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Abstract

Rising temperatures cause advanced phenology of grapevines and increased sugar concentration in
berries, which ultimately modify variety suitability in a given region. Here, four bioclimatic indices
and a refined Grapevine Sugar Ripeness (GSR) model were employed to assess the suitability of six
winegrape varieties across six winegrape-growing regions of China under historical climate
conditions (1961-2020). First, four indices were compared between two periods, one before (P1)
and one after (P2) an abrupt climate change events identified during 1988-2002 in these regions.
Results showed three temperature related indices increased in six regions while the firstfall frost
day (FFD) was delayed by 0-16 days in five out of the six regions during P2 ¢ompared with P1.
Second, GSR model was applied to simulate target sugar concentrations as a‘proxy for grape harvest
dates (GHDs). Direct utilization of original GSR model yielded unsatisfactory)predictions with clear
bias. Consequently, GSR model was recalibrated with localhdata’/to obtain an acceptable
performance with R? and NRMSE values of 0.83 and 2.8% as-well as 0.83 and 3.1% for the
calibration and validation datasets, respectively andvfurther,simulated GHDs of six varieties with
advanced values of 6-30 days in six regions for'P2 in-comparison with P1. To provide a holistic
view of freezing injury risk before harvest, cemprehensive freezing injury index (CFI) was
developed by integrating the frequencypduration, and severity of the freezing risk. CFl decreased
(2%-60%) during P2 in all regions and‘the magnitudes of decrease was elevation dependent. These
findings provide valuablg insights for the selection of varieties that can more reliably achieve fully
mature fruit, producing’mare balanced wines with greater typicity under warming climate.
Keywords

Grapeyine “sugar ripeness model - Bioclimatic index - Climate change - Grape harvest

dates - Freezing injury

Introduction

Climate change is an ongoing concern with potential impacts on crop production [1-2].
Grapevine is a perennial and highly climate-sensitive crop, making it vulnerable to climate change,
especially to rising temperatures and increased variability [3-7]. Extensive research has confirmed
that grapevines are influenced by microclimate, making them susceptible to the changes in

temperature. These changes can significantly affect the phenology, yield, and quality potential of
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winegrapes [8-11]. For example, advanced phenology due to rising temperatures may shift ripening
period into the warmest months of the year (July or August, instead of September in the Northern
Hemisphere), resulting in negative impacts on the balance between sugar, organic acids, and aroma
profiles [12-16]. Obviously, increasing temperatures pose a substantial threat to the production of
high quality wines. Consequently, it is crucial to address the challenges posed by climate change
and develop adaptation strategies to mitigate its impact on wine production. Understanding the
relationship between climate variables and the timing of ripeness for winegrapes can help to
minimize negative effects and optimize wine quality in a changing climate condition.

To investigate climate variations in winegrape-growing regions throughout histery and future
decades, researchers have utilized different bioclimatic indices as metrics to‘assess the suitability of
these regions for wine production and explore potential geographical shifts in response to climate
change. Commonly used indices include the Winkler index (W1)\[17] which is based on growing
degree days (GDD) [18], the Huglin index (HI) [19], and ceol night index (CI) [20], etc. These
indices have been widely employed to assess the suitability of winegrape-growing regions across
different countries under present conditions and\as, the result of climate change [21-26]. Studies
based on these indices have revealed that suitable-viticulture areas are expected to expand towards
higher elevations, higher latitudes,andcloser to the coast as the climate continues to warm. This
shift in suitability may result in the‘changes of winegrape varieties and wine styles within specific
regions as they adapt to alchanging climate [27-30]. Bioclimatic indices can help researchers to gain
insight into the potential)yimpacts of climate change on viticulture. These findings can assist
decision-makers,in the implementation of adaptation strategies for the wine industry in the face of
future climate challenges.

Several studies have emphasized the potential of the diversity of winegrape varieties as a lever
for adaptation to climate change [31-32]. Currently, over 6000 winegrape varieties of the Vitis
vinifera species have been identified [33-35], but only 16 varieties cover half the world’s winegrape
growing areas in 2016, indicating significant potential for enhancing variety improvement [36-37].
The timing of major phenological stages (budbreak, flowering, véraison) depends on the variety
(genetic component) and on the climate (in particular temperature, environmental component) [38].
Hence, the phenology of grapevine varieties is a sensitive biological indicator of climate change and

an important criterion for evaluating variety suitability [28,39]. The warming climate has already
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affected grapevine phenology and this trend is predicted to continue [40-42]. This advancement in
phenology leads to advanced ripening and higher sugar concentrations at harvest which translates
into higher alcohol wines after fermentation [43-45]. This goes against a global trend of consumers
are shifting to lower alcohol wines from a health and social perspective. Therefore, it is crucial to
understand how temperature impacts the timing of phenological stages across different varieties for
specific winegrape-growing regions.

Phenological models are useful tools for predicting grapevine development [46-48]. Several
studies have assessed the impacts of climate change on the timing of phenological stages,based on
phenological models in different winegrape-growing regions of the world [49:51]\These models
primarily use temperature as input data as well as employ a start date and‘temperature thresholds
that have been tested for numerous varieties under various climatic conditions [37,52-53]. Among
these models, the Grapevine Sugar Ripeness model (GSR; [53]), predicts the day of year (DOY) to
reach given sugar concentrations for a wide range of grapevine varicties. This model is valuable for
assessing variety suitability under climate change. Harvest'dates were shown to be well predicted
with the GSR model for Chardonnay, Cabernet-Sanyignon, Merlot, Pinot noir, Riesling, and Syrah
in Bordeaux, France; Champagne, France and Marlborough, New Zealand [54]. Modelled
simulations of phenology were also.acceptable in Mediterranean climate conditions, including GDD
and a Sigmoid model for budbreakyflowering, véraison, and harvest time [55-56]. However, only
few studies addressed the issue of assessing and predicting the phenology of winegrape varieties
with specific models, in“the winegrape-growing regions of China which has continental climate
conditions, different from the climates used in developing the GSR model. Wang et al. evaluated
the performance0f numerous models (GDD, BRIN, Caffarra’s, Wang and Engel’s model) for three
phenological periods (budbreak, flowering, and véraison) and proved their accuracy in winegrape-
growing regions of China [54]. Nevertheless, there is a lack of research on the simulation of grape
harvest dates, which is crucial for the assessment of cultivar suitability in a given region.

To obtain fully mature fruit at harvest is a prerequisite for the production of high-quality wine
showing the unique characteristics of a particular variety. However, achieving optimal ripeness can
be challenging in continental climates due to the threat of freezing injury before harvest, and may
significantly impact variety suitability in specific regions [57]. In these conditions, variety choices

as a function of local thermal conditions are of utmost importance to reach both yield and wine
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quality targets. Grapes need to reach full ripeness not too early in the season for optimal expression
of the variety’s distinctive traits and qualities, but early enough so that the grapes reach full ripeness
before the first frost event in the autumn. Currently, the low suitability between the ripeness of
winegrapes and their respective growing regions directly affects the expression of fruit quality and
serves as a concealed limiting factor for enhancing the quality of winemaking materials [58].

