf
appearance (Schultz 1992), leaf area (Cartechini and Palliotti 1995) and thickness
(Thompson et al. 1988), stomatal conductance (Beyschlag and Pfanz 1990; Beyschlag
et al. 1992; Düring and Loveys 1996), and photosynthesis (Greer 1996; Palliotti and
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Cartechini 2001). The light eﬀects on grapevine physiology
have been discussed extensively as in terms of low and high
photon ﬂux densities (PFDs). In low PFDs, vines showed a
high leaf area (Buttrose 1969b), but low photosynthetic rates
(Cartechini and Palliotti 1995), low stomatal conductance
(Schultz et al. 1996) and low total dry matter accumulation
(Bindi et al. 1997). In contrast, high PFDs have been shown
to induce a low leaf area (Buttrose 1969a), reduce leaf
growth, increase leaf dry matter accumulation (Greer and
Weedon 2012a) and enhance bud fruitfulness (Buttrose
1969a). However, young vines are commonly exposed to
high PFDs and high temperatures in vineyards and the
dynamics of growth have not been well explored under the
interaction of temperatures and PFDs typically occurring in
vineyards.
The interaction of temperatures and PFDs on vegetative
growth of few grapevine varieties was explored using mature
vines. For example, dry weight of V. vinifera cvs Muscat
Gordo Blanco, Rhine Riesling, Shiraz, Ohanez and Sultana
were aﬀected by PFDs of 360–720 μmol m−2 s−1 at 25°C
(Buttrose 1969b). By contrast, the dry weight of non-bearing
V. vinifera cv. Chenin blanc and bearing cv. Chardonnay
vines were not aﬀected by the heat stress (40/20°C day/
night) applied over 4, 8 or 12 days in greenhouse condition
(Sepúlveda 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 extension and
leaf expansion, 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 under 650 μmol m−2 s−1 (Morgan et al. 1985). The
rates of biomass accumulation of A. deliciosa vines were
curvilineal dependent on PFD (Greer 2001). In addition, in
Semillon vines grown at 25/15°C at 800 μmol m−2 s−1, the
dynamics of leaf growth were faster than the dynamics of
stem growth. In shaded Semillon vines, leaf expansion was
slower, by 10–25 days, compared with a no-shade treatment
in vineyard condition (Greer et al. 2010).
The establishment of a new vineyard is a considerable
challenge as young vines are more prone to heat stress.
Hence, an understanding of the interactive impact of
temperature and PFD on the early growth and development
processes of grapevines is vital for improving survival. The
objective of this study was to assess the impact of low and
high temperature, combined with either low or high PFDs,
on the dynamics of leaf appearance, leaf expansion,
internode extension, gas exchange, carbon economy and dry
matter accumulation of young Shiraz grapevines. Despite
being physiologically linked, we hypothesise that these
phenological, growth and carbon related parameters will
respond individually to the speciﬁc temperature and light
combinations as the season progresses.
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Materials and methods
Plant material
Cuttings of Vitis vinifera L. cv. Shiraz were taken from 10 year
old vines at Charles Sturt Vineyard, Wagga Wagga, New South
Wales, Australia (35.05°S, 147.35°E). Cuttings were kept in a
cold room at 2°C for 1 month. Subsequently, 150 cuttings were
planted in boxes containing perlite and kept in a controlled
environment chamber (TH6000, Thermoline Scientiﬁc,
Smithﬁeld, NSW, Australia) for 30 days at 25/12°C to induce
root growth. Afterwards, the rooted cuttings were planted into
18 L pots with Osmocote, a premium commercial potting
mixture (1:1:1, soil:sand:fertiliser). Small plants were kept
for a further 7 months in the glasshouse with drip irrigation
at a rate of 1 mL min−1 for 15 min each day and with frequent
fertilising (Osmocote Plus Trace Elements). To induce
dormancy, the vines were then transferred to a cold room at
2°C and kept for another 30 days. The vines were then
pruned to retain four buds per vine.

Growth conditions
To initiate growth, 40 vines were transferred to each of two
controlled environment chambers (TH6000, Thermoline
Scientiﬁc) at day/night temperatures of 25/12°C, while the
air vapour pressure deﬁcit (VPD) was maintained at 1.0/
0.6 kPa. Vines were grown at a PFD of 350 μmol m−2 s−1
over a 12 h photoperiod supplied by 4 × 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 concen
trations were not controlled and not routinely measured. The
conditions in each chamber were set identically and
monitored by using full-spectrum Quantum Meter (MQ-500,
Apogee, Logan UT, USA) and hobo data loggers
(OneTemp° Pty Ltd, Australia). Pots were irrigated daily to
run-oﬀ by using drippers at 1 mL min−1 for 15–20 min
and nutrients were supplied manually throughout the
growth period. The vines were kept in these conditions for
3 weeks.

