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Abstract: The aim of this study was to assess the thermal requirements of the most important
grapevine varieties in northwestern Spain to better understand the impact of climate change on
their phenology. Different phenological models (GDD, GDD Triangular and UniFORC) were tested
and validated to predict budburst and flowering dates of grapevines at the variety level using
phenological observations collected from Treixadura, Godello, Loureira and Albariño between 2008
and 2019. The same modeling framework was assessed to obtain the most suitable model for this
region. The parametrization of the models was carried out with the Phenological Modeling Platform
(PMP) platform by means of an iterative optimization process. Phenological data for all four varieties
were used to determine the best-fitted parameters for each variety and model type that best predicted
budburst and flowering dates. A model calibration phase was conducted using each variety dataset
independently, where the intermediate-fitted parameters for each model formulation were freely-
adjusted. Afterwards, the parameter set combination of the model providing the highest performance
for each variety was externally validated with the dataset of the other three varieties, which allowed
us to establish one overall unique model for budburst and flowering for all varieties. Finally, the
performance of this model was compared with the attained one while considering all varieties in one
dataset (12 years × 4 varieties giving a total number of observations of 48). For both phenological
stages, the results showed no considerable differences between the GDD and Triangular GDD models.
The best parameters selected were those provided by the Treixadura GDD model for budburst (day
of the year (t0) = 49 and base temperature (Tb) = 5) and those corresponding to the Godello model
(t0 = 52 and Tb = 6) for flowering. The modeling approach employed allowed obtaining a global
prediction model that can adequately predict budburst and flowering dates for all varieties.

Keywords: phenological modeling platform; budburst; flowering; prediction; GDD model; GDD
triangular model; uniforc model

1. Introduction

In the near future, changes in local and regional atmospheric patterns are expected
due to climate variations which could significantly affect grapevine phenology, grape
production and wine quality [1,2]. Temperature is the main variable driving changes in
grape phenology [3–6], together with photoperiod [7–10] and precipitation [11–13]. Vitis
vinifera is very sensitive to temperature variations, requiring a narrow average temperature
of 12 to 22 ◦C during the growth period for a successful harvest [14,15]. Therefore, the
phenology evolution of the different varieties can be used as a bioindicator of changes
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associated with global warming [16–19]. For example, in California, Nemani et al. [20]
found an increase in crop quality and yield over the last 50 years that was related to a
decrease in the number of frosts, an earlier onset of growth during the spring and a longer
growing season influenced by unequal warming. Alterations in the physiological devel-
opment and growth of grapevine have also been documented [8,21]. Therefore, climate
change is expected to influence the close relationship between grapevine development
and climate, affecting the yield and quality of the final products of this crop [11]. Many
studies at the regional and global level have evaluated how the increase in air temperature
over the last century has influenced the main agricultural ecosystems [1,7,22] as well as
the assessment of future trends and impacts [3,23]. In the 20th century, the temperature
increased between 0.5 and 1 ◦C on average, possibly due to the CO2 concentration rise
from 280 ppm to 400 ppm [24,25]. As the trend of the CO2 concentration increases in the
atmosphere is expected to continue, it is probable that the global average temperature will
rise by 0.2 to 0.3 ◦C per decade [26]. At the end of the 21st century, the temperature rise
could exceed 1.5 ◦C [25].

Therefore, it is essential to know how temperature influences both the reproductive
cycle and vegetative development, and to observe differences between vegetation vari-
eties [27,28]. Variations of this meteorological factor affect cell metabolism, the level of
carbon accumulation and other biochemical processes [29,30]. This information is essential
to identify which varieties are more suitable for the evolving climate conditions expected in
a given area. At the phenophase level, temperature plays a decisive role in the appearance
of shoots during the BBCH phenophases 03 (End of bud swelling: buds swollen, but not
green), 05 (“Wool stage”: brown wool clearly visible), 07 (Beginning of bud burst: green
shoot tips just visible) and 09 (Bud burst: green shoot tips clearly visible) [31–33]. At
the beginning of the dormancy, cold temperatures are needed, while towards the end of
this period, warm temperatures are required for optimal budburst [34,35]. In the case of
flowering, temperatures and degrees-day of growth are decisive [36,37].

The advance or delay in the beginning of the phenological phases accompanied by
the shortening of their duration has been highly correlated with the observed increases
in temperature [3,7,22,38]. In some European countries, several advances in phenological
events have been recorded [3,39] ranging from 6 to 25 days, with an average of 3 to
6 days for each temperature degree increased over the last 30–50 years during the growing
seasons [38]. The consequences of these changes could influence the speed of plant growth
and the amount and composition of several grape components such as sugar, flavor
modification and acidity variations [40–43]. Night temperatures below 15 ◦C increase
acidity, while temperatures between 5 ◦C and 15 ◦C favor the concentration of aromas [44].

Agrometeorological models represent a suitable tool for the study of the climate
variations in the grapevine, as their phenological development is spatially regulated by
the temperature [45–48]. These kinds of models are based on the accumulated heat sum of
degree-days, taking into account a minimum threshold temperature from a defined date
until the appearance of a certain phenological phase [9,27,31,49]. The correct choice of the
starting date of heat accumulation, and mainly the threshold temperature, will condition
the predictive aptitude of the statistical model [49,50]. In the specific case of grapevines,
different threshold temperatures have been proposed, from 10 ◦C [45] to temperatures
below 4 ◦C [51,52]. In phenological modeling, unified models are often developed on a
multi-regional scale [27]. However, it is also important to develop site-specific models,
since plants can adapt to their environment showing variations in their phenological
developmental stages [10,27,41,53]. Among other applications, the information provided
by this kind of models supports the knowledge for the adaptation capacity of a given variety
to different climate zones, or detect behavior discrepancies of different varieties in the same
region. Also, to improve and to optimize several viticultural aspects as harvest planning,
integrated pest and disease management, viticultural practices and the organization of
work in the winery. Concerning climate change, if phenological models are applied to
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future climate change scenarios, it is possible to project upcoming impacts on the grapevine
industry [54].

Our study sought to assess and validate temperature-based phenological models to
predict the date of budburst and flowering of four grape varieties in the Ribeiro Designation
of Origin (Ribeiro DO), one of Spain’s main wine-growing areas near the Eurosiberian and
Mediterranean areas. The best performing models were selected in terms of efficiency, as
they are intended to be applied as a useful tool for optimizing agricultural practices and
mitigating the expected climate change impacts on Vitis vinifera varieties.

