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Abstract
Background and Aims:-An-early-s Spring frost-events can injure primary buds and young shoots
and stimulate secondary shoot production in Vitis spp. The aim of this study was to develop
efficient-methods to quantify yield and phenology effects of frost injury during budburst.
Methods and Results: 269 nodes from 92 half-

vines of Pinot Noir in eight blocks from four Tasmanian vineyards were sampled; 15-92% of

shoots per half-vine were injured after a sub-zero air temperatures > -4.5°C. rost
injury was spatially variable among vines both with and without frost protection.

Generalised linear mixed models revealed that node injury was associated with a mean 27-fold
increase in the odds of > 1 shoot per node. Mean December scores for modified Eichorn-
Lorenz growth stage were 18.9 and 17.2 for nodes with one shoot and > 1 shoot, respectively.
The probability of healthy and injured nodes producing fruit was 0.81 and 0.69, respectively.

In a season with poor fruit-set, the estimated difference in yield per linear m of row between 0
and 100% incidence of injured nodes was 0.2 kg.

Conclusion: Assessment of the incidence of frost injury and fruit per node was
sufficient to estimate the impact of injury on yield at the vine and block-level.

Significance of the Study: Future studies are expected to benefit from application of these
efficient sampling, assessment and statistical methods to determine the site-specific impact of

early spring frost injury on fruitfulness and growth-stage lag.

Keywords: damage, grape, mitigation, spatial variation, \ {vinifera
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Introduction
Vitis vinifera L. wine-and-table-grapesvines in many regions of the world experienrce-inrjury
asseciated-withare damaged by frost events-during budbreak-budburst, when air temperature

sub-zero but rarely below -5°C. Injury has-been-associated-withis due }to‘ extra-cellular

freezing of tissue water, and-the withdrawal of water from the cells and subsequent

dehydration of the cytoplasm (Kalma et al. 1992).

The cost of spring frost events across sSouth-e-Eastern Australia’s wine regions in the
2006/07 season was estimated at A 140 million (Barlow 2010). Moreover, an extension-of

the-fincrease in frost seaseﬂ’—loccurrence\ has become evident in some locations in Australia

with recent changes in climate (Crimp et al. 2016). The extent to which crop yield is reduced
will depend on the proportion of N+2-erprimary -buds (N+2 buds) injured and the productivity

of secendary-sheotsN+3,-buds (N+3, buds) -producing secondary shoots (Kasimatis and Kissler

Commented [KE3]: | suppose we can be confident about ‘cause
and effect’ | was perhaps being circumspect.

Formatted: Indent: First line: 1 cm

Commented [KE4]: Our intended meaning has been changed.
We do mean ‘extension’ of the season; that is, potentially damaging
frosts occurring at times during the season when it would have been
rare for this to occur previously, if at all.

We prefer the original text.
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1974, Lavee and May 1997, Friend et al. 2011). Fhrere-istimited-evidence-thatfruitfrom

TFhe-oceurrence-offFrost injury depends on a-complex interactions between plant
genetic-and environmental factors. Critical temperature is defined as the highest temperature
at the surface of a plant organ (e.g. bud) at which injury can be detected after exposure to that
temperature for at least 30 min (Young 1966, Johnson and Howell 1981). FerpPractical
mplementation-of-frostprotectionly, a temperature of -2°C is eften-usually selected as the
critical temperature for injury of non-dormant grapevine tissues during spring (Barlow; 2010).
In the field, bud surface temperatures may vary from the temperature of the adjacent air (e.g.

Leuning and Cremer 1988), particularly at low humidityies. Other variables affect critical

3
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temperature, including vine cultivar, surface and soil moisture, the presence and height of
cover crops, cultivation, vine root temperature, quantities of ice-nucleating bacteria, and,
eritieatlymost importantly, the stage of vine phenological development (Johnson and Howell
1981, Gardea 1987, Luisetti et al. 1991, Fuller and Telli 1999, Trought et al. 1999, Snyder 2001,
Sun et al. 2017).

The region in this study, eastern Tasmania, has a cool-temperate maritime climate with
mild winters. Pinot Noir is the most common grape grown in the seven
recognised production areas, which differ with-significantly variatien-in climate and soil
keﬁé'meﬂq (Kidd 2014, Webb et al. 2018). Vineyard sites in Tasmania vary from high to low risk
for frost injury during spring, with frost risk delineated at a spatial resolution of 80 m (Jones et
al. 2010, Webb et al. 2018). Spring temperatures as low as -5°C at fruiting wire height have
been recorded (Wilson 2001). Overhead irrigation is the most common form of frost
protection at high-risk sites where water is available at an acceptable price and where the
structure of the lcoj‘a_irinversion limits the effectiveness of frost fans (Snyder 2001).

QuantitativerResearch on the spatial and temporal response of vines within-each
managementunitefwithin vineyards a~vineyard-to frost injury ir-spring-is necessarily

opportunistic; it depends on having accurate local temperature measurements and being able

to mobilise ﬁe\lel-s%aﬁ{qaieki—ypeseu;eef_;ﬂabour in time to assess the-impact-once-an-event

happensfrost damage. Jones et al. (2010) assessed pruning treatments for the recovery of
frost-injured Pinot Noir vines in the Coal Valley of Tasmania after multiple frosts in October
2006; however, on-site temperatures during each event and subsequent injury prior to pruning
treatments were not menitered-orassessmeasured. Local records suggest temperatures fell
below -2°C during these events. A larger dataset on the effect of a frost event on components
of grapevine yield is needed to establish the combinations of conditions associated with frost

injury—and,-equathy-impertanthy-theseconditions-whenne-, or the absence of injury-eeeurs.
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Standard methods to assess frost injury in Vitis spp. appearte-be-absentfrom-therefereed

literaturehave not been ‘published‘. Commented [KE8]: This assumes our search of the literature
has been perfect!

The aim of this study was to develop efficient methods to investigate-assess the effects
of early spring frost events in eight blocks of Pinot Noir vines at four vineyards in Tasmania.
The first objective was to develop and evaluate a method to assess spatial variation in the

incidence and severity of injury for frost events during budburst. The second objective was to

identify one or more variables able to predict the impact of injury-by-investigating-the

respense-variables—medified based on: Eichorn-Lorenz (E-L) growth ‘stage (Coombe 1995), Commented [KE9]: Meaning has been changed. May | suggest:
The second objective was to investigate the relationship between

. . various measure of injury incidence and severity and the following
number of shoots per node, and components of yield at nodes and on shoots of individual response variables: ....

That is, remove the words ‘to identify one or more variables able to

vines. In this context, a node is equivalent to a dormant (latent) compound bud containing a ) ) N
predict the impact of injury

cluster of primordia (Lavee and May 1997). The third objective was to simulate the effect of

varying incidences of frost injury at nodes by estimating the resulting average yield (kg) per
node, per vine, per linear m of row and per ha. The resulting set of methods integrates a

sampling strategy, a method for injury assessment, and a statistical modelling approach.