Temperature and light treatment conditions
Potted Shiraz vines (10), each with four shoots, were trans
ferred to each of four growth chambers that were set at four
diﬀerent temperatures and PFDs for 13 weeks. The tempera
ture × PFD treatments were 25/12°C × 350 μmol m−2 s−1
(low temperature × low PFD (LL)), 25/12°C × 700 μmol m−2 s−1
(low temperature × high PFD (LH)), 32/20°C ×
350 μmol m−2 s−1 (high temperature × low PFD (HL)) and
32/20°C × 700 μmol m−2 s−1 (high temperature × high PFD
(HH)). The vines were irradiated by 4 × 1 kW Metal Halide
lamps in the low PFD chambers and by 6 × 1 kW Metal
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Halide lamps and 8 × 20 W compact ﬂuorescent lamps
(Cool white, Fairway, China) in the high PFD chambers.
These temperature and PFD conditions were derived by
matching the conditions with daily PFD integrals and average
seasonal temperatures in the ﬁeld conditions (Abeysinghe
et al. 2016, 2019). The vines were irrigated daily as
outlined above.

Bud break
Bud break was monitored according to the phenology scoring
system of Eichorn Lorenz (Coombe 1995). The date of bud
break was determined as the date by which 50% of buds had
broken in the sample vines (Fig. 1). There was an average of
148 ± 2 buds across the four shoots (per Shiraz vine) at the
end of the bud break process.

Leaf appearance
Leaf appearance was visually assessed after bud break on the
vines (two shoots × ﬁve vines × four treatments) daily. The
date of leaf appearance was determined as when the leaf
was separated from the shoot tip. The rate of leaf appearance
shows by ﬁtting the linear regression and the reciprocal of leaf
appearance denotes the phyllochron.

Shoot growth
Shoot growth was measured from 4 days after initiation of bud
break and continued at 2–3-day intervals until growth
terminated (E–L stage ~ 38). Two shoots per vine and ﬁve
vines per chamber were measured, resulting in a total of 10
measured shoots per treatment. Final shoot lengths were also
measured after a destructive harvest at the end of the
growth period (89 days after bud break, DAB). The relative
extension rate (RER) was calculated by dividing the total
shoot length from the growth period.

Leaf expansion
Leaf dimensions (length and width) were measured from the
ﬁrst leaf to emerge (E–L stage 7) and the measurements
were continued for each new leaf as it appeared. Leaf area
was estimated according to Greer and Sicard (2009) as the
product of the length and width of each leaf, considering
Shiraz leaves are relatively orbicular. The leaf area measure
ments for all leaves were recorded at 2–3-day intervals and
continued until the expansion of each leaf was completed. At
the end of the growth period, the leaf area of all leaves was
measured using a leaf area meter (LI 3000, LiCor
Inc. Lincoln, Nebraska, USA), after the destructive harvest.

Internode extension
After initiation of bud break, internode lengths were measured
along the shoots at 2–3-day intervals. The internodes were
measured in 40 shoots from 1st internode to those along the
shoot to the tip.
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Fig. 1. (a) The number of buds (mean ± s.e., 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 s.e. are
small. (b) The time of leaf appearance (mean ± s.e., n = 10) along
the shoot of Shiraz vines grown in controlled temperature and PFD
conditions. The three zones indicated are based on previous vine
studies. s.e. are relatively small. Shown here is the mean leaf
appearance response, averaged over all treatments.
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Gas exchange measurements were conducted on every leaf of
four shoots per treatment using an open gas exchange system
(LCA4, ADC Bioscientiﬁc Ltd., Hoddesdon, Hertfordshire, UK).
The measurements were started ~ 26 DAB and were conducted
at around 10 days intervals until 81 DAB, when the shoots had
attained approximately 23 leaves. The leaf dimensions were
recorded immediately as above following the gas exchange
measurements. All measurements were conducted at ambient
CO2 level during 0900–1800 hours (410 ppm). The cuvette
area was 6 cm2 and the ﬂow rate was set to 400 μmol s−1.
Light level was matched to the PFD treatment vines were
exposed to.

Net carbon balance
The net carbon balance was determined based on the method
of (Greer et al. 2011), using photosynthesis and leaf and stem
biomass estimates on each vine. Photosynthesis of each
individual leaf on the selected shoots was determined on a
leaf basis, taking into account the area of each leaf, on each
measurement occasion. Over the course of each day, the
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individual
acquisition
rates
were
mathematically
integrated over all leaves on the entire shoot. The rates of
carbon acquisition per shoot were then adjusted as total
CO2 ﬁxation as grams of carbon per shoot per day
(g C sh−1 d−1), taking into account the molecular weight of
carbon in CO2.
Carbon accumulation sequestered into structural biomass
was determined by determining shoot dry weight every
10 days of each of ﬁve shoots per treatment. Shoots were
separated into individual internodes and leaves and dried at
60°C for 14 days. Subsequently, carbon accumulation as
biomass was evaluated from leaves and internode assuming
that 45% of the total biomass accumulated over growing
season was elemental carbon. The whole shoot carbon
accumulation on each measurement occasion was determined
from mathematically integrated the biomass (internode and
leaf) at each node. Rates of carbon accumulation over the
growing season were then estimated by mathematical
diﬀerentiation.
The net rates of carbon balance were determined by the
diﬀerence between the rates of carbon acquisition and rates
of carbon sequestration as biomass.

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

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

Results
Bud break
Bud break of Shiraz vines followed a sigmoid pattern over
7 days at 25/12°C and 350 μmol m−2 s−1 conditions
(Fig. 1a). The inﬂection point of the sigmoid curve (that is,
time of 50% buds broken) occurred on 26 July, which
represents the date of bud break. All dynamic data are
subsequently reported as DAB.

