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1) Contextualização geral dos trabalhos 

	
O desenvolvimento da videira, a maturação dos bagos, a qualidade dos mostos e, 

consequentemente, os atributos e a tipicidade dos vinhos são fortemente determinados pelo 

ambiente físico dos locais onde são produzido. Em viticultura, as interações entre as 

condições ambientais, as práticas culturas e a videira são referidas com a “influência do 

terrior”. O clima e o solo são dois dos elementos do terroir com maior influência na 

vitivinicultura. Devido a esta dependência muitos trabalhos têm procurado estabelecer 

diferentes relações entre alguns parâmetros climáticos e o desenvolvimento da videira, a 

produção, a maturação do fruto, a qualidade dos mostos e dos vinhos. Sendo que algumas 

destas relações têm sido materializadas em modelos de simulação e previsão.  

Os modelos de cultura são instrumentos de grande relevância tanto do ponto de vista técnico 

como científico. Ao nível da exploração, são importantes instrumentos de apoio à tomada de 

decisão, permitindo prever a época para a realização de algumas operações culturais, as 

épocas de maior vulnerabilidade a pragas e doenças, o momento ótimo para a vindima, 

prever a produção e a qualidade dos mostos, e simular o estado hídrico das plantas.  Podem 

ser também usados para avaliar a interação entre as castas, as condições ambientais e as 

práticas vitícolas e são também importantes instrumentos para a seleção de cultivares para 

novas áreas vitícolas e para a avaliação do efeito da variabilidade e das alterações climáticas. 

O presente projeto de pós-doutoramento teve como objetivos: i) avaliar o efeito das 

condições meteorológicas locais no desenvolvimento e na maturação das castas Touriga 

Nacional e Encruzado cultivadas em diferentes localizações da região demarcada do Dão, ii) 

calibrar e validar modelos estatísticos para simulação de alta resolução das dinâmicas 

fenológica e da maturação e, iii) num cenário de alterações climáticas, projetar para a região 

as principais alterações nos momentos de ocorrência dos principais eventos fenológicos e de 

maturação dos bagos e na duração das diferentes fases do ciclo.  

A concretização dos primeiros objetivos foi suportada em dados de campo recolhidos nos 

campos ampelográficos de Viseu e de Nelas, no período 2014 a 2016, e numa rede de 

campos de monitorização estabelecida no âmbito do Estudo Comparativo de Castas 

Autóctones da Região do Dão (ECCARDão), ação inserida no Projeto Estratégico de Apoio 
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à Fileira do Vinho na Região Centro (Centro-04-3928-FEDER-000001), no período 2017 a 

2019. A rede de campos de monitorização instalada no âmbito do projeto ECCARDão 

inclui, além das vinhas ampelográfica anteriormente referidas, vinhas comerciais de 

produtores, localizadas em diferentes sub-regiões e diferentes zonas climáticas, incluindo 11 

parcelas de vinha em 7 localizações: Viseu, Silgueiros, Santar, Nelas, Carregal do Sal, São 

João de Areias e Tábua.  

De entre toda a informação agronómica, eco-fisiológica e ambiental recolhida no âmbito do 

estudo anteriormente referido foram usados nos trabalhos desenvolvidos neste pós-

doutoramento os dados de desenvolvimento fenológico, de maturação e de meteorologia. Os 

meios e os métodos usadas na recolha destes dados encontram-se detalhadamente descritas 

nos artigos publicados.  

Os objetivos estabelecido para este pós-doutoramento foram concretizados através da 

realização e publicação de três trabalhos. O primeiro focado na relação entre as condições 

térmicas locais e o desenvolvimento fenológico até ao pintor, o segundo focado na relação 

com a dinâmica da maturação técnica (teor em açúcar, acidez total e pH dos mostos),  e 

finalmente o terceiro focado na previsão dos efeitos do aquecimento climático nas dinâmicas 

fenológicas e da maturação.   

No primeiro trabalho publicado (anexo I) foi efectuada uma análise detalhada das 

observações fenológicas de duas castas (cv. Touriga Nacional e cv. Encruzado) e das 

condições climáticas nas diferentes localizações, e avaliada a viabilidade de adoptar um 

conjunto único de parâmetros para modelar com precisão diferentes eventos fenológicos em 

ambas as castas. Em resultado destas análises prévias foi calibrado e validado para a região 

do Dão um único modelo de desenvolvimento fenológico (PDM) para as duas castas, capaz 

de simular a ocorrência de vários estados fenológicos intermédios, entre o abrolhamento e o 

Pintor. 

O segundo trabalho (Anexo II) teve como objetivo central a calibração e validação de 

modelos térmicos, um linear (graus-dia - DD) e outro não lineares (sigmoide -SM), capazes 

de prever as datas em que o índice de maturação técnica (Álcool provável/acidez total) 

atinge os valores de 0.75, 1, 1.5 e 2. Foi ainda analisada a relação entre a evolução da 

acumulação dos açúcar, da evolução da acidez total e do pH dos mostos e a acumulação de 

calor desde a floração.  
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Com base nos modelos térmicos de desenvolvimento fenológico e de maturação validados 

nos trabalhos anteriores e nas projeções climáticas para os períodos 2041-2070 e 2071-2100, 

geradas por cinco Modelos Climáticos Regionais (RCM) com dois cenários de emissões 

(RCP4.5 e RCP8.5), no terceiro trabalho (Anexo III) foram avaliados os impactos do 

aquecimento climático no calendário dos principais estados fenológicos e de maturação, e na 

duração das principais fases do ciclo vegetativo.  

Para além dos trabalhos sumariamente descritos, durante o período em que decorreram os 

trabalhos no âmbito do pós-doutoramento foram desenvolvidas outras atividades de natureza 

científica com relevância para a formação. 

 

2) Atividades de investigação desenvolvidas durante o período do pós-
doutoramento. 

a) Publicações no âmbito do pós-doutoramento. 

Rodrigues, P.; Pedroso, V.; Gonçalves, F.; Reis, S.; Santos, J.A (2021). Temperature-Based 

Grapevine Ripeness Modeling for cv. Touriga Nacional and Encruzado in the Dão Wine 

Region, Portugal. Agronomy, 11, 1777. https://doi.org/10.3390/agronomy11091777 

Rodrigues, P., Pedroso, V., Henriques, C. ., Matos, A., Reis, S., & A. Santos, J. (2021). 

Modelling the phenological development of cv. Touriga Nacional and Encruzado in the Dão 

Wine Region, Portugal. OENO One, 55(3), 337–352. https://doi.org/10.20870/oeno-

one.2021.55.3.4646. 

Rodrigues, P., Pedroso, V., Reis, S., Yang, C. & A. Santos, J. (2022). Climate change 

impacts on phenology and ripening of cv. Touriga Nacional in the Dão wine region, 

Portugal. International Journal of Climatology (submetido). 

b) Outras publicações científicas 

Gonçalves P, Nóbrega L, Monteiro A, Pedreiras P, Rodrigues P, Esteves F. (2021). SheepIT, 

an E-Shepherd System for Weed Control in Vineyards: Experimental Results and Lessons 

Learned. Animals, 11(9) : 2625. https://doi.org/10.3390/ani11092625 
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c) Participação em projetos de investigação. 

Investigador responsável  do Estudo comparativo de Castas Autóctones na Região do Dão, 

inserida no Projeto Estratégico de Apoio a Fileira do Vinho na Região Centro - CENTRO-

04-3928-FEDER-000028 (julho 2019 a junho 2022).  

d) Comunicações em eventos científicos. 

 

Reis, S., Fraga, H., Carlos, C., Silvestre, J., Eiras-Dias, J., Rodrigues, P. and A. Santos, J.: 

Grapevine Phenology in Four Portuguese Wine Regions: Modeling and Predictions. EGU 

General Assembly 2021, online, 19–30 Apr 2021, EGU21-671, 

https://doi.org/10.5194/egusphere-egu21-671, 2021 (Poster). 

 

Gonçalves, F., Pina, A., Gonçalves, L. and Rodrigues, P. Evolution of Phenolic Compounds 

During Maturation of Red Grapes from Dão Region of Portugal.  14th World Congress on 

Polyphenols Applications 2021, Online congress, 22-24 September 2021 (Oral). 

 

Rodrigues, P., Pedroso, V., Henriques, C., Matos, A., Gonçalves, F., Reis, S., Santos, J.A. 

Modelação da fenologia da videira e da maturação do bago na Região Demarcada do Dão. 

Webinar Clim4Vitis, Grapevine Modelling a Tool for Climate Change Adaption, 17 

dezembro 2021 (Oral). 

 

e) Comunicações em eventos técnicos. 

Rodrigues, P. Variabilidade Climática da Região do Dão. Seminário “ Maturação da Uva na 

Região do Dão”, 30ª Feira do Vinho do Dão, 3 de setembro 2021 (Oral).  

 

Rodrigues, P. Novos Instrumentos de Controlo da dinâmica da Maturação. Seminário “ 

Maturação da Uva na Região do Dão”, 30ª Feira do Vinho do Dão, 3 de setembro 2021 

(Oral).  

f) Organização de eventos 

Membro da comissão organizadora do Vine & Wine Sustainability – Dão Innovation 

Sessions. Instituto Politécnico de Viseu, Viseu, Portugal, 28 de maio de 2021,	

https://www.youtube.com/watch?v=C7uvwD0yM88. 
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3) Síntese conclusiva 

Nos trabalhos realizados no âmbito do pós-doutoramento foi desenvolvido, para a região 

demarcada do Dão, um modelo de desenvolvimento fenológico (PDM) para prever a data de 

ocorrência de vários estados intermédio, entre o abrolhamento e o pintor, das castas Touriga 

Nacional (TN) e Encruzado (EN).  Para o período da maturação dos bagos foram calibrados e 

validados modelos de maturação (TRM) que permitem determinar o momento do ciclo em 

que se atingem quatro estados de maturação, MS0.75, MS1.0, MS1.5 e MS2.0, correspondentes 

ao rácio teor alcoólico provável/acidez total  de 0.75, 1.0, 1.5 e 2.0, respectivamente. 

Tratando-se de modelos térmicos, os quais apenas tem em consideração o efeito da 

temperatura no desenvolvimento da videira, a data de ocorrência de um evento fenológico ou 

de maturação é determinada quando a acumulação diária de calor, a partir de uma 

determinada data (tx), atinge um valor crítico específico (F*).  

Para os estados intermédios entre o abrolhamento(EL4) e a floração (EL23) e entre a floração 

(EL23) e o pintor (50V) o modelo foi calibrado considerando para tx as datas observadas de 

EL4 e EL23, respetivamente.  Para a simulação do abrolhamento (EL4), os resultados 

permitiram concluir que, nas condições térmicas locais, para as duas castas o início da 

acumulação de calor (tx) deverá ser fixada a 31 de março. No caso dos modelos maturação 

concluiu-se que a data do início da acumulação de calor que conduz ao melhor ajustamento 

com os dados de campo foi a data observada da floração (EL23). 

Relativamente à simulação do desenvolvimento fenológicos a análise de sensibilidade 

demostrou ser viável estabelecer para as duas castas em estudo o mesmo conjunto de 

parâmetros do modelo, SM(e = 12, d = -0.35) para a previsão do abrolhamento (EL4) e, de 

igual forma, o mesmo conjunto de parâmetros (SM(e = 12, d = -0.5)) para a previsão dos 

restantes estados fenológicos até ao pintor (50V). No que diz respeito à maturação ficou 

também demonstrado ser viável estabelecer para cada casta o mesmo conjunto de parâmetro 

dos modelos para simular os 4 estados de maturação definidos: TN, SM(e =15, d = -0.4) ou 

DD(to = 2) e EN, SM(e =13, d = -0.35) ou DD(to = 0). 

As métricas usadas para avaliar a qualidade do ajustamento aos dados de campo, mostram 

que tanto o modelo de desenvolvimento fenológico (PMD) como os modelos de maturação 

(TRM) apresentaram globalmente eficiência (EFF) elevada e erro médio de estimativa 

(RMSE) baixo, similares às de modelos desenvolvidos por outros investigadores. Verifica-se 
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contudo, que a EFF e o RMSE é variável dependendo do estado fenológico/maturação e da 

casta. No que diz respeito à simulação da maturação são foram encontradas diferenças 

relevantes entre os valores de EFF e RMSE obtidos com os modelos que recorrem à função 

linear (DD) dos obtidos que recorrem à função não linear (SM). 

Apesar da sua simplicidade facilitar a sua adopção como instrumentos de previsão e de apoio 

à decisão, os modelos apresentam algumas limitações que poderão ser ultrapassadas em 

trabalhos futuros, nomeadamente o facto de não terem em consideração às necessidades de 

frio para a quebra da endo-dormência, de exigirem informação sobre as datas de 

abrolhamento e floração, e de não terem em consideração outras variáveis ambientais que, 

além da temperatura, determinam também o desenvolvimento da videira e a maturação dos 

bagos, nomeadamente a precipitação ou a disponibilidade em água no solo. 

A analise de regressão não linear da concentração em açúcar (SC) e da acidez total (TA) com 

o calor acumulado (HA) determinado usando os modelos de maturação desenvolvidos 

mostraram que uma elevada proporção da variabilidade da SC e da TA foi explicada pela 

variabilidade deste índice térmico e que que o efeito da temperatura na dinâmica de 

acumulação de açúcar e degradação dos ácidos é dependente da localização e da casta. Por 

seu lado, comparativamente a estes dois parâmetros de qualidade dos mostos, verificou-se 

também uma menor influência das condições térmicas na variabilidade do pH.  Outros 

trabalhos deverão ser realizados com o objetivo de determinar a influência de outras variáveis 

ambientais, nomeadamente precipitação e características do solo, nas evolução destes 

parâmetros de qualidade dos mostos durante a maturação e com o objetivo e modelar a 

influência climática na maturação fenólica.  

A avaliação do impacto das alterações climáticas no desenvolvimento fenológico e na 

maturação da casta Touriga Nacional na região vinícola do Dão mostrou que as alterações 

projetadas serão dependentes da magnitude dos aumentos de temperatura previsto para os 

períodos futuros em cada local.  Contudo foi possível verificar que em todos os cenários 

estudados as antecipações na fenologia serão mais pronunciadas nas fases mais tardias do 

ciclo, nomeadamente entre o início do pintor (EL35) e o final da maturação (MS2.0), do que 

nas mais precoces. Os resultados mostraram que as alterações no calendário fenológico e da 

maturação desta casta serão consequência da combinação da antecipação do abrolhamento e 

do encurtamento de algumas fases do ciclo. Para todos os locais, a projeções efectuadas não 

revelaram alterações nas durações dos períodos da floração (EL19-EL27) e do 
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desenvolvimento dos bagos (EL27-EL35), mas, em contrapartida, um importante 

encurtamento do período de maturação (EL35-MS2.0).  

Como consequência da antecipação e do encurtamento de algumas fenofases, as projeções 

mostraram que no futuro a fase final do ciclo (pintor e maturação) será deslocada para os 

meses mais quentes do ano resultando assim num duplo impacto na temperatura do ar nesses 

períodos. Os incrementos de temperatura do ar que neste trabalho se projeta poderem vir a 

verificar-se durante a maturação terão consequências significativas na dinâmica de maturação 

e na qualidade dos bagos à vindima, nomeadamente no equilíbrio entre o açúcar e acidez, e na 

cor. Assim, as mudanças na fenologia e maturação projetadas para o futuro poderão ameaçar a 

qualidade e tipicidade do vinho do Dão sendo por isso exigida a implementação de estratégias 

de adaptação específicas. Estudos futuros devem ser realizados para avaliar o impacto das 

alterações climáticas no risco de geadas tardias, na zoneamento vitícola, e no rendimento e na 

qualidade dos bagos na vindima. Todos estes estudos devem ser considerados como 

contributos críticos para o sector vitivinícola regional, já que na sua transição para uma maior 

resiliência climática e para uma abordagens inteligentes em matéria de clima desempenharão 

de facto um papel fundamental na sua futura sustentabilidade ambiental e socioeconómica. 
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a b s t r a c t

The grapevine vegetative cycle, which is morphologically described by its phenological stages, is strongly determined 
by weather conditions. Phenological models are widely applied in viticulture and are based on the assumption that air 
temperature is the preponderant environmental factor which determines vine development. In this study, phenological 
development models (PDMs) were calibrated and validated to simulate several intermediate stages between budbreak 
and veraison for cv. Touriga Nacional (TN) and cv. Encruzado (EN) winegrape varieties, which are widely grown in 
the Dao Wine Region, Portugal. These are thermal models, with which the daily sum of the rate of forcing (R) was 
calculated using a sigmoid function. For this purpose, a high-quality and comprehensive dataset was used which 
combines phenology data and weather station data in several vineyard sites spread over the region. The model showed 
an overall high performance (global RMSE of 5.4 days for EN and 5.0 days for TN), although it depended on the 
phenological stage and variety. The RMSE ranged from 3.2 to 6.2 for TN, and from 3.9 to 6.8 for EN. For both varieties 
and in all phenological stages, the RMSE was significantly lower than the standard deviation of the phenological 
observations. For TN, the model efficiency was greater than 0.71 for all phenological stages. In future studies, these 
models will be combined with specific models that simulate the evolution of winegrape berry quality indicators 
commonly used for harvest decision support. The relatively low complexity of the selected PDMs enables their use as 
a crop management and decision support tool. To our knowledge, no previous studies have been carried out on either 
of these two varieties and their intermediate phenological timings. The present study is an illustration of conceivable 
model development under diverse environmental conditions, thus allowing similar approaches to be adopted in other 
wine regions on a worldwide scale.
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INTRODUCTION 

The Dão winegrowing region is located on a 
plateau in the central part of northern Portugal. It 
is surrounded by mountains and is protected from 
both the Atlantic moist winds and the continental 
influence from inner Iberia. In this wine region 
small farms predominate. Approximately 
80 % of the vineyards are cultivated with red 
varieties and 20 % with white varieties. For the 
period 1950–2000, high-resolution bioclimatic 
zoning divides the region into three bioclimatic 
groups (Fraga et al., 2014): i) the peripheral 
zone comprising the northern, western and  
south/southeastern areas and characterised by a 
cold and humid climate and cold nights, ii) the 
central area with a temperate and humid climate 
and cold nights, and iii) the south/southwestern 
area with a temperate and humid climate and 
warm nights. Climate change projections for 
2041–2070 reveal that the climate will become 
warmer and drier with warm nights in about 
85 % of the area, while it will become very warm 
and dry with warm nights in 14 % of the area. 
Ninety-seven percent of vineyard soils are derived 
from granite (Dias, 1995), and are classified as 
Humic or as Dystric Cambisols according to the 
FAO Soil Classification (FAO, 2015). These are 
coarse-textured soils, which have a slightly acid 
reaction and low organic matter content, but 
they are reasonably enriched with phosphorus 
(Almeida, 2005). 

Touriga Nacional (TN) and Encruzado (EN) are 
native varieties (red and white respectively) from 
Portugal, which are recognised in the Dão region 
for their aptitude to produce high-quality table 
wines with high ageing potential. 

Grapevine growth, fruit ripening and berry quality 
are strongly dependent on the environmental 
conditions of the sites where the vines are 
cultivated (Martínez-Lüscher et al., 2016). Climate 
and soil are the two central terroir factors, having 
the most significant influence in viticulture (Jones 
and Davis, 2000; Magalhães, 2008). Due to this 
dependence, many studies have identified different 
relationships between some climatic parameters 
and vine growth, yield, fruit ripening and berries 
and wine quality (Costa et al., 2020; Jones and 
Davis, 2000; Malheiro et al., 2013). Some of these 
relationships have been integrated into simulation 
and forecasting models (Costa et al., 2015).

The grapevine vegetative cycle, morphologically 
described by its phenological stages, is strongly 
determined by weather conditions, namely 

precipitation, radiation and temperature 
(Malheiro et al., 2013). Grapevine phenological 
development has been the subject of several 
studies which aimed to characterize its 
relationship with the meteorological conditions 
(Martínez-Lüscher et al., 2016), to develop models 
to make predictions and to classify the varieties 
according to the heat requirements of the main 
phenological stages. Based on phenological data 
from the Lisbon wine region, Lopes et al. (2008) 
defined a classification of 19 white and 15 red 
Portuguese varieties according to their heat 
requirements for budbreak, flowering and veraison. 
Using the same methodology, Alves et al. (2013) 
determined the heat requirements for four 
red grape varieties in the Douro wine region 
and evaluated the rootstock effect. Based on 
previously calibrated phenological models, 
Parker et al. (2013) carried out a classification of 
95 varieties according to flowering precocity, and a 
classification of 104 varieties in terms of veraison 
precocity. Following a similar methodology, 
Reis et al. (2020) classified 36 Portuguese varieties 
using data from the Lisbon wine region. 

Most phenological models commonly used to 
simulate and forecast phenological events are 
based on the assumption that air temperature is 
the preponderant environmental factor which 
determines vine development. These models 
are widely applied in viticulture as they are an 
important tool for planning canopy and irrigation 
management and harvesting, as well as for defining 
strategies for disease control (Caffarra et al., 2012; 
Molitor and Berkelmann-Loehnertz, 2011). 
Furthermore, they can be used to select the varieties 
better adapted to specific weather and climate 
conditions (Parker et al., 2013; Parker et al., 2011; 
Reis et al., 2020), as well as to assess climate 
change impacts on grapevine development 
when coupled with climate change scenarios 
and temperature projections (Costa et al., 2019; 
Fraga et al., 2016).

The simplest models, called thermal models 
(TM), only take into account the forcing effect 
of heat accumulation after a specific date (onset). 
More complex models, which describe the entire 
dormancy period (endo- and eco-dormancy), 
also take into account the chilling accumulation 
requirement to break dormancy (Jones, 2013). 
The chilling models (CM) differ in articulating 
the thermal effects on dormancy and vegetative 
phases (Reis et al., 2020). Leolini et al. (2020) 
evaluated the reliability of these two modelling 
approaches for budbreak simulation by testing 
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six different phenological models (3 TM and 
3 CM) and eight varieties cultivated at different 
latitudes in Europe. Although CMs have shown 
a generally higher estimation accuracy, none of 
them have shown clear supremacy over the simpler 
models, thus highlighting that the TMs may be a 
good trade-off between accuracy and simplicity 
(Garcia de Cortázar-Atauri et al., 2009).  
As cultivated grapevine, Vitis vinifera, is 
considered to be a species which has a relatively 
low chilling requirement compared to other 
perennial woody horticultural species (Londo 
and Johnson, 2014), chill-heat models do not 
usually perform significantly better than heat 
accumulation models. In the Dão wine region, 
the chilling requirements are indeed consistently 
fulfilled, phenological development thus being 
largely controlled by heat accumulation. 

Among the TMs, the degree-day (DD) is one of 
the most widely used for grapevine phenological 
predictions. In this model, the temperature 
effect on phenological dynamics is determined 
through daily temperature accumulation above 
a pre-defined threshold (T0) often referred to 
as base temperature, being the accumulation of 
temperature between a starting day, or previous 
phenological state, and the target phenological 
state.

Using phenological data from twelve vineyards 
in Chile, Santibanez et al. (2014) presented 
models for three table grape cultivars based on 
Mitscherlich´s monomolecular equation, where 
the dependent and independent variables were 
the phenological stages and the DD respectively, 
and T0 = 10 ºC and tx = 1 (1st January). 
Ortega-Farías et al. (2002) used the same approach 
for two grapevine varieties. Using phenological 
observations of 81 varieties collected from  
23 different locations (pre-dominantly in France), 
Parker et al. (2011) obtained better results when 
T0 = 0 ºC and tx = 60 (1st March). However, using 
data related to eight varieties collected from 
fifteen experimental vineyards in three European 
countries, Leolini et al. (2020) found performance 
to be higher for three TMs when the starting date 
was fixed on the 1st January (tx = 1) rather than 1st 
March (tx = 60).

When considering conventional DD to assumes 
that above T0 the effect of temperature on 
phenological development is linear and unlimited, 
Molitor et al. (2014) compared it with two 
modifications that incorporated additional 
thresholds. The first modification comprised 
a second higher temperature threshold, with 

which the temperature effect on phenological 
development was maximum and constant.  
A second modification comprised a third 
temperature threshold (Tmax), above which 
temperature accumulation decreased. In both 
models, the accumulation of heat began on the 
budbreak date. For temperature thresholds of  
5, 20 and 22 ºC, the latter model showed the best 
prediction efficiency.

The two-parameter sigmoid model (SM) proposed 
by Hanninen (1990) overcomes the limitation 
of imposing an artificial threshold for heat 
accumulation as it allows for a gradual change in 
the weights given to different temperatures within 
a transition range (Reis et al., 2020). A recent study 
that tested several phenological models applied to 
two varieties cultivated in Portugal (cv. Touriga 
Nacional and cv. Touriga Franca) and prevalent 
in the Douro wine region demonstrated that the 
DD and SM tended to show higher performance 
when simulating flowering and veraison 
than other commonly used models, such as 
Richardson and Wang models (Costa et al., 2019). 
Parker et al. (2011) also showed that both these 
models give the highest performance when 
simulating veraison dates.

Most models are calibrated, validated or 
tested to simulate only the main phenological 
stages; i.e., budbreak, flowering and veraison 
(Caffarra and Eccel, 2010; Cuccia et al., 2014;  
Garcia de Cortázar-Atauri et al., 2009; 
Fraga et al., 2015; Morales-Castilla et al., 2020; 
Parker et al., 2011). Consistent records of 
intermediate phenological stages (in between 
budbreak, flowering and veraison) are generally 
difficult to obtain, thus explaining why most of the 
studies are focused on the three aforementioned 
stages. Nonetheless, other models have been 
developed and applied to predict the whole 
sequence of phenological stages in the grapevine 
growing cycle (Fernández-González et al., 2013; 
Mariani et al., 2013; Molitor et al., 2014; 
Ortega-Farías et al., 2002; Rodrigues et al., 2016; 
Verdugo-Vásquez et al., 2017). 