The northern winegrape regions of China are characterized by a typical continental monsoon
climate, which necessitates the covering of most grapevines with soil during the winter to avoid
frost damage to the perennial parts of the vine [59]. Like other major international’ winegrape-
growing regions, Cabernet-Sauvignon covers over 50% of the total planted winegrape area in China
[60], despite the large diversity in climate conditions. Hence, this raise§, the_question whether
Cabernet-Sauvignon is the most suitable variety for all these regions, ot if otheér varieties may be a
better fit to local climatic conditions and how varietal suitability evolves over time in a changing
climate. Bioclimatic indices and the GSR model are appropriate-tools to analyze the changes in
phenology and to assess variety suitability under evolving climate conditions in China for ensuring
a sustainable industry. This study focusses on'\the following aspects (i) analyze the trend of
bioclimatic indices in different wine-growing regions of China over the recent-past period (1961~
2020); (ii) explore the change of grape‘haryest dates for different target sugar concentrations; (iii)
and assess the suitability of six'winegrdpe varieties under conticlimate change conditions based on

the GSR model and the first/fall frost day (FFD).

Results

Climatic characteristics of each winegrape-growing region under climate change
Twelverrepresentative stations all experienced abrupt climate change over the past 60 years
(1961-2020) according to the Mann-Kendall trend test, and the abrupt years of each station ranged
from 1988 to 2002 (Table S1). Then, the range and average values of four climatic characteristics
as well as their change between P1 and P2 were analyzed in different winegrape-growing regions.
The range and average values of mGST were 17.1-21.9°C and 19.5°C during P1. The increase of
mGST ranged from 0.8°C to 1.7°C across the studied regions, wherein the mGST increased more
than 1.5°C in R2 (Ningxia) and R3 (Gansu) as well as above 1.0°C in R4 (Shandong) and R6

(Shanxi) during P2 (Fig. 1a). The mWI across the 12 representative stations showed a wide
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variation, ranging from 1344°C-d to 2177°C-d during P1, and increased to 1601-2445°C-d during
P2 (Fig. 1b). The trend of increased mWI was similar with the mGST in each region. The range and
average values of T_JUL were 21.5-26.6°C and 24.3°C during P1. The T_JUL increased by 0.7°C
to 1.9°C during P2 in comparison with P1. Among the locations, the increased T_JUL exceeded
1.7°C in R3 (Gansu) and 1.0 °C in R2 (Ningxia) and R6 (Shanxi) during P2 (Fig. 1c). However, the
FFD showed different patterns with the average values of 293 day (281-316 day) during P1 and 299
day (283-327 day) during P2. Its values slightly changed by 0.2 day and -0.9 day, respectively in
Hami (HM) of R1 (Xinjiang) and Miyun (MY) of R5 (Jing-Jin-Ji), significantlyﬁ%nced in
Longkou (LK) of R4 (Shandong) and Linfen (LF) of R6 (Shanxi) with the valuggI days and 16

days respectively, as well as 2-8 days in other regions during P2, respecti»%p d).

2000 2500 3000

mWI(°C d)

1500

16 20 24 28 275 300
T_JUL(°C) FFD(day)

Fig. 1. Ranges of average growing season mean temperature (mGST) (a), Winkler index (mWI) (b), average hottest
month temperature (T_JUL) (c), and first fall frost day (FFD) (d) during 1961-2020 for 12 representative stations in

China during P1 (before abrupt climate change; blue) and P2 (after abrupt climate change; red).
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Note: HM, YQ, HN, YC, WW, ZY, LK, PD, HL, MY, TG, and LF represent Hami, Yanqi, Huinong, Yinchuan,
Wauwei, Zhangye, Longkou, Pingdu, Huailai, Miyun, Taigu, and Linfen, respectively. R1, R2, R3, R4, R5, and R6
represent Xinjiang, Ningxia, Gansu, Shandong, Jing-Jin-Ji, and Shanxi regions, respectively.
Performances of the original and improved GSR models

The performance of the original and improved Growing Season Ripening (GSR) models were
evaluated by comparing simulated and observed grape harvest dates (GHDs) for each variety under
different sugar concentrations planted in 11 winegrape-growing stations (Table S2). The original
GSR model was found to be inaccurate for winegrape-growing regions in China, as indicated by the
clear bias, the high root mean-square errors (RMSE) of 15 days and 23 days, andthe normalized
root mean-square errors (NRMSE) of 6.1% and 9.1% for the calibrated“and.validated datasets,
respectively (Fig. 2a and 2b). To address this issue, we further tuned the\parameters of original GSR
model (see details in the materials and methods section). The results_indicated that the start dates
when temperatures were higher than 10°C for each winegrape-grewing region ranged from March
25 to May 3 in China (Table S3) and these values werewused to-set the to of the model. The parameters
(a and b) related to the thermal requirements F¥sarger Of each variety were re-estimated for the
modified GSR model (Fig. 8). It turned out that a-much higher value of thermal accumulation (F*s.
target) Was required for each of the six varieties to reach the same sugar ripeness in China than those
in the original model that was galibrated and validated in Europe. After this re-parameterization, the
RMSE of the improvedmodel was 7 days for model calibration and 8 days for model validation
(Fig. 2c and 2d). Maereover, the observed and simulated GHDs showed good agreement, with R?
values of 0.83.and 0.883 for the calibration and validation datasets, respectively. The improved model
achieved reasonable simulation of GHDs, with NRMSE values of 2.8% and 3.1% for calibration
and validation datasets, respectively. Generally, the improved GSR model, with adjusted parameters
(Table 1), demonstrated the better performance in simulating the GHDs, even though it slightly

underestimated the GHDs in the validation dataset (Fig. 2c and 2d).
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Fig. 2. Comparisons of simulated and observed grape harvest dates (GHDs) for two white and four red varieties for
original and improved GSR models. Dashed and black linigs represent 1:1 line and linear regression line, respectively.
Note: CH, CS, M, PN, R, and S represent €hardonnay, Cabernet-Sauvignon, Merlot, Pinot noir, Riesling, and Syrah,
respectively. RMSE and NRMSN representthe root mean-square errors and the normalized root mean-square errors
between observed and simuldted grape/harvest dates, respectively. N represent the number of observed data.

Table 1"The’modified parameters (a and b) of improved GSR model for six cultivars.

Cultivar a b Cultivar a b
Chardonnay (CH) 7.34 1680 Merlot (M) 7.05 1710
Riesling (R) 11.02 1160 Syrah (S) 7.02 1825
Pinot noir (PN) 5.36 1820 Cabernet-Sauvignon (CS) 8.04 1795

Change of GHDs under climate change

Fig. 3 illustrated the changes of predicted GHDs from the improved GSR model for six
varieties and four target sugar concentrations in six regions before (P1) and after (P2) abrupt climate
change event. The range and average of DOY for GHDs during 1961-2020 were 207-307 and 245
day, 222-335 and 259 day, 229-340 and 276 day, 211-287 and 243 day, 212-309 and 245 day,

