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Summary

Light and temperature are known to affect the devel-
opment of grape berries and their ripening process
but the interaction between temperature and light is
less well understood. Accordingly, Vitis vinifera cv.
‘Semillon’ grapevines were grown in controlled envi-
ronments from budbreak until harvest and exposed at
three stages of berry development to nine short-term
temperature and light treatments to assess the impact
on berry development and the ripening process. Berry
diameter and soluble solids were determined through-
out the growing season and before and after the various
treatments. In all cases for berry expansion, soluble
solids concentration and sugar content, there were
highly significant interactions between temperature,
light intensity and growth stage. Results confirmed
berries at the early stage of development (pea size)

were mostly unaffected by the temperature and light
combination whereas the mid (veraison) and late
stages were highly susceptible to the treatments. Berry
growth and sugar accumulation were not affected
when treated at 25 °C at any stage of development but
at 30 °C and especially 38 °C, these processes were in-
creasingly affected; berries were reduced in size and
sugar contents declined, indicative of reduced rates of
ripening. However, these effects were exacerbated
when the bunches were treated concurrently to high
temperature and high light. These results suggest
growers need to maintain the canopy to protect
bunches from direct sun exposure to avoid the interac-
tive impacts of high temperature and high light on
berry ripening, especially late in the growing season.
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Introduction

Growth and development of grape bunches are im-
portant processes that influence both yield and grape
quality. Development of the bunch is related initially to
the time of flowering and fruit set (VASCONCELOS et al.
2009) and then to the phenology of the ripening pro-
cess. A well recognised phenological stage is the onset
of ripening (veraison), characterised by berry softening
and/or colour change and where soluble solids concen-
trations begin to increase markedly (COOMBE 1995).
Growth of the bunch, that is accumulation of biomass,
is related to the import of these solutes and, therefore,
to the supply of carbon (GREER and ROGIERS 2009). It has
been shown by GREER and WESTON (2010) that bunch
growth can be impeded when photosynthesis is im-
paired. Phenology more generally, is recognised to be
dependent on temperature (MONCUR et al. 1989) while
growth of the bunch is dependent on temperature

(BUTTROSE et al. 1971) and also the light intensity (PRICE

et al. 1995).
Throughout Australia and elsewhere, grapevines (Vitis

vinifera L.) are grown in locations where high tempera-
tures predominate over the growing season (MILLAR 1972;
GREER et al. 2010) but the vines are also subjected to high
incident radiation (GREER and WEEDON 2012). The effects
of temperatures on growth and development of vines
have been well studied (KLIEWER 1977a; GREER et al.
2010). Similarly, the impact of the light regime has also
been considered (CRIPPEN and MORRISON 1986b), it is less
well known what effect the interaction between high
temperatures and high light has on bunch growth and
development. However, BERGQVIST et al. (2001) have
shown berry mass of ‘Cabernet Sauvignon’ and ‘Grenache’
bunches declined at high, compared to low, light, when
concurrently exposed to high temperatures above about
38 °C. By contrast, there were only small effects of sun
and shade exposures at different temperatures on ‘Merlot’
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berry mass (SPAYD et al. 2002). There are, however, direct
effects of high temperatures on berry growth, such as
shown by KLIEWER (1977a) on ‘Cabernet Sauvignon’ and
‘Tokay’ bunches grown at natural light intensities, where
berry dry matter growth was significantly reduced above
32 °C compared with 25 °C.

Accumulation of soluble solids into the berries, that is
ripening, is another important process that is influenced
by temperature and light intensity. For example, GREER

and WEEDON (2012) have shown reduced light intensity
markedly delayed ripening of ‘Semillon’ berries although
the rate of ripening was much less affected. Similar results
occurred with ‘Sangiovese’ vines grown in different light
conditions (CARTECHINI and PALLIOTTI 1995). For ‘Emperor’
vines grown in 8 % of full sunlight, both a delay and a
change in rate of ripening occurred compared with those
at full sun (KLIEWER 1977b). Thus, there is ample evidence
to indicate the berry ripening process is light-dependent.
There is also some evidence that temperature affects the
dynamics of ripening. RADLER (1965), for example, noted
that temperature did not affect the start of ripening of
‘Sultana’ berries but did affect the rate of ripening. By
contrast, for ‘Cabernet Sauvignon’ vines, the effect of tem-
perature on rate of ripening was relatively small while for
‘Tokay’ vines, there was a marked effect of temperature
(KLIEWER 1977a).

The objective of the present study was to expose Vitis
vinifera cv. ‘Semillon’ grape bunches to a range of light
intensities concurrently with a range of temperatures to
examine the interactive effects on berry growth and
development. A second objective was to ascertain when
during development of the bunch, the berries became
most susceptible to the temperature × light treatments.
This study was conducted in controlled environments,
where the conditions were maintained constant through-
out the exposure treatments.