2. Results

The opening of the buds (BBCH 09) took place at the beginning of April with only
6 days of difference on average between the different varieties. The beginning of flowering
(BBCH 61) occurred between the last days of May and the first days of June. On average, an
amount of 5 days of difference between the varieties was observed, with a slight downward
trend causing a small advance at the beginning of this phase, being more remarkable in the
Albariño variety. In general, Albariño was the earliest variety while Loureira was the latest
in both cases (Figure 1).
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Budburst (BBCH 09) 
  Treixadura Godello Loureira Albariño 

Mean Date 6-Apr 3-Apr 6-Apr 1-Apr 
Minimum Date 26-mar 24-mar 25-mar 19-mar 
Maximum Date  20-Apr 19-Apr 20-Apr 20-Apr 
St.dev. 7.09 7.68 7.97 9.52 
CV. % 0.016 0.017 0.018 0.022 
R2 0.088 0.044 0.200 0.166 
Slope 0.583 0.447 0.989 1.076 
p 0.348 0.512 0.144 0.188 

Flowering (BBCH 61) 
  Treixadura Godello Loureira Albariño 

Mean Date 1-Jun 31-May 2-Jun 29-May 
Minimum Date 19-may 17-may 19-may 11-may 
Maximum Date  15-Jun 13-Jun 13-Jun 11-Jun 
St.dev. 8.98 8.19 7.68 9.57 
CV. % 0.020 0.019 0.017 0.022 
R2 0.009 0.013 0.001 0.022 
Slope -0.241 -0.265 0.017 −0.395 
p 0.764 0.717 0.979 0.644 

Figure 1. Phenological dates of budburst and flowering of the 4 cultivars (Treixadura, Godello, Loureira and Albariño)
during 2008–2019 (Figures). Average, maximum and minimum budburst and flowering start date, standard deviation and
standard deviation in percentage (Tables).

Temperature-based phenological models were estimated for budburst and flowering
grapevine phenophases using different beginning dates of the meteorological dataset: 1
September of the previous year, and 1 January of the current year. It was observed that the
model optimization converged to the same region of the parameter space. The differences
found between both dates taking into account the efficiency (EFF) within and between
each type of model (except for the UniForc model), were very low. However, the data set
beginning on the 1st of January allowed achieving models with a slightly higher EFF and
lower root mean square error (RMSE)(data not shown). So, this dataset was used in the
subsequent model calibration.

Comparing the estimated models for budburst, scarcely differences were detected
in terms of efficiency between the GDD model and the Triangular GDD. Among both
models, the EFF oscillated between 0.954–0.810 and the RMSE between 3.809–1.890 for the
four varieties. However, the GDD model presented lower oscillation in the range of the
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fitted parameters (except for the Loureira variety). In general, the earlier t0 was set for the
Godello and Treixadura varieties (t0 52 and 49 respectively) corresponding to late February.
The latest was detected for Loureira, corresponding to the end of March.

It was observed that the best-fitted parameters converged in the following values for
each variety (Table 1).

Table 1. Results of the estimation process for the three models studied for the Budburst and Flowering phenological phases.
DOY: day of the year, Tb: base temperature, F: fitted, (M, m): maximum and minimum, maxT: maximum temperature, minT:
minimum temperature, d: defines the sharpness of the response curve and e: mid-response temperature. The bold letters
highlight the best performing models for each variety and phenological phase.

Budburst Flowering
Growing Degree Days (GDD)

DOY Tb DOY Tb
F (M,m) F (M,m) F (M,m) F (M,m)

Albariño

62 (70; 62) 8 (9; 8) 27 (29; 27) 7 (7; 8)
EFF 0.825 (0.825; 0.800) 0.929 (0.929; 0.919)

RMSE 3.809 (4.079; 3.809) 2.492 (2.661; 2.492)
∑Heat 75.141 (78.969; 36.888) 533 (590; 453)

Godello

49 (49; 48) 5 (5; 5) 52 (53;
−261) 6 (6; 25)

EFF 0.854 (0.854; 0.851) 0.965 (0.965; −34.576)
RMSE 2.791 (2.826; 2.791) 1.494 (47.869; 1.494)
∑Heat 208.931 (229.050; 194.852) 626.092 (668.958; 22.492)

Loureira

79 (79;
-236) 10 (18; 8) 72 (71;

−287) 6 (24; 6)
EFF 0.810 (0.810; −55.213) 0.911 (0.911; −42.230)

RMSE 3.327 (57.250; 3.327) 2.250 (49.700; 2.250)
∑Heat 18.616 (383.187; 18.077) 587.035 (611.629; 30.320)

Treixadura

49 (49; 48) 5(5; 5) 52 (54; 52) 7 (7; 6)
EFF 0.883 (0.883; 0.880) 0.949 (0.949; 0.946)

RMSE 2.319 (2.342; 2.319) 1.982 (2.052; 1.982)
∑Heat 228.503 (248.592; 217.663) 575.441 (622.268; 549.083)

Growing Degree Days (GDD) Triangular
DOY Tb minT maxT DOY Tb minT maxT

Albariño

70 (71; 62) 13 (28; 13) 9 (9; 8) 24 (49; 20) 27 (30; 23) 27 (30; 22) 7 (9; 7) 32 (50; 30)
EFF 0.852 (0.852; 0,787) 0.929 (0.929; 0.913)

RMSE 3.502 (4.203; 3.502) 2.564 (2.759; 2.488)
∑Heat 7.381 (10.113; 2.371) 26 (37; 22)

Godello

49 (50; 42) 16 (29; 15) 5 (6; 4) 50 (50; 20) 52 (56; 50) 23 (29; 22) 6 (7; 5) 31 (50; 28)
EFF 0.854 (0.854; 0.828) 0.966 (0.966; 0.958)

RMSE 2.788 (3.033; 2.788) 1.474 (1.653; 1.474)
∑Heat 18.528 (20.567; 8.344) 37.146 (38.823; 26.154)

Loureira

79 (80; 71) 14 (21; 12) 10 (10; 8) 29 (50; 20) 70 (72; 65) 26 (29; 22) 6 (7; 5) 32 (50; 31)
EFF 0.834 (0.834; 0.784) 0.913 (0.913; 0.900)

RMSE 3.111 (3.549; 3.111) 2.233 (2.392; 2.233)
∑Heat 5.743 (11.446; 3.618) 30.304 (35.534; 22.976)

Treixadura

52 (64; 51) 23 (29; 23) 7 (8; 6) 26 (42; 25) 52 (56; 50) 24 (30; 22) 7 (7; 6) 25 (48;25)
EFF 0.954 (0.954; 0.936) 0.954 (0.954; 0.940)

RMSE 1.890 (2.230; 1.890) 1.889 (2.153; 1.889)
∑Heat 35.587 (35.587; 25.130) 34.216 (39.633; 26.519)
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Table 1. Cont.