Materials and methods
Vineyard attributes and sampling method
Four commercial vineyards in three growing regions of Tasmania were sampled during the

2013/14 growing season -with-viticultural practices-detailed-in-(Table 1). All vines were cane-- Commented [T H10]: Table 1 - for editor’s benefit

pruned and drip irrigated. The inter-row vegetation was mown short and the area under the

vines was bare ground {pestafter herbicide treatment)}. All viticultural interventions were [COmmented [GD11]: | am not sure what this means? J
. . . L. . Commented [KE12R11]: It means the vineyard manager at the
determined by the [grower co-operatorL including the timing and method of frost protection. site practiced viticulture according to their standard business

practice.

Alternative wording:

Each vineyard site was managed by the co-operating wine business
who applied their standard viticultural practices, including the
received a single, tailored management program (Table 2, Figure 1). Vineyard blocks were AR o

Commented [T H13]: Table 2, Figure 1

A block of vines within each vineyard was defined as a diserete-contiguous area that
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sampled using a grid pattern, selecting the central vine in every fifth panel of every fifth row,
leaving a margin of two rows and panels on all sides of each block to avoid edge effects. In
blocks < 0.25 ha, the number of rows between samples was reduced to four, and the number

of panels between sample panels was reduced to three or four.

Environmental conditions
Environmental data were collected to show that frosts occurred and to describe some features
of the frosts; it was not the objective of this study to describe in detail the physical attributes
of the frosts. Air temperature and relative humidity at 1.5 m above the ground on a vineyard
headland was recorded every 15 min using a CS215-L3m sensor (Campbell Scientific Australia

, Garbutt, Qld ) housed in a mini screen and connected to a Campbell Scientific

CR800 datalogger (locations indicated in Figure 1). The positioning of sensors on a vineyard

headland removes any influence of structures, such as buildings or vines, and provides some [Formatted: Font color: Auto

consistency among sites in terms of standardised set up and positioning (Beresford and Spink

1992). Temperature data were also recorded at a second location at vineyard B (Figure 1)
using a SHT75 temperature/ sensor at 1.5 m connected to Libelium
Waspmote technology (Libelium Comunicaciones Distribuidas-S-+-, Zaragoza, Spain), and with a
sampling frequency of 1 min. These data were used to derive: (1) the minimum air
temperature recorded at a given location during each frost event;; (ii2) the time from the first

record of a sub-zero temperature to the minimum temperature recorded each night;; and (iii2)

the range in during sub-zero temperature
Sub-zero temperatures were recorded in all four vineyards on four consecutive
nights in September 2013 (Table 3). emperatures < -2.0°C recorded on the first Commented [T H14]: Table 3

night (12 September-12) at all vineyards, with 2.75-6.25 h between the first record of a sub-

zero temperature and the lowest recorded temperature. The lowest recorded temperature
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during the four-night period was -4.5°C at vineyard A on 13September 2013. During this
event, there was at least 9 h between the first record of a sub-zero temperature and the
lowest recorded temperature.

The Campbell Scientific sensors at vineyard B were exposed to overhead irrigation
during frost protection, indicated by of 99.2-100% and

temperatures-that were higher than those recorded by the Libelium datalogger (Table 3).

Relative recorded during sub-zero temperatures at other locations were >
84% (Table 3) and the minimum recorded at any site for the period
September was 43% (Table 3).

Assessment of frost injury, crop phenology and yield components
Commencing approximately 2 weeks after the frost events (Table 2), injury was assessed on all «
shoots emerging from each node on one cane on the most northerly side of the trunk of each

vine sampled. N —For the

purpose of this study, a node was classified as a primary-shoot node if a single shoot emerged

and a secondary-shoot node if there were two or three shoots. It was assumed that multiple

shoots emerging from a secondary node were from N+3, buds (Lavee and May 1997): however,

the precise origin of a shoot from within a compound bud was unknown.\

shoots were sampled from <«
1132 nodes in 9 vineyard blocks 14-36 days after the last frost event. Yield data from one of
these blocks removed prior to analysis because a physiological disorder was evident
on most bunches during the pre-harvest period. This disorder appeared to be unrelated to the
frost events. Data from single rows in two other blocks were also removed prior to analyses
because grape bunches had been harvested before collection of samples for this study. The

final data set comprised 3401-1394 shoots from 874-869 nodes in 8 vineyard blocks (Table 2).
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Each shoot on each node was assigned a modified E-L score (Coombe 1995), and an ordinal
score (0-4) for frost injury (Figure 2). E-L scores were assessed again in December during
the pre-flowering or flowering period.

The incidence of frost injury refers to the presence or absence of any injury to plant
tissues per shoot or per node, expressed as a of the number of samples
and calculated from the severity data. The severity of frost injury per node was expressed as
the maximum score for frost injury recorded among all shoots growing from that node. Shoots
given a score of 1 for frost injury (trace injury) were included in calculations of frost injury
incidence even though the appearance of some of these shoots suggested that shoot growth
would proceed similarly to those given a score of 0.

At harvest, the fer-of each bunch on each shoot of the sample nodes was

measured to one decimal place with-the-aid-efusing digital scales-displaying-one-decimal-place

(Soehnle, Supertex Industries , Silverwater, NSW, Australia). These data were used to

calculate the total bunch per node or shoot, and mean bunch from

bunch counts. Nodes were categorised according to the presence or absence of fruit. Nodes

were also allocated to categories for maximum frost injury severity (0, 1, 2, 3 or 4}-ferthe) to

calculatiene the of nodes producing more than one>1 shoot in each

frost severity category. M

the—vamable—teta#bemeh—we@;t—per—nede%@—g—' - i =

More detailed measurements were taken from one fruit-bearing shoot on a primary-
shoot node and one fruit-bearing shoot from a secondary-shoot node from each sample vine
where both types of node occurred. Bunches on these shoots were weighed and the number
of berries per bunch counted to calculate the total number of berries per shoot, mean berry

number per bunch (per shoot), and mean berry per shoot.
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194  Aneglyses-of-aAssociations between frost injury and yield components

195 Spatial variation in frost injury was visualised using ArcMap 10.1 (‘ESRI,

196 \). The position of each half vine was plotted, along with the corresponding values of each Commented [T H17]: As this is not shown as a reference, | think
that this is best way to reference the provider of nthe software

197 of two variables: (i2) the median value of the maximum frost injury score per node;; and (iis) [Commented [KE18R17]: Fine by us.

198 the proportion of nodes that produced fruit.