The forecast of the intermediate phenological 
stages is particularly relevant when models are 
used as decision support tools for farmers when 
planning canopy management and vine protection, 
which involve, for example, shoot thinning, leaf 
removal and phytosanitary measures against 
downy mildew disease or Botrytis bunch rot.

An important consideration when developing 
phenology models is the quantity and quality 
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of phenological observations needed to train 
and validate the model. Ideally, long time series 
data (or panel data) collected consistently over 
time should be used to model phenology, as this 
will reduce model error due to differences in 
crop management and will minimise observer 
errors (Darbyshire et al., 2020). Given the 
reality of available data in many studies 
some researchers have compiled data from 
different sites to construct a larger dataset 
(Darbyshire et al., 2020; Luedeling et al., 2009; 
Morales-Castilla et al., 2020; Parker et al., 2013; 
Parker et al., 2011; Parker et al., 2020; 
Pope et al., 2014).

The present study aimed to 1) provide a detailed 
discussion of the phenological observations 
of two representative winegrape varieties  
(cv. Touriga Nacional and cv. Encruzado) grown 
in the Dão wine region (DãoWR), Portugal, and 
its climatic conditions, 2) assess whether a single 
set of parameters is sufficient to accurately model 
different phenological timings in both varieties, 
and 3) calibrate and validate a Sigmoid model to 
simulate several intermediate phenological stages 
between budbreak and veraison. To our knowledge, 
no previous studies has been carried out on either 
of these two varieties and their intermediate 
phenological timings. Therefore, the present study 
aims at assessing the performance of the SMs 
when reproducing the observed variability of less 
studied phenological stages. Some of the results 
may, however, be extrapolated to other varieties 
and wine regions worldwide.

MATERIALS AND METHODS 

1. Study Area and Datasets 

The phenological data were collected from nine 
commercial vineyards and two varietal vineyards 
in six locations in the Dão Wine Region, hereafter 
referred to as DãoWR (Figure 1). All the 
vineyards are non-irrigated. The characteristics of 
the experimental plots (variety, plantation density, 
pruning system and rootstock) and the available 
periods of data are shown in Table 1. 

The phenological stages were recorded through 
site observations based on the modified 
Eichhorn-Lorenz scale (Coombe, 1995) until 
the beginning of veraison (EL35). To evaluate 
the veraison evolution, after EL35 (“Berries 
begin to colour and enlarge”), a specific scale 
was used in which 50V corresponds to 50 % of 
coloured clusters and represents the mid-veraison. 

For each varietal plot, the observations were 
carried out on all buds/shoots (until EL18) or 
inflorescences/clusters (after EF18) of six plants. 
On the commercial plots, the observations 
were made on the two buds/shoots (or on its 
inflorescences/clusters) of the same fruiting spur. 
In each repetition (three repetitions per plot), five 
fruiting spurs with two buds on different positions 
in the cordon and on different plants were selected. 
Records were taken twice a week until EL27, and 
once a week after this stage. All observations 
were undertaken by the same technicians, thus 
ensuring a homogeneous dataset. For each plant 
in the varietal plots, or for each repetition in 
the commercial plots, a phenological stage was 
evaluated when at least 50 % of the observed parts 
of the plant reached the respective stage. 

As in the commercial plots the measurements 
were carried out in three repetitions, the 
maximum number of observations for each 
phenological stage is thus 51 for cv. Touriga 
Nacional and 40 for cv. Encruzado (see Table 
S1 in Supplementary Material). Although these 
sample sizes are relatively short for more robust 
statistical assessments, this is indeed the only 
available dataset of grapevine phenology in this 
wine region, thus indicating the need to maintain 
the current observational framework. 

Due to the homogeneity of the observation criteria, 
the proximity of the weather stations to the plots 
and to the fact that all the plots were pruned in 
the second half of January, the implications for 
the model accuracy of different observations 
between the commercial and varietal vineyards 
may be comparable, or even less important, than 
those that could occur in models calibrated with 
complied datasets from different locations.

The weather stations are located in the vineyards 
very close to the selected plots (< 100 meters away), 
except for CP6 and CP9 in which the weather 
stations (WS5 and WS6) are located 1.3 km and 
3.7 km away from the plots respectively; however, 
in these two cases, due to the relatively flat terrain, 
the weather stations are still representative of 
the atmospheric conditions in the corresponding 
vineyard plots. 

A preliminary quality check was carried out on the 
temperature time series at each location. For all 
weather stations, data gaps corresponded to less 
than 4 % of the entire time series length. These 
gaps were filled using linear regression estimations 
between the daily temperatures recorded at a 
given weather station and the nearest station.  
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In all cases, very high correlation coefficients 
were found between both datasets on the daily 
timescale (> 0.95, statistically significant at a 
99 % confidence level). 

2. Phenological models

The thermal models were adjusted to simulate 
budbreak (EL4) and several phenological 
stages between budbreak and veraison 
(Table 2). These models only consider the 
effect of forcing temperatures and assume 
that a given phenological stage occurs when 
the daily sum of the rate of forcing (R),  

as from the onset date (tx), reaches a specific 
critical value (F*) (Parker et al., 2011):

Equation 1 

𝑆𝑆! = ∑ 𝑅𝑅(𝑇𝑇𝑇𝑇")!
!! ≥ 𝐹𝐹∗  

with the daily rate of forcing (R) calculated using 
a sigmoid function (Costa et al., 2019):

Equation 2 

𝑅𝑅(𝑇𝑇𝑇𝑇!) =
"

"#$!"#$%&'(
, 

where Tmi represents the daily mean  
temperature, while e and d are the fit  
parameters, determining the inflection point and  
sharpness of the curve respectively. 

FIGURE 1. Map of mainland Portugal with Dão Wine Region and TN vineyard plot (red square), EN 
vineyard plot (Green circle) and weather station locations (blue triangles).

TABLE 1. Geographical location of the selected plots (latitude, longitude and elevation), grown 
variety, rootstock, planting density, pruning system, weather station identifier, and available period of  
phenological data.

VP = Varietal Plot, CP = Commercial Plot, TN = Touriga Nacional, EN = Encruzado, URC = Unilateral Royat cordon,  
BRC = Bilateral Royat cordon, SG = Single Guyot; a) refers to unknown rootstock.

Plot Location Latitude  
(N)

Longitude  
(W)

Elevation 
(m) Variety

Planting  
density  

(plant/ha)

Pruning  
system Rootstock Available 

period 

VP1 Viseu 40°38´30´´ 7°54´32´´ 456 TN  
EN 3953 URC 110R 2014–2019 

2016–2019
VP2 Nelas 40°31´30´´ 7°51´26´´ 427 TN 4545 BRC SO4 2014–2019
CP1 Silgueiros 40°35´19´´ 7°55´03´´ 332 TN 4000 URC 1103P 2017–2019
CP2 Silgueiros 40°35´20´´ 7°55´11´´ 334 EN 4000 SG 196/17 2017–2019
CP3 Nelas 40°31´27´´ 7°51´25´´ 428 TN 4545 BRC 100R 2017–2019
CP4 Santar 40°34´17´´ 7°53´05´´ 372 EN 4000 URC a) 2017–2019
CP5 Carregal do Sal 40°25´33´´ 7°59´42´´ 291 TN 3333 URC a) 2017–2019
CP6 Carregal do Sal 40°25´45´´ 8°00´58´´ 293 EN 3333 BRC a) 2017–2019
CP7 Tábua 40°20´32´´ 8°01´25´´ 296 TN 4545 BRC 1103P 2017–2019
CP8 Tábua 40°20´27´´ 8°01´29´´ 278 EN 4545 URC 1103P 2017–2019
CP9 São João de Areias 40°23´19´´ 8°04´21´´ 238 TN 4545 BRC  a) 2019
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Hence, the model contains four parameters:  
d and e describe the forcing rate function, while tx 
and F* are related to its integration. 

The onset dates (tx), previously fixed for heat 
accumulation to fulfill each phenological stage, 
are shown in Table 2. Concerning tx, the budbreak 
(EL4) date of each year was chosen for stages 
from EL9 to EL23, and the flowering (EL23) 
date of each year for stages from EL27 to EL35 
and 50V. For budbreak, the model was fitted with 
several possible onset dates for heat accumulation: 
1st January (tx = 1), 15 January (tx = 15), 
1st February (tx = 32), 15 February (tx = 47) and 
1st March (tx = 60). 

As the heat accumulation of each intermediate 
stage was computed from the previous main 
phenological state (budbreak or flowering), the 
respective F* parameters thus are a manifestation 

of the heat requirements of the corresponding 
phenophases. Once the onset date for heat 
accumulation was fixed, the forcing rate function 
parameters e and d were fitted in the model 
calibration, also leading to a given F*.

3. Model selection

The Phenology Modeling Platform (PMP), version 
5.5 (Chuine et al., 2013), was used to calibrate and 
validate the models. PMP estimates parameters 
based on the Metropolis annealing algorithm 
(Chuine et al., 2013). For each specific location, 
the input data comprise the weather station daily 
minimum, mean and maximum air temperatures, 
latitude and the observed phenological stages  
(in days of the year). 

For each variety and phenological stage, taking into 
account the fixed tx for each phenophase, the model 
parameterisation was performed in two steps. 

Phenological  
stages EL Number Morphological description Onset date (tx)

EL4 4 Budburst; leaf tips visible

1st January
15 January

1st February
15 February
1st March

EL9 9 2 to 3 separated leaves; 2–4 cm long shoots

Budbreak (EL4)

EL12 5 separated leaves; shoots about 10 cm long;  
clear inflorescence 12

EL17 12 separated leaves;  
well-developed inflorescence, separated single flowers 17

EL19 19 About 16 separated leaves;  
beginning of flowering (first flower caps loosening)

EL23 23 17–20 separated leaves; 50 % caps off (= flowering)

EL27 27 Setting; young berries enlarging (> 2 mm diam.),  
bunches at right angles to stems

Flowering (EL23)

EL29 29 Peppercorn-size berries (4 mm diam.);  
bunches curling downwards

EL31 31 Pea-size berries (7 mm diam.)

EL32 32 Beginning of bunch closure, 
berries touching (if bunches are tight)

EL35 35 Berries begin to colour and enlarge

50V - 50 % of cluster coloured

TABLE 2. Phenological stages simulated and onset date of models (tx).

EL Number – modified Eichhorn-Lorenz scale (Coombe, 1995).
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In the first step, the e coefficient (location 
parameter) was fixed in successive integer values, 
between a lower and an upper threshold, the 
remaining parameters (d and F*) being fitted for 
each e value separately. In the second step, for the 
e coefficient selected from the analysis of the first 
step, the responsiveness of the models (variation of 
the performance) as a function of the d coefficient 
was analysed. A similar model parameterisation 
was used by Parker et al., (2020). In present 
study for budbreak (EL4), the integer values of 
the e coefficient set in each fit ranged between 6 
and 14; for the other phenological stages, the e 
coefficient ranged between 8 and 15. These ranges 
were defined according to the results obtained by 
Reis et al., (2020) for Portuguese varieties.

The root-mean-squared-error (RMSE) and the 
Nash-Sutcliffe efficiency coefficient (EFF) were 
used to assess model performance:

Equation 3 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = &∑ (𝑂𝑂! − 𝑃𝑃!)"#
!$%

𝑛𝑛
 

 

Equation 4 

𝐸𝐸𝐸𝐸𝐸𝐸 = 1 − ∑ (#!$%!)"#
!$%

∑ (#!$#&)"#
!$%

  , 

 
 

where Oi represents the observed phenological 
date on the i-th year (vintage), Pi the corresponding 
simulated values, Om the average of all observed 
values and n the sample size.

In order to take into account potential model 
overfitting when assessing model performances, 
model calibration should be followed by model 
validation. Preferably the validation should 
be carried out using independent subsets; e.g., 
randomly selected sub-samples from the original 
dataset. Nonetheless, owing to the short sample 
sizes available for each phenological stage and 
variety, this methodology cannot be robustly 
applied. Therefore, the leave-one-out cross-
validation method was carried out for all of the 
selected models. This cross-validation method 
is applied once for each data point, using all the 
other points as a training set and the selected 
one as a single-item test set. The RMSE metric 
was accordingly adapted to the Root Mean 
Square Error of Prediction (RMSEP), defined as  
(Morales-Castilla et al., 2020; Reis et al., 2020):

Equation 5 

𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝑃𝑃 = '∑ "#!$%!
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!%&
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  , 

 
 
where Pv

i is the predicted value obtained from a 
leave-one-out cross-validation approach.

To test whether the models predicted better than 
the null hypothesis of average dates, RMSEa 
(Pope et al., 2014) was calculated from each 
observed data point (Oi) with the average of 
observed dates of all the other points (Om

i) being 
used as a predicted value:

 

Equation 6 
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RESULTS 

1. Climatic characterisation

By analysing the ombrothermic diagram from WS1 
(Viseu) for 2014–2019, two different periods of 
the year can be identified (Figure 2a). The months 
between October and March are relatively cool 
and rainy. As expected, December and January 
are the coldest months, whereas November is the 
rainiest. In the growing season, which lasts from 
April to September, precipitation is significantly 
lower, particularly from June to September (dry 
season), July and August being the warmest and 
driest months. According to the Köppen-Geiger 
climate classification, this climate is the Csb type; 
i.e., Mediterranean climate with cool summers.

In order to assess the representativeness of the 
selected years (2014–2019), their corresponding 
meteorological conditions are compared with 
a 30-year time period (1990–2019), namely 
for the temperatures averaged in the periods of 
January–March and April–September (Figure S1, 
Supplementary Material). The results hint at a 
fairly good coverage of the regional inter-annual 
climate variability, and can thus be considered to 
be robust and representative.

During the study period, the mean growing season 
temperature (April to September; TGS) ranged from 
17.7 °C at WS1 in 2019 to 20.2 °C at WS2 in 2017. 
In terms of the average of all the weather stations, 
the lowest TGS was recorded in 2014 and 2019, 
while the highest was recorded in 2017 (Figure 2b). 
For the period 2017 to 2019, the lowest TGS value 
was recorded at WS1 and the highest at WS6 
(Figure 2c). Before budbreak (January to March), 
the average air temperature was highest in 2019 
(Figure 2d). The lowest mean temperature before 
budbreak was recorded at WS1, and the highest 
at WS6 (Figure 2e). Overall, mild temperatures 
(daily mean values around 10 ºC) are typical during 
the dormancy period, whist growing season mean 
temperatures of approximately 18–19 ºC highlight 
the prevailing temperate warm conditions.
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FIGURE 2. (a) Ombrothermic diagram comparing monthly minimum (Tmin), mean (Tmean) and maximum 
(Tmax) temperatures, and total precipitation from the weather station of Viseu (WS1), 2014–2019;  
(b) Mean growing season temperature (TGS) per year (averaged over all stations); (c) Mean growing 
season temperature (TGS) recorded at each weather station, 2017–2019; (d) Mean temperature before 
budburst (January to March) per year (averaged over all stations); (e) Mean temperature before budburst  
(January to March) recorded at each weather station, 2017–2019. The variation across sites (b and d) and 
the inter-annual variation (a, c and e) are also pointed out (only their lower halves in panels b-e).

FIGURE 3. Box plots (mean, minimum, maximum and 1st, 2nd and 3rd quartiles) of the observed 
distributions of the outlined phenological stage dates (EL4 to EL35 and 50 % V), for cv. Encruzado (EN) 
and cv. Touriga Nacional (TN).
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2. Characterisation of the phenological stages

In Figure 3, the box plots of the observed date of 
each phenological stage and each studied variety 
used for the calibration models are depicted. 
The corresponding descriptive statistics are 
shown in Table S1 (Supplementary Material). 
The cv. Encruzado (white variety) tends to reach 
budburst (EL4) earlier than cv. Touriga Nacional  
(red variety). In terms of the mean and median 
(2nd quartile), the difference between the budburst 
dates was 1 and 3 days respectively. However, 
Encruzado shows higher variability than Touriga 
Nacional, with interquartile-ranges (IQR) of  
21 and 19 days respectively. 

The inter-annual variability of this phenological 
event is particularly evident when comparing 
2018 with 2019, when the average temperature 
between January to March was the lowest and 
the highest respectively (Figure 2d). On average, 
in 2019 budburst was 19 (EN) and 20 (TN) days 
earlier. The regional variability of the budburst 
timings was much more evident for TN in 2018; 
the January-March mean air temperature was 
at its lowest, suggesting that cooler conditions 
in the dormancy period may strengthen spatial 
variability of budburst dates. 

Although the flowering (EL23) of the EN 
variety also occurred on average two days earlier 
than TN, the difference in the corresponding  
inter-annual variability is noteworthy (TN with 
IQR = 15.4 days, and EN with IQR = 20.5 days). 
Furthermore, the inter-annual variability was 
higher in this phenological stage. In agreement 
with the mean air temperature differences recorded 
between EL4 and EL19 in 2017 (15.9 °C) and 
2018 (15.3 °C), EL23 occurred for both varieties 
about one month later in 2018. Albeit with 
significant inter-annual variation, the duration of 
the budbreak-flowering phase (EL4-EL23) was 
similar for both varieties: on average, 53 days for 
EN and 54 days for TN. 

As for the previous phase, the duration of the 
period from EL23 to EL35 was similar for the two 
varieties, with significant inter-annual variability: 
in 2018, with a mean air temperature of 21.6 °C it 
lasted 55–56 days, while in 2019, with a mean air 
temperature of 19.5 °C it lasted 60–64 days.

This preliminary analysis indicates the high 
sensitivity of the phenological development of 
both varieties to air temperature, thus suggesting 
some predictability potential based on temperature 
accumulation models.

3. Phenological model optimisation

As previously mentioned, the model calibration 
was performed in two steps. This procedure 
allowed us to evaluate the feasibility of adjusting 
a single model to all phenological states of each 
phenophase (budbreak, budbreak-flowering and 
flowering-veraison), as well as to investigate 
whether it can be used to simulate the phenology 
of both varieties.

Table S2 (Supplementary Material) shows the   
and RMSE of the models calibrated for EL4 with 
different e and tx. For both varieties, the highest 
EFF values correspond to the models with 
tx = 1st March and e > 10. Thus, we can conclude 
that for both varieties the onset data (tx) for 
budbreak should be 1st March.

Figure 4 shows the changes in EFF and RMSE of 
the models fitted in the first step of our procedure; 
i.e., in response to the variation in the e coefficient. 

For budbreak (Figures 4a and 4b), the efficiency 
of the model increased significantly for increasing  
e values between 6 and 12, but the increments are 
not significant for e > 10 (< 0.008 for cv. Encruzado 
and < 0.01 for cv. Touriga Nacional). For the models 
with e = 12 (which for both varieties corresponds 
to the lowest RMSE), the d coefficient is  
-0.35 for EN (EFF = 0.63; RMSE = 6.52) and  
-0.33 for TN (EFF = 0.84; RMSE = 3.71) (Table S2).  
For the whole range of tested e values, the EFFs 
are systematically lower for EN than TN. 

Since the aim was to develop a single model 
for both varieties, the effect of setting the same 
d coefficient in the second step on the model’s 
performance was investigated. When the same 
model fitted for EN was used for TN (e = 12, 
d = -0.35), 0.83 and 3.73 days were obtained 
for EFF and RMSE respectively. Therefore, the 
results show that the use of the same model SM 
(12; -0.35) with tx = 60) to simulate the budbreak 
of both varieties is feasible without significantly 
lowering model performance. 

In terms of the budbreak-flowering and flowering-
veraison phenophases, the efficiency of the models 
calibrated for the different e coefficient changed 
in different ways, depending on the phenological 
stage and variety. Between budbreak and flowering, 
EFF and RMSE for EL9 (EN) and EL19 (TN) stays 
more or less constant within the whole range of the 
e coefficient. For the other phenological stages, 
the efficiency tends to increase (RMSE decreases) 
until the e values are between 10 and 12, stabilising 
for higher values (Figure 4c and Figure 4d).  
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Between flowering and veraison, and for some 
phenological stages, EFF and RMSE also remain 
more or less constant within the whole range of the 
e coefficient. However, for certain phenological 
stages of EN (i.e., EL31, EL32, EL35 and 50V), 
the EFF of the models tends to decrease (RMSE 
tends to increase) for higher e values (Figure 4e 
and Figure 4f). 

The threshold of the daily forcing rate sum, which 
corresponds to phenological stage occurrence (F*), 
depends on the forcing function parameter values 
and the period duration after the onset date for 
heat accumulation. In the model parameterisation 
procedure, the fitted F* values were higher for 
lower e and d parameters and for longer heat 
accumulation periods starting from tx (Table S3).

FIGURE 4. Variation in the model’s efficiency (EFF) and root-mean-squared-error (RMSE) for optimal 
solution as a function of the e coefficient. a) and b) Budbreak, c) and d) phenological stages between 
budbreak and flowering, and e) and f) phenological stages between flowering and veraison, for  
Touriga Nacional (TN) and Encruzado (EN). For Budbreak (a and b) only the EFF and RMSE of models 
fitted with tx = 1st March are shown. 
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Based on the range of values for the d coefficient 
fitted in the first step of the procedure for models 
with e = 12, the effect on model performance 
was tested by using the two values for this 
parameter (d = -0,5 and d = -1). For this analysis, 
the performance metrics (EFF and RMSE) were 
compared and the differences with the best-fit 
model (dEFF and dRMSE) were determined. The 
results are presented as Supplementary Material 
(Table S3).

Compared to the best fit model (bfSM), the 
use of the model with e = 12 and d = -0.5  
(SM (12; -0.5)) for all the phenological stages 
between budbreak and flowering resulted in a 
maximum EFF reduction (dEFF) of 0.03 (EL12, 
EL17 and EL19) and a maximum RMSE increase 
(dRMSE) of 0.45 (EL17) for EN. On the other 
hand, the use of the model with e = 12 and d = -1 
(SM (12; -1)) resulted in, overall, a similar change 
in model performance when compared to the best-
fit model (mean dRMSE = 0.24 for SM (12; -1) 
vs. mean dRMSE = 0.26 for SM (12; -0.5).  

Overall, for Touriga Nacional, SM (12; -0.5) 
showed better performance for the majority of the 
phenological states (EL9, EL17, EL19 and EL23) 
than SM (12; -1), and lower performance changes 
with respect to the bfSM (mean dRMSE = 0.18  
vs. mean dRMSE = 0.33).

As was verified in the previous development 
phase for Touriga Nacional between flowering 
and veraison, SM (12; -0.5) also showed, globally 
and in each of the phenological stages, better 
performance (mean RMSE = 4.89 for SM (12; -0.5) 
vs. mean RMSE = 5.07 for SM (12; -1)). For 
Encruzado, the performance of both SM (12; -0.5) 
and SM (12;-1) was similar (mean RMSE = 5.02 
vs. RMSE = 4.93 and mean dRMSE = 0.33 vs. 
mean dRMSE = 0.25). Therefore, these findings 
show that SM (12; -0.5) can be used to simulate 
all the phenological stages between budbreak and 
veraison of both target varieties, as the prediction 
performance was very close to those of the best-fit 
models; there is therefore a good trade-off between 
accuracy and simplicity.

FIGURE 5. (a) Sigmoidal model response functions for phenological development simulation of cv. 
Encruzado (EN) and Touriga Nacional (TN) in the Dão wine Region. Efficiency coefficient (EFF), root-
mean-squared-error (RMSE), Root Mean Square Error of Prediction (RMSEP) and Root Mean Square Error 
of Prediction with average (RMSEa) for each phenological stage and variety. (b) Critical value of the daily 
thermal forcing (F*) of each phenological stage for TN and EN.
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FIGURE 6. Scatterplots of the observed vs. simulated dates of all stages using the selected unified 
phenological development model for (a) Encruzado, (b) Touriga Nacional.

4. Phenological model validation

By applying the previously described 
methodology, it was possible to establish the same 
set of parameters to simulate the phenological 
development (PDM) of both selected varieties 
(EN and TN). Although the models do not 
correspond to the best-fit models, the performance 
metrics are still globally high. RMSE ranged 
from 3.2 to 6.2 for TN, and from 3.9 to 6.8 for 
EN. For both varieties and in all phenological 
stages, RMSE was significantly lower than 
RMSEa (Figure 5) and the standard deviation of 
the phenological observations (Table S2). In terms 
of TN, the model efficiency was greater than 0.71 
for all phenological stages (Figure 5). In order 
to take into account any model overfitting in the 
assessment of their performances, a leave-one-
out cross-validation was applied. As expected, 
a slight increase in RMSEP was verified when 
compared to RMSE and for each phenological 
stage, although most of the values are still below 
seven days (Figure 5).

The F* values for each phenological stage revealed 
slight differences in the phenological development 
of the two varieties. Overall, the heat requirements 
of Touriga Nacional was shown to by slightly 
lower between budbreak and flowering, but 
slightly higher between flowering and veraison. 

Lastly, Figure 6 depicts the observed and 
simulated dates of all the stages together, using 
the selected phenological development models 
SM (12; -0.35) for EL4 and SM (12; -0.5) for 
EL9 to 50V. By adjusting the linear regression 
equation and applying the RMSE equation to the 
observed and simulated timings in all phenological 
stages (RMSEg), it can be concluded that the 

models have a slightly lower performance when 
predicting the phenological development of EN 
(RMSEg = 5.4 days) than TN (RMSEg = 5.0 days). 
These findings are nonetheless quite satisfactory, 
given the very low complexity of the model and 
its straightforward application using temperature 
records from local weather stations.

DISCUSSION

In this study, a phenological development model 
(PDM) for simulating several intermediate 
stages between budbreak and veraison for two 
representative winegrape varieties (cv. Touriga 
Nacional and cv. Encruzado) grown in the DãoWR 
was calibrated and validated. This was a thermal 
model, with the daily sum of the rate of forcing 
(R) calculated using a sigmoid function. For this 
purpose, a high-quality and comprehensive dataset 
which combines phenology data with weather 
station data in several vineyard sites spread over 
the target region (DãoWR) was used. To our 
knowledge, no previous study has been carried 
out for these two varieties and their intermediate 
phenological timings. 

