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Summary

High light intensities and high temperatures occurring
during the development of grape berries are known to
have persistent effects on their growth and ripening
processes and also induce sunburn and, therefore,
reduce berry quality. Vitis vinifera cv. ‘Semillon’ grape-
vines were grown in controlled environments, exposed
at three stages of berry development to short-term
temperature and light treatments and, at the time of
harvest, assessed for impacts on berry ripening and
susceptibility to sunburn. Despite treatments being im-
posed during development, there were highly signifi-
cant interactions between temperature and light inten-
sity and the growth stage on berry size and sugar con-
tent when measured at harvest. Berries treated to the
conditions at the early stage of development (pea size)
were largely unaffected and there was no carryover at
harvest. By contrast, when treated at the mid (veraison)
and late stages, the treatment effects were very persis-
tent especially the highest temperature and light in-

tensity, which caused continued marked reductions in
berry size and sugar content compared to when the
treatments were applied. Although rates of ripening
for berries treated early in development in all condi-
tions actually increased at harvest whereas mostly the
ripening rates declined for those berries treated at 30
and 38 °C and at the mid and late stages. There were
similar interactive effects of temperature and light in-
tensity on the susceptibility of the berries to sunburn,
with nearly 100 % of berries affected when exposed to
the highest temperature and the highest light intensity
of 660 μmol m–2 s–1. Again, stage of development had
a marked influence with no sunburn occurring with
vines treated early and most susceptible when treated
late in development. These results suggest growers need
to protect bunches in the late stages of development
from exposure to high light intensities by maintaining
an adequate canopy cover over bunches, especially when
temperatures approach heat conditions.

Key words. berry size – controlled environment – photon flux density – rate of ripening – temperature –
sunburn
Introduction

In a recent study, HULANDS et al. (2013) demonstrated
that berry growth and sugar accumulation of ‘Semillon’
grapevines were strongly affected by high temperatures
and high light intensities. Most notably, these conditions
caused berries to decrease in size and also reduced accu-
mulation of sugar into the berries especially at 30 and
38 °C where these processes were increasingly affected.
This is well in keeping with effects of high light intensities
and temperatures on other varieties such as ‘Cabernet
Sauvignon’ and ‘Grenache’ where berry mass declined at
high compared to low irradiance, when concurrently ex-
posed to high temperatures above about 38 °C (BERGQVIST

et al. 2001). Similarly, both a delay and a change in the
rate of ripening occurred when ‘Emperor’ vines where

grown in 8 % of full sunlight compared with those at full
sun (KLIEWER 1977b). KLIEWER (1977a) also noted the re-
duction in berry size of ‘Cabernet Sauvignon’ and ‘Tokay’
berries as well as a concomitant reduction in sugar con-
tent with increasing temperature from 25 to 40 °C.

In addition to the effects of high light and temperature
on ‘Semillon’ berries, there was a marked change in sus-
ceptibility to these conditions at different stages of berry
development. For example, temperature and photon flux
density had no marked effects on berry growth or sugar
accumulation early in berry development whereas late
in development these same conditions caused a signifi-
cant decline in berry growth and a marked reduction in
sugar content (HULANDS et al. 2013). By contrast, KLIEWER

(1977a) noted with ‘Cabernet Sauvignon’ vines in par-
ticular that when exposed to high temperatures (37.5 and
urop.J.Hort.Sci. 1/2014



2 Hulands et al.: The Interactive Effects of Temperature and Light on Berry Development II.
40 °C) during the bloom – fruit set period had persistent
effects on berry size and this was attributed to effects of
temperature on cell enlargement. Furthermore, HALE and
BUTTROSE (1974) also observed an effect of high tempera-
tures on ‘Cabernet Sauvignon’ berry size when exposed to
high temperatures in the early and mid stages of develop-
ment but not when exposed during the late rapid growth
phase. Thus, there does appear to be some cultivar vari-
ance in response high temperatures at the different stages
of development. However, it remains to determine how
persistent the effects the high light intensities and tem-
peratures at the different stages of Semillon berry devel-
opment had on the full growth of the berries at harvest.