Budburst Flowering
UniFORC

DOY d e DOY d e

Albariño

70 (72; 70) −19.326 (−2.969; −40.000)
11.538
(11.538;
10.893)

11 (8;70) −0.937 (−0.237; −35.849)
12.772
(19.074;
11.658)

EFF 0.857 (0.857; 0.789) 0.912 (0.912; 0.870)
RMSE 3.450 (4.183; 3.450) 2.768 (3.379; 2.768)
∑Heat 7.071 (8.701; 7.071) 45.930 (51.484; 21.405)

Godello

34 (61; 34) −0.265 (−0.221; −40.000)
15.507

(15.507;
8.807)

28 (69; 28) −0.217 (−0.150; −0.761)
19.490
(19.490;
10.521)

EFF 0.856 (0.856; 0.775) 0.958 (0.958; 0.870)
RMSE 2.778 (3.469; 2.778) 1.648 (2.889; 1.648)
∑Heat 11.012 (27.433; 11.012) 22.696 (65.110; 22.696)

Loureira

80 (81; 74) −40.000 (−3.336; −40.000)
12.164
(12.295;
10.996)

70 (74; 49) −0.293 (−0.227; −1.455)
14.429
(18.564;
10.663)

EFF 0.874 (0.874; 0.839) 0.900 (0.900; 0.801)
RMSE 2.715 (3.064; 2.715) 2.387 (3.368; 2.387)
∑Heat 5.464 (10.305; 5.459) 36.287 (61.146; 21.801)

Treixadura

72 (72; 70) −0.923 (−0.923; −40.000)
10.811

(10.811;
9.668)

26 (67; 8) −0.281 (−0.243; −0.942)
17.393
(21.284;
11.573)

EFF 0.888 (0.909; 0.882) 0.928 (0.927; 0.868)
RMSE 2.273 (2.328; 2.046) 2.379 (3.189; 2.379)
∑Heat 11.376 (16.148; 11.376) 26.634 (55.866; 14.876)

For the GDD model, Tb values were 8, 5, 10 and 5 ◦C in Albariño, Godello, Loureira
and Treixadura varieties, respectively.

In the GDD Triangular model, minT values were 9, 5, 10 and 7 ◦C, Tb values were 13,
16, 14 and 23 ◦C and maxT values were 24, 50, 29 and 26 ◦C in Albariño, Godello, Loureira
and Treixadura varieties, respectively.

Following the UniForc model, the values obtained for the d parameter were −19.326,
−0.265, −40.000 and −0.923, whereas for the e parameter the values obtained were
11.538, 15.507, 12.164 and 10.811 ◦C in the Albariño, Godello, Loureira and Treixadura
varieties, respectively.

The phenological models estimated for flowering recorded very similar results in
terms of efficiency (EFF between 0.966–0.900 and an RMSE of 2.768–1.474). The GDD
Triangular model showed a slightly higher adjustment in three of the four varieties. In this
case, the Albariño variety was the first to initiate the accumulation of heat for flowering,
starting in late January. Loureira again was the latest variety, starting in mid-March. The
best-fitted parameters estimated for each variety for the different models were:

The GDD model, where the values of Tb were 7 ◦C for the Albariño and Treixadura
varieties, and 6 ◦C for Godello and Loureira.

The GDD Triangular model, where the minT values were 7, 6, 6 and 7 ◦C, the values
of Tb 27, 23, 26 and 24 ◦C, and for the maxT 32, 31, 32 and 25 ◦C in the Albariño, Godello,
Loureira and Treixadura varieties, respectively.

The UniForc model, where the values of d were −0.937, −0.217, −0.293 and −0.281,
and for e were 12.772, 19.490, 14.429 and 17.393 ◦C.

For both phenological stages, the results did not register considerable differences
between the GDD and the Triangular GDD models. It is important to highlight that the
GDD model has less complexity for its practical application and higher degrees-of-freedom.
Therefore, the optimized GDD phenological model for the prediction of the budburst and
flowering dates was chosen as the best-performing model. Their parameters for each
variety can be observed in Table 2. These models with fixed parameters were externally
validated with the dataset of the other grapevine varieties aiming to find an overall model
that can best predict the date of budburst and flowering. The more accurate model for
predicting the budburst date used the optimal values of the Treixadura model, which
achieved the higher EFF and lower RMSE for every other grape varieties. In the case of
flowering, the Godello model was the best predictor for this phenophase with the highest
EFF and lowest RMSE for all study varieties (Table 3).
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Table 2. Goodness-of-fit indicators for the GDD model per each variety for estimation and validation
process using the dataset for each other’s grapevine varieties. Fitted of t0: day of the year and Tb: base
temperature. Bold letters show the best performing models for each variety and phenological phase.

Budburst

Albariño Godello Loureira Treixadura

t0 = 62; Tb = 8 t0 = 49; Tb = 5 t0 = 79; Tb = 10 t0 = 49; Tb = 5

Albariño EFF = 0.681
RMSE = 5.148

EFF = 0.657
RMSE = 5.334

EFF = 0.681
RMSE = 5.148

Godello EFF = 0.733
RMSE = 3.775

EFF = 0.526
RMSE = 5.034

EFF = 0.854
RMSE = 2.793

Loureira EFF = 0.683
RMSE = 4.297

EFF = 0.603
RMSE = 4.809

EFF = 0.603
RMSE = 4.809

Treixadura EFF = 0.737
RMSE = 3.479

EFF = 0.883
RMSE = 5.148

EFF = 0.731
RMSE = 3.520

Flowering

Albariño Godello Loureira Treixadura

t0 = 27; Tb = 8 t0 = 52; Tb = 6 t0 = 71; Tb = 6 t0 = 52; Tb = 7

Albariño EFF= 0.904
RMSE = 2.901

EFF= 0.827
RMSE = 3.890

EFF = 0.911
RMSE = 2.784

Godello EFF= 0.947
RMSE = 1.848

EFF = 0.915
RMSE = 2.339

EFF = 0.962
RMSE = 1.565

Loureira EFF= 0.769
RMSE = 3.634

EFF= 0.860
RMSE = 2.827

EFF = 0.842
RMSE = 3.004

Treixadura EFF= 0.933
RMSE = 2.280

EFF = 0.941
RMSE = 2.127

EFF = 0.894
RMSE = 2.867

Table 3. Phenological models selected to predict the dates of budburst and flowering. DOY: day of the year, Tb: base
temperature, F: fitted, (M, m): maximum and minimum values attained.