The performance metrics applied to the observed 
and simulated timings of all phenological stages 
(EFFg and RMSEg) show that PDM has good 
prediction accuracy (Figure 6), which is similar 
to that of other models developed to predict the 
whole sequence of phenological stages in the 
grapevine growing cycle (Molitor et al., 2014; 
Verdugo-Vásquez et al., 2017). Although the 
model showed an overall high performance, 
its simulation accuracy also depended on the 
phenological stage and variety (ranging from 
0.71 (EL35) to 0.91 (EL27) for Touriga Nacional, 
and 0.58 (EL35) to 0.86 (EL9) for Encruzado).  
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For flowering (EL23) and veraison (EL35), the 
performance of the model was similar to those 
obtained with SM for cv. Touriga Nacional by 
Costa et al. (2019) and for cv. Touriga Nacional 
and cv. Encruzado by Reis et al. (2020). For 
budbreak (EL4), the PDM performed better than 
those obtained by these authors.

The F* values for each phenological stage revealed 
slight differences between the phenological 
development of the two varieties: Touriga 
Nacional develops slightly earlier than Encruzado 
between budbreak and flowering, but slightly later 
between flowering and veraison. As expected, 
these results reflect the differences in observed 
dates of phenological stages between varieties. 
The differences in the duration observed between 
varieties for the phenophases EL4-EL23 and 
EL23-50V were indeed close to those observed 
in the Lisboa Wine Region (Lopes et al., 2008; 
Reis et al., 2020). Based on 29 years (1990 to 
2018) of phenological observations in that region, 
no differences between varieties were found for 
the duration of the EL4-EL23 period and more or 
less 5 days for the EL23-50V period. However, 
both phenophases were longer in the Lisboa Wine 
Region.

Being a thermal model – different from a 
Chilling Model (CM), which describes the entire 
dormancy period (endo- and eco-dormancy) –  
our model only resolves the eco-dormancy period 
via the accumulation of forcing units under the 
assumption that the chilling requirements have 
already been satisfied (Chuine, 2000). The higher 
accuracy of CMs for budbreak timing prediction 
has been linked to the ability of these models to 
estimate the endo-dormancy release and to better 
account for the effect of temperature in this phase, 
thus avoiding the use of a fixed onset date for the 
beginning of the eco-dormancy period, as is the case 
in the TMs (Garcia de Cortázar-Atauri et al., 2009; 
Nendel, 2010). This is indeed a limitation of the 
model approach described in this study, as the 
beginning of heat accumulation for budbreak 
was fixed on 1st March, which does not take into 
consideration the fact that, depending on the year 
and site, different grapevine varieties might be 
in different phases of their development cycle 
when thermal summation begins. However, this 
approach was also used by Gutierrez et al. (1985). 
Leolini et al. (2020) demonstrated that the beginning 
of the eco-dormancy period was dependent 
on the fulfilment of specific physiological 
requirements, which can change with the 
climatic conditions of the different environments.  

In the present study, the SM model was found 
to have higher accuracy when 1st of March was 
used as a starting date to predict the budbreak 
timing of the grapevines varieties. These results 
suggest that although cultivated grapevines are 
a species with low chilling requirements (Londo 
and Johnson, 2014), the eco-dormancy period 
only starts at the end of winter in the study 
region. Another possibility is that eco-dormancy 
starts very early with chilling requirements 
already fulfilled, but without significant heat 
accumulation. The results of the present study 
reinforce the conclusion that the starting date of 
the TM depends on the physiological features 
of the grapevine variety and their interaction 
with the environment (Leolini et al., 2020). To 
overcome this limitation, models that include the  
endo-dormancy period would need to be tested in 
future studies.

Another practical limitation is the need for 
budbreak (EL4) or flowering (EL23) dates (input 
variables) before simulations can be implemented 
of intermediate states within the budbreak-
flowering or flowering-veraison phenophases 
respectively. Due to their prediction error, when 
the simulated dates of EL4 and EL23 as tx are used, 
the uncertainty in the forecasts of the subsequent 
phenological stages can increase significantly, 
especially for the stages at the end of each 
phenophase; it is therefore recommended that they 
be determined by direct in situ observations. If the 
models are to be used as a vineyard management 
support tool, it will also be necessary to determine 
whether the accuracy of the models can be 
significantly improved via one-off readjustments 
in the F* values when an intermediate phenological 
dates are available. This also limits their direct 
application to the assessment of climate change 
effects on the phenology. In forthcoming research, 
it will be necessary to access their performance 
using simulated or fixed onset dates for heat 
accumulation.

The model developed in this study can be used to 
predict the dates of several phenological stages, 
and could therefore have an important role in 
promoting the sustainability of the wine industry 
in the Dão wine region. It can be used to better 
planning canopy management and supporting 
disease control. For example, the implementation 
of new strategies for crop protection requires 
advanced knowledge of phenological timings 
(Valdés-Gómez et al., 2017). On the other hand, 
having been calibrated and validated based on 
a combined phenology-weather dataset from 
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different and representative sites in the Dão wine 
region, the model’s application on a regional scale 
seems feasible.

Given that the present model does not include 
the berry ripening period, in forthcoming 
research it will be combined with specific 
models that simulate the evolution of the quality 
indicators used for planning the harvest of 
wine grapes (e.g., total soluble solids, titratable 
acidity, pH and phenolic compounds), as 
suggested by Ortega-Farías et al. (2002) and  
Fernández-González et al. (2013). 

CONCLUSIONS

A phenological development model (PDM) for 
predicting several intermediate stages between 
budbreak and veraison of two grapevine Portuguese 
varieties (Touriga Nacional and Encruzado) 
growing in the Dão wine region was developed in 
this study. A thermal model with a daily rate of 
forcing calculated with the sigmoid equation was 
used. The model revealed significant predictability, 
but it was dependent on the phenological stage 
and variety. In future studies, the model will be 
combined with specific models that simulate the 
evolution of winegrape berry quality indicators 
commonly used for harvest decision support. The 
relatively low complexity of the model makes it 
easy to use as a crop management and decision 
support tool. Similar approaches could be adopted 
in other wine regions worldwide; the present 
study is therefore an illustration of conceivable 
model developments under diverse environmental 
conditions.
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Figure S1. Scatterplots of January–March mean air temperature vs. April–September mean air temperature of each 
year between 1990 and 2019 of weather station of Viseu. The circles are the data-points correspondent the study 
period (2014–2019). 
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Table S1. Descriptive statistics of observed dates for each phenological stage of Touriga Nacional and Encruzado 
varieties.  

Phenological 
satges Variety n Mean Median Std. 

Deviation 
Interquartile 

Range Minimum Maximum Range 

EL4 
EN 39 97 94 10.9 21 80 114 34 

TN 51 98 97 9.1 19 83 114 31 

EL9 
EN 40 108 106 10.9 22 93 127 35 

TN 51 107 104 9.2 17 91 127 36 

EL12 
EN 40 117 117 10.9 22 100 133 33 

TN 51 114 114 9.9 19 96 131 36 

EF17 
EN 37 140 138 13.5 26 114 158 44 

TN 51 135 135 11.9 21 111 163 52 

EL19 
EN 37 146 144 12.7 23 119 165 46 

TN 51 146 143 11.4 22 129 168 39 

EL23 
EN 37 149 148 11.1 20 132 169 37 

TN 51 151 149 11.2 15 134 178 44 

EL27 
EN 40 160 162 10.2 20 145 180 35 

TN 51 163 162 10.8 15 145 188 43 

EL29 
EN 40 168 169 8.7 17 149 184 35 

TN 51 170 169 9.5 15 156 193 37 

EL31 
EN 40 176 174 8.1 15 165 192 27 

TN 51 179 177 9.3 16 165 200 35 

EL32 
EN 40 181 177 8.6 17 172 198 27 

TN 51 184 180 10.4 18 168 205 37 

EL35 
EN 40 210 211 10.6 19 192 225 33 

TN 51 212 217 11.6 22 191 230 40 

50V 
EN 25 222 224 11.8 20 200 236 36 

TN 40 220 224 11.7 23 198 236 38 
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Table S2. Efficiency coefficient (EFF) and the root-mean-squared-error (RMSE) of models calibrated for EL4 with 
different coefficient e, varying between 6 and 14, and five different onset dates for heat accumulation (1st January, 
15 January, 1st February, 15 February and 1st March), for cv. Encruzado (EN) and Touriga Nacional (TN).  
For tx = 1st March, the d coefficients fitted are also presented.  

Variety e 
tx 

1st January 15 January 1st February 15 February 1st March 
EFF RMSE EFF RMSE EFF RMSE EFF RMSE EFF RMSE d 

EN 

6 0.31 9.0 0.34 8.8 0.46 8.0 0.47 7.8 0.33 8.9 -0.26 

7 0.34 8.8 0.38 8.5 0.50 7.6 0.48 7.8 0.40 8.4 -0.33 

8 0.37 8.6 0.41 8.3 0.53 7.4 0.52 7.5 0.48 7.8 -0.43 

9 0.40 8.4 0.44 8.1 0.55 7.3 0.54 7.3 0.56 7.2 -0.54 

10 0.42 8.3 0.46 8.0 0.55 7.2 0.56 7.2 0.61 6.8 -0.51 

11 0.43 8.1 0.47 7.9 0.56 7.2 0.57 7.1 0.62 6.6 -0.41 

12 0.44 8.1 0.48 7.8 0.56 7.1 0.57 7.1 
 

0.63 
 

6.5 -0.35 

13 0.45 8.0 0.49 7.7 0.57 7.1 0.58 7.0 
 

0.63 
 

6.5 -0.33 

14 0.46 8.0 0.49 7.7 0.57 7.1 0.58 7.0 
 

0.63 
 

6.5 -0.28 

TN 

6 0.54 6.2 0.56 6.0 0.66 5.3 0.61 5.7 0.47 6.6 -0.27 

7 0.59 5.8 0.62 5.6 0.73 4.8 0.70 5.0 0.57 6.0 -0.37 

8 0.64 5.5 0.68 5.2 0.77 4.3 0.76 4.4 0.69 5.1 -0.53 

9 0.68 5.2 0.72 4.9 0.79 4.1 0.80 4.1 0.80 4.1 -0.72 

10 0.71 4.9 0.75 4.6 0.80 4.1 0.81 4.0 0.83 3.8 -0.55 

11 0.73 4.8 0.76 4.4 0.80 4.0 0.81 4.0 
 

0.84 
 

3.7 -0.4 

12 0.74 4.7 0.77 4.3 0.81 4.0 0.82 3.9 
 

0.84 
 

3.7 -0.33 

13 0.75 4.6 0.78 4.3 0.81 4.0 0.82 3.9 
 

0.84 
 

3.7 -0.29 

14 0.76 4.5 0.78 4.2 0.81 3.9 0.82 3.9 
 

0.83 3.8 -0.26 

The highest EFF values are shown in the grey box. 
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Table S3. Efficiency coefficient (EFF), root-mean-squared-error (RMSE) and F* of the best-fit model, model with 
e = 12 and adjusted d, model with e = 12 and d = -0.5, and model with e = 12 and d = -1 for all phenological stages, 
between budbreak and veraison, for cv. Encruzado (EN) and Touriga Nacional (TN). 

Phenologic
al phase Variety Phenologic

al stage Model e d F* EFF RMSE dEFF dRMSE 

Budbreak-
Flowering 

Encruzado 
(EN) 

EL9 

best fit 
model 10 -0.67 9.4 0.87 3.94   

model with 
e = 12 and 

d fitted 

12 

-0.30 6.7 0.86 4.02 -0.01 0.08 

model with 
e = 12 and 

d = -0.5 
-0.50 7.1 0.86 4.03 -0.01 0.10 

model with 
e = 12 and 

d = -1 
-1.00 7.2 0.85 4.12 -0.01 0.19 

EL12 

best fit 
model 12 -39.58 13.9 0.88 3.67   

model with 
e = 12 and 

d fitted 

12 

-39.58 13.9 0.88 3.67 0.00 0.00 

model with 
e = 12 and 

d = -0.5 
-0.50 13.3 0.86 4.07 -0.03 0.40 

model with 
e = 12 and 

d = -1 
-1.00 13.6 0.88 3.78 -0.01 0.11 

EL17 

best fit 
model 11 -21.39 37.0 0.78 6.23   

model with 
e = 12 and 

d fitted 

12 

-0.96 33.0 0.75 6.64 -0.03 0.41 

model with 
e = 12 and 

d = -0.5 
-0.50 31.0 0.75 6.68 -0.03 0.45 

model with 
e = 12 and 

d = -1 
-1.00 32.9 0.75 6.64 -0.03 0.41 

EL19 

best fit 
model 11 -10.26 43.4 0.77 5.99   

model with 
e = 12 and 

d fitted 

12 

-0.41 35.5 0.75 6.34 -0.03 0.35 

model with 
e = 12 and 

d = -0.5 
-0.50 36.5 0.75 6.34 -0.03 0.36 

model with 
e = 12 and 

d = -1 
-1.00 38.7 0.74 6.41 -0.03 0.42 

EL23 

best fit 
model 12 -0.40 48.1 0.77 5.18   

model with 
e = 12 and 

d fitted 

12 

-0.40 48.1 0.77 5.18 0.00 0.00 

model with 
e = 12 and 

d = -0.5 
-0.50 40.7 0.77 5.19 0.00 0.01 

model with 
e = 12 and 

d = -1 
-1.00 43.1 0.76 5.26 -0.01 0.08 

Mean 

best fit 
model 

   

0.82 5.00   

model with 
e = 12 and 

d fitted 
0.80 5.17 -0.01 0.17 

model with 
e = 12 and 

d = -0.5 
0.80 5.26 -0.02 0.26 

model with 
e = 12 and 

d = -1 
0.80 5.24 -0.02 0.24 
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Touriga 
Nacional 

(TN) 

EL9 

best fit 
model 12 -39.92 6.2 0.77 4.40   

model with 
e = 12 and 

d fitted 

12 

-39.92 6.7 0.77 4.40 0.00 0.00 

model with 
e = 12 and 

d = -0.5 
-0.50 6.1 0.76 4.46 -0.01 0.07 

model with 
e = 12 and 

d = -1 
-1.00 6.5 0.76 4.51 -0.01 0.11 

EL12 

best fit 
model 12 -0.67 11.5 0.80 4.41   

model with 
e = 12 and 

d fitted 

12 

-0.67 11.5 0.80 4.41 0.00 0.00 

model with 
e = 12 and 

d = -0.5 
-0.50 11.4 0.79 4.48 -0.01 0.07 

model with 
e = 12 and 

d = -1 
-1.00 11.9 0.80 4.43 0.00 0.02 

EL17 

best fit 
model 13 -0.36 25.0 0.76 5.85   

model with 
e = 12 and 

d fitted 

12 

-0.44 28.4 0.75 5.88 0.00 0.03 

model with 
e = 12 and 

d = -0.5 
-0.50 28.9 0.75 5.88 0.00 0.03 

model with 
e = 12 and 

d = -1 
-1.00 30.2 0.74 6.05 -0.02 0.19 

EL19 

best fit 
model 13 -0.14 27.7 0.84 4.53   

model with 
e = 12 and 

d fitted 

12 

-0.17 30.1 0.84 4.56 0.00 0.03 

model with 
e = 12 and 

d = -0.5 
-0.50 35.9 0.80 5.01 -0.04 0.47 

model with 
e = 12 and 

d = -1 
-1.00 37.9 0.78 5.27 -0.06 0.73 

EL23 

best fit 
model 13 -0.23 33.9 0.81 4.84   

model with 
e = 12 and 

d fitted 

12 

-0.31 38.3 0.80 4.94 -0.01 0.10 

model with 
e = 12 and 

d = -0.5 
-0.50 41.2 0.79 5.09 -0.02 0.25 

model with 
e = 12 and 

d = -1 
-1.00 43.9 0.76 5.42 -0.05 0.58 

Mean 

best fit 
model 

   

0.80 4.81   

model with 
e = 12 and 

d fitted 
0.79 4.84 0.00 0.03 

model with 
e = 12 and 

d = -0.5 
0.78 4.98 -0.01 0.18 

model with 
e = 12 and 

d = -1 
0.77 5.13 -0.03 0.33 

Flowering-
Veraison 

Encruzado 
(EN) EL27 

best fit 
model 14 -3.47 9.2 0.86 3.74   

model with 
e = 12 and 

d fitted 12 

-0.22 8.4 0.85 3.88 -0.01 0.14 

model with 
e = 12 and 

d = -0.5 
-0.50 9.5 0.85 3.91 -0.01 0.17 
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model with 
e = 12 and 

d = -1 
-1.00 9.9 0.84 3.99 -0.02 0.26 

EL29 

best fit 
model 10 -0.19 14.3 0.73 4.53   

model with 
e = 12 and 

d fitted 

12 

-0.46 15.0 0.72 4.56 0.00 0.03 

model with 
e = 12 and 

d = -0.5 
-0.50 16.3 0.72 4.58 -0.01 0.05 

model with 
e = 12 and 

d = -1 
-1.00 17.2 0.72 4.58 -0.01 0.05 

EL31 

best fit 
model 10 -34.80 26.3 0.68 4.52   

model with 
e = 12 and 

d fitted 

12 

-39.59 26.0 0.66 4.70 -0.03 0.19 

model with 
e = 12 and 

d = -0.5 
-0.50 24.3 0.63 4.90 -0.06 0.38 

model with 
e = 12 and 

d = -1 
-1.00 25.5 0.65 4.77 -0.04 0.25 

EL32 

best fit 
model 10 -36.28 30.7 0.66 4.94   

model with 
e = 12 and 

d fitted 

12 

-8.70 30.3 0.63 5.20 -0.04 0.26 

model with 
e = 12 and 

d = -0.5 
-0.50 28.6 0.58 5.54 -0.09 0.60 

model with 
e = 12 and 

d = -1 
-1.00 29.9 0.61 5.30 -0.05 0.36 

EL35 

best fit 
model 10 -35.79 60.1 0.62 6.51   

model with 
e = 12 and 

d fitted 

12 

-39.83 59.7 0.60 6.68 -0.02 0.17 

model with 
e = 12 and 

d = -0.5 
-0.50 57.5 0.58 6.84 -0.04 0.32 

model with 
e = 12 and 

d = -1 
-1.00 59.2 0.58 6.78 -0.03 0.27 

50V 

best fit 
model 10 -37.84 69.6 0.89 3.90   

model with 
e = 12 and 

d fitted 

12 

-39.74 69.1 0.88 4.01 -0.01 0.11 

model with 
e = 12 and 

d = -0.5 
-0.50 66.6 0.86 4.35 -0.03 0.45 

model with 
e = 12 and 

d = -1 
-1.00 68.5 0.87 4.18 -0.02 0.29 

Mean 

best fit 
model 

   

0.74 4.69   

model with 
e = 12 and 

d fitted 
0.72 4.84 -0.02 0.15 

model with 
e = 12 and 

d = -0.5 
0.70 5.02 -0.04 0.33 

model with 
e = 12 and 

d = -1 
0.71 4.93 -0.03 0.25 

Touriga 
Nacional 

(TN) 
EL27 

best fit 
model 14 -39.60 10.3 0.91 3.18   

model with 
e = 12 and 

d fitted 
12 -0.32 9.9 0.91 3.22 0.00 0.04 
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model with 
e = 12 and 

d = -0.5 
-0.50 10.5 0.91 3.23 0.00 0.06 

model with 
e = 12 and 

d = -1 
-1.00 11.0 0.91 3.30 -0.01 0.12 

EL29 

best fit 
model 12 -0.19 14.2 0.78 4.44   

model with 
e = 12 and 

d fitted 

12 

-0.19 14.2 0.78 4.44 0.00 0.00 

model with 
e = 12 and 

d = -0.5 
-0.50 16.9 0.78 4.50 -0.01 0.06 

model with 
e = 12 and 

d = -1 
-1.00 17.7 0.77 4.57 -0.01 0.13 

EL31 

best fit 
model 13 -0.22 20.8 0.73 4.79   

model with 
e = 12 and 

d fitted 

12 

-0.23 22.2 0.73 4.81 0.00 0.02 

model with 
e = 12 and 

d = -0.5 
-0.50 25.5 0.72 4.93 -0.02 0.14 

model with 
e = 12 and 

d = -1 
-1.00 26.7 0.71 5.04 -0.03 0.25 

EL32 

best fit 
model 10 -0.26 29.5 0.72 5.45   

model with 
e = 12 and 

d fitted 

12 

-0.40 29.9 0.72 5.49 0.00 0.04 

model with 
e = 12 and 

d = -0.5 
-0.50 30.8 0.72 5.50 -0.01 0.05 

model with 
e = 12 and 

d = -1 
-1.00 32.2 0.71 5.57 -0.01 0.12 

EL35 

best fit 
model 15 -0.68 54.8 0.76 5.66   

model with 
e = 12 and 

d fitted 

12 

-0.23 51.9 0.73 5.98 -0.03 0.32 

model with 
e = 12 and 

d = -0.5 
-0.50 58.4 0.71 6.23 -0.05 0.57 

model with 
e = 12 and 

d = -1 
-1.00 60.2 0.67 6.58 -0.08 0.92 

50V 

best fit 
model 15 -0.97 63.0 0.87 4.16   

model with 
e = 12 and 

d fitted 

12 

-0.31 61.1 0.83 4.77 -0.04 0.61 

model with 
e = 12 and 

d = -0.5 
-0.50 65.0 0.82 4.98 -0.06 0.82 

model with 
e = 12 and 

d = -1 
-1.00 66.8 0.78 5.40 -0.09 1.24 

Mean 

best fit 
model 

   

0.80 4.61   

model with 
e = 12 and 

d fitted 
0.78 4.78 -0.01 0.17 

model with 
e = 12 and 

d = -0.5 
0.77 4.89 -0.02 0.28 

model with 
e = 12 and 

d = -1 
0.76 5.07 -0.04 0.46 

dEFF represents the difference between the EFF of each model and the best fit model. 
dRMSE represents the difference between the RMSE of each model and the best fit model. 
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Abstract: In the present study, we calibrated and validated thermal models to predict the DOY date
at which the grape maturity index, potential alcohol/total acidity (PA/TA), reaches 0.75 (MS0.75),
1.0 (MS1), 1.5 (MS1.5), and 2.0 (MS2) for two grapevine Portuguese varieties, Touriga Nacional (TN)
and Encruzado (EN), growing in the Dão wine region, Portugal. Daily rates of forcing calculated
with the Sigmoid (SM) function and the Degree Day (DD) function were used. The outcomes show
that the best performance of the models was obtained for the heat accumulation starting at flowering
(tx = EL23). The analysis of model sensitivity to changes in forcing rate coefficients (T0, e, and
d) enabled the selection of the same models for all maturity stage of each variety. The selected
models revealed significant predictability, though dependent on the grape maturity stage and variety
(EFF > 0.81 for TN and EFF > 0.75 for EN). The non-linear regression analyses of sugar concentration
(SC) and total acidity (TA) with heat accumulation, calculated using the select models, demonstrated
that a high fraction of SC and TA variance was explained by the variation of these temperature-based
indices. Comparatively to SC and TA, the results highlight that the thermal conditions accumulated
from flowering had a lower influence on pH juice variance.

Keywords: grape ripening; modeling; thermal models; Touriga Nacional; Encruzado; Dão Wine Region

1. Introduction

The grape berry quality at harvest mainly depends on the content of water, sugars,
organic acids, amino acids, phenolic compounds, and aroma precursors [1]. Following
fruit set, the increases in berry weight, volume, or diameter during berry development are
typically characterized by a double sigmoid curve, resulting from two consecutive stages of
rapid growth separated by a lag phase with slow or no growth [2–4]. During the first phase
of growth, the sugar content remains low, while several organic acids are accumulated. The
principal organic acids of grape berry are tartaric and malic acids, making up approximately
90% of total fruit acidity [3]. Tartaric acid is accumulated during the initial stages of berry
development and the malic acid at the end of the first growth phase [2]. At the lag phase,
the berries remain firm, while the chlorophyll content begins to decrease, and organic
acid concentration reaches its highest level. The most dramatic changes in grape berry
composition occur during the second growth phase, or the ripening phase [2,5]. During
this phase, the berries soften, the sugar concentration increases reaching maximum levels,
and the acid concentration decreases, whereas the compounds responsible for berry color,
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aroma and flavor are accumulated in the berry skin [4]. One of the main features of the
grape ripening process is the accumulation of sugars in the form of glucose and fructose
within the berries. The sugar accumulation also follows a sigmoidal pattern, with slow
accumulation at the onset of veraison, followed by a rapid accumulation phase from just
after veraison to several weeks onwards, then reaching a plateau phase [6]. At the end of
the ripening period, the sugar content stabilizes, but sugar concentration may increase or
decrease due to berry dehydration [2] or dilution [6]. The decrease in the concentration of
tartaric acid verified during the ripening period can be mostly attributed to dilution effects.
In contrast, reductions in malic acid concentration result from respiration and enzyme
degradation besides dilution [3].

The stage of grape berry maturity has a marked effect on wine quality [7,8]. Conse-
quently, the berry ripeness level at harvest is one of the most important parameters for
obtaining high-quality wines [9]. Traditionally, the decision on harvesting is taken based on
the sugar concentration (SC), titratable acidity (TA), and pH of the grape juice (technologi-
cal maturity). However, these parameters only provide information concerning the pulp
ripeness [9]. The use of these single parameters to define optimum wine grape maturity
has not been very successful in this regard [8,10]. Several studies have been performed to
isolate grape berry maturity indices associated with optimum quality. Du Plessis and Van
Rooyen [8] found good results for the indices calculated by the product SC × pH or by
the ratio SC/TA. Van Rooyen et al. [10] concluded that the range wherein maximum wine
quality occurred was too wide in the case of the SC/TA index, while the SC × pH index
gave a narrower optimum quality range and similar results for both cultivars.

