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RESUMO

As alteragdes climaticas constituem uma ameaga crescente na viticultura atlantica, na qual se
insere a Regido dos Vinhos Verdes, sobretudo pelo impacto negativo que exercem na
disponibilidade de 4gua para rega. Nesse contexto complexo, que sdo as alteragdes climaticas,
a implementagdo de estratégias de rega que visem o uso eficiente da agua constitui uma
abordagem essencial para mitigar os efeitos do défice hidrico e garantir a produtividade e
qualidade das uvas. Para avaliar o impacto de diferentes estratégias de rega, estudou-se a
produtividade da 4gua e a resposta fisioldgica da Vitis vinifera L., cv. Loureiro e cv. Alvarinho,
em condi¢des de sequeiro (sem rega), rega deficitéaria e rega total. Os estudos foram conduzidos
em duas vinhas comerciais com solos franco-arenosos ambas caracterizadas por um clima
atlantico. Foram utilizadas sondas capacitivas para monitorizar o teor de a4gua no solo, cimaras
de pressdo para medir o potencial hidrico do ramo (SWP) e estacdes meteoroldgicas para
recolha de dados climaticos. A evapotranspiragdo da cultura real (ET. act), a transpiracao (T), os
coeficientes basais (Kcp) € o coeficiente de evaporagdo do solo (K¢) foram estimados por
simulagdo didria no modelo SIMDualKc, baseado na abordagem dos coeficientes culturais
duais.

Os resultados apontam para uma forte sazonalidade na produtividade, com variagdes entre
ciclos culturais significativas. A estratégia de rega deficitaria apresentou em ambos os
cultivares os melhores indices de produtividade da agua, mantendo niveis adequados de
qualidade do mosto. Diferengas estatisticamente significativas foram registadas sobretudo em
anos mais secos ou com maior défice hidrico, evidenciando que a estratégia sem rega conduziu
a maior stress hidrico. Ja a estratégia de rega total, embora tenha conduzido a incrementos na
producao, resultou em algumas situagdes numa ligeira reducao do teor alcodlico provavel.

Com base nesta metodologia e nos resultados obtidos podemos concluir que a rega
deficitaria ¢ a estratégia mais sustentavel para a viticultura atlantica, equilibrando produtividade
e qualidade. Além disso, o modelo SIMDualKc, apds devidamente calibrado e validado,
mostrou-se uma ferramenta eficaz para a estimativa do balango hidrico da cultura e para apoiar
a gestdo eficiente da rega dos viticultores.

Palavras-chave: eficiéncia do uso da agua, modelo SIMDualKc, potencial hidrico do
ramo, qualidade do mosto, estratégias de rega
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RESUMEN

El cambio climatico representa una amenaza creciente para la viticultura atlantica, incluida
la region de ‘Vinho Verde’, en particular debido a su impacto negativo en la disponibilidad de
agua para riego. En este complejo contexto de cambio climético, la implementacion de
estrategias de riego orientadas al uso eficiente del agua es esencial para mitigar los efectos del
déficit hidrico y garantizar la productividad y la calidad de la uva.

Para evaluar el impacto de diferentes estrategias de riego, se evaluaron la productividad
hidrica y la respuesta fisiologica de Vitis vinifera L., cv. Loureiro y cv. Alvarinho, en
condiciones de secano (sin riego), riego deficitario y riego completo. Los estudios se realizaron
en dos vifiedos comerciales con suelos franco-arenosos, ambas caracterizadas por condiciones
de clima atlantico. Se utilizaron sondas capacitivas para monitorizar el contenido de agua del
suelo, camaras de presion para medir el potencial hidrico de tallo (SWP) y estaciones
meteoroldgicas para recopilar datos climaticos. La evapotranspiracion real del cultivo (ET¢ act),
la transpiracion (T), los coeficientes basales (Kcb) y el coeficiente de evaporacion del suelo (Ke)
se estimaron mediante simulaciones diarias utilizando el modelo SIMDualKc, basado en el
enfoque de coeficientes duales del cultivo.

Los resultados indican una marcada estacionalidad en la productividad, con importantes
variaciones interanuales. La estrategia de riego deficitario presentd los mejores indices de
productividad hidrica para ambos cultivares, manteniendo niveles adecuados de calidad del
mosto. Se registraron diferencias estadisticamente significativas principalmente en los afios mas
secos 0 con mayor déficit hidrico, lo que demuestra que la estrategia de secano provocd un
mayor estrés hidrico. La estrategia de riego completo, si bien condujo a un aumento de la
produccion, resultd en algunos casos en una ligera reduccion del contenido alcoholico probable.

Con base en la metodologia aplicada y los resultados obtenidos, podemos concluir que el
riego deficitario es la estrategia mas sostenible para la viticultura atlantica, equilibrando
productividad y calidad. Ademas, el modelo SIMDualKc, tras su correcta calibracion y
validacion, demostrd ser una herramienta eficaz para estimar el balance hidrico del cultivo y
facilitar la gestion eficiente del riego para los viticultores.

Palabras clave: eficiencia en el uso del agua, modelo SIMDualKc, potencial hidrico de
tallo, calidad del mosto, estrategias de riego.
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ABSTRACT

Climate change poses an increasing threat to Atlantic viticulture, particularly in the
“Vinhos Verdes” region, due to its negative impact on irrigation water availability. In this
challenging context, the implementation of irrigation strategies that promote efficient water use
is essential to mitigate water deficits and to safeguard both grape yield and quality. To evaluate
the effects of different irrigation regimes, the water productivity and physiological responses
of Vitis vinifera L. cv. Loureiro and cv. Alvarinho were assessed under rainfed (no irrigation),
deficit irrigation, and full irrigation conditions. The trials were conducted in two commercial
vineyards with sandy loam soils, both located in an Atlantic climate region. Soil water content
was monitored using capacitive probes, stem water potential (SWP) was measured with a
pressure chamber, and climatic data were collected from weather stations. Actual crop
evapotranspiration (ET¢ act), transpiration (T), basal crop coefficient (K¢b), and soil evaporation
coefficient (K¢) were simulated daily with the SIMDualKc model, based on the dual crop
coefficient approach.

The results revealed strong seasonal patterns in productivity, with marked growing seasons
variability. Deficit irrigation provided the highest water productivity indices for both cultivars,
while maintaining suitable levels of must quality. Statistically significant differences were
observed mainly in drier years, highlighting that rainfed conditions led to greater water stress.
Full irrigation increased yield but in some instances was associated with a slight reduction in
probable alcohol content.

Overall, the findings indicate that deficit irrigation represents the most sustainable strategy
for Atlantic viticulture, achieving a balance between productivity and grape quality. Moreover,
the SIMDualKc model, once calibrated and validated, proved to be a reliable tool for estimating
crop water balance and for supporting efficient irrigation management in viticultural systems.

Keywords: water use efficiency, SIMDualKc model, stem water potential, must quality,
irrigation treatments
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RESUMO AMPLIADO

A “Regido dos Vinhos Verdes” postie unha tradicion viticola e unha identidade cultural
fondamente enraizada que na actualidade afronta presions cada vez mais intensas asociadas as
alteracions climaticas. Ao longo das ultimas décadas, a evidencia cientifica acumulada
demostrou que as mudanzas nos réximes de precipitacion, o aumento das temperaturas medias,
asi como a maior frecuencia de fendmenos extremos veiien desafiando a resiliencia da Vitis
vinifera L. en todas as actuais rexions de producion de viio. No caso especifico do noroeste de
Portugal, onde o clima atlantico foi o factor estruturante da paisaxe vitivinicola e das practicas
agricolas, as condicidons de sequeiro que sustentaron durante séculos a viticultura dos Vifios
Verdes amoésanse cada vez mais fréxiles. Esta fraxilidade traducese tanto na inestabilidade
produtiva, con oscilacions significativas na cantidade de uvas obtidas de ano en ano, como na
vulnerabilidade da calidade enoldxica, que depende de equilibrios delicados entre azucres,
acidez, compostos aromaticos e fenolicos. O risco de desaxustes entre o calendario fenoloxico
e a dispofiibilidade hidrica imponse como un dos maiores desafios para a sustentabilidade deste
sector.

O estudo da adaptacion da vide 4 contorna climatica emerxente esixe abordaxes integradas
que combinen a experimentacion no campo coa monitorizacion fisioloxica e coa modelizacion
do balance hidrico do solo. Esta combinacion permite non sé observar os efectos directos da
variabilidade climatica sobre a planta e o solo, senén tamén anticipar escenarios futuros e probar
estratexias de mitigacion. Entre os cultivares desta subrexion, Loureiro e Alvarinho destacan
non s6 pola expresion que posuen na producion € na exportacion, sendon tamén polas suas
caracteristicas fisioloxicas distintas, que os converten en modelos axeitados para comprender a
diversidade de respostas posibles fronte ao déficit hidrico. O cv. Loureiro, amplamente
cultivado en varias subrexions e asociado a vifios de frescura e alta acidez, presenta unha
arquitectura de copa e un vigor vexetativo que condicionan a stia transpiracion e a stia relacion
coa dispofiibilidade da auga no solo. O Alvarinho, concentrado sobre todo en Mongao e
Melgaco, ¢ internacionalmente recofiecido pola sua intensidade aromatica e pola sta aptitude
para vifos de garda, caracteristicas que dependen fortemente da regulacion da auga durante a
maduracion. Estudar estes dous cultivares en paralelo fornece, por tanto, unha vision
abranguente da viticultura atlantica baixo presion climatica.