Materials and Methods

Plant material and growth conditions

Fifteen dormant potted Vitis vinifera cv. ‘Semillon’ grape-
vines (6 years old) were placed in a controlled environ-
ment chamber (TH6000, Thermoline Scientific, Smith-
field, NSW, Australia) in early July when the vines were
overwintering. The vines had previously been spur-pruned
and were grown in 25 L pots in a sand, soil and fertilizer
potting medium. Each vine developed between 6 and
8 shoots and 1–2 bunches developed on each and 4–5
shoots were retained. The photon flux density (PFD) was
700 μmol m–2 s–1 at plant height over a 12 h photoperiod
and supplied by 4 × 1 kW high pressure discharge lamps
(Powerstar HQI-T1000, Osram, Munich, Germany). The
day/night temperatures were 25/15 ± 0.2 °C and vapour
pressures were 1.0/0.6 ± 0.1 kPa. The vines were sup-
plied with an automatic watering system and well sup-

plied with nutrients, in keeping with viticultural prac-
tices.

Light and temperature treatments

At an early stage of development (berry size, approx
7 mm diameter), mid stage (berry ripening starting) and
late stage (mid ripening, with soluble solids at approx.
16 °Brix), five vines each were transferred for 7 days to
two additional controlled environment chambers. The
conditions were identical except in one, the day/night
temperature was 30/20 ± 0.2 °C while in the other, the
day/night temperature was 38/28 ± 0.2 °C. These tem-
peratures were based on the mean maxima occurring in
early and late summer in the Riverina, NSW grape growing
region (GREER and WEEDON 2012). Five vines remained in
the control growth conditions. Within each temperature
treatment, six bunches were selected and exposed indi-
vidually to a miniature tungsten halogen lamp (50 W,
12 V, Nelson Lamps Australia, Knoxfield, Vic., Australia)
powered from a regulated power supply (MP3089, Power-
tech, Elatus Distributors Ltd Rydalmere, NSW, Australia)
from the side of the bunch. The lamps were supported by
a laboratory retort stand and distances (20 to 60 cm)
were varied to achieve a PFD at the bunch surface of
approximately 300 or 600 μmol m–2 s–1. These PFDs are
equivalent to those occurring in the fruiting zone of
‘Semillon’ vines (GREER et al. 2011). In each case, three
replicates were used and three additional bunches were
also selected and exposed to the prevailing chamber PFD.
The lamps were turned on when the chamber tempera-
ture was at the maximum and remained on for 8 h per
day. The PFD at the side face of all bunches was measured
with a quantum sensor (LI250A, Li-Cor, Lincoln, Neb.,
USA) both during the set up stage and again at the
conclusion of the light treatment. Bunch temperatures
during the treatment were measured with a portable ra-
diometer (OS423-L, Omega, Stamford, CT., USA) at two
hour intervals throughout the light treatment. After the
light × temperature treatment had concluded, the lamps
were removed and the vines returned to the growth con-
ditions (25/15 °C). Different bunches were used for the
light × temperature treatments at the three developmen-
tal stages.

Berry diameter and soluble solids concentration

Once fruit set had occurred, the diameter of three berries,
located at the top, middle and basal segments of each
selected bunch were measured with a microcaliper from
about 70 days after budbreak (DAB) and at about 5–15
day intervals. Three bunches on each of three vines were
measured on each occasion. Berry diameter, on berries in
the same locations as above, were also measured on the
specifically chosen bunches for the light and temperature
treatments, firstly the day before and then at two day
intervals throughout the treatment.
Europ.J.Hort.Sci. 6/2013
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Those berries that had their diameter measured also
had their soluble solids concentration measured, using a
digital refractometer (PR-101, Atago, Tokyo, Japan). Dur-
ing the light and temperature treatments, however, solu-
ble solids concentration was only measured at the start
and end of each treatment, given the destructive nature of
the measurement. These concentrations were converted
to berry sugar contents, following the methods of GREER

and WESTON (2010).

Statistics

All data were analysed statistically using SAS ver. 9.13
statistical software (SAS Institute, Cary, NC., USA) with a
general linear model (GLM) in all cases and least squares
means and standard errors calculated. In all cases, the
analyses used a fully randomised design and statistical
significances determined at the 5 % level. Interactions
between growth stage, temperature and light treatments
and between growth stage, temperature and DAB treat-
ments were investigated statistically using the GLM ap-
proach.

Results

Flowering occurred 40 DAB, berries reached pea size at
68 DAB and ripening commenced (veraison) at 111 DAB,
in all cases and reached the mid stage of berry ripening at
116 DAB.

Berry growth

Growth of the berries in the growth conditions followed a
sigmoid growth pattern (Fig. 1A). Ripening of the berries
through accumulation of soluble solids (Fig. 1B) was
relatively slow at the time when the berries were rapidly
expanding. However, it was not until about 100 DAB, that
ripening increased more rapidly at a rate of 0.42 ± 0.05
°Brix d–1 and the berries reached 21.8 ± 0.2 °Brix at 130
days after budbreak.