Grape berry ripening and, consequently, its chemical composition at harvest, are
influenced by the grapevine cultivar, agricultural management practices, pedoclimatic
conditions, and their interactions. Cameron et al. [11] analyzed the trends in the rate
of ripening of 24 cultivars over 20 years in four Victorian vineyard regions and verified
significant differences among cultivars. Suter et al. [6], using data collected from 36 cultivars
and over 7 years, verified that the variation in sugar accumulation traits was well explained
by the cultivar, year, and their interaction. They verified that the sugar accumulation
traits were affected by climate factors and grapevine water status, before or after mid-
veraison, by mid-veraison date, and by berry weight at mid-veraison, though the relative
importance of these factors varied significantly with cultivar. Using berry composition
data at technological maturity for varieties Touriga Nacional and Tempranillo, from three
Portuguese wine regions, Costa et al. [12] showed that summertime temperature (June to
August) was negatively correlated to berry weight, titratable acidity, anthocyanins, and total
phenols index, but was positively correlated to pH and potential alcohol. The influence of
precipitation (April–June and July–September) was dependent on the location and variety.
Fernández-González et al. [13] demonstrated that sugar accumulation in berries of several
varieties was principally correlated with growing-degree days (GDD) calculated using
a threshold temperature of 10 ◦C and accumulated from 1 January. Lucchetta et al. [14]
investigated the effects of different pre-harvest canopy management techniques on berry
ripening in cv. Sauvignon blanc and verified that the antitranspirant applications delayed
ripening by 10 to 15 days, whereas the defoliation at veraison allowed postponement of the
ripening process by about 5 days, without altering the sugar/acid ratio. Zheng et al. [15]
showed that severe shoot trimming after fruit set could delay berry ripening, giving rise to
a better organic acid composition by increasing the tartaric acid while reducing malic acid.
Feller et al. [16] concluded that, although deficit irrigation has a strong influence on berry
ripening, its positive effect on berry composition only occurred when high temperatures
were not a limiting factor.

Phenological models using temperature as a driving climate factor have been suc-
cessfully used to characterize key phenological stages of grapevine, namely budbreak,
flowering, and veraison [17–20]. In some cases, they were sequentially applied to predict
the whole chain of phenological stages in the grapevine growing cycle [13,21–25].
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Although stage 38 on the modified Eichhorn and Lorenz scale of phenology [26]
represents “Harvest, berries ripe”, there is no universal definition for “berries ripe” [27].
The harvest is not a true reflection of growth or phenological stage, because the decision
to undertake the vintage is also influenced by the aimed wine style and quality, the
logistic requirements at the winery, labor force availability, as well as weather conditions or
pest/disease pressures. Therefore, the models able to forecast the evolution of berry quality
attributes, as a complement of other tools used in ripening monitoring, could be of utmost
relevance to the vintage date decision and to promote more efficient winery management.
These models may also be an important tools to the cultivars classification [6,27] used to
support cultivar choice in response to the climate change [28].

The berry ripening dynamics and its relationship with climate conditions have been
the aim of several studies. Sadras et al. [29] presented a quantitative model of accumulation
of soluble solids that provide a baseline for comparison among varieties. Cortázar-Atauri
et al. [30] proposed a model to simulate the dry matter growth based on thermal time and
final potential dry weight. In this model, the water content dynamics (or ◦Brix, using the
relationship obtained between them) was modeled defining two components: One related
to the berry phenological stage and the other depending on the plant water status. In the
Italian Vineyard Integrated Numerical (IVINE) model, the berry sugar content is estimated
by its maximum value at harvest and a normalized coefficient, less than 1, calculated using
a double sigmoid curve as a function of thermal time [31]. Fernández-González et al. [13]
show that during the ripening period, the sugar accumulation of the cv. Treixadura and
cv. Godello was mostly correlated with GDD (10 ◦C) and that the heat required to reach
20 ◦Brix ranged between 1132 and 1316 for Treixadura, and between 1059 and 1233 for
Godello. Ortega-Farías et al. [23] found high R2 for the non-linear regression between
SC, TA, pH, and GDD (10 ◦C) calculated from budbreak. Based on a time series of sugar
concentrations of 65 grapevine varieties, Parker et al. [27] demonstrated that temperature-
based models could be used to predict the time to target sugar concentrations from 170
to 220 g/L. Michelini et al. [28] demonstrated that the GDD-based model may be used to
predict malic acid dynamics in cv. Pinot blanc and improved its accuracy with the addition
of two other temperature-based parameters.

Along the previous lines, the present study aims to (i) calibrate and validate a linear
(degree days—DD) and a non-linear (sigmoid model SM) temperature-based model, using
time series of SC and TA data for the varieties cv. Touriga Nacional and cv. Encruzado,
collected in several vineyards spread over the Dão wine region (DãoWR), central Portugal,
to predict the date at which the grape maturity index (Potential alcohol/Total acidity—
PA/TA) reaches 0.75, 1.0, 1.5, and 2.0; and (ii) investigate the relationship between the SC,
TA, pH dynamics, and heat accumulation during the growing cycle. To our knowledge, no
previous study was carried out for these two varieties and their grape maturity dynamics.
Some of the results may, however, be extrapolated to other varieties and wine regions
worldwide.

2. Materials and Methods
2.1. Study Area

The phenological and grape ripening data were collected from nine commercial
vineyards and two varietal vineyards from six locations in the Dão Wine Region, Portugal,
hereafter DãoWR (Figure 1). This study was carried out with the cultivars Touriga Nacional
(TN) and Encruzado (EN), red and white grapes, respectively. The DãoWR is located on
a plateau in central-northern Portugal, surrounded by mountains, and protected from
both the Atlantic moist winds and the continental influence from inner Iberia. Fraga
et al. [32] categorized the region into three bioclimatic groups. The peripheral zone is
characterized by a cold and humid climate, with cold nights, whereas the central area
features a temperate and humid climate, with cold nights, and the south/southwestern
area experiences a temperate and humid climate, with warm nights. The vineyard locations
represent these three bioclimatic groups of the DãoWR. Overall, it is a wine region where
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small farms predominate, and vineyards are typically rainfed. The characteristics of the
experimental plots (variety, plantation density, pruning system, and rootstock), as well as
the available data periods, are shown in Table S1.

Figure 1. Map of mainland Portugal with the Dão Wine Region and TN vineyard plot (red square), EN vineyard plot (Green
circle), and weather station locations (blue triangles).

2.2. Phenological Data

Phenological stages were recorded through site observations, based on the modi-
fied Eichhorn–Lorenz scale [26] and until the beginning of veraison (EL35). For each
varietal plot, the observations were carried out on all buds/shoots (until EL18), or inflores-
cences/clusters (after EF18), of six plants. At commercial plots (with three replicates per
plot), the observations were made on two buds/shoots (or on its inflorescences/clusters)
of five plants per replicate. Records were taken twice a week, until EL27, and once a
week after this stage. All observations were undertaken by the same technicians, thus
warranting a more homogeneous dataset. For each plant, in varietal plots, or for each
replicate, in commercial plots, a phenological stage was evaluated when at least 50% of the
observed organs reached this stage. From these phenological observations, the budbreak
(EL4), flowering (EL23), and beginning of veraison (EL35) dates were determined for each
plot/replicate and year.

2.3. Berry Quality Monitoring and Maturity Stages

The berry-ripening process was monitored weekly from the veraison to the harvest.
Three samples (one from each replicate) of 200 berries were sampled from 30 plants at
each commercial plot. At varietal plots, one sample of 100 berries was sampled from
6 plants. The berries’ sampling was made alternately collecting three berries at the top, the
middle, and the bottom of clusters located at both sides of the plants. On the sampling day,
each berry sample was weighted, crushed at constant pressure (hydraulic grape pressing
machine 1040 cm3, Agro-Moderna, Vila Nova de Famalicão, Portugal), and the grape
must volume was recorded. The must sample was immediately filtered, being the sugar
concentration (SC), the titratable acidity (TA), and the pH subsequently analyzed. The
SC was measured with a refractometer (HANNA Inst. HI996813, Woonsocket, Rhode
Island, USA) and subsequently converted to potential alcohol (PA). Immediately before SC
measurements, the must temperature was recorded. The TA was measured by titration
with 0.1 M NaOH of a dilute solution of 10 mL of must with 25 mL of distilled water, using
bromothymol blue as a color indicator. Results were expressed in equivalent of tartaric
acid content (g/L). The pH was measured with a potentiometer (Metrohm, 691 pH meter,
Herisau, Switzerland). All laboratory determinations were made with three replications.
For each sample, the grape maturation index (MI) was calculated as the ratio between the
Potential Alcohol (PA) and the total acidity (TA), i.e., MI = PA/TA. The number of berry
sampling days of each year and plot, and the total number of berry samples per plot are
shown in Table S2.
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Each time series (berry attribute measurements of each replicate/plot per year) of both
cultivars was assessed using the following criteria: (1) After veraison, the sugar content
in berries increases until reaching a plateau at approximately the maximum content, and
(2) the sugar content stabilizes at the end of the ripening period, though its concentration
may increase due to berry dehydration [2]. To avoid using data where sugar concentrations
may result from dehydration rather than physiological ripening, data values were excluded
when SC suddenly increased after a plateau of several days. Furthermore, if on a given
sampling date, the SC decreased compared to the preceding sample date, the time series
period from this value onwards was eliminated [27].

Taking into account the range of MI for both cultivars (Figure 2), four grape maturity
stages (MSi) corresponding to MI equal to 0.75 (MS0.75), 1.0 (MS1), 1.5 (MS1.5) and 2.0 (MS2)
were pre-defined. For each time series (plot or replicate × year × cultivar), the day of
year (DOY) on which the MI reached each MSi was determined as follows: (1) If on any
sampling date, the MI was within the range [i − 0.025; i + 0.025], this date was considered
as the DOY that this MSi was reached; (2) alternatively, the DOY was determined by a
two-point linear interpolation of the data points on either side of the MSi. The number of
data points, the mean, and standard deviation of PA, SC, and TA corresponding to each
MSi and cultivar is also presented in Figure 2.

2.4. Temperature Dataset

Weather stations are located in the vineyards, very close to the selected plots (<100 m),
except for CP6 and CP9, for which the weather stations (WS5 and WS6) are located at
1.3 km and 3.7 km apart from the plots, respectively. In these two cases, however, owing to
the relatively flat terrain, the weather stations remain representative of the atmospheric
conditions in the corresponding vineyard plots. A preliminary quality checking was carried
out in the temperature time series at each location. For all weather stations, data gaps
correspond to less than 4% of the entire daily temperature time series length. These gaps
were filled in using linear regression estimations between the daily temperatures recorded
at a given weather station and the nearest station. In all cases, very high correlation
coefficients were found between both datasets on the daily timescale (>0.95, statistically
significant at a 99% confidence level). Therefore, the phenological and berry ripening
data are complemented by local meteorological data, which is a very important feature to
warrant the representativeness of the analysis.

2.5. Models Selection and Evaluation

Thermal models were herein adjusted to predict the DOY to reach the grape maturity
stages MS0.75, MS1, MS1.5, and MS2. These models have been successfully applied as
phenological models [17,19,20,22] and were also used by Parker et al. [27] to predict the
time to target sugar concentrations between 170 and 220 g/L for a wide range of varieties.
Thermal models only consider the effect of forcing temperatures and assume that a given
grape maturity stage (MSi) occurs when the daily accumulation of the daily rate of forcing
(RF), from the onset date (tx), reach a specific critical value (F):

St =
t

∑
tx

RF(Ti) ≥ F (1)

Two daily rates of forcing types were tested:

(a) The Degree Day function (DD) that determine the RF through the daily temperature
(Ti) and a fitted temperature threshold (T0), often referred to as base temperature:

RF(Ti) = DD(Ti) =

{
0 i f Ti ≤ T0

Ti − T0 i f Ti > T0
(2)
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(b) The Sigmoid function (SM) that calculates the RF from the Ti and two fit parameters, e
and d, which correspond to the location and sharpness of the curve, respectively:

RF(Ti) = SM(Ti) =
1

1 + ed(Ti−e)
(3)

Figure 2. Relationship between the sugar concentration (◦Brix) and total acidity (g of tartaric ac./l) of the grape must and
maturation index (MI), calculated by the ratio of potential alcohol (%vol) and total acidity, for cv. (a) Touriga Nacional, TN,
and (b) Encruzado, EN. Bottom tables: Mean and standard deviation of potential alcohol (PA), sugar concentration (SC),
and total acidity (TA) for the four maturation stages (MS0.75, MS1, MS1.5 and MS2). The mean, standard deviation, and
maximum/minimum of observed DOY for the four maturation stages are also listed. The mean values for SC and TA at the
four maturation stages are also plotted in the graphs. *** p-value ≤ 0.001.
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In order to find the timing within the grapevine development cycle from which the
temperature has a more significant effect on the ripening process, the models were fitted
considering the three main phenological stages, namely budbreak (EL4), flowering (EL23),
and beginning of veraison (EL35) as the start date for heat accumulation (tx), separately. In
contrast to the options of setting a date for tx or assuming tx as an adjustment parameter,
the use of a phenological stage as tx has the advantage of allowing a better adaptation
of the ripening dynamics modeling to the previous stages of the development cycle, also
determined by the weather conditions of each year and site.

For each MSi of each cultivar, the Phenology Modeling Platform (PMP), version 5.5 [33],
which estimates the model parameters by the Metropolis annealing algorithm, was used to
fit the most accurate model. In the model-fitting process, the PMP estimated, for the DD
model, the T0 coefficient (base temperature) and the critical value (F), whereas it estimated
the F, e, and d coefficients for the SM model.

For the DD model, a sensitivity analysis was performed to assess the model respon-
siveness to a changing T0 to find a single parameter that could be used in all MSi. For
the SM model, this sensitivity analysis was performed in a two-step approach: In the first
step, the coefficient e (location parameter) was fixed in successive integer values, between
a lower and an upper threshold. The remaining parameters (d and F) for each fixed e value
were subsequently automatically adjusted. In the second step, for the selected e coefficient
from the analysis of the first step results, the sensitivity of the models (variation of the
performance) to changes in the d coefficient was analyzed.

The root-mean-squared-error (RMSE) and the Nash–Sutcliffe efficiency coefficient
(EFF) were used to assess the model performance:

RMSE =

√
∑n

j=1
(
Oj − Pj

)2

n
, (4)

EFF = 1 −
∑n

j=1
(
Oj − Pj

)2

∑n
i=j
(
Oj − Om

)2 (5)

where Oj represents the observed MSi date, Pj is the corresponding simulated values, Om
is the average of all observed values, and n is the sample size.

The model performance was also indirectly assessed through non-linear and linear
regression analyses (R, R2, adjusted-R2, Std. Error of the Estimate, and p-value) between
SC, TA, and pH of each plot and variety, as well as heat accumulation calculated using the
select models.

To take into account potential model overfitting, the calibration was followed by
model validation. Preferably, the validation should be carried out using independent
subsets, e.g., randomly selected sub-samples from the original dataset. Nonetheless, owing
to the short sample sizes available for each pair of grape maturity stage and variety, this
methodology cannot be robustly applied. Therefore, the leave-one-out cross-validation
method was carried out for all of the selected models. This cross-validation method is
applied once for each data point, using all the other points as a training set and the selected
one as a single-item test set. The RMSE metric was accordingly adapted to the Root Mean
Square Error of Prediction (RMSEP), defined as follows:

RMSEP =

√√√√∑n
j=1

(
Oj − Pv

j

)2

n
, (6)

where Pv
j is the predicted value obtained from a leave-one-out cross-validation approach.
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3. Results
3.1. Phenological, Ripening and Climate Data

For the three main phenological dates, budburst (EL4), flowering (EL23), and begin-
ning of veraison (EL35), the cv. Encruzado tends to reach them slightly earlier than the cv.
Touriga Nacional. The average differences between dates were 1 day at EL4 and 2 days at
EL23 and EL35. Based on the median, these differences were slightly higher at budbreak
(3 days) and veraison (6 days). The interquartile ranges (IQR) show higher variability of
observed dates for Encruzado at EL4 and EL23 but lower at EL35 (Table S3).

Figure 3 shows the inter-annual variability of phenological development of the two
varieties. Considering all plots and both varieties, in 2016 and 2018, the mean date of
budbreak was DOY 89, while in 2017 and 2019 it was DOY 108 for EN and 109 for TN (19
and 20 days later, respectively). In 2017, the flowering period, between EL19 (flowering
beginning) and EL 27 (fruit set), occurred during May (DOY 133 to DOY 149), and the
ripening period (EL35 to Harvest) during the second half of July and August. In this year,
the harvest of all plots occurred between the middle of August for EN, (DOY 226) and the
beginning of September for TN (DOY 242). Furthermore, 2017 was also the year with the
shortest vegetative cycle, on average 149 days for EN and 159 days for TN. In contrast, in
2018, the flowering period occurred during June (DOY 159 to DOY 177), and the ripening
period from the second week of August to the end of September (DOY 221 to DOY 274).
The longest vegetative cycles were for EN in 2019, on average with 171 days, and for TN in
2014 and 2019, with 179 and 175 days, respectively.
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As expected, the phenological variability was the result of the thermal conditions in
each year and plot (Table 1). Before budbreak, in 2017 and 2019, the daily mean temperature
was about 10 ◦C, while in 2016 and 2018, it was approximately 9 ◦C. During this period, at
WS5 and WS6 the mean daily temperature was barely 1 ◦C higher than at WS1. Between EL4
and EL19, 2017 and 2019 were the years with the highest and the lowest mean temperature,
respectively (16 ◦C vs. 14.3 ◦C). During the flowering period (EL19–EL27), the mean
temperature ranged from 15.6 ◦C in 2014 to 19.8 ◦C in 2015. For these two phenophases,
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the highest temperature was recorded at WS6. For the fruit development period (EL27–
EL35) and the ripening period, the highest temperature was recorded in 2016 and 2018,
respectively. During the veraison and ripening period (EL35-harvest) the temperature
recorded at W2 was, on average, 1.8 ◦C higher than those recorded at WS1. Considering the
growing season, the warmest years were 2017 and 2018 (19.8 ◦C and 19.9 ◦C, respectively),
being the highest temperature recorded at WS2 and WS6.

At harvest, the SC (◦Brix) of the TN variety ranged between 19.9 (CP7 in 2018) and
24.9 (CP1 in 2018), whereas the TA (g of tartaric ac./l) varied between 5.3 (CP1 in 2017)
and 8.2 (CP1 in 2019). For the EN, the SC ranged between 18.9 (CP4 in 2017) and 24.3 (VP1
in 2017), while the TA (g tartaric ac./l) was between 4.2 (VP1 in 2017) and 11.3 (CP4 in
2014). From 2017 to 2019, in both varieties, the SC average (for all plots) was higher in 2018
(22.8 ◦Brix for TN and 23.2 ◦Brix for EN), i.e., the year with the warmest ripening period
(Table 1). The lower average of SC was recorded in 2017 for EN (21.1 ◦Brix) and in 2019 for
TN (22.1 ◦Brix), for which the mean temperatures of the ripening period were 21.4 ◦C and
21.9 ◦C, respectively (Table 1). Furthermore, the average TA reached the lowest value for
EN in 2018, and the highest for EN in 2017 and TN in 2019.

Table 1. Average and standard deviation of daily mean air temperature before budbreak (1 January to EL4), for the shoot
and inflorescences development (E4 to EL19), flowering (EL19 to EL27), berry development (EL27 to EL35), and ripening
(EL35 to harvest) phenophases, as well as for the growing season length, GSL (EL4 to harvest), recorded in each (a) year and
(b) weather station.

(a)
Year

2014 * 2015 * 2016 * 2017 2018 2019

1 Jan to EL4 9.4 ± 0.3 9.0 ± 0.2 9.1 ± 0.2 10.0 ± 0.6 9.2 ± 0.3 10.3 ± 0.4
EL4 to EL19 15.5 ± 0.4 14.9 ± 0.5 14.5 ± 0.2 16.0 ± 0.8 15.5 ± 0.3 14.3 ± 0.8

EL19 to EL27 15.6 ± 1.5 19.8 ± 0.5 18.4 ± 0.2 19.2 ± 0.9 18.9 ± 2.1 18.6 ± 1.0
EL27 to EL35 19.7 ± 0.1 21.4 ± 0.1 23.7 ± 0.1 21.4 ± 0.5 21.7 ± 0.2 19.7 ± 0.6

EL35 to
Harvest 19.6 ± 0.3 20.6 ± 0.4 21.3 ± 0.2 21.9 ± 0.4 23.0 ± 0.3 21.4 ± 0.5

GSL
(EL4-harvest) 18.0 ± 0.4 19.1 ± 0.3 19.5 ± 0.2 19.8 ± 0.6 19.9 ± 0.4 18.5 ± 0.7

(b)
Weather station

WS1 WS2 ** WS3 ** WS4 WS5 ** WS6 **

1 Jan to EL4 9.1 ± 0.3 9.7 ± 0.5 9.9 ± 0.4 9.6 ± 0.5 10.1 ± 0.6 10.3 ± 0.5
EL4 to EL19 14.2 ± 0.7 15.2 ± 0.8 15.2 ± 0.7 15.1 ± 0.9 15.6 ± 0.9 15.8 ± 0.7

EL19 to EL27 17.8 ± 1.5 18.7 ± 1.2 18.6 ± 1.0 18.6 ± 1.1 18.2 ± 1.1 20.4 ± 1.3
EL27 to EL35 20.8 ± 1.9 21.3 ± 0.9 21.0 ± 0.8 21.3 ± 1.4 20.7 ± 0.8 21.1 ± 0.7

EL35 to
Harvest 20.8 ± 0.6 22.6 ± 0.6 21.7 ± 0.6 21.4 ± 1.0 21.9 ± 0.6 22.3 ± 0.7

GSL
(EL4-harvest) 18.6 ± 1.2 19.7 ± 0.8 19.2 ± 0.7 19.3 ± 1.1 19.2 ± 0.8 19.8 ± 0.8

* Statistic that included records from WS1 and WS4. ** Statistic that included records between 2017 and 2019.

3.2. Model Selection

Table 2 shows the model coefficients and the performance statistic of the best-fit
models (with all forcing rate parameters fitted) to simulate the DOY of the four grape
maturity stages (MSi). Except for MS0.75 of TN variety, in which the better performance
was obtained with the phenological stage EL35 as onset date for heat accumulation (tx), all
of the others MSi reveal better performance with tx = EL23.
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Table 2. Performance statistic criteria and coefficients of the best-fit DD and SM models (with all forcing rate parameters
fitted) to predict the DOY to reach the four grape maturity stages (MS0.75, MS1, MS1.5, and MS2) of TN and EN varieties,
using EL4, EL23, and EL35 dates as starting date for heat accumulation.

Variety Grape Maturity Stages tx
DD Model SM Model

T0 EFF RMSE F e d EFF RMSE F

EN

MS0.75

EL4 6.16 0.79 5.0 1743.6 16.3 −39.93 0.87 4.0 100.7
EL23 0.03 0.91 3.4 1738.1 15.8 −0.51 0.91 3.3 71.8
EL35 0.02 0.73 5.8 458.0 15.8 −0.26 0.73 5.8 17.0

MS1.00

EL4 2.44 0.72 6.3 2333.3 16.2 −40.00 0.74 6.1 105.3
EL23 0.01 0.85 4.6 1846.5 14.5 −40.00 0.86 4.4 84.9
EL35 0.02 0.71 6.4 571.7 11.6 −27.90 0.72 6.4 25.8

MS1.50

EL4 0.07 0.67 6.4 2878.3 13.2 −0.19 0.66 6.5 110.3
EL23 0.01 0.79 5.1 2045.5 12.6 −0.49 0.80 5.0 92.3
EL35 0.03 0.60 7.0 764.5 9.1 −0.14 0.61 7.0 29.8

MS2.00

EL4 0.01 0.71 5.9 2970.8 10.6 −0.17 0.64 6.5 123.6
EL23 0.01 0.76 5.3 2150.3 11.2 −0.09 0.78 5.1 72.0
EL35 0.01 0.56 7.2 888.8 6.9 −15.28 0.56 7.2 39.9

TN

MS0.75

EL4 3.04 0.83 4.2 2143.1 15.3 −36.49 0.87 3.7 105.2
EL23 3.85 0.89 3.4 1386.5 16.2 −0.27 0.88 3.6 60.6
EL35 7.78 0.90 3.2 302.8 17.2 −0.57 0.90 3.3 18.9

MS1.00

EL4 2.19 0.73 5.4 2360.8 14.5 −0.31 0.74 5.4 104.0
EL23 0.03 0.88 3.6 1823.3 15.8 −39.17 0.88 3.7 81.5
EL35 0.01 0.75 5.2 575.7 10.0 −0.21 0.75 5.2 24.0

MS1.50

EL4 4.17 0.72 5.9 2273.4 14.9 −0.44 0.70 6.2 116.2
EL23 2.32 0.86 4.2 1834.4 15.7 −0.41 0.84 4.5 81.7
EL35 0.02 0.75 5.7 801.0 12.3 −0.23 0.74 5.7 32.6

MS2.00

EL4 3.00 0.73 6.5 2614.6 12.2 −40.00 0.71 6.7 150.6
EL23 2.81 0.84 5.0 1962.5 16.2 −38.96 0.82 5.3 99.8
EL35 0.01 0.70 6.8 999.1 11.1 −28.11 0.73 6.5 45.6

The models with highest EFF are shown in the grey boxes.

To identify a single parameter that could be used for all MSi, a sensitivity analysis was
performed to assess the model responsiveness to changes in the T0 and e coefficients. The
variation in the global efficiency (EFFg, mean of the model EFF for the four maturity stages)
as a function of those coefficients (Figure 4) shows that for TN the best global performance
was obtained with e = 15 using SM, and T0 = 2 using DD, in both cases with tx = EL23. For
EN, the best global performance was obtained with e = 13 for SM, and with T0 = 0 for DD,
also with tx = EL23.

Based on the range values of the d coefficient fitted to SM with e = 15 (TN variety) and
e = 13 (EN variety) (Table S4), a second sensitivity analysis was performed to assess their
responsiveness by using the same value of d coefficient for all MSi (d = −0.4 for TN and
d = −0.35 for EN). To assess the effect on model performance by using the same coefficients
(tx, T0, e, and d) in the models to predict the DOY to reach the four grape maturity stages
(MS0.75, MS1, MS1.5 and MS2), the performance metrics (EFF and RMSE) were compared
and the differences with respect to the best-fit model (dEEF and dRMSE) were determined.
The results are presented in Tables S4 and S5 (Supplementary Materials).