A hipotese de que a viticultura de sequeiro, malia a sa relevancia historica, xa non ¢é
suficiente para garantir a estabilidade produtiva na “Regido dos Vinhos Verdes” estd hoxe
confirmada por multiples autores. Ensaios de campo conducidos ao longo de varios anos
demostraron que, mesmo en anos considerados climaticamente “normais”, a ausencia de rega
resulta con frecuencia en estrés moderado a severo durante fases criticas como a floracion ou a
maduracion. Ese estrés tradiicese nunha reducion do nimero de acios por vide, na diminucion
da masa dos bagos e en alteracions na composicion do mosto, que poden comprometer a acidez
desexada nos “Vinhos Verdes” brancos. A variabilidade interanual observada nestes parametros
reforza a idea de que confiar unicamente no réxime pluviométrico natural constitiie unha aposta
de alto risco nun contexto no que a irregularidade das chuvias tende a aumentar. En anos de
precipitacion reducida, o sequeiro leva inevitabelmente a quebras de producion, mentres que en
anos de elevada precipitacion, sobre todo no inverno, a recarga do solo non ¢ suficiente para
soster as fases de crecemento da vifia.
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Fronte a esta constatacion, a implementacion de estratexias de rega xorde como unha
alternativa que procura equilibrar produtividade e sustentabilidade. As dotacions de rega deben
axustarse as fases fenoloxicas madis criticas, para mitigar o estrés nos momentos de maior
impacto fisioldxico e enoloxico, aceptando un nivel moderado de déficit en periodos menos
sensibles. Os estudos realizados con Loureiro e Alvarinho, presentes nesta tese, confirman que
mesmo estratexias de rega deficitarias non comprometen a calidade da uva; pola contra, poden
mesmo favorecer a concentracion de compostos de interese ao limitar o exceso de vigor
vexetativo e ao promover un balance mais eficiente entre crecemento e frutificacion.
Verificouse ainda que a rega deficitaria aumenta de forma consistente a eficiencia no uso da
auga, medida como a relacion entre producion obtida e volume de auga efectivamente utilizado,
incluindo precipitacion, rega e reservas de auga do solo.

Por outra banda, avaliouse o potencial hidrico do tronco ao mediodia solar, o cal se revelou
como un indicador sensibel do estado da planta, permitindo distinguir entre tratamentos de rega.
Os ensaios co cv. Loureiro amosaron que, en sequeiro, a vide supera con frecuencia o limiar de
estrés moderado, sobre todo en anos secos, mentres que na rega deficitaria manténse nunha
faixa de estrés lixeiro a moderado, que non compromete a fisioloxia e protexe a produtividade.
No caso do Alvarinho, os valores de estrés en sequeiro foron menos negativos, o que suxire
unha maior resiliencia deste cultivar, pero ainda asi a rega deficitaria permitiu un control mais
eficaz da transpiracion e unha maior estabilidade interanual.

A modelizacion a través do SIMDualKc foi determinante para comprender o balance
hidrico do solo e cuantificar as necesidades hidricas reais. Este modelo, baseado no método dos
coeficientes de cultivo duais proposto pola FAO, separa a evapotranspiracion total en
transpiracion da cultura e evaporacion do solo. Nos sistemas viticolas atlanticos, nos que a
cuberta do solo por vexetacion espontanea ¢ unha constante, esta separacion € particularmente
relevante, porque a evaporacion das entrelifias pode representar unha fraccion significativa das
perdas totais. Ao calibrar o modelo con datos de sequeiro no primeiro ano, asegurouse que 0s
parametros axustados reflectian o comportamento intrinseco do sistema, sen o sesgo da rega. A
validacion posterior, con datos de anos e tratamentos diferentes, confirmou a robustez do
modelo, evidenciando correlacions case perfectas entre a auga do solo observada e a simulada.
Este nivel de precision d4 confianza para utilizar o modelo como ferramenta de apoio 4 decision
da rega.

A caracterizacion climatica realizada mediante indices bioclimaticos reforzou a
comprension do impacto das alteracions recentes e proxectadas. O indice de Winkler situou as
areas de estudo na Rexion I1-111, correspondente a climas moderadamente quentes, mentres que
o indice de Huglin confirmou unha clasificacion de clima temperado calido. Os indices de
noites frias revelaron temperaturas nocturnas axeitadas para a preservacion da frescura
aromatica. A conxuncion destes indicadores amosa que, ainda que as condicions actuais ainda
permiten a producion de vifios co perfil tipico dos Vifios Verdes, tendo en conta os escenarios
proxectados a adaptacion serd inevitabel. Modelos climaticos baseados en diferentes
traxectorias de emisions (RCPs) suxiren que, até o final do século, podera verificarse unha
diminucién da precipitacion anual superior ao 40 % e aumentos de temperatura que, en
escenarios mais extremos, superaran os 6 °C en comparacion co periodo histérico.

Un dos elementos centrais na comprension da dindmica da auga no sistema viticola é a
caracterizacion detallada do solo e da sua interaccion coa vide. Os solos onde decorreron os
estudos, clasificados como regosolos eutricos, posten unha textura franco-arenosa que
condiciona fortemente a capacidade de almacenamento hidrico. O elevado contido de area
confirelles boa drenaxe, pero tamén reduce a capacidade de retencion de auga disponibel para
as raices. Os valores medidos de capacidade de campo e coeficiente de murcha, obtidos por
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ensaios de placa de presion, revelaron disponibilidades totais de auga entre 100 ¢ 113 mm até
unha profundidade de 0,8 metros, que corresponde ao volume principal explorado polas raices
da vide. Este volume, ainda que suficiente en anos humidos ou de precipitacion regular, ¢
claramente insuficiente en anos de seca prolongada, o que xustifica a necesidade de practicas
de xestion da rega que permitan maximizar a eficiencia no uso da auga. A instalacion de sondas
capacitivas Diviner 2000, distribuidas en diferentes puntos das parcelas e en profundidade até
80 cm, posibilitou a obtencion de perfis verticais e temporais detallados do contido de auga no
solo, fundamentais para calibrar o modelo SIMDualKc e para axustar as decisions de rega.

Outro factor decisivo para a interpretacion do balance hidrico foi a cuberta vexetal activa
entre lifias, composta maioritariamente por gramineas espontaneas. Esta vexetacion desempeia
funciéns ecosistémicas relevantes, como a proteccion contra a erosion, o secuestro de carbono
e a promocion da biodiversidade, pero representa tamén unha compofiente significativa da
evapotranspiracion total. A monitorizacion da densidade e da altura desta cuberta ao longo do
ciclo vexetativo amosou variacions acentuadas entre anos e tratamentos, influenciadas pola
frecuencia de corte e polas condiciéns meteoroloxicas. O modelo SIMDualKc incorporou estes
datos a través do coeficiente basal de cuberta, permitindo distinguir a transpiracion da vide da
evaporacion da cuberta. Esta distincion resultou fundamental, sobre todo nos tratamentos de
rega deficitaria, onde a proporcion de auga destinada & vide fronte & cuberta condiciona
directamente a eficiencia no uso da auga.

A monitorizacion climatica local, a través de estacions meteoroldxicas, forneceu datos
diarios de temperatura, humidade relativa, velocidade do vento, radiacidn solar e precipitacion.
Estes datos foron utilizados para calcular a evapotranspiracion de referencia (ETo) polo método
Penman—Monteith FAO, que constitie a base para a estimacion das necesidades hidricas da
cultura. Os resultados amosaron padrons estacionais tipicos do clima atlantico, con ETo baixa
no inverno e elevada no veran, pero tamén revelaron grande variabilidade interanual. Esta
amplitude interanual, cando se conxuga coa irregularidade intraanual da precipitacion, confirma
a vulnerabilidade da viticultura de sequeiro e reforza a necesidade de axustar a rega en funcion
das condicions especificas de cada fase de crecemento da vifia.

A comparacidon con outras rexions viticolas atlanticas ou mediterraneas revela que a
problemadtica que afronta a “Regido dos Vinhos Verdes” non € tnica. En varias rexions do sur
de Europa, a introducion de estratexias de rega deficitaria xa demostrou ganancias significativas
en eficiencia hidrica e calidade. Porén, a especificidade atlantica, caracterizada por elevada
pluviometria no inverno e déficits marcados no veran, esixe adaptacions propias. Mentres que
en rexions mediterraneas a rega se asume como practica corrente € case obrigatoria, nos
“Vinhos Verdes” o desafio ¢ conciliar unha tradicién de sequeiro coa necesidade crecente de
intervir para estabilizar a producidon. Os resultados aqui presentados demostran que tal
conciliacion € posibel, sempre que se basee en practicas de rega deficitaria fundamentadas
cientificamente e apoiadas en ferramentas de monitorizacion e modelizacion robustas.