Leaf appearance
There was no signiﬁcant interaction between temper
ature × PFD or main eﬀect on leaf appearance. The ﬁrst four
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leaves appeared as a cluster and all appeared at a similar
time (Fig. 1b). Thereafter, from Leaf 5 onwards the leaves
appeared in a linear sequence although there was a decrease
in the rates of appearance at about node 17–18 and for each
subsequent leaf. In each case, the rates of leaf appearance
were signiﬁcant (P < 0.01; r2 = 0.9). In Zone 1, the
phyllochron was 0.6–1.1 days lf−1 whereas the phyllochron
of Zone 2 and 3 were 0.4–0.5 days lf−1 and 2.5–3.5 days lf−1,
respectively (Table 1).

Dynamics of growth
Shoot growth
Shoot extension generally followed a sigmoid pattern, rising
to a maximum extension rate, which subsequently declined and
most shoot (except LL) growth had terminated by about 50
DAB (Fig. 2). There was a highly signiﬁcant (P < 0.001)
interaction between temperature × PFD on maximum shoot
length and dynamics of growth of the potted Shiraz vines
(Table 2). Notably, the mean maximum shoot length of vines
in the LL treatment was signiﬁcantly longer at 180 cm
compared with those shoots on vines from all other
treatments (Table 2). When considering the growth
dynamics, the RER of shoots of vines in all treatments were
typically between 4.7 and 5.0 cm day−1 and there were no
signiﬁcant diﬀerences (Table 2). The commencement and
termination of shoot extension of LL delayed by 4–6 days
and 7–11 days, respectively, than other treatments. On
average, there was no eﬀect of temperature on the duration
of shoot extension, while those vines at the low PFD, on
average, took longer to complete growth (17.5 DAB)
compared with those at high PFD (15.9 DAB).

Leaf expansion
In all cases of the selected leaves, expansion over the
growth period generally followed a sigmoid pattern as with
shoot extension (Fig. 3). However, there were marked
Table 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.
Treatment

Zone 1

Zone 2

Zone 3

LL

0.4 ± 0.2

2.6 ± 0.2

3.30 ± 0.1

LH

0.9 ± 0.1

2.4 ± 0.3

3.33 ± 0.1

HL

0.9 ± 0.1

2.5 ± 0.3

2.48 ± 0.2

HH

0.9 ± 0.1

2.3 ± 0.5

2.12 ± 0.1

Leaf appearance ˜ node position 1.11022E-16 1.5607E-08 0.000264632
Note: Also shown in the bottom line are the probabilities that the regression
slopes were signiﬁcant. In each case the r2 values ranged from 0.60 to 0.99.
LL, low temperature × low light treatment; LH, low temperature × high light
treatment; HL, high temperature × low light treatment; HH, high
temperature × high light treatment.
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Fig. 2. The shoot lengths (mean ± s.e., n = 10) measured over the
growth period of Shiraz vines grown in the four treatments. LL, low
temperature × low PFD treatment; LH, low temperature × high PFD
treatment; HL, high temperature × low PFD treatment; HH, high
temperature × high PFD treatment. The lines are the best ﬁt to the
Boltzmann sigmoid function.

treatment diﬀerences in the ﬁnal leaf areas, overall dynamics
and timing of leaf expansion (Table 3). For the earliest
emerging leaf (5) and mid-emerging leaf (10), the
maximum leaf area on average was greater for those leaves
on vines grown at the low (134 ± 2 cm2 and 141 ± 6 cm2,
respectively) compared with those grown at the high
temperature (82 ± 4 cm2 and 82 ± 6 cm2, respectively).
However, there was a highly signiﬁcant temperature × PFD
interaction which indicated that PFD had an eﬀect at low
temperature but not at high temperature. Consequently,
there were also highly signiﬁcant interactive eﬀects on the
duration of expansion. 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
Table 2.

of temperature × PFD on the maximum leaf areas (Table 3).
There was an eﬀect of PFD, with the leaf size signiﬁcantly
larger; 83 ± 4 cm2 and 42 ± 4 cm2, on average, for leaves
15 and 20, respectively, for the low PFD grown vines
compared with 62 ± 4 cm2 and 29 ± 4 cm2, on average, for
the high PFD grown vines. However, the eﬀect of temperature
was signiﬁcant on leaf growth dynamics (Leaves 15, 20) and
there was a trend of the low temperatures delaying the
initiation and termination of leaf expansion, with 11 days
with compare to high temperatures. However, there was a
highly signiﬁcant temperature × PFD interaction on the
duration of leaf expansion and the shortest leaf expansion
showed in LH vines.