One other consequence of fruit being exposed to high
irradiance and/or high temperatures is a high incidence
of sunburn, that is, brown lesions occurring on the fruit
surface (WÜNSCHE et al. 2001). Many different fruit,
such as apples (FELICETTI and SCHRADER 2009a), tomatoes
(CANTORE et al. 2009) and grapes (GREER et al. 2006;
CHORTI et al. 2010) are affected by such exposures.
Damaged grape berries can often shrivel and increase
markedly in soluble solids concentration (KLIEWER and
LIDER 1968). These skin blemishes are often indicative of
poor fruit quality (SCHRADER et al. 2009) and, therefore,
of low economic returns to growers. Although the effects
of high temperature and high irradiance on incidence of
sunburn have been well investigated (ZHANG et al. 2008;
CHEN et al. 2008; FELICETTI and SCHRADER 2009b; SCHRADER

et al. 2009), the majority of these studies have used field
conditions where high temperatures were coupled to the
high irradiance. Therefore, it is difficult to resolve the
exact cause of the damage. By contrast, there are few
papers where high light and temperature have been un-
coupled to examine the specific interaction on sunburn
severity.

Thus the objective of the present study was to assess
the impacts on ‘Semillon’ berry growth and development,
including susceptibility to sunburn, at harvest after expo-
sures to a range of temperature and light intensities im-
posed during selected stages of berry development (sensu
HULANDS et al. 2013).

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, Smithfield,
NSW, Australia) as described by HULANDS et al. 2013).
The photon flux density (PFD) was 700 μmol m–2 s–1 at
plant height over a 12 h photoperiod and day/night
temperatures were 25/15 ± 0.2 °C and vapour pressures
were 1.0/0.6 ± 0.1 kPa. The vines were supplied with an
automatic watering system and well supplied with nutri-
ents.

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 with day/
night temperature set at 30/20 ± 0.2 °C and 38/28 ±
0.2 °C. Five vines remained in the control growth con-
ditions. Six bunches were selected within each stage and
temperature regime from each vine and exposed at the
bunch surface to a photon flux density of approximately
300 or 600 μmol m–2 s–1. In each case, three replicates
were used and three additional bunches were also selected
and exposed to the prevailing chamber PFD. Further
treatment details can be found in HULANDS et al. (2013).

Berry diameter and soluble solids concentration

Once the bunches had reached a soluble solids concentra-
tion of 22 °Brix (135 days after budbreak), the vines were
removed from the growth conditions. In each case, the
bunches were removed and berry diameter measured on
three berries per bunch with a microcaliper and then
soluble solids concentration of each berry was measured,
using a digital refractometer (PR-101, Atago, Tokyo, Japan).
The total number of berries per bunch was also counted.
The bunches were then assessed by counting the number
of berries of each bunch that had symptoms of sunburn,
and other damage, by scoring visually, symptoms of size
and colour of brown lesions on the skin surface. In the
case of severe sunburn, the whole berry was affected.

Statistics

All data were analysed using SAS ver. 9.13 statistical soft-
ware (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 treatments were in-
vestigated statistically using the GLM approach. All solu-
ble solids concentrations were converted to amounts of
sugar per berry using the procedure of GREER and WESTON

(2010b).

Results

Residual treatment effects on berry diameter

The harvest occurred 135 days after budbreak, which was
67, 24 and 13 days after the treatments at the early, mid
and late stages of development, respectively. There were
marked treatment differences apparent in berry diameter
Europ.J.Hort.Sci. 1/2014
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(Fig. 1) with the interaction between temperature, PFD
and growth stage highly significant (P = 0.003; r2 = 0.54).

After exposure of bunches to 25 °C and the different
PFDs within each growth stage, there were no statistical
differences in berry diameter, which ranged between 12
and 13 mm across all stages. A similar result occurred for
bunches treated at 30 °C and the different PFDs across
all growth stages except that at the mid stage, where
berries treated to a low PFD were significantly larger
than those treated to the mid and high PFDs. Perhaps of
note, however, was that berry diameters of bunches treat-
ed at the late stage were typically 11.5 ± 0.5 mm while at
the early and mid stages, berry diameters were 12.8 ± 0.3
and 13.0 ± 0.3 mm, respectively, suggesting that the treat-
ments had a greater effect during the late compared with
the earlier stages of development.