Desde o punto de vista metodoldxico, os ensaios en Loureiro e Alvarinho foron conducidos
con tres estratexias de rega distintas: sequeiro, rega deficitaria e rega total. Cada tratamento foi
replicado catro veces, garantindo robustez estatistica e control da variabilidade espacial. O uso
de sistemas de rega localizada autocompensantes asegurou a precision na aplicacién das
dotacions de auga e reduciu perdas por deriva ou por infiltracién desigual. Nos tratamentos de
rega deficitaria aplicaronse volumes correspondentes ao 25-50 % das dotacions da rega total,
axustados en funcioén dos limiares de humidade do solo. A rega total representaba o rego
aplicado polo viticultor, que dependia da dispofibilidade de auga e da experiencia do viticultor.
Este desefo experimental permitiu comparar de forma rigorosa os efectos das diferentes
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estratexias non s no rendemento e na calidade da uva, sen6n tamén no estado fisioléxico da
vide e na eficiencia no uso da auga.

A avaliacion fisioloxica realizouse mediante medicions regulares do potencial hidrico de
tronco (SWP) ao mediodia solar. Os resultados obtidos demostraron que, en sequeiro, o
Loureiro acadou con frecuencia valores inferiores a —1,2 MPa, correspondentes a estrés
moderado a severo. En contrapartida, na rega deficitaria os valores mantivéronse xeralmente
entre —0,8 e —1,1 MPa, indicando estrés lixeiro a moderado. Estes valores sitllanse nunha faixa
considerada fisioloxicamente aceptabel, na que a fotosintese e a transpiracion se ven reducidas,
mais non comprometidas. O Alvarinho presentou respostas menos severas en sequeiro, con
valores de SWP menos negativos (minimo de —0,66 MPa), o que suxire caracteristicas
hidraulicas especificas que lle confiren maior resiliencia. Ainda asi, a rega deficitaria amosouse
vantaxosa ao estabilizar os valores de SWP e reducir a variabilidade interanual. Estes resultados
confirman que o SWP ¢ un indicador fidbel e aplicabel na practica viticola, e pode utilizarse
como criterio para programar regas deficitarias de forma eficiente.

A produtividade e a eficiencia hidrica foron analizadas en detalle con base en indicadores
que relacionan o rendemento da cultura con diferentes compofientes do consumo de auga. Entre
os indicadores calculados salientan a produtividade da auga total utilizada (WPTWU), a
produtividade asociada s6 & transpiracion (WPT) e a produtividade asociada 4
evapotranspiracion real da cultura (WPET). Estes indicadores permiten distinguir entre a auga
aplicada ou recibida globalmente polo sistema e a fraccion efectivamente empregada pola vide.
Os resultados amosaron que, tanto no cultivar Loureiro como no cultivar Alvarinho, a rega
deficitaria conduciu a valores mais elevados de produtividade da auga en comparacioén co
sequeiro, € en moitos casos comparabeis ou mesmo superiores a rega total.

A andlise dos parametros de calidade do mosto revelou que a rega deficitaria non
compromete atributos enoldxicos fundamentais, como o teor alcohdlico probabel, a acidez
titulabel e o pH. No caso do cultivar Loureiro, observouse mesmo unha tendencia a maior
preservacion da acidez baixo rega deficitaria en comparacion coa rega total, o que constitlie
unha vantaxe para a producion de vifios brancos frescos e aromaticos. Estes resultados alifian
coas investigacions realizadas noutras rexions viticolas, que demostraron que un nivel
moderado de estrés hidrico durante a maduracion pode aumentar a concentracion de azucres e
de compostos aromaticos, mellorando o perfil sensorial dos vifios. Asi, a rega deficitaria
preséntase non s6 como unha estratexia de mitigacion do déficit hidrico, sendn tamén como
unha ferramenta de valorizacidon enoldxica.

A interpretacion dos resultados obtidos ao longo de varios anos evidencia tamén a
importancia da variabilidade interanual. No cultivar Loureiro, conducido durante catro anos
consecutivos, verificouse que as produtividades estiveron fortemente condicionadas polas
condicions meteorologicas especificas de cada ano. En 2020, por exemplo, as vifias en sequeiro
presentaron unha producion superior a 19 toneladas por hectarea, mentres que en 2021, un ano
caracterizado por precipitacion irregular e temperaturas mais elevadas, a producion en rega total
foi inferior a 5 toneladas por hectarea. Esta oscilacion ilustra claramente que o impacto da rega
non pode interpretarse de forma illada, sendon que debe ser analizado en articulaciéon coas
condicions meteoroldgicas de cada ano. A interaccion entre clima, solo e rega resulta en
respostas complexas, que s6 poden ser debidamente comprendidas mediante estudos
plurianuais e modelos que integren multiples varidbeis, tal como o que se presenta nesta tese.

O impacto da rega na calidade das uvas e do mosto foi igualmente varidbel entre anos,
reflectindo a influencia das condicidns meteoroldxicas. Ainda que non se observaron
diferencias estatisticamente significativas en todos os pardmetros enoloxicos, verificouse que a
rega deficitaria contribuiu a manter niveis de acidez madis elevados en anos de maior déficit
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hidrico, ao tempo que evitou reducions acentuadas na masa dos bagos e no numero de acios. O
teor alcoholico probabel mantivose en valores axeitados para a producion de viios brancos,
raramente descendendo por baixo do 10 %, e acadando puntualmente valores superiores ao 11
%. Estas observacions corroboran a idea de que a rega deficitaria pode contribuir a preservar o
perfil sensorial caracteristico dos Vinos Verdes, ao equilibrar produtividade e calidade sen
inducir excesos vexetativos.

A calibracion do modelo realizouse inicialmente con datos de sequeiro, garantindo que as
estimacions reflectian unicamente os procesos naturais de precipitacion, infiltracion, drenaxe e
transpiracion. Posteriormente, a validacion con datos de rega permitiu probar a robustez do
modelo en diferentes tratramientos de rega. Os resultados demostraron unha correlacion case
perfecta entre a auga do solo observada e a simulada, con valores de r? superiores a 0,99,
confirmando a alta precision do modelo. Este nivel de detalle posibilitou tamén a identificacion
de parametros especificos de cada cultivar. No cultivar Loureiro, por exemplo, os coeficientes
de cultivo basal (Kcb) determinaronse como 0,33 no inicio da estacion, 0,68 no medio e 0,54 ao
final, o que reflicte unha planta con desenvolvemento moderado e equilibrio entre vigor
vexetativo e reprodutivo. No cultivar Alvarinho, os valores foron mais baixos, respectivamente
0,22, 0,53 e 0,24, traducindo menor densidade de plantacion e unha arquitectura de planta
diferente. Estas diferenzas sublifian a necesidade de calibrar os modelos de forma especifica
para cada cultivar e contexto edafoclimatico, evitando extrapolacions xeralistas que poden
conducir a erros de xestion.

O papel do modelo SIMDualKc na analise destes sistemas non se limitou 4 estimacion da
evapotranspiracion real da cultura. Ao permitir a separacion entre a transpiracion da vide, a
transpiracion da cuberta e a evaporacion do solo, o modelo posibilitou identificar de forma mais
clara os mecanismos mediante os cales diferentes estratexias de rega afectan o balance hidrico.
Nos tratamentos con sequeiro, por exemplo, observouse que a proporcion de perdas por
evaporacion aumentaba significativamente, reducindo a eficiencia global do sistema. Xa nos
tratamentos de rega deficitaria, a maior parte da auga aplicada foi utilizada para transpiracion
produtiva, maximizando o aproveitamento fisioloxico. Esta capacidade de distinguir fluxos de
auga produtivos e non produtivos ¢ unha achega esencial para a xestion sustentabel, porque
permite orientar decisions non s6 con base no volume total de auga utilizado, senon na fraccion
que efectivamente contribue ao rendemento.

Outro aspecto relevante foi a analise da resposta fisioloxica das vides a dispoiiibilidade
hidrica en termos de transpiracion e de eficiencia no uso da auga. Os datos obtidos a través do
SIMDualKc amosaron que, a medida que a evapotranspiracion de referencia aumentaba durante
o veran, as vides en sequeiro reducian drasticamente a transpiracion, como resultado do peche
estomatico inducido polo déficit hidrico. En contrapartida, as vides en rega total mantiveron
taxas de transpiracion elevadas, pero non sempre acompanadas de ganancias proporcionais en
produtividade. A rega deficitaria revelou, unha vez mais, a estratexia mais equilibrada,
permitindo taxas moderadas de transpiracion que sostifian a fotosintese sen desperdicio de auga.
Esta observacion confirma que o aumento da auga aplicada non se traduce linearmente en
maiores rendementos e que a eficiencia depende da forma na que a auga se distribile entre
procesos fisioloxicos e perdas non produtivas.

Os resultados obtidos ao longo dos diferentes ensaios revelan que a viticultura da “Regido
dos Vinhos Verdes” afronta un dilema central: por unha banda, preservar a sua identidade
tradicional de sequeiro e o perfil enoldxico que a distingue; por outra, garantir a resiliencia e a
sustentabilidade econdomica nun contexto de crecente variabilidade climatica. As evidencias
obtidas con este traballo confirman que confiar s6 na precipitacion natural xa non € suficiente
para garantir estabilidade produtiva e cualitativa. A variabilidade interanual acentuada e os
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episodios de seca intraestacionais comprometen a regularidade das colleitas e expofien os
viticultores a riscos significativos. Neste contexto, a rega deficitaria xorde como unha solucion
de compromiso, capaz de estabilizar rendementos, manter ou mesmo mellorar parametros de
calidade e, simultaneamente, optimizar a eficiencia no uso da auga.