198-316 and 241 day, as well as their change trends ranged from 2-3, 2-6, 4-12, 2-4, 2-3, and 3—
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5 days/10y, respectively in R1, R2, R3, R4, R5, and R6. The GHDs during P2 for the six varieties
were all advanced in comparison with those of P1, and the advancements ranged from 6-29 days
depending on the region, variety, and sugar concentration at harvest. Among the six regions, the
change of GHDs was the largest (19-29 days) in R3 (Gansu). Among the six varieties, the change
of GHDs was the largest for Cabernet-Sauvignon (7-26 days) and the smallest for Pinot noir (6-16
days). For the other two red varieties, the changes of GHDs were 6-20 days for Merlot and 7-23
days for Syrah. For the two white varieties, the changes of GHDs were 6-19 days for Chardonnay
and 7-23 days for Riesling. The impact contributions of region, variety, and sugar congentration on
the change of GHDs were determined through ANOVA analysis, which were90.8%, 3.4%, and
1.3%, respectively. In addition, analyzing simulated GHDs of six varieties, for_each target sugar
concentration over the past 60 years, it was found that some varieties werg ‘unable to reach the
targeted sugar level in 2.8%-100% of the years in Huinong of R2; Huailai of R5, Taigu of R6 and
R3 (Gansu) during P1 (Table S4), with thermal accumulation catculating continuously from to to
November 30™. For instance, when planting the Jate-ripening variety Cabernet-Sauvignon in
Zhangye of R3, it could not reach the targeted sugar ripeness in 48.9% of years with a target sugar
of 180 g/L and 100% of the years with a target sugar concentration of 210 g/L during P1 (Table S5).
This situation was mostly improved. duging/P2, with assured full maturity in all years at 180 g/L
sugar but still showing 17% of theyyears not reaching maturity at 210 g/L sugar (Table S5). In
contrast, the probability.of not reaching full maturity for the early-maturing variety Pinot noir was
the smallest (2.8%-5.7%) during P1. Generally, as 80% of the years reach the required temperature
for ripening,-each variety was all suitable for planting both during P1 and P2 in Huinong of R2,
Huailai of RS, and Taigu of R6. However, it was also found that the late-ripening variety (Cabernet-
Sauvignan) was unsuitable for planting in R3 (Gansu) during P1, while the early-maturing varieties
(such as Chardonnay and Pinot noir) was considered to be suitable for planting in these regions.
Additionally, other varieties were also unsuitable for planting under high target sugar concentration
in R3 (Gansu). Finally, the probability of not reaching target sugar concentrations was below 20%

for all varieties during P2 (Table S4).
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228 Fig. 3. Predicted GHDs of six varieties under four target sugar concentrations during P1 (before abrupt climate

229 change; pink) and P2 (after abrupt climate change; purple).
230 Note: CH, CS, M, PN, R, and S represent Chardonnay, Cabernet-Sauvignon, Merlot, Pinot noir, Riesling, and Syrah,

231 respectively. HM, YQ, HN, YC, WW, ZY, LK, PD, HL, MY, TG, and LF represent Hami, Yanqi, Huinong, Yinchuan,
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Wuwei, Zhangye, Longkou, Pingdu, Huailai, Miyun, Taigu, and Linfen, respectively. R1, R2, R3, R4, R5, and R6
represent Xinjiang, Ningxia, Gansu, Shandong, Jing-Jin-Ji, and Shanxi regions, respectively. S170, S180, S190,
$200, and S210 represent the sugar concentration of 170, 180, 190, 200, and 210 g/L, respectively.
Decreased freezing injury under climate change

Freezing injury occurred before harvest in five of the six regions studied, for different varieties,
namely in Yangi of R1, Ningxia of R2, R3 (Gansu), Huailai of R5, and Taigu of R6. The freezing
injury frequency (FIF) is shown for six varieties before (P1) and after (P2) abrupt change in climate
(Fig. 4). For each variety, the FIF generally declined by 2.4%-75% for four sugar cenhcentrations
during P2. Among the varieties, Cabernet-Sauvignon suffered the most serious freezing injury
before harvest in P1, while Pinot noir experienced the lowest FIF. The deerease.in/FIF from P1 to
P2 was most dramatic for Cabernet-Sauvignon, with values of 3.9%-19:2% inHuailai of R5, 6.3%-
21.4% in Taigu of R6, 3.3%-33.3% in Yangi of R1, 2.4%-68.1% in_Ningxia of R2, and 38.9%-
75% in R3 (Gansu) for four sugar concentrations. Pinot noir.showed the lowest decrease in FIF,
with values of 3.1% in Taigu of R6 and 5.7%-34.9%-in R3,(Gansu) for four sugar concentrations.
For Chardonnay and Merlot, the decrease in FIF\Wwas below 20% in Huinong of R1 and Taigu of
R6, while ranging from 18.1%-66.9% in_R3 (Gansu) for the four sugar concentrations considered
after abrupt climate change. The changes in/FIF were all below 20% in Yangi of R1, Yinchuan of
R2, Huailai of R5, and Taigu of R6,'xanged from 2.8%-44.4% in Huinong of R2 and 37.5%-72.2%
in R3 (Gansu) for Riesling and Syrah. Generally, the region with the most serious freezing injury

was in R3 (Gansu).Higheryrisk of freezing injury existed under higher targeted sugar concentrations.
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Fig. 4. Freezing injury frequency (FIF) beforetiarvest for four sugar concentrations during P1 (before abrupt climate
change) and P2 (after abrupt climate changg).

Note: CH, CS, M, PN, R, and S represent Chardonnay, Cabernet-Sauvignon, Merlot, Pinot noir, Riesling, and Syrah,
respectively. HL, HN, TG, WW,'YC, YQ, and ZY represent Huailai, Huinong, Taigu, Wuwei, Yinchuan,Yangqi, and
Zhangye, respectively. Fonwhite cultivar, green, blue, orange and purple represent sugar concentrations of 170, 180,
190 and 200 g/L, respeetively. For red cultivar, green, blue, orange and purple represent sugar concentrations of 180,
190, 2007and 210 g/L, respectively.

Thefreezing injury duration (FID) of each variety was explored for four sugar concentrations
before and after abrupt climate change (Fig. 5). During the P1 period, freezing injury occurred in
Huinong of R2, R3 (Gansu), and Taigu of R6 for Chardonnay and Merlot, in Yangi of R1, Huinong
of R2, R3 (Gansu), Huailai of R5, and Taigu of R6 for Riesling and Cabernet-Sauvignon, in R3
(Gansu) and Taigu of R6 for Pinot noir, as well as in Huinong of R2, R3 (Gansu), Huailai of R5,
and Taigu of R6 for Syrah. The FID ranged from 0 to 26 days during P1 while the FID decreased

to below 20 days during P2 for each variety and for four sugar concentrations. When grapevines
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were planted in R3 (Gansu) with mGST values of <18°C, the FID was the largest for each variety
with the values of 0-26 days during P1. The GST in Ningxia of R2 was <19°C. Their FID ranged
from 0-2 days for Chardonnay and Merlot, 0-18 days for Riesling and Syrah, and 0-24 days for
Cabernet-Sauvignon in Huinong of R2 as well as 0-1 day for Riesling and Syrah and 0—-10 days for
Cabernet-Sauvignon in Yinchuan of R2. In Yanqi of R1, Huailai of R5, and Taigu of R6 with GST
value of <20°C, the FID was 0-3 days in Huailai and 2 days in Yanqi for Riesling, 0-17 days in
Huailai and 0-5 days in Yanqi for Cabernet-Sauvignon. In addition, the FID varied from 0-18 days
for each variety in Taigu of R6. During the P2 period, freezing injury only happened in’R3 (Gansu)
for Chardonnay, Pinot noir, Merlot, and Syrah. Generally, the maximum FID decreased by more
than 15 days for Chardonnay and Riesling, while it decreased bymore than,10.days for Cabernet-

Sauvignon in R3 (Gansu).
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Fig. 5. Freezing injury duration before harvest for four sugar concentrations during P1 (before abrupt climate change)

and P2 (after abrupt climate change).

Note: CH, CS, M, PN, R, and S represent Chardonnay, Cabernet-Sauvignon, Merlot, Pinot noir, Riesling, and Syrah,

respectively. HL, HN, TG, WW, YC, YQ, and ZY represent Huailai, Huinong, Taigu, Wuwei, Yinchuan,Yanqi, and

Zhangye, respectively. For white cultivar, green, blue, orange and purple represent sugar concentrations of 170, 180,
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190 and 200 g/L, respectively. For red cultivar, green, blue, orange and purple represent sugar concentrations of 180,
190, 200 and 210 g/L, respectively.