The pattern was essentially sigmoidal in all cases (Fig. 4).
Across all node positions, there was no signiﬁcant eﬀect of
temperature × PFD on the maximum internode length and
most part of RER (Table 4). At node 20, the rates were
signiﬁcantly lower than at earlier node positions but also
there was a signiﬁcant temperature × PFD interaction rate.
In only LH vines, the relative extension rate was around
1 cm day−1 whereas all other treatments, the relative rate of
extension decreased markedly. It was noteworthy that there
was a highly signiﬁcant temperature × PFD interaction on
the dynamics of internode extension at nodes 5 and 10 and,
in general, the timing of extension 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
extension by 2–3 days (Table 4). There were delays in
reaching full elongation when the vines were grown at high
temperature. At high temperature, the internodes in the high
PFD treatment reached full extension slowly contrast to
those in the low PFD treatment. Above trend was showed in
internode 5 and prominent in 10. For internode 10, the
diﬀerences in dynamics translated into signiﬁcant eﬀects on
the duration of extension, in keeping with the eﬀects of the

The growth dynamics (mean ± s.e., n = 10) of Shiraz shoots on vines grown in each of four temperature/light treatments.

Temperature/light
treatment

Maximum shoot
length (cm)

Relative extension
rate (cm day−1)

Days to reach 20%
growth

Days to reach 80%
growth

Duration of growth
(days)

LL

180 ± 3

5±1

18 ± 3

37 ± 5

19 ± 2

LH

122 ± 4

5±1

12 ± 2

26 ± 3

14 ± 2

HL

126 ± 3

5±1

14 ± 3

30 ± 4

16 ± 3

HH

140 ± 3

5±1

12 ± 3

30 ± 3

17 ± 2

Temp

0.00

0.82

0.00

0.00

0.00

PFD

0.00

0.83

0.00

0.00

0.00

Temp × PFD

0.00

0.76

0.01

0.00

0.00

Note: In all cases, these data were obtained from the ﬁt of the Boltzmann sigmoid function.
LL, low temperature × low light treatment; LH, low temperature × high light treatment; HL, high temperature × low light treatment; HH, high temperature × high light
treatment; PFD, photon ﬂux density.
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Fig. 3. Changes in the leaf area distribution (mean ± s.e., n = 10) along the Shiraz shoots of vines grown in four
different temperature and PFD treatments. (a) Low temperature × low PFD (LL), (b) low temperature × high
PFD (LH), (c) high temperature × low PFD (HL) and (d) high temperature × high PFD (HH). The lines are the best
ﬁt to the Boltzmann sigmoid function.

treatments. By contrast, the dynamics of the later emerging
internodes (15, 20) were generally less aﬀected by
temperature × PFD interaction. At internode 15, there was a
signiﬁcant temperature eﬀect on the timing of full extension
and low temperature delayed 8 days than high temperature.
Notably for internode 20, there was a highly signiﬁcant
interactive treatment eﬀect on the initiation of expansion.

Gas exchange
There were signiﬁcant temperature × PFD interactions and
main eﬀects on the gas exchange attributes measured along
the shoot at diﬀerent stages of the study period. As an
example of these data, net photosynthesis (Ps) and stomatal
conductance (gs) on the 26, 44 and 81 DAB (selected days)
are shown in Fig. 5a, b. The rate of transpiration (E) was not
shown. At the ﬁrst measurement date, there was no
signiﬁcance of the interaction between temperature × PFD
on the rate of photosynthesis (Fig. 5a). However, there was a
signiﬁcant (P < 0.001) temperature × PFD interaction at 44
DAB and only a main eﬀect (P < 0.01) of temperature at 81
DAB on the Ps of the Shiraz vines. Across the study period,
the net photosynthetic rate averaged between 0.0 and
6.7 μmol m−2 s−1 and was consistently maximal at the 8th
node (Fig. 5a). At 44 DAB, the highest rate of Ps along the

shoot was apparent in the LH treatment, which was higher
by 2–91%, 13–94% and 47–92% with compare to LL, HL
and HH, respectively. At 81 DAB, the Ps of the low
temperature treatment was higher by 1–80% than high
temperature.
There were signiﬁcant (P < 0.001) temperature × PFD
interactions on the gs at all measurement occasions. At 26
DAB, 44 DAB and 81 DAB, the gs was higher in the LH vines
compared to other treatments (Fig. 6b). At 26 DAB, the
pattern of conductance along the shoots of the LH treatment
was similar to photosynthesis and higher by 39–80%,
24–76% and 11–48% than LL, HL and HH, respectively.
Similarly at 44 DAB, in LH treatment, the gs was higher by
13–88%, 2–53% and 7–91% compare to LL, HL and HH,
respectively. At 81 DAB, the gs of LH was higher by 0–46%,
0–30% and 14–93% compare to LL, HL and HH, respectively.
Similarly, there were signiﬁcant (P < 0.001)
temperature × PFD interactions on the E at the selected
measurement occasions. At 26 DAB, 44 DAB and 81 DAB,
the highest E occurred in the LH treatment vines (not
shown). The patterns of E along the shoot among the
treatments were similar to the patterns of gs and Ps. At 26
DAB, E of LH vines were higher by 83–94%, 18–40% and
37–58% with compare to LL, HL and HH, respectively.
Similarly, at 44 DAB, the E was higher by 13–87%, 4–48%
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Table 3. The dynamics (mean ± s.e., 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.
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)