O impacto das alteracions climaticas na viticultura atlantica non pode ser subestimado. As
proxeccions mais recentes apuntan a aumentos da temperatura media, reducion da precipitacion
anual, maior frecuencia de ondas de calor e maior irregularidade na distribucion das chuvias,
asi como chuvias madis intensas. Estes factores combinados teran implicacions fondas na
fenoloxia da vide, no balance hidrico do solo e na tipicidade dos vifios producidos. No caso da
Rexion dos Vifios Verdes, onde a identidade descansa na frescura, na acidez e no caracter
aromatico, estas alteracions representan unha ameaza significativa. A adopcion de practicas de
adaptacion, como a rega deficitaria, a monitorizacion fisioldéxica e o uso de modelos de
simulacion, non ¢ s6 recomendabel, sendén necesaria para preservar a competitividade e a
sustentabilidade do sector.

En sintese, a analise realizada nestes estudos permite destacar varias conclusions
fundamentais. Primeiro, a viticultura de sequeiro, ainda que tradicional e identitaria, ¢é
insuficiente para garantir a estabilidade produtiva e cualitativa en escenarios de crecente
variabilidade climatica. Segundo, a rega total non constitie a solucion ideal, dado que pode
inducir exceso de vigor e non presenta ganancias proporcionais de produtividade. Terceiro, a
rega deficitaria, calibrada en funcion das caracteristicas do solo, do clima e do cultivar,
representa a estratexia mais eficiente e sustentabel, ao asegurar equilibrio entre producion,
calidade e uso racional da auga. Cuarto, a integracion de ferramentas de monitorizacion e
modelizacién, como o SWP e o SIMDualKc, ofrece unha base solida para a toma de decisions
informadas e adaptativas. Finalmente, a adaptacioén da viticultura rexional esixe unha vision
holistica que combine practicas agrondmicas innovadoras coa preservacion da identidade
enoloxica que distingue os Vifos.
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1 INTRODUCAO

Neste capitulo estabelece-se um enquadramento teérico da Regido dos Vinhos Verdes no
contexto vitivinicola nacional. Seguidamente apresenta-se uma caracterizacao de duas sub-
regides, a sub-regido do Lima e a sub-regido Monc¢ao e Melgago, com énfase particular nos
cultivares Loureiro e Alvarinho, as quais sdo objetivo de estudo na presente tese.

Subsequentemente, procede-se a aprestagao da problematica das altera¢des climaticas na
cultura da Vitis vinifera L., enfatizando os impactos esperaveis nesta cultura num clima
atlantico. Em articulacdo com esta tematica, serd seguidamente discutida a importancia do
balang¢o hidrico do solo para o adequado desenvolvimento fisiologico da videira, destacando-
se a eficiéncia do uso da dgua como estratégia de mitigacdo dos efeitos decorrentes das
alteracdes climaticas.

Inclui-se ainda um subcapitulo dedicado a justificagdo e a coeréncia cientifica da
investigacdo, no qual se apresenta a relevancia dos topicos anteriormente abordados na resposta
a tematica desta tese. Finalmente, apresenta-se a estrutura da tese, acompanhada de uma
descri¢do sucinta da organizagdo e da fun¢do de cada capitulo.
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1.1 A REGIAO DOS “VINHOS VERDES”

Em Portugal existem 14 regides vitivinicolas, 12 destas regides estao situadas em Portugal
continental (Figura 1.1), sendo as mais relevantes em termos de area e produgdo: Vinhos
Verdes, Douro, Terras do Dao, Bairrada, Tejo, Lisboa, Peninsula de Setubal, Alentejo e
Algarve. A Regido dos Vinhos Verdes assume-se como uma das maiores regides demarcadas
do pais, representando cerca de 13% da superficie viticola nacional (IVV, 2022), apenas
superada pelo Douro (23%) e Alentejo (14%). Esta expressdo traduz-se também numa posi¢ao
de relevo na economia nacional do vinho, com as exportagdes a registarem uma evolugao
positiva, pois nos primeiros cinco meses de 2025, as vendas ao exterior atingiram 14,7 milhdes
de euros, correspondendo a cerca de 6,3 milhoes de litros, um aumento de 8,9% face ao periodo
homologo(IVV, 2025). Os aspetos diferenciadores da Regido dos Vinhos Verdes encontram-se
essencialmente no seu enquadramento no clima atlantico classificado segundo Koppen-Geiger
como Csb, com temperaturas amenas ¢ elevada precipitacdo concentrada principalmente nos
meses de inverno (Kottek et al., 2006; Fraga et al., 2014) e nos solos graniticos, que originam
vinhos com elevada acidez, frescura, baixo teor alcodlico e aromas frutados (Marques, 1987;
IVV, 2011).

Legenda

Regites Viticolas [] Peninsula de Setdbal
[] Alentejo [] Tejo

[[] Algarve [[] Terras do Dao

[[] Bairrada [[] Tras-os-Montes

[[] Beira Interior [[] Tavora-Varosa

[] Douro [[] Vinho Verde

[] Lisboa
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Figura 1.1 - Regides Vitivinicolas de Portugal Continental. Fonte da shapefile: (IVV, 2023)

As origens da vitivinicultura no Minho remontam a periodos muito anteriores a criagao da
denominacdao Vinho Verde. Evidéncias historicas sugerem que a presenca romana esteve na
génese da cultura da vinha nesta regido, a semelhanga de outras zonas vinhateiras da Europa
Ocidental (CIPVV, 2018). Durante a Idade Média, a expansao vinicola intensificou-se, em parte
gracas ao papel das instituicdes monasticas. Mosteiros e ordens religiosas (nomeadamente
Beneditinos e Cistercienses) promoveram o cultivo da vinha, integrando o vinho na economia
local e nas praticas sociais e litirgicas (Cardoso, 2017).
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No inicio do século XVI, os vinhos da regido do Minho comecaram a ser exportados para
a Inglaterra, aproveitando as rotas maritimas a partir do Porto de Viana do Castelo. Em
particular, as sub-regides do Vale do Lima e de Moncdo e Melgaco destacaram-se como
origindrias dessas primeiras exportacoes de Vinho Verde para o mercado britanico (Vine to
Wine Circle, 2012).

Do ponto de vista econdmico, a fileira do Vinho Verde foi, e continua a ser, um importante
sustento para a regido. A estrutura fundiaria minifundidria implicou historicamente que
milhares de pequenos agricultores dependessem da vinha como complemento de rendimento.
Ainda hoje, a Regido Demarcada dos Vinhos Verdes envolve cerca de 22 mil produtores
dispersos por 48 concelhos, ocupando aproximadamente 13% da 4rea viticola nacional(Pellin
etal., 2020; IVV, 2022).

O “Vinho Verde” ¢ detentor de uma Denominagdo de Origem Protegida (DOP) registada
no Registo de Indicagdes Geograficas da Unido Europeia com o nimero DOP-PT-A1545
(European Commission, 2022). Esta DOP abrange uma gama diversificada de tipos de vinho,
incluindo vinhos brancos, tintos, rosés, espumantes ¢ até vinagres ¢ aguardentes de uva
(CVRVV, 2024).A DOP abrange um total de 45 castas, 23 brancas e 22 tintas. Estas distribuem-
se por varios distritos administrativos do norte de Portugal, dentro dos quais sdo reconhecidas
nove sub-regides: Amarante, Ave, Baido, Basto, Cavado, Lima, Monc¢do e Melgaco, Paiva e
Sousa. O quadro regulamentar especifica as castas que devem ser cultivadas nas diferentes sub-
regides dos Vinhos Verdes, considerando a sua capacidade de adaptagdo as condigdes
climaticas e edaficas caracteristicas destas (Ministério da Agricultura do Desenvolvimento
Rural e das Pescas, 1999, 2010).

Diretrizes mais recentes para esta regido foram elaboradas para alinhar a regulamentacao
com os requisitos € metodologias dos profissionais do sector bem como para aumentar a
eficiéncia da producdo. Uma das principais mudangas foi a alteracdo dos valores maximos de
rendimento por hectare. O valor base revisto do rendimento maximo por hectare estd atualmente
fixado em 10 666 kg, embora possam existir exce¢des (CVRVV, 2024; Official Journal of the
European Union, 2024).