To provide a holistic view of freezing injury, a comprehensive freezing injury index was
developed by integrating the frequency, duration, and severity of the freezing risk. The changes in
comprehensive freezing injury (CFI) were shown in Fig. 6 for the six varieties before and after
abrupt climate change in different winegrape-growing regions. The values of CFI decreased most
significantly in R3 (Gansu), varying from 20%-46% for Chardonnay, 29%—-60% for Riesling, 10%—
25% for Pinot noir, 23%-51% for Merlot, 35%-58% for Syrah, and 41%-60% for ‘Cabernet-
Sauvignon. For mid to late maturing varieties (e.g., Syrah, Riesling, and Cabernet-Sauvignon), the
CFI decreased by 0%-44% in R2 (Ningxia). Moreover, the CFI decreased‘by/3%-25% in Huailai
of R5 for most varieties (except two early-ripening varieties), the CEl decreased by of 3%—42% in
Taigu of R6 for five of the six varieties (except Pinot noir). In addition, four varieties with obvious
freezing injury were selected to explore the relationship between*elevation and the decreased CFlI.
The decreased CFI exhibited an initial decline and then followed a subsequent increase with the

ascending elevation, and the R? values for each vatiety)ranged from 0.71 to 0.92 (Fig. 7).
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Fig. 6. Decreased comprehensive freezing injury (CFI) for each variety under four sugar concentrations from P1
(before abrupt climate change) to P2 (after abrupt climate change).

Note: CH, CS, M, PN, R, and S represent Chardonnay, Cabernet-Sauvignon, Merlot, Pinot noir, Riesling, and Syrah,
respectively. HL, HN, TG, WW, YC, YQ, and ZY represent Huailai, Huinong, Taigu, Wuwei, Yinchuan,Yanqi, and
Zhangye, respectively. S170, S180, S190, S200, and S210 represent the sugar concentration of 170, 180, 190, 200,

and 210 g/L, respectively.
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Discussion

Impact of climate change on viniculture

Application of bioclimatic indices and GSR maodel enabled us to assess the probability of
freezing injury before harvest and to recommend Suitable varieties for the main winegrape-growing
regions of China, both before and after an abrupt climate change during 1961-2020. Bioclimatic
indices, such as the Winkler indexy[18],)Huglin index [20], growing season mean temperature [60],
and average hottest month: temperature [22], have been utilized by researchers worldwide to
characterize the climatic conditions in vineyard. In this study four bioclimatic indices were selected
(namely, the mWI, mGST, T_JUL, and FFD) to analyze the climatic characteristics before and after
the abrupticlimate change in main winegrape-growing regions of China. The mWI and mGST
represent” heat requirements heat for grape growing, T_JUL is considered as an important factor
influencing grape quality potential, and FFD indicates the number of days required for growth and
development without freezing injury before harvest [61]. Our analysis revealed that the mGST
increased by above 1.5°C in R2 (Ningxia) and R3 (Gansu) and above 1.0°C in R4 (Shandong) and
R6 (Shanxi) during P2. Moreover, both R2 (Ningxia) and R3 (Gansu) belong to warm conditions
while both R4 (Shandong) and R6 (Shanxi) changed from warm to hot conditions before and after
abrupt climate change based on the metrics of Jones et al. [40]. In addition, the change trend of

increased mWI was similar with the GST in each region. Among each region, T_JUL increased by
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1.7°C in R3 (Gansu), which is consistent with the increased mGST. However, FFD showed different
patterns and the advanced FFD was the lowest in R3 (Gansu) with the value of only 2 days. There
was a significant advancement of FFD by 11 days and 16days respectively in Longkou of R4 and
Linfen of R6 after abrupt climate change, implying that these regions are more suitable for late-
ripening varieties. These findings are consistent with the results reported by Wang et al. [62], who
observed a significant delay of FFD in different regions of China under climate change. Overall,
our study highlights the importance of utilizing bioclimatic indices to assess the climatic
characteristics of winegrape-growing regions.
4.2. Impacts of climate change on grape harvest dates

Since there were noticeable changes in each bioclimatic index under abrupt climate change in
the main winegrape-growing regions of China, the GSR model [53] was employed to assess the
changes of GHDs for six varieties in each region. While the GSR.maodel has been used to predict
Pinot noir suitability in America [63] and as a decision support*tool for winemaking in Portugal
[64], the current study represents the first assessment-af thegrapevine sugar ripeness (GSR) model
in China. The model was calibrated and validated with>observed GHDs and sugar concentration of
six varieties in 11 grape growing sites of China. Since simulated results of the original GSR model
had large bias in days it was considered\not/satisfactory, and the model parameters were adjusted.
It should be noted that the GSR'model was developed, parameterized, and validated based on actual
GHDs and sugar concentrations from Europe, where the temperature after the April 1% is
consistently above-1Q°C (Kig. S1). Therefore, the date when the temperature consistently exceeded
10°C was basedion a five-day moving average and set as the starting date (to) in the improved GSR
model for conditions in China. Moreover, the model parameters related to the thermal requirements
(F*) for\each variety were reparametrized accordingly. The performance metrics (RMSE and
NRMSE) of the modified GSR model indicated much better performance with the values of below
8 days and 3.2%, respectively. Furthermore, the modified GSR model was applied to simulate
GHDs for the before mentioned six varieties, and it was found that the GHDs were advanced by 6-
30 days in each region. The change of GHDs was the largest in R3 (Gansu) for four sugar
concentrations after abrupt climate change, which is consistent with the change trend of mGST.
Overall, the advanced GHDs in regions with lower temperatures were greater than in regions with

higher temperatures. Additionally, late-ripening varieties exhibited a greater advance of GHDs
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compared to early-ripening varieties. Previous studies by Parker et al. [54] and Skahill et al. [63]
also indicated that the GHDs have advanced for reaching specific target sugar concentrations under
awarming climate. Parker et al. [54] demonstrated an advancement of GHDs of 7-10 days to reach
a sugar concentration of 190 g/L based on the GSR model, while Skahill et al. [63] used the GSR
model to simulate GHDs for Pinot noir at a sugar concentration of 220 g/L and observed advanced
trends of phenological periods from the 1950s to the 2090s. These findings align with the results of
this study. In summary, the warming climate will increase the probability of providing sufficient
heat for grape maturation to reach higher sugar concentrations earlier in the season.
4.3. Impacts of climate change on suitability of grape variety

This study aimed to determine the suitability of different winegrape varieties in/various regions
of China before and after abrupt climate change during 1998-2002 by.combining the risk of freezing
injury before harvest with the modified GSR model. The results-revealed a decrease of freezing
injury frequency (FFI) for the six varieties following the abrupt etimate change. According to the
findings of this study, the late-ripening varieties (i.e., Cabernet-Sauvignon and Riesling) and
medium-ripening variety (i.e., Syrah) are recommended-for cultivation in Huinong of R2 and Taigu
of R6. It is noteworthy that Cabernet-Sauvignen (known for its late-ripening) can also mature
adequately in Hami of R1 and Yinchuamof R2. For Chardonnay, Pinot noir, and Merlot, the thermal
conditions for successful ripening under low sugar concentration, can usually be achieved in R3
(Gansu). Additionally, i 80% of years, these varieties achieve sufficient ripeness to mitigate the
risk of frost injury:“Qur-cenclusions also highlight a reduction in freezing injury duration (FID)
following abrupt climate change. Previous studies have indicated a shift in climatic conditions in
grape-growing regions of China from the south to the north, along with changes in variety suitability
based on, relevant climatic indices [62-63]. Moreover, regions such as Xinjiang, Northeast China,
Ningxia, Shandong, Gansu, and others are expected to expand their winegrape-growing areas and
introduce late-ripening varieties due to the rising temperatures [64]. These findings provide valuable
insights for better planning and selection of winegrape varieties in the context of climate change in
China, improving the assessment only based on single climatic indices alone. Future research should
take into account other phenological periods, including the dates of budbreak, flowering, and
véraison, meanwhile, the spring frost injury during budbreak, high temperature during flowering,

véraison and maturity and other climatic indices affecting grape yield and quality need to be
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analyzed in depth under continuing climate change. Furthermore, expanding the evaluation of
winegrape variety suitability to a regional scale should be undertaken to fine-tune assessment of
variety suitability in China. These additional considerations would provide valuable insights when

assessing the adaptability of grape varieties, even if the grape harvest date is included.