199

200

201

202 Given that dormant bud number is used by viticulturists to estimate potential yield, the
203 node-level relationships between frost injury and a range of phenology and yield component
204  variables were investigated through a series of generalised linear mixed models (GLMMs)

205 (Pinheiro and Bates 2000, Zuur et al. 2009). GLMMs were used to accommodate: (i1) non-
206  Gaussian observations (counts and binary observations) ) the nesting of experimental

207  units (nodes within vines within rows within blocks within vineyards);; and )

208 heteroscedasticity in the dependent and independent variables.

209 To investigate the relationship between frost injury per node and the production, or not,

210  of more than one shoot per node (primary-shoot or secondary-shoot node status), two

211 Bernoulli GLMMs; were generated and a logit link function
212 fitted to the data. The first model accounted for variance among nodes in production of more
213 than one shoot (or not) as a function of the severity of the frost injury, indicated by the

214  maximum frost injury score per node. The second model described co-variation between the
215 incidence of frost injury and the response variable. The models, if significant, were then

216  compared in terms of the amount of variance accounted for in the response variable.

217 A series of GLMMs were then constructed for the dependent variables per node or per

218  shoot as listed in Table 4. The distribution assumed for each of these GLMMs was dependent Commented [T H19]: Table 4
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on the type of outcome: (i1) continuous variables were fitted with a Gaussian model, unless
residual analysis indicated heteroscedasticity; if so, random variation was described using a
gamma model ) variables that were counts were fitted with a Poisson model;; and )
binary variables were fitted with a Bernoulli model. Three models were constructed for each
dependent variable, each with one of the following independent variables: maximum frost
injury score per node, incidence of frost injury, or node status (secondary shoot

productionpresence; or retabsence). A binomial GLMM was also used to investigate the effect

of frost injury severity on the of nodes producing > 1 shoot for each

category of frost injury severity. If the overall test was significant, then the different frost

injury categories were separated using Tukey's HSD post-hoc test.

In all models, vineyard, block, row, and vine were included as random variables. As
above, these sets of models allowed inferences to be made on the relative usefulness of
severity or incidence of frost injury in predicting components of yield. Total bunch
and mean bunch per node were analysed only for nodes or shoots that produced
fruit. Similarly, total number of berries, mean berry number per bunch and mean berry

per shoot were analysed only for those shoots that produced fruit.

When a significant association between a binary dependent variable and the
independent variable was identified (P =<0.05), the association was quantified as a multiplier
for the odds of the dependent event. The odds are the ratio of the probability of an event
occurring to the probability of it not occurring. The multiplier was obtained by taking the

exponent of the GLMM’s linear predictor.

10
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Estimation-ef-aAverage yield loss from frost injury

The results of the GLMMs conducted at the node level were used to estimate changes in Pinot
Noir bunch per node with increasing incidence of frost injury for a hypothetical
block of vines. It was assumed that this block had an intra-row spacing of 1.25 m and inter-row
spacing of 2.5 m, resulting in 0.8 vines per linear m of row and 2,800 vines/-pe+ha. This
information was used to convert a per-node yield estimate to a per-vine mean yield estimate,
mean yield per linear m of row and mean yield in t/ha. Justification for using the estimate of
mean yield per node for nodes producing fruit from this study is presented in the results
section, along with probabilities of a healthy or injured node developing fruit, which in turn
were used to estimate mean yield per node for 0, 25, 50, 75 and 100% injured nodes. An
average price of A 2,672/t for Pinot Noir grapes from Tasmania in 2013-/14 (Wine

Tasmania 2014) was used to calculate revenue {A /ha.

Results

The start of the 2013/14 growing season in Tasmanian vineyards was characterised by general
observations of sufficient soil moisture, fruitful buds, and weather that promoted good shoot
development (Wine Tasmania 2014). Conditions changed during the pre-flowering and
flowering period in December when prolonged cool and wet weather presumably affected

fruit-set. ﬁhe general outcome for the region was smaller than average bunches and a reduced

harvest relative to previous growing seasons (Wine Tasmania 2014).

Frost injury

The incidence of injured nodes and shoots per half vine was in the range 17-76% and Fhe

incidence-of shootsinjuredperhalfvine-wasintherange-15-92%, respectively. - Frost injury
severity scores of 0, 1, 2, 3, or 4 were recorded for 52.7, 8.4, 4.9, 24.7 or 9.3% of shoots,

11
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respectively. Of those shoots receiving a score of 4 (dead, rotten), 74% were at E-L stage 3
(woolly bud) and 98% were at E-L stage 2-5 (budswell to visible leaf tips); therefore, most
shoots were probably at the woolly bud stage (E-L stage 3) during the frost events. A maximum
E-L stage of 14 (seven leaves separated) was recorded across all vineyard blocks during the
October assessments-ef-frostinjury.

The severity of frost injury varied within and among vineyards, with 43— 68% of nodes
per vineyard having a maximum injury score > 0 (Figure 3). The spatial distribution of the
median of maximum node scores for frost injury per half-vine at vineyards A and B was patchy
(Figure 4). In contrast, frost injury was urifermly-severe and less variable in vineyard D, and
less severe though-stil-unifermand less variable in vineyard C. The relative proportion of nodes

per half-vine that developed fruit also varied spatially within and among vineyards (Figure 4).

Effeet-en-€Crop phenology

Shoots from healthy nodes (primary-shoot and secondary-shoot nodes) -had a mean

December E-L score of 18.8, whereas shoots developing from injured nodes -(maximum
severity score > 0 for frost injury of shoots) had a mean score of 16.9, representing a
difference in the means of 1.9 —(P < 0.001, Table 4). If frost injury was present, then the
severity of injury did not significantly alter the December E-L scores (P = 0.44). Primary-shoot
nodes {enre-sheet}-had a mean December E-L score of 18.9, whereas secondary-shoot nodes (>
1 shoot) had a mean December E-L score of 17.2, representing a difference in the means of 1.7

(P <0.001, Table 4). These E-L stages precede the first flower caps loosening: the inflorescence

is well developed with single flowers separated (E-L score 17) and by E-L score 18 the flower

caps are still in place with the colour fading from green.

12
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Effect-on-numbers-ofsShoots per node

Secondary nodes produced a total of 993 shoots relative to 401 shoots produced by primary

nodes. The presence of frost injury per node, regardless of severity, was associated with a

26.7-fold increase in the odds of >-1 shoot per node (P <-0.001 for node status, Table 4,Figure

5). There was a significant difference among frost injury severityies for the proportion of nodes

producing more than one>1 shoot (P < 0.001) (Figure 5). The post-hoc analysis indicated that

this was due to the injury severity category of ‘0’ (healthy nodes) being different to all others

(maximum pairwise P < 0.001). In contrast, there werewas no significant differences among

frost injury severityies of 1, 2, 3 and 4 (minimum pairwise P < 0.001). The probability of a

healthy node producing >-1 shoot was 0.28, while the probability of an injured node producing

of >-1 shoot per node was 0.91.