Effect of treatment on berry growth

There was a highly significant temperature × PFD × growth
stage interaction (P < 0.001; r2 = 0.74) on berry diameter
measured before and after the exposure to the different
PFD and temperature treatments. Thus, the short-term
exposure of the vines to the three temperature regimes
and bunches to the three light intensities had different
effects on berry growth which depended on the stage of
development (Fig. 2). When treated early in develop-
ment (Fig. 2A), berry diameter, although highly variable,
across all exposure temperatures, increased by approx.
9 % (on average, 9.2 ± 0.2 and 9.4 ± 0.3 mm) and the
effect of the exposure PFD was not significant and not
consistent across the different temperatures.

At the mid stage of development (Fig. 2B), berry diam-
eters were initially more uniform, averaging 11.4 ± 0.3 mm
but changed more so than at the early stage, by 2–18 %
across all temperatures and PFDs during the short-term
exposures. In the higher temperature treatments, there
was a consistent effect of exposure to PFD. Berry growth
changed from a 16 % increase in diameter after exposure
at 30 °C and PFD of 60 μmol m–2 s–1 to a 10 % increase
at 380 μmol m–2 s–1 and to a 5 % increase at 660 μmol
m–2 s–1. A similar trend occurred at 38 °C, and the re-
spective changes were 6, 3 and –5 %. Thus, berry diame-
ter growth was increasingly affected by the increasing
PFD at both 30 and 38 °C. At 25 °C, by contrast, berry
diameter increased by 18 % at the high PFD and by 2 and
14 % at the low and medium PFD treatment, respectively
and thus apparently benefitted from the increased PFD.

At the late stage of development, berry diameters prior
to treatment were again highly variable (Fig. 2C), rang-
ing from 10.3 ± 0.6 mm to 13.4 ± 0.4 mm but, across all
treatments, averaged 12.4 ± 0.5 mm. Subsequently, there
were marked changes in berry growth in response to the
temperature and PFD treatments, with berry diameter
changing by + 2 to –4 % when exposed at 25 °C to the dif-
ferent PFDs. There were also only small increases in berry
diameter at 30 °C, when exposed to the different PFDs
(approx. 4 %). By contrast, when treated at 38 °C, berry

Fig. 1A–B. Seasonal changes in berry attributes. Changes
in (A) berry diameter (mm) and (B) soluble solids concen-
tration (°Brix, Mean ± SE, N = 27) across the growing sea-
son for ‘Semillon’ vines growing in a controlled environ-
ment. In each case, the lines are fitted to a Boltzmann
sigmoid function.
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growth did not occur and, in fact, at both the mid and
high PFDs, berry diameter decreased by 18 %, from
12.6 ± 0.5 mm to 10.3 ± 0.5 mm, averaged over the PFDs.
Thus, exposure to high light intensities and high tem-
peratures caused less growth and, therefore, lower berry
diameters while low light and low temperatures enabled
berries to continue to grow and produce larger berries.

Treatment effects on soluble solids concentration

There was a highly significant temperature × PFD × growth
stage interaction (P < 0.001; r2 = 0.96) on the soluble
solids concentration measured before and after the treat-
ment exposures.

At the early stage of bunch development, there were
minor changes in concentration of berry soluble solids
from the 7-day exposure of bunches to the different PFDs,
when vines were treated at 25 °C (Fig. 3A). Similar re-
sults occurred when the vines were treated at the two
higher temperatures, and mostly, the differences were
less than 1 %, except for those bunches treated to the
high PFD at 38 °C, where berry ripening increased by

3 %, over the 7-day exposure. In general, soluble solids
concentration averaged 5–7 ± 0.1 °Brix in all treatments.

By contrast, at the mid stage of berry development
(Fig. 3B), the exposure of bunches to the different tem-
peratures and PFDs had marked and highly significant
effects on their soluble solids concentrations. At all three
temperatures, as the PFD of exposure increased from 60
to 660 μmol m–2 s–1, the soluble solids concentration of
the berries increased, over the period of treatment, by 39
to 120 % at 25 °C, by 63 to 95 % at 30 °C and by 37 to
146 % at 38 °C. It was noteworthy that at the start of the
exposure treatment, berries on all bunches were similar
in their stage of ripening at 8–10 ± 0.9 °Brix but after the
exposure, their stage of ripening varied from 12 to
21 ± 1.1 °Brix. Therefore, exposure to high PFDs and
high temperatures elicited the greatest increase in berry
ripening, as measured by soluble solids concentration.