Concerning the best fit model (bf SM) for TN, the use of DD with T0 = 2 and tx = EL23
(DD [2; EL23]) to predict the DOY to reach all MSi implied a maximum EFF reduction
(dEEF) of 0.02 and a maximum RMSE increase (dRMSE) of 0.27 (MS0.75). As expected, for
EN, the DD model with T0 = 0 and tx = EL23 (DD [0; EL23]) has no effect on the prediction
accuracy with respect to the bf SM. On the other hand, using the SM model with e = 15,
d = −0.40, and tx = EL23 (SM [15; –0.40; EL23]) for TN in all MSi and with e = 13, d = −0.35,
and tx = EL23 (SM [13; −0.35; EL23]) for EN, the minimum dEFF were −0.027 (MS0.75) and
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−0.027 (MS2), corresponding to a maximum dRMSE of 0.41 and 0.30, respectively. Thus,
these findings highlight that the same model (DD [2; EL23] or SM [15; −0.40; EL23] for
TN, and DD [0; EL23] or SM [13; −0.35; EL23] for EN) can be used to simulate all grape
maturity stages of both targeted varieties, with prediction performance very close to those
of the best-fit models, being a good trade-off between accuracy and simplicity.

Figure 4. Variation in the global efficiency (EFFg—mean of model EFF of the four maturity stages MS0.75, MS1, MS1.5, and
MS2) as a function of the e coefficient of the SM model, for (a) TN and (c) EN, and as a function of the T0 coefficient of the
DD model, for (b) TN and (d) EN, with starting dates EL4 (budbreak), EL23 (flowering), and EL35 (beginning of veraison).

3.3. Model Validation

The methodology described above allowed us to establish the same simulation models
(DD and SM models) for the technical grape ripeness (TGR) of the two selected varieties
(EN and TN). Although it does not correspond to the previously obtained best-fit models,
the performance metrics are still globally high (Figure 5). Using the SM model, the RMSE
ranged between 3.7 (MS0.75) and 5.4 (MS2) for TN, and between 3.5 (MS0.75) and 5.4 (MS2)
for EN. Overall, for both varieties, the DD showed slightly better performance than SM,
with the RMSE ranging from 3.5 (MS0.75) to 5.0 (MS2) for TN and from 3.4 (MS0.75) to
5.3 (MS2) for EN. For both varieties and in all grape maturity stages, the RMSE of both
models was significantly lower than the standard deviation of the observed DOY of each
MSi. The EFF of SM is greater than 0.81 for TN and greater than 0.75 for EN. On the
other hand, the EFF of DD is greater than 0.84 for TN and greater than 0.76 for EN. The
results also show that the accuracy of both models decreases as grape maturity advances.
Compared with the results obtained by Parker et al. [27], the selected models of our study
presented a significantly better performance.
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In order to take into account the model overfitting in the assessment of their perfor-
mances, a leave-one-out cross-validation was applied. As expected, a slight increase of the
RMSEP was verified when compared to the RMSE and for each MSi, though most of the
values are still low and below six days (Figure 5).

The model performance was also indirectly assessed through non-linear and lin-
ear regression analyses (R, R2, adj-R2, SEE, and p-value) between SC, TA, and pH of
each plot and variety, and heat accumulation (HA) calculated using the select models
(Figure 6 and Table S6). In general, the results show that a high fraction of SC and TA vari-
ance was explained by the variation of HA calculated by the two models. Considering all
plots and SC, the adj-R2 ranged between 0.79 for EN, with HA calculated by DD [0; EL23],
and 0.82, with HA calculated by SM [13; −0.35; EL23]. Concerning TA, the adj-R2 ranged
between 0.78 for EN, and 0.86 for TN, with HA calculated by SM [15; −0.4; EL23]. The
results highlight that the thermal conditions between flowering and the harvest had a
lower influence on the variance of pH (adj R2 = 0.56 for TN and adj R2 = 0.63, for EN).
Several studies also highlighted the key role played by thermal effects on these berry
quality attributes during or at the end of the ripening period [12,23,28,34–37]. On the other
hand, by comparing the results of each plot, the relationships between these grape quality
parameters and the thermal conditions are site dependent. These findings demonstrate
that, depending on the location, the other forcing factors have different relative importance
on the berry ripening dynamics.

Figure 5. SM and DD models’ response functions for ripeness simulation of cv. Encruzado (EN) and Touriga Nacional (TN)
in the Dão wine Region. The efficiency coefficient (EFF), root-mean-squared-error (RMSE), and Root Mean Square Error of
Prediction (RMSEP) for each maturity stage and variety are also depicted in the right-side table.
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Figure 6. Relationship between sugar concentration (◦Brix), total acidity (TA), and pH of the grape must and corresponding
heat accumulation (HA), calculated either with DD or SM and for (a) TN and (b) EN. *** p-value ≤ 0.001.

4. Discussion

In this study, the DD and SM models were adjusted, calibrated, and validated to
predict the timing of four grape maturation stages (MSi) of two representative winegrape
varieties (cv. Touriga Nacional and cv. Encruzado) grown in the DãoWR. For this purpose,
a high-quality and comprehensive dataset, which combines phenology data, time-series
of SC and TA data with weather station data in several vineyard sites spread over the
target region (DãoWR), was used. Quality checking of the raw data revealed their high
consistency and homogeneity, thus warranting the representativeness and robustness of
the outcomes of the present study. The four grape maturity stages (MSi) were defined
as being the correspondent to the PA and TA ratio (MI) equal to 0.75 (MS0.75), 1.0 (MS1),
1.5 (MS1.5), and 2.0 (MS2). The models were fitted considering the three main phenological
stages, namely budbreak (EL4), flowering (EL23), and beginning of veraison (EL35) as the
start date for heat accumulation (tx), separately. To our knowledge, no previous study was
carried out for these two varieties and their grape ripening dynamics.
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The results show that the best performance of the models was obtained for the heat
accumulation starting at flowering, i.e., tx = EL23 (Table 2 and Figure 4), demonstrating that
compared to the whole vegetative cycle (after budbreak) or the period after veraison, the
period after flowering was the one for which the thermal conditions have a more significant
effect on the technical ripening process. This finding is not totally in agreement with Parker
et al. [27], who found better performances of DD and SM models with tx = 91 and tx = 87,
respectively. However, Barnuud et al. [34] verified the strength of the associations between
TA at grape maturity of 22 ◦Brix for cv. Cabernet Sauvignon and Shiraz, and climate
variables increase steadily from the early growing season towards the berry ripening period,
indicating that the thermal conditions during the ripening period are more influential in
determining berry composition at maturity. On the other hand, Jones and Davis [36] found
a higher correlation of SC and TA with flowering and veraison dates than with budbreak
dates. Assessing the relationship between interannual variability in atmospheric conditions
on grape berry quality attributes (cv. Touriga Nacional and cv. Aragonez/Tempranillo) in
three Portuguese wine regions (Douro, Dão and Alentejo), Costa et al. [12] verified that
temperatures from June to August (therefore after flowering) were more influential in
determining grape berry composition at harvest.

The analysis of model sensitivity to changes in forcing rate coefficients (T0, e, and d)
allowed us to establish some simulation models for all MSi of each variety. Regarding
the best-fit model, the use of selected models (DD [2; EL23] or SM [15; −0.40; EL23] for
TN and DD [0; EL23] or SM [13; −0.35; EL23] for EN) implies small changes in EFF and
RMSE (<0.027 and < 0.41, respectively). The performance metrics show that either DD and
SM presented good prediction accuracy, with EFF ranging from 0.75 to 0.91 and RMSE
(between 3.37 and 5.42 days) significantly lower than the standard deviation of observed
DOY (Figures 2 and 5). As expected, the cross-validation performance metric (RMSEP)
slightly increases compared to the RMSE (differences of up to 0.11 for TN and up to 0.95
for EN). Compared with the results obtained by Parker et al. [27], the selected models
of our study presented a significantly better performance. For all MSi of TN, the DD
performed only marginally better than the SM (differences of up to 0.03 in EFF). For EN,
the DD performed marginally better than SM for MS0.75 and MS2, but worst for MS1 and
MS1.5 (differences of up to 0.01 in EF). Parker et al. [27]) also found slight differences in the
performance of these models (up to 0.03 in EF). Comparing the main RMSE or RMSEP of
all MSi, both DD and SM performed better for TN than EN.

Other environmental factors, as well as cultivar and management practices, are also
known to influence berry ripening dynamics [6,12–16,38]. The reduction of performance
verified in both models and varieties from MS0.75 to MS2 suggests that other environmental
factors may gain more relevance as ripening progresses. This finding suggests that inte-
grating other environmental factors into the models, such as grapevine water status and
precipitation during the ripening period, may be important to improve its accuracy, mainly
at the end of ripening. Costa et al. [12] demonstrated that precipitation from April to June
(before flowering) had a significant negative effect on potential alcohol at harvest of TN in
the DãoW region. Jones and Davis [36] found a similar effect of precipitation during flower-
ing and the ripening period on the sugar concentration of Cabernet Sauvignon and Merlot
varieties. Michelini et al. [28] concluded that the DD-based model to predict the malic acid
dynamics improved its performance adding other temperature-based parameters.

One of the main features of the grape-ripening process is the accumulation of sugars
in the form of glucose and fructose within the cellular medium [39], which are converted
into alcohol by the action of the yeast during the fermentation process, releasing carbon
dioxide and heat [2]. Besides sugar content, the acid content of grape juice is also a critical
quality parameter since it affects wine quality [2]. Berry sugar accumulation and acid
degradation are influenced by climatic variables, such as air temperature [27,28]. The
non-linear regression analyses of SC and TA with heat accumulation (HA) calculated using
the select models demonstrated that a high fraction of SC and TA variance was explained
by the variation of these temperature-based indices (Table S6). Considering each plot, the
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adj-R2 of the SC–HA relationship ranged from 0.8 to 0.92 for TN and from 0.67 to 0.92 for
EN. For the TA–HA relationship, adj-R2 ranged from 0.81 to 0.96 for TN and from 0.77 to
0.90 for EN. This finding suggests that the temperature effect on sugar accumulation and
acid degradation dynamics was site dependent. Comparing the Grapevine Sugar Ripeness
(GSR with T0 = 0 ◦C), proposed by Parker et al. [27], with the Growing Degree Day (GDD
with T0 = 10 ◦C), Michelini et al. [28] obtained an R2 of 0.77 and 0.57, respectively, for
the regression with sugar concentration. For the regression of the malic acid content,
they obtained R2 = 0.44 and R2 = 0.66, respectively, and concluded that the malic acid
degradation was influenced by site elevation. With data of one vintage, Ortega-Farías
et al. [23] found R2 of 0.96 (Chardonnay) and 0.99 (Cabernet Sauvignon) for the non-
linear regression between SC and GDD, and R2 of 0.88 (Chardonnay) and 0.92 (Cabernet
Sauvignon) for the regression between TA and GDD.

The influence of climate on grape ripening has also been investigated through the
regression analyses between some berry composition attributes at harvest and weather
conditions in the different periods of the vegetative cycle. Analyzing climate influences
on berry composition at maturity (TTS = 22 ◦Brix) of Cabernet Sauvignon, Chardonnay,
and Shiraz, Barnuud et al. [34] verified that only 59% to 63% of the variations in berry TA
were described using generic models based on two temperature-based variables. However,
the cultivar-specific models explained significantly higher proportions of the variation in
TA (adj-R2 from 0.7 to 0.82). In the regression models proposed by Jones and Davis [36],
the TA variability of Cabernet Sauvignon was explained by rainfall during flowering
(positive effect) and by the relative number of days with temperatures greater than 30 ◦C
(negative effect) during flowering and veraison (adj-R2 = 0.66). In turn, the potential
evapotranspiration during the flowering and the relative number of days with temperatures
greater than 25 ◦C (negative effect) during veraison explained the TA variability of Merlot
(adj-R2 = 0.77). Concerning the sugar concentration at harvest, the regression models
showed that climatic variables, including the number of days with temperatures greater
than 25 ◦C for cv. Merlot or 30 ◦C for cv. Cabernet Sauvignon (positive effect), collectively
explained 68% of its variability for Cabernet Sauvignon and 79% for Merlot.

Comparatively to the SC and TA, the linear regression analyses between pH and
HA highlighted that the thermal conditions from flowering had a lower influence on its
variance (adj-R2 = 0.56, for TN, and adj-R2 = 0.63, for EN). Barnuud et al. [34] verified that
a generic model containing growing season degree days and air vapor pressure deficit
(VPD) described only 50% of the pH variations. They concluded that juice pH at maturity
was generally weakly associated with the climate variables rather than anthocyanins
concentration and TA. The juice pH measures the hydrogen ion concentration in the berry
and is related to total acidity [3]. Although lower acidity levels are usually correlated with
higher grape pH, this relationship is affected by potassium accumulation, which depends
on the temperature itself [40]. With the increasing of juice pH verified during the ripening
being the result of the combined effect of the potassium accumulation and the total acidity
reduction, factors other than temperature may play a key role on its dynamics.

A practical limitation of the models developed in this study is the need for flowering
(EL23) dates (input variables) before implementing simulations of maturity states. Due
to the prediction error of phenological models, using flowering simulated dates as tx may
increase the uncertainly in the maturity stages forecasting, mainly at the end of ripening.
Thus, it is recommendable that they are determined by direct in situ observations. In
forthcoming research, it will be necessary to assess their performance using simulated
onset dates for heat accumulation. The use of the flowering date has the advantage of
allowing a better adaptation of the ripening dynamics modeling to the previous stages of
the development cycle, also determined by the local weather conditions.

The models developed in this study that allow predicting the date at which four
grape maturity stages (MS0.75, MS1, MS1.5, and MS2) are reached can be a helpful tool to
support the vintage date decision and to promote more efficient winery management, as
a complement of ripening monitoring. On the other hand, having been calibrated and
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validated based on a combined phenology–ripening–weather dataset from different and
representative sites in the Dão wine region, its application at a regional scale seems feasible.

5. Conclusions

A thermal model to predict the DOY to reach the grape maturity stage MS0.75, MS1,
MS1.5, and MS2 of two grapevine Portuguese varieties (Touriga Nacional and Encruzado),
growing in the Dão wine region, were herein developed. Daily rates of forcing calcu-
lated with the Sigmoid function (SM) and the Degree Day function (DD) were used. The
outcomes show that the best performance of the models was obtained for the heat accu-
mulation starting at flowering (tx = EL23). The analysis of model sensitivity to changes in
forcing rate coefficients (T0, e, and d) enabled the selection of the same models for all MSi
of each variety. The selected models revealed significant predictability, though dependent
on the grape maturity stage and variety. The non-linear regression analyses of SC and
TA with heat accumulation, calculated using the select models, demonstrated that a high
fraction of SC and TA variance was explained by the variation of these temperature-based
indices. Comparatively to SC and TA, the results highlight that the thermal conditions
accumulated from flowering had a lower influence on pH juice variance. The relatively low
complexity of the models facilitates their implementation as a tool to support the vintage
date decision and to promote more efficient winery management, as a complement of
ripening monitoring. Similar approaches can be adopted in other wine regions worldwide,
thus being the present study an illustration of conceivable model developments under
diverse environmental conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11091777/s1, Table S1. Geographical location of the selected plots (latitude and
longitude), grown variety, rootstock, planting density, pruning system, weather station identifier, and
available period of phonological and ripening data, Table S2. The number of berry sampling days of
each year and plot, and total number of berry samples per plot, Table S3. Descriptive statistics of
observed dates for main phenological stage of Touriga Nacional and Encruzado varieties, Table S4.
Efficiency coefficient (EFF) and the root-mean-squared-error (RMSE) of the best-fit SM, SM with tx = EL23,
e = 15 and adjusted d, SM with tx = EL23, e = 15 and d = −0.4 for all maturity stages of cv. Touriga
Nacional (TN) and of best-fit SM, SM with tx = EL23, e = 13 and adjusted d, SM with tx = EL23,
e = 13 and d = −0.35 of cv. Encruzado (EN). dEEF and dRMSE are the differences of EFF and RMSE
with respect to the best-fit model, Table S5. Efficiency coefficient (EFF) and the root-mean-squared-error
(RMSE) of the best-fit DD, DD with tx = EL23, and adjusted T0, GDD with tx = EL23, and T0 = 2,
for all maturity stages of cv. Touriga Nacional (TN) and of the best-fit DD, DD with tx = EL23, and
adjusted T0, GDD with tx = EL23, and T0 = 0, for all maturity stages of cv. Encruzado (EN). dEEF and
dRMSE are the differences of EFF and RMSE with respect to the best-fit model, Table S6. Statistical
quality indicators of the non-linear and linear regression between Sugar content, Total acidity, pH
and heat accumulation using SM and GDD models for each plot and variety.
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Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,  

Table S1. Geographical location of the selected plots (latitude and longitude), grown variety, rootstock, planting density,  

pruning system, weather station identifier, and available period of phonological and ripening data.  

Plot 

 

Localization 

 

Latitude 

(N) 

 

Longitude 

(W) 

 

Elevation 

(m) 

 

Variety 

Planting 

density 

(plant/ha) 

 

Pruning 

system 

 

Rootsock 

 

Available 

period 

 

VP1 

 

Viseu 

 

40o38 3́0´́  

 

7o54 3́2´́  

 

456 
TN 

EN 

 

3953 

 

URC 

 

110R 
2014-2019 

2016-2019 

VP2 Nelas 40o31 3́0´́  7o51 2́6´́  427 TN 4545 BRC SO4 2014-2019 

CP1 Silgueiros 40o35 1́9´́  7o55 0́3´́  332 TN 4000 URC 1103P 2017-2019 

CP2 Silgueiros 40o35 2́0´́  7o55 1́1´́  334 EN 4000 SG 196/17 2017-2019 

CP3 Nelas 40o31 2́7´́  7o51 2́5´́  428 TN 4545 BRC 100R 2017-2019 

CP4 Santar 40o34 1́7´́  7o53 0́5´́  372 EN 4000 URC  2017-2019 

 

CP5 
Carregal do 

Sal 

 

40o25 3́3´́  
 

7o59 4́2´́  
 

291 
 

TN 
 

3333 
 

URC 
  

2017-2019 

 

CP6 
Carregal do 

Sal 

 

40o25 4́5´́  
 

8o00 5́8´́  
 

293 
 

EN 
 

3333 
 

BRC 
  

2017-2019 

CP7 Tábua 40o20 3́2´́  8o01 2́5´́  296 TN 4545 BRC 1103P 2017-2019 

CP8 Tábua 40o20 2́7´́  8o01 2́9´́  278 EN 4545 URC 1103P 2017-2019 

 

CP9 
São João de 

Areias 

 

40o23 1́9´́  
 

8o04 2́1´́  
 

238 
 

TN 
 

4545 
 

BRC 
  

2019 

VP-  varietal plot;  CP-Commercial  plot; TN-  Touriga  Nacional; EN  -  Encruzado; URC-Unilateral Royat cordon; BRC-Bilateral Royat  

cordon; SG-Single Guyot.  

 

Table S2. The number of berry sampling days of each year and plot, and total number of berry samples per plot  

Variety Plot 
Number of 

repetitions 

Number of berry sampling days  Total of 

berry sample 
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 2014 2015 2016 2017 2018 2019   

 VP1 1 6 4 5 7  6 28 

 VP2 1 6 4 4 7 6 6 33  

 CP1 3    6 6 5 51  

TN CP3 3    6 6 5 51  

 CP5 3    6 6 6 54  

 CP7 3    6 6 6 54  

 CP9 3      6 18  

 VP1 1   5 7  6 18  

 CP2 3    3 5 4 36  

EN CP4 3    3 5 6 42  

 CP6 3    5 5 5 45  

 CP8 3    5 5 6 48  

           

 

http://www.mdpi.com/xxx/s1
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Table S3. Descriptive statistics of observed dates for main phenological stage of Touriga Nacional and Encruzado varieties.  

Phenological Std. Interquartile 

 

 

 

 

 

 

 

 

 

 

 
Table S4. Efficiency coefficient (EFF) and the root-mean-squared-error (RMSE) of the best-fit SM, SM with tx = EL23, e = 15 and adjusted d, 

SM with tx = EL23, e = 15 and d = -0.4 for all maturity stages of cv. Touriga Nacional (TN) and of best-fit SM, SM with tx = EL23, e = 13 

and adjusted d, SM with tx = EL23, e = 13 and d = - 0.35 of cv. Encruzado (EN). dEEF and dRMSE are the differences of EFF and RMSE 

with respect to the best-fit model. 

stages 
Variety n Mean Median 

Deviation Range (IQR) 
Minimum Maximum Range  

 

EL4 
EN 

TN 

39 

51 

97 

98 

94 

97 

10.9 

9.1 

21 

19 

80 

83 

114 

114 

34 

31 

 

 

EL23 
EN 

TN 

37 

51 

149 

151 

148 

149 

11.1 

11.2 

20 

15 

132 

134 

169 

178 

37 

44 

 

 

EL35 
EN 

TN 

40 

51 

210 

212 

211 

217 

10.6 

11.6 

19 

22 

192 

191 

225 

230 

33 

40 

 

           

 

 

Variety 

Grape 

Maturity 

 

Model 

 

tx 

 

e 

 

d 

 

EFF 

 

RMSE 

 

dEFF 

 

dRMSE 

 stages         

  Best Fit Model EL35 17.2 -0.57 0.90 3.28   

 SM 0.75 Mod (tx=EL23, e=15; d fitted) EL23 15.0 -0.35 0.87 3.67 -0.026 0.39 

  Mod (tx=EL23, e=15; d =-0.4) EL23 15.0 -0.40 0.87 3.69 -0.027 0.41 

  Best Fit Model EL23 15.8 -39.2 0.88 3.69   

 SM 1 Mod (tx=EL23, e=15; d fitted) EL23 15.0 -0.63 0.87 3.73 -0.002 0.03 

 

TN 

 
Mod (tx=EL23, e=15; d =-0.4) EL23 15.0 -0.40 0.87 3.73 -0.002 0.03 

Best Fit Model EL23 15.7 -0.41 0.84 4.54 

 SM 1.5 Mod (tx=EL23, e=15; d fitted) EL23 15.0 -0.19 0.84 4.55 -0.003 0.01 

  Mod (tx=EL23, e=15; d =-0.4) EL23 15.0 -0.40 0.83 4.59 -0.004 0.06 

  Best Fit Model EL23 16.2 -38.96 0.82 5.32   

 SM 2 Mod (tx=EL23, e=15; d fitted) EL23 15.0 -0.48 0.81 5.43 -0.008 0.11 

  Mod (tx=EL23, e=15; d =-0.4) EL23 15.0 -0.40 0.81 5.43 -0.008 0.11 

  Best Fit Model EL23 15.8 -0.51 0.91 3.26   

 SM 0.75 Mod (tx=EL23, e=13; d fitted) EL23 13.0 -0.33 0.90 3.50 -0.013 0.23 

  Mod (tx=EL23, e=13; d =-0.35) EL23 13.0 -0.35 0.90 3.51 -0.012 0.24 

  Best Fit Model EL23 14.5 -40.00 0.86 4.41   

 SM 1 Mod (tx=EL23, e=13; d fitted) EL23 13.0 -0.36 0.86 4.44 -0.002 0.03 

 

EN 

 
Mod (tx=EL23, e=13; d =-0.35) EL23 13.0 -0.35 0.86 4.44 -0.002 0.03 

Best Fit Model EL23 12.6 -0.49 0.80 5.03 

 SM 1.5 Mod (tx=EL23, e=13; d fitted) EL23 13.0 -0.39 0.80 5.04 -0.004 0.01 

  Mod (tx=EL23, e=13; d =-0.35) EL23 13.0 -0.35 0.80 5.06 -0.002 0.03 

  Best Fit Model EL23 11.2 -0.09 0.78 5.12   

 SM 2 Mod (tx=EL23, e=13; d fitted) EL23 13.0 -0.35 0.75 5.42 -0.027 0.09 

  Mod (tx=EL23, e=13; d =-0.35) EL23 13.0 -0.35 0.75 5.42 -0.026 0.30 
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Table S5. Efficiency coefficient (EFF) and the root-mean-squared-error (RMSE) of the best-fit DD, DD with tx= EL23, and adjusted T0, GDD 

with tx  = EL23, and T0 = 2, for all maturity stages of cv. Touriga Nacional (TN) and of the best-fit DD, DD with tx = EL23, and adjusted 

T0, GDD with tx = EL23, and T0 = 0, for all maturity stages of cv. Encruzado (EN). dEEF and dRMSE are the differences of EFF and RMSE 

with respect to the best-fit model. 

 

Variety 

Grape 

Maturity 

stages 

 

Model 

 

tx 

 

T0 

 

EFF 

 

RMSE 

 

dEFF 

 

dRMSE 

 

  Best Fit Model EL35 7.78 0.90 3.19    

 SM 0.75 Mod (tx=EL23,T0 fitted) EL23 3.85 0.89 3.44 -0.02 0.25  

  Mod (tx=EL23,T0  = 2) EL23 2.0 0.88 3.46 -0.02 0.27  

  Best Fit Model EL23 0.03 0.88 3.61    

 SM 1 Mod (tx=EL23,T0 fitted) EL23 0.03 0.88 3.61 0.00 0.00  

 

TN 
 

Mod (tx=EL23,T0  = 2) EL23 2.0 0.88 3.65 0.00 0.04  

Best Fit Model EL23 2.32 0.86 4.25 

 SM 1.5 Mod (tx=EL23,T0 fitted) EL23 2.32 0.86 4.25 0.00 0.00  

  Mod (tx=EL23,T0  = 2) EL23 2.0 0.86 4.25 0.00 0.00  

  Best Fit Model EL23 2.81 0.84 4.97    

 SM 2 Mod (tx=EL23,T0 fitted) EL23 2.81 0.84 4.97 0.00 0.00  

  Mod (tx=EL23,T0  = 2) EL23 2.0 0.84 4.98 0.00 0.01  

  Best Fit Model EL23 0.03 0.91 3.37    

 SM 0.75 Mod (tx=EL23,T0 fitted) EL23 0.03 0.91 3.37 0.00 0.00  

  Mod (tx=EL23,T0  = 0) EL23 0 0.91 3.37 0.00 0.00  

  Best Fit Model EL23 0.01 0.85 4.57    

 SM 1 Mod (tx=EL23,T0 fitted) EL23 0.01 0.85 4.57 0.00 0.00  

 

EN 
 

Mod (tx=EL23,T0  = 0) EL23 0 0.85 4.57 0.00 0.00  

Best Fit Model EL23 0 . 0 1 0.79 5.12 

 SM 1.5 Mod (tx=EL23,T0 fitted) EL23 0.01 0.79 5.12 0.00 0.00  

  Mod (tx=EL23,T0  = 0) EL23 0 0.79 5.12 0.00 0.00  

  Best Fit Model EL23 0.01 0.76 5.28    

 SM 2 Mod (tx=EL23,T0 fitted) EL23 0.01 0.76 5.28 0.00 0.00  

  Mod (tx=EL23,T0  = 0) EL23 0 0.76 5.28 0.00 0.00  
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Table S6. Statistical quality indicators of the non-linear and linear regression between Sugar content, Total acidity, pH and  

heat accumulation using SM and GDD models for each plot and variety.  