Effeet-en-cComponents of yield per node

The presence of frost injury affected whether or not fruit was produced from a node (tetat

buneh-weight-pernede>0-g-Table 4). Of the 393 nodes (45%) that had no fruit, 22% were

healthy nodes and 78% were injured nodes. The odds of a healthy node producing fruit was

43 ([probabilit% =0.81), whereas the odds of an injured node producing fruit was 2.3

(probability = 0.69). Hence, there was a multiplier of 0.53 of the odds of fruit production tetat

bunch-weight-being>0-g(P = 0.002) when a node was injured. Including the severity of frost

injury in the model did not account for additional variance in the dependent variable (P = 0.10).

Mean total bunch weightsmass for primary and secondary nodes werewas 59.7 g (SD

78.2) and 65.5 g (SD 89.6), respectively, with an overall mean of 62.8 g (SD 84.5). The mean

number of bunches per node for all samples was 1.43-09 (SD 1.3718): primary and secondary

nodes averaged 0.998 and 1.17 bunches per node, respectively. Each type of node had similar

mean bunch weightsmass of 30.9 (SD 37.5) and 31.3 g (SD 36.9), respectively. There was a

13
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significant relationship between the severity of frost injury and the number of bunches per
node (P =0.0002) (Table 4). A frost injury score greater than 0 was associated with a 1.09-fold
increase in bunch number per node and a frost injury score greater than 1 was associated with
a 1.05-fold increase. Further increases in frost injury severity were associated with a decrease
in bunch number per node: an injury score greater than 2 or greater than 3 was associated
with multipliers of 0.74 and 0.55 for bunch number per node, respectively. Mean bunch

and bunch numbers per node or shoot for each category of frost injury severity

score are provided as supplementary data (Table S1). Commented [T H27]: Table 51

For nodes that produced fruit, total bunch and mean bunch- « [Formatted: Indent: First line: 1 cm

per node was-were not significantly affected by the presence or severity of frost injury (Table

4).

Effeet-en-cComponents of yield per shoot

Primary-shoot nodes had an average of 0.998 bunches per shoot (SD 1.05) relative to 0.56

bunches per shoot (SD 0.62) for secondary-shoot nodes. The mean total bunch _per

primary node (one shoot) was 59.7 g (SD 78.2), which was nearly double that per shoot from a

secondary node (31.3 g, SD 42.8).

Node status (primary or secondary node), and the incidence and severity of frost injury < [Formatted: Indent: First line: 1 cm

were associated with the odds of fruit production per shoot (P < 0.001) (Table 4). The odds of a

healthy shoot producing fruit was 2.05, corresponding to a probability of 0.67 (n = 1401 Formatted: Font: Italic
shoots). The odds of fruit production for shoots with frost injury scores >-0, >-1, > 2 or >3 were

0.14, 0.12, 0.02 or 0.04, respectively. The corresponding probabilities were 0.13, 0.11, 0.02,

and 0.04. shoots (8.4%) had an injury score of 4, and

of those, only four shoots (3.4%) produced fruit. The number of bunches per shoot also
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declined as the severity of frost injury increased, from 1.2 bunches per healthy shoot to 0.05

for the most severely damaged shoots (P < 0.001).

For fruit-bearing shoots, the presence of multiple shoots (secondary node) was

associated with a reduction in total berry numbers per shoot by a factor of 0.95 (P < 0.001).

The presence of frost injury was associated with a reduction in the total number of berries per

shoot by a factor of 0.91 (P < 0.0001). There was also a significant association between the

severity of frost injury and the total number of berries per shoot (P < 0.001); however, the

multipliers varied above and below 1.0 with each one-unit increase in the frost injury score.

The multipliers were 0.88, 2.23, 0.82 or 1.17 for injury scores >-0, >-1, >-2 or >-3, respectively.

There were no significant associations between each independent variable and mean berry

number per bunch (per shoot) or mean berry

4).

per shoot (P values 0.07-0.75; Table

AEstimation-ef-average yield loss from frost injury

Given that there was no significant difference between primary-shoot and secondary-shoot

nodes in their productivity, a key consequence of the frost events was the reduced likelihood

of fruit production when nodes were injured. Fhe-propertion-ofinjured-nodesperhalf-vine

was-thereduced-ikelihood-of fruitproduction—As noted above, the probability of a healthy

node producing fruit was 0.81 and the probability of an injured node producing fruit was 0.69

— a difference of 12%. These probabilities provided the means to simulate the effect of injured

nodes in the range 0—100% incidence. The mean bunch

of a fruitful node in this

study was 90.8 g and this

was used to calculate the values presented in Table 5.
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Using a common planting density and node number per vine, a vineyard in which 100% of
nodes received some degree of frost injury was estimated to earn, on average, AL2$1,630/ha

less than a vineyard block with no frost injury (Table 5).

Discussion

Spring frost-events are episodic and, thus, have been studied infrequently. An efficient,
incidence-based methodelegy was developed to assist future researchers and [\_/ineyard
workers to mebilisereseurcesguicklyafterafrosteventto-assess the likely yield impact of
frost injury. In this study, frost injury during budburst in Pinot Noir resulted in a 12% reduction
in the likelihood of fruit production per vine node. In 2014, the average purchase price of Pinot
Noir grapes from Tasmania and Australia was A 2,672 and A 696, respectively (Wine
Tasmania 2014, W F A 2014). Given the relatively high value of
Pinot Noir grapes in Tasmania, the reduction in yield (t/ha) from a high proportion of injured
nodes translates to a considerable loss of revenue (Table 5). Moreover, the 2013/14 growing

season was characterised by [poor fruit-set \ and lower than average grape yields (Wine

Tasmania 2014) as reflected by the low mean bunch recorded in this study. A

more fruitful season would most likely have resulted in even greater crop and revenue loss.

Spatial variation in frost injury

Within-vineyard spatial variation in frost injury was described, unlike previous studies in which

spatial variation was noted but not lquanﬁﬁeddescribed\%—this—s%&d—y—eenﬁ#ned—p#ev&ees

gualitative-ebservations-(Lider 1965, Jones et al. 2010). The study blocks in vineyard A show a
distinct increase in elevation from the NE to the SW (Figure 1); however, factors contributing
to spatial variation in frost injury in this study remains obscure. It is postulated that the
effectiveness of the overhead irrigation system, in relation to the application rates of water,
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was near its limit of effectiveness when the air temperature was close to -5°C. A small amount
of latent heat is released when water freezes; therefore, a constant supply of water is needed
to coat grapevine buds and shoots and to raise the temperature of grapevine tissues. A small
variation in system pressure and hence output for individual sprinklers might explain the
spatial variability in frost injury recorded. Such variation might also have contributed to spatial
variation in frost injury at vineyard B, although blockages of individual sprinklers might have
also contributed to their ineffectiveness. Lateral airflow during a frost, while not monitored in

this study, might also cause distortion of spray patterns and/or influence spatial variation in

environmental conditions.-

There was no frost protection at vineyard C, where frost injury was less severe than at
other vineyards, and frost protection failed at vineyard D where injury was unifermby-severe.
The lowest recorded temperature on 12 September 12 at Vineyard C was higher than at

vineyard D: -1.9 and-versus -3.5°Crespectively. The difference between bud temperature and

the adjacent air temperature during the frost events was probably minimal, given that
recorded > 84%. Overall, these results are consistent with the
findings of Gardea (1987) who sampled one-node cuttings of V. vinifera cv. Pinot Noir prior to
budburst, subjected them to conditions to promote budburst, and then exposed buds at
different stages of development to low temperatures. The temperature when 50% of buds
were damaged at the phenological stages of quiescent, swollen, budburst, first, second and
third flat leaf was estimated to be -14, -3, -2.2, -2, -1.7 and 1.1°C, respectively.

