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An Observational Study into the Recovery of Grapevines 
 (Vitis vinifera L.) following a Bushfire

Cassandra Collins,1 Han Gao,1 and Kerry L. Wilkinson1*

Abstract:  Bushfires occur worldwide, including regions in which winegrapes are grown. Recent research on grape 
and wine composition has demonstrated that wine made from smoke-affected grapes can be tainted. However, little 
is known about the impact of fire on grapevines, in particular the growth and recovery of grapevines scorched dur-
ing a bushfire. In 2008, a vineyard in the southern Adelaide Hills region of South Australia was partially burned 
by a bushfire. Vegetative and reproductive measurements were taken for two cultivars, Pinot noir and Semillon 
(Vitis vinifera L.), in the subsequent growing seasons to compare the growth and development of scorched and 
unscorched vines. Reductions in shoot number, bunch number, bunch weight, pruning weight, and yield were 
observed for scorched vines compared with unscorched vines, in the season following the fire, but both cultivars 
showed improved signs of recovery two seasons after fire damage occurred. Fire-damaged vines produced lower 
crop yields due to decreased fruitfulness and berry numbers, and in the season after the bushfire, shoot development 
was mostly from buds located on the cordon, rather than buds of specific nodes retained after pruning. Elemental 
analysis of leaf tissue and juice was performed using inductively coupled plasma–optical emission spectrometry, 
but few meaningful compositional differences were observed. Smoke-derived volatile phenols and guaiacol glyco-
conjugates were also quantified by gas chromatography–mass spectrometry and high-performance–tandem mass 
spectrometry, respectively, to investigate the potential carryover of smoke taint between seasons. However, there 
was no evidence of sequestration of smoke components. Research findings will enable grapegrowers to facilitate the 
recovery of fire-damaged vines in subsequent seasons through modification of viticultural management practices, 
including pruning strategies such as retraining the cordon using cane-pruning techniques or leaving longer, more 
fruitful bearers to increase node number retained after pruning.
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Bushfires (or wildfires) occur throughout the world, typi-
cally playing an important role in the evolution and dynam-
ics of ecosystems (Lloret et al. 2002). However, given that 
many vineyards are located in regions with prolonged hot and 
dry summers, conditions that are conducive to bushfires, it 
is perhaps not surprising that an increasing number of wine 
regions have reported vineyard exposure to bushfire smoke, 
both in Australia and overseas (Westerling et al. 2006, Whit-
ing and Krstic 2007). Until recently, the effect of smoke ex-
posure on grapevines had not been reported in the scientific 
literature. The link between grape exposure to smoke and 
an apparent taint in wine was first demonstrated in Verdelho 

grapes, following postharvest treatment with smoke (Ken-
nison et al. 2007). Subsequent studies have largely focused 
on the analysis and/or amelioration of smoke taint in grapes 
and wine (Ristic et al. 2011, Wilkinson et al. 2011, Fudge et 
al. 2012), albeit the formation of necrotic lesions on leaves 
and decreased crop yield (in the subsequent growing season) 
have been reported in response to the application of smoke 
to grapevines under experimental conditions (Kennison et 
al. 2009, 2011). In some instances, however, vineyards have 
been subjected to fire damage rather than exposure to smoke.

Comparatively, very little is known about the impact of fire 
on grapevine physiology and, in particular, the growth and 
recovery of fire-damaged grapevines. Scarlett et al. (2011) 
investigated vineyard viability after a bushfire using visual 
assessments of leaf damage (the extent to which foliage was 
scorched by radiant heat) and the viability of cordon, trunk, 
and latent bud tissue. Anecdotal evidence from grapegrowers 
and vineyard managers suggests there is a reduction in the 
vegetative and reproductive growth of scorched vines in the 
seasons following a bushfire, but, to date, studies concerning 
the recovery of grapevines following a bushfire have not been 
reported in the literature.

In contrast, the impact of cold injury due to freeze events 
has been well studied, with damage ranging from bud in-
jury to the loss of aboveground vine structure (Wolfe 2001), 
depending on the severity and duration of a freeze event. 
Cold injury can negatively affect crop yield and fruit com-
position in the season(s) following a freeze event (Keller and 
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Mills 2007). However, grapevine recovery can be facilitated 
through viticultural management, with pruning, fertiliza-
tion, irrigation, canopy management, and retraining prac-
tices found to influence the restoration of vine productivity 
(Wolfe 2001, Keller and Mills 2007). The extent of damage 
determines the most appropriate approaches to vineyard 
management, but where injury is either underestimated or 
overestimated, cultural practices may need to be adjusted 
accordingly.

Previous studies have shown that exposure to sulfur diox-
ide and ozone, common constituents of smoke (Heath 1980), 
can induce stomatal closure in grapevine leaves, the forma-
tion of necrotic lesions on leaf blades and in some cases total 
leaf necrosis, as well as reduced shoot growth (Rosen et al. 
1978, Heath 1980, Shertz et al. 1980). Complete defoliation 
of grapevines can reduce fruit maturation rates, increase pri-
mary bud mortality, decrease fruitfulness, and delay spring 
budbreak (Mansfield and Howell 1981, Bennett et al. 2005), 
which are physiological responses associated with decreased 
concentrations of overwintering carbohydrate reserves in both 
the roots and trunk (Bennett et al. 2005). Variation in leaf and 
stem nutrient content during post-fire regeneration has also 
been observed in other plant species (Carreira and Niell 1992).

In March 2008, a vineyard in the southern Adelaide Hills 
region of South Australia was partially burned by a bushfire. 
This provided an opportunity to determine to what extent fire 
damage influences the growth and development of grapevines 
in subsequent growing seasons, investigate the factors which 
might contribute to any growth and/or yield differences, and 
assess longer-term vine recovery after a bushfire in order to 
devise appropriate management strategies that minimize the 
impact of a bushfire in the vineyard.