Materials and methods

Study region and meteorological data

Winegrapes are mainly planted in multiple provinces, cities, and autonomous in Nefthwestern
and Northern China, among which Xinjiang, Ningxia, Shandong, Gansu, Jing-Jin-Ji and’ Shanxi
account for more than 80% of the total planting area and production in the<eountny (Figure S1a).
Each region has its unique terroir characteristics and climatic suitability fordiverse varieties of
winegrapes. In this study, two representative sites were selected.for€ach region, and a total of 12
representative meteorological stations were chosen from the main winegrape-growing regions of
China, namely Xinjiang (R1), Ningxia (R2), Gansu (R3), Shandong (R4), Jing-Jin-Ji (RS), and
Shanxi (R6) regions (Table 2). For each winegrape-growing region, daily meteorological data of
1961-2020 and geographical information\ were obtained from China Meteorological
Administration, including daily maximum jand minimum temperatures (°C), daily precipitation
(mm), longitude, latitude, and ,¢levation”(m). Across the 12 selected representative stations, the
annual average, maximumsand ‘minimum temperatures ranged from 6.6°C to 15.9°C, 13.6°C to

21.3°C, and -0.9°C to'10.9°C respectively (Figure S1b, c, d).
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Table 2 Geographical information of the 12 representative stations in main wine producing regions of China.

Region/Municipality Station Latitude (°) Longitude (°)  Elevation (m)
o Hami (HM) 42.81 93.52 738
Xinjiang (R1) .
Yanqgi (YQ) 42.08 86.57 1057
o Huinong (HN) 39.22 106.77 109
Ningxia (R2) ]
Yinchuan (YC) 38.48 106.22 1113
Wuwei (WW) 37.92 102.67 1532
Gansu (R3)
Zhangye (ZY) 38.93 100.43 1484
Longkou (LK) 37.62 120.32 5
Shandong (R4) )
Pingdu (PD) 36.77 119.93 49
o Huailai (HL) 40.40 115.5 542
Jing-Jin-Ji (R5) .
Miyun (MY) 40.38 116.87 73
. Linfen (LF) 36.07 13450 450
Shanxi (R6) .
Taigu (TG) 37.43 112,53 783

Climatic indicators

A comprehensive set of key indicators allow assessing climatic suitability and risk in
viticultural areas around the world [63, 65-66]. To capture the climatic characteristics of main
winegrape-growing regions in China, several commonly uSed climatic indicators were selected,
including average growing season mean temperatute {(GST), Winkler index (WI), average hottest
month temperature (T_JUL), and first fallyfrost"day (FFD). The first three indicators (GST, WI,
T JUL) were shown to provide & comprehensive description of the viticultural climate across
diverse winegrape-growing regions [[¥'7, 19, 60, 67]. The indicator of FFD (day of year, DOY) was
unique to regions that n€ed to consider this climatic variable as a limiting factor. Although Jones et
al. [40] defined the growing season of grapevine ranged from April 1% to October 31% in the Northern
Hemisphere; thevactual growing season of grapevine is from April 1 to September 30" in main
winegrape-growing regions of China. Therefore, both GST and WI were redefined by Wang et al
[63] to describe the climatic characteristics of Chinese winegrape-growing regions. Here, the
growing season of grapevine was set as April 1% to September 30" to calculate the modified

Growing Season Temperature (mGST) and Winkler Index (mWTI).

Sep30
Z Trmx +Tmin
2
GST = o 1)
Sep30
MWl = ) (Feeglee T, ) @)

Aprl
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where Tmax and Tmin represent the daily maximum and minimum temperature, respectively. Aprl,
Jull, Jul31, and Sep30 represent April 1%, July 1%, July 31%, and September 30, respectively. Thase
means the temperature threshold with the value of 10°C.
Mann-Kendall trend test
The Mann-Kendall trend test [68-69] was commonly used to test the significance ofstrends in
the hydrometeorological time series [70-71]. Here, the Mann-Kendall test (Eq. 4-7),wasiused to

analyze the time series of annual average temperature in order to identify the yearof abrupt climate

change at each representative station of main winegrape-growing regions:

n-1 n-1
5= Y son(x;—x) )

i1 j=1
+1 X;-%>0
sgn(xj—xi): 0 X;—% =0 (5)
-1 X~ %<0
S-1
Warg) S
Z= 0 (s'=0) ©)
Sa+l (s<0)

1/VariS i

n(n—4)2n +5)_§tm(m_1)(2m+5)
18

Var(s)= @

where n represents the time series with the value of 60; xi and x; represent the annual average
temperatureyin i and j year, j equals i plus 1; and S approximately obeys a normal distribution with
the mean value of 0. Z value was applied to determine whether the time series data showed a
significant trend; Var(S) represents the variance of the statistic S. tn represents the value
corresponding to the number of m; and Z>0 and Z<0 represent an increasing and decreasing trend,
respectively.
Observations of grape harvest date and sugar concentration

The main grape varieties planted for winemaking in China are predominantly red grapes,
accounting for approximately 79% of the total surface area in production, while white grape

cultivars make up the rest 20% in China (http://www.nxputao.org.cn/). Cabernet-Sauvignon, with
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an overall cultivation area of 23,000 hectares, has become the most widely planted international
variety in China. Other international red varieties include Merlot, Cabernet franc, Syrah, Pinot noir,
and etc. And LongYan, Chardonnay, White Riesling are the common white varieties
(http://lwww.nxputao.org.cn/). In this study, two white varieties (Chardonnay and Riesling) and four
red varieties (Pinot noir, Merlot, Syrah, and Cabernet-Sauvignon) were selected to assess their
variety suitability in main winegrape-growing regions of China. Observed grape harvest dates
(GHDs, n = 127) and corresponding sugar concentrations for these six varieties were collected for
the period 1994 to 2018 at eleven sites from the CNKI website (https://www.cnki.net/) in order to
calibrate the parameters of the phenological model (Table S2). Half of the observation data (across
all varieties) were used to fit the most accurate model, while the rest half (across.all varieties) were
implemented for model validation.
GSR model for simulating grape harvest date

The Grapevine Sugar Ripeness model (GSR) developed.by*Parker et al. [48] was applied to
simulate grape harvest dates under target sugar ripeness (170, 180, 190, 200, and 210 g/L) for the
two white cultivars (i.e., Chardonnay and Riesling),and four red cultivars (i.e., Pinot noir, Merlot,
Syrah, and Cabernet-Sauvignon). The GSR model is a linear model with three parameters of Ty, to,

and F*s.target.

teHp

ZTd _Tb = F*S—target (8)
t

Where Tq4 denotes daily average temperature greater than Tp; Th represents the base temperature
above which temperatuse’summations starts; to is the date when temperature summations starts, teHp
is the date (of sugar ripeness; and F*s.aarget IS the thermal value when grape berry reaches a given
sugar ripeness (i.e., target sugar concentration). In the original GSR model, Ty and to are fixed as
0°C and 91 d (or April 1%, regardless of grape variety. In contrast, the thermal value (F*s.target) iS
variety specific and depends on the target sugar concentration in the berries of each variety [48]
(Table S3).

