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Background and Aims. This research investigates spatial and temporal trends in budburst timing across Australian wine regions
from 1910-2019. The potential drivers of these observed trends were then identified, including anthropogenic climate change and
large-scale climate drivers (El Nino-Southern Oscillation (ENSO), Indian Ocean Dipole (IOD), and Southern Annular Mode
(SAM)). Methods and Results. The timing of budburst was approximated using accumulation measurements applied to Australia
wide gridded temperature data. We show that the modelled budburst date has been gradually shifting to earlier in the year for most
(95%) Australian wine regions, at an average rate of one day every 24 years. This linear trend in budburst timing is likely to be
associated with steadily increasing air temperatures due to anthropogenic climate change. Significant interannual variability was
also observed and was correlated with IOD and SAM; however, no significant relationship was found with ENSO. Positive IOD
phases result in budburst occurring on average four days earlier than the long-term average; however, this can be as high as eight
days. Conclusions. The results of this study highlight that budburst timing for wine grapes is not a stationary phenomenon and is
influenced by both natural and anthropogenic conditions. Significance of the Study. Understanding variability and trends in
modelled budburst timing will assist tactical and strategic management practices and improve phenological modelling and

adaptation planning for climate change.

1. Introduction

Wine grapes have an annual developmental cycle known as
phenology [1]. Succession through phenological stages is
predominately driven by differences in temperature
throughout the season [2]. Although the timing and dura-
tion of events vary depending on the grape cultivar, climate,
and seasonal weather, annual or seasonal variation in climate
that departs from the long-term average can alter the timing
of phenological stages, which poses a challenge for man-
agement at the vineyard scale.

The phenological stage of budburst is the first devel-
opment event following the winter dormancy period. It is
defined by bud formation on the vine, which traditionally
occurs in early to mid-spring [1, 3]. The occurrence of
budburst is strongly coupled to local air temperature.

Therefore, increasing temperatures due to anthropogenic
climate change is a recognised threat to this stage in phe-
nological development [4-8]. A long-term variation in
budburst timing may lead to growth in unfavourable con-
ditions, resulting in potential changes to vineyard man-
agement and may impact wine quality and quantity and,
ultimately, a vineyard’s long-term viability [8-10].

The potential impacts of changing budburst timing are
multilayered. First, an earlier budburst may increase the
risk of spring frosts after budburst, which is highly dam-
aging to the vine and will impact the season’s crop [11, 12].
Second, since budburst is the first development event,
consideration should be given to whether an alteration to
budburst timing will have flow-on impacts on the timings
of other phenological events such as veraison and overall
maturity duration of wine grapes. Several authors have
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noted advancements in wine grape maturity and the
compression of vintages; however, without considering
budburst timing, it is uncertain if this is a result of the
growing season shortening, shifting earlier, or both
[7, 13-16]. Lastly, budburst occurring earlier in the year
could result in standard climate accumulation metrics
missing an early growth phase. For example, the growing
season temperature (GST) is commonly used for wine
region classification (i.e., cool climate wines), as well as
suitability studies and climate change impact assessments.
The GST calculation initiates the temperature summation
on 1°* October [17-20]. If budburst were to occur signif-
icantly earlier than 1* October, then the GST would not
capture temperature accumulation for the part of the
growing season, and climate classifications may be
underrepresented.

To study the historic variability of budburst, a dataset of
budburst timing is required. To our knowledge, there is no
publicly available long-term record of observed budburst
dates for Australian wine regions. Furthermore, phenology
data recorded at the vineyard scale introduce complexity
around data validity since budburst timing is highly dynamic
and influenced by cultivar, maintenance regime, and the
grower’s definition measurement of budburst. To overcome
this, we use a modelling approach to estimate budburst
during the study period (1910-2019) across all wine regions.
Several authors have developed statistical models (climate
metrics) for predicting the budburst date of wine grapes
[4, 21-23]. Common to these models is the assumption that
initiation of budburst will not begin until an average daily air
temperature of between 5°C and 25°C is reached after
a winter dormancy period [24-26]. Besides this assumption,
there is no globally accepted definition/model for wine grape
budburst. However, using heat summation calculations is
a common approach applied across the literature
[4, 6, 21, 24, 27-31]. Variations in individual temperature
accumulation methods occur between the choice of the start
date, base temperature (i.e., minimum temperature
threshold at which accumulation calculation begins), and
temperature threshold defining the budburst event.

In the Australian context, Moncur et al. [23] suggested
employing a base temperature of 4°C. This was subsequently
adopted in the VineLogic model created by Godwin et al.
[21] to predict wine grape phenological development, with
applications of the model highlighted by Webb [8]. Recently,
Hall et al. [6] have proposed a method using a base tem-
perature of 4.5°C and a threshold of 450°C days of tem-
perature accumulation calculated from 1st July to investigate
the budburst date. The study validated the calculation by
comparing modelled to observed budburst dates recorded by
Coombe and Dry [32]. Hall et al. [6] found that the cal-
culation was reliable in modelling budburst and suggested
that using 1st October as a reference budburst date may not
represent the Australian climates. Other notable studies
include Webb et al. [33], who employed a heat summation
formula totalling 8200 hours above a base temperature of
3.7°C calculated from Ist July to indicate budburst for
Tasmanian wine regions. Conversely, Jarvis [22] used a GDD
calculation with a base value of 10°C starting from Ist
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September with different thresholds for specific wine cul-
tivars for the 2018 season for vineyards in the Riverina
region.