Materials and Methods
Vineyard site.  An observational study was conducted in 

a vineyard located in Willunga (lat. 35°17´S; long. 138°35´E), 
in the Adelaide Hills wine region of South Australia, over two 
growing seasons: 2008–2009 and 2009–2010. The vineyard 
was partially burned in a bushfire that occurred on 13 Mar 
2008, during the harvest period. A range of viticultural mea-
surements and compositional analyses (described below) were 
performed on grapevines from two cultivars (Vitis vinifera 

L.), Semillon (SEM) and Pinot noir (PN), selected from burnt 
and unburnt areas of the vineyard. Conditional sampling of 
vines was used to minimize vine, site, and fire severity vari-
ability. For each cultivar, a block of scorched vines was de-
liberately chosen from the most severely burnt part of the 
vineyard. Each block comprised six adjacent vines by two 
adjacent rows, for a total of 12 vines. Individual vines served 
as treatment replicates. These vines were considered to be 
“scorched” according to the fire severity matrix reported by 
Keeley (2009) and exhibited complete leaf loss due to radiated 
heat (i.e., no green foliage remained) with light charring of 
the trunk and cordon. Additionally, the surrounding ground-
cover was charred or consumed and irrigation lines were 
damaged (melted). For each cultivar, a block of unscorched 
vines (12 replicates, as above) was similarly chosen from 
unburnt parts of the vineyard. Unscorched vines were de-
liberately chosen based on their close proximity to scorched 
vines (i.e., two buffer rows between rows of scorched and 
unscorched vines), but such that they did not exhibit any heat 
or fire damage (100% green foliage) or charring of the trunk 
or cordon, that surrounding groundcover was present, and 
that irrigation lines were undamaged and intact. Soil surveys 
conducted before vineyard establishment indicated that within 
each vineyard block, scorched and unscorched vines were 
situated within areas of soil uniformity. SEM (clone BV14) 
vines were planted in 1995 and PN (clone G8VZ) vines in 
1997, both with 2.7 m row and 2.0 m vine spacings. Vines 
were grown on their own roots, trained to a bilateral cordon, 
vertical shoot-positioned (VSP) system, and hand-pruned to a 
two-node spur system. No shoot-thinning, cluster-thinning, or 
other canopy-management practices were applied during the 
study. Climate data, comprising monthly rainfall and monthly 
mean maximum temperature for Kuitpo Forest (lat. 35°10´S; 
long. 138°40´E), were obtained from the Australian Bureau 
of Meteorology (www.bom.gov.au) (Table 1).

Vegetative and reproductive measurements.  Vegetative 
measurements included the number of shoots per vine (count, 
noncount, and shoots from the trunk base), internode length, 
cane diameter and weight, and pruning weight per vine (35–40 
nodes per vine were retained to maintain pruning level used 
across the vineyard). Bunch number and yield were recorded 
at harvest for all vines. Harvested bunches (3 per vine: n = 36  

Table 1  Mean maximum temperature and rainfall during the 2007–2008, 2008–2009, and 2009–2010 growing seasons.

Variable/season Oct Nov Dec Jan Feb Mar
Mean max temp (°C)

Averagea 18.3 21.9 23.5 26.1 25.8 23.1
2007–2008 19.3 23.3 25.5 26.5 23.2 27.7
2008–2009 20.3 20.3 21.7 28.3 27.4 23.4
2009–2010 17.5 26.7 24.6 27.0 27.0 24.3

Mean rainfall (mm)
Averagea 53.9 36.7 34.2 22.5 22.9 38.9
2007–2008 48.0 33.6 39.2 8.2 10.8 20.6
2008–2009 20.4 23.0 40.8 1.0 0.4 26.8
2009–2010 56.6 56.0 21.4 15.0 6.6 27.2

aMean maximum temperatures between 1998 and 2013 and mean rainfall between 1998 and 2014.
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per cultivar per season, except for scorched SEM in 2009, 
where n = 9, because the 12 scorched vine replicates produced 
only 9 bunches in total) were frozen (at -20°C) for bunch and 
berry measurements and juice analysis. Bunch weight, berry 
weight, average seed number, seeded berry number, seedless 
berry number, and live green ovaries (LGOs) (as defined in 
May 2004) were recorded for all frozen bunches within two 
months of harvest in each year of collection (May 2009 and 
2010). The millerandage index (MI), a novel indicator of fruit 
set, was also calculated (Collins and Dry 2009). This index is 
an indicator of the proportion of all postflowering organs that 
develop into seedless berries or LGOs. The higher the numeri-
cal millerandage index, the greater the degree of expression 
of this reproductive condition.

Six representative shoots were collected from each vine 
at the time of dormant pruning (July 2009 and 2010), from 
which cane diameter and internode length were measured. 
Nodes one to four from the base of each shoot were then 
dissected under a light microscope and the number of inflo-
rescence primordia (IP) in the primary bud (n+1) recorded 
to determine predicted fruitfulness. The incidence of pri-
mary bud necrosis (PBN) (expressed as a percentage) was 
also evaluated. The number of IP in the secondary bud (n+2) 
was counted and included in the measurement of total IP per 
node position only when the primary bud was necrotic. Actual 
fruitfulness was recorded as the number of bunches per node 
at harvest (March 2010 and 2011).

Elemental analysis.  Elemental analysis was performed on 
50 petioles and 10 mL juice samples obtained from six rep-
licates (6 x 2 adjacent vines) from unscorched and scorched 
blocks of vines (as above) for each cultivar. Petioles were col-
lected from leaves positioned at nodes four and five on shoots  
at fruit set in November 2008 and 2009, washed in reverse-
osmosis water to remove any residues from fungicides, and 
subsequently dried for three days in an oven at 60°C, before 
grinding with an electrical grinder (LM1-P, Labtech Essa, 
Bassendean, Australia). Juice samples were prepared from 
a random sample of 150 berries, washed in reverse-osmosis 
water, and crushed in a juice press. The concentration of 
boron, calcium, copper, iron, magnesium, manganese, nitro-
gen, phosphorus, potassium, sodium, and zinc were quanti-
fied using an inductively coupled plasma–optical emission 
spectrometer (ICP–OES) (Optima 2100DV, PerkinElmer, 
Waltham, MA). ICP–OES analyses were performed by Waite 
Analytical Services (Adelaide, Australia) using methods re-
ported previously (Wheal et al. 2011).

GC–MS analysis of volatile phenols.  The smoke-derived 
volatile phenols guaiacol, 4-methylguaiacol, 4-ethylguaiacol, 
and 4-ethylphenol were quantified by gas chromatography–
mass spectrometry (GC-MS) using stable isotope dilution as-
say (SIDA) methods reported previously (Pollnitz et al. 2000, 
2004). Analyses were performed by the Australian Wine Re-
search Institute Commercial Services Laboratory (Adelaide) us-
ing an Agilent 6890 gas chromatograph coupled to a 5973 mass 
selective detector (Agilent Technologies, Santa Clara, CA).