There was a similar result at the late stage of devel-
opment when bunches were treated to the different PFD
and temperature treatments (Fig. 3C), except that the
interaction between temperature and PFD was perhaps
stronger than at the mid stage of ripening. Thus at 25 °C,

Fig. 2A–C. Treatments effects on berry diameter (mm).
The effect on berry diameter (Mean ± SE, N = 9) of expos-
ing ‘Semillon’ bunches to each of three PFDs (as indicated)
as a function of temperature, both prior to (solid lines)
and after (dotted lines) the 7-day exposure. The exposures
occurred at each of three stages of bunch development;
A: At pea size (68 DAB), B: At veraison (111 DAB) and C: At
mid-ripening (116 DAB).
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Fig. 3A–C. Treatment effects on berry ripening (°Brix). The
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and C: At mid-ripening (116 DAB).

4

5

6

7

8

 60 µmol m-2 s-1

 380 µmol m-2 s-1

 660 µmol m-2 s-1 Peasize

A

0
5

10
15
20
25

S
ol

ub
le

 s
ol

id
s 

co
nc

en
tra

tio
n 

(°
B

rix
)

Veraison

B

25 30 35 40
0

10

20

30

40

Temperature (°C)

Mid-ripening

C

Europ.J.Hort.Sci. 6/2013



Hulands et al.: The Interactive Effects of Temperature and Light on Berry Development 253
soluble solids concentration increased from 22 to 44 % as
the exposure PFD increased, with respective increases
from 28 to 92 % at 30 °C and from 28–125 % at 38 °C.
Again, as at the mid stage, prior to the exposure treat-
ments, all bunches at the late stage of development had a
similar level of ripeness, with soluble solids concentra-
tion ranging from 14 to 17 ± 1.2 °Brix. Moreover, after
the 7-day treatment, ripening had increased to about 20–
22 ± 0.2 °Brix when treated at 25 °C, and only slightly
higher (20–23 ± 0.2 °Brix) when treated at 30 °C.
However, It was at 38 °C where the PFD had the most
effect, where soluble solids concentration increased
over the 7 days at the low PFD to 24 ± 1.3 °Brix, to
30 ± 2.1 °Brix at the mid PFD and to 37 ± 1.5 °Brix at
the high PFD.

Treatment effects on sugar content

There was a highly significant interaction (P < 0.001;
r2 = 0.94) between temperature, PFD and growth stage
on sugar content of the berries, both before and after the
exposures.

At the early stage of development, there were only small
differences in berry sugar content prior to treatment
(Table 1) and, in general, averaged about 0.022 ± 0.002 g
berry–1. After exposures to the three light regimes and
three temperatures (Table 2), the sugar content in all
treatments remained more or less unchanged. The rate
of ripening over the treatment averaged 0.29 ± 0.17 mg
berry–1 day–1 across all treatments, with no marked effect
of temperature or PFD.

The sugar content was somewhat higher at the mid
compared with the early stage of ripening (Table 1), and
across all bunches prior to treatment, averaged 0.070 ±
0.012 g berry–1. The exposure to the different PFDs at
25 °C (Table 2) caused an increase in sugar content of
between 1.6 and 2.6-fold to 0.19 ± 0.015 g berry–1, on
average. There was also an increase in sugar content after
the exposures at 30 °C, with the increase ranging from
3.9 to 2.6-fold from low to high PFD and, on average,
about the same as at 25 °C. The treatment at 38 °C also
caused an increase in sugar content from 3.2 to 2.2-fold
from low to high PFD and, on average, at about the same
sugar content as at 25 and 30 °C. What was highly con-
sistent between the two higher temperatures was the
largest increase in sugar content over the duration of the
treatment occurred at the lowest PFD and the smallest
increase occurred at the highest PFD.

In contrast to the other stages, berry sugar contents
of bunches at the late stage of development and prior
to treatment were highly variable (Table 1). For those
allocated to the 25 °C treatment, the bunches were least
variable and had a sugar content of 0.25–0.27 ± 0.025 g
berry–1 while those allocated to the 30 °C treatment
ranged from 0.11 ± 0.003 to 0.26 ± 0.007 g berry–1 and
these differences were significant (P < 0.05). Similarly,
bunches allocated to the 38 °C treatment had between
0.17 ± 0.046 and 0.22 ± 0.032 g berry–1 though these dif-
ferences were not significant.

After the exposure to the different light treatments
at 25 °C (Table 2), there were increases in sugar content
ranging from 1.1 to 1.4-fold and averaged 0.33 ± 0.017 g

Table 1. Pre-treatment effects on sugar content (g berry–1). Sugar content (mean ± SE, n = 9) of ‘Semillon’ berries on
bunches allocated to each of three photon flux density (PFD) and three temperature treatments at each of three different
stages of bunch development. In each case, the values were determined immediately prior to the treatments being
applied. Also shown are the values averaged over the three PFDs and averaged over the three temperatures on each
occasion (mean ± SE, n = 27).