Through the development of a long-term dataset of
modelled budburst, timing trends can be identified. In
particular, we can determine if budburst timing varies
significantly from year to year. This question relates to both
the interannual variability in budburst timing and any long-
term trends or shifts. On the interannual scale, Australia’s
climate is influenced by a range of oceanic-atmospheric
climate modes [34]. The three major climate drivers that
influence the continent are the El Nifio/Southern Oscillation
(ENSO), Indian Ocean Dipole (IOD), and Southern Annular
Mode (SAM), as summarised in Table 1.

In Australia, Jarvis et al. [29, 39] have conducted several
studies investigating the influence of climate drivers on wine
regions [39, 40]. Their analysis showed that ENSO and 10D
influence wine grape maturity, with the IOD being most
influential for eastern wine regions. This research included
a springtime temperature parameter (summed maximum
daily temperature); however, this was assessed through the
lens of timing for wine grape maturity rather than budburst.
Furthermore, the potential impact of SAM was not
addressed. Therefore, the influence of Australia’s climate
drivers, specifically on budburst timing, remains a signifi-
cant knowledge gap.

Compounding interannual climate variability is the
impact of anthropogenic climate change, which manifests in
a long-term increasing trend in air temperature (crucial for
budburst). Climate change impacts have already been ob-
served, with Australia’s climate warming by 0.9°C since 1910
[34]. Springtime temperatures (when budburst occurs) are
increasing more rapidly than temperatures during other
times of the year [41]. There is evidence that increasing
temperatures are being experienced across Australian wine
regions [13, 14, 16]. However, to date, there has not been an
Australia wide study of the impact of such temperature
trends on the timing of budburst.

This paper aims to investigate variability in the timing of
budburst across Australian wine regions (since 1910) and
assess any temporal trends and their causes. To date, this has
been the first paper to investigate the combined spatial and
temporal variability of wine grape budburst. By character-
ising trends in budburst timing and identifying climatic
influences, these findings can help inform tactical and
strategic vineyard management practices and future plan-
ning to promote the continuation of the renowned Aus-
tralian wine industry.

2. Materials and Methods

2.1. Study Area. Australia’s diverse climate and elevation
enable vineyards to grow over 146 grape varieties ranging
from cool climate to hot climate wines [42, 43]. Shiraz,
Cabernet Sauvignon, and Chardonnay are the most popular
wine cultivars accounting for over 60% of the 2021 total
crush [44]. This study reviews spatial and temporal trends
relevant to the Shiraz wine grape, known to have an early to
midseason budburst.



Australian Journal of Grape and Wine Research

BI[EI)SNY WIAYINOS AJIIewLId

jseaynos Aprernonted ‘erensny jo 1O

BI[RIISNY UWISYIION pU® UI2)Sed A[LIewriJ

(8¢ “c¢]

Arsea axowr ypaou [[ids 03 ITe d1OIBIUY OPOUT JAILSIU ) UT SBAIIYM dInjeradurd)
Suusnpur pue YHIoU SUTAOUT SYIIGINO ITe STDILIUY JIQIYUT SUONIPUOD
asay) ‘oseyd aantsod a1y u 'suordar rejod ursynos pue sd>rdon) ) ULIMIAq
s)senuod arnjeradwa) AQ USATIP spuIm A[Ia)sam ur sagueyd Aq paumap ST VS
[9¢] (eaneSou qOI SuLmp INd20 0} SPUd) ISIFAI
o) O[IYM) TYJedM AID PUE WLIEM [JIM PIJRIDOSSE ST 2ANISOd (JO] UL 2I0UYM “ULDQ
uerpu] Tesrdox) oy ut Jusrpelsd smjeradurs) 20eJIns Bas & AQ USALIP d1€ SJUIAS (OI
[s¢] aseyd eurN e a3 SuLmp s1ndo0 9j1s0ddo ) S[TYM ToTeaM AIP PUR ULIEM [)TM
pajemosse aq 03 spuay aseyd (aansod OSNF) OUIN d oY, 'UeadQ) dYIdEJ Teriojenbs
a1} Jo suonIpuod dlaydsote pue Ueado JY) Ul sa3ueyd £q USALIP oI€ SIU2Ad QSN

(JNVS) 9pOIA Ienuuy UISYINOS

(aor) erodig ueadQ uerpug

(OSNH) uone[[sQ UIYINOS-OUIN [

(errensny
uryim) souanjjur reneds

ayewrpd
uerpensny uo joedur
pue uondriosap Jorrg

SIOALIP )W)

‘JelWI[d UeIfeI}SNY 20USNJUI Jey) SISALIPp ajewI[) ] HTdV],



The Wine Australia Geographic Indicators (GIs) identify
unique wine regions within Australia and were used to
define the study area, as shown in Figure 1. The study area
has approximate longitude limits of 135.7° to 153.7°and
approximate latitude limits of —39.5° to —23.6", covering an
area of 2 262 508 km®.