HPLC-MS/MS analysis of guaiacol glycoconjugates.  
Guaiacol glycoconjugates were quantified by high-perfor-

mance liquid chromatography–tandem mass spectrometry 
(HPLC-MS/MS) using SIDA methods reported previously 
(Dungey et al. 2011). Analyses were performed using an Agi-
lent 1200 HPLC system coupled to a 4000 Q TRAP hybrid 
tandem mass spectrometer.

Statistical analysis.  Data were analyzed by analysis of 
variance (ANOVA) using Genstat (15th ed., VSN Internation-
al Limited, Herts, UK). Mean comparisons were performed 
by least significant difference (LSD) multiple comparison test 
at α < 0.05.

Results and Discussion
The mean maximum temperatures observed during the 

2007–2008 growing season were comparable (±1.5°C) to the 
15-year averages recorded for the region (Table 1), except for 
February, which was 2.6°C cooler, and March, which was 
4.6°C warmer. However, the 10 days before the bushfire were 
unseasonably hot, with daily maximum temperatures between 
32 and 37°C (data not shown). Average rainfall occurred early 
in the season (October to March) but conditions were much 
drier between January and March (Table 1), with no rainfall 
recorded in the three weeks before the fire (data not shown). 

No changes were made to management practices applied 
to PN and SEM grapevines following the bushfire. Damaged 
irrigation lines were replaced (approximately two weeks af-
ter the fire) and winter pruning was carried out in July as is 
normal practice. A similar number of nodes were retained 
after pruning for unscorched and scorched vines of each cul-
tivar, in each season (Table 2); however, considerable dif-
ferences were subsequently observed between unscorched 
and scorched vines for the vine growth and yield component 
parameters that were measured. Some differences may re-
flect seasonal variation due to climate. Mean maximum tem-
peratures in 2008–2009 and 2009–2010 were fairly typical 
(within ±2°C of average temperatures) except for February 
2010, which was unusually warm (Table 1). The 2008–2009 
season was dry, with only 112 mm rainfall recorded (com-
pared to an average rainfall of 209 mm), whereas 183 mm was 
recorded in 2009–2010, but rainfall was considerably higher 
in September and October (113 mm) than between Decem-
ber and March (70 mm). The authors therefore acknowledge 
that the observational (rather than experimental) nature of 
the study allows inference to association and not causation, 
such that there may have been other confounding factors that 
were not apparent. Nevertheless, that such large differences 
in viticultural measurements were observed was considered 
to be of both interest and importance.

Effect of fire damage on vine growth.  Total shoot num-
ber per vine was lower for scorched PN vines in both seasons, 
but a 30% increase in shoot number was observed in the 
second season (Table 2). Shoot number was also lower for 
scorched SEM vines in the first season, but vines had almost 
fully recovered in the second season. For both cultivars, the 
increased shoot number of scorched vines in the second sea-
son was largely due to an increase in the number of shoots 
arising from nodes retained after pruning (i.e., count shoots): 
almost no count shoots were observed for scorched vines in 
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the first season, as the % bud kill from the fire was 97.5% for 
PN and 98.7% for SEM. There was very little difference in the 
number of noncount shoots (shoots arising from the cordon 
of the vines, rather than from spurs retained after pruning), 
irrespective of treatment or season. The number of shoots 
arising from the base of the trunk was higher for scorched PN 
vines than for unscorched PN vines, but decreased from the 
first to the second season. An increase in shoots arising from 
the base of the trunk of scorched SEM vines was observed 
in the second season, but it was not a statistically significant 
increase (p = 0.079). A high proportion of shoots arising from 
either the cordon or trunk of the vine, rather than from nodes 
retained at pruning, is considered to be an indication that 
pruning was too severe, buds retained at pruning were not 
viable or fertile, and/or that the grapevine was directing more 
reserves to vegetative growth rather than reproductive (Smart 
and Robinson 1991, Chaves et al. 2007).

Cane weight can also be used to evaluate vine growth 
and balance. For moderate shoot vigor, cane weight typically 
ranges between 20 and 40 g, whereas cane weights higher 
than 60 g indicate high shoot vigor and suggest vine imbal-
ance (Smart and Robinson 1991). In the current study, shoot 
numbers were different between scorched and unscorched 
SEM vines, but pruning weights were similar in both seasons, 
due to the high cane weights, greater cane diameter and lon-
ger internodes of scorched vines, compared with unscorched 
vines (Table 2). Pinot noir pruning weights of scorched vines 
were lower than unscorched vines in the season following the 
fire due to lower shoot numbers per vine; PN cane weights 

were similar in the first season. In the second season cane 
weights of unscorched vines had lower cane weights, but 
larger cane diameter and longer internodes. Longer cane in-
ternode lengths were observed for scorched vines in the first 
season (irrespective of cultivar), which also indicated shoot 
vigor differences between scorched and unscorched vines. 
These results demonstrate the negative impact of scorching 
on vine structure in the seasons following fire damage, but 
also the recovery of vines with time.

For both cultivars, yield was also dramatically affected 
in the season following scorching, with only 0.2 and 0.1 kg/
vine produced by PN and SEM vines, respectively (Table 2). 
Yields improved in the second season: scorched PN and SEM 
vines produced 8.4 and 3.8 kg/vine, respectively, at 55% and 
35% of their corresponding unscorched vines, respectively. 
The fresh weight to pruning weight ratio (FW/PW) is another 
viticultural measurement commonly used to determine vine 
balance (Winkler et al. 1974, Bravdo et al. 1984, Smart and 
Robinson 1991). Scorched PN and SEM vines had extremely 
low FW/PW ratios in the first season, demonstrating a shift 
toward vegetative rather than reproductive growth and/or that 
fruitful buds were damaged and the remaining buds were 
predominantly infertile. In the second season, the FW/PW 
ratio of scorched vines was still lower than that of unscorched 
vines, but within the range at which vines are considered to 
be in balance (Bravdo et al. 1984, Smart and Robinson 1991). 
Interestingly, unscorched SEM vines had a very high FW/
PW ratio, indicating that these vines may actually have been 
overcropped (Bravdo et al. 1984).

Table 2  Growth measures of unscorched and scorched Semillon and Pinot noir vines in two seasons following fire damage.