Growing Degree Days (GDD)
Budburst Flowering

DOY Tb DOY Tb
F (M,m) F (M,m) F (M,m) F (M,m)

Treixadura

49 (49; 48) 5 (5; 5)

Godello

52 (53; −261) 6 (6; 25)
EFF 0.883 (0.883; 0.880) EFF 0.965 (0.965; −34.576)

RMSE 2.319 (2.342; 2.319) RMSE 1.494 (47.869; 1.494)
∑Heat 228.503 (248.592; 217.663) ∑Heat 626.092 (668.958; 22.492)

Figure 2 shows the differences in the number of days between the predicted and
observed budburst and flowering dates, plotted against the frequency of occurrence in
three classes of days [0–3], [3–6] and [>6] in the estimation and external validation. In the
estimation phase, differences below 3 days were observed in about three-quarters of the
cases for budburst. Only one of the cases in the Albariño variety showed a difference of
more than 6 days. For flowering, almost 90% of the cases registered differences of less than
3 days (Figure 2a). In the validation phase, using the GDD model estimated for budburst
in Treixadura (t0 49 DOY and Tb 5 ◦C) the differences between the predicted and observed
values were less than 3 days in 60% of the cases. Albariño and Loureira were the only
varieties that presented cases with more than 6 days of difference. For the flowering phase,
using the GDD model estimated for Godello (t0 52 DOY and Tb 6 ◦C), 81% of the cases
presented differences between the predicted and observed values in a range lower than
3 days, whereas the remaining 18% presented differences between 4 and 6 days (Figure 2b).
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Figure 2. Frequency in the percentage of difference in days between predicted and observed budburst and flowering dates
for grapevine varieties, a- used in the GDD model estimation by budburst and flowering b- and for GDD validation using
the best-fitted model (Treixadura for budburst and Godello for flowering) with the other grapevine varieties.

The results of the linear regressions across the origin between the predicted and
observed budburst/flowering dates (respectively), from the Treixadura GDD model for the
budburst stage and the Godello GDD model for the flowering stage, are shown in Figure 3.
In general, the regression coefficients (b0) are close to 1.0, both in the estimation and in the
validation steps, indicating the absence of bias (Figure 3).

The global GDD model estimated the data of the four varieties altogether to predict
budburst and flowering; the best-fitted parameters were t0 = 63 and 52, respectively, and
a base temperature of 7 ◦C for both budburst and flowering. The most accurate model,
with the lowest RMSE and higher efficiency, was obtained for the flowering stage (Table 4).
The difference in days between the predicted and observed budburst and flowering start
dates for this model showed that 62% of the cases for budburst and 79% of the cases for
flowering presented differences of less than 3 days (Figure 4).
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Figure 3. Predicted and observed dates using the Treixadura GDD model for budburst stage and Godello GDD model for
the flowering stage. Closed triangles (N) represent data used for the model estimation and closed square (�) represent data
used for the model validation. A 95% Confidence interval is represented by the gray dashed line.

Table 4. Goodness-of-fit indicators of global GDD model for estimation process using the dataset for
all grapevine varieties studied. Fitted t0: day of the year and Tb: base temperature.

Budburst Flowering

Global Model
T0 = 63; Tb = 7 T0 = 52; Tb = 7

EFF = 0.731 EFF = 0.881
RMSE = 4.153 RMSE = 2.979
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Figure 4. Frequency in the percentage of difference in days between predicted and observed budburst and flowering dates
for the GDD Global model (estimation and validation values).
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3. Discussion

In recent years, phenology has been considered as a key to many studies on climate
change, mainly due to the effects of temperature on the life cycles of plants, especially on
the grapevine. Several authors have reported an increasing temperature trend in certain
wine-producing areas [55,56]. In northeastern Spain, Ramos et al. [57] found general
warming of 1.0 to 2.2 ◦C during the period of vegetation. Another study in northwestern
Spain showed a significant trend towards an increase in the temperature-related bioclimatic
indices [58]. Consequently, changes in the annual growth cycle and phenological stages
of the vine were already being observed [13,59,60]. When we analyzed the phenology
of the four grapevine varieties representatives of the Ribeiro DO (Ribeiro Designation of
Origin) over 12 years, an oscillation was observed in the variability of the timing, mainly
a small delay in the budburst stage start date. Studies conducted in the Alsace region
pointed out that the inter-annual variability of budbreak decreased in the period 1989–
2015 [61]. These findings were shared in different vineyards around the world [11,62].
Budburst is one of the most important stages of development, as it represents the start
of vegetative growth. An increase in temperature can bring advances or delays in its
start date, inducing important consequences in the following reproductive stages [63].
During winter, the grapevine enters into a dormant state to overcome adverse conditions
by means of interruption of the growth [35]. To overcome this stage, the plant must
accumulate a certain number of chilling units during the first part of the dormancy, while
the vine needs warm temperatures in the last part to stimulate a rapid and homogeneous
budburst [34]. Moreover, the flowering stage showed a predisposition to advance their start
date, recording certain variations in these dates. During recent years (during the period
1989–2015), the inter-annual variability of flowering increased in different regions such as
the Alsace region [61], Burgundy region [62] and in other vineyards around the world [1].
Several studies that combine phenological models with climate change scenarios showed
that this stage will change in the future, with earlier growth expected in the northern
vineyards than in those in southern Europe [64], or in different areas of France [48,65–67]
and in the Trentino area (Italian-Alps) [41]. The magnitude of the advances was assessed
as being between 8 and 10 days until the end of 2100 for flowering [60]. The collection of
phenological data from such crucial stages, as budburst and flowering, is important as an
indicator of the evolution of the crop.

On the other hand, three temperature-based phenological models were estimated and
validated to predict the timing of budburst and flowering, using the phenological dataset of
four grapevine varieties (Albariño, Godello, Loureira and Treixadura). Through an iterative
process, the parameterization of the models was achieved. The thermal models used in
this study were based on the occurrence of a certain phenological stage through a sum of
temperatures, starting on a predefined date. The starting date of January 1st of the current
year showed a small improvement in efficiency, according to some authors that suggest
a start date of the thermal accumulation during the first days of the year [46,68]. Leolini
and collaborators [63] revealed that January 1st seems to be more suitable for assessing the
budburst date of the vine varieties collected in Southern Europe. Our study showed the
initial date for the thermal sum of the budburst stage occurred in late winter (February and
March). In general, Godello (t0 = 49–49-34 DOY in GDD, GDD Triangular, UniForc models)
and Treixadura (t0 = 49–52-72 DOY in GDD, GDD Triangular, UniForc models) were the
earliest varieties, and Albariño (t0 = 62–70-70 DOY in GDD, GDD Triangular, UniForc mod-
els) and Loureira (t0 = 79–79-80 DOY in GDD, GDD Triangular, UniForc models) were the
latest varieties. These results are in accordance with the data pointed out by several authors
in France, Italy, Switzerland and Greece (t0 = 60 DOY) [27], in California (t0 = 51 DOY) [45],
in France (t0 = 46 DOY) [48], or at the northern boundary of the commercial grapevine
production areas in Europe (average t0 = 60 DOY) [49]. Regarding the flowering stage, Al-
bariño was the first variety to initiate the heat accumulation with t0 = 27–27-11 DOY, which
was noted after considering the three models. Godello and Treixadura varieties recorded
the same t0 = 52 DOY for the GDD and GDD Triangular models and t0 = 28 DOY or
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t0 = 26 DOY for the UniFORC model, respectively. The latest variety is Loureira with
t0 = 72–70-70 DOY. These results are slightly different from those indicated in two wine-
growing areas of Portugal, in which the third part of March was noted as the most accurate
starting date for the heat accumulation calculation for the flowering stage [10]. Some
research carried out in the most important wine-growing areas in France, Switzerland and
Italy noted that the best starting date for heat accumulation units was March 1st [27]. This
variability may be because flower formation in the grapevine is a very complex process
that is strongly influenced by the environment and vine growing practices [69]. The tran-
scendental stages in the flower formation process can be induction, initiation and early
differentiation during season one, and differentiation at budburst during season two [69].
The vine cycle of reproductive development is fulfilled during two successive growing
seasons separated by a latency period [70].