LL

5

123 ± 1

12 ± 0

18 ± 4

29 ± 5

11 ± 1

LH

5

144 ± 3

16 ± 0

17 ± 2

25 ± 4

8±2

HL

5

88 ± 2

7±0

14 ± 3

24 ± 2

9±5

HH

5

75 ± 5

6±0

8±4

21 ± 3

13 ± 3

Mean

108 ± 3

10 ± 0

14 ± 3

25 ± 3

10 ± 3

Temp

0.00

0.86

0.76

0.19

0.76

PFD

0.18

0.16

0.10

0.52

0.10

Temp × PFD

0.19

0.18

0.05

0.66

0.05

LL

10

162 ± 4

12 ± 0

37 ± 2

50 ± 2

12 ± 1

LH

10

120 ± 8

21 ± 0

42 ± 2

46 ± 4

4±6

HL

10

84 ± 7

14 ± 0

31 ± 3

37 ± 4

6±6

HH

10

79 ± 4

11 ± 0

30 ± 4

40 ± 4

10 ± 2

Mean

111 ± 6

14 ± 0

35 ± 3

43 ± 4

8±4

Temp

0.00

0.46

0.63

0.00

0.02

PFD

0.08

0.11

0.01

0.02

0.00

Temp × PFD

0.10

0.15

0.02

0.02

0.00

LL

15

99 ± 5

11 ± 0

51 ± 3

60 ± 5

8±2

LH

15

52 ± 5

13 ± 0

52 ± 4

56 ± 5

4±2

HL

15

67 ± 3

20 ± 0

40 ± 2

45 ± 3

5±2

HH

15

73 ± 3

10 ± 0

41 ± 3

48 ± 5

7±3

Mean

73 ± 4

14 ± 0

46 ± 3

52 ± 5

6±2

Temp

0.01

0.16

0.00

0.00

0.00

PFD

0.00

0.25

0.97

0.07

0.00

Temp × PFD

0.01

0.20

0.87

0.06

0.00

LL

20

44 ± 5

3±0

74 ± 3

94 ± 3

17 ± 4

LH

20

22 ± 5

2±0

72 ± 2

86 ± 2

10 ± 4

HL

20

40 ± 3

4±0

47 ± 3

61 ± 2

12 ± 7

HH

20

36 ± 2

4±0

42 ± 5

51 ± 7

10 ± 2

Mean

35 ± 4

4±0

59 ± 3

73 ± 4

12 ± 4

Temp

0.04

0.98

0.03

0.10

0.13

PFD

0.03

0.69

0.73

0.98

0.13

Temp × PFD

0.05

0.74

0.64

0.86

0.20

Note: In all cases, these data were obtained from the ﬁt of the Boltzmann sigmoid function.
LL, low temperature × low light treatment; LH, low temperature × high light treatment; HL, high temperature × low light treatment; HH, high temperature × high light
treatment; PFD, photon ﬂux density.

and 13–79% compare to LL, HL and HH, respectively. At 81
DAB, the E of LH was higher by 7–40%, 3–23% and 11–81%
compare to LL, HL and HH, respectively.

Net carbon balance
There was no signiﬁcant interaction between temperature × PFD or any main eﬀects on the rate of carbon
acquisition (NCA), carbon accumulation as biomass (CAB),
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and the net carbon balance (NCB) (Fig. 6). When integrated
across the whole growth period, the total carbon acquired
reached an average of 20.2 g C sh−1. Across the whole growth
period, the total carbon accumulated as biomass averaged
8.0 g C sh−1 at the harvest. NCB was initially negative in
shoots of all treated vines (Fig. 6c) but progressively increased
to reach a maximum at the end of the growth period to reach
about 0.6 g C sh−1 day−1. NCB over the whole growth period
reached an average of 12.5 g C sh−1, thus a surplus of

Internode length (cm)
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Fig. 4. Changes in the internode extension (mean ± s.e., n = 10) along the Shiraz shoots of vines grown in four
different temperature and PFD treatments. (a) Low temperature × low PFD (LL), (b) low temperature × high
PFD (LH), (c) high temperature × low PFD (HL) and (d) high temperature × high PFD (HH). The lines are the
best ﬁt to the Boltzmann sigmoid function.

carbon over that sequestered as biomass and presumably
exported from the shoot to other sinks. This surplus of
carbon represented 60% of total carbon acquired through
photosynthesis.

Dry matter allocation
There was no signiﬁcant interaction between temper
ature × PFD or main eﬀect on leaf, internode or total dry
matter distribution along the shoots of the vines (Fig 7). The
maximum leaf, internode and total dry matter occurred
about node position 5–6, although there were some minor
perturbations in this pattern. 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 all treatments.

Discussion
There were highly signiﬁcant and marked eﬀects of the
temperature and PFD interaction on Shiraz vegetative growth,
particularly shoot length and dynamics of shoot growth. The
low temperature and low light treatment (25/12°C and