Tradicionalmente na Regido dos Vinhos Verdes cultivam-se as videiras sem rega ou com
rega muito reduzida, pois por se encontrarem nas bordaduras das parcelas eram regadas
indiretamente aquando as culturas que ocupavam a maior parte das parcelas. Contudo, as
alteragdes climaticas vao alterar o estado hidrico das videiras podendo tornar-se um fator
limitante na produtividade bem como nas caracteristicas enologicas de cada cultivar (Fraga et
al., 2013; Santos et al., 2020). Estd demonstrado em Vitis vinifera que o défice hidrico reduz a
condutancia estomatica e a fotossintese, acelera o amadurecimento (aumenta os agucares,
diminui os 4cidos) e pode concentrar volateis, embora frequentemente a custa da produtividade.
Assim, a implementacdo de estratégias de rega, baseadas no teor de 4gua do solo e na estimativa
da evapotranspiragdo da cultura, tém sido descritas como praticas que contribuem para mitigar
os efeitos nefastos provocados pelo stress hidrico (Junquera et al., 2012; Cancela et al., 2015;
Zarrouk et al., 2016), cada dia mais presente na Regido dos “Vinhos verdes” devido as
alteragOes climaticas (Amorim, 2014).

Do ponto de vista climatico e ambiental, as alteragdes climaticas emergem como um dos
maiores desafios para o futuro da regido, isto porque se a temperatura continuar a subir, a
producao de Vinho Verde podera tornar-se mais dificil, com uvas a acumularem agucares de
forma precoce e perdendo acidez (Heleno and Ferreira, 2024). Nesse sentido a utilizagao de
novas tecnologias para monitorizar o solo, a planta e o clima podem contribuir positivamente
para a gestao correta da vinha de modo a manter a identidade dos “Vinhos Verdes”(Valin et al.,
2021).
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1.1.1 A sub-regifio do Lima

A sub-regido do Lima, situa-se no noroeste de Portugal, ao longo do litoral Atlantico. O
territorio apresenta um relevo variado, com zonas costeiras baixas e um interior marcadamente
montanhoso e acidentado. Os solos mais férteis concentram-se nos vales estreitos do rio Lima,
que atravessam a regido. Administrativamente, esta sub-regido estatistica (NUTS III)
corresponde aos dez concelhos do distrito de Viana do Castelo (Roca et al., 2001).

Nas zonas costeiras desta sub-regido, as vinhas beneficiam de temperaturas moderadas,
ventilagdo atlantica, e elevada humidade, enquanto no interior h4 altitudes maiores, relevo mais
acidentado, e mesoclimas com amplitude térmica um pouco superior. Os solos sdo
principalmente graniticos, com pequenas parcelas de xisto ou argila em algumas vertentes
(Jones and Alves, 2012; Ribeiro and Figueiredo, 2018).

Em termos de castas, a sub-regido Lima destaca-se pela casta Loureiro, com expressao
aromatica muito distinta (notas florais, citricas, frescura) nestes ‘terroirs’. Também castas como
Arinto e Trajadura sdo utilizadas, sobretudo para vinhos brancos leves e frescos. Para tintos, as
variedades mais significativas em producao sdo o Vinhao e Borragal, especialmente produzidos
em areas interiores onde a maturagdo permite cores mais profundas e taninos mais evidentes
(Ribeiro and Figueiredo, 2018; IVV, 2021).

Quanto ao estilo, os vinhos da sub-regido do Lima tendem a aliar frescura com elegancia
aromatica, especialmente nos brancos, sendo frequentemente apreciados pela sua delicadeza,
equilibrio, e pela expressividade aromatica ligada ao cv. Loureiro. Apresentam bons perfis
térmicos que permitem vinhos menos acidos, mantendo bom corpo (IVV, 2021; Silvia et al.,
2022).

Relativamente ao cv. Loureiro de Vitis vinifera destaca-se uma importancia ecoldgica e
econdmica significativa, sendo amplamente recomendada em toda a Regido Demarcada dos
Vinhos Verdes (Abreu et al., 2006), bem como a sua contribui¢do substancial para o sector do
enoturismo na regido (Campos, 2012).

Os primeiros estados do desenvolvimento fenoldégico do cv. Loureiro observam-se entre o
inicio e o meio da primavera, com o processo de floragdo a iniciar-se no final da primavera e
inicio do verdo, e o pintor a ocorrer no meio do verdo. O estado de maturacdo ¢ classificado
como médio a tardio, o que corresponde a um periodo de colheita que se estende normalmente
desde o final de agosto até setembro. E de salientar que as uvas Loureiro atingem a maturagio
completa um pouco mais tarde do que as variedades precoces do Centro-Oeste (IGEF, 1986;
Oliveira et al., 2020). Do ponto de vista agrondmico, o cv. Loureiro apresenta um vigor elevado
e fertilidade regular, produzindo cachos grandes e compactos, de bagos médios com pelicula
fina, com produtividade de 10 a 18 mil kg ha™! sendo que a produgdo anual do cv. Loureiro em
Portugal ronda as 26 mil toneladas (Béhm, 2010; IVV, 2022). E uma casta de ciclo médio, com
abrolhamento relativamente precoce e maturagao tardia, o que a torna sensivel a condigdes de
elevada humidade, muito comuns na regido minhota. Como tal, revela alguma suscetibilidade
ao mildio e a podriddo cinzenta (Botrytis cinerea), exigindo praticas de viticultura de precisao
para equilibrar produtividade e sanidade (Magalhaes, 2015). Em termos enolédgicos, destaca-se
por originar vinhos de elevada intensidade aromatica, marcados por notas florais (loureiro, tilia,
flor de laranjeira) e citrinas (limdo, lima), aliados a uma acidez natural viva que lhes confere
frescura e persisténcia (Bohm, 2010; Magalhaes, 2015).
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1.1.2 A sub-regidao de Monc¢ao e Melgaco

A sub-regido de Mongao e Melgacgo destaca-se por ter um mesoclima bastante singular
dentro da Regido dos Vinhos Verdes. Localizada na fronteira com a Galiza (norte de Portugal),
junto ao rio Minho, a influéncia maritima € menor do que noutras sub-regides costeiras, o que
permite verdes quentes e secos e invernos frios, com precipitacio moderada (+ 1100 mm ano™ ).
Os solos sdao predominantemente graniticos, com algumas faixas de cascalho, sobretudo nas
vertentes mais inclinadas. Esse conjunto favorece uma matura¢do mais completa das uvas.
Essas caracteristicas tornam a sub-regido uma das mais propicias a casta de elevado potencial
de qualidade (Jorge, 2016; IVV, 2021; Teixeira et al., 2021).

O cultivar mais emblematico de Mongao e Melgagco ¢ o cv. Alvarinho. O Alvarinho,
produzido nesta sub-regido, exprime-se com elevada intensidade aromatica, boa estrutura, teor
alcodlico normalmente um pouco mais elevado que o habitual na Regido dos Vinhos Verdes, ¢
acidez bem integrada (Abreu, 2020; IVV, 2021).

A sub-regido de Moncao e Melgaco tém beneficiado de reconhecimento internacional e
estudos cientificos comprovam que existem diferencas entre esta sub-regido e outras na
producdo do cv. Alvarinho. Teixeira et al. (2021) usaram uma abordagem multidisciplinar para
distinguir vinhos da sub-regido Mon¢ao e Melgago de outras sub-regides, com base em
compostos volateis, perfil sensorial e variaveis quimicas. E concluiram que a sub-regido de
Mongdo e Melgago possui atributos enologicos mensuraveis que justificam sua reputacao de
“premium” dentro da Regido dos Vinhos Verdes.

O cv. Alvarinho desempenha também um papel fundamental na promogdo do
desenvolvimento local na Regido dos Vinhos Verdes, em particular nesta sub-regido de Mong¢ao
e Melgaco. Isto deve-se principalmente a sua associagdo com a geracdo de rendimento
econdmico privado proveniente da producao de vinho.

O inicio do desenvolvimento fenoldgico deste cultivar ocorre no principio da primavera
em condigdes atlanticas. A floragdo e o conjunto de bagos também ocorrem no verdo (maio a
junho), mas o cv. Alvarinho amadurece relativamente tarde. A colheita das uvas ocorre
normalmente de meados a finais de setembro, subsequente a maioria das outras uvas brancas,
com o objetivo de atingir niveis 6timos de agticar, preservando a acidez caracteristica da uva
(IGEF, 1986; Reis et al., 2020).

O cultivar Alvarinho apresenta um vigor moderado a elevado, com abrolhamento precoce
e matura¢do média a precoce com produtividades que variam entre 7500 a 12000 kg ha™! (B6hm,
2010). . Os cachos sdo pequenos e compactos, de bagos pequenos e pelicula espessa,
caracteristicas que favorecem a acumulacdo de compostos aromadticos e fenolicos (Bohm,
2010). A casta ¢ sensivel ao mildio e particularmente ao oidio, o que exige monitorizagdo
fitossanitaria frequente, mas adapta-se bem a sistemas de condug@o que promovam a exposi¢ao
solar equilibrada e uma boa circulacdo de ar (Magalhaes, 2015). Do ponto de vista enologico,
origina mostos de elevada acidez total e bom teor alcoolico (cerca del2 % vol.), que dao origem
a vinhos frescos, estruturados e de grande persisténcia (Bohm, 2010; Magalhaes, 2015; Marasa
et al., 2024).