Growth stage Temperature PFD (μmol m–2 s–1)

(°C) 60 330 660 Mean

Early 25 0.020 ± 0.001 0.019 ± 0.003 0.028 ± 0.003 0.022 ± 0.002

30 0.019 ± 0.002 0.029 ± 0.002 0.017 ± 0.001 0.023 ± 0.001

38 0.029 ± 0.002 0.021 ± 0.002 0.018 ± 0.003 0.021 ± 0.002

Mean 0.022 ± 0.001 0.021 ± 0.002 0.022 ± 0.002

Mid 25 0.094 ± 0.010 0.082 ± 0.022 0.086 ± 0.013 0.087 ± 0.008

30 0.065 ± 0.006 0.037 ± 0.012 0.069 ± 0.020 0.057 ± 0.008

38 0.063 ± 0.009 0.050 ± 0.012 0.085 ± 0.012 0.068 ± 0.008

Mean 0.074 ± 0.006 0.057 ± 0.011 0.080 ± 0.008

Late 25 0.276 ± 0.027 0.255 ± 0.031 0.258 ± 0.017 0.264 ± 0.013

30 0.177 ± 0.016 0.113 ± 0.003 0.262 ± 0.007 0.183 ± 0.022

38 0.173 ± 0.046 0.215 ± 0.031 0.222 ± 0.032 0.203 ± 0.020

Mean 0.210 ± 0.023 0.194 ± 0.024 0.247 ± 0.012
Europ.J.Hort.Sci. 6/2013
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berry–1, across all PFDs. The increases in sugar content
after the exposures at 30 °C were of a similar magnitude
(1.4–1.6-fold) but across all PFDs there was a significant
(P < 0.05) change in sugar content from 25 to 30 °C. On
average, the sugar content declined from 0.33 ± 0.017 to
0.26 ± 0.029. The change in sugar content after treat-
ment at 38 °C was also of a similar magnitude (1.1–1.5-
fold) to the other temperatures and, on average across
all PFDs, the sugar content was similar to that 30 °C.
However, at the highest PFD, sugar content declined sig-
nificantly (P < 0.01) between 30 and 38 °C while at the
moderate PFD, the decline in sugar content was signifi-
cant different (P < 0.01) between 25 and 38 °C.

Rates of ripening across the duration of the treatment
(Table 3), and averaged over all treatments, were 9.8 ±
1.3 mg berry–1 day–1 but there were highly significant
affects of temperature across the different PFDs. At the
lowest PFD, there was a strong increase in the rate of ripen-
ing in response to temperature (0.47 ± 0.02 mg berry–1

day–1 °C–1; r2 = 0.988, P < 0.01) whereas at the mid PFD
there was an equally strong decrease in the rate with
increasing temperature (–0.82 ± 0.03 mg berry–1 day–1

°C–1; r2 = 0.989, P < 0.001). By contrast, at the high PFD
there was a trend for the rate of ripening to increase with
temperature but the effect was not significant (P > 0.05).

Discussion

Treatment effects on berry diameter, when exposed to
the growth temperature of 25 °C, irrespective of stage of

development or the exposure PFD were small and berries
continued to expand in most cases, by 10–14 %. A similar
outcome occurred when the berries were exposed to
30 °C in that expansion continued in many cases but the
percentage increase declined consistently from low to
high PFD exposures, on average by 9, 7, and 3 %, respec-
tively over the three stages. This effect was much more
pronounced after 38 °C exposures, in that the effects
were similar across all PFDs but differed markedly with
growth stage. At the early stage, the berries all increased
in size by about 10 %. After the exposures during the
mid stage (veraison), the size of the berries progressively
changed from a small increase in low light to a small
decrease in high light, suggestive of negative effects of
the high light on berry expansion. This was further evi-
dent with berries decreasing in size, by about 20 % at all
PFDs, when treated at the late stage of ripening. Thus,
there was a marked shift in sensitivity to the high temper-
ature and light exposures as the berries developed and
were, thus, especially sensitive at the late stage and to the
high PFDs. It was not clear, however, why the high light,
high temperature interaction caused berry shrinkage to
occur. However, GREER and ROGIERS (2009) have shown
that late season shrinkage in ‘Shiraz’ berries was caused
by a shift in bunch water fluxes from a net import by
translocation to a net loss by transpiration and this would
seem a likely explanation for the ‘Semillon’ bunches.
Consistent with this, high temperatures reduce carbon
supply (see KRIEDEMANN et al. 1970; GREER and WEEDON

2012) and may have lead to reduced phloem transport as
well. However, SEPÚLVEDA et al. (1986) concluded from

Table 2. Post treatment effects on sugar content (g berry–1). The effect of exposure to each of three photon flux density
(PFD) treatments at each of three temperature treatments on sugar content (mean ± SE, n = 9) of berries on ‘Semillon’
bunches treated at each of three different stages of bunch development. In each case, the values were determined
immediately after the treatments had been applied. Also shown are the values averaged over the three PFDs and
averaged over the three temperatures on each occasion (mean ± SE, n = 27).