350 μmol m−2 s−1) was most optimal for shoot growth
(Sepúlveda et al. 1986). However, growth in the low
temperature–low light treatment appeared to deviate from
normal, at least in comparison with the other treatments.
Initially, shoots in all treatments followed sigmoid kinetics
but at about the time growth rates in most treatments were
declining, these shoots continued to extend at a rapid rate.
In most studies of shoot extension in grapevines (Kliewer
et al. 1983; Mullins et al. 1992; Greer and Weston 2010;
Greer et al. 2010), shoot growth reached a maximum rate
early in the growing season and terminated at about the time
that ﬂowers appeared. However, there are exceptions to this. In
a study on grapevines grown in a cool and wet viticulture
region, shoot growth continued until shortly prior to veraison
(Pagay et al. 2016). In our study, the shoots reached maximum
lengths at around 60 DAB (Greer and Weston 2010). In
contrast, Greer and Sicard (2009) reported Semillon fruiting
vines grown at 25/15°C and 800 μmol m−2 s−1 conditions
reached maximum growth at ~80 DAB. These conditions
were similar to low temperature – high light treatment
(25/12°C; 700 μmol m−2 s−1) in the present study; hence,
maximum shoot length may be a reﬂection of cultivar
diﬀerences or perhaps vine age. Young vegetative vines may
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Table 4. The dynamics (mean ± s.e., 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.
Temperature/light
treatment

Internode
no.

Maximum internode
length (cm)

Relative growth rate Days to reach 20% Days to reach 80%
(cm day−1)
extension
extension

LL

5

10 ± 2

1±1

11 ± 3

21 ± 1

12 ± 1

LH

5

10 ± 2

1±1

2±1

11 ± 2

10 ± 2

HL

5

10 ± 2

1±0

8±4

19 ± 4

11 ± 3

HH

5

11 ± 2

1±0

10 ± 1

20 ± 4

11 ± 4

Mean

10 ± 2

1±0

8±2

18 ± 3

11 ± 3

Temp

0.61

0.52

0.01

0.00

0.56

PFD

0.62

0.80

0.06

0.00

0.46

Temp × PFD

0.75

0.79

0.00

0.00

0.49

Duration of
extension (days)

LL

10

9±2

1±1

22 ± 2

35 ± 3

15 ± 3

LH

10

8±1

1±0

18 ± 4

29 ± 4

12 ± 7

HL

10

7±3

1±0

20 ± 2

26 ± 4

8±6

HH

10

7±4

3±0

24 ± 5

48 ± 2

24 ± 2

Mean

6±2

1±0

21 ± 3

35 ± 3

15 ± 4

Temp

0.19

0.94

0.38

0.00

0.04

PFD

0.39

0.72

0.26

0.00

0.03

Temp × PFD

0.42

0.95

0.26

0.00

0.02

LL

15

8±2

1±0

43 ± 4

48 ± 3

6±2

LH

15

4±2

0±4

40 ± 4

52 ± 5

7±2

HL

15

6±4

1±1

35 ± 3

38 ± 3

4±2

HH

15

6±4

1±0

35 ± 6

46 ± 3

10 ± 3

Mean

6±3

1±1

38 ± 4

46 ± 3

7±2

Temp

0.12

0.88

0.09

0.03

0.26

PFD

0.06

0.66

0.40

0.63

0.35

Temp × PFD

0.10

0.80

0.45

0.38

0.22

LL

20

6±2

0±0

52 ± 2

70 ± 3

17 ± 5

LH

20

3±2

1±0

60 ± 2

70 ± 2

10 ± 5

HL

20

4±2

0±0

49 ± 4

77 ± 2

27 ± 3

HH

20

3±1

0±0

47 ± 6

57 ± 7

11 ± 3

Mean

4±2

0±0

52 ± 3

68 ± 3

16 ± 4

Temp

0.16

0.00

0.00

0.28

0.10

PFD

0.25

0.07

0.00

0.27

0.39

Temp × PFD

0.48

0.01

0.00

0.21

0.20

Note: In all cases, these data were obtained from the ﬁt of the Boltzmann sigmoid function.
LL, low temperature × low light treatment; LH, low temperature × high light treatment; HL, high temperature × low light treatment; HH, high temperature × high light
treatment; PFD, photon ﬂux density.

have lower carbohydrate reserves to support long-term growth
(Hale and Weaver 1962; Wardlaw 1990).
The patterns of leaf appearance on the Shiraz shoots were
similar to those reported for other grapevines (Greer and
Weston 2010) and other liana species such as A. deliciosa
vines (Seleznyova and Greer 2001) in that the leaf
appearance along the shoot occurred in the three distinct
zones. However, in other studies, the ﬁrst zone commonly
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contained 6–8 leaves. For the Shiraz vines of the present
study, only four leaves appeared to occur in the ﬁrst cluster.
Consistent with these other studies, the rates of leaf
emergence in the ﬁrst cluster were very high and all leaves
emerged at once. Thereafter and in keeping with these other
studies, leaf appearance in the subsequent zones occurred at
a linear rate although the rate declined from about node 17,
consistent with a third zone of leaf appearance. In addition,
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Fig. 5. (a) Rate of changes of net photosynthesis (mean ± s.e., n = 5) measured at node positions along the shoots of
Shiraz vines over the growth period in the four treatments. (b) Rate of changes of stomatal conductance (mean ± s.e.,
n = 5) measured at node positions along the shoots of Shiraz vines over the growth period in the four treatments. LL, low
temperature × low PFD treatment; LH, low temperature × high PFD treatment; HL, high temperature × low PFD
treatment; HH, high temperature × high PFD treatment.