Since a direct application of the original GSR model did not yield satisfactory reproduction of
the observed harvest dates in this study (see details in results), the model was re-parameterized. In
fact, the original model was developed based on the observations from Europe [48], which has

Mediterranean and Atlantic climate conditions, meaning that the daily average temperature after the
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April 1% start date (i.e. to = 91) is mostly above 10°C (Figure S2). Climate conditions are very
different in the main winegrape-growing regions of China (Table S4). To take into account this kind
of difference, the parameter to was re-estimated as the date when daily mean temperature
consistently surpassed 10°C, through a five-day moving average. Additionally, the thermal value
(F*starget) required to meet the maturity of grapevines was provided for different target sugar
concentrations. Therefore, the values (F*starget) for different targeted sugar concentrations at harvest
([S-target]) could be described with a linear function (Eqg. 9).
F*s_target = ax[S —target]+b )

where [S-target] is the targeted sugar concentration at harvest; a and b are cehstants for a given
variety but can vary among varieties. From a physiological point of view, these'twe parameters may
reflect the thermal requirement specificities for berry sugar accumulation both depending on grape
variety and local climatic characteristics [72]. Considering, the “distinct climate characteristics
between Europe and China, the parameters of a and b_were re-estimated based on the observed

harvest dates and sugar concentrations in China (Fig.\8)s
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36007 y=548x+1790, R2=0.98, P<0.01 |7 y=10.63x+1080, R2=0.98, P<0.01 | ] y=4.97x+1848, R2=1.00, P<0.01
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Fig. 8. Linear regressions fitted using the original GSR parameters and re-fitted parameters a and b for Chinese
climatic conditions. y and x represent the thermal value (F*s.target) and targeted sugar concentrations (S-target),

respectively. Filled circles and black line are actual values and regression line from the original model [48], the
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shading represents the 95% confidential intervals. Red line is the fitted line after tuning parameters of model to
Chinese climatic conditions.
Assessment for freezing injury risks before harvest

To evaluate the suitability of each variety in a given region, the potential risk of experiencing
freezing injury before harvest was evaluated. This was done by comparing the days (DOY) of initial
occurrence when the temperature drops below 0°C in fall (or FFD) with the predicted GHDs for a
specific target sugar concentration. We examined various factors of freezing injury risks, such as
the freezing injury duration (FID), freezing injury frequency (FIF), and correspondingtdegree of
freezing injury, which can cause damage from the FFD to the harvest in different'grape-growing
regions. To provide a holistic view of freezing injury, a comprehensive freezing.injury index (CFI)
was developed by integrating the frequency, duration, and severity of the freezing risk. To determine
the freezing injury before harvest, a threshold temperature was established, and freezing injury
occurred when daily minimum air temperature reached or fell below the threshold temperature.
Therefore, the degree of freezing injury was dividedsinto three categories: low (-2°C<Tmin<<0°C),
medium (-4°C<Tmin<-2°C) and high (Tmin<s -4°C)NThe‘weighted value of frequency (FP) and days
(FD) for freezing injury increased progressively from low to high risk, with a ratio of 1:2:3,
respectively [59, 73]. To comprehensively assess the low-temperature risk of winegrapes in different
regions, FP and FD were nermalized to eliminate the influences of dimensions. Finally, the

evaluation of low-tempetature risk was conducted by averaging the weights of the two indicators

(Egs. 10-14).

Fp, = F,/Y x100% (10)
3

FD=> Fd, xW, (11)
n=1
3

FP=> Fp,xW, (12)
n=1

f = I:i _Fmin,i 13

i I:max,i - I:min,i ()
1

S:E(fl+f2) (14)

where F, represents the number of years that experienced freezing injury of grapevine before
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harvest; Y is the number of total years with the value of 60 (1961-2020). Fp, and Fd, are the
frequency and days of freezing injury, respectively; W, are the weighted values of the low, medium,
and high risks with values of 17%, 33%, and 50%, respectively; S is the risk of comprehensive
freezing injury for winegrape; f; is the normalized value. When i equals 1, Fi, Fia, i and Foy, ; are
the original, maximum and minimum value of FP; when i equals 2, Fi, Fiax, i and Fu, ; are the
original, maximum and minimum value of FD.
Statistical criteria and analysis

All data analysis, parameter estimation, statistical analysis, and plotting were carried out with
the R language. Three statistical indices were used to compare the simulated grape harvest dates
under different sugar concentrations with the corresponding observed valués, including root mean
square error (RMSE; Eq. 15), normalized root mean square error (NRMSE; Eg. 16), and the

determination coefficient (R?; Eq. 17).

RMSE = \/%Zi”_l(vi - X? (15)
\/12” (X, - X2
NRMSE = VN7 (1o
X
R? =—;‘=1(Yi _1)22 (17)
DX -0

where X; and Y; are the-paired observed and simulated values, respectively. X and Y are the average

values of observed andsimulated variables, respectively. n is the number of observations.

Acknowledgements

This research was partially funded by the Agricultural Breeding Project of Ningxia Hui Autonomous
Region (NXNYYZ202101), the National Key R&D Program of China (2021YFE0109500),
National Natural Science Foundation of China (U20A2041 and 42405198), CAS Youth
Interdisciplinary Team (JCTD-2022-06), CAS Project for Young Scientists in Basic Research
(YSBR-093), Central Public-interest Scientific Institution Basal Research Fund (No0.20453),
Yunnan Provincial Key Research and Development Program (202403AP140029). It is also

conducted as part of the LIA INNOGRAPE International Associated Laboratory.

G20z AINF 1 uo 1sen6 Aq 081061 8/9. LIEUN/IU/EB0L "0 L/10P/BI0IE-80UBADEIY/WOS"dNO"OlWapED.//:SANY WO} PAPEO|UMOQ



528

529

530

531

532

533

534

535

536

537

538

539

540
541
542
543
544
545
546
547
548
549
550
551
552
553

554

555

556

557

558

559

Author contributions

Huiging Bai: Writing — review & editing, Methodology, Writing - original draft, Formal analysis,
Data curation, Funding acquisition. Jiangiang He: Writing — review & editing, Methodology,
Supervision. Cornelis van Leeuwen: Writing — review & editing, Supervision. Rafiq Hamdi:
Writing — review & editing, Supervision. Erna Blancquaert: Writing — review & editing,
Supervision. Gregory V. Jones: Writing — review & editing, Supervision. Zhanwu Dai: Writing —

review & editing, Methodology, Supervision, Conceptualization, Funding acquisition.

Data availability statements

The data underlying this article are available in the article and in its online-supplementary material.
Conflict of interest

The authors declare no conflict of interest.

Supplementary Information

Table S1. Abrupt year and periods before and ‘after\the abrupt climate change in the six wine
producing regions.

Table S2. Observed 127 harvest dates<(GHDs) and corresponding sugar concentrations for six
different grape cultivars during 1994-2018 at eleven stations.

Table S3. F*s.arget Values for the six grape cultivars as determined by the original GSR model
(Parker et al., 2020) under different sugar concentrations.