2.2. Data. Gridded daily minimum and maximum tem-
perature data at 5km resolution from 1910 to 2019 were
sourced from the Bureau of Meteorology (BOM). The av-
erage daily temperature (required for the modelled budburst
date analysis) was generated from the daily maximum and
minimum values.

Indices representing the large-scale climate modes
(ENSO and IOD) were obtained from the KNMI explorer
(https://climexp.knmi.nl/start.cgi), while the SAM index was
obtained from the NOAA Physical Sciences Laboratory
(https://psl.noaa.gov/data/20thC_Rean/timeseries/monthly/
SAMY/). The index value for each year was extracted for the
average of July, August, and September (three months
leading up to typical budburst in the Southern Hemisphere).
Data were extracted for 1910-2019 for ENSO and IOD and
1910-2012 for SAM (note this is due to the limitations of the
index availability post 1912).

For the IOD, in addition to the Dipole Mode Index
(DMI), the individual poles of the dipole (Eastern Pole and
Western Pole) were also investigated, as previous research
highlighted that these regions often have a stronger tele-
connection to the Australian climate than the dipole itself
[36]. Table 2 provides more details of the index (indices)
representing each climate driver, while Figure 2 illustrates
each climate driver’s climate phase (positive and negative)
during the study period. The individual poles of the IOD
display a positive trend, consistent with the well-
documented warming of the Indian Ocean [47].

3. Methods

By following the method of Hall et al. [6], the budburst date
was calculated using a growing degree day (GDD) equation
with a base temperature of 4.5°C (GDDA4.5). The modelled
budburst date is calculated as the number of days after 1st
July on which accumulated daily GDD4.5 reaches
450 days °C. The output from this calculation represents the
number of days after 1st July on which budburst theoreti-
cally occurred; for example, 31 represents 1st August. This
calculation has been developed for Shiraz wine grapes. The
modelled budburst date (herein referred to as a “budburst
date”) was calculated for the entire Australian grid using
Python coding software from 1910 to 2019.

The method proposed by Hall et al. [6] was chosen
because of its recent development and relevance to Aus-
tralian conditions. As highlighted in the Introduction, Hall
et al. [6] also validated their metric against observed bud-
burst dates from vineyard phenological records. To ensure
consistency within our study, we compared our modelled
budburst dates to observed/recorded dates presented in the
literature for 58 vineyards and/or years. We found the
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methodology of the modelled budburst date of Hall et al. [6]
to be comparable to the existing literature, including ob-
served records.

Spatial statistics within ESRI ArcGIS were used to de-
termine budburst statistics including the spatial median,
minimum, maximum, and majority budburst dates for each
wine region. Zonal statistics were used to determine the
median budburst dates across the wine regions.

A time series analysis of yearly budburst dates was
conducted to assess both linear and nonlinear trends at
a wine region level. Two nonparametric tests were used: (1)
Mann-Kendal test to determine significant linear trends in
the time series and (2) distribution-free cumulative sum
(CUSUM) to test if the mean is statistically different across
two time periods to determine step changes in the data over
time. TREND software [48] and the Mann-Kendall package
developed for Python software [49] were used for processing
the analysis.

Budburst dates were grouped into positive and negative
phases of each climate driver (ENSO, IOD, and SAM) to
assess potential associations between budburst date and
climate drivers. A positive (negative) phase was defined as
climate index values > 0.5 (<—0.5) standard deviations from
the mean [36]. Student’s t-tests were applied to assess the
statistical significance of observed differences in the means
of climate groupings, whereby:

(i) If a p value is>0.05, the difference in the mean
between the two datasets is not significant

(ii) Ifa p value <0.05, the difference in the mean between
the two datasets is significant

Lastly, to assess the magnitude of influence of large-scale
climate drivers, the mean budburst date for each climate
phase (positive/negative) was calculated for each wine region
and each climate driver. Box plots of budburst dates per
phase (including neutral phases) were also generated to
visually illustrate the magnitude of climate drivers’ influence
on selected wine regions.

SciPy and Seaborn Python software packages were used
to undertake statistical analysis and visualisation in relation
to interannual variability [50, 51].

4. Results

4.1. Spatial Variability of Budburst Timing across Australian
Wine Regions. The spatial variability in the timing of
modelled budburst dates within Australian wine regions
was first assessed. It was found that the majority of Aus-
tralian wine regions have the median budburst date during
September (calculated over 1910-2019) (Figure 3(a)).
However, this can be as early as mid-to-late August for the
South Burnett, Hastings River, Margaret River, and Swan
District wine regions. For regions at higher elevation, the
budburst date extends into October. The cool climate
Tasmanian wine region has the latest budburst date of all
regions, where budburst tends to occur in November,
including some areas that do not reach the budburst
temperature accumulation threshold before the end of
the year.
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6 Mudgee 22 Manjimup 38 Heathcote 54 Mount Gambier
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8 Hunter 24 Pemberton 40 Goulburn Valley 56 Riverland
9 Hastings River 25 Swan District 41 Glenrowan 57 Robe
10 New England Australia 26 Yarra Valley 42 Geelong 58 Southern Fleurieu
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14 Gundagai 30 Strathbogie Ranges 46 Adelaide Plains 62 McLaren Vale
15 Hilltops 31 Rutherglen 47 Barossa Valley 63 Adelaide Hills
16 Tumbarumba 32 Pyrenees 48 Clare Valley 64 Tasmania

FIGURE 1: Location and elevation of the 64 established Australian wine regions (elevation data obtained from Geoscience Australia [43]. (A)

South Australia, (B) eastern Australia, and (C) Western Australia.