Afterwards, we sought to determine for each type of model (GDD, GDD Triangular
and UniFORC) and variety the estimates of fixed parameters that best predict the dates
of budburst and flowering. The best base temperature (Tb) for the GDD model was
established to be between 5 to 10 ◦C for budburst. In the GDD Triangular model, the
minimum temperature ranged between 5 to 10 ◦C, the base temperature was fixed from
13 to 23 ◦C and the maximum temperature was fixed from 24 to 50 ◦C. In the case of
the flowering stage, the best base temperature for the GDD model was established to be
between 6 to 7 ◦C. In the GDD Triangular model, the minimum temperature was 6 to
7 ◦C, the base temperature was fixed from 23 to 27 ◦C and the maximum temperature was
fixed from 25 to 32 ◦C for the four studied varieties. Different authors proposed several
base temperatures as the optimum threshold above which the growth level is efficient. For
Vitis vinifera, 10 ◦C has been pointed out as the base/minimum temperature [5,46,71,72].
Also, a study carried out in Europe to calculate the grapevine budbreak date on eight
varieties noted that for the GDD model, the best base temperature ranged from 0 to
10 ◦C [63]. Otherwise, the range of base temperatures suitable for budbreak was stated to
be from 0.4 ◦C to 4.6 ◦C [52]. However, different responses to growth and development after
budbreak were found within a temperature range between 15 ◦C and 35 ◦C [73]. This base
temperature can vary depending on the phenological stage or the studied area. A model
for the vineyard flowering carried out in France, Italy, Switzerland, and Greece pointed
out 0 ◦C as the best base temperature [27]. In the Portugal region, a base temperature
of 9.2 ◦C was observed for the Fernão-Pires variety and 8.9 ◦C for the Castelão variety
regarding budburst, flowering, and veraison [74]. On the other hand, the optimal range of
temperatures to carry out the photosynthesis process ranged from 25 to 35 ◦C [75]. Our
study showed that the base temperature for budbreak is only close to this optimum in
the case of Treixadura, with 23 ◦C. However, during the flowering process, Albariño and
Loureira reached 27 and 26 ◦C, respectively, while Godello and Treixadura were very close
to the optimum (23 and 24 ◦C, respectively). These base temperature variations can be
explained by the phenotypic plasticity of the vine, whose values are influenced by intrinsic
plant factors and the local environment [76]. That is, although the varieties are usually well
adapted to the specific climatic conditions of the sites where they traditionally grow [9,77],
they differ in the thermal accumulation required for a given phenological stage [78,79].

From a statistical point of view, the three model types (GDD, GDD Triangular and
UniFORC) used for the prediction of the budbreak and flowering dates showed comparable
predictive accuracy. However, under equal predictive capabilities, simpler models should
be selected [80]. In this case, the GDD model is the simplest model between the assessed
results and obtaining a slightly better EFF and RMSE.

Our study developed specific phenological models that are particularly suitable for
each selected vine variety. The obtained results provide a key tool for winegrowers, since
they offer valuable information for vineyards management and planning [81]. Besides,
the accurate prediction of phenological stages encourages better practices and timely
action to improve vine yields and grape quality [82–85]. However, climate change is
expected to affect wine production worldwide and it is necessary to get a global model
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to see how the plants will react. The development of both global and regional models is
important due to the ecological plasticity of the vine that is usually explored in regions
located under the influence of Mediterranean climate where meteorological variables
such as temperature or relative humidity showed significant fluctuations in recent years.
Therefore, it is important to obtain regional forecasting models to evaluate the effect of
climate change more assertively in the bioclimatic conditions of a given wine region. In the
present study, a specific model has been obtained for each variety. However, we managed
to estimate an accurate model for all varieties, although with a small but acceptable loss
in forecasting power, given the possibility of having a global model for our whole study
region. Considering this condition, the modeling approach used in our study allowed
us to achieve a global prediction model for the 4 varieties that can adequately predict
the date of budburst and flowering: EFF = 0.731 and RMSE = 4.153 for budburst, and
EFF = 0.881 and RMSE = 2.979 for flowering. The future challenge will be to test this model
in more varieties.

In general, our results showed that thermal-time phenological models work better to
predict flowering than budburst. This fact may be due to latency and other physiological
processes that could have a greater impact on budbreak [60]. Also, there may be some
variability in the data collected visually despite the application of standardized criteria,
and winter pruning may affect the variability of the stage [80,86–88].

4. Materials and Methods
4.1. Study Area

The present study was carried out in a vineyard located in the North-West of Spain at
140 m above sea level (42◦18′ N, 8◦6′ W) belonging to the Ribeiro Designation of Origin
(Ribeiro DO) (Figure 5). Following the Multicriteria Climatic Classification (MCC) system,
most winemaking areas in this region, watered by the Miño River, would be defined as
temperate, warm and sub-humid with very cold nights [89]. Also, the area presents a
granitic soil with abundant stones and gravel, as well as a sandy texture with an average
depth of between 70 and 100 cm [90].
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Meteorological data were obtained from an automatic weather station correlated
to a data logger called HOBO Micro Station (Onset, USA), located at the central part of
the vineyard (42◦19′54′′N/8◦7′34′′ W). The monitored daily parameters were maximum
temperature, average temperature, and minimum temperature.

The current study is based on grapevine phenological observations from 2008 to
2019 collected at four plots in the same vineyard with the following separate varieties:
Treixadura, Godello, Loureira and Albariño. The observations were conducted in each
variety every 6–7 days, increasing to every 3–4 days during the flowering stage. A total of
20 plants per each studied variety were selected for the phenological study using the scale
recommended by Lorenz et al. [91], adopted as the standardized scale for phenological
grapevine observations by BBCH [92]. A given phenological stage was reached when the
event took place in the 50% of the sampled plants for each grape variety at the stages
according to the BBCH scale [92]: “09 Opening of buds: leaf tips clearly visible”, “61
Beginning of flowering: 10% of flower hoods fallen”.