Growth stage Temperature PFD (μmol m–2 s–1)

(°C) 60 330 660 Mean

Early 25 0.024 ± 0.003 0.020 ± 0.002 0.028 ± 0.003 0.024 ± 0.002

30 0.018 ± 0.002 0.028 ± 0.001 0.020 ± 0.001 0.022 ± 0.002

38 0.039 ± 0.001 0.024 ± 0.005 0.017 ± 0.004 0.027 ± 0.004

Mean 0.026 ± 0.003 0.024 ± 0.002 0.022 ± 0.002

Mid 25 0.157 ± 0.033 0.213 ± 0.015 0.207 ± 0.024 0.192 ± 0.015

30 0.253 ± 0.026 0.116 ± 0.016 0.183 ± 0.021 0.184 ± 0.022

38 0.203 ± 0.027 0.137 ± 0.011 0.216 ± 0.025 0.185 ± 0.017

Mean 0.204 ± 0.019 0.155 ± 0.016 0.202 ± 0.012

Late 25 0.312 ± 0.052 0.358 ± 0.014 0.307 ± 0.002 0.326 ± 0.017

30 0.243 ± 0.008 0.180 ± 0.021 0.365 ± 0.035 0.263 ± 0.029

38 0.254 ± 0.050 0.242 ± 0.017 0.309 ± 0.022 0.268 ± 0.019

Mean 0.270 ± 0.023 0.260 ± 0.027 0.327 ± 0.015
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C14 studies that high temperatures did not affect phloem
transport, thus, it was more like reduced supply that
affected berry growth in the present study.

Consistent with berry expansion, the ripening of the
‘Semillon’ berries also followed a sigmoid pattern and
was comparable with that of other studies (PONI et al.
1994; ROGIERS et al. 2006). Following the various treat-
ments, there were apparent changes in concentration of
the soluble solids over the treatment duration, especially
the marked increases in ripening that occurred in response
to the high temperatures. This effect was most evident in
berries at the mid and late stages of development, where
treatment at 30 and 38 °C and at increasingly higher
PFD exposures, appeared to increase the concentration
considerably. It is generally recognised that soluble
solids concentrations increase with warmer conditions
(16–30 °C; JACKSON and LOMBARD 1993). At higher tem-
peratures, ripening can slow dramatically, as occurred in
‘Emperor’ grape berries treated at 37 °C day tempera-
ture and at high light intensities (KLIEWER 1977b). How-
ever, and consistent with the present study, ripening in
‘Cabernet Sauvignon’ and ‘Tokay’ berries increased with
increasing temperatures between 25 and 40 °C (KLIEWER

1977a).
These changes in soluble solids concentration of the

‘Semillon’ berries with increasing temperatures were,
however, in all likelihood an artefact from the changes in
berry volume that occurred with the reductions in berry
diameter. For example, with both the 30 and 38 °C treat-
ments, at the mid development stage, the proportional
increase in sugar content declined, and markedly so, at
increasingly higher PFDs. This suggested the rate of
ripening declined as the exposure PFD increased. Fur-
thermore, at the late stage of development, berry sugar
contents actually declined between 25 and 38 °C, at both

the mid and high PFDs. Therefore, we can conclude that
the increases in soluble solids concentrations with in-
creasing temperature and light intensities were a conse-
quence of berry size reduction and not from increased
solute flow into the berries. KLIEWER (1977a) also noted
the reduction in berry size of ‘Cabernet Sauvignon’ and
‘Tokay’ berries with increasing temperature as well as the
concomitant reduction in sugar content as observed here.
Similar results were observed by RADLER (1965), KLIEWER

and ANTCLIFF (1970) and CRIPPEN and MORRISON (1986a).
Consistent with this conclusion, KLIEWER (1977b) noted
that temperatures above 37 °C inhibited sugar accumula-
tion.

The conclusion that the high temperature × high light
combination had the most deleterious effect on accumu-
lation of sugar into the berries was strongly confirmed in
the present study. Furthermore, we can also conclude that
the late stage of development was the most susceptible
stage, when these stress conditions had the most negative
effect. It was also noteworthy that the PFD by itself did
not appear to affect the ripening processes. This was
apparent from when averaged over the three tempera-
tures, there were no consistent differences in sugar con-
tent between bunches treated at the different PFDs, at
any stage of development (Table 2). Similarly, the main
effect of temperature was only apparent at the late stage
of development when average sugar content declined sig-
nificantly between 25 and 38 °C. SPAYD et al. (2002) also
investigated the interaction between light intensity (ap-
prox 100 to 450 MJ m–2) and temperature (30 to 40 °C)
for ‘Merlot’ berries but the soluble solids concentration
varied by less than 3 °Brix across all treatments. Similarly
BERGQVIST et al. (2001) examined the effect of sun expo-
sure on berry temperatures and noted that for ‘Cabernet
Sauvignon’ and ‘Grenache’ berries, the maximum soluble

Table 3. Rates of ripening (mg berry–1 day–1) of ‘Semillon’ berries on bunches exposed to each of three photon flux den-
sities (PFD) and three temperatures at each of three different stages of bunch development. The rates were determined
over the duration of the treatments from the sugar contents measured before and after the treatments (mean slope ± SE,
N = 9).