Um estudo comparativo entre o cv. Alvarinho e o cv. Loureiro mostram que o Loureiro
tende a apresentar um perfil mais citrico e floral, enquanto o Alvarinho revela caracter mais
frutado e tropical (Oliveira et al., 2008).
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1.2 OS IMPACTOS DAS ALTERACOES CLIMATICAS NA VITIS VINIFERA

Os primeiros estudos que referem os efeitos das alteragdes climaticas na produgao de Vitis
vinifera remontam a 1996. Essa primeira analise, que utilizou cenarios de transicdo do MCG
(modelo de circulagdo geral), demonstrou alteragdes variaveis na matéria seca média dos frutos
para diferentes cenarios (Bindi et al., 1996). Em estudos recentes, foi relatado que as alteragdes
climaticas estdo a acelerar o amadurecimento das uvas em muitas partes do mundo. Este
fendomeno ja foi observado durante o século XX, quando a temperatura da superficie terrestre
aumentou 0,6 °C £+ 0,2 °C (Molitor et al., 2013). Essas temperaturas mais elevadas podem
causar uma desconexao entre a maturagao técnica e a maturacao fenélica, resultando em vinhos
desequilibrados (Cabral et al., 2023). Nesse sentido diversos modelos e projetos de previsao
climatica foram desenvolvidos para abordar esta questdo. Estes modelos visam projetar o
impacto das alteracdes climaticas na fisiologia, produtividade e ciclo fenoldgico das videiras
(Res et al., 2008; Jorquera-Fontena and Orrego-Verdugo, 2010; Zarrouk et al., 2016; Labbé et
al., 2019; Ramos and de Toda, 2022).

Baseado nas projegdes climaticas do Painel Intergovernamental sobre Alteragdes
Climaticas (IPCC), um estudo que comparou as tendéncias historicas com proje¢des de cendrios
desde 1990 até ao presente (2021) conclui que alguns desses cenarios sobrestimaram e outros
ndo subestimaram as emissoes globais reais. No geral, as emissdes globais historicas seguiram
uma trajetoria de emissdes média-alta, como reportado nos trés conjuntos de previsdes mais
recentes: IS92, SRES e RCP/SSP (Strandsbjerg Tristan Pedersen et al., 2021)

Com base nas projecdes do IPCC alguns autores calcularam indicadores bioclimaticos para
avaliar a adequacdo das atuais regides vitivinicolas e demonstrar como as alteragdes climaticas
irdo afetar a distribui¢do geografica das regides com potencial vitivinicola. Os indices
bioclimaticos habitualmente utilizados na produgio de vinho, como o indice de Huglin (HI), o
indice de Noites Frias (CI), indicam alteragdes significativas no panorama de produgio atual
(Gaitan and Pino-Otin 2023, Malheiro et al. 2010, Yzarra and Sanabria 2015). De acordo com
os indices, 0s autores sugerem que os impactos negativos na viticultura serdo maiores no sul de
Europa, principalmente devido ao aumento da seca e de eventos térmicos extremos durante o
ciclo cultural (Malheiro et al., 2010). Estes modelos indicam também um inicio mais precoce
de todas as fases de crescimento da videira e sugerem que a area ideal para a produgdo de uma
determinada variedade esta a deslocar-se para norte da Europa (Pieri et al., 2012; Sgubin et al.,
2018).

No Norte de Portugal, projeta-se que até 2100 (cenario RCP8.5), se verifique um aumento
da temperatura média entre +2,0 e +3,5°C, com o aquecimento no ciclo cultural a ultrapassar
os +2,2°C (Fraga and Santos, 2021). Estd compravado que que este aquecimento provoca um
aumento de 30% na acumulacdo térmica em sub-regides como Mongado e Melgago, prolongando
assim os periodos de stress térmico (>30°C) em 15 a 30 dias por ano e causando impactos no
desenvolvimento da Vitis vinifera (Fraga et al., 2017).

Com o mesmo proposito, t€ém sido propostos indices agroclimaticos especificos para
distintas regides do globo, os quais demonstram um progressivo deslocamento latitudinal das
condig¢des climaticas. Este fendmeno favorece particularmente areas situadas em latitudes mais
elevadas e em zonas de maior altitude, que passam a apresentar condi¢des mais adequadas para
a cultura da vinha(Solman et al., 2018; An et al., 2022; Koufos et al., 2022). Em contrapartida,
as atuais regioes de producdo sao confrontadas com a necessidade de implementar estratégias
de adaptagdo (Wolfe et al., 2008; Schultze and Sabbatini, 2022).,
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1.3 ESTIMATIVA DAS NECESSIDADES HiDRICAS DA VITIS VINIFERA

O setor agricola € responsavel por representa cerca de 70% do consumo de 4dgua, pelo que
a eficiéncia no uso da agua ¢ crucial na manutencdo da sustentabilidade da producgdo e
preservacao deste recurso escago (Fischer et al., 2007; FAO & WWC, 2015). No caso da Vitis
vinifera L., a disponibilidade de 4gua durante o seu desenvolvimento influencia o rendimento
e a qualidade das uvas, sendo o défice de agua uma das principais limitagdes ao
desenvolvimento fisiologico da planta (Pellegrino et al., 2005; Girona et al., 2009). Nesse
sentido gestdo eficiente da agua em viticultura ¢ e sera um dos maiores desafios para os
viticultores, ndo apenas pela elevada variabilidade climatica que atualmente se verifica, mas
também das projecdes que apontam para a sua intensificacao nas proximas décadas.

As projegoes climaticas apontam para um aumento da frequéncia de fendmenos extremos,
como as ondas de calor, bem como uma tendéncia para maior irregularidade nos regimes de
precipitagdo (Iglesias and Garrote, 2015), pelo que a adogdo de estratégias de rega deficitaria
pode ndo s6 melhorar a eficiéncia no uso da 4gua como também potenciar as caracteristicas
qualitativas das uvas(Shellie, 2014; Phogat et al., 2017; Vilanova et al., 2019).

A estimativa das necessidades hidricas das videiras ¢ frequentemente realizada a partir da
evapotranspiragdo da cultura (ET.), existindo duas abordagens principais para a sua estimativa,
o coeficiente cultural (single Kc) e o coeficiente cultural dual (dual Kc) (Allen et al., 1998).

O método do coeficiente simples (single Kc) estima a evapotranspiragdo da cultura a partir
da multiplicacao da evapotranspiragdo de referéncia (ET,) por um coeficiente cultural (Kc).
Apesar da sua simplicidade, este método apresenta limitagdes, pois nio distingue os
componentes de transpiracao da videira e de evaporacao do solo, tratando-os como um tnico
fator agregado (Allen et al., 1998). Este método tende a ser menos preciso em culturas perenes
com cobertura vegetal ativa, onde a variagdo da densidade e altura dessa influéncia
significativamente o balanco hidrico do solo (Allen and Pereira, 2009; Pereira et al., 2020b).

Ja a abordagem dos coeficientes culturais duais (dual Kc) acrescenta rigor pois desagrega
a ET. em transpiragc@o da planta e evaporagao do solo (K¢), ajustando ainda os valores por um
coeficiente de stress hidrico (Ks). Desta forma, permite melhorar o célculo do balango hidrico
do solo, considerando a evolugdo da cobertura vegetal ativa (Fandifio et al., 2015). Nesse
sentido a abordagem dos coeficientes culturais duais apresenta maior precisdo para simular a
evapotranspiragdo da cultura real (ETc act) € ajudando a estimar as necessidades hidricas da
cultura em diferentes fases do seu desenvolvimento bem como perante diversas localizacdes
climaticas e edaficas (Pereira et al., 2020b).

Modelos de simulagdo do balango hidrico do solo como o SIMDualKc (Rosa et al., 2012a;
Pereira et al., 2020a), o AquaCrop (FAO, 2012; Er-Raki et al., 2021) e o SALTMED (Ragab,
2002; El-Sadek, 2014) operacionalizam esta abordagem, realizando o balanco hidrico do solo
com base em varidveis meteorologicas, edaficas e fisioldgicas. Estes modelos permitem
estimar, com maior detalhe, a transpiracdo da videira, a evaporagdo da cobertura vegetal ativa
e a agua total utilizada.
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1.4 JUSTIFICACAO E COERENCIA DA TESE

As alteragdes climaticas atualmente observadas, bem como as que se encontram nas
projecdes futuras, t€m impacto nas culturas agricolas como a Vitis vinifera. Vérios autores
indicam que, para cultivares como o Loureiro € o Alvarinho, pequenas flutuagdes nas condig¢des
climaticas, como a temperatura, a precipitacdo ou a radiacdo solar, podem ter um elevado
impacto em todo o desenvolvimento cultural, afetando significativamente a produtividade e a
qualidade dos vinhos (Fraga et al., 2016; Adao et al., 2023; Ramos, 2025). De acordo com o
sistema Koppen-Geiger, o clima da Regido dos Vinhos Verdes ¢ atualmente classificado como
Csb, com temperaturas amenas e elevada precipitacdo concentrada principalmente nos meses
de inverno (Kottek et al., 2006; Fraga et al., 2014). No entanto, os cendrios climaticos apontam
para uma alteracdo da realidade com o aparecimento de fendémenos extremos (precipitagao
elevada ou ondas de calor extremas), aumentos de temperatura, bem como diminui¢ao da
precipitagdo nos meses de verdo. A conjugagdo destes fatores ameaga € pde em risco o
equilibrio ecologico e produtivo da regido (Droulia and Charalampopoulos, 2021; Fonseca et
al., 2023), assim como a viabilidade econdmica e social dum setor de grande relevancia para a
regido Norte de Portugal.