Variable Season
Semillona Pinot noira

Unscorched Scorched p value Unscorched Scorched p value
2-node spurs retained at pruning 2009 17 ± 2.8 16 ± 2.3 ns 19 ± 4.3 a 15 ± 3.5 b 0.042

2010 17 ± 2.2 18 ± 4.5 ns 20 ± 5.1 18 ± 3.1 ns
Shoot number at base of vine  
trunk

2009 0.6 ± 1.2 0.4 ± 0.5 ns 3.3 ± 2.4 b 5.8 ± 2.0 a 0.016
2010 0.2 ± 0.2 2.4 ± 1.1 ns 1.9 ± 1.5 3.2 ± 3.2 ns

Shoot number/vine 2009 59 ± 8.3 a 16 ± 4.1 b <0.001 72 ± 13.0 a 24 ± 9.9 b <0.001
2010 67 ± 9.8 60 ± 6.9 ns 84 ± 12.1 a 53 ± 13.3 b <0.001

Count shoot number/vine 2009 36 ± 10.0 a 0.4 ± 1.4 b <0.001 41 ± 9.8 a 1 ± 2.8 b <0.001
2010 50 ± 6.8 a 36 ± 5.7 b 0.022 57 ± 12.1 a 34 ± 10.5 b <0.001

Noncount shoot number/vine 2009 24 ± 8.0 a 16 ± 4.9 b 0.011 31 ± 8.8 a 23 ± 7.9 b 0.036
2010 15 ± 4.1 24 ± 6.1 ns 28 ± 9.9 a 19 ± 9.0 b 0.043

Pruning wt (kg/vine) 2009 1.3 ± 0.2 1.3 ± 0.3 ns 1.5 ± 0.3 a 0.6 ± 0.2 b <0.001
2010 0.7 ± 0.1 b 0.9 ± 0.2 a 0.007 1.2 ± 0.2 1.1 ± 0.2 ns

Cane wt (g) 2009 23 ± 5.9 b 80 ± 28 a <0.001 21 ± 3.4 25 ± 8.0 ns
2010 11 ± 2.1 b 14 ± 2.4 a 0.011 14 ± 2.5 b 22 ± 6.5 a 0.019

Cane diameter (mm) 2009 8.4 ± 0.1 b 9.4 ± 0.1 a <0.001 8.6 ± 0.6 a 7.0 ± 0.5 b <0.001
2010 9.6 ± 0.3 9.6 ± 0.1 ns 8.9 ± 0.4 a 8.1 ± 0.3 b <0.001

Internode length (mm) 2009 59 ± 2.3 b 80 ± 2.4 a <0.001 59 ± 6.5 b 93 ± 7.8 a <0.001
2010 49 ± 3.1 49 ± 3.4 ns 73 ± 4.5 a 65 ± 3.7 b 0.004

Yield (kg/vine) 2009 5.0 ± 1.7 a 0.1 ± 0.1 b <0.001 7.9 ± 2.7 a 0.2 ± 0.2 b <0.001
2010 11.7 ± 2.1 a 3.8 ± 2.2 b <0.001 14.5 ± 5.6 a 8.4 ± 3.4 b 0.006

Fruit wt/pruning wt 2009 3.9 ± 1.4 a 0.04 ± 0.04 b <0.001 5.4 ± 2.4 a 0.3 ± 0.2 b <0.001
2010 17.2 ± 2.2 a 5.2 ± 1.3 b <0.001 12.5 ± 4.1 a 8.4 ± 3.2 b 0.029

aData are means (n = 12) ± standard deviation (except for cane diameter and internode length, where n = 72). Values followed by different 
letters are significantly different (compared by cultivar and season); ns = not significant.
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Effect of fire damage on yield components.  The lower 
yields observed for scorched PN and SEM vines in the seasons 
following the bushfire were due to both lower bunch num-
bers per vine and lower bunch weights (Table 3). In the sea-
son following the bushfire, scorched PN vines yielded seven 
bunches, while scorched SEM vines yielded only one bunch, 
which equated to 91% and 98% reductions in bunch numbers 
compared to unscorched PN and SEM vines, respectively. 
Scorched vines showed signs of improved reproductive growth 
in the second season, with only 32% and 57% reductions in 
bunch numbers for PN and SEM, respectively. The average 
bunch weight of scorched vines was lower than for unscorched 
vines in the two seasons that followed the bushfire. However, 
in the second season, differences in bunch weight were much 

less apparent due to the improved berry numbers and berry 
weights observed for both cultivars (Table 3). Interestingly, the 
berry weight of scorched SEM vines was higher than for un-
scorched SEM vines in the first season, possibly in response to 
the increased shoot vigor and reduced bunch numbers or per-
haps as compensation to reduced fruit set. These results were 
further supported by consideration of rachis weight, which 
can also be used as an indicator of bunch size (Dunn and 
Martin 2007). Differences in the rachis weight of unscorched 
and scorched vines were observed in the first season after the 
bushfire but not in the second season. The reproductive recov-
ery of PN and SEM grapevines can be largely attributed to 
the increased shoot numbers (Table 2) and fruitfulness (bunch 
number per shoot; Table 4) observed in the 2010 season. These 

Table 3  Reproductive measures of unscorched and scorched Semillon and Pinot noir vines in two seasons following fire damage.

Variable Season
Semillona Pinot noira

Unscorched Scorched p value Unscorched Scorched p value

Yield (kg/vine) 2009 5.0 ± 1.7 a 0.1 ± 0.1 b <0.001 7.9 ± 2.7 a 0.2 ± 0.2 b <0.001
2010 11.7 ± 2.1 a 3.8 ± 2.2 b <0.001 14.5 ± 5.6 a 8.4 ± 3.4 b 0.006

Bunch number/vine 2009 57 ± 14.1 a 1 ± 1.2 b <0.001 79 ± 16.4 a 7 ± 6.9 b <0.001
2010 75 ± 23.3 a 32 ± 20.7 b <0.001 104 ± 22.6 a 70 ± 17.5 b <0.001

Bunch wt (g) 2009 93 ± 37.4 a 37 ± 33.6 bb 0.012 98 ± 24.1 a 30 ± 12.9 b <0.001
2010 152 ± 37.6 a 117 ± 38.4 b 0.028 137 ± 45.8 120 ± 44.4 ns