The minimum (i.e., earliest) and maximum (i.e., latest)
budburst dates across the study region are shown in
Figures 3(b) and 3(c). The results confirm that no wine
regions have experienced budburst prior to August (based

on our metrics). The regions that experience the earliest
budburst date (August) are South Burnett, Hunter, Hastings
River, Shoalhaven Coast, Peel, Perth Hills, Geographe, Great
Southern, Margaret River, Pemberton, Swan District,
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TaBLE 2: Climatic indices used in this study.

Climate drivers

Dataset

ENSO
Eastern pole of the IOD (I0OD-E)

Western pole of the IOD (I0D-W)
10D

SAM

Nino 3.4: monthly version of HadISST sea surface temperature, averaging anomalies
over region lon =-170-120, lat=-5-5" [45]
SEIO: monthly version of NOAA ERSSTv5, averaging anomalies over region
lon =89-111, lat=-11-1° [46]
WTIO: monthly version of NOAA ERSSTv5, averaging anomalies over region
lon=49-71, lat=-11-11°, [46]
DMI: Difference between IOD-E and IOD-W [46]
Represented by the Antarctic Oscillation (AAO): defined as the leading principal
component (PC) of 850 hPa geopotential height anomalies south of 20S (Thompson
and Wallace 2000)

SAM
o
|

1910

T T T T T T T T T T
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

F1GURE 2: Time series of averaged July, August, and September climate indices for ENSO, DMI, DMI-E, DMI-W (1910-2019), and SAM
(1910-2012). Dark blue indicates that the index is positive. Dark red indicates that the index is negative.

Kangaroo Island, and Southern Flinders Ranges. Regions with
a minimum budburst date within early October include
Orange, Canberra District, Hilltops, Tumbarumba, Upper
Goulburn, Strathbogie Ranges, Macedon Ranges, King Valley,
Beechworth, and Alpine Valleys. All other wine regions
(including Tasmania) have a minimum date in September and
are located at higher elevations. Maximum budburst dates are
more varied than other statistics (Figure 3(c)). For example,
the latest budburst date that occurs for the Margaret River and
Swan District is mid-to-late August, while budburst can occur
as late as December for Canberra District, Yarra Valley,
Upper Goulburn, Grampians, Alpine Valleys, and Tasmania.
Again, wine regions located at higher elevations experience

later budburst dates.

The median zonal statistics were calculated to identify
the budburst date across each wine region (Figure 3(d)).
Results show that a typical wine region in Australia would
experience budburst in late September (25th September).
The minimum and maximum budburst occur on 14th
September and 16th October, respectively.

Figure 4 highlights the historical range (over the 110-
year period) in budburst timing for each wine region
(organised in ascending order of the median budburst date).
The variability in budburst timing for individual wine re-
gions is considerable, with the majority of wine regions
exhibiting a range of six weeks between the historical
minimum and maximum budburst date. Wine regions that
experience a lower degree of variability (less than a week
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FIGURE 3: Summary statistics of modelled budburst timing across Australian wine regions between 1910 and 2019(a) median, (b) minimum,
(c) maximum (d) zonal median across wine regions.
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FIGURE 4: -Distribution of modelled budburst dates for Australian wine regions between 1910 and 2019, in ascending order by mean date,
showing Queensland (purple), New South Wales (green), Victoria (orange), South Australia (yellow), and Tasmania (pink).
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FIGURE 5: Time series maps (1910-2019) for selected wine regions showing the yearly median modelled budburst date (grey line) and the 20-
year moving average trend (dark red line): (a) Beechworth, (b) Upper Goulburn, (c) Canberra, (d) Peel, (e) Barossa, and (f) Hunter wine
region.

between the historical range) include Langhorne Creek,  expected due to the large geographic domain. Indeed, these
Mount Benson, Coonawarra, Perricoota, Padthaway, Swan  results should be considered alongside the variability in the
Hill, Wrattonbully, and Robe. Tasmania has the largest range ~ geography of wine regions (i.e., size, topography, and as-
in budburst dates, with 16 weeks between the minimum and ~ pect). For example, the Riverina GI wine region covers
maximum. However, it is noted that the Tasmanian wine 78,000 km?, and as such, it is expected to have a larger
region covers the entire state, and therefore, a higher rangeis  variation in geography than smaller scaled wine regions.
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TaBLE 3: Trend analysis of Australia wide average time series (1910-2019) of modelled budburst dates.

Modelled budburst statistic Statistic test Result Interpretation
Minimum Mann-Kendall p (0.01) Decreasing trend

CUSUM p (0.05) year change =1978 Data in earlier years are higher than in later years
Maximum Mann-Kendall p (0.01) Decreasing trend

CUSUM p (0.01) year change=1978 Data in earlier years are higher than in later years
Median Mann-Kendall p (0.01) Decreasing trend

CUSUM p (0.05) year change =1978 Data in earlier years are higher than in later years

Other regions with a large range (more than 6 weeks) in-
clude Yarra Valley, Hunter, Alpine Valleys, Grampians,
Upper Goulburn, Canberra District, New England Australia,
King Valley, Tumbarumba, and Beechworth.