Growth stage Temperature PFD (μmol m–2 s–1)

(°C) 60 330 660

Early 25 0.55 ± 0.04 0.15 ± 0.05 0.01 ± 0.04

30 –0.04 ± 0.02 –0.16 ± 0.09 0.37 ± 0.17

38 1.45 ± 0.16 0.52 ± 0.06 –0.01 ± 0.05

Mid 25 8.9 ± 0.3 18.7 ± 1.1 17.2 ± 1.5

30 26.8 ± 2.7 11.2 ± 0.8 16.3 ± 0.2

38 17.5 ± 0.2 8.0 ± 0.9 16.4 ± 1.6

Late 25 4.7 ± 0.3 14.8 ± 1.5 7.0 ± 0.1

30 6.4 ± 0.4 8.4 ± 0.2 12.9 ± 0.4

38 11.6 ± 0.6 3.8 ± 0.2 12.4 ± 1.5
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solids concentration occurred at a PFD less than 100 μmol
m–2 s–1 and that higher PFDs, accompanied by high tem-
peratures, caused a decrease in soluble solids concentra-
tion. These results conform well to those of the present
study and confirm that the interaction between tempera-
ture and PFD has the most impact on berry ripening.

Conclusions

This study has confirmed the berry growth and sugar
accumulation processes of ‘Semillon’ grape berries were
most susceptible to temperature and light intensity in the
late stage of ripening but the mid stage (veraison) was
when the susceptibility started to increase. As the light
intensity and temperature increased together, the berry
ripening processes were increasingly affected; berry expan-
sion was compromised and sugar accumulation slowed
down, especially above 30 °C. This resulted in berries
that were delayed in ripening and reduced in size. These
results suggest that growers of vines in warm to hot cli-
mates need to protect the vines and bunches from expo-
sure by manipulation of the canopy or external covering
to maintain high quality and yield.

Acknowledgements

We thank the Grape and Wine Research and Develop-
ment Corporation for providing an Honours Scholarship
to SH., Mr Mark Weedon for technical support in running
the controlled environment chambers and assistance with
setting up the lamps. We also thank SAS Australia for
their generous support to the contributing author.

References

BERGQVIST, J., N. DOKOOZLIAN and N. EBISUDA 2001: Sunlight
exposure and temperature effects on berry growth and
composition of Cabernet Sauvignon and Grenache in
the Central San Joaquin Valley of California. Am. J. Enol.
Vit. 52, 1–7.

BUTTROSE, M.S., C.R. HALE and W.M. KLIEWER 1971: Effect
of temperature on the composition of Cabernet Sauvignon
berries. Am. J. Enol. Vit. 22, 71–75.

CARTECHINI, A. and A. PALLIOTTI 1995: Effect of shading on
vine morphology and productivity and leaf gas exchange
characteristics in grapevines in the field. Am. J. Enol. Vit.
46, 227–234.

COOMBE, B.G. 1995: Growth stages of the grapevine: Adop-
tion of a system for identifying grapevine growth stages.
Aust. J. Grape Wine Res. 1, 104–110.

CRIPPEN, D.D. and J.C. MORRISON 1986a: The effects of sun
exposure on the compositional development of ‘Cabernet
Sauvignon’ berries. Am. J. Enol. Vit. 37, 235–242.

CRIPPEN, D.D. and J.C. MORRISON 1986b: The effects of sun
exposure on the phenolic content of ‘Cabernet Sauvignon’

berries during development. Am. J. Enol. Vit. 37, 243–
247.

GREER, D.H. and S.Y. ROGIERS 2009: Water Flux of Vitis
vinifera L. cv. ‘Shiraz’ bunches throughout development
and in relation to late-season weight loss. Am. J. Enol.
Vit. 60, 155–163.

GREER, D.H. and C. WESTON 2010: Heat stress affects flow-
ering, berry growth, sugar accumulation and photosyn-
thesis of Vitis vinifera cv. ‘Semillon’ grapevines grown in
a controlled environment. Func. Plant Biol. 37, 206–
214.

GREER, D.H., C. WESTON and M.M. WEEDON 2010: Shoot
architecture, growth and development dynamics of Vitis
vinifera cv. ‘Semillon’ vines grown in an irrigated vine-
yard with and without shade covering. Func. Plant Biol.
37, 1061–1070.