In contrast, bunches treated at 38 °C were markedly
affected by exposure to the different PFDs, with berry
diameters significantly lower in the high PFD compared
to the low PFD, across all stages of development (Fig. 1).
Furthermore, berry diameters of these high PFD treated
bunches were significantly lower than those exposed to
the low PFD (8.5 ± 0.2 mm cf. 12.4 ± 0.4 mm) after treat-
ment at 38 °C compared with those bunches treated at
30 °C (12.0 ± 0.6 cf. 13.0 ± 0.2 mm). Thus, there were no
doubts that the high light and high temperature expo-
sures, especially at the late stage of development, had
persistent effects on berry growth, and caused marked
berry shrinkage.

Residual treatment effects sugar content

There was a high significant interaction (P = 0.0014, r2 =
0.56) between temperature, PFD and the growth stage
when the berry sugar content at harvest was considered
and again indicative of residual treatment effects.

In most cases, the sugar contents had increased at har-
vest from when the bunches had been treated and were
typically in the range of 0.27 to 0.35 g berry–1 (Table 1).
However, in bunches from treatment at the early stage of
development, there were few differences in sugar content
that were significant between those treated to the dif-
ferent PFDs and temperatures. An exception was those
treated at the highest PFD had a significantly (P < 0.05)
lower sugar content when treated at 38 °C compared to
those treated at 25 and 30 °C. A similar result occurred
for bunches treated at the mid stage of development, but
the sugar content also declined significantly between 30
and 38 °C for bunches treated at the lowest PFD and
between 25 and 38 °C at the mid PFD. For those late
stage treated bunches, a consistent effect occurred with
those bunches treated to the highest PFD in that a sig-
nificant decrease in sugar content again occurred when
treated at 38 compared with 30 °C. Furthermore, those
bunches treated at the highest PFD and temperature had
the absolute lowest sugar content of all other bunches,
reinforcing the marked impact of these treatment condi-

tions on the ripening process. There were also significant
decreases in sugar content between the 38 °C and 25 °C
treated bunches at the mid and lowest PFD, confirming
the marked impact of the high temperature on ripening.
In addition, there were significant linear relationships
between sugar content and temperature for the low
PFD (P = 0.0448, r2 = 0.64) and for the highest PFD
(P = 0.0051, r2 = 0.827) at the late stage of development.
There was also a trend toward a linear temperature re-
sponse at the highest PFD and at the early and mid stages
of development in as much that the sugar content in ber-
ries was significantly lower at 38 compared with 25 °C.

Rates of ripening between the end of each treatment
and harvest (Table 2) averaged 5.0 ± 0.6 mg berry–1 day–1

for the early stage and 5.7 ± 0.6 mg berry–1 day–1 for the
mid stage treated vines and for the most part there was
little effect of temperature or PFD on the rates. However,
at the mid stage, the rate of ripening for bunches treated
at 660 μmol m–2 s–1 was about 70 % lower at 38 than at
25 or 30 °C and similarly for those treated at 60 μmol
m–2 s–1 but there was no temperature effect for those
treated at 330 μmol m–2 s–1. However, when averaged over
the PFDs there was a temperature effect with a distinct
optimum rate at 30 °C. By contrast, the rates of ripening

Fig. 1. Berry diameter at harvest (mm). The effect at har-
vest on berry diameter (Mean ± SE, N = 9) of ‘Semillon’
bunches treated to each of three PFDs (as indicated) as
a function of temperature. 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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4 Hulands et al.: The Interactive Effects of Temperature and Light on Berry Development II.
at the late treatment stage were highly variable. Negative
rates occurred when the sugar content declined between
treatment and harvest, with the result that the average
rate at this stage was –0.1 ± 6.6 mg berry–1 day–1 over all

treatments. However, there were also marked effects of
temperature on the rates of ripening. At the lowest and
highest PFDs, there was a marked decrease in the rate of
ripening, become increasingly negative from 30 to 38 °C.
This was most notable at the highest PFD when berries
apparently lost sugar at a rate of nearly 22 mg berry–1

day–1. There was an opposite trend at 330 μmol m–2 s–1,
because of a negative rate of ripening at 25 °C and posi-
tive rates at 30 and 38 °C.