Table S4. Day of year (DOY)) of above 10°C for each winegrape-growing region in China.

Table SS. Number andpereentage of years that do not meet the required heat for grape maturity for
the six grape cultivarsduring the P1 and P2 periods based on the improved GSR model.

Figure S1. Main northern winegrape-growing regions of China and the 12 representative stations
(a), as well(as their annual average (b), maximum (c) and minimum (d) temperatures during 1961-
2020 in.cach'region.

Figure S2. Daily average temperature in 2011-2018 at Bordeaux. The data stemmed from Yang et
al., 2023

References

1. Challinor AJ, Watson J, Lobell DB et al. A meta-analysis of crop yield under climate change and
adaptation. Nat Clim Change 2014;4:287-291

2. Santos IV, Renaud-Gentie C, Roux P et al. Prospective life cycle assessment of viticulture under
climate change scenarios, application on two case studies in France. Sci Total Environ.

2023;880:163288

G20z AINF 1 uo 1sen6 Aq 081061 8/9. LIEUN/IU/EB0L "0 L/10P/BI0IE-80UBADEIY/WOS"dNO"OlWapED.//:SANY WO} PAPEO|UMOQ



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

3. Schultz HR, Jones GV. Climate induced historic and future changes in viticulture. J Wine Res.
2010;21:137-145

4. Parker AK, De Cortazar-Atauri IG, Van Leeuwen C et al. General phenological model to
characterise the timing of flowering and véraison of Vitis vinifera L. Aust J Grape Wine Res.
2011;17:206-216

5. Manzoor MA, Xu'Y, Xu JM et al. Fruit crop abiotic stress management: a comprehensive review
of plant hormones mediated responses. Fruit Research 2023;3:30

6. Li SC, Chen HY, Yu, HB et al. Responses and adaptations of fruit trees to high t¢mperatures.
Fruit Research 2023;3:23

7. Svara A, Upchurc, D, Goderis B et al. Differential scanning calorimetfy: a.novel approach to
study springfrost tolerance in pome tree floral tissues. Fruit Research 2025;5:¢103

8. Webb LB, Whetton PH, Barlow EWR. Observed trends in winegrape maturity in Australia.
Global Change Biol. 2011;17:2707-2719

9. Moriondo M, Jones GV, Bois B et al. Projectedshifts ‘of wine regions in response to climate
change. Climatic Change 2013;119:825-839

10. Bonfante A, Monaco E, Langella G et.al. A dynamic viticultural zoning to explore the resilience
of terroir concept under climate change. Sci Total Environ. 2018;624:294-308

11. Liu ML, Zhao Y, Fan PG ¢f al."Gréapevine plantlets respond to different monochromatic lights
bytuning photosynthesis and carbon allocation. Hortic Sci. 2023;10:uhad160

12. Van Leeuwen CxSeguin’G. The concept of terroir in viticulture. J Wine Res. 2006;17:1-10

13. Duchéne-E,"Huard F, Vincent D et al. The challenge of adapting grapevine varieties to climate
changenClim Res. 2010;41:193-204

14. Cook BI, Wolkovich EM. Climate change decouples drought from early wine grape harvests in
France. Nat Clim Change 2016;6:715-719

15. Van Leeuwen C, Barbe JC, Darriet P ef al. Aromatic maturity is a cornerstone of terroir
expression in red wine. OENO One 2022;56:335-351

16. Yang WW, Zhu JQ, Van Leeuwen C et al. GrapevineXL reliably predicts multi-annual dynamics
of vine waterstatus,berry growth,and sugar accumulation in vineyards. Hortic Sci.

2023;10:uhad071

G20z AINF 1 uo 1sen6 Aq 081061 8/9. LIEUN/IU/EB0L "0 L/10P/BI0IE-80UBADEIY/WOS"dNO"OlWapED.//:SANY WO} PAPEO|UMOQ



589

590

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

616

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Winkler AJ, Cook JA, Kliever WM et al. General Viticulture. University of California Press,
Berkeley, 1974, pp. 5870

Jones GV, Duff AA, Hall A. Spatial analysis of climate in winegrape growing regions in the
Western United States. Am J Enol Viticult. 2010;61:313-326

Huglin P. Nouveau mode d’évaluation des possibilités héliothermiques d’un milieu viticole.
Comptes rendus des Séances de I’Académie d’Agriculture de France 1978;64:1117-1126

Tonietto J, Carbonneau A. A multicriteria classification system for grape-growing regions
worldwide. Agr Forest Meteorol. 2004;124:81-97

Neumann P, Matzarakis A. Viticulture in southwest Germany under climate.change conditions.
Clim Res. 2011;47:161-169

Hannah L, Roehrdanz PR, Ikegami M et al. Climate change, wine, and conservation. Proc Natl
Acad Sci USA 2013;110:6907-6912

Tesli¢ N, Zinzani G, Parpinello GP et al. Climate change trends; grape production, and potential
alcohol concentration in wine from the "Romagna Sangiovese" appellation area (Italy). Theor
Appl Climatol. 2016;131:793-803

Monteverde C, De Sales F. Impacts_of global warming on southern California’s winegrape
climate suitability. Adv Clim Chang Res. 2020;11:279-293

Bai H, Sun Z, Yao X et al, Viticultural suitability analysis based on multi-source data highlights
climate-change-induced decrease in potential suitable areas: A case analysis in Ningxia, China.
Remote Sens. 2022;14:3717

Zhang X.Jiang Q, Shen YF et al. Using landscape genomics to assess local adaptation of fruit
trees toeurrent and future climatic conditions. Fruit Research 2024;4:¢003

Di Carlo P, Aruffo E, Brune WH et al. Precipitation intensity under a warming climate is
threatening some Italian premium wines. Sci Total Environ. 2019;685:508-513

Ausseil AGE, Booth P, Greenhalgh S et al. Designing fit-for-purpose indicators to connect
nature and people’s well-being in New Zealand. Front Environ Sci. 2023;11:1241128

Sgubin G, Swingedouw D, Mignot J et al. Non-linear loss of suitable wine regions over Europe

in response to increasing global warming. Global Change Biol. 2023;29:808-826

G20z AINF 1 uo 1sen6 Aq 081061 8/9. LIEUN/IU/EB0L "0 L/10P/BI0IE-80UBADEIY/WOS"dNO"OlWapED.//:SANY WO} PAPEO|UMOQ



617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Zhang MY, Xu XD, zhang TH et al. The dynamics of wild Vitis species in response to climate
change facilitate the breeding of grapevine and its rootstocks with climate resilience. Hortic
Sci. 2025;12:uhaf104

Fraga H, Garcia de Cortazar-Atauri I, Malheiro AC et al. Modelling climate change impacts on
viticultural yield, phenology and stress conditions in Europe. Glob Change Biol.
2016;22:3774-3788

Morales Castilla I, Garcia de Cortazar-Atauri I, Cook BI ef al. Diversity buffers winegrowing
regions from climate change losses. Proc Natl Acad Sci USA 2020;117:2864-2869

This P, Lacombe T, Thomas MR. Historical origins and genetic diversity of wine'grapes. Trends
Genet 2006;22:511-519

Dong Y, Duan S, Xia Q ef al. Dual domestications and origin of traits in) grapevine evolution.
Science 2023;379:892-901

Peng, WJ, Liang, FC, Chen ZF et al. Genomic signals of divergence and hybridization between
a wildgrape (Vitis adenoclada) and domesticated grape (‘Shine Muscat'). Fruit Research
2024:4:¢028