Rachis wt (g) 2009 4.2 ± 2.2 a 1.5 ± 1.2 bb 0.022 4.1 ± 0.8 a 2.4 ± 0.9 b <0.001
2010 2.7 ± 0.7 2.4 ± 0.8 ns 4.0 ± 1.1 4.1 ± 1.4 ns

Total berry number 2009 97 ± 26.0 a 30 ± 22.1 bb <0.001 113 ± 33.1 a 53 ± 18.6 b <0.001
2010 112 ± 19.1 95 ± 40.8 ns 129 ± 38.3 115 ± 29.1 ns

Seeded berries 2009 50 ± 21.3 a 24 ± 21.4 bb 0.040 94 ± 21.6 a 39 ± 14.4 b <0.001
2010 73 ± 14.4 64 ± 24.7 ns 129 ± 38.1 113 ± 30.3 ns

Seedless berries 2009 48 ± 9.4 a 6 ± 4.1 bb <0.001 19 ± 15.3 14 ± 8.1 ns
2010 39 ± 14.2 31 ± 20.2 ns 0.4 ± 0.4 2 ± 2.8 ns

Live green ovaries 2009 3.0 ± 5.1 0.8 ± 1.3b ns 0.1 ± 0.1 0.3 ± 0.8 ns
2010 13.7 ± 6.4 a 4.5 ± 3.8 b <0.001 1.4 ± 1.2 1.6 ± 1.8 ns

Seed number/berry 2009 1.4 ± 0.4 1.2 ± 0.2b ns 1.8 ± 0.3 a 1.1 ± 0.2 b <0.001
2010 1.4 ± 0.1 1.5 ± 0.1 ns 1.8 ± 0.2 1.7 ± 0.2 ns

Millerandage index 2009 5.2 ± 1.0 a 2.4 ± 2.3 bb 0.003 1.6 ± 0.8 b 2.7 ± 1.3 a 0.029
2010 4.1 ± 0.8 a 3.2 ± 1.2 b 0.024 0.2 ± 0.1 0.3 ± 0.4 ns

Berry wt (g) 2009 0.89 ± 0.1 b 1.14 ± 0.2 ab 0.027 0.85 ± 0.17 a 0.52 ± 0.13 b <0.001
2010 1.35 ± 0.1 1.32 ± 0.2 ns 1.03 ± 0.19 0.99 ± 0.19 ns

aData are means ± standard deviation (n = 12 for yield and bunch number per vine data; n = 36 for bunch and berry parameters (i.e., measure-
ments from 3 bunches/vine replicate), except for 2009 scorched SEM data, where bn = 9 (measurements from 9 bunches/12 vine replicates). 
Values followed by different letters are significantly different (compared by cultivar and season); ns = not significant.

Table 4  Bud fertility measures of unscorched and scorched Semillon and Pinot noir vines in the seasons following fire damage.

Variablea Season
Semillonb Pinot noirb

Unscorched Scorched p value Unscorched Scorched p value

Predicted fruitfulness 2010 1.21 ± 0.3 0.52 ± 0.3 ns 1.27 ± 0.4 b 1.43 ± 0.5 a 0.038
2011 1.62 ± 0.4 a 1.23 ± 1.0 b <0.001 1.33 ± 0.5 1.48 ± 0.5 ns

Actual fruitfulness 2010 1.13 ± 0.1 a 0.54 ± 0.2 b <0.001 1.23 ± 0.2 1.34 ± 0.2 ns
2011 1.51 ± 0.1 a 1.22 ± 0.1 b <0.001 1.35 ± 0.2 1.41 ± 0.1 ns

% Primary bud necrosis 2010 9.0 ± 12.8 a 3.4 ± 8.7 b 0.003 21.5 ± 22.3 25.7 ± 21.8 ns
2011 4.2 ± 10.3 b 25.4 ± 24.6 a <0.001 15.6 ± 20.7 20.5 ± 20.7 ns

aPredicted fruitfulness is the mean number of inflorescence primordia at node positions 1–4 on dormant canes at pruning. Actual fruitfulness 
is the mean number of bunches per shoot at harvest. % Primary bud necrosis is the percentage of necrotic buds at node positions 1–4 on 
dormant canes at pruning.

bData are means (n = 72) ± standard deviation. Values followed by different letters are significantly different (compared by cultivar and season); 
ns = not significant.
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results suggest that vine fruitfulness and fruit set were nega-
tively impacted by scorching but that vines had recovered 
considerably by the second growing season.

The condition known as “millerandage” occurs when the 
growth of grape berries is interrupted early in their devel-
opment and suggests that reproductive processes have been 
disrupted (May 2004). By harvest, berries in the same bunch 
will be different sizes, with some particularly small and often 
seedless. Anatomical studies have revealed that interrupted 
growth can occur at different stages of berry development and 
that hormonal factors might be involved (Colin et al. 2002). 
In the current study, the millerandage index was determined 
for unscorched and scorched PN and SEM vines. Scorched PN 
vines had a higher proportion of seedless and LGOs compared 
to seeded berry number, which resulted in higher millerandage 
than unscorched vines (Table 3), but only in the first season. 
In contrast, the opposite was observed for SEM vines, with 
bunches from unscorched SEM vines containing a high pro-
portion of seedless berries, such that the millerandage index 
was greater than for scorched SEM vines. These results sug-
gest a varietal response in terms of reproductive performance, 
in agreement with previous studies (Dry et al. 2010). However, 
the extent to which scorching affected reproduction was dif-
ficult to quantify, given the significant reductions in total berry 
number resulting from the fire damage.

Bud dissections were performed in 2009 and 2010 to as-
sess bud fertility and fruitfulness for the 2009–2010 and 
2010–2011 seasons, respectively (Table 4). Bud dissections 

performed on PN canes suggested differences in the fruitful-
ness of unscorched and scorched vines, with scorched vines 
found to be slightly more fruitful than unscorched vines. Irre-
spective of cultivar, the actual fruitfulness of scorched vines 
was almost the same as unscorched vines in the 2010–2011 
season. These results further demonstrate the recovery of 
scorched vines, evidenced by vegetative (Table 2) and re-
productive (Table 3) measurements. Interestingly, scorched 
SEM vines had higher PBN in the second season compared 
to unscorched vines. Previous studies have shown a positive 
relationship between PBN and shoot vigor (Dry and Coombe 
1994). However, our findings did not support this relation-
ship, since shoot vigor, including cane weight, internode 
length, and pruning weight, were not meaningfully different 
between scorched and unscorched vines in the second season. 
However, the FW/PW ratio of scorched SEM vines was much 
lower than for unscorched vines, indicating scorched vines 
had more vegetative growth than reproductive growth in the 
second season. No differences in the incidence of PBN were 
observed between scorched and unscorched PN vines.