     DD     SM  

 

 

 

 

 
Variety 

 

 

 

 

 
Plot 

 

 

 
 

Must quality 

parameter 

 

 
 

R 

 

 
 

R2 

 

 
 

Adj-R2 

 

Std. 

Error of 

the 

Estimate 

 

 
 

p-value 

 

 
 

R 

 

 
 

R2 

 

 
 

Adj-R2 

Std. 

Error of 

the 

Estimat 

e 

 

 
 

p-value 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TN 

 SC (log) 0.94 0.88 0.88 0.578 <0.001 0.94 0.88 0.87 0.586 <0.001 

 TA (power) 0.93 0.86 0.86 0.111 <0.001 0.92 0.84 0.84 0.119 <0.001 

CP1 pH (linear) 0.91 0.84 0.83 0.093 <0.001 0.91 0.82 0.82 0.097 <0.001 

 SC (log) 0.95 0.90 0.90 0.541 <0.001 0.96 0.92 0.92 0.490 <0.001 

 TA (power) 0.98 0.96 0.96 0.061 <0.001 0.98 0.96 0.96 0.064 <0.001 

CP3 pH (linear) 0.81 0.65 0.64 0.107 <0.001 0.81 0.66 0.66 0.105 <0.001 

 SC (log) 0.93 0.86 0.86 0.634 <0.001 0.93 0.87 0.86 0.631 <0.001 

 TA (power) 0.93 0.87 0.86 0.107 <0.001 0.92 0.85 0.85 0.111 <0.001 

CP5 pH (linear) 0.83 0.69 0.68 0.115 <0.001 0.83 0.68 0.68 0.115 <0.001 

 SC (log) 0.90 0.81 0.80 0.725 <0.001 0.91 0.83 0.82 0.692 <0.001 

 TA (power) 0.92 0.84 0.83 0.139 <0.001 0.90 0.82 0.81 0.147 <0.001 

CP7 pH (linear) 0.81 0.65 0.64 0.130 <0.001 0.78 0.61 0.60 0.137 <0.001 

 SC (log) 0.93 0.87 0.86 0.444 <0.001 0.93 0.86 0.86 0.451 <0.001 

 TA (power) 0.96 0.92 0.92 0.073 <0.001 0.96 0.92 0.92 0.073 <0.001 

CP9 pH (linear) 0.93 0.87 0.86 0.071 <0.001 0.93 0.86 0.85 0.073 <0.001 

 SC (log) 0.93 0.86 0.86 0.524 <0.001 0.90 0.81 0.81 0.616 <0.001 

 TA (power) 0.96 0.93 0.92 0.082 <0.001 0.96 0.92 0.92 0.086 <0.001 

VP1 pH (linear) 0.76 0.58 0.57 0.126 <0.001 0.73 0.54 0.52 0.133 <0.001 

 SC (log) 0.90 0.81 0.80 0.527 <0.001 0.90 0.80 0.80 0.535 <0.001 

 TA (power) 0.97 0.94 0.94 0.062 <0.001 0.96 0.92 0.92 0.074 <0.001 

VP2 pH (linear) 0.63 0.40 0.38 0.185 <0.001 0.60 0.36 0.33 0.192 <0.001 

 SC (log) 0.90 0.81 0.81 0.709 <0.001 0.90 0.81 0.81 0.715 <0.001 

all 

plots 

TA (power) 0.93 0.86 0.86 0.116 <0.001 0.92 0.84 0.84 0.123 <0.001 

pH (linear) 0.75 0.56 0.56 0.158 <0.001 0.74 0.55 0.55 0.160 <0.001 

 

 

 

 

 
 

EN 

 SC (log) 0.93 0.87 0.86 0.645 <0.001 0.94 0.88 0.87 0.586 <0.001 

 TA (power) 0.93 0.87 0.86 0.103 <0.001 0.94 0.88 0.88 0.098 <0.001 

CP2 pH (linear) 0.87 0.75 0.75 0.08 <0.001 0.86 0.73 0.72 0.084 <0.001 

 SC (log) 0.91 0.83 0.82 0.829 <0.001 0.92 0.84 0.84 0.794 <0.001 

 TA (power) 0.88 0.78 0.77 0.168 <0.001 0.90 0.81 0.80 0.156 <0.001 

CP4 pH (linear) 0.80 0.65 0.64 0.126 <0.001 0.81 0.66 0.65 0.124 <0.001 

  SC (log) 0.96 0.92 0.92 0.579 <0.001 0.96 0.92 0.92 0.590 <0.001 

  TA (power) 0.94 0.89 0.89 0.122 <0.001 0.94 0.88 0.88 0.128 <0.001 

 CP6 pH (linear) 0.80 0.64 0.64 0.115 <0.001 0.78 0.60 0.59 0.122 <0.001 
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  SC (log) 0.94 0.88 0.88 0.756 <0.001 0.93 0.87 0.87 0.783 <0.001 

 TA (power) 0.94 0.88 0.88 0.132 <0.001 0.90 0.81 0.81 0.164 <0.001 

CP8 pH (linear) 0.83 0.69 0.69 0.113 <0.001 0.78 0.61 0.60 0.128 <0.001 

 SC (log) 0.85 0.73 0.71 0.836 <0.001 0.83 0.69 0.67 0.896 <0.001 

 TA (power) 0.95 0.91 0.90 0.087 <0.001 0.92 0.85 0.84 0.111 <0.001 

VP1 pH (linear) 0.87 0.75 0.74 0.102 <0.001 0.86 0.73 0.72 0.106 <0.001 

 SC (log) 0.89 0.80 0.79 0.913 <0.001 0.91 0.82 0.82 0.852 <0.001 

all 

plots 

TA (power) 0.88 0.78 0.78 0.171 <0.001 0.89 0.78 0.78 0.169 <0.001 

pH (linear) 0.74 0.54 0.54 0.135 <0.001 0.80 0.63 0.63 0.121 <0.001 
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14 Abstract

15 The present study is devoted to climate change impact assessment on the phenological development 

16 and ripening of cv. Touriga Nacional in the Dão Wine Region, Portugal. For this purpose, the dates 

17 of the three main phenological stages (budbreak, flowering and veraison) and two maturity stages 

18 are projected for two future periods (2041–2070 and 2071–2100), under two anthropogenic 

19 radiative forcing scenarios (RCP4.5 and RCP8.5), and compared against a baseline period (1991–

20 2020). The phenological and maturity stages are simulated using phenological development models 

21 (PDMs) and a temperature-based ripeness model (TRM), respectively. An overall advancement in 

22 both phenology and ripening stages are identified under future warmer climates, though site-

23 dependent. Furthermore, the advancements in phenology are more pronounced 1) for stages 

24 between the beginning of veraison and end of ripening than for the earlier stages, 2) for the long-

25 term future period (2071–2100) under RCP8.5, and 3) for the vineyard site “Viseu”. These changes 

26 are due to the combination of budbreak advancement with a shortening of some phenophases. The 

27 strongest shortening is found in the ripening period, while no significant changes in flowering 

28 timings and duration of the berry development period are projected. The advancement and the 

29 shortening of the grapevine growing season will shift ripening to the warmest part of the year. This 

30 two-fold climate change impact of the air temperature during ripening may affect the sugar and 

31 organic acid balance, as well as the colour of the must. The current findings can be used by the 

32 regional winemaking sector in planning and implementing suitable climate change adaptation to 

33 enhance its climate resiliency and sustainability. Subsequent studies for this wine region should be 

34 carried out to assess the climate change impacts on late frost risk, on climatic viticultural zoning, on 

35 yield and berry quality at harvest. 

36

37 Keywords: Climate change, phenological development, ripening models, Touriga Nacional, Dão 

38 Wine Region, Portugal.
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39 1. Introduction

40 Grapevine growth and development, fruit ripening and berry quality are strongly dependent on the 

41 environmental conditions of the sites where the vines are cultivated (Martínez-Lüscher et al., 2016). 

42 Climate and soil are indeed the two central terroir components, having the most significant 

43 influence in viticulture (Jones and Davis, 2000; Magalhães, 2008). In particular, grapevine 

44 phenological development is strongly controlled by weather conditions, namely precipitation, 

45 radiation and temperature (Malheiro et al., 2013). Many previous studies have calibrated, validated 

46 or tested phenological models in different regions, either for simulating and predicting phenological 

47 stages (Caffarra & Eccel, 2010; Cuccia et al., 2014; De Cortázar-Atauri et al., 2009; Fernández-

48 González et al., 2013; Fraga et al., 2015; Mariani et al., 2013; Molitor et al., 2014b; Morales-

49 Castilla et al., 2020; Ortega-Farías et al., 2002; Parker et al., 2011; Rodrigues et al., 2016; 

50 Rodrigues et al., 2021a; Verdugo-Vásquez et al., 2017) or to classify the varieties according to the 

51 heat requirements of their main phenological stages (Alves et al., 2013; Lopes et al., 2008; Parker 

52 et al., 2013; Reis et al., 2020). Most phenological models are based on the assumption that air 

53 temperature is the preponderant environmental factor that determines grapevine development, being 

54 widely applied in viticulture. These models can be used as a crop management and decision support 

55 tool (Rodrigues et al., 2021a). They can also be used to define disease control strategies (Caffarra et 

56 al., 2012; Molitor & Berkelmann-Loehnertz, 2011), to select the varieties better adapted to specific 

57 climate conditions (Parker et al., 2013; Reis et al., 2020) or to assess climate change impacts on 

58 grapevine development (Blanco-Ward et al., 2019; Caffarra & Eccel, 2011; Costa et al., 2019; 

59 Cuccia et al., 2014; Fraga et al., 2016a; Fraga et al., 2016b; Ramos, 2017; Ramos & Martínez de 

60 Toda, 2020; Webb et al., 2007; Xu et al., 2012).

61 Grape berry ripening and, consequently, its quality at harvest, are influenced by the grapevine 

62 cultivar/variety, agricultural management practices, pedoclimatic conditions, and their multiple 

63 interactions (Cameron et al., 2021; Costa et al., 2020; Fernández-González et al., 2013; Lucchetta 

64 et al., 2019; Suter et al., 2021; Zarrouk et al., 2016; Zheng et al., 2017). Several researchers have 

65 investigated the relationships between berry ripening dynamics and climatic conditions (Ortega-

66 Farías et al., 2002; Sadras et al., 2008; Fernández-González et al., 2013), while different 

67 temperature-based prediction models were proposed. Based on a time series of sugar concentrations 

68 of 65 grapevine varieties, Parker et al. (2020) demonstrated that temperature-based models could be 

69 used to predict the time that different sugar concentrations are reached. Michelini et al. (2021) 

70 demonstrated that the Growing Degree Day-based model might predict malic acid dynamics of cv. 
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71 Pinot blanc. Rodrigues et al. (2021b) calibrated and validated temperature-based models to predict 

72 the timings of four different maturity stages of cv. Touriga Nacional and cv. Encruzado.

73 The close connection between grapevine development and berry ripening dynamics with weather 

74 and climate makes viticulture particularly vulnerable to climate change (Santos et al., 2020). 

75 According to the Intergovernmental Panel on Climate Change, from 1850–1900 to 2011–2020, the 

76 global near-surface air temperature has increased by 1.09°C , but with larger increases [0.95,1.20]

77 over land areas 1.59 °C [1.34 to 1.83] than over the ocean 0.88 °C [0.68 to 1.01] (IPCC, 2021). The 

78 projected changes over the European continent indicate average warming between 2.5 and 5.5°C by 

79 the end of the 21st century, with higher warming rates in southern regions and towards the northeast 

80 (Santos et al., 2020). The impacts of climate change on viticulture and wine production are not 

81 likely to be uniform across all varieties and regions (Jones et al., 2005). Due to the increased 

82 cumulative thermal and dryness effects (heat and water stresses) during the growing season, 

83 detrimental impacts on grapevine growth and development, as well as on resulting wine yield and 

84 quality parameters, are projected for southern Europe (e.g., Portugal, Spain, Italy or Greece). 

85 Conversely, western and central European regions (e.g., southern Britain, northern France and 

86 Germany) may benefit from future climate conditions, namely with higher wine quality and new 

87 potential areas for viticulture (Malheiro et al., 2010).

88 Several studies have been conducted in recent years, using different models combined with climate 

89 change scenarios, to assess future changes in grapevine phenological timings (Webb et al., 2007; 

90 Caffarra and Eccel, 2011; Xu et al., 2012; Cuccia et al., 2014; Fraga et al., 2016a, 2016b; Ramos, 

91 2017; Blanco-Ward et al., 2019; Costa et al., 2019; Ramos and Martínez de Toda, 2020; Reis et al., 

92 2021). All these studies showed that all main phenological stages (budbreak, flowering, veraison) 

93 and harvest would advance in the future, but with a more pronounced advancement foreseen for 

94 veraison and harvest than for the earlier stages. According to these projections, the magnitude of 

95 warming impact on grape phenology will be dependent on the geo-localization of the wine-growing 

96 region (Webb et al., 2007; Koufos et al., 2018; Alikadic et al., 2019), on elevation (Caffarra & 

97 Eccel, 2011) and variety (Fraga et al., 2016b; De Cortázar-Atauri et al., 2017; Leolini et al., 2018; 

98 Daniel Molitor & Junk, 2019; Ramos, 2017). Due to the combination of generally increasing air 

99 temperatures projected to the future and the shift of the ripening period towards an earlier period, 

100 usually to warmer periods of the season, climate change may have a two-fold impact on ripening 

101 (Molitor and Junk, 2019). The projected significant warming during the ripening period, 

102 accompanied by strengthened dryness conditions, over southern Europe (Malheiro et al., 2010), 

103 including Portugal (Fraga et al., 2012), may threaten the wine typicity of the traditional wine-
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104 growing regions (Santos et al., 2020). 

105 The present study is focused on the Dão wine region (DãoWR henceforth), located in central-

106 northern Portugal. Its climate is strongly influenced by its location on a plateau, surrounded by 

107 mountains that protect the region from both the moist Atlantic air masses (condensation barriers) 

108 and the continental influence from inner Iberia. For the period 1950–2000, Fraga et al. (2014) 

109 categorized the region into three specific bioclimatic groups relevant for viticultural zoning: i) the 

110 peripheral zone, at higher elevations, characterized by a cool and humid climate, with cool nights, 

111 ii) the central area, with a temperate and humid climate, but also with cool nights, and iii) the 

112 south/southwestern area, with a temperate and humid climate, with warm nights. Climate change 

113 projections for 2041–2070, under the severest scenario, reveal that the regional climate will become 

114 warm and dry, with warm nights, in about 85 % of the area, while it will become very warm and 

115 dry, with warm nights, in 14 % of the area. 

116 Similar to other wine-growing regions of southern Europe, climate change may significantly impact 

117 viticulture in the DãoWR. In this context, for its effective adaptation to new climatic conditions, it 

118 is pertinent to predict the potential impacts on the development and maturation of one of the most 

119 relevant grape varieties of the region, thus providing scientifically-grounded guidelines for 

120 adaptation and contributing to the future sustainability of the regional winemaking sector. Touriga 

121 Nacional (TN) is a red native variety from Portugal, recognised in the DãoWR for its aptitude to 

122 produce high-quality table wines, with high ageing potential. Based on the heat requirements of 36 

123 Portuguese varieties grown in the Lisboa Wine Region, Reis et al. (2020) classified the TN as a 

124 variety with early-season flowering and intermediate-season veraison. According to the duration of 

125 the whole cycle, Lopes et al. (2008) classified it as a long-cycle variety. Owing to its relevance in 

126 the DãoWR (cultivated in 12.3% of the vineyard area), the study of TN warrants high regional 

127 representativeness of the results.

128 The present study aims at studying the potential impacts of projected climate warming on 

129 phenological development and ripening of TN in the DãoWR based on (i) the phenological 

130 development models developed by Rodrigues et al. (2021a), (ii) the temperature-based grapevine 

131 ripeness model from Rodrigues et al. (2021b), and (iii) the climate change projections for the 

132 DãoWR, generated by a five-member ensemble of Regional Climate Models (RCM), under two 

133 anthropogenic radiative forcing pathways. Section 2 will describe datasets and methodologies, 

134 whereas the main findings will be presented in Section 3. The results will be discussed in Section 4 

135 and a summary of the main conclusions will be provided in Section 5.
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136 2. Material and methods

137 2.1. Observed data

138 The grapevine phenological and grape berry ripening data of TN were collected between 2014 and 

139 2019, from five commercial vineyards and two varietal vineyards at six locations in the DãoWR 

140 (Figure 1 and Table 1). The phenological stages between budbreak and veraison were recorded 

141 through site observations, based on the modified Eichhorn–Lorenz scale (Combe, 1995). A given 

142 phenological stage/date was recorded when at least 50% of the observed organs (buds/shoots until 

143 EL18, or inflorescences/clusters after EL18) reached it. The grape berry-ripening process was 

144 monitored weekly, from veraison to harvest, by carrying out berry sampling and subsequent 

145 laboratory analysis of the berry sugar concentration (SC), titratable acidity (TA), and pH of must. 

146 The day of the year (DOY) on which the maturity index (MI = PA / TA) reached the thresholds of 

147 0.75 (MS0.75), 1.0 (MS1.0), 1.5 (MS1.5) and 2.0 (MS2.0), was determined. More details on this 

148 methodology can be found in Rodrigues et al. (2021a, 2021b).

149 Regarding the atmospheric data, the weather stations are located in the vineyards, very close to the 

150 plots (<100 m), except for CP9, for which the corresponding weather station (WS6) is located 

151 approximately 3.7 km apart from the plot. Daily mean air temperatures (Ta) were calculated as the 

152 arithmetic average of the respective hourly temperatures.

153 2.2. Phenology and maturity models 

154 The DOY of the phenological stages 4 (EL4-budbreak), 9 (EL9) 12 (EL12), 17 (EL17), 19 (EL19-

155 beginning of flowering), 23 (EL23-Flowering), 27 (EL27-Setting), 29 (EL29), 31 (EL31), 32 (EL 

156 32) and 35 (EL35-beginning of veraison), defined in the modified Eichhorn–Lorenz scale  

157 (Coombe, 1995) were calculated for TN according to the phenological development models 

158 (PDMs) proposed by Rodrigues et al. (2021a). The PDMs only consider the effect of temperature 

159 forcing (thermally-driven). They assume that a given phenological stage occurs when the daily sum 

160 of the rate of forcing, calculated from the onset date (t0) onwards, achieves a specific critical value 

161 (F). The daily rate of forcing is calculated from the daily mean air temperature (Ta = average of 

162 hourly air temperature), using a sigmoid function shaped by the fit parameters e (inflection point) 

163 and d (sharpness of the curve). To model the EL4 dates, the sigmoid function parameters e and d are 

164 12 and –0.35, respectively, whereas the onset date for heat accumulation is fixed at 1 March of each 

165 year. For the modelling of the other phenological stages until the beginning of veraison (EL35), the 

166 sigmoid function parameters e and d are fixed at 12 and –0.5, respectively. 
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167 The DOY of each maturity index, namely 0.75 (MS0.75), 1.0 (MS1.0), 1.5 (MS1.5) and 2.0 (MS2.0), 

168 was determined according to the temperature-based ripeness model (TRM) proposed for TN by 

169 Rodrigues et al. (2021b). Similarly to the PDM, the TRM is a thermally-driven model that 

170 determines the maturity stage (MSi) date as a function of the heat accumulation, but starting in the 

171 flowering date (EL23). In this model, the heat accumulation is also calculated by a sigmoid 

172 function, with e and d being 15 and –0.4, respectively. 

173 Although the PDMs and TRMs were calibrated and validated using the observed data of EL4 and 

174 EL23 as t0, the simulated dates were used herein. Based on the observed phenology, maturity and 

175 meteorological data used for model calibration and validation by Rodrigues et al (2021a) and 

176 Rodrigues et al (2021a), the sensitivity of the model performance to the choice of t0 was thereby 

177 assessed. Compared to the original models, the use of simulated dates for t0 results in a maximum 

178 increase in the RMSE of 2.4 days (Table S1).

179 2.3. Climate data

180 The gridded observation-based E-OBS dataset (Cornes et al., 2018), v23.1e, was used to extend the 

181 observational period from 2014/2017–2019 (available weather station data) to a 30-year baseline 

182 period (BP, 1991–2020). This temporal extension is essential to accurately assess the climate 

183 change projections in the different variables, by comparing their values in two 30-year future 

184 periods (2041–2070 and 2071–2100) with the corresponding values during a long enough baseline 

185 period, i.e., representative of the recent past climate conditions (a 3/6-year period is manifestly 

186 insufficient). E-OBS data is available on a regular 0.1° latitude × 0.1° longitude grid (~10 km grid 

187 spacing) within a European-wide sector (Cornes et al., 2018). Daily mean temperatures were 

188 retrieved from E-OBS over the target region (DãoWR) and for BP (1991–2020). Data from the 

189 gridboxes that contain each site were then extracted. However, the temperature-driven models 

190 (PDM and TRM) were originally calibrated using daily mean temperature computed from local 

191 weather station hourly data (Ta) that are not available in the E-OBS dataset. As such, the daily 

192 mean air temperatures from E-OBS (Tm (E-OBS)) were also adjusted to the daily mean air 

193 temperature (Ta = average of 24 hourly temperatures) recorded at each location. Least-squares 

194 linear regressions between Tm (E-OBS) and Ta (Obs) for 2014–2019, at Viseu and Nelas, and 2017–

195 2019, for the other site, were fitted (Table S2). The linear regression equations were then used as 

196 transfer functions not only to adjust the E-OBS data to each site but also to produce the 

197 corresponding site-specific extended time series of daily mean temperatures (1991–2020). Owing to 
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198 the short length of the observational data (3/6 years) the linear regression models were preferred 

199 over more complex models, such as quantile-based approaches (Martins et al., 2021).

200 Regarding the future climate data, the simulations generated by five state-of-the-art bias-adjusted 

201 (BA) Global Climate Model–Regional Climate Model chains (GCM-RCM) were selected to supply 

202 the climate projection data at studied sites in the DãoWR (Table 2). Three GCM and 4 RCM were 

203 considered in the ensemble. These data were produced within the framework of the EURO-

204 CORDEX project (Jacob et al., 2014) and retrieved at a spatial resolution of 0.11° latitude × 0.11° 

205 longitude (grid spacing ~12.5km). The experiments forced by the Representative Concentration 

206 Pathways 4.5 (RCP4.5) and 8.5 (RCP8.5) were considered, as they cover a reasonable range of 

207 uncertainty concerning the anthropogenic radiative forcing effects on the future climates (Moss et 

208 al., 2010; van Vuuren et al., 2011). The BA was based on the distribution-based scaling approach, 

209 using the Mesoscale Analysis (MESAN) dataset at 3–12 km over 1989–2010 (Dahlgren et al., 

210 2016; Landelius et al., 2016) (Table 2). This approach proved to be able to preserve the projected 

211 climate variability of individual RCM and consider the covariance between climatic variables 

212 (Yang et al., 2010). The reliability of the BA model data was previously verified in a climate 

213 change impact assessment study on rainfed winter wheat in southern Portugal (Yang et al., 2019). 

214 For the baseline period (1991–2020) and the two future periods (2041–2070 and 2071–2100), the 

215 time series of Tn and Tx were extracted. Daily mean temperatures (Tm) were calculated as the 

216 arithmetic average of the daily minimum (Tn) and maximum (Tx) temperatures. Moreover, Tm was 

217 site-adjusted, separately for each future period, GCM-RCM run and RCP, using the same site-

218 specific transfer functions as in the observational datasets, thus preserving the mean of the adjusted 

219 Tm (E-OBS) within the common baseline period (1991–2020) (Table S3). It is still worth noting 

220 that the BP comprises years that correspond to both the historical (1991–2005) and RCP-forced 

221 (2006–2020) runs. Nonetheless, the slight divergence of the two RCPs before 2020 and the 

222 aforementioned bias corrections significantly mitigate this shortcoming, also enabling the use of all 

223 observational data available in the region.

224 2.4. Climate change impact on phenology and ripening

225 Using the previously mentioned grapevine models (PDM and TRM), the DOY of each phenological 

226 stage, between budburst and veraison, and each subsequent maturity stage, were calculated for each 

227 location. The bias-corrected daily mean air temperatures described above were used as inputs in 

228 both PDM and TRM, within the following 30-year periods:
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229  Baseline period (BP): 1991–2020;

230  Mid-term future period (MFP): 2041–2070;

231  Long-term future period (LFP): 2071–2100.

232 For taking into account the model uncertainties in the climate change projections, the phenological 

233 and ripening dates, within both future periods and under two different emission scenarios, were 

234 simulated using the daily mean temperatures projected by each of the five climate models separately 

235 (30 years × 2 projection periods × 5 climate models × 2 scenarios). The potential climate change 

236 impacts on the phenological development and ripening were assessed by comparing the dates of the 

237 three main phenological (EL4, EL23 and EL35) and two maturity stages (MS1.0 and  MS2.0) 

238 projected for the future periods (MFP and LFP) with those from the baseline period. Furthermore, 

239 the lengths of the budbreak-beginning of flowering (EL4-EL19), flowering (EL19-EL27), fruit 

240 development (EL27-EL35) and ripening (EL35-MS2.0) phenophases were compared for a more in-

241 depth assessment of the potential climate change impacts.