for the Shiraz vines, the temperature and light treatment
conditions did not inﬂuence the phyllochron of the ﬁrst
cohort of Shiraz leaves (Zone 1), and the rates were
comparable to that for Semillon vines (Greer and Weston
2010). Notably, the phyllochron of the leaves in Zone 2 were
also not signiﬁcantly aﬀected by the treatments, and were
overall somewhat lower than occurred with Semillon and
A. deliciosa (Seleznyova and Greer 2001) vines. For the
Shiraz leaves, as alluded to already, there were higher rates
of leaf appearance in Zone 3 compared to other species;
however, the rates of leaf appearance of this cohort of leaves
were signiﬁcant aﬀected by the treatments. Speciﬁcally, the
phyllochron was longest for those vines treated to the low
temperature–high light treatment, consistent with the eﬀects
of low temperatures on leaf appearance of A. deliciosa vines
(Greer et al. 2004). However, the phyllochron for Zone 3 of
Shiraz leaves was generally smaller than that for fruiting
Semillon vines (Greer and Weston 2010).
For the early emerging leaves (5–10), a higher leaf area was
observed in the low temperature treated vines compared with
the high temperature treated vines (Seleznyova and Greer
2001) whereas in the later emerging leaves (15, 20), a higher
leaf area occurred on the vines in the low light treatments.

Importantly, there was no light eﬀect on the ﬁnal leaf area
of the early emerging leaves of the Shiraz vines in the
controlled environment conditions. Hence, it can be con
cluded that temperature apparently caused the diﬀerences
in the ﬁnal leaf area of the early emerging Shiraz leaves,
while light caused the diﬀerences in leaf area of the later
emerging leaves of the present study. Cooler temperatures
decrease metabolism and water demand and perhaps this
allows for the development of a greater leaf area without
inducing water stress shortly after budburst when roots
may still be inactive (Clarke et al. 2015). Indeed, it has
been shown that larger leaves lose less water than smaller
leaves (Wang et al. 2019) and in cooler temperatures when
thermal regulation is not as critical this may provide an
overall adaptive advantage. The vine may allocate more
resources to the expansion of the later emerging leaves as
these leaves are the upper most in the canopy and most
likely to intercept photoradiation. Photoreceptors of the
light signalling pathway in combination with growth
regulators such as auxins, gibberellins, ethylene and
brassinosteroids may play a role in the regulation of leaf
and internode extension (Keller et al. 2010; Casal 2013).
Larger leaves in a low light environment are a typical
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Fig. 6. Rate of changes of carbon acquisition (a), rate of carbon accumulation in biomass (b)
and net carbon balance (c) at node positions along the shoots of Shiraz vines (mean ± s.e., n = 5)
over the growth period. The treatments were not signiﬁcantly different therefore lines denote
the average of all treatments. The dotted line shows where the carbon acquisition equals carbon
accumulation as biomass.
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Fig. 7. Changes in distribution of biomass allocation along the shoot
for the different components leaves (a), internodes (b) and total
biomass (c) (mean ± s.e., n = 10) measured at harvest in different
temperature and PFDs in controlled environment conditions. The
treatments were not signiﬁcantly different therefore lines denote the
average of all treatments.
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response of shade-tolerant plants, but internode extension
and increased height is characteristic of shade-avoider
plants (González et al. 2016). Therefore, these Shiraz vines
appear to have characteristics of both groups. Generally,
the duration of leaf expansion of the Shiraz vines was
4–17 days (Table 3) and this was consistent with that for
Semillon vines (Greer and Weston 2010). The durations of
leaf expansion were generally comparable with the duration
of internode extension in the Shiraz vines. By contrast, in
Riesling vines (Schultz and Matthews 1988; Mullins et al.
1992) a shorter duration in internode extension occurred in
comparison with leaf expansion and this was concluded to
be an attribute of the liana habits of grapevines.
In the early stages of Shiraz shoot development (26 DAB),
there were no treatment eﬀects on photosynthetic rates. The
low photosynthetic and transpiration rates across all
treatments may have been a result of immature and not fully
expanded leaves. However, in mid-season (44 DAB), there
was a signiﬁcant temperature–light interaction on rates
of photosynthesis. For example, the vines in the low
temperature–high light treatment had the highest rates of
photosynthesis and probably, these higher rates accelerated
shoot growth when this reached maximum rates shortly
after. The higher rates of photosynthesis may have also
contributed to the greater rates of leaf expansion and rapid
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extension of the internodes. Similarly, (Greer and Weedon
2012a) reported greater photosynthetic rates in high light
Semillon vines compared to low light vines under ﬁeld
conditions. Young grapevines with homogenous well exposed
canopies should normally have maximum light interception at
various times across the day. However, the dense canopies of
mature grapevines will likely result in sub-optimal zones of
light and this may reduce photosynthesis through lower
values in rubisco activity, maximum electron transport rate
and triose-phosphate utilisation (Schultz 2003). By contrast,
the high temperature–high light treated vines had the lowest
photosynthetic rates. The interaction eﬀect disappeared across
the growth period and revealed a signiﬁcant temperature eﬀect
at 81 DAB, with higher photosynthetic rates at low temper
ature. This appears contradictory to the study of Ribeiro
et al. (2012) where mature and young leaves of Citrus spp.
showed higher photosynthetic rate at 30/20°C compared to
25/20°C. Giorgi et al. (2019) also reported higher
photosynthetic rates in V. vinifera cv. Malbec vines at a
moderate light intensity. The ideal temperature–light combi
nation for optimal stomatal conductance and transpiration
rates of Shiraz apparently occurred in the low temperature–
high light treated vines, given that the highest stomatal
conductance and transpiration rates occurred in this treatment
across all measurements. In the other studies, stomatal conduc
tance and transpiration rates were positively correlated
(Rogiers et al. 2009). Given the high coupling of photosyn
thesis and transpiration with stomatal conductance, it was
no surprise that all three processes reached maximal rates at
the same time during the growth period (Escalona et al.
2003; Evain et al. 2004).
There were no treatments eﬀect on rates of NCA, CAB and
NCB. Initially, the leaf and shoot growth of most of the treated
vines was a result of the mobilisation of deposited
carbohydrate sources during spring, and this resulted in a
negative carbon balance (Morgan et al. 1985; Piller and
Meekings 1997). During this early phase of growth, the
younger leaves of the low temperature treatments assimilated
more carbon and this increased as shoot growth progressed.
Consequently, a higher carbon surplus was apparent in these
treated vines. By contrast, the high temperature treatment
appeared to prolong the negative carbon balance in
comparison with the other studies (Greer and Weedon 2014)
whereas low temperature vines recovered within a short
time period. However, the net carbon balance of Actinidia
vines grown at 17/12°C and 28/22°C for 5 months was 35 g
and 182 g, respectively (Greer and Jeﬀares 1998). Partly this
prolonged negative carbon balance was because the leaves of
the high temperature vines ﬁxed lower amounts of carbon
while the carbon sequestered as biomass remained about
constant, resulting in a lower carbon surplus over the growth
period. The higher photosynthesis in the low temperature
vines may have contributed to an enhanced shift to autotrophic
growth and the sustained high photosynthetic rates also
contributed to the higher carbon surplus. These surpluses of
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carbohydrates are important in replenishing the carbo
hydrate reserves used in early stages of growth of the next
season (Hansen 1971; Greer et al. 2002; Rogiers et al. 2011).
Therefore, as suggested, low temperature grown vines have a
higher probability of establishment and early reproductive
growth (Khan et al. 1998; Bennett et al. 2005). It was
notable that the rates of carbon acquisition and biomass
accumulation in the present study were markedly below that
for Semillon vines grown in both controlled environment
and ﬁeld conditions (Greer and Sicard 2009; Greer et al.
2011; Greer and Weedon 2014). This contrast may be a
consequence of the young vines with lower overall biomass
and storage reserves that in older vines.
There were no treatment eﬀects on leaf, internode and total
vine dry matter distribution of these treated Shiraz vines, thus
these parameters were apparently insensitive to temperature
and light intensity. In contrast, the dry matter accumulation
of Actinidia vines, when treated at low light was lower than
when treated at high light, (Morgan et al. 1985). The
diﬀerence in the results of these two studies may have arisen
because of a greater diﬀerence in the light intensities. The
dry matter distribution of leaves, internodes and total dry
matter along the Shiraz shoots were higher towards the
basal nodes (nodes 5–6), conﬁrming that these were the
longest and fastest grown internodes along the shoots. There
were no leaf dry matter diﬀerences between treatments;
however, Shiraz leaf dry matter diﬀerences were apparent
when treated at diﬀerent temperatures (~25–35°C) in the
study of Buttrose (1969b). The age of the Shiraz vines in the
present study and the selected temperature and light
intensities may have contributed to the diﬀerent outcomes of
these studies. Nevertheless, the allocation of dry matter to
the leaves at around 50–60% conformed with other studies
(Edson et al. 1995; Petrie et al. 2000).