Opverall, the spatial variability observed is consistent with
the known climate of the wine regions. For example, regions
that are known to experience warmer conditions, such as
Swan District, Hunter Valley, or Riverland, have been
identified to be experiencing budburst earlier in the season
compared to regions with cooler climate conditions, such as
Yarra Valley, Canberra, and Orange. However, it is also clear
(from the range in dates for individual wine regions) that each
region has experienced considerable temporal variability in
budburst timing. This will be further explored in Section 4.2.

4.2. Temporal Variability of Budburst Timing for Australian
Wine Regions. To analyse temporal trends in the timing of
modelled budburst dates between 1910 and 2019, a subset of
representative wine regions was initially chosen to apply
trend statistics using the median budburst date across the
wine region. Wine regions were selected, taking into con-
sideration location and topography. The time series graphs
are shown in Figure 5 with (A) Beechworth, (B) Upper
Goulburn, (C) Canberra, (D) Peel, (E) Barossa, and (F)
Hunter.

The time series of budburst dates for Canberra
(Figure 5(c)), Peel (Figure 5(d)), and Barossa (Figure 5(e))
displays a clear advancement in budburst dates (occurring
earlier) for the recent period, whereas budburst dates for
Beechworth (Figure 5(a)), Upper Goulburn (Figure 5(b)),
and Hunter (Figure 5(f)) appear more stable throughout
120 years (i.e, no obvious linear trends). Interestingly,
budburst timing at Beechworth (Figure 5(a)) during the
most recent 20 years appears similar to conditions from the
beginning of the twentieth century (both periods display
early budburst timing at this location). Furthermore, all
regions show a high degree of year-to-year variability in the
timing of budburst, which is explored further in Section 3.

To further investigate these apparent trends, the Man-
n-Kendall and CUSUM tests were applied to the minimum,
maximum, and median budburst date time series data. As an
initial assessment, individual wine region dates were collated
into a single averaged time series of minimum, maximum,
and medium budburst dates for each year to test for general
trends across the collective regions (Table 3). All three
statistics (minimum, maximum, and median budburst)
exhibit a statistically significant decreasing trend according
to the Mann-Kendall test, highlighting that the budburst

date has been occurring earlier in the year in recent decades.
Furthermore, the CUSUM test identified a step change in the
time series data in 1978, with budburst occurring earlier in
the season after this year. The step change for maximum
budburst showed the strongest statistical significance (p
=0.01) compared to other datasets.

Temporal trends of budburst dates for each wine region
were then subsequently analysed to determine if the changes
observed in Table 4 and Figure 5 occur across the majority of
wine regions, or if these trends are dominated by particular
regions. In this case, the Mann-Kendall statistic was used to
determine the direction (i.e., increasing or decreasing) of the
trend for the median budburst dates within each wine region
over the study period (Figure 6). The results confirm that the
budburst date has advanced in recent decades for the ma-
jority of wine regions. However, some wine regions show no
trend in the budburst date, including Alpine Valleys,
Bendigo, Clare Valley, Cowra, Goulburn Valley, Gundagai,
Heathcote, Hilltops, Mudgee, Padthaway, Perricoota, Pyr-
enees, Riverina, Rutherglen, Southern Flinders Ranges,
Strathbogie Ranges, Swan Hill, Upper Goulburn, and
Wrattonbully. The majority of these wine regions share the
characteristics of being cool climate wine regions and are
located at higher elevation, with the exception of the Riv-
erina wine region. Three wine regions, Glenrowan, Beech-
worth, and King Valley, display an increasing trend,
indicating that budburst for these regions has been occur-
ring later in the year in recent decades. Interestingly, these
wine regions are also cool climates and at higher elevations.

The Theil-Sen Slope of the Mann-Kendall statistic was
calculated to quantify the rate of change (days/years) in
budburst timing experienced across the wine regions
between 1910 and 2019 (rates for each wine region are
included in Supplementary Table 1). The rates of change
are between —0.11 days per year at Adelaide Hills and
0.74 days per year at Beechworth. The average rate of
change in modelled budburst dates across Australian wine
regions is —0.04 days per year. This equates to the budburst
shifting one day earlier every 24 years. However, this
could be as quick as one day every nine (9) years, as seen at
Adelaide Hills.