Elemental analysis of petioles and juice.  Elemental 
analysis of petiole and juice samples from unscorched and 
scorched PN and SEM vines was performed, as variation in 
the leaf and stem nutrient content has been previously ob-
served during post-fire regeneration of several shrub species 
(Carreira and Niell 1992) and given the importance of certain 
elements to the structural framework of vines, the capture 
and use of light energy, and various other chemical reactions 

Table 5  Leaf tissue elemental analysis for unscorched and scorched Semillon and Pinot noir vines in two seasons following fire damage.

Variable Season

Semillona Pinot noira Adequate 
nutrient 
concnbUnscorched Scorched p value Unscorched Scorched p value

N (%) 2009 2.5 ± 0.1 2.4 ± 0.1 ns 2.4 ± 0.1 2.5 ± 0.1 ns 2.2–4.0
2010 2.4 ± 0.2 2.5 ± 0.2 ns 2.4 ± 0.2 2.2 ± 0.5 ns

P (%) 2009 0.15 ± 0.008 0.16 ± 0.005 ns 0.14 ± 0.002 0.14 ± 0.004 ns 0.15–0.3
2010 0.15 ± 0.009 0.15 ± 0.01 ns 0.21 ± 0.01 a 0.16 ± 0.01 b 0.006

K (%) 2009 0.8 ± 0.08 b 1.1 ± 0.04 a 0.012 0.8 ± 0.14 0.9 ± 0.16 ns 0.8–1.6
2010 0.8 ± 0.08 0.8 ± 0.1 ns 0.7 ± 0.03 b 0.9 ± 0.12 a 0.023

Ca (%) 2009 2.4 ± 0.1 a 1.6 ± 0.07 b <0.001 2.2 ± 0.15 a 1.8 ± 0.09 b 0.015 1.8–3.2
2010 2.5 ± 0.2 2.3 ± 0.2 ns 2.5 ± 0.15 2.2 ± 0.15 ns

Mg (%) 2009 0.6 ± 0.08 0.6 ± 0.02 ns 0.7 ± 0.04 a 0.5 ± 0.03 b 0.021 0.3–0.6
2010 0.7 ± 0.03 b 0.8 ± 0.01 a 0.006 0.7 ± 0.01 a 0.5 ± 0.05 b 0.021

Na (%) 2009 0.11 ± 0.01 0.09 ± 0.007 ns 0.05 ± 0.004 0.09 ± 0.002 ns <0.1
2010 0.06 ± 0.002 0.05 ± 0.006 0.032 0.04 ± 0.002 0.06 ± 0.013 ns

Mn (mg/kg) 2009 42 ± 4 a 27 ± 5 b 0.019 84 ± 12 56 ± 18 ns 25–200
2010 59 ± 1 58 ± 6 ns 149 ± 41 81 ± 33 ns

B (mg/kg) 2009 41 ± 2 45 ± 2 ns 27 ± 2 23 ± 3 ns 35–100
2010 47 ± 3 40 ± 6 ns 51 ± 11 a 22 ± 1 b 0.01

Cu (mg/kg) 2009 41 ± 0 a 30 ± 0 b 0.022 40 ± 4 41 ± 5 ns 10–300
2010 42 ± 1 39 ± 5 ns 62 ± 9 70 ± 27 ns

Zn (mg/kg) 2009 13 ± 2 13 ± 1 ns 20 ± 8 14 ± 0.5 ns 30–60
2010 17 ± 1 17 ± 1 ns 16 ± 4 21 ± 2 ns

Fe (mg/kg) 2009 93 ± 10 81 ± 10 ns 125 ± 26 134 ± 7 ns na
2010 160 ± 9 180 ± 45 ns 260 ± 56 227 ± 28 ns

aData are means (n = 6) ± standard deviation. Values followed by different letters are significantly different (compared by cultivar and season); 
ns = not significant.

bAs reported for grapevine leaf tissue (Robinson 1992); na = data not available.



Grapevine Recovery following a Bushfire – 291

Am. J. Enol. Vitic. 65:3 (2014)

that occur within plant cells (Robinson 1992). Several statis-
tically significant differences in elemental composition were 
observed for PN and SEM petiole (Table 5) and juice (Table 
6) samples. Large differences (≥50%) were observed for the 
sodium (in season 1 and 2) and boron (in season 2) content of 
PN petioles (Table 5) and for the iron and copper (in season 
1) and sodium and manganese (in season 2) content of PN 
juice (Table 6). The copper (in season 1) and phosphorus and 
manganese (in season 2) content of SEM juice differed consid-
erably (≥50%). Other smaller differences were observed in the 
vine and berry nutrient status of PN and SEM juice and peti-
ole samples, but there were no apparent trends that could be 
readily attributed to the scorching of vines. Furthermore, with 
the exception of zinc, which was low in both scorched and 
unscorched vines, the nutrient content of all petiole samples 
was within the adequate nutrient concentration levels reported 
by Robinson (1992). Variation in the elemental composition 
of petioles and juice derived from the same cultivar is not 
unusual. Indeed, recent research highlighted stark contrasts in 
the vine nutrient status and berry nutrient content of Cabernet 
Sauvignon (Bramley et al. 2011).

Potential carryover of smoke taint between grow-
ing seasons.  Anecdotal evidence from grapegrowers and 
winemakers has suggested that smoke taint might be car-
ried over from one growing season to the next; that is, that 
smoke-derived volatile compounds might be sequestered by 
grapevines in the season in which smoke exposure occurs 
and remobilized in the subsequent season. To investigate this 
hypothesis, the fruit produced by scorched vines in the sea-

son following the fire (2008–2009) was analyzed by GC–MS 
and HPLC–MS/MS to screen for smoke-derived volatile phe-
nols and glycoconjugate precursors of guaiacol, respectively. 
Trace levels of guaiacol (1 and 2 µg/L) were detected in two 
PN grape samples only; volatile phenols were not detected 
in any other samples. Quantification of guaiacol glycocon-
jugates is considered a more effective method of assessing 
smoke exposure of grapes (Wilkinson et al. 2011), given the 
glycoconjugation of smoke-derived volatile phenols follow-
ing grapevine exposure to smoke (Dungey et al. 2011). In the 
current study, guaiacol glycoconjugates were not detected in 
fruit harvested from scorched PN or SEM grapevines and, as 
such, there was no evidence to suggest the sequestration of 
smoke components between growing seasons.