Conclusions
This study describes the temperature–light interaction eﬀects
on growth dynamics of young Shiraz vines. Low temperature
combined with low light appeared to suit the liana habit of
the vegetative Shiraz vines and perhaps this is why shoot
extension in these conditions was continuous. The growth of
early and late emerging leaves was decoupled from the
temperature–light interaction while mid emerging leaves and
internodes and early internode extension were aﬀected by
the interaction. Further, rates of leaf expansion and internode
extension were independent. At the mid-stage growth of young
vegetative Shiraz, the temperature–light interaction inﬂuenced
photosynthesis whereas only light aﬀected photosynthesis
during late growth of young vines. Apparently, low
temperature and high light conditions were most desirable
for photosynthesis and transpiration. Further, temperature
determined the carbon economy of young Shiraz vines. Low
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temperature resulted in higher carbon surplus, which may
increase the probability of successful establishment of young
vines in next season. Moreover, dry matter distribution of
young Shiraz vines was independent on the temperature–
light combination.
These results conﬁrm the hypothesis that high temperature
combined with high light is undesirable for growth of young
Shiraz vines, whereas low temperatures with either low or
high light is favourable for better establishment. While mature
vines can be managed through canopy manipulation so that
light and temperature within the various microclimates
along the shoot are optimised, young vines are less conducive
to this type of manipulation. Therefore, in young establishing
vineyards of warm–hot growing regions, planting early in the
season and/or providing artiﬁcial shade covering to avoid
extreme heat when canopies are small is recommended.
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