4.3. Impact of Large-Scale Climate Drivers on Budburst
Timing. To investigate potential relationships between
large-scale climate models and budburst timing, modelled
budburst dates were grouped according to the climate phase
(positive or negative) and Student’s t-test was applied. The
results are summarised spatially in Figure 7. Additionally,
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TaBLE 4: Change in minimum, maximum, and average modelled budburst between positive and negative climate phases, calculated between

1910 and 2019

A mean ENSO 10D IOD-E 10D-W SAM
Min -2.64 -8.15 -8.54 -6.26 -5.00
All wine regions Max 1.78 0.67 4.38 3.14 3.30
Average -0.34 -3.44 -2.06 -1.87 —-0.42
Min — -8.15 -8.54 -6.26 -5.00
Only wine regions with t-testp value <0.05 Max — -2.79 -3.38 3.14 3.30
Average — -4.73 -5.33 -3.77 -2.22
*A negative value indicates that budburst occurs earlier during the positive phase of the respective climate driver.
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FiGure 6: Mann-Kendall trend of modelled budburst timing between 1910 and 2019.

individual wine region results are included in Supplemen-
tary Table 2. To quantify the magnitude of the change in date,
the mean budburst date for each climate phase was calcu-
lated for each wine region and climate driver. The difference
in the mean budburst date between different phases is shown
in Supplementary Table 3 and summarised in Table 4.

A statistically significant difference in the mean budburst
date between positive and negative phases of the climate
modes was identified for almost three-quarters (72%) of the
wine regions. IOD and SAM had the greatest impact on
budburst timing of three climate drivers, while no significant
relationship was identified with ENSO phases.

The IOD has been shown to influence most wine regions
(55%), as shown in Figure 7(b). The geographic impact is
substantial, influencing wine regions across eastern Aus-
tralia, including South Australian wine regions, as well as
Pemberton and Great Southern wine regions located in
Western Australia. Results highlight that during the positive
IOD phase, budburst occurs 4.7 days earlier on average. Of
different IOD indices, IOD-E has the largest influence on
budburst causing budburst to occur on average 5.3 days
earlier under positive conditions (i.e., warm SSTs in the
northeast Australian region); however, it could be as high as
8.5 days (seen in the Granite Belt). IOD-E modulates 20% of
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FIGURE 7: t-test statistic between the climate index and the modelled budburst date for (a) ENSO, (b) IOD, (c) IOD-E, (d) IOD-W, and (e)

SAM.

wine regions, with a diverse geographic influence, as shown
in Figure 7(c).

Furthermore, 39% of wine regions are influenced by the
IOD-W climate driver, as shown in Figure 7(d). When SSTs are
warmer than usual in this region, the budburst date shifts
3.8 days earlier on average. All Western Australian wine re-
gions are influenced by IOD-W. The SAM was also identified
as a significant influence on a small number of wine regions,

including Granite Belt, Hastings River, South Burnett, and
Perricoota. A positive phase of the SAM in this case results in
the budburst date shifting 2.2 days earlier on average.

To observe the full range (rather than just the median) of
the budburst date that has occurred within the different
phases of each climate mode, a selection of representative
wine regions was chosen, and boxplots of budburst dates
were constructed according to each climate phase (i.e.,
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FIGURE 8: Box plots of modelled budburst dates stratified according to negative (green), neutral (yellow), and positive (purple) of the climate
drivers for wine regions: (a) South Burnett, (b) Canberra, (c) Barossa Valley, (d) Beechworth, (e) Margaret River, and (f) Tasmania.

positive, neutral, and negative, Figure 8). The example wine (b) Canberra: a central NSW region that demonstrated

regions were chosen to take into consideration location, association with all IOD indices

topography, and ¢-test results:

(c) Barossa: a significant South Australian wine region
that demonstrated an association with IOD
and IOD-W,

(a) South Burnett: a north-eastern wine region that
demonstrated an association with IOD, IOD-E
and SAM
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(d) Beechworth: a central Victoria wine region that
demonstrated an increasing temporal trend and no
association with climate drivers

(e) Margaret River: a significant Western Australian
wine region that demonstrated an association
with IOD-W

(f) Tasmania: a southern wine region that demonstrated
an association with the IOD

The box plots confirm the influence of the climate drivers
on the distribution of historical budburst dates. This is quite
compelling for some locations. For example, in the South
Burnett (Figure 8(a)), the interquartile range (i.e., 50% of the
data) of budburst timing does not overlap between the
positive and negative phases of IOD or IOD-E. This high-
lights the particularly strong influence of climate drivers on
this wine region. Additionally, the South Burnett was also
shown to be influenced by SAM, while the interquartile
ranges of the positive and negative phases are unique
(suggesting an association), and it is noted that the positive
and neutral phases share a similar range, with the negative
phase showing a higher (later) range of budburst. A strong
influence by the IOD is observed in Figure 8(b) for the
Canberra wine region, with budburst date distributions
being distinct between positive and negative phases of the
IOD. Consistent with the ¢ -test analysis, the box plots do not
suggest a relationship between ENSO and budburst.

There are some unexpected results when observing
the box plots, such as the Barossa Valley (Figure 8(c)),
which shows an overlap of the interquartile range of both
the positive and negative phases; however, the neutral
phase demonstrates a lower (earlier) budburst date.
Furthermore, Beechworth (Figure 8(d)) did not dem-
onstrate an association with any climate drivers using the
t —test; however, the boxplot for IOD-E displayed a small
range of budburst during the positive phase compared to
a much large range for both the negative and neutral
phases (i.e., budburst is more variable during IOD-E
negative for this region). These results indicate there
may be subtle impacts that warrant further investigation
of climate driver influence at the wine region scale or even
the vineyard scale.