Treatment effects on susceptibility to sunburn

There was a highly significant (P < 0.0001, r2 = 0.88)
interaction between temperature, PFD and growth stage
on the proportion of each bunch exhibiting berries with
sunburn symptoms at harvest (Fig. 2). For those treated at
the early stage of development, there were no symptoms of
sunburn (not shown) after any of the treatment exposures.

By contrast, the proportions of bunches exhibiting
sunburn at the mid stage of development were highly
dependent on temperature, with virtually no bunches
affected at 25 °C and less than 8 % of the bunch at 30 °C.
At 38 °C, the PFD had a marked effect, with those bunches
treated at the low and medium PFD having about 10 % of
the bunch with sunburn but at the high PFD, this in-
creased to 50 ± 11 %. This trend was more pronounced
at the late stage of development where, after treatment
to the high PFD at 30 °C, was a marked increase in per-
centage of bunches with sunburn (26 ± 3 %).

The PFD during the exposure at 38 °C had a dramati-
cally greater effect than at 30 °C, with nearly 20 % of the
bunch with sunburn occurring after exposure to the lowest

Table 1. Sugar content at harvest (g berry–1). The effect at harvest on sugar content (mean ± SE, n = 9) of berries on
‘Semillon’ bunches treated previously to each of three photon flux density (PFD) treatments at each of three temperature
treatments and at each of three different stages of bunch development. 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 0.321 ± 0.042 0.310 ± 0.027 0.371 ± 0.043 0.334 ± 0.021

30 0.293 ± 0.007 0.356 ± 0.033 0.348 ± 0.030 0.332 ± 0.016

38 0.305 ± 0.014 0.358 ± 0.023 0.259 ± 0.025 0.308 ± 0.017

Mean 0.306 ± 0.014 0.341 ± 0.016 0.326 ± 0.023

Mid 25 0.327 ± 0.046 0.373 ± 0.010 0.352 ± 0.073 0.350 ± 0.026

30 0.438 ± 0.028 0.311 ± 0.036 0.340 ± 0.024 0.363 ± 0.024

38 0.253 ± 0.050 0.300 ± 0.034 0.260 ± 0.038 0.271 ± 0.022

Mean 0.339 ± 0.034 0.328 ± 0.018 0.317 ± 0.029

Late 25 0.362 ± 0.048 0.316 ± 0.034 0.390 ± 0.032 0.356 ± 0.022

30 0.237 ± 0.031 0.245 ± 0.047 0.337 ± 0.035 0.273 ± 0.025

38 0.209 ± 0.016 0.279 ± 0.047 0.177 ± 0.016 0.222 ± 0.021

Mean 0.269 ± 0.029 0.280 ± 0.024 0.301 ± 0.035

Table 2. Rates of ripening (mg berry–1 day–1) of ‘Semillon’
berries on bunches exposed to each of three photon flux
densities (PFD) and three temperatures at each of three
different stages of bunch development. The rates were
determined between the post treatment sugar content
and that at harvest (mean slope ± SE, N = 9). Thus, for the
early treatment, the duration (60 days) was much longer
than for the late treatments (12 days) and may have
encompassed a non-linear change in sugar content.