Conclusion
When grapevines are scorched, there are repercussions for 

both vegetative and reproductive growth in the subsequent 
growing seasons, but vines have the capacity to recover with 
time. A similar response has been observed in grapevines 
with cold injury following freezing events. As is the case with 
cold-injury damage, it may be possible to improve recovery 
times by adapting viticultural management practices, such as 
pruning strategies. For example, for spur-pruned vineyards, 
retraining the cordon using cane-pruning techniques may fa-
cilitate a more rapid return to previous crop levels. It may also 
be beneficial to leave longer, more fruitful bearers at pruning 
and/or to increase the number of nodes retained after pruning 
to improve vine recovery.

Table 6  Juice elemental analysis for unscorched and scorched Semillon and Pinot Noir vines in two seasons following fire damage.

Variable Season
Semillona Pinot noira

Unscorched Scorched p value Unscorched Scorched p value

N (mg/L) 2009 152 ± 8 138 ± 12 ns 161 ± 8 172 ± 6 ns
2010 143 ± 16 142 ± 11 ns 132 ± 21 145 ± 11 ns

P (mg/L) 2009 107 ± 9 142 ± 44 ns 168 ± 14 196 ± 21 ns
2010 107 ± 16 b 161 ± 15 a 0.014 131 ± 15 b 159 ± 4 a 0.037

K (mg/L) 2009 556 ± 6 717 ± 237 ns 917 ± 25 b 1320 ± 157 a 0.012
2010 1107 ± 57 1226 ± 124 ns 980 ± 120 1123 ± 35 ns

Ca (mg/L) 2009 118 ± 21 83 ± 11 ns 87 ± 12 81 ± 3 ns
2010 85 ± 6 a 60 ± 5 b 0.006 64 ± 2 a 43 ± 5 b 0.003

Mg (mg/L) 2009 110 ± 5 121 ± 11 ns 142 ± 16 123 ± 9 ns
2010 99 ± 8 91 ± 8 ns 100 ± 3 72 ± 8 0.005

Na (mg/L) 2009 70 ± 14 53 ± 6 ns 30 ± 5 37 ± 13 ns
2010 38 ± 8 30 ± 3 ns 26 ± 3 b 48 ± 2 a <0.001

Mn (mg/L) 2009 0.3 ± 0.1 0.3 ± 0.1 ns 0.5 ± 0.04 0.3 ± 0.1 ns
2010 0.4 ± 0.03 a 0.2 ± 0.02 b 0.002 0.6 ± 0.02 a 0.3 ± 0.04 b <0.001

B (mg/L) 2009 5.0 ± 0.6 6.5 ± 1.4 ns 4.0 ± 0.5 b 5.2 ± 0.3 a 0.017
2010 4.9 ± 0.5 6.1 ± 1.1 ns 3.4 ± 0.1 3.6 ± 0.4 ns

Cu (mg/L) 2009 0.2 ± 0.02 b 0.5 ± 0.1 a 0.006 0.2 ± 0.04 b 0.3 ± 0.03 a 0.04
2010 0.5 ± 0.05 0.5 ± 0.05 ns 0.5 ± 0.04 0.5 ± 0.1 ns

Zn (mg/L) 2009 0.4 ± 0.03 0.4 ± 0.1 ns 0.4 ± 0.1 0.4 ± 0.1 ns
2010 0.4 ± 0.01 0.4 ± 0.04 ns 0.3 ± 0.01 0.2 ± 0.03 ns

Fe (mg/L) 2009 1.0 ± 0.1 0.7 ± 0.3 ns 1.1 ± 0.4 1.9 ± 1.1 ns
2010 1.0 ± 0.3 0.6 ± 0.1 ns 0.8 ± 0.2 0.7 ± 0.1 ns

aData are means (n = 6) ± standard deviation. Values followed by different letters are significantly different (compared by cultivar and season); 
ns = not significant.



292 – Collins et al.

Am. J. Enol. Vitic. 65:3 (2014)

Literature Cited
Bennett, J., P. Jarvis, G.L. Creasy, and M.C.T. Trought. 2005. Inf lu-

ence of defoliation on overwintering carbohydrate reserves, return 
bloom and yield of mature Chardonnay grapevines. Am. J. Enol. 
Vitic. 56:386-393.

Bramley, R.G.V., J. Ouzman, and P.K. Boss. 2011. Variation in vine 
vigor, grape yield and vineyard soils and topography as indicators 
of variation in the chemical composition of grapes, wine and wine 
sensory attributes. Aust. J. Grape Wine Res. 17:217-229.

Bravdo, B., Y. Hepner, C. Loinger, S. Cohen, and H. Tabacman. 1984. 
Effect of crop level on growth, yield and wine quality of a high 
yielding Carignane vineyard. Am. J. Enol. Vitic. 35:247-252.

Carreira, J.A., and F.X. Niell. 1992. Plant nutrient changes in a semi-
arid Mediterranean shrubland after fire. J. Veg. Sci. 3:457-466.

Chaves, M.M., T.P. Santos, C.R. Souza, M.F. Ortuño, M.L. Rodrigues, 
C.M. Lopes, J.P. Maroco, and J.S. Pereira. 2007. Deficit irrigation 
in grapevine improves water-use efficiency while controlling vigor 
and production quality. Ann. Appl. Biol. 150:237-252.

Colin, L., C. Cholet, and L. Geny. 2002. Relationships between endog-
enous polyamines, cellular structure and arrested growth of grape 
berries. Aust. J. Grape Wine Res. 8:101-108.

Collins, C., and P.R. Dry. 2009. Response of fruitset and other yield 
components to shoot topping and CCC application. Aust. J. Grape 
Wine Res. 15:256-267.

Dry, P.R., and B.G. Coombe. 1994. Primary bud-axis necrosis of 
grapevine. I. Natural incidence and correlation with vigour. Vitis 
33:225-230.

Dry, P.R., M.L. Longbottom, S. McLoughlin, T.E. Johnson, and C. 
Collins. 2010. Classification of reproductive performance of ten 
winegrape varieties. Aust. J. Grape Wine Res. 16:47-55.