5. Discussion

This study aimed to assess the spatial variability in the timing
of budburst for wine grapes across Australian wine regions
and investigate long-term trends and interannual variability.
To achieve this, we calculated a theoretical (modelled)
budburst date for each year (1910-2019) using a GDD
calculation with a base of 4.5°C and a threshold of 450 as
proposed by Moncur, Rattigan et al. [23] and recently
validated by Hall, Mathews et al. [6]. This was applied to
spatially gridded temperature data that covered all Aus-
tralian wine regions. The spatial analysis demonstrated that
the timing of budburst dates varies significantly across
Australian wine regions. Results show that budburst is ex-
pected to occur in September (with an overall median date of
25th September). However, some regions experience the
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budburst in late August, whereas for regions at elevation,
this can extend into October. Indeed, elevation appeared to
be the main driver in the spatial patterns observed. It was
also noted that regions with low elevation, but a cool climate,
experienced an earlier budburst date than regions with
higher elevation and an intermediate/warm climate wine
classification.

Temporal analysis was conducted to determine trends
in budburst timing, namely, determining the gradual
linear trends associated with the impacts of anthropo-
genic climate change and interannual variability asso-
ciated with climate drivers. A time series analysis
confirmed that the budburst date has been occurring
earlier in the year (since 1978) for the vast majority of
wine regions. However, the Mann-Kendall analysis also
identified an increasing or no trend in a budburst date for
a small number of wine regions. This may be due to the
start of the record (1910-1920) corresponding to a very
warm and dry period of the Australian climate (which
advanced budburst for at least some regions during this
time (e.g., Beechworth).

The Theil-Sen Slope results estimated that the budburst
date progressively occurs on average one day earlier every
24 years; however, this could be as quick as one day every
nine years for some wine regions. This continued shift to
earlier budburst timing coincides with the well-established
trend in air temperatures associated with anthropogenic
climate change. Indeed, Australian air temperatures have
warmed by 1.4°C since 1910, and since 1950, every decade
has been warmer than the decade prior [34]. This study
considers the rate of change over the entire time period
(1910-2019); however, given the accelerated temperature
increases in the last 20 years, it would be hypothesised that
the advancement of the budburst would be more pro-
nounced in the twenty-first century.

In this study, we have focused on historical trends in
budburst timing over the instrumental period; however,
further research should be conducted to quantify changes to
budburst dates under future climate change scenarios. Re-
search has shown that the global surface temperature will
continue to increase regardless of which future emission
scenario eventuates, with best estimates showing the in-
crease between 1.5°C and 4.4°C by 2100 [52]. Due to the
projected acceleration of temperatures, future changes in
budburst timing may be more dramatic, which could result
in an increased risk of dual warming as budburst shifts
earlier in the season while advancing to grape maturity
timing, as suggested by Jarvis, Barlow et al. [39] and Webb,
Whetton et al. [8].

A temporal analysis was also conducted to determine the
influence of large-scale climate drivers on interannual
variability in budburst dates. This was investigated by
grouping budburst dates into the three phases of each cli-
mate driver (positive, negative, and neutral) due to previous
studies highlighting the frequent nonlinear impacts of
drivers on the Australian climate [53]. Using Student’s t-test,
a statistically significant relationship was observed between
the budburst date time series and the indices of climate
drivers for 46 wine regions in Australia (72% of wine
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regions). Somewhat surprising (due to the well-known in-
fluence of ENSO on the Australian climate), the ENSO was
not shown to have a significant association with budburst
timing for Australian wine regions. However, this is likely
due to the very specific timing of budburst during spring. As
noted by Jones and Trewin [35], the ENSO has a much
smaller impact on cool season temperatures than on warm
season temperatures. Furthermore, the ENSO tends to
impact the diurnal range more than the average temperature
(which is the metric used here for budburst). As such, al-
though the ENSO may not be the main driver of budburst
timing, it may influence the timing of other phenological
stages in warmer months; for example, Jarvis, Darbyshire
et al. [29] showed that the ENSO can impact wine grape
maturity timing.

Of all the three climate modes studied here, the IOD
exhibited the most widespread influence, resulting in a sig-
nificant impact on budburst timing for wine regions located
on the northeast coast and SA, as well as a few regions in
WA. The individual poles of the IOD (IOD-E and IOD-W)
also showed an association with budburst, with IOD-E
demonstrating the strongest relationship. The findings
presented here are consistent with those in previous studies
that have highlighted that the IOD has the most influence of
large-scale drivers on Australian air temperature during
winter and springtime [14, 54-56].

The SAM was shown to significantly influence budburst
timing for wine regions located at Granite Belt, Hastings
River, South Burnett, and Perricoota. Previous research has
identified that the positive phase of the SAM during cooler
months is typically associated with drier and cooler con-
ditions over the southwest and southeast coast [38, 55].
However, the wine regions with significant SAM impacts on
budburst identified in this paper are not spatially consistent,
suggesting that there may be other modes masking the
influence of the SAM (such as the IOD and ENSO). Further
research is required to assess multimodel impacts (ie.,
drivers acting in combination) on budburst dates. This may
also assist in untangling ENSO impacts that may not be
observable in isolation.