Growth 
stage

Temperature PFD (μmol m–2 s–1)

(°C) 60 330 660

Early 25 5.3 ± 0.1 4.9 ± 0.4 5.8 ± 0.6

30 4.7 ± 0.1 5.6 ± 0.5 5.6 ± 0.5

38 4.5 ± 0.2 5.7 ± 0.3 4.6 ± 0.4

Mid 25 6.8 ± 0.5 6.4 ± 0.2 5.8 ± 0.2

30 7.4 ± 0.1 7.8 ± 0.8 6.3 ± 0.1

38 2.1 ± 0.1 6.8 ± 0.9 1.8 ± 0.5

Late 25 8.4 ± 0.4 –7.8 ± 0.3 13.8 ± 0.5

30 –1.4 ± 0.5 16.4 ± 0.7 –7.1 ± 0.1

38 –7.5 ± 0.5 6.3 ± 0.5 –21.9 ± 0.9
Europ.J.Hort.Sci. 1/2014
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PFD. Bunches treated to both the medium and high PFDs
had much greater proportions affected; 78 ± 10 % and
94 ± 5 %, respectively, and these differences were just
significant (P < 0.05). Thus, although there was an indi-
cation of sunburn occurring after treatment in the mid
stage of development, it was at the late stage when the
bunches became most susceptible to the temperature and
PFD exposures.

Discussion

Residual treatment effects

While the treatments had immediate effects on berry
diameter growth (cf. HULANDS et al. 2013), it was clear
that these effects also persisted right through to harvest.
For the berries treated early in development, all increased
in diameter from 9–10 mm to 12–13 mm. The light and
temperatures treatments had only small effects, except

there was a trend for the berries treated at the highest
light intensity to decline in size with increasing tempera-
ture, although these berries were small at the time of
treatment anyway. A similar trend was also apparent in
berries treated at the mid and late stages, in that the high
light, high temperature treated berries were the smallest
and high light, low temperature treated berries were the
largest. For both stages, it was apparent that berries in the
high light, high temperature treatment decreased in size
between the time of treatment and harvest. In addition,
at the late stage, the reduction also occurred with berries
treated at 30 °C and high light as well. This shows the
short-term exposures to high light and high temperatures
had very persistent effects on berry growth as also shown
by HALE and BUTTROSE (1974) and KLIEWER (1977a). Some-
what longer treatments at 20 and 30 °C at different growth
stages of bunches of ‘Aki Queen’ vines appeared to cause
no persistent effects on berry fresh weight (YAMANE et al.
2006). However, when ‘Cabernet Sauvignon’ and ‘Tokay’
vines were treated during the bloom-set period (longer,
but overlapping with the early stage of the present study)
there were highly persistent reductions in berry volume
and fresh weight, especially when treated at tempera-
tures above about 32 °C (KLIEWER 1977a). The effects,
however, were much greater than occurred in the present
study and this may have resulted from differences in
treatment duration but there may have also been varietal
differences in response to the treatments.

After the various treatments, accumulation of sugar in
the ‘Semillon’ berries continued to occur from the time of
treatment through to harvest for all bunches treated at
both the early and mid stages of development. For these
stages, there were no persistent treatment effects at the
low and mid PFDs or between the various temperatures.
By contrast, the berries treated at the highest PFD, on
both occasions, had a 30 % reduction in sugar content
between the high and low temperatures. Given that the
early and mid stage treatments were applied 67 and 24
days prior to harvest, respectively, these results were
consistent with a highly residual treatment effect. This
conclusion is strongly confirmed with the treatments
applied at the late stage (19 days before harvest), where
sugar content declined by over 50 % between the high
and low temperatures at the highest PFD. It was note-
worthy that the sugar content of the high light, high tem-
perature treated berries also declined by 40 % during the
14 days between treatment and harvest. This was indica-
tive of the serious impact of this treatment on the ripen-
ing process and on the high susceptibility of the late stage
of development to these high light and high temperature
conditions.