242 3. Results

243 3.1.  Climate change signal in temperature

244 Table 3 shows the annual mean temperature, Tm, the mean temperature of the months generally 

245 before the budbreak (January to March) and the growing season mean temperature (April to 

246 September) for the baseline and future periods corresponding to the two emission scenarios. A 

247 considerable increase in air temperatures compared to the baseline period is projected at all 

248 locations. The most significant increases are projected in the growing season (April–September) 

249 and for RCP8.5 in the long-term period, ranging from 3.9 (Tábua) to 4.4°C (Santar). For Tábua with 

250 the highest baseline temperatures, the lowest temperature increases are projected. The annual mean 

251 temperatures are expected to increase by 3.3–3.5°C (+3.4°C averaged over all locations). Overall, 

252 the highest changes in temperature are expected for the growing season (summer half of the year, 

253 +4.1°C averaged over all locations), whereas the weakest changes should occur in the January-

254 March period (winter and early spring, +2.3°C averaged over all locations). In the October-

255 December period (autumn), the upward trend of temperature is intermediate (+3.0°C averaged over 

256 all locations). Therefore, the alterations in the temperature-driven phenological development should 

257 be stronger in the later stages than in the first stages, as the thermal forcing is projected to increase 

258 more significantly in the warmer part of the year. These results are in clear agreement with many 

259 previous studies on climate change projections for the Iberian Peninsula (Pereira et al., 2021).

Page 9 of 46

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only



Peer Review Only

260 3.2. Re-assessment of phenology model performance 

261 Taking into account that the simulations were performed using simulated dates for the heat 

262 accumulation, instead of observed dates (not available in the future periods), and also using 

263 adjusted Tm (rather than Ta, as previously explained), the model performances were re-assessed. 

264 The observed dates of all phenological and maturity stages, from 2014 to 2019, at Viseu and Nelas, 

265 and from 2017 to 2019, at the other locations, were compared to the simulated dates. Towards this 

266 aim, the following performance metrics were calculated: root mean squared error (RMSE), 

267 efficiency coefficient (EFF) and determination coefficient (R2) (Figure 2). Although the models 

268 showed an overall high performance (EFF=0.99, RMSE=5.9 and R2=0.99) for the whole 

269 development cycle, it can have varied performance with different phenological or maturity stages. 

270 Considering only the main phenological stages (budbreak, EL4, flowering, EL23, and beginning of 

271 veraison, EL35), and two maturity stages (MS1.0 and MS2.0), the RMSE ranges from 2.8 to 8.3 (cf. 

272 Table in Figure 2). These outcomes hint at a moderate-to-high performance of the models, but with 

273 much lower performances (higher RMSE, lower EFF and R2) towards the later stages of the 

274 phenological development (e.g., berry ripening stages) (Figure 2). Similar findings were also 

275 obtained in the simulations using observed dates and Ta, though with slightly higher performances 

276 (Rodrigues et al., 2021a; Rodrigues et al., 2021b): RMSE from 3.7 to 6.2, and EFF from 0.71 to 

277 0.87. Although the model performances are slightly weakened in this new approach, the models are 

278 still useful and will subsequently be used to develop climate change projections of the grapevine 

279 phenological and maturity stages.

280

281 3.3. Climate change impacts on phenology and maturity

282 In Figure 3, the boxplots of the simulated DOY of EL4, EL23, EL35, MS1.0 and MS2.0 for BP 

283 (1991–2020), and at each location, are depicted. The corresponding descriptive statistics are shown 

284 in Tables S4 and S5 (Supplementary Material). These results highlight the inter-regional variability 

285 of grapevine phenological development and ripening. Viseu is the location where, on average, the 

286 main phenological and ripening events tend to occur later, while Tábua is where they occur earlier. 

287 In 50% of the years at Tábua budbreak (EL4) occurred between 25 March and 2 April, flowering 

288 (EL23) between 22 and 28 May, the beginning of veraison (EL35) between 21 and 27 July, and the 

289 end of ripening (MS2) between 30 August and 11 September. On the other hand, at Viseu, EL4 

290 occurred between 1 and 9 April, EL23 between 31 May and 11 June, EL35 between 31 July and 10 

291 August, and MS2 between 15 and 27 September.
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292 Figures 4 and 5 show the boxplots of the main phenological and maturity timings for both the 

293 baseline and future periods, under RCP4.5 and RCP8.5, at Viseu and Tábua, respectively. The 

294 respective descriptive statistics for all locations are presented in Tables S4 and S5 in the 

295 supplementary material. 

296 The changes in phenological and ripening dynamics are dependent on the projected magnitude of 

297 temperature increases for future periods. For the emission scenario RCP4.5 in the period 2041–

298 2070, the average temperature is projected to increase by 0.7°C in the months before budbreak 

299 (January to March) and 1.6°C in the growing season (April to September) (Table 3), though no 

300 earlier budbreak is projected at any location. Flowering is projected to be on average only 1 day 

301 earlier in Nelas, Silgueiros and Viseu, whilst veraison is projected to be 1 day earlier at Carregal do 

302 Sal, Santar and Silgueiros and 3 days earlier at Viseu. The end of ripening (MS2.0) will occur 

303 between 2 (Tábua) to 7 (Viseu) days earlier compared to the baseline period. For the same 

304 emissions scenario (RCP4.5), in the LFP (2071–2100), for which the average temperature will 

305 increase by 1.2°C in January–March, and by 1.7°C, in the growing season, the budbreak (EL4) will 

306 occur 2 (Tábua) or 3 (other locations) days earlier, while the end of maturity (MS2.0) will occur 4 

307 (Tábua) to 9 (Viseu) days earlier.

308 For RCP8.5, in MFP (2041–2070), the average temperature is expected to increase by 1.1°C in 

309 January–March, and 2.1°C in the growing season. Budbreak (EL4) will occur 2 (Tábua and 

310 Carregal do Sal) or 3 (other locations) days earlier, whereas the end of maturity (MS 2.0) will be 

311 observed from 6 (Tábua and Carregal do Sal) to 11 (Viseu) days earlier. In the LFP (2041–2070), in 

312 which the higher temperature increases are projected (2.3°C in January–March and 4.1°C in the 

313 growing season), budbreak (EL4) will occur 5 (Tábua) to 7 (Viseu) days earlier, flowering (EL23) 

314 10 (Tábua) to 13 (Viseu) days earlier, veraison (EL35) 10 (Tábua) to 15 (Viseu) days earlier, and, 

315 lastly, the ripening end (MS2.0) from 15 (Tábua) and 23 (Viseu) days earlier.

316 Changes in the phenological and ripening timings are mainly due to the combination of budbreak 

317 advancement with a shortening of the budbreak-beginning of flowering (EL4-EL19) and ripening 

318 (EL35-MS2.0) periods. For the future climates, no changes are projected for flowering (EL19-EL27) 

319 and berry development (EL27-EL35) periods (Table S6). Compared to the baseline period, by the 

320 end of the century (2071–2100) under RCP8.5, the phenophase EL4-EL19 will be 4 days shorter at 

321 Tábua and 6 days shorter at Viseu. On the other hand, the length of the ripening period (EL35-

322 MS2.0) will have less than 4 days at Tábua and less than 10 days at Viseu (Figure 6). The effect of 

323 the future projected warming on the growing cycle length is depicted in Table S7 for each location.
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324 4. Discussion

325 The potential climate change impacts on the phenological development and ripening of TN in the 

326 DãoWR was assessed herein. Although several previous studies have highlighted the impact of 

327 climate change on phenology, no studies focusing on the DãoWR have been undertaken so far. 

328 Furthermore, to our knowledge, no previous studies of climate change impact have been carried out 

329 that combine phenological development models with a ripening dynamics model. 

330 The DOY of several phenological stages, between the budbreak (EL4) and the beginning of 

331 veraison (EL35), was simulated according to the phenological development models (PDMs), 

332 proposed by Rodrigues et al. (2021a). Concerning the ripening period, the DOY to reach each 

333 technical maturity stage was determined according to the temperature-based ripeness model (TRM), 

334 previously developed by Rodrigues et al. (2021b). The climate change impacts were assessed by 

335 comparing the simulated DOY of the three main phenological (EL4, EL23 and EL35) and two pre-

336 defined maturity stages (MS1.0 and  MS2.0) for two future periods (2041–2070 and 2071–2100), 

337 under two emission scenarios (RCP4.5 and RCP8.5), with those from the baseline period (1991–

338 2020).

339 The modifications in phenological and ripening dynamics are dependent on the projected 

340 temperature increases for the future periods at each location. The projected advancements in 

341 phenology are more pronounced for stages between EL35 and MS2.0 than for the earlier stages. 

342 They are also stronger for the LFP under RCP8.5 than for MFP under RCP4.5. Changes are also 

343 more noticeable at Viseu than at Tábua. In MFP under RCP4.5, for which the lowest temperature 

344 increases were projected, no earlier EL4 is projected at any location. EL23, EL35 and MS2.0 are 

345 projected to be 0 (Tábua) to 1 (Viseu) day earlier, 0 (Tábua) to 3 (Viseu) days earlier, and 2 (Tábua) 

346 to 7 (Viseu) days earlier, respectively. In LFP under RCP8.5, with the strongest warming, EL4 will 

347 occur 5 (Tábua) to 7 (Viseu) days earlier, EL23 10 (Tábua) to 13 (Viseu) days earlier, EL35 10 

348 (Tábua) to 15 (Viseu) days earlier, and, lastly, MS2.0 15 (Tábua) to 23 (Viseu) days earlier. The 

349 future advancements of the main phenological stages of TN at the DãoWR are corroborated by 

350 several previous studies for other viticultural regions (Blanco-Ward et al., 2019; Caffarra & Eccel, 

351 2011; Costa et al., 2019; Cuccia et al., 2014; Fraga et al., 2016a; Fraga et al., 2016b; Ramos, 2017; 

352 Ramos & Martínez de Toda, 2020; Webb et al., 2007; Xu et al., 2012). 

353 As in our study, Alikadic et al. (2019), showed that the projected phenological changes are not 

354 spatially homogeneous in the province of Trento (Italians Alps), while Caffarra & Eccel (2011) 

355 highlighted that the simulated advancement was more pronounced at higher elevations and larger 
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356 for veraison than for spring phenophases. Using the simulated temperatures generated by two 

357 regional climate model experiments, driven by RCP4.5, and using 8 phenological models, Costa et 

358 al. (2019) projected for TN grown in the Douro wine region (northern Portugal) a mean 

359 advancement of the veraison of nearly one week in 2070–2100. In our study, under RCP4.5, the 

360 mean advancement of the veraison projected for the LFP (2070–2100) was between 2 days at Tábua 

361 and 5 days at Viseu. Molitor & Junk (2019) suggest that the differences in the extent of earlier 

362 appearance of phenological stages projected by the different authors can be attributed to differences 

363 in the phenological models used (e.g., taking into account the above-optimum temperature effect or 

364 not), cultivars, as well as the pedoclimatic conditions in the studied region. The use of different 

365 RCPs and climate model ensembles may also explain some discrepancies, hinting at the high 

366 uncertainties that are inherent to climate projections.

367 The changes in the phenological and maturity timings are due to the combination of budbreak 

368 advancement with a shortening of some phenophases. The total length of the period between EL4 

369 and MS2.0 (cycle/season duration) is projected to be shortened in the future, which coincides with 

370 the projected data of Webb et al. (2007) for the Australian wine regions and of Molitor & Junk 

371 (2019) for Luxembourg. In LFP under RCP8.5, the reduction in the duration of the EL4-MS2.0 

372 period will be of 10 days at Tábua and 15 days at Viseu (Table S7). For all locations, no changes in 

373 the lengths of flowering (EL19-EL27) and berry development (EL27-EL35) periods were projected, 

374 while the highest shortening will be in the ripening period (EL35-MS2.0) (Table S6).

375 Although significant warming in flowering (EL19-EL27) and berry development (EL27-EL35) 

376 periods was projected under both scenarios (maximum increases of 1.9°C and 3.4°C, respectively, 

377 for the LFP under RPC8.5 at Viseu), the length of the corresponding phenophases remains nearly 

378 constant. Similar results were obtained by Molitor & Junk, (2019) for the period between budburst 

379 and beginning of ripening. On the other hand, the observations of Duchêne & Schneider (2005) in 

380 Alsace, between 1965 and 2003, showed that the period from budburst to flowering remained 

381 nearly constant over the years. This apparent contradiction can be explained by the fact that the air 

382 temperatures within these phenophases in all periods (BP, MFP and LFP) were predominately near 

383 or above the temperature corresponding to the maximum heat accumulation (23oC). According to 

384 the sigmoid model used in our study, for daily mean air temperatures above 18°C, the increase of 

385 heat accumulation is negligible.

386 Due to the increasing air temperatures in the months of January to March (Table 3), at the end of the 

387 century, an earlier EL4 was projected (Table S4). On the other hand, the air temperature increase is 
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388 also likely to favour late frost events in spring (Kartschall et al., 2015; Molitor et al., 2014a).  

389 Hence, in the future, the risk of late frost damages will increase or decrease depending on whether 

390 the advancing trend of budbreak is more or less pronounced than the advancing trend of late frosts. 

391 Leolini et al. (2018) showed that the frequency of frost events at budbreak (Tmin <0°C) shows wide 

392 variability across Europe, with a strong decrease in western regions and an increase in central 

393 Europe in the future climates. Therefore, as late frosts are a significant risk to wine production in 

394 DãoWR, the climate change impact on the timing of budburst and last frost event must be assessed 

395 as a whole.

396 The predicted warming in the DãoWR will lead to an advancement and a shortening of the 

397 grapevine growing season, shifting the late phases of the vegetative cycle (veraison and ripening) to 

398 the warmest parts of the year. Therefore, climate change may have a two-fold impact on the 

399 temperatures during the ripening period (Droulia & Charalampopoulos, 2021; Molitor & Junk, 

400 2019; Santos et al., 2020). In LFP under RCP8.5, the veraison and ripening periods (EL35-MS2.0) 

401 will be shifted from August/September to the second half of July or August. The daily air 

402 temperature of this phenophase will thereby expressively increase between 5.2°C (from 22.9°C to 

403 28.1°C), at Tábua, and 7°C (from 20.4°C to 27.4°C), at Viseu (data not shown).

404 The warming of each phenophase (data not shown) is linked to changes in the ripening dynamics 

405 and berry quality at harvest. Costa et al. (2020) demonstrated that air temperature between June and 

406 August was negatively correlated with berry weight, titratable acidity and anthocyanins of TN 

407 grown in DãoWR, whereas a very weak positive correlation was found with potential alcohol. Thus, 

408 high temperatures during ripening may accelerate the degradation of organic acids (Duchêne et al., 

409 2010), and an inhibition in the synthesis of anthocyanins (Yan et al., 2020), affecting the sugar and 

410 organic acids balance, as well as the colour of the must. Nevertheless, for an adequate assessment of 

411 the climate change impacts on yield and quality of musts, further studies should be carried out.in 

412 the DãoWR, in which the effects of weather conditions during each growing season phase on 

413 ripening dynamics, berry final quality and yield are modelled.

414 The projected changes in the development and ripening dynamics highlight the limitations of using 

415 calendar-based bioclimatic indices to assess the weather conditions to which vines will be exposed 

416 in the future, as they are simplified empirical models that do not fully integrate the complex plant 

417 responses to climate variability (Caubel et al., 2015). As a mere illustration, the “Cool Night Index” 

418 (Tonietto and Carbonneau, 2004), calculated using the minimum temperature of September 

419 (northern hemisphere), will not reveal the real temperature changes that will occur during the 
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420 ripening period. Thus, to better understand the climate change impacts on viticulture and wine 

421 production, future bioclimatic viticultural zoning studies should be based on agroclimatic indicators 

422 calculated over phenological periods. These ecoclimatic indices (Caubel et al., 2015) allow taking 

423 into account that climate change may lead to significant shifts in growth phases and sensitive 

424 periods of the crops (Holzkämper et al., 2010).

425 The climatic changes already occurring during the last 50 years will be exacerbated in the future, 

426 which may threaten the quality and typicity of wines (Santos et al., 2020). To maintain the wine 

427 typicity, potential adaptation strategies to mitigate the consequences of climatic change in general, 

428 and higher ripening temperatures, in particular, may consist of measures leading to a temporal delay 

429 of the maturation period (Molitor & Junk, 2019). Probably, to maintain late-ripening conditions 

430 favourable for terroir expression, it may be critical to select later ripening grapevine varieties and 

431 clones (Van Leeuwen et al., 2008). Hence, precise heat requirement data for each grapevine variety 

432 and clone is essential information. Late pruning, adjusted leaf/fruit ratio, rootstock choice, 

433 application of growth regulators, leaf/berry sun protectors, and changes in training systems are other 

434 vine management practices that have been identified to delay phenology and ripening and are, 

435 therefore, valuable climate changes adaptation strategies (De Cortázar-Atauri et al., 2017; Santos et 

436 al., 2020).

437 5. Conclusion

438 The present study is focused on the assessment of climate change impacts on the phenological 

439 development and ripening of the Touriga Nacional variety at the Dão wine region, Portugal. 

440 Overall, the changes in phenological and ripening dynamics are dependent on the magnitude of 

441 projected temperature increases for future periods at each location. Nonetheless, the advances in 

442 phenology were more pronounced for late phenology stages between the EL35 and MS2.0, than for 

443 the earlier stages, mainly for the long-term period under RCP8.5. These results are due to the 

444 combination of budbreak advancement with a shortening of some phenophases. For all locations, no 

445 changes of flowering (EL19-EL27) and berry development (EL27-EL35) phenophase lengths were 

446 projected, while the highest shortening will be for the ripening period (EL35-MS2.0). The 

447 advancement and the shortening of the grapevine growing season will shift the last phases of the 

448 vegetative cycle (veraison and ripening) to the warmest parts of the year. This two-fold climate 

449 change impact on the air temperature during ripening is foreseen to drive noteworthy changes in the 

450 ripening dynamics and berry quality at harvest, as well as in the sugar and organic acids balance, 

451 and colour of the must. The change in phenology and ripening projected for the future may threaten 
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452 the Dão wine typicity and therefore calls for specific adaptation strategies. Forthcoming studies 

453 should be carried out to assess the climate change impacts on late frost risk, viticultural zoning, and 

454 yield and berry quality at harvest. All these studies might be regarded as critical contributions to the 

455 regional winemaking sector. Its transition towards enhanced climate resiliency and climate-smart 

456 approaches will indeed play a key role in its future environmental and socio-economic 

457 sustainability.
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728 Table 1. The geographical location of the selected plots (latitude, longitude and elevation), along 
729 with the planting density, rootstock, pruning system, and available period of phenological and 
730 ripening data. The designation of the plots is consistent with previous studies ((Rodrigues et al., 
731 2021a; Rodrigues et al., 2021b).
732

Plot Site Latitude 
(N)

Longitude 
(W)

Elevation 
(m)

Planting 
density 

(plant/ha)

Pruning 
system Rootsock Available 

period 

VP1 Viseu 40°38´30´´ 7o54´32´´ 456 3953 URC 110R 2014-2019  
2016-2019

VP2 Nelas 40°31´30´´ 7o51´26´´ 427 4545 BRC SO4 2014-2019
CP1 Silgueiros 40°35´19´´ 7o55´03´´ 332 4000 URC 1103P 2017-2019
CP3 Nelas 40°31´27´´ 7o51´25´´ 428 4545 BRC 100R 2017-2019

CP5 Carregal do 
Sal 40°25´33´´ 7o59´42´´ 291 3333 URC a) 2017-2019

CP7 Tábua 40°20´32´´ 8o01´25´´ 296 4545 BRC 1103P 2017-2019

CP9 São João de 
Areias 40°23´19´´ 8o04´21´´ 238 4545 BRC a) 2019

733 VP- varietal plot; CP-Commercial plot; URC-Unilateral Royat cordon; BRC-Bilateral Royat cordon; a)  refers to 
734 unknown rootstock.
735
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736 Table 2. Table of applied bias-adjusted Global Climate Model–Regional Climate Model (GCM–RCM) 
737 chains from EURO–CORDEX.

738

Short name of 
GCM–RCM Driving GCM RCM Ensemble 

Group
Institution

(Abbreviation)
Bias Adjustment

(BA) method
Observational 
source for BA

CNRM–CLM CNRM–CERFACS– 
CNRM–CM5

MPI–CLM MPI–M–MPI–
ESM–LR

CLMcom–
CCLM4–8–17 r1i1p1

Climate Limited–area 
Modelling Community 

(CLMcom)

ICHEC–DMI DMI-HIRHAM5 r3i1p1
Danish Meteorological 

Institute
(DMI)

ICHEC–KNMI

ICHEC–EC–
EARTH

KNMI-
RACMO22E r1i1p1

Royal Netherlands 
Meteorological Institute

(KNMI)

CNRM–SMHI CNRM–CERFACS– 
CNRM–CM5 SMHI–RCA4 r1i1p1

Swedish Meteorological 
and Hydrological Institute 

(SMHI)

Distribution–
Based Scaling
from Swedish

Meteorological
and Hydrological

Institute
(SMHI–DBS45) 

(Yang et al., 
2010)

Regional
reanalysis of
MESoscale
ANalysis
(MESAN) 

(Dahlgren et al., 
2016; Landelius et 

al., 2016)
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739 Table 3. Average Tm from January to March, April to September, October to December and annual Tm 
740 average for the baseline (1991–2020), mid-term future (2041–2070) and long-term future (2041–2070) 
741 periods at each weather station. The future period values, for each emission scenario (RCP4.5 and RCP8.5), 
742 are the five-RCM ensemble means. Δ (°C) corresponds to the Tm difference compared to the baseline period 
743 (1991–2020). The grapevine growing season temperatures (April to September) are highlighted in bold font.

RCP4.5 RCP8.5

Baseline
(1991–2020)

Mid-term 
future 

(2041–2070)

Long-term 
future 

(2071–2100)

Mid-term 
future 

(2041–2070)

Long-term 
future 

(2071–2100)

Tm (°C) Tm 
(°C) Δ Tm (°C) Δ Tm (°C) Δ Tm (°C) Δ

Jan-Mar 9.9 10.4 0.5 10.9 1.0 10.9 1.0 12.1 2.2

Apr-Sep 18.9 20.5 1.6 20.7 1.8 21.0 2.2 23.0 4.1
Oct-Dec 12.1 13.0 0.9 13.3 1.2 13.4 1.3 15.0 2.9

Carregal do 
Sal

Year 15.0 16.2 1.2 16.4 1.5 16.6 1.7 18.3 3.3
Jan-Mar 9.4 10.1 0.7 10.6 1.2 10.5 1.2 11.7 2.4

Apr-Sep 18.9 20.5 1.6 20.6 1.8 21.0 2.2 23.1 4.2
Oct-Dec 11.6 12.7 1.0 12.9 1.3 13.0 1.4 14.7 3.0

Nelas

Year 14.7 16.0 1.2 16.2 1.5 16.4 1.7 18.2 3.5
Jan-Mar 9.6 10.1 0.5 10.6 1.0 10.5 1.0 11.7 2.2

Apr-Sep 18.7 20.4 1.8 20.6 2.0 21.0 2.3 23.1 4.4
Oct-Dec 11.8 12.7 0.9 12.9 1.2 13.0 1.3 14.6 2.9

Santar

Year 14.7 15.9 1.2 16.2 1.5 16.4 1.7 18.2 3.5
Jan-Mar 9.6 10.4 0.8 10.9 1.3 10.9 1.3 12.2 2.6

Apr-Sep 19.2 20.8 1.6 20.9 1.7 21.3 2.1 23.2 4.0
Oct-Dec 11.9 13.0 1.1 13.3 1.4 13.4 1.4 15.0 3.1

Silgueiros

Year 15.0 16.3 1.2 16.5 1.5 16.8 1.7 18.4 3.4
Jan-Mar 10.2 10.9 0.7 11.3 1.2 11.3 1.2 12.5 2.3

Apr-Sep 19.5 21.0 1.5 21.1 1.7 21.5 2.0 23.4 3.9
Oct-Dec 12.5 13.5 1.0 13.7 1.2 13.8 1.3 15.4 2.9

Tábua

Year 15.4 16.6 1.2 16.9 1.4 17.1 1.6 18.7 3.3
Jan-Mar 8.7 9.4 0.7 9.9 1.2 9.9 1.2 11.1 2.4

Apr-Sep 18.2 19.8 1.6 19.9 1.8 20.3 2.2 22.4 4.2
Oct-Dec 11.0 12.0 1.0 12.3 1.3 12.4 1.4 14.0 3.0

Viseu

Year 14.0 15.3 1.2 15.5 1.5 15.8 1.7 17.5 3.5
Jan-Mar 9.5 10.2 0.7 10.7 1.2 10.7 1.1 11.9 2.3

Apr-Sep 18.9 20.5 1.6 20.6 1.7 21.0 2.1 23.0 4.1
Oct-Dec 11.8 12.8 1.0 13.1 1.3 13.2 1.3 14.8 3.0

All 
locations

Year 14.8 16.0 1.2 16.3 1.5 16.5 1.7 18.2 3.4
744
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745
746 Figure 1. (a) Map of mainland Portugal with the Dão Wine Region highlighted (yellow shading). (b) 
747 Location of the vineyard plots (red squares) and weather stations (blue triangles) within the Dão Wine 
748 Region.
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751 Figure 2. Scatterplots of the observed vs. simulated dates of the different phenological and maturity stages, 
752 as well as for the whole development cycle. The performance metrics of the models for each phenological 
753 and maturity stage are listed in the adjacent table (EFF - Efficiency coefficient, RMSE - root-mean-squared-
754 error, and R2 - determination coefficient).
755
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757 Figure 3.  Boxplots (mean, minimum, maximum and 1st, 2nd and 3rd quartiles) of the dates (DOY) of the 

758 main phenological stages: budbreak (EL4), flowering (EL23), beginning of veraison (EL35), and the main 

759 maturity stages (MS1.0 and MS2.0), simulated for each site for the baseline period (BP: 1991–2020).
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761 Figure 4. Boxplots (mean, minimum, maximum and 1st, 2nd and 3rd quartiles) of the dates of the main 
762 phenological stages: budbreak (EL4), flowering (EL23), beginning of veraison (EL35), and main maturity 
763 stages (MS1.0 and MS2.0), simulated for Viseu in the baseline period (1991–2020) and future periods (2041–
764 2070 and 2071–2100), under RCP 4.5 and 8.5.
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766 Figure 5. As in Figure 4 but for Tábua.
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768 Figure 6. Mean length of the phenophases, shoot and inflorescence development (EL4-EL19), flowering 
769 (E19-EL27), berry formation (EL27-EL35) and berry ripening (EL3-MS2.0), for Viseu and Tábua, in the 
770 baseline (1991–2020) and future (2041–2070 and 2071–2100) periods, under RCP4.5 and RCP8.5. The 
771 numbers within brackets correspond to the quartile ranges. The numbers at the end of each bar refer to the 
772 duration of the period between budbreak and the ripening end (EL4-MS2.0).