Several wine regions showed no influence (in terms of
budburst dates) by any of climate drivers including, Alpine
Valleys, Beechworth, Bendigo, Clare Valley, Goulburn
Valley, Heathcote, Hilltops, King Valley, Murray Darling,
Padthaway, Pyrenees, Riverina, Riverland, Rutherglen,
Southern Flinders Ranges, Strathbogie Ranges, Swan Hill,
and Wrattonbully. These wine regions share characteristics
of being inland wine regions with lower interannual vari-
ability in their budburst date. As such, these regions are
more highly influenced by the long-term temperature in-
crease rather than interannual climate modes.

This study focused purely on the average air temperature
in the accumulation metric to model budburst timing since
this has been identified as the most influential parameter
[28]. However, other studies have also suggested that
maximum temperatures may influence early season phe-
nological events such as budburst, even more than tem-
perature accumulation [4]. Beyond temperature, there are
other influences such as winter dormancy or sunlight hours
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and nonclimate influences, such as management techniques,
which can advance or delay budburst [27, 57]. These metrics
could also be considered in future research, particularly in
developing adaptation plans to combat changes in the timing
of various phenological stages of wine grapes.

It is acknowledged that the primary limitation of this
study is the theoretical calculation of budburst that may not
align with actual budburst occurrence at the vineyard scale.
However, in the absence of long-term observational datasets,
the modelled dataset represents a reasonable approach to
study variability in the budburst date, allowing for long-term
trends to be assessed. It is reccommended that these findings
should be used to inform vineyard scale practices; further
refinements would be required, taking into account the
observed budburst. Nonetheless, through understanding the
potential impact of climate influences, tactical and or
strategic planning can be conducted; e.g., weather fore-
casting may identify positive IOD influences coming into
spring, allowing vineyards to consider the potential of earlier
budburst. A further limitation of our study is that the ac-
cumulation threshold applied here was derived primarily for
Shiraz, and different cultivars may display varying sensi-
tivities to temperature accumulation. As such, the thresholds
would need to be defined at the vineyard scale and for each
cultivar in order to use this as a guide for individual vineyard
management practices. Nonetheless, in this research, we
focus purely on trends and identification of influences at the
wine region scale, which are likely to be insightful for a range
of cultivars.

Overall, there are a number of management implications
arising from the results of this study. First, budburst oc-
curring earlier in the year may pose an additional risk from
frost postbudburst. El Nino is associated with a decreased
cloud cover that often leads to cooler than average night time
temperatures during winter—spring, leading to 15-30% more
frost days, particularly across eastern Australia [58].
Therefore, although the ENSO may not be the main driver of
budburst timing, the combination of IOD positive and El
Nino could pose a significant risk of early budburst and
increased frost risk.

Second, this research has demonstrated that budburst
may occur in September, which has implications for the
accuracy of phenological models, which typically use Ist
October to describe the beginning of the growing season and
may not capture an early phase of growth under a changing
and variable climate. For example, extrapolating the trend in
budburst advancement at a similar rate to the last ~40 years
(i.e., no further acceleration), budburst by 2100 for a typical
wine region could occur in early September, and regions
currently experiencing earlier budburst may experience
budburst in mid-August. It is recommended that future
research should identify potential changes to budburst
timing as well as other phenological stages under future
climate change projections to quantify and assess impacts.
Third, numerous studies have found advancement in ma-
turity and harvest dates, which are measured as days from
budburst [7, 14, 16]. Considering this research, it is found
that the budburst date is occurring earlier, and questions are
raised about whether the maturity is also occurring earlier or
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if the season is shifting. Further research should be
conducted to consider the whole-of-life phenological
cycle. Finally, although we have focused on the large-
scale, Australian context, this work is relevant for other
global wine regions where relationships have also been
identified between local climatic drivers and wine grape
phenology.

6. Conclusion

This study improves our understanding of budburst
timing for wine grapes across Australian wine regions by
demonstrating the spatial and temporal trends in mod-
elled budburst dates. Spatial trends demonstrate that the
majority of Australian wine regions have the median
modelled budburst date during September; however, this
varies (ranging between August and November),
depending on geographical locations. A temporal analysis
showed that modelled budburst dates have been pro-
gressively occurring earlier in the year for most wine
regions over the 1910-2019 study period and highlighted
significant interannual variability associated with large-
scale climate drivers, the Indian Ocean Dipole (I0OD) and
Southern Annular Mode (SAM).

The research presented here may assist in developing
management practices to minimise the temperature-
related vulnerability of wine regions both in the short
and long term. For example, climate driver forecasts are
made up to six months in advance by the Australian
Bureau of Meteorology (BoM) and other organisations,
which could provide lead time in early or delayed bud-
burst. However, it is noted that this should be considered
with regard to the limitations linked to the methodologies
discussed above, alongside additional future research
opportunities.

In terms of long-term planning for climate change, the
temporal trends in budburst timing noted here are partic-
ularly important. It is projected that the surface temperature
trends will be accelerated in coming decades, and at the same
time, large-scale climate drivers may increase amplitude and
frequency. Collectively, this may cause future changes in
budburst timing to be more dramatic. This may also disrupt
the subsequent stages of the phenological cycle and place
wine grapes at greater risk from frost damage as budburst
shifts earlier. Therefore, this information is crucial to prepare
robust adaptation plans and identify future opportunities for
the Australian wine industry.
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