This study confirmed that the threshold air temperature of -2°C for potential frost injury
during budbreak-budburst at these vineyard sites was adequate given that shoots at E-L stages
< 5 were injured when exposed to an air temperatures < -2°C. Even so, the critical temperature
for frost injury is likely to be unknown for any given location because multiple factors have

been associated with frost injury (Johnson and Howell 1981, Trought et al. 1999, Snyder 2001,

17



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

Effect of frost injury on Pinot Noir — Main Text File

Sun et al. 2017). Even though the full range of potential factors influencing or moderating frost

at each site wereas not guantifimeasured; the effective application of water was critical as

evidenced-by-theresultsforvineyard-Bfor preventing damage (see vineyard D). In practice,

commencement of overhead irrigation before temperatures falls below 0°C would ensure

adequate water coverage when injury eventuates at an unknown critical air temperature.

Effeet-en-sShoot production and crop phenology

This study not only confirmed that secondary shoots may develop and produce fruit if the
primary bud is injured (Kasimatis and Kissler 1974, Friend et al. 2011), it also quantified the
difference in the proportion of healthy and injured nodes producing >2more than one shoot

(28% and 91%, respectively). Itis not known why nodes with a frost injury score of 0

produced >Zmore than one shoot. It is postulated that N+3, buds were injured non-visibly,

which in turn \stimulated\ shoot production. Double primary (latent) buds, in which two N+2

buds are adjacent and separated by an extremely short internode, have occasionally been

observed in Tasmanial. This phenomenon was not considered a contributing factor in the

C ed [GD33]: By what? Vigour? Number of retained
nodes?

Commented [KE34R33]: The suggestion is that injury can
occur but may not be visible to the naked eye
The sentence has been reworded accordingly.

current stud%.

The difference in the December E-L stages of shoots from nodes with and without frost
injury can be explained by the greater proportion of secondary shoots emerging from injured
nodes, presumably after damage to the primary bud. Reports of the consequence of early-
season frost injury on crop phenology are rare. Lider (1965) reported lower

in bunches from secondary shoots relative to those from primary shoots of Cabernet

Sauvignon after a frost event when shoots were 30 to 45 cm long; hewever-the-reproducibility

although

these [reports\ were not accompanied by statistical analaysis.
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‘Delays in flowering can have unpredictable consequences because there is potential to
either escape or increase exposure to episodes of weather promoting poor fruit set. \Any

subsequent effect on fruit yield and composition at harvest flew-en-effectaffecting-harvest

date-will depend both on crop load and late-season conditions. In the current study, vine
canopies and favourable late-season conditions sustained the ripening of smaller than average
bunches. Although not measured, greater variance in khe‘physie«teg{teal—#peness—ef

bunehesfruit composition was-a-petentialmay have been an outcome of the patchiness of frost

injury incidence at vineyards A and B (Figure 4).

Effect-en-nNode-level components of yield
The most prominent relationship between frost injury and components of yield per node was

the lreduction in likelihood of fruit production Hor injured nodes relative to healthy nodes. The

apparent lack of association between the severity of frost injury at the node level and the
proportion of nodes developing fruit was most likely due to variation in the response of a node
to injury in terms of the production of secondary shoots and the fact that secondary shoots
had the potential to produce fruit. This variation might also explain the non-linear response of
the number of bunches per node with increasing injury severity. Relative to healthy nodes, the
mean number of bunches per node was slightly greater among nodes with the least severe
injury scores and lower for the highest injury scores.

As noted previously, the assessor did not know whether or not nodes given a maximum
injury score of 1 were truly injured, thus raising doubt about inclusion of these nodes in the
calculation of injury incidence (nodes injured or not). Fhis- this inclusion

was justified following analyses that revealed the extent of secondary shoot production on

nodes with a maximum injury score of 1 relative to healthy nodes (Figure 5).
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Effeet-en-sShoot-level components of yield

Unlike nodes, increasing severity of frost injury for shoots was associated with a reduction in
the likelihood of fruit production and the number of bunches per shoot (Table 4). The severity
of frost injury was also associated with the total number of berries per shoot although the

pattern was difficult to interpret.

Fhese+Results of this study are consistent albeit not directly comparable with the « [ Formatted: Indent: First line: 1 cm

findings of Friend et al. (2011) who studied the consequences of a 5 h frost event for V. vinifera
L. Chardonnay ‘Mendoza’ at bud swell/woolly bud in the Marbereugh-Canterbury region of

New Zealand. These authors reported that total bunch weightmass on primary shoots was

almost three times greater than that observed for secondary shoots, a difference that was

explained by primary shoots having a higher mean number of bunches. It is presumed that the

primary and secondary shoots referred to by Friend et al. (2011) were shoots from N+2 and

—In the current study, mean

total bunch weightmass per primary-shoot node (a single shoot) was nearly double that per

shoot from a secondary-shoot node and primary-shoot nodes had, on average, more bunches

per shoot than those from secondary-shoot nodes. Healthy primary-shoot nodes also had

higher mean bunch weightsmass than injured primary-shoot nodes presumably because N+3,

secondary shoots did not develop post injury. buheh-rumberalso-dechined-significanthywith
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Friend et al. (2011) found no difference between se-called-primary and secondary

shoots in average bunch weightmass, number of berries per bunch or average berry
welghtmass. Again, results in the current study were similar but not directly comparable to
these-the findings for Chardonnay. A key difference was the focus in the current study on
examining yield components at the node level and the likelihood-edds of fruit production. For
nodes that produced fruit, the effect of frost injury on bunch weightmass, berry count per
bunch and mean berry weight-mass per node was insignificant. Moreover, the GLMMs were
applied across multiple sites and accounted for variance among vineyards, blocks and vines.