773  
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14  

15 Supplementary material

16 Table S1. Model performance metrics: efficiency coefficient (EFF) and root mean squared error 
17 (RMSE) of both phenological (EL stages) and maturity models (MS stages), using as heat 
18 accumulation onset (t0) either the observed dates (EFFo, RMSEo) of EL4 and EL23 (Rodrigues et 
19 al. 2021a, 2021b) or the simulated dates (EFFs, RMSEs) of EL4 and EL23. The differences between 
20 the performance metrics are also listed (dEFF = EFFs – EFFo and dRMSE = RMSEs – RMSEo).
21

Observed t0 Simulated t0
Phenological/maturity 

stages EFFo RMSEo EFFs RMSEs dEFF dRMSE
EL9 0.83 3.73 0.69 5.17 -0.14 1.4
EL12 0.76 4.46 0.73 5.04 -0.03 0.6
EL17 0.79 4.48 0.69 6.58 -0.10 2.1
EF19 0.75 5.88 0.73 5.86 -0.02 0.0
EL23 0.8 5.01 0.74 5.60 -0.06 0.6
EL27 0.79 5.09 0.71 5.77 -0.08 0.7
EL29 0.91 3.23 0.65 5.58 -0.26 2.4
EL31 0.78 4.5 0.62 5.75 -0.16 1.3
EL32 0.72 4.93 0.61 6.50 -0.11 1.6
EL35 0.72 5.5 0.61 7.20 -0.11 1.7
50V 0.71 6.23 0.72 6.07 0.01 -0.2

MS0.75 0.87 3.69 0.77 4.90 -0.10 1.2
MS1 0.87 3.73 0.69 5.83 -0.18 2.1
MS1.5 0.83 4.59 0.65 6.66 -0.18 2.1
MS2 0.81 5.42 0.70 6.74 -0.11 1.3

22
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24 Table S2. Annual mean air temperature recorded at each weather station, Ta, and the corresponding 
25 annual mean temperatures extracted from E-OBS, Tm. The respective least-squares linear 
26 regression coefficients between Ta and Tm are also pointed out (a-intercept and b-slope).
27

Linear regression coefficients
Location Observation 

Period
Ta

(obs)
Tm 

(E-OBS) a b R2

Carregal do 
Sal 2017–2019 15.2 15.8 0.297 0.946 0.98

Nelas 2014–2019 14.9 15.2 0.063 0.977 0.98

Santar 2017–2019 15.0 15.4 0.683 0.934 0.97

Silgueiros 2017–2019 15.3 15.5 –0.404 1.012 0.98

Tábua 2017–2019 15.6 15.9 –0.285 1.001 0.98

Viseu 2014–2019 14.4 14.9 –0.497 0.995 0.98

28 Ta = daily mean temperature from hourly temperatures; Tm = daily mean temperature from a simple average of daily 
29 maximum and minimum temperatures.
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31 Table S3. Average of daily mean air temperature at each location and for the baseline period 
32 (1991–2020) extracted from E-OBS before and after the linear regression adjustment, along with 
33 the average of daily mean air temperature simulated by each RCM, under the two selected emission 
34 scenarios (RCP4.5 and RCP8.5).
35

Carregal do Sal Nelas Santar Silgueiros Tábua Viseu

Models RCP Tm Δ Tm Δ Tm Δ Tm Δ Tm Δ Tm Δ

E-OBS 15.5 - 15.0 - 15.0 - 15.2 - 15.7 - 14.6 -

E-OBS (adjusted)
-

15.0 - 14.7 - 14.7 - 15.0 - 15.4 - 14.0 -

CNRM-CLM 15.5 –0.50 15.1 -0.36 14.7 0.00 14.7 0.32 15.3 0.10 14.7 -0.67

CNRM-SMHI 15.5 –0.55 15.1 -0.41 14.7 -0.05 14.7 0.27 15.4 0.06 14.7 -0.72

ICHEC-DMI 15.3 –0.39 15.0 -0.24 14.6 0.10 14.6 0.43 15.2 0.21 14.6 -0.56

ICHEC-KNMI 15.5 –0.56 15.1 -0.42 14.8 -0.06 14.8 0.26 15.4 0.04 14.8 -0.73

MPI-CLM

4.5

15.5 –0.56 15.1 -0.42 14.8 -0.07 14.8 0.26 15.4 0.04 14.8 -0.73

CNRM-CLM 15.6 -0.61 15.2 -0.47 14.8 -0.11 14.8 0.21 15.4 -0.01 14.8 -0.78

CNRM-SMHI 15.5 -0.57 15.1 -0.43 14.8 -0.07 14.8 0.25 15.4 0.03 14.8 -0.74

ICHEC-DMI 15.5 -0.56 15.1 -0.42 14.8 -0.07 14.8 0.26 15.4 0.04 14.8 -0.73

ICHEC-KNMI 15.7 -0.79 15.4 -0.66 15.0 -0.30 15.0 0.03 15.6 -0.19 15.0 -0.96

MPI-CLM

8.5

15.6 -0.62 15.2 -0.48 14.8 -0.12 14.8 0.21 15.4 -0.02 14.8 -0.78
36 Δ =  Difference between the average of Tm projected by each RCM, under the two emission scenarios (RCP4.5 and 
37 RCP8.5), and the average of adjusted Tm (E-OBS).
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38 Table S4. Descriptive statistics of the DOY of the main phenological stages, i.e. budbreak (EL4), 
39 flowering (EL23), beginning of veraison (EL35), for each site, in both the baseline (1991–2020) 
40 and future (2041–2070 and 2071–2100) periods, under RCP4.5 and RCP8.5.
41

Phenological 
stage Site Period Scenario n

1º 
Quartile Mean Median

3º 
Quartile

Interquartile 
Range

1991-2020  30 86 91 90 93 7

RCP4.5 150 86 91 90 95 9
2041-2070

RCP8.5 150 84 89 87 94 10

RCP4.5 150 84 88 88 92 8

Carregal 
do Sal

2071-2100
RCP8.5 150 82 85 84 89 7

1991-2020 30 88 92 92 95 7

RCP4.5 150 87 92 92 97 10
2041-2070

RCP 8.5 150 84 89 88 94 10

RCP 4.5 150 85 89 90 93 8
Nelas

2071-2100
RCP 8.5 150 82 86 86 90 8

1991-2020  30 87 92 91 95 8

RCP 4.5 150 87 92 92 97 10
2041-2070

RCP 8.5 150 84 89 88 94 10

RCP 4.5 150 85 89 89 93 8
Santar

2071-2100
RCP 8.5 150 82 86 85 90 8

1991-2020  30 86 91 91 94 8

RCP 4.5 150 86 91 90 95 9
2041-2070

RCP 8.5 150 84 88 87 93 9

RCP 4.5 150 84 88 88 92 8
Silgueiros

2071-2100
RCP 8.5 150 81 85 84 89 8

1991-2020  30 84 89 89 92 8

RCP 4.5 150 85 89 88 93 8
2041-2070

RCP 8.5 150 82 87 86 91 9

RCP 4.5 150 83 87 87 90 7
Tábua

2071-2100
RCP 8.5 150 81 84 84 87 6

1991-2020  30 91 95 96 99 8

RCP 4.5 150 90 95 95 101 11
2041-2070

RCP 8.5 150 86 92 92 98 12

RCP 4.5 150 87 92 92 97 10

EL4

Viseu

2071-2100
RCP 8.5 150 83 88 88 92 9

1991-2020  30 144 147 147 152 8

RCP 4.5 150 142 147 147 152 10
2041-2070

RCP 8.5 150 139 145 145 152 13

RCP 4.5 150 140 145 145 150 10

Carregal 
do Sal

2071-2100
RCP 8.5 150 132 137 136 141 9

1991-2020 30 146 150 150 156 10

RCP 4.5 150 145 149 149 155 10
2041-2070

RCP 8.5 150 140 146 146 153 13

RCP 4.5 150 142 147 147 153 11
Nelas

2071-2100
RCP 8.5 150 134 139 138 143 9

EL23

Santar 1991-2020  30 146 149 149 155 9
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RCP 4.5 150 144 149 149 155 11
2041-2070

RCP 8.5 150 140 146 146 153 13

RCP 4.5 150 142 147 148 153 11
2071-2100

RCP 8.5 150 134 138 138 143 9

1991-2020  30 145 148 148 153 8

RCP 4.5 150 143 147 147 153 10
2041-2070

RCP 8.5 150 138 144 144 151 13

RCP 4.5 150 140 145 145 150 10
Silgueiros

2071-2100
RCP 8.5 150 132 137 136 141 9

1991-2020  30 142 145 144 148 6

RCP 4.5 150 140 145 144 150 10
2041-2070

RCP 8.5 150 136 142 141 148 12

RCP 4.5 150 138 143 143 147 9
Tábua

2071-2100
RCP 8.5 150 131 135 135 139 8

1991-2020  30 151 155 156 162 11

RCP 4.5 150 149 154 154 160 11
2041-2070

RCP 8.5 150 144 151 151 158 14

RCP 4.5 150 146 152 152 157 11
Viseu

2071-2100
RCP 8.5 150 137 142 142 147 10

1991-2020  30 205 208 209 211 6

RCP 4.5 150 202 207 207 212 10
2041-2070

RCP 8.5 150 200 205 205 212 12

RCP 4.5 150 201 205 205 210 9

Carregal 
do Sal

2071-2100
RCP 8.5 150 192 196 196 200 8

1991-2020 30 206 211 212 215 9

RCP 4.5 150 204 209 209 215 11
2041-2070

RCP 8.5 150 200 206 206 213 13

RCP 4.5 150 203 207 207 213 10
Nelas

2071-2100
RCP 8.5 150 193 198 197 202 9

1991-2020  30 206 210 211 215 9

RCP 4.5 150 204 209 209 215 11
2041-2070

RCP 8.5 150 200 206 206 213 13

RCP 4.5 150 203 207 207 212 9
Santar

2071-2100
RCP 8.5 150 193 198 197 202 9

1991-2020  30 205 208 209 212 7

RCP 4.5 150 202 207 207 212 10
2041-2070

RCP 8.5 150 198 204 204 210 12

RCP 4.5 150 201 205 205 210 9
Silgueiros

2071-2100
RCP 8.5 150 192 196 196 200 8

1991-2020  30 202 205 205 208 6

RCP 4.5 150 200 205 205 210 10
2041-2070

RCP 8.5 150 196 202 201 207 11

RCP 4.5 150 198 203 202 207 9
Tábua

2071-2100
RCP 8.5 150 190 195 194 198 8

1991-2020  30 212 217 218 222 10

EL35

Viseu
2041-2070 RCP 4.5 150 209 214 214 220 11
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RCP 8.5 150 205 211 210 217 12

RCP 4.5 150 207 212 212 218 11
2071-2100

RCP 8.5 150 197 202 201 206 9

42
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44 Table S5. Descriptive statistics of the dates of the main maturity stages (MS1.0 and MS2.0), 
45 simulated for each site in both the baseline (1991–2020) and future (2041–2070 and 2071–2100) 
46 periods, under RCP4.5 and RCP8.5.
47

Phenological 
stage Site Period Scenario n

1º 
Quartile Mean Median

3º 
Quartile

Interquartile 
Range

1991-2020  30 228 233 234 238 10

RCP4.5 150 224 229 229 234 10
2041-2070

RCP8.5 150 222 228 227 234 12

RCP 4.5 150 224 228 228 232 8

Carregal 
do Sal

2071-2100
RCP 8.5 150 212 217 217 221 9

1991-2020 30 231 235 236 241 10

RCP 4.5 150 226 231 231 237 11
2041-2070

RCP 8.5 150 222 228 228 235 13

RCP 4.5 150 226 230 230 234 8
Nelas

2071-2100
RCP 8.5 150 214 218 219 222 8

1991-2020  30 231 236 237 241 10

RCP 4.5 150 226 231 232 237 11
2041-2070

RCP 8.5 150 222 228 228 235 13

RCP 4.5 150 226 230 230 234 8
Santar

2071-2100
RCP 8.5 150 214 218 219 222 8

1991-2020  30 227 232 233 238 11

RCP 4.5 150 224 229 229 234 10
2041-2070

RCP 8.5 150 220 226 226 232 12

RCP 4.5 150 224 227 228 232 8
Silgueiros

2071-2100
RCP 8.5 150 212 216 217 220 8

1991-2020  30 224 229 229 233 9

RCP 4.5 150 222 227 226 232 10
2041-2070

RCP 8.5 150 218 223 223 230 12

RCP 4.5 150 221 225 225 229 8
Tábua

2071-2100
RCP 8.5 150 211 215 215 219 8

1991-2020  30 238 242 243 248 10

RCP 4.5 150 231 237 237 243 12
2041-2070

RCP 8.5 150 226 233 232 240 14

RCP 4.5 150 230 235 235 240 10

MS1.0

Viseu

2071-2100
RCP 8.5 150 217 222 223 227 10

1991-2020  30 247 253 252 259 12

RCP 4.5 150 243 249 248 254 11
2041-2070

RCP 8.5 150 241 247 246 254 13

RCP 4.5 150 242 247 247 251 9

Carregal 
do Sal

2071-2100
RCP 8.5 150 231 235 235 239 8

1991-2020 30 250 256 256 261 11

RCP 4.5 150 245 251 251 257 12
2041-2070

RCP 8.5 150 240 247 247 254 14

RCP 4.5 150 244 249 249 253 9
Nelas

2071-2100
RCP 8.5 150 232 237 237 241 9

MS2.0

Santar 1991-2020  30 251 256 256 262 11
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RCP 4.5 150 245 251 251 256 11
2041-2070

RCP 8.5 150 241 247 246 254 13

RCP 4.5 150 244 249 249 253 9
2071-2100

RCP 8.5 150 232 237 237 241 9

1991-2020  30 246 252 252 258 12

RCP 4.5 150 243 248 248 253 10
2041-2070

RCP 8.5 150 238 245 244 252 14

RCP 4.5 150 242 246 246 250 8
Silgueiros

2071-2100
RCP 8.5 150 230 235 235 238 8

1991-2020  30 242 248 247 254 12

RCP 4.5 150 241 246 245 251 10
2041-2070

RCP 8.5 150 236 242 242 248 12

RCP 4.5 150 239 244 244 247 8
Tábua

2071-2100
RCP 8.5 150 229 233 233 237 8

1991-2020  30 258 264 263 270 12

RCP 4.5 150 250 257 257 262 12
2041-2070

RCP 8.5 150 245 253 252 259 14

RCP 4.5 150 249 255 255 259 10
Viseu

2071-2100
RCP 8.5 150 235 241 241 245 10

48
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49 Table S6. Descriptive statistics of the phenophase lengths for the shoot and inflorescence 
50 development (EL4-EL19), flowering (E19-EL27), berry formation (EL27-EL35) and berry ripening 
51 (EL3-MS2.0), for each site, in both the baseline (1991–2020) and future (2041–2070 and 2071–
52 2100) periods, under RCP4.5 and RCP8.5.
53

Phenophase Site Period Scenario n
1º 

Quartile Mean Median 3º Quartile
Interquartile 

Range
1991-2020  30 46 50 50 53 7

RCP4.5 150 46 50 50 54 8
2041-2070

RCP8.5 150 46 50 50 55 9

RCP4.5 150 46 51 50 55 9

Carregal 
do Sal

2071-2100
RCP8.5 150 43 46 46 48 5

1991-2020 30 46 51 52 55 9

RCP4.5 150 47 51 51 54 7
2041-2070

RCP8.5 150 46 51 50 55 9

RCP4.5 150 47 52 51 56 9

Nelas

2071-2100
RCP8.5 150 43 47 46 49 6

1991-2020  30 47 51 52 54 7

RCP4.5 150 47 51 51 54 7
2041-2070

RCP8.5 150 46 51 51 55 9

RCP4.5 150 47 52 51 56 9

Santar

2071-2100
RCP8.5 150 43 47 46 49 6

1991-2020  30 46 51 51 54 8

RCP4.5 150 47 50 50 53 6
2041-2070

RCP8.5 150 45 50 50 55 10

RCP4.5 150 46 51 50 55 9

Silgueiros

2071-2100
RCP8.5 150 43 46 46 48 5

1991-2020  30 45 49 49 52 7

RCP4.5 150 46 49 50 53 7
2041-2070

RCP8.5 150 44 49 49 53 9

RCP4.5 150 46 50 50 54 8

Tábua

2071-2100
RCP8.5 150 42 45 45 47 5

1991-2020  30 49 54 53 58 9

RCP4.5 150 48 52 53 56 8
2041-2070

RCP8.5 150 48 53 53 57 9

RCP4.5 150 49 53 53 57 8

EL4-EL19

Viseu

2071-2100
RCP8.5 150 44 48 48 52 8

1991-2020  30 16 17 17 18 2

RCP4.5 150 16 17 16 17 1
2041-2070

RCP8.5 150 16 17 17 18 2

RCP4.5 150 16 17 17 17 1

Carregal 
do Sal

2071-2100
RCP8.5 150 16 17 16 17 1

1991-2020 30 16 17 17 18 2

RCP4.5 150 15 17 16 18 3

EL19-EL23

Nelas
2041-2070

RCP8.5 150 16 17 16 18 2
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RCP4.5 150 16 17 17 17 1
2071-2100

RCP8.5 150 15 17 16 17 2

1991-2020  30 16 17 17 18 2

RCP4.5 150 15 17 16 17 2
2041-2070

RCP8.5 150 16 17 16 18 2

RCP4.5 150 16 17 17 18 2

Santar

2071-2100
RCP8.5 150 15 16 16 17 2

1991-2020  30 16 17 17 18 2

RCP4.5 150 15 17 16 18 3
2041-2070

RCP8.5 150 16 17 17 17 1

RCP4.5 150 16 17 16 17 1

Silgueiros

2071-2100
RCP8.5 150 16 17 16 17 1

1991-2020  30 16 17 17 18 2

RCP4.5 150 16 17 16 17 1
2041-2070

RCP8.5 150 16 17 17 18 2

RCP4.5 150 16 17 16 17 1

Tábua

2071-2100
RCP8.5 150 16 17 16 17 1

1991-2020  30 16 17 #VALUE! 17 1

RCP4.5 150 16 17 16 18 2
2041-2070

RCP8.5 150 16 17 16 18 2

RCP4.5 150 16 17 17 18 2

Viseu

2071-2100
RCP8.5 150 16 17 16 17 1

1991-2020  30 49 50 49 50 1

RCP4.5 150 49 49 49 50 1
2041-2070

RCP8.5 150 49 49 49 50 1

RCP4.5 150 49 50 49 50 1

Carregal 
do Sal

2071-2100
RCP8.5 150 49 49 49 49 0

1991-2020 30 49 50 49 50 1

RCP4.5 150 49 49 49 50 1
2041-2070

RCP8.5 150 49 49 49 50 1

RCP4.5 150 49 49 49 50 1

Nelas

2071-2100
RCP8.5 150 49 49 49 49 0

1991-2020  30 49 50 50 50 1

RCP4.5 150 49 49 49 50 1
2041-2070

RCP8.5 150 49 49 49 50 1

RCP4.5 150 49 49 49 50 1

Santar

2071-2100
RCP8.5 150 49 49 49 49 0

1991-2020  30 49 50 49 50 1

RCP4.5 150 49 49 49 50 1
2041-2070

RCP8.5 150 49 49 49 50 1

RCP4.5 150 49 50 49 50 1

Silgueiros

2071-2100
RCP8.5 150 49 49 49 49 0

1991-2020  30 49 50 49 50 1

RCP4.5 150 49 49 49 50 1

EL27-EL35

Tábua
2041-2070

RCP8.5 150 49 49 49 50 1
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RCP4.5 150 49 49 49 50 1
2071-2100

RCP8.5 150 49 49 49 49 0

1991-2020  30 49 50 50 50 1

RCP4.5 150 49 49 49 50 1
2041-2070

RCP8.5 150 49 49 49 50 1

RCP4.5 150 49 50 49 50 1

Viseu

2071-2100
RCP8.5 150 49 49 49 49 0

1991-2020  30 43 45 44 47 4

RCP4.5 150 39 42 41 43 4
2041-2070

RCP8.5 150 40 42 41 43 3

RCP4.5 150 40 42 41 43 3

Carregal 
do Sal

2071-2100
RCP8.5 150 37 39 39 40 3

1991-2020 30 43 46 44 47 4

RCP4.5 150 39 42 41 43 4
2041-2070

RCP8.5 150 39 41 41 43 4

RCP4.5 150 39 41 41 43 4

Nelas

2071-2100
RCP8.5 150 37 39 39 40 3

1991-2020  30 43 46 45 48 5

RCP4.5 150 39 42 41 43 4
2041-2070

RCP8.5 150 39 41 41 43 4

RCP4.5 150 40 41 41 43 3

Santar

2071-2100
RCP8.5 150 37 39 39 40 3

1991-2020  30 42 44 43 45 3

RCP4.5 150 39 41 41 43 4
2041-2070

RCP8.5 150 39 40 40 42 3

RCP4.5 150 39 41 41 42 3

Silgueiros

2071-2100
RCP8.5 150 37 38 38 40 3

1991-2020  30 41 43 43 45 4

RCP4.5 150 39 41 41 43 4
2041-2070

RCP8.5 150 39 41 40 42 3

RCP4.5 150 39 41 41 42 3

Tábua

2071-2100
RCP8.5 150 37 39 38 40 3

1991-2020  30 45 48 46 51 6

RCP4.5 150 40 43 42 45 5
2041-2070

RCP8.5 150 40 42 42 44 4

RCP4.5 150 40 43 42 44 4

EL35-MS2.0

Viseu

2071-2100
RCP8.5 150 37 39 39 40 3
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55 Table S7. Descriptive statistics of the duration of the period between budbreak and ripening end 
56 (EL4-MS2.0), for each site, in both the baseline (1991–2020) and future (2041–2070 and 2071–
57 2100) periods, under RCP4.5 and RCP8.5.
58

Phenophase Site Period Scenario n
1º 

Quartile Mean Median
3º 

Quartile
Interquartile 

Range
1991-2020  30 156 162 163 167 11

RCP4.5 150 154 158 157 162 8
2041-2070

RCP8.5 150 154 158 158 163 9

RCP4.5 150 154 158 158 162 8

Carregal do 
Sal

2071-2100
RCP8.5 150 147 150 149 153 6

1991-2020 30 157 164 162 170 13

RCP4.5 150 155 159 158 163 8
2041-2070

RCP8.5 150 153 158 157 162 9

RCP4.5 150 155 159 159 163 8
Nelas

2071-2100
RCP8.5 150 147 151 150 154 7

1991-2020  30 158 165 164 170 12

RCP4.5 150 155 159 158 163 8
2041-2070

RCP8.5 150 153 158 157 162 9

RCP4.5 150 155 159 159 163 8
Santar

2071-2100
RCP8.5 150 147 151 150 154 7

1991-2020  30 155 161 161 167 12

RCP4.5 150 153 157 157 162 9
2041-2070

RCP8.5 150 152 156 156 160 8

RCP4.5 150 154 158 158 161 7
Silgueiros

2071-2100
RCP8.5 150 147 150 149 153 6

1991-2020  30 153 159 160 164 11

RCP4.5 150 152 156 156 160 8
2041-2070

RCP8.5 150 151 156 155 158 7

RCP4.5 150 153 157 156 160 7
Tábua

2071-2100
RCP8.5 150 146 149 148 152 6

1991-2020  30 163 168 167 176 13

RCP4.5 150 156 162 161 167 11
2041-2070

RCP8.5 150 155 161 160 166 11

RCP4.5 150 157 162 162 167 10

EL4-MS2.0

Viseu

2071-2100
RCP8.5 150 149 153 153 157 8
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Graphical Abstract

The present study is devoted to climate change impact assessment on the phenological development 

and ripening of cv. Touriga Nacional in the Dão Wine Region, Portugal. An overall advancement in 

both phenology and ripening stages are identified under future warmer climates, though site-

dependent. These changes are due to the combination of budbreak advancement with a shortening 

of some phenophases. The advancement and the shortening of the grapevine growing season will 

shift ripening to the warmest part of the year. This two-fold climate change impact of the air 

temperature during ripening may affect the sugar and organic acid balance, as well as the colour of 

the must. 

Mean length of the phenophases, shoot and inflorescence development (EL4-EL19), flowering (E19-EL27), 
berry formation (EL27-EL35) and berry ripening (EL3-MS2.0), for Viseu, in the baseline (1991–2020) and 
future (2041–2070 and 2071–2100) periods, under RCP4.5 and RCP8.5. The numbers within brackets 
correspond to the quartile ranges. The numbers at the end of each bar refer to the duration of the period 
between budbreak and the ripening end (EL4-MS2.0). 
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