Across all treatment stages and when averaged over all
PFDs, the rate of ripening of the ‘Semillon’ berries was a
temperature-dependent function, with an apparent opti-
mum at 30 °C. This conforms with KLIEWER (1977a) in
that temperatures above 37 °C inhibited sugar accumula-
tion. However, the actual rates of ripening varied with

Fig. 2. Sunburn of ‘Semillon’ berries (%). The effect at
harvest on the percentage of the bunch with sunburned
berries (Mean ± SE, N = 9) for ‘Semillon’ bunches treated to
each of three PFDs (as indicated) as a function of tem-
perature. The exposures occurred at each of two stages of
bunch development; A, at veraison (111 DAB) and B, at mid
ripening (116 DAB). There was no evidence of sunburn in
any berry on the bunches treated at the early stage of
development.
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6 Hulands et al.: The Interactive Effects of Temperature and Light on Berry Development II.
berry development, consistent with a sigmoid pattern of
sugar accumulation, and were maximal about the time of
veraison at about 16 mg berry–1 day–1. This temperature
response was likely to account for the negative effects of
the high temperature on sugar accumulation outlined
earlier. It is more difficult to establish how high PFDs
exacerbate the effects of temperature on the ripening
process in the controlled growth conditions as used in the
present study. It is unlikely that the source and transport
of sucrose was affected as the light was focussed directly
onto the bunch. More research is clearly needed to estab-
lish how the interaction between PFD and temperature
influenced the rate of ripening.

Susceptibility to sunburn

By contrast to the effect of light on ripening, the effect on
skin properties is better understood and can result in
chlorophyll and other pigment losses (SCHRADER et al.
2009) as well as enhancement of phenolic compounds
(WÜNSCHE et al. 2001; GREER et al. 2006; CHORTI et al.
2010). In the present study, there was no sensitivity of the
berry skin to the temperature and PFD treatments when
applied at the early stage of development and no occur-
rence of sunburn at the time of harvest was evident. By
the time of veraison, however, the situation had changed
and a very definite interaction between PFD and temper-
ature had occurred. No bunches had any sunburn when
treated at 25 °C and only a few berries were affected
when treated at 30 °C. By contrast, at 38 °C and at PFDs
below about 400 μmol m–2 s–1, only small numbers of
berries (ca 10 %) were susceptible to sunburn whereas at
a PFD of 660 μmol m–2 s–1, the susceptibility increased to
well over 40 % of berries on each bunch. The same re-
sponse occurred in the late stage of development but the
effects were magnified at 30 and especially 38 °C, where
the percentage of berries per bunch that were sunburned
increased to close to 100 % at the highest PFD. Thus, we
can conclude that susceptibility of the ‘Semillon’ berries
to sunburn was highest at the late stage of development
and that the higher the temperature and the higher the
PFD, the greater was the extent of sunburn. Similar results
occurred with ‘Merlot’ berries exposed to high PFDs and
high temperatures (SPAYD et al. 2002), in ‘Chardonnay’
berries (GREER et al. 2006), ‘Semillon’ berries (GREER and
WESTON 2010a) and in ‘Kerner’ and ‘Portugieser’ berries
(DÜRING and DAVTYAN 2002).

Previous results have suggested that sunburn was
primarily caused by high temperatures (WÜNSCHE et al.
2001). However, SMART and SINCLAIR (1976) and more re-
cently BERGQVIST et al. (2001) have shown berry tempera-
tures increase linearly with increasing light intensities.
Thus, it is relatively difficult to separate the effect of tem-
perature from that of light intensity in many of these
studies in vineyard conditions. By contrast, in the present
study, the temperature was effectively uncoupled from
the PFD, enabling assessment of berry responses to

temperature independently from that of light. There was
no doubt that sunburn susceptibility increased both with an
increase in temperature but also with an increase in light
intensity. However, the interaction between temperature
and light intensity was statistically strong (P < 0.0001),
indicating that the effect of temperature on sunburn was
exacerbated by light intensity and vice versa.

Conclusions

The high light and high temperatures imposed well be-
fore the berries were fully ripe had very persistent effects
on the growth, ripening and susceptibility of the berries
to sunburn. Mostly, the latest treatments imposed at the
mid ripening stage had the most effect at harvest, reduc-
ing berry size and reversing the accumulation of sugar.
However, the highest light intensity accompanied by the
highest temperature had a persistent effect at harvest
after treatments were imposed at all stages of develop-
ment. These effects had major impacts on berry quality at
harvest, with a marked reduction in ripening but the pro-
pensity of the berries to sunburn increased also in accord
with increasing light and temperature, adding to the poor
quality of the berries.
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