There appears to have been a significant degree of yield compensation in the current study,

attributable in part to the early-season timing of the frost injury when most nodes were at the

woolly bud stage, and the subsequent productivity of secondary shoots. BethstudiesLike the

study of Friend et al. (2011), this study highlights the importance and contribution of

secondary shoots to vine yield after spring frost events, with the response likely to be cultivar

dependent (Kasimatis and Kissler 1974). Frioni et al. (2017) also observed yield compensation

in the form of abundant, fruitful secondary shoots after frost injury during budburst of the cold

hardy Vitis interspecific hybrid ‘Marguette’.

[ Formatted: Font color: Auto

Conclusions

21




516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

Effect of frost injury on Pinot Noir — Main Text File

Recording injury incidence per node, including any visible sign of potential damage, was
sufficient to quantify the probability of fruit production at that node. It allowed aggregation of
the effects te-on vine and block-level fruit production and it was alse-mere-time-efficienteasier
than recording severity, which conveyed no additional information for most node-level
analyses. Moreover, knowledge of the likely lag in the E-L stage of shoots from injured nodes,
especially a delay in the flowering period, can assist forward planning by vineyard managers
and heighten alertress-awareness te-of potential interactions between crop phenology and
conditions later in the growing season.

Unlike node-level analyses, the-severity scores provided statistically significant
information for shoot-level analyses. The descriptive key and scoring scale developed in this
study may be applied in future research. Even so, the recording of shoot-level data is
unnecessary if the key objective is to understand the effect of frost injury on components of
yield, especially spatial analyses to assess the site-specific value of frost protection and/or
locations where its application needs to be improved.

Additional studies of frost injury in Pinot Noir across multiple sites and seasons are
needed to develop robust, site-specific predictors of the impacts on fruitfulness and yield per
node. The methedelegy-methods developed in this study may be applied to generate
comparable data sets from standardised assessment of frost injury and associated factors of
viticultural importance. Estimatieng oflikely site-specific effects on yield inrelationte-the
nAature-ofaof frost-events will allow deeper exploration of vineyard topography-ef- and other
factors contributing to spatial variation in the risk of frost injury-S ueh-knewledgeand, thus
witkinform more strategic deployment of frost protection, such as the positioning and timing

of overhead irrigation to minimise-optimise water use.

Acknowledgements

22



541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

Effect of frost injury on Pinot Noir — Main Text File

This study was supported by Sense-T, a partnership between the University of Tasmania, CSIRO
and the Tasmanian Government. Sense-T is also funded by the Australian Government. We

thank BMr Andrew Terhorst, Mr David Biggins and Mr Chris Sharman from the CSIRO for the

sensor data and our vineyard co-operators Mr Matthew Pooley from Pooley Wines, Mr Danny

Belbin from Frogmore Creek Wines, Mr Tim Lyne from Spring Vale Wines, and Mr Terry

Bennett from Home Hill Wines. We gratefully acknowledge Dr Stephen Wilson and Dr Joanna

Jones for reviewing the manuscript.

References

Barlow, S. (2010) Improved frost management in the Goulburn and Yarra Valleys. Final report
to Grape and Wine Research and Development Corporation, Project Number RT 06/04-1.
(University of Melbourne: Melbourne, Vic , Australia).

Beresford, R.M. and Spink, M. (1992) A national disease forecasting system for apple black

spot (Venturia inaequalis) in New Zealand. Acta Horticulturae 313, 285-296.

Coombe, B.G. (1995) Adoption of a system for identifying grapevine growth stages. Australian
Journal of Grape and Wine Research 1, 104-110.

Crimp, S.J., Gobbett, D., Kokic, P., Nidumolu, U., Howden, M. and Nicholls, N. (2016) Recent
seasonal and long-term changes in southern Australian frost occurrence. Climatic Change
139, 115-128.

Friend, A.P., Trought, M.C.T., Stushnoff, C. and Wells, G.H. (2011) Effect of delaying budburst
on shoot development and yield of Vitis vinifera L. Chardonnay “Mendoza” after a spring
freeze event. Australian Journal of Grape and Wine Research 17, 378-382.

Frioni, T., Greena, A., Emlinga, J.E., Zhuangb, S., Palliotti, A., Sivilotti, P., Falchid, R.; and

Sabbatinia, P. (2017) Impact of spring freeze on yield, vine performance and fruit quality

23

Commented [T H45]: Can | have the titles of the people
mentioned in the Acknowledgements, i.e. Professor, Dr, Mr, Ms, Mrs
etc

Formatted: Indent: Before: O cm, First line: 0 cm,
Automatically adjust right indent when grid is defined,
Widow/Orphan control, Adjust space between Latin and Asian
text, Adjust space between Asian text and numbers

[ Formatted: Font: Italic, Complex Script Font: Italic

[ Formatted: Font: Bold, Complex Script Font: Bold




566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

Effect of frost injury on Pinot Noir — Main Text File

of Vitis interspecific hybrid Marquette. Scientia Horticulturae 219, 302—309.

Fuller, M.P. and Telli, G. (1999) An investigation of the frost hardiness of grapevine (Vitis
vinifera) during bud break. Annals of Applied Biology 135, 589-595.

Gardea, A.A. (1987) Freeze damage of Pinot Noir (Vitis vinifera L.) as affected by bud
development, INA Bacteria, and a bacterial inhibitor. Master of Science Thesis, Oregon
State University, , USA, 86 pp.

Johnson, D.E. and Howell, G.S. (1981) The effect of cane morphology and cultivar on the
phenological development and critical temperatures of primary buds of grape vines.
Journal of the American Society for Horticultural Science 106, 545-549.

Jones, J.E., Wilson, S.J., Lee, G. and Smith, A.M. (2010) Effect of frost damage and pruning on
current crop and return crop of Pinot Noir. New Zealand Journal of Crop and Horticultural
Science 38, 209-216.

Kalma, J.J., Laughlin, G.P., Caprio, J.M. and Hamer, P.J.C. (1992) Advances in bioclimatology 2.
The bioclimatology of frost: its occurrence, impact and protection- (Springer-Verlag:
Berlin, Germany).

Kasimatis, A.N. and Kissler, J.J. (1974) Responses of grapevines to shoot break-out following
injury by spring frost. American Journal of Enology and Viticulture 25, 17-20.

Kidd, D. (2014) Soil aps of Tasmania- (Tasmanian Government)
http://dpipwe.tas.gov.au/agriculture/land-management-and-soils/land-and-soil-
resource-assessment/soil-maps-of-tasmania

Lavee, S. and May, P. (1997) Dormancy of grapevine buds - facts and speculation. Australian

Journal of Grape and Wine Research 3, 31-46.

Leuning, R. and Cremer, K.W. (1988) Leaf temperatures during a radiation frost. 1.

Observations. Agricultural and Forest Meteorology 42, 121-133.