Os efeitos adversos destas alteracdes climaticas ja foram identificados e levam
frequentemente a impactos negativos nas culturas agricolas. No caso da viticultura, afetam
significativamente a sua fenologia, nomeadamente pela antecipagdo do ciclo cultural e pela
redu¢do do periodo de maturacdo (Dinu et al., 2021; Kamila et al., 2024). Assim, um
desequilibrio entre o teor de agticar e a acidez das uvas, que na regido dos Vinhos Verdes, ira
alterar o perfil organolético dos vinhos tradicionalmente conhecidos pela sua frescura e teor
alcodlico moderado (Baltazar et al., 2025). No mesmo sentido, a exposi¢do a temperaturas mais
elevadas durante a maturacdo pode levar a degradagdo de compostos aromaéticos e fenolicos,
altamente relacionados com a qualidade do vinho (Jones et al., 2005).

Neste sentido, e de acordo com intimeros estudos e legislagdo, a adaptacdo as alteracdes
climaticas pretende ser uma das prioridades dos tempos atuais, visto que vivemos um momento
decisivo, uma vez que estas alteragdes implicam inimeros riscos para varios setores sociais.
Com base nesta preocupacdo, em 2019, a Comissdo Europeia langou o Pacto Ecolodgico
Europeu, que contém estratégias para mitigar estas alteragoes (European Commission, 2019).
Perante este conhecimento e sabendo que a viticultura na Regido dos Vinhos Verdes assume
uma importancia socioecondmica e cultural significativa, torna-se importante e pertinente a
realizagdo de estudos para promover a adaptacdo e mitiga¢do destas alteragdes climaticas, de
forma a garantir a resiliéncia das culturas em termos de parametros produtivos e qualitativos,
bem como promover a preservacao do patrimoénio vitivinicola regional (Santos et al., 2020).

Considerando estes pressupostos, o estudo da adaptacdo da Vitis vinifera as alteragdes
climaticas na Regido dos Vinhos Verdes reveste-se de particular relevancia, tanto pela
necessidade de promover a sustentabilidade ambiental, econdmica e social do setor, mas
também pela manuten¢do da identidade e tipicidade que caracterizam os Vinhos verdes. A
correta compreensao dos impactos climaticos e a definicdo de estratégias de mitigacdo e
adaptacdo, como a correta gestdo da agua, assumem-se como ferramentas essenciais para
garantir a continuidade da producdo de Vinhos Verdes sem que estes percam a sua identidade.
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1.5 ESTRUTURA DA TESE

A tese esta dividida em sete capitulos, da seguinte forma:

Em primeiro lugar, no capitulo 1 apresenta-se um enquadramento tedrico da Regido dos
Vinhos Verdes no contexto vitivinicola nacional, com destaque para as sub-regides do Lima e
de Mongao e Melgaco, para os cultivares Loureiro e Alvarinho. Aborda-se ainda a problematica
das alteracdes climaticas na viticultura atlantica, salientando os impactos na Vitis vinifera L.
bem como a necessidade de delinear estratégias de mitigacdo desses impactos. Por fim,
apresenta-se a importancia e atual relevancia deste estudo bem como a estrutura global da tese,
com a descric¢do sintética da fun¢do de cada capitulo.

O capitulo 2 apresenta as hipdteses estudadas, bem como os objetivos inerentes a esta
investigacdo. Neste capitulo sdo formuladas as questdes centrais que guiam o trabalho,
procurando identificar de que forma os cultivares Loureiro e Alvarinho respondem as condigdes
de stress hidrico na Regido dos Vinhos Verdes. As hipoteses enunciadas refletem a premissa de
que a variagdo das condi¢des meteoroldgicas e edaficas influencia significativamente os
parametros fisiologicos, produtivos e qualitativos da videira, podendo comprometer a
produtividade tipicidade destes vinhos.

O capitulo 3 expde uma sintese metodoldgica, na qual sdo destacados os principais aspetos
que permitem a comparacao entre os artigos incorporados nesta tese. Esta exposicao € realizada
de forma articulada com os objetivos definidos no capitulo 2, assegurando a coeréncia entre a
fundamentagdo tedrica, as hipdteses de investigacdo e as abordagens metodoldgicas adotadas.

Seguidamente, e por ordem cronolédgica de publicagdo, sdo apresentados no capitulo 4 as
publicacdes que sustentam esta tese, como se segue:

Capitulo 4.1: Artigo com titulo “Dual Crop Coefficient Approach in Vitis vinifera L. cv.
Loureiro ”, publicado na revista Agronomy em 2021, citado 17 vezes. Neste artigo o objetivo
foi estimar a evapotranspiragdo da cultura (ET.) da Vitis vinifera cv. Loureiro na sub-regiao do
Lima, aplicando a abordagem dos coeficientes culturais duais (dual Kc), através da calibragao
e validagao do modelo SIMDualKc, de modo a disponibilizar coeficientes de cultura ajustados
e apoiar uma gestao de rega mais eficiente e sustentavel

Capitulo 4.2: Artigo com titulo “Water productivity in Vitis vinifera L. cv. Alvarinho using
dual crop coefficient approach”. publicado na revista Agricultural Water Management em 2024,
citado 2 vezes. Este artigo apresenta novos avancos no estudo da produtividade da 4gua (WP)
e da eficiéncia do uso da agua (WUE) em vinhas com cobertura vegetal ativa na sub-regido de
Mong¢ado e Melgago, o que aumenta a sua relevancia para compreender os efeitos da gestdao da
rega e definir a estratégia mais adequada que permita alcangar uma producao vitivinicola
sustentavel nestas areas do mundo.

Capitulo 4.3: Artigo com titulo “Agronomic and must quality performance of Vitis vinifera
L. cv. Loureiro: a four-year study” publicado na revista Ciéncia e técnica vitivinicola em 2025.
Este artigo apresenta uma avaliagdo inédita e de longo prazo sobre estratégias de gestao da rega
em Vitis vinifera L. cv. Loureiro na Regido dos Vinhos Verdes, tradicionalmente de sequeiro.
A sua relevancia reside em demonstrar que a rega, mesmo em niveis deficitarios, aumenta a
produtividade da videira e a eficiéncia do uso da agua ao longo do tempo. Os resultado deste
artigo fornecem contributos valiosos para a gestdo sustentavel da dgua na viticultura e apoiam
estratégias de adaptacdo para mitigar os efeitos das alteragdes climaticas.

Assim, os capitulos 4.1, 4.2 e 4.3 correspondem as publicacdes em revistas com revisao
por pares que constituem o corpo principal desta tese. No entanto, € importante realgar que estas
publicacdes tém pontos em comum para elaborar uma resposta aos objetivos deste trabalho,
referidos no capitulo 2.
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No quinto capitulo (discussdo), ¢ apresentada uma discussdo critica e aprofundada dos
artigos incluidos na tese, estabelecendo-se comparagdes entre os resultados obtidos nos artigos
dos capitulo 4 com os reportados por outros autores em contextos semelhantes. Esta abordagem
permite validar os resultados obtidos através da identificagdo de convergéncias e discrepancias
com a literatura existente e, a0 mesmo tempo, realgar a relevancia cientifica e deste trabalho.
Neste capitulo procura-se, assim, fornecer uma visao integrada das respostas experimentais
observadas, reforcando a consisténcia dos resultados e a sua aplicabilidade no contexto
vitivinicola da Regido dos Vinhos verdes.

No capitulo de conclusdes (capitulo 6) sumarizam-se os contributos centrais decorrentes
dos trés artigos, articulando-os de forma a responder de modo claro e sucinto as hipoteses
enunciadas no capitulo 2 e ao objetivo geral da tese. Para além disso neste capitulo evidencia-
se o valor acrescentado do estudo para a gestdo sustentavel da viticultura em regides de clima
atlantico, tal como a Regido dos Vinhos verdes, apontando perspetivas de continuidade e
possiveis linhas de investigacdo futura. No ultimo capitulo (capitulo 7) apresenta-se a
bibliografia.
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2 HIPOTESES E OBJETIVOS

A Regido dos Vinhos Verdes esta exposta as pressoes das alteragdes climaticas, associadas
a alteracdo dos padrdes de precipitagdao, das temperaturas do ar e ao aumento da procura
evaporativa atmosférica. Neste contexto, a resiliéncia e a produtividade dos cultivares de Vitis
vinifera L. estdo a ser desafiadas pelo défice de dgua no solo e pelo stress térmico, que
comprometem a estabilidade da produgdo e a qualidade futura dos vinhos. Apesar do clima
atlantico da regido, a frequéncia e a intensidade dos periodos de seca intra-anuais tém
aumentado, impondo stress fisiologico a vinha.

Com base em evidéncias derivadas de ensaios de campo plurianuais e apoiadas por recentes
avancos na modelagdo ecofisiologica e hidrologica, o presente estudo foca-se no efeito das
alteracdes climdticas na Vitis vinifera L. no cv. Loureiro e no cv. Alvarinho. Neste sentido, as
trés hipoteses cientificas seguintes sdo estudadas:

Hipoétese 1: A viticultura tradicional de sequeiro praticada na Regido dos Vinhos Verdes ¢
insuficiente para manter a estabilidade da producdo e da qualidade do mosto sob constante
variabilidade climatica.