4.2. Phenological Models

Temperature-based phenological models were tested centered on the proportional
relationship between the action of forcing temperatures (xt corresponding to the daily
mean temperature) and the daily rate of phenophase development (denoted by Rf ). So, it
was modeled that a specific phenophase occurred at day Dt after a critical value of thermal
accumulation was reached (expressed in degree-days or forcing units denoted by F*) from
an arbitrary onset date (t0) (Equation (1)) [93].

Phenophase (Dt) =
Dt

∑
t0

R f (xt) ≥ F∗ (1)

The daily rate of development (or daily rate of forcing) Rf, which is a function of
temperature, was tested in three different mathematical formulations:

1. Growing Degree Days model (GDD) Equation (2): The GDD model includes three
parameters, t0, Tb and F*. The summation of daily average temperature (xt) above a
specific threshold (Tb) from a specific date (t0) until an optimum thermal accumulation
(F*) was considered [94].

R f = GDD(xt) =

{
o i f xt < Tb

xt − Tb i f xt ≥ Tb
(2)

2. Growing Degree Days Triangular model Equation (3): The GDD Triangular model
represents a non-linear triangular function based on cardinal temperatures, hence the
F* takes values from 0 to 1. Four parameters were included for the estimation: t0, Tmin,
Topt, Tmax and F*.

R f (xt) =


0 i f xt � Tmin

xt−Tmin
Topt−Tmin i f Tmin < xt � Topt

xt−Tmax
Topt−Tmax i f Topt < xt < Tmax

0 i f xt � Tmax

(3)

3. UniFORC model Equation (4): This model contains four parameters (t0, d, e, F*) to be
fitted. The d (<0) parameter is the sharpness of the response curve and e (>0) is the
mid-response temperature. The rate of forcing (F*) is a sigmoid function that was in
the range of (0–1).

R f (xt) =

{
0 i f xt < 0
1

1+ed(xt−e) i f xt ≥ 0 (4)
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4.3. Models Parameterization and Validation

The model parameters were optimized using the Phenological Modeling Platform
(PMP) software (version 5.5) [95]. The PMP is a platform that allows the users to build,
adjust, simulate, test and validate phenological models intuitively and easily. It allowed us
to use models included in the platform and to fit the model to our data, or to create a new
model using the functions of the software. Each model is defined using meteorological and
phenological data to estimate the most suitable model parameters, for a specific location
and a predefined period of time. The software is very adaptable, i.e., allowing set the
start date (t0) of the first phase of the model and the start date of each phase (constant
or variable).

The optimization of the parameter estimated by the PMP was carried out using the
Metropolis simulated annealing algorithm [96] and following an interactive
optimization procedure.

A multistep parameterization methodology was applied to estimate the timing of bud-
burst and flowering using the dataset of four varieties independently (12 years per variety).

First, we tested whether any differences in the model estimation were observed, partic-
ularly at the start of accumulation of forcing units (t0 date) considering the beginning of the
dataset from September 1st of the previous year and from January 1st of the current year.
This procedure allowed us to select the best data frame for each phenophase and variety
(since, particularly for budburst, heat accumulation could start during December [31,68],
allowing a first set of intermediate space for the parameter values to be imposed in the
subsequent optimization of the models (Table 1)).

Second, a model calibration phase was conducted using each variety dataset inde-
pendently, where the intermediate-fitted parameters for each model formulation (GDD
model: tb; GDD Triangular model: Tmin, Topt and Tmax; the UniFORC model: e) were
freely-adjusted. This procedure allowed us to achieve an optimized model with fixed
parameters for future prediction of the budburst and flowering dates at the variety level.

Afterwards, the parameter set combination of the model providing the highest-
performance for each variety was externally validated with the dataset of the other three
varieties to evaluate the prediction accuracy of the estimated models. This fact allowed us
to establish one overall unique model for budburst and flowering for all varieties. Finally,
the performance of this model was compared with the attained considering all varieties in
one dataset (12 years x 4 varieties, giving a total number of observations of 48).

The estimation, validation and selection of the best performing models for each variety
and phenological phase were conducted taking into account 3 goodness-of-fit metrics: the
model with the highest efficiency (EFF, Equation (5)), the lowest root mean square error
(RMSE, Equation (6)) and the mean absolute deviation (MAD, Equation (7)) between
observed and predicted values. The following equations were applied:

EFF =
(SStot− SSres)

SStot
(5)

RMSE =

√
SSres

n
(6)

MAD =
∑n

i01|Xobsi − Xprei|
n

(7)

where SStot is the Total Sum of Squares, SSres is the Residual Sum of Squares, n the
number of observations and Xobsi and Xprei are, respectively, the observed values and
predicted values.

For the best-fitted models’ results presentation, an analysis of the frequencies of the
differences between the expected and observed dates for each phenophase was applied.
Also, a linear regression through the origin was conducted between the predicted and
observed dates of budburst and flowering. If the concordance line of this regression passed
through the origin and it had a regression coefficient of unity or was very close to one, this
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would show that there are no significant differences between the budburst and flowering
dates predicted and observed, marking the lack of bias.

5. Conclusions

This study provides relevant information for forecasting and predicting the temporal
evolution of grapevines in the face of climate change. It is important to have more regional
forecasting models to assess the effect of climate change more assertively on the bioclimatic
conditions of a given wine region. With the modeling approach used in our study, it was
possible to achieve a global prediction model for the four studied varieties and also to
obtain data on the adaptability of the different varieties by providing their optimal base
temperatures. Although we should test this model with more varieties to increase the
robustness and significance of the results, it lays the foundation to be able to employ this
type of approach.
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53. Ruml, M.; Nada, K.; Vujadinović, M.; Vukovic, A.; Ivanišević, D. Response of grapevine phenology to recent temperature change

and variability in the wine-producing area of Sremski Karlovci, Serbia. J. Agric. Sci. 2016, 154, 186–206. [CrossRef]
54. Moriondo, M.; Bindi, M. Impact of climate change of typical Mediterranean crops. Ital. J. Agrometorol. 2007, 12, 5–12.
55. Tomasi, D.; Jones, G.V.; GIust, M.; Lovat, L.; Gaiotti, F. Grapevine phenology and climate change: Relationships and trends in the

Veneto Region of Italy for 1964–2009. Am. J. Enol. Vitic. 2011, 62, 329–339. [CrossRef]
56. van Leeuwen, C.; Destrac-Irvine, A.; Dubernet, M.; Duchêne, E.; Gowdy, M.; Marguerit, E.; Pieri, P.; Parker, A.; de Rességuier, L.;