24

“«

[ Formatted: Font: Italic, Complex Script Font: Italic

[ Formatted: Font: Bold, Complex Script Font: Bold

[Formatted: Indent: Before: 0 cm, First line: 0 cm




591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

Effect of frost injury on Pinot Noir — Main Text File

Lider, J.V. (1965) Some responses of grapevines to treatment for frost in Napa Valley.
American Journal of Enology and Viticulture 16, 231-236.

Luisetti, J., Gaignard, J.L. and Devaux, M. (1991) Pseudomonas syringae pv. syringae as one of
the factors affecting the ice nucleation of grapevine buds in controlled conditions. Journal
of Phytopathology 133, 334-344.

Pinheiro, J.C. and Bates, D.M. (2000) Mixed effects models in S and S-Plus, sStatistics and

omputing Series- (Springer-Verlag: New York, USA).

Snyder, R.L. (2001) Principles of fFrost pProtection. (University of California)
http://biomet.ucdavis.edu/frostprotection/Principles of fFrost pProtection/FP005.html

Sun, L.-L., Du, Y.-P., Duan, Q.-Y. and Zhai, H. (2017) Root temperature regulated frost damage
in leaves of the grapevine Vitis vinifera L. Australian Journal of Grape and Wine Research

1-9.

Tasmanian Government (2018) The Land Information System Tasmania (LIST) (Tasmanian

Government: Hobart, Tasmania, Australia) https://dpipwe.tas.gov.au/land-tasmania/the-

list

Trought, M.C.T., Howell, G.S. and Cherry, N. (1999) Practical considerations for reducing frost
damage in vineyards. Report to New Zealand Winegrowers 1999 (Lincoln University:
Cantebury, New Zealand).

Webb, M., Pirie, A., Kidd, D. and Minasny, B. (2018) Spatial analysis of frost risk to determine
viticulture suitability in Tasmania, Australia. Australian Journal of Grape and Wine
Research 24, 219-233.

w F A (2014) Winemakers’ Federation of Australia vV/intage
Report, October 2014- (Winemakers' Federation of Australia )
http://www.wfa.org.au/assets/vintage-reports/Vintage-Report-2014-FOR-WFA-

WEBSITE.pdf

25



616
‘617
618
‘619
620
621
622
623
624
625
626

627

Effect of frost injury on Pinot Noir — Main Text File

Wilson, S. (2001) Frost management in cool climate vineyards. Final report to Grape and Wine
Research and Development Corporation.; Project nhumber UT 99/1 —(University of
Tasmania: Hobart, Australia).

Wine Tasmania (2014) Tasmanian v\/intage rkeport. (Wine Tasmania )
http://winetasmania.com.au/resources/downloads/Wine_Tasmania_Vintage_Report_20
14_FINAL.pdf

Young, R.H. (1966) Freezing points and lethal temperatures of citrus leaves. Proceedings of the
Americal Society for Horticultural Science 88, 272-279.

Zuur, AF., leno, E.N., Walker, N.J., Saveliev, A.A. and Smith, G.M. (2009) Mixed effects models

and extensions in ecology with R- (Springer Science + Business Media: New York, USA).

26



Effect of frost injury on Pinot Noir — Main Text File

628 Table 1. Location of each vineyard and on-site environmental sensors, attributes of Pinot Noir

629 vines and viticultural practices_in four Tasmanian vineyards.
< [ Formatted Table
Region of Tasmania Formatted: Font: Bold
‘ B Formatted: Centered
Coal Valley Huon Valley  Coal Valley East Coast Formatted: Font: Bold
- - Commented [KE46]: | added the borders back in to be
Latitude; longitude; m -42.646208; -42.999692; -42.615648; -42.024582; consistent with the other tables. (OK?)
above sea level (masl) 147.470466; 147.041889; 147.441313; 148.072002; Formatted: Font: Bold
at the location of the 74 masl 68 masl 92 masl 15 masl Formatted: Fot: Bold
Campbell Scientific Formatted: Font: Bold
sensorst Formatted: Font: Bold
Formatted: Font: Bold
Pinot Noir clone/s 0013; 2051; 114; 115; 114; 115; 0014; 8048
8048 2051; 8104 0011; 0013;
2051; 8048
Vine age (years) 14 7-14 15-16 28
Trellis type Vertical shoot  VSPand Scott  VSP Modified Lyre
positioned Henry
(VSP)
Inter-row x intra-row 2.0x1.0 2.7x1.5 24x1.2 24x0.4
spacing (m)
Row orientation NE—SW NE—SW NE—SW NW-—SE
NW--SE
Frost protection Overhead Overhead None Overhead
‘ sprinklers sprinklers sprinklerst Formatted: Font: Not Bold

630 T Sensors were positioned 1.5 m above the indicated elevation. Libelium sensors at vineyard B

631 were positioned at -43.002222; 147.046667; 43 masl; ¥Assumed to be ineffective due to a Formatted: Font: Not Bold
632 pump failure that resulted in little water coverage on 13 September -when the lowest

633 recorded temperature was -4.1°C (Table 3).

634
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635  Table 2. Sampling details and dates for assessment of frost injury, December E-L score and
636  components of yield. Spring frost events occurred on four consecutive nights (Table 3), with
637  the final event occurring on 15 September 2013.
Sampling details or Vineyard A Vineyard B Vineyard C Vineyard D
assessment dates
Total area sampled (ha) 3.5 1.7 1.3 1.8
Number of blocks 2 2 3 1
sampled (see Figure 1
for block location)
Total number of half- 32 27 21 12
vines sampled
Date/s of assessment of 7-9 16-21 29 15
frost injury (days after 2013 2013 — 2013
Sept (22-24) (31-36) 16 (30)
2013) 2013
(14-31)
Total number of nodes 255 nodes 2826 nodes 187186 nodes 146 nodes
?”dts,h‘,’ots aszes_sel‘; for 396 shoots 462456 264263 279 shoots
rostinjury and yield shoots shoots
Date/s of assessment of 12 17 10-12
December E-L score 11
2013 2013 2013 2013
Date/s of assessment of 14 15-28 3-4 26
yield components 2014 2014 2014 2014
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Effect of frost injury on Pinot Noir

Table 3. Environmental conditions recorded by on-site Campbell Scientific and Libelium sensors,
September ,-2013 in four Tasmanian vineyards.

Vineyard Date when frost  Lowest recorded  Time (h) from first Range in

event concluded temperature record of a sub- (%) during
during frost zero temperature sub-zero
event (°C) to- the lowest temperature
temperature

A Sept -2.33 6.25 84.2-99.2
Sept -4.50 9.25
14 -2.05 7.75
Sept -2.28 6.00

B - Sept. 12 -0.14 1.25 99.2-100
Campbell Sept. 13 127 4.00

sensor
(irrigated) Sept. 14 -1.36 3.00
Sept. 15 -0.81 2.25
B- Sept. 12 -2.30 2.75 N/A
Libelium Sept. 13 -4.07 10.0
sensor

Sept. 14 -2.23 8.00
Sept. 15 -1.91 4.25

C Sept. 12 -1.91 4.75 94.1-99.8
Sept. 13 -2.93 7.45
Sept. 14 -1.13 7.00
Sept. 15 -0.66 2.50

D Sept. 12 -3.50 3.25 85.8-100
Sept. 13 -4.10 8.00
Sept. 14 -1.48 0.75
Sept. 15 -2.08 2.25

N/A = data not available.
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Effect of frost injury on Pinot Noir

Table 4. Summary of analyses per node and per shoot using generalised linear mixed models

(GLMMs).