Wolkovich EM, Garcia De Cortazar-Atauri I;Morales-Castilla I ef al. From Pinot to Xinomavro
in the world’s future wine-growingwegions. Nat Clim Change 2018;8:29-37

Anderson K, Nelgen S. WHich Winegrape Varieties Are Grown Where? University of Adelaide
Press, Adelaide, 2020, pp. 5

Parker AK, De-Cortazar-Atauri IG, Chuine I et al. Classification of varieties for their timing of
flowering and véraison using a modelling approach: A case study for the grapevine species
Vitis vinifera L. Agr Forest Meteorol. 2013;180:249-264

Cleland EE, Chiariello NR, Loarie SR et al. Diverse responses of phenology to global changes
in a grassland ecosystem. Proc Natl Acad Sci USA 2006;103:13740-13744

Jones GV, White MA, Cooper OR et al. Climate change and global wine quality. Climatic
Change 2005;73:319-343

Webb LB, Whetton PH, Barlow EWR. Modelled impact of future climate change on the
phenology of winegrapes in Australia. Aust J Grape Wine Res. 2007;13:165-175

Van Leeuwen C, Destrac-Irvine A, Dubernet M et al. An update on the impact of climate change

in viticulture and potential adaptations. Agronomy-Basel 2019;9:514

G20z AINF 1 uo 1sen6 Aq 081061 8/9. LIEUN/IU/EB0L "0 L/10P/BI0IE-80UBADEIY/WOS"dNO"OlWapED.//:SANY WO} PAPEO|UMOQ



647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

95.

Jones GV, Davis RE. Climate influences on grapevine phenology, grape composition, and wine
production and quality for Bordeaux, France. Am J Enol Viticult. 2000;51:249-261

Webb LB, Whetton PH, Bhend J ef al. Earlier wine-grape ripening driven by climatic warming
and drying and management practices. Nat Clim Change 2012;2:259-264

Ramos MC, Martinez de Toda F. Variability in the potential effects of climate change on
phenology and on grape composition of Tempranillo in three zones of the Rioja DOCa (Spain).
Eur J Agron. 2020;115:126014

Wang E, Engel T. Simulation of phenological development of wheat crops. Agr Spsin1998;58:
1-24

Garcia de Cortazar-Atauri I, Brisson N, Gaudillere JP. Performancetofl.several models for
predicting budburst date of grapevine (Vitis vinifera L.). Int J Biometeorol. 2009;53:317-326

Caffarra A, Eccel E. 2010. Increasing the robustness of phenological models for Vitis vinifera
cv. Chardonnay. Int J Biometeorol. 2010;54:255-267

Garcia de Cortazar-Atauri I, Daux V, Garnier E eftal, Climate reconstructions from grape harvest
dates: Methodology and uncertainties. Holocene 2010;20:599-608

Fraga H, Amraoui M, Malheiro AC et al. Examining the relationship between the Enhanced
Vegetation Index and grapevine phenology. Eur J Remote Sens. 2014;47:753-771

Wang X, Li H, Atauri IG/Assessing grapevine phenological models under Chinese climatic
conditions. OENO.Qnej2020;54:637-656

Chuine I, Cour PyRousseau DD. Selecting models to predict the timing of flowering of temperate
trees: Implications for tree phenology modelling. Plant Cell Environ. 1999;22:1-13

Patker AK, De Cortazar-Atauri IG, Gény L et al. Temperature-based grapevine sugar ripeness
modelling for a wide range of Vitis vinifera L. cultivars. Agr Forest Meteorol.
2020;285:107902

Parker AK, De Cortazar-Atauri IG, Trought MCT et al. Adaptation to climate change by
determining grapevine cultivar differences using temperature-based phenology models. OENO
One 2020;54:955-974

Fraga H, Costa R, Moutinho-Pereira J et al. Modeling phenology, water status, and yield
components of three Portuguese grapevines using the STICS crop model. 4m J Enol Viticult.

2015;66:482-491

G20z AINF 1 uo 1sen6 Aq 081061 8/9. LIEUN/IU/EB0L "0 L/10P/BI0IE-80UBADEIY/WOS"dNO"OlWapED.//:SANY WO} PAPEO|UMOQ



677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Reis S, Fraga H, Carlos C et al. Grapevine phenology in four Portuguese wine regions: Modeling
and predictions. App! Sci-Basel 2020;10:3708

Read PE, Loseke BA, Gamet SJ. Relating harvest timing to growing degree accumulation in
grapes. Acta Hortic. 2020;1274:109-112

Zhang X, Li S, Zhao X et al. HPLC-MS/MS-based targeted metabolomic method for profiling
of malvidin derivatives in dry red wines. Food Res Int. 2020;134:109226

Zhang L, Cao N, Duan X et al. Study on climate risk of wine-grape late frost in Ningxia. J
Shanxi Agric Sci. 2018;46:260-264

Hall A, Jones GV. Effect of potential atmospheric warming on temperaturesbased indices
describing Australian wine grape growing conditions. Aust J Grape Wine Res. 2009;15: 97—
119

Wang J, Zhou G. The climatic suitability and climatic impact factors affecting the wine grapes
(Vitis vinifera L.) planting distribution in China. Acta Ecol Sin. 2021;41:2418-2427

Wang X, Wang H, Li H. The influence of recentrelimate-variability on viticultural zoning and
variety regionalisation of Vitis vinifera in China. OENO One 2020;54:523-541

Wang J, Zhang X, Su L et al. Global warmingeffects on climate zones for wine grape in Ningxia
region, China. Theor Appl Climatol, 2020;140:1527-1536

Clemente N, Santos JA, Fontes\N"et al. Grapevine Sugar Concentration Model (GSCM): A
decision support to@l for the Douro superior winemaking region. Agronomy-Basel 2022;12:
1404

Sgubin G;. Swingedouw D, Dayon G et al. The risk of tardive frost damage in French vineyards
in a changing climate. Agr Forest Meteorol. 2018;250-251:226-242

Zhang Q, Tang Y. Effects of climate change on wine grape production in China. China Brewing
2021;40:1-6

Wang L, Li H, Wang H. Climatic regionalization of grape in China I: Indices and methods. Chin
Sci Bull. 2017;62:1527-1538

Mann HB. Nonparametric tests against trend. Econometrica 1945;13:245-259

Kendall MG. Rank Correlation Methods. Griffin, London, 1955

Hamed KH. Trend detection in hydrologic data: The Mann-Kendall trend test under the scaling

hypothesis. J Hydrol. 2008;349:350-363

G20z AINF 1 uo 1sen6 Aq 081061 8/9. LIEUN/IU/EB0L "0 L/10P/BI0IE-80UBADEIY/WOS"dNO"OlWapED.//:SANY WO} PAPEO|UMOQ



707

708

709

710

711

712
713

71. Gocic M, Trajkovic S. Analysis of changes in meteorological variables using Mann-Kendall and
Sen’s slope estimator statistical tests in Serbia. Global Planet Change 2013;100:172—-182

72. Suter B, Destrac Irvine A, Gowdy M et al. Adapting wine grape ripening to global change
requires a multi-trait approach. Front Plant Sci. 2021;12:624867

73. Yang Y, Zhang L, Chen Y. Studying on the time characteristic of spring frost for wine grape in

the east foot area of Helan Mountain in Ningxia. J Nat Disasters 2017;26:84-90

G20z AN G1 uo 1senb Aq 0810618/9. LILUN/IU/EE0 L 0 L/1OP/SI0IIE-90UBADE/IL/WOD"dNO"DlWapEoE//:SA)Y WO} PSPEOjUMOQ