Ollat, N. An Update on the Impact of Climate Change in Viticulture and Potential Adaptations. Agronomy 2019, 9, 514. [CrossRef]
57. Ramos, M.C.; Jones, G.V.; Martínez-Casasnovas, J.A. Structure and trends in climate parameters affecting winegrape production

in northeast Spain. Clim. Res. 2008, 38, 1–15. [CrossRef]
58. Piña-Rey, A.; González-Fernández, E.; Fernández-González, M.; Lorenzo, M.N.; Rodríguez-Rajo, F.J. Climate Change Impacts

Assessment on Wine-Growing Bioclimatic Transition Areas. Agriculture 2020, 10, 605. [CrossRef]
59. Fraga, H.; Pinto, J.G.; Santos, J.A. Climate change projections for chilling and heat forcing conditions in European vineyards and

olive orchards: A multi-model assessment. Clim. Chang. 2019, 152, 179–193. [CrossRef]
60. Costa, R.; Fraga, H.; Fonseca, A.; García de Cortázar-Atauri, I.; Val, M.C.; Carlos, C.; Reis, S.; Santos, J.A. Grapevine Phenology of

cv. Touriga Franca and Touriga Nacional in the Douro Wine Region: Modelling and Climate Change Projections. Agron. J. 2019,
9, 210. [CrossRef]

61. García de Cortázar-Atauri, I.; Duchêne, E.; Destrac-Irvine, A.; Barbeau, G.; de Rességuier, L.; Lacombe, T.; Parker, A.K.; Saurin, N.;
van Leeuwen, C. Grapevine phenology in France: From past observations to future evolutions in the context of climate change.
OENO One 2017, 51, 115–126. [CrossRef]

62. Richard, Y.; Castel, T.; Bois, B.; Cuccia, C.; Marteau, R.; Rossi, A.; Thévenin, D.; Toussaint, H. Évolution des températures
observées en Bourgogne (1961–2011). Bourgogne Nat. 2014, 19, 110–117.

63. Leolini, L.; Costafreda-Aumedes, S.A.; Santos, J.; Menz, C.; Fraga, H.; Molitor, D.; Merante, P.; Junk, J.; Kartschall, T.; Destrac-
Irvine, A.; et al. Phenological Model Intercomparison for Estimating Grapevine Budbreak Date (Vitis vinifera L.) in Europe. Appl.
Sci. 2020, 10, 3800. [CrossRef]

64. García de Cortázar-Atauri, I.; Chuine, I.; Donatelli, M.; Parker, A.; van Leeuwen, C. A curvilinear process-based phenological
model to study impacts of climatic change on grapevine (Vitis vinifera L.). In Proceedings of the Agro 2010: The 11th ESA
Congress, Montpellier, France, 29 August–3 September 2010; pp. 907–908.

65. García de Cortázar-Atauri, I. Adaptation du Modèle STICS à La Vigne (Vitis vinifera L.). Utilisation dans le cadre d’une
étude d’impact du Changement Climatique à l’échelle de la France. Ph.D. Thesis, Ecole Supérieur Nationale d’Agronomie de
Montpellier, Montpellier, France, 2006.

http://doi.org/10.1038/432289a
http://doi.org/10.1016/j.foodres.2010.05.001
http://doi.org/10.1007/s00484-009-0277-5
http://doi.org/10.1111/j.1755-0238.2010.00118.x
http://doi.org/10.1016/j.compag.2016.05.019
http://doi.org/10.3354/cr00850
http://doi.org/10.1007/s00484-009-0274-8
http://www.ncbi.nlm.nih.gov/pubmed/19851788
http://doi.org/10.1007/s004840050100
http://doi.org/10.1017/S0021859615000453
http://doi.org/10.5344/ajev.2011.10108
http://doi.org/10.3390/agronomy9090514
http://doi.org/10.3354/cr00759
http://doi.org/10.3390/agriculture10120605
http://doi.org/10.1007/s10584-018-2337-5
http://doi.org/10.3390/agronomy9040210
http://doi.org/10.20870/oeno-one.2017.51.2.1622
http://doi.org/10.3390/app10113800


Plants 2021, 10, 502 17 of 18

66. Pieri, P. Climate change and grapevines: Main impacts. Climate change, agriculture and forests in France: Simulations of the
impacts on the main species. In The Green Book of the CLIMATOR Project (2007–2010); ADEME: Angers, France, 2010; pp. 213–223.

67. Cuccia, C.; Bois, B.; Richard, Y.; Parker, A.K.; García de Cortázar-Atauri, I.; van Leeuwen, C.; Castel, T. Phenological model
performance to warmer conditions: Application to pinot noir in Burgundy. J. Int. Sci. Vigne Vin. 2014, 48, 169–178. [CrossRef]

68. Pouget, R. Le débourrement des bourgeons de la vigne: Méthode de prévision et principes d’établissement d’une échelle de
précocité de débourrement. Conn. Vigne Vin 1988, 22, 105–123. [CrossRef]

69. Vasconcelos, M.C.; Greven, M.; Winefield, C.S.; Trought, M.C.T.; Raw, V. The Flowering Process of Vitis vinifera: A Review. Am. J.
Enol. Vitic. 2009, 60, 411–434.

70. Carmona, M.J.; Chaïb, J.; Martínez-Zapater, J.M.; Thomas, M.R. A molecular genetic perspective of reproductive development in
grapevine. J. Exp. Bot. 2008, 59, 2579–2596. [CrossRef]

71. Huglin, P.; Schneider, C. Biologie et Ecologie de la Vigne, 2nd ed.; Payot, Technique et Documentation: Lausanne, Paris, 1986; p. 370.
72. Carbonneau, A.; Riou, C.; Guyon, D.; Riom, J.; Schneider, C. Agrometeorologie de La Vigne em France; Office des Publications

Officielles des Communautés Européennes: Luxembourg, 1992; p. 169.
73. Buttrose, M.S. Vegetative growth of grape-vine varieties under controlled temperature and light intensity. Vitis 1969, 8, 280–285.
74. Fraga, H.; Santos, J.A.; Moutinho-Pereira, J.M.; Carlos, C.; Silvestre, J.; Eiras-Dias, J.; Mota, T.; Malheiro, A.C. Statistical modelling

of grapevine phenology in Portuguese wine regions: Observed trends and climate change projections. J. Agric. Sci. 2016, 154,
795–811. [CrossRef]

75. Greer, D.H.; Weedon, M.M. Modelling photosynthetic responses to temperature of grapevine (Vitis vinifera cv. Semillon) leaves on
vines grown in a hot climate. Plant Cell Environ. 2012, 35, 1050–1064. [CrossRef]