Dungey, K.A., Y. Hayasaka, and K.L. Wilkinson. 2011. Quantitative 
analysis of glycoconjugate precursors of guaiacol in smoke-affected 
grapes using liquid chromatography–tandem mass spectrometry 
based stable isotope dilution analysis. Food Chem. 126:801-806.

Dunn, G.M., and S.R. Martin. 2007. A functional association in Vitis 
vinifera L. cv. Cabernet Sauvignon between the extent of primary 
branching and the number of f lowers formed per inf lorescence. 
Aust. J. Grape Wine Res. 13:95-100.

Fudge, A.L., M. Schiettecatte, R. Ristic, Y. Hayasaka, and K.L. 
Wilkinson. 2012. Amelioration of smoke taint in wine by treatment 
with commercial fining agents. Aust. J. Grape Wine Res. 18:302-307.

Heath, R.L. 1980. Initial events in injury to plants by air pollutants. 
Ann. Rev. Plant Physiol. 31:395-431.

Keeley, J.E. 2009. Fire intensity, fire severity and burn severity: A 
brief review and suggested usage. Int. J. Wildland Fire. 18:116-126.

Keller, M., and L.J. Mills. 2007. Effect of pruning on recovery and 
productivity of cold-injured Merlot grapevines. Am. J. Enol. Vitic. 
58:351-357.

Kennison, K.R., K.L. Wilkinson, H.G. Williams, J.H. Smith, and M.R. 
Gibberd. 2007. Smoke-derived taint in wine: Effect of postharvest 
smoke exposure of grapes on the chemical composition and sensory 
characteristics of wine. J. Agric. Food Chem. 55:10897-10901.

Kennison, K.R., K.L. Wilkinson, A.P. Pollnitz, H.G. Williams, and 
M.R. Gibberd. 2009. Effect of timing and duration of grapevine 
exposure to smoke on the composition and sensory properties of 
wine. Aust. J. Grape Wine Res. 15:228-237.

Kennison, K.R., K.L. Wilkinson, A.P. Pollnitz, H.G. Williams, and 
M.R. Gibberd. 2011. Effect of smoke application to field-grown Merlot 

grapevines at key phenological growth stages on wine sensory and 
chemical properties. Aust. J. Grape Wine Res. 17:S5-S12.

Lloret, F., E. Calvo, X. Pons, and R. Díaz-Delgado. 2002. Wildfires 
and landscape patterns in the Eastern Iberian Peninsula. Landscape 
Ecol. 17:745-759.

Mansfield, T.K., and G.S. Howell. 1981. Response of soluble solids 
accumulation, fruitfulness, cold resistance, and onset of bud growth 
to differential defoliation stress at veraison in Concord grapevines. 
Am. J. Enol. Vitic. 32:200-205.

May, P. 2004. Flowering and Fruitset in Grapevines. Phylloxera 
and Grape Industry Board of South Australia and Lythrum Press, 
Adelaide.

Pollnitz, A.P., K.H. Pardon, and M.A. Sefton. 2000. Quantitative 
analysis of 4-ethylphenol and 4-ethylguaiacol in red wine. J. Chrom. 
A 874:101-109.

Pollnitz, A.P., K.H. Pardon, M. Sykes, and M.A. Sefton. 2004. The 
effects of sample preparation and gas chromatograph injection 
techniques on the accuracy of measuring guaiacol, 4-methylguaiacol 
and other volatile oak compounds in oak extracts by stable isotope 
dilution analyses. J. Agric. Food Chem. 52:3244-3252.

Ristic, R., P. Osidacz, K.A. Pinchbeck, Y. Hayasaka, A.L. Fudge, and 
K.L. Wilkinson. 2011. The effect of winemaking techniques on the 
intensity of smoke taint in wine. Aust. J. Grape Wine Res. 17:S29-S40.

 Robinson, J.B. 1992. Grapevine nutrition. In Viticulture. Vol. 2. 
Practices. B.G. Coombe and P.R. Dry (eds.), pp. 178-208. Winetitles, 
Adelaide.

Rosen, P.M., P.C. Musselman, and W.J. Kender. 1978. Relationship of 
stomatal resistance to sulfur dioxide and ozone injury in grapevines. 
Sci. Hortic. 8:137-142.

Scarlett, N., S. Needs, and M.O. Downey. 2011. Assessing vineyard 
viability after bushfire. Aust. N.Z. Grapegrow. Winemak. 564:21-25.

Shertz, R.D., W.J. Kender, and P.C. Musselman. 1980. Effect of ozone 
and sulfur dioxide on grapevines. Sci. Hortic. 13:37-46.

Smart, R.E., and M. Robinson. 1991. Sunlight into Wine: A Handbook 
for Winegrape Canopy Management. Winetitles, Adelaide.

Westerling, A.L., H.G. Hidalgo, D.R. Cayan, and T.W. Swetnam. 2006. 
Warming and earlier spring increase western U.S. forest wildfire 
activity. Science 313:940-943.

Wheal, M.S., T.O. Fowles, and L.T. Palmer. 2011. A cost-effective acid 
digestion method using closed polypropylene tubes for inductively 
coupled plasma optical emission spectrometry (ICP-OES) analysis 
of plant essential elements. Anal. Methods 3:2854-2863.

Whiting, J., and M.P. Krstic. 2007. Understanding the sensitivity to 
timing and management options to mitigate the negative impacts of 
bush fire smoke on grape and wine quality–Scoping study. Victorian 
Department of Primary Industries Report, Melbourne.

Wilkinson, K.L., R. Ristic, K.A. Pinchbeck, A.L. Fudge, D.P. Singh, 
K.M. Pitt, M.O. Downey, G.A. Baldock, Y. Hayasaka, M. Parker, 
and M.J. Herderich. 2011. Comparison of methods for the analysis 
of smoke related phenols and their conjugates in grapes and wine. 
Aust. J. Grape Wine Res. 17:S22-S28.

Winkler, A.J., J.A. Cook, W.M. Kliewer, and L.A. Lider. 1974. General 
Viticulture. University of California Press, Berkeley.

Wolfe, W. 2001. Vine and vineyard management following low 
temperature injury. In Proceedings of the ASEV 50th Anniversary 
Annual Meeting. J.M. Rantz (ed.), pp. 101-110. Am. Society for 
Enology and Viticulture, Davis. 