Distribution Link

Independent variable

Level of Dependent of function
analysis variable dependent usedin  Node Incidencet  Severity¥
variable GLMM  statust of frost of frost
injury injury
.Mean E-L score Gamma Log ek ek ns
in December
Node statust Normal Identity *Ex ns
Total bunch .
© .a une Poisson Log ns *k ns
Per weight >0 g§
node Number of
EX 3 % %k
bunches Gamma Log ns 1
Total bunch Binomial Logit ns ns ns
weighttt (g) 8
M bunch .
w:iagr;t#n(;) Normal Identity ns ns ns
Total bunch
> Binomial Logit *EE *EE ook
Og
NumberOf H % % % % % % % %k k.
bunches Poisson Log
Per Total n.umber Poisson Log ek Sk Kok ok
of berriestt
shoot
Mean berry
t+  Gamma Log ns ns ns
(g)
Mean berry
number per Gamma Log ns ns ns
bunchtt

shoot or > 1 shoot per node); fiincidence

tPrimary or secondary node (one

presence (or not) of frost injury; severity, = maximum

frost injury score per node. §Fruit present or not. 9 An injury score > 0; >1; >2; or > 3. t1Only nodes

or shoots that produced fruit.

not applicable;
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659  Table 5. Estimated loss of revenue with an increasing of nodes injured by
660  spring frost events at approximately the woolly-bud stage (E-L 3).
661
Nodes Mean yield Mean yield Mean yield Mean yield Revenue
injured by node vine (kg) linear m ha (t) ha @
frost events (kg) of cordon A
(%) (kg) 2,672/t
0 0.074 1.5 1.2 4.119 11,006
25 0.071 1.4 1.1 3.966 10,597
50 0.068 1.4 1.1 3.814 10,191
75 0.065 1.3 1.0 3.661 9,782
100 0.063 1.3 1.0 3.509 9,376
662

663 The probability of a healthy node developing fruit was 0.81 and the probability for an injured node developing
664 fruit was 0.69. It was assumed that there were 20 nodes per vine, 0.8 vines/linear m, 2800 vines/ha and 90.8 g
665 fruit for each node producing fruit. The 2014 vintage in Tasmania was characterised by smaller than average
666 bunches and a reduced harvest relative to previous growing seasons (Wine Tasmania 2014).
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667 Supplemental data
668

669 Table S1. Mean bunch and bunch numbers per node according to node status (primary
670 or secondary) and mean maximum frost injury score per node for 869 nodes and 1394 shoots.
671

Total M.ean Mean total Mean bunch Mean number
number maximum bunch
- of bunches
Nodes status  of nodes frost injury
node (or
(or score node (or node shoot)
shoots) node shoot)
Primary 259 0 89.8 46.5 1.47 Formatted: Left
103 0 103.8 (51.5) 432 1.73 (0.86)
Secondary (208) Formatted: Left
Primary 25 1 15.5 9.84 0.32 Formatted: Left
Secondary 55(117) 1 85.1(38.4) 35.2 1.64 (0.75) Formatted: Left
Primary 13 2 20.6 9.13 0.62 Formatted: Left
Secondary 38 (84) 2 81.8 (39.0) 38.0 1.26 (0.61) Formatted: Left
Primary 82 3 0.15 0.15 0.01 Formatted: Left
Secondary 189 (404) 3 48.3(22.8) 26.4 0.93 (0.44) Formatted: Left
Primary 22 4 1.96 0.98 0.09 Formatted: Left
Secondary 83 (182) 4 36.6 (17.4) 21.8 0.68 (0.33) Formatted: Left
672 Values in parentheses represent data for shoots.
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Figure legends
Figure 1. Locations of up to three blocks- per vineyard in relation to elevation, with
contour lines 10 m apart for: (a) vineyard A, (b) vineyard B, ~(c) vineyard C

and (d) vineyard D . Maps, with a grid interval of 100 m, -are oriented north-

south_and within topographic mapping zones GDA zone 94 or MGA zone 55. -and-the-map-grid

MewaHs—lQQ—m—[(@DA%MGA%—E»%The base layer images -were prepared using the [Land Information

Cc ed [T H47]: Is this notation explained anywhere?

System Tasmania (LIST) service_(Tasmanian Government, 2018).,- Bepartrment-of Primary-tndustries;
Past,—Wa%e{—aﬁd—EFwenmem,—'Fa&mamﬂ he locations of the Campbell
Scientific sensors of the

Libelium sensor

‘Figure 2.\ Severity scale for frost injury applied to individual shoots and commencing 2

Commented [KE48R47]: | have edited the text. These are
references to the corresponding map regions for two different map
projections. GDA is the acronym for Geocentric Datum of Australia
and UTM is the acronym for Universal Transverse Mercator. The
number refer to the geographical zone. 55, for example, covers
Tasmania and parts of eastern Australia.

Commented [T H49]: Should this be referenced?

[ Commented [KE5S0R49]: | have added reference.

Commented [T H51]: Typesetter — red cross

Commented [T H52]: Typesetter — purple cross

Cc ed [T H53]: Do we need to mention the vineyard in

weeks after the final of four spring frost events, September 2013. The black arrow

indicates the necrotic tissue of an injured bud. The images are from Vineyard C.

Figure 3. of nodes at

in each category
representing the maximum severity of frost injury. Injury was assessed between -29 September
and -21 October 2013. The numbers of nodes sampled in vineyards A, B, C and D

255, 286282, 187-186 and 146, respectively.

Figure 4. Map of block-level patterns of frost injury with each circle representing a half-vine

. Frost injury per half-vine (intensity of shading in each circle) was calculated as the
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median of the maximum frost injury scores for all nodes assessed. The size of the circle indicates the

relative proportion of nodes per half-vine that developed fruit.

Figure 5. The percentage-proportion of nodes (n = 86974) across at-the four vineyard sites in the

«

Coal Valley, Huon Valley and East Coast of Tasmania producing >-1 shoot by category of maximum

score for the severity of frost injury assessed between 25 September 25-and 21 October-2%; 2013.

There werewas no significant differences among the severity of frost injury severitiesof 1,2, 3 and 4

(minimum pairwise P < 0.001), whereas healthy nodes were significantly different from all others.
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