76. Chuine, I.; Cour, P. Climatic determinants of budburst seasonality of temperate-zone trees. New Phytol. 1999, 143, 339–349.
[CrossRef]

77. Schwartz, M.D. Phenology: An Integrative Environmental Science, 2nd ed.; Springer: Berlin/Heidelberg, Germany, 2003; p. 610.
78. McIntyre, G.N.; Lider, L.A.; Ferrari, N.L. The chronological classification of grapevine phenology. Am. J. Enol. Vitic. 1982, 33,

80–85.
79. Sergio, V.C.; Rafael, N.S.; Ivan, M.H. Phenology and sum of temperatures above 10 deg. C, in 24 grape varieties. Agric. Tec. 1986,

46, 63–67.
80. Fila, G.; Gardiman, M.; Belvini, P.; Meggio, F.; Pitacco, A. A comparison of different modelling solutions for studying grapevine

phenology under present and future climate scenarios. Agric. For. Meteorol. 2014, 195–196, 192–205. [CrossRef]
81. Moriondo, M.; Ferrise, R.; Trombi, G.; Brilli, L.; Dibari, C.; Bindi, M. Modelling olive trees and grapevines in a changing climate.

Environ. Model. Softw. 2015, 72, 387–401. [CrossRef]
82. Ramos, M.C. Projection of phenology response to climate change in rainfed vineyards in north-east Spain. Agric. For. Meteorol.

2017, 247, 104–115. [CrossRef]
83. Fraga, H.; Costa, R.; Moutinho-Pereira, J.; Correia, C.M.; Dinis, L.-T.; Gonçalves, I.; Silvestre, J.; Eiras-Dias, J.; Malheiro, A.C.;

Santos, J.A. Modeling phenology, water status, and yield components of three portuguese grapevines using the STICS crop model.
Am. J. Enol. Viticult. 2015, 66, 482–491. [CrossRef]

84. Fraga, H.; Amraoui, M.; Malheiro, A.C.; Moutinho-Pereira, J.; Eiras-Dias, J.; Silvestre, J.; Santos, J.A. Examining the relationship
between the enhanced vegetation index and grapevine phenology. Eur. J. Remote Sens. 2014, 47, 753–771. [CrossRef]

85. Cola, G.; Mariani, L.; Salinari, F.; Civardi, S.; Bernizzoni, F.; Gatti, M.; Poni, S. Description and testing of a weather-based model
for predicting phenology, canopy development and source–sink balance in Vitis vinifera L. cv. Barbera. Agric. For. Meteorol. 2014,
184, 117–136. [CrossRef]

86. Friend, A.P.; Trought, M.C. Delayed winter spur-pruning in New Zealand can alter yield components of Merlot grapevines. Aust.
J. Grape Wine Res. 2007, 13, 157–164. [CrossRef]

87. Martin, S.R.; Dunn, G.M. Effect of pruning time and hydrogen cyanamide on budburst and subsequent phenology of Vitis vinifera
L. variety Cabernet Sauvignon in central Victoria. Aust. J. Grape Wine Res. 2000, 6, 31–39. [CrossRef]

88. Valenti, L.; Bravi, M.; Dell′Orto, M.; Ghiglieno, I. Influence of the winter pruning time on the phenology of some cultivars in
the DOCG «Franciacorta» (Lombardy) and the DOC «Montefalco» (Umbria). In Proceedings of the 17th GiESCO Symposium,
Asti-Alba, Italy, 29 August–2 September 2011; pp. 339–342.

89. Blanco-Ward, D.; García Queijeiro, J.M.; Jones, G.V. Spatial climate variability and viticulture in the Miño River Valley of Spain.
Vitis 2007, 46, 63–70.

90. Orriols, I.; Vázquez, I.; Losada, A. Variedades gallegas. Terruños 2006, 16, 11–18.
91. Lorenz, D.H.; Eichorn, K.W.; Bleiholder, H.; Klose, R.; Meier, U.; Weber, E. Phänologische Entwicklungsstadien der Weinrebe

(Vitis vinifera L. ssp. vinifera). Codierung und Beschreibung nach der erweiterten BBCH-Skala. Vitic. Enol. Sci. 1994, 49, 66–70.
92. Meier, U. Growth stages of mono and dicotyledonous plants. In BBCH Monograph, 2nd ed.; Federal Biological Research Centre for

Agriculture and Forestry: Quedlinburg, Germany, 2001; p. 158.
93. Chuine, I.; Cour, P.; Rousseau, D.D. Fitting models predicting dates of flowering of temperate-zone trees using simulated

annealing. Plant Cell Environ. 1998, 21, 455–466. [CrossRef]

http://doi.org/10.20870/oeno-one.2014.48.3.1572
http://doi.org/10.20870/oeno-one.1988.22.2.1260
http://doi.org/10.1093/jxb/ern160
http://doi.org/10.1017/S0021859615000933
http://doi.org/10.1111/j.1365-3040.2011.02471.x
http://doi.org/10.1046/j.1469-8137.1999.00445.x
http://doi.org/10.1016/j.agrformet.2014.05.011
http://doi.org/10.1016/j.envsoft.2014.12.016
http://doi.org/10.1016/j.agrformet.2017.07.022
http://doi.org/10.5344/ajev.2015.15031
http://doi.org/10.5721/EuJRS20144743
http://doi.org/10.1016/j.agrformet.2013.09.008
http://doi.org/10.1111/j.1755-0238.2007.tb00246.x
http://doi.org/10.1111/j.1755-0238.2000.tb00159.x
http://doi.org/10.1046/j.1365-3040.1998.00299.x


Plants 2021, 10, 502 18 of 18

94. van der Schoot, C.; Rinne, P.L.H. Dormancy cycling at the shoot apical meristem: Transitioning between self-organization and
self-arrest. Plant Sci. 2011, 180, 120–131. [CrossRef] [PubMed]

95. Chuine, I.; Garcia de Cortazar-Atauri, I.; Kramer, K.; Hänninen, H. Plant Development Models. In Phenology: An Integrative
Environmental Science, 2nd ed.; Schwarz, M.D., Ed.; Springer Science & Business Media: Dordrecht, The Netherlands, 2013;
pp. 275–293.

96. Metropolis, N.; Rosenbluth, A.W.; Rosenbluth, M.N.; Teller, A.H.; Teller, E. Equation of state calculations by fast computing
machines. J. Chem. Phys. 1953, 21, 1087–1092. [CrossRef]

http://doi.org/10.1016/j.plantsci.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/21421354
http://doi.org/10.1063/1.1699114

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Study Area 
	Phenological Models 
	Models Parameterization and Validation 

	Conclusions 
	References