GREER, D.H., M.M. WEEDON and C. WESTON 2011: Reduc-
tions in biomass accumulation, photosynthesis in situ
and net carbon balance are the costs of protecting Vitis
vinifera ‘Semillon’ grapevines from heat stress with shade
covering. AoB Plants 2011 plr023 doi:10.1093/aobpla/
plr023.

GREER, D.H. and M.M. WEEDON 2012: Interactions between
light and growing season temperatures on growth and
development and gas exchange of ‘Semillon’ (Vitis
vinifera L.) vines grown in an irrigated vineyard. Plant
Phys. Biochem. 54, 59–69.

JACKSON, D.I. and P.B. LOMBARD 1993: Environmental and
management practices affecting grape composition and
wine quality – A Review. Am. J. Enol. Vit. 44, 409–430.

KLIEWER, W.M. and A.J. ANTCLIFF 1970: Influence of defo-
liation, leaf darkening, and cluster shading on the growth
and composition of ‘Sultana’ grapes. Am. J. Enol. Vit. 21,
26–36.

KLIEWER, W.M. 1977a: Effect of high temperatures during
the bloom-set period on fruit-set, ovule fertility, and
berry growth of several grape cultivars. Am. J. Enol. Vit.
28, 215–222.

KLIEWER, W.M. 1977b: Influence of temperature, solar
radiation and nitrogen on coloration and composition
of ‘Emperor’ grapes. Am. J. Enol. Vit. 28, 96–103.

KRIEDEMANN, P.E., W.M. KLIEWER and J.M. HARRIS 1970: Leaf
age and photosynthesis in Vitis vinifera L. Vitis 9, 97–
140.

MILLAR, A.A. 1972: Thermal regime of grapevines. Am. J.
Enol. Vit. 23, 173–176.

MONCUR, M.W., K. RATTIGAN, D.H. MACKENZIE and G.N.
MCINTYRE 1989: Base temperatures for budbreak and
leaf appearance of grapevines. Am. J. Enol. Vit. 40,
21–26.

PONI, S., A.N. LAKSO, J.R. TURNER and R.E. MELIOUS 1994:
Interactions of crop level and late season water stress on
growth and physiology of field-grown ‘Concord’ grape-
vines. Am. J. Enol. Vit. 45, 252–258.

PRICE, S.F., P.J. BREEN, M. VALLADAO and B.T. WATSON 1995:
Cluster sun exposure and quercetin in ‘Pinot Noir’ grapes
and wine. Am. J. Enol. Vit. 46, 187–194.
Europ.J.Hort.Sci. 6/2013



Hulands et al.: The Interactive Effects of Temperature and Light on Berry Development 257
RADLER, F. 1965: The effect of temperature on the ripening
of ‘Sultana’ grapes. Am. J. Enol. Vit. 16, 38–41.

ROGIERS, S.Y., D.H. GREER, J.M. HATFIELD, B.A. ORCHARD and
M. KELLER 2006: Mineral sinks within ripening grape
berries (Vitis vinifera L.). Vitis 45, 115–123.

SEPÚLVEDA, G., W.M. KLIEWER and K. RYUGO 1986: Effect of
high temperature on grapevines (Vitis vinifera L.). I.
Translocation of 14C-photosynthates. Am. J. Enol. Vit.
37, 13–19.

SPAYD, S.E., J.M. TARARA, D.L. MEE and J.C. FERGUSON 2002:
Separation of sunlight and temperature effects on the
composition of Vitis vinifera cv. ‘Merlot’ berries. Am. J.
Enol. Vit. 53, 171–182.

VASCONCELOS, M.C., M. GREVEN, C.S. WINEFIELD, M.C.T.
TROUGHT and V. RAW 2009: The flowering process of Vitis
vinifera: A review. Am. J. Enol. Vit. 60, 411–434.

Received 11/22/2012 / Accepted 10/07/2013

Addresses of authors: Sarah Hulands, Dennis H. Greer
(corresponding author), John D.I. Harper School of
Agricultural and Wine Sciences, Charles Sturt University,
Locked Bag 588, Wagga Wagga, NSW 2678, Australia,
e-mail (corresponding author): dgreer@csu.edu.au
Europ.J.Hort.Sci. 6/2013


	The Interactive Effects of Temperature and Light Intensity on Vitis vinifera cv. Semillon Grapevines. I. Berry Growth and Development
	The Interactive Effects of Temperature and Light Intensity on Vitis vinifera cv. Semillon Grapevines. I. Berry Growth and Development
	Summary
	Introduction
	Materials and Methods
	Plant material and growth conditions
	Light and temperature treatments
	Berry diameter and soluble solids concentration
	Statistics

	Results
	Berry growth
	Effect of treatment on berry growth
	Treatment effects on soluble solids concentration
	Treatment effects on sugar content

	Discussion
	Conclusions

	Acknowledgements
	References