Hipotese 2: A implementacdo de estratégias de rega deficitaria, calibradas para as
caracteristicas do cultivar, do clima e do solo, melhora tanto o desempenho agronémico como
a eficiéncia do uso da dgua da Vitis vinifera, sem comprometer a qualidade da uva.

Hipotese 3: A monitorizagdo de parametros fisiologicos das plantas, nomeadamente o
stress hidrico e a transpiragcdo, bem como a simulagdo do balango hidrico do solo através da
metodologia dos coeficientes culturais duais em cada fase do ciclo cultural dos cv. Loureiro e
cv. Alvarinho, permite definir as melhores praticas viticolas sustentaveis, em especial a rega,
de forma a fazer face as alteragdes climaticas.

Objetivo geral: O principal objetivo desta tese foi desenvolver, implementar e validar uma
metodologia que permite avaliar e melhorar a capacidade de adaptagdo da Vitis vinifera as
alteragdes climaticas na Regido dos Vinhos Verdes, em particular dos cultivares Loureiro e
Alvarinho. Esta abordagem integrou a experimentagdo em campo, a monitorizagao fisioldgica
e a aplicacdo da metodologia dos coeficientes de cultura duais, visando a produgdo de
conhecimento que suporte o desenvolvimento de estratégias para a adaptagao da Vitis vinifera
as alteragdes climéticas e para a promogao da eficiéncia no uso da agua.

Para atingir o objetivo geral e testar as hipdteses propostas, a investigagao esta estruturada
em cinco objetivos especificos (OE) relacionados e desenvolvidos em trés artigos. Cada
objetivo corresponde a uma componente central da estrutura metodolédgica e € abordado através
da recolha, modelacao e analise de dados direcionados, como se segue:
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OELl. Caracterizacao Climatica e Fenologica - Capitulos 4.1, 4.2 ¢ 4.3

Caracterizar a evolucao climatica historica e recente na Regido dos Vinhos Verdes através
de indices bioclimaticos padronizados, como o indice de Winkler (WI), o Indice de Huglin (HI),
o Indice de Branas (BI) ¢ o Indice de Noites Frias (CI), e avaliar a sua influéncia no
desenvolvimento fenoldgico da Vitis vinifera ao longo de multiplas colheitas. Este objetivo
elucidara a variabilidade espaco-temporal das pressdes climaticas e as suas implicagdes
fenoldgicas, servindo de base para o planeamento da adaptagao a novos cendrios climaticos.

OE2. Determinar os coeficientes culturais basais da Vitis vinifera cv. Loureiro e cv
Alvarinho - Capitulos 4.1 e 4.2

Um objetivo deste estudo ¢ determinar o coeficiente cultural basal (Kcp) para os cultivares
de Vitis vinifera Loureiro e Alvarinho nas varias fases do seu ciclo cultural, aplicando o modelo
SIMDualKc calibrado e posteriormente validado com dados do teor de d4gua no solo reais. Neste
sentido, o objetivo € obter valores precisos de Kcp especificos para cada cultivar em diferentes
estados fenologicos.

OE3. Avaliacio de Estratégias de Rega - Capitulos 4.2 e 4.3

Realizar uma avaliagcdo comparativa plurianual, em campo, de trés estratégias de gestao da
rega, sequeiro (R), rega deficitaria (DI) e rega total (FI ou I), em vinhas comerciais de Vitis
vinifera cv. Loureiro e cv. Alvarinho. A avaliagdo incidird sobre o desempenho da
produtividade e qualidade do mosto, sob condi¢cdes sazonais varidveis. O objetivo € identificar
a estratégia de rega que melhor equilibra a produtividade, a qualidade e o uso da dgua no
contexto vitivinicola do Atlantico.

OE4. Quantificacao das Respostas Fisiologicas ao Stress Hidrico - Capitulos 4.2 ¢ 4.3

Monitorizar e analisar as respostas fisioldgicas da videira a disponibilidade hidrica
utilizando o potencial hidrico de ramo, a evapotranspiragdo cultural e a transpira¢do (T),
determinados pela abordagem dos coeficientes culturais duais (SIMDualKc). Estes indicadores
estardo relacionados com resultados agrondmicos e qualitativos, permitindo uma compreensao
de como o stress hidrico afeta a fun¢do da videira e o desenvolvimento do fruto a nivel
fisiologico.

OES. Analise da Produtividade e Eficiéncia do Uso da Agua - Capitulos 4.2 e 4.3

Calcular e comparar os principais indices de produtividade da agua relacionado a
produtividade das videiras com o consumo de 4gua, entre tratamentos e ciclos culturais. Esta
analise avaliou a eficiéncia da utilizagdo da 4gua e identificou as estratégias de rega mais
eficazes, apoiando assim a intensificag¢ao sustentavel da viticultura em condi¢des de crescentes
desafios climaticos.
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Este capitulo sintetiza os procedimentos experimentais, a instrumentacao, os protocolos de
modelagdo e as analises estatisticas utilizados em trés estudos tematicamente alinhados e
desenvolvidos com os cultivares Loureiro e Alvarinho de Vitis vinifera L., realizados na sub-
regido dos Vinhos Verdes no noroeste de Portugal (Figura 3.1.) O objetivo geral dos estudos
aqui apresentados ¢ fornecer ferramentas e conhecimentos cientificamente fundamentados para
orientar a adaptagdo dos sistemas viticolas as alteragdes climaticas na Regido dos Vinhos
Verdes, uma zona viticola caracterizada pelo aumento da variabilidade climatica, padrdes de
precipitacdo alterados e aumento da procura de evapotranspiracdo. A investigacdo centrou-se
na avaliacdo da influéncia das estratégias de rega no balanc¢o hidrico do solo das vinhas, no
desempenho produtivo e nas métricas de utilizacdo da 4gua, utilizando a metodologia dos
coeficientes culturais duais incorporada no modelo SIMDualKe. Os cultivares estudados foram
o Alvarinho e o Loureiro, que sdo regionalmente importantes devido a sua relevancia enologica
€ agronomica.

MONGAO

Spain

Portuga/ 0

PONTE DE LIMA

Oceano Atlantico

Legenda
&2 Distrito
Concelho

W Parcela cv. Loureiro
Parcela cv. Alvarinho

Figura 3.1 - Localizagao das parcelas dos estudos (Fonte: Elaboragao Propria)

Os estudos utilizaram um delineamento em blocos causalizados com trés estratégias de
rega: sequeiro (R), rega deficitaria (DI) e rega total (FI ou I). Nos tratamentos de rega deficitaria
aplicaram-se entre 25 a 50% dos volumes de rega utilizados nas parcelas de rega total,
dependendo dos limiares de humidade do solo. Cada unidade experimental foi constituida por
quatro linhas contiguas de vinhas, sendo as duas linhas centrais utilizadas para a recolha de
dados e as duas exteriores funcionaram como areas de protecdo para impedir o movimento
lateral da agua.
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As variaveis meteoroldgicas foram medidas no local através de estagdes meteorologicas
automatizadas, que registaram diariamente a temperatura do ar (maxima, minima ¢ média), a
humidade relativa, a velocidade do vento a 2 m, a radiagdo solar e a precipitacdo. A
evapotranspiracao de referéncia (ET,) foi calculada através da equagao de Penman-Monteith
da FAO num intervalo de tempo diario (Allen et al., 1998), tendo sido aplicadas verificagdes
de integridade climatica de acordo com Allen (1996) para corrigir anomalias e preencher
lacunas de dados.

O desenvolvimento fenoldgico da cultura foi monitorizado semanalmente e classificado de
acordo com a escala de Baggiolini (Baggiolini et al., 1993), posteriormente traduzida para os
estados de crescimento padrdo da FAO para parametrizar a variabilidade temporal nos
coeficientes da cultura. A altura do dossel (h) e a fracdo de cobertura vegetal ativa (fc) foram
estimadas visualmente ao meio-dia solar e utilizadas para o céalculo dos coeficientes basais da
cultura.

O teor de dgua no solo foi monitorizado nas duas parcelas com uma sonda capacitiva
(Diviner 2000, Sentek), com 24 tubos de acesso instalados nos tratamentos (oito por
tratamento), atingindo uma profundidade de 0,80 m.

Foram recolhidas amostras de solo e submetidas a analise em placa de pressdo a —33 kPa
(capacidade de campo) e —1500 kPa (coeficiente de emurchecimento). Estes valores foram
utilizados para calcular a 4gua disponivel total na zona radicular (TAW) e a 4gua facilmente
utilizdvel (RAW), que foram pardmetros de entrada no modelo SIMDualKec.

O modelo SIMDualKc foi implementado para simular o balango hidrico do solo utilizando
a abordagem dos coeficientes culturais duais. Este modelo particiona a ETc em transpira¢ao
basal da cultura e evaporagao do solo, incorporando dados meteoroldgicos diarios, parametros
do solo e da cultura, dotacdes de rega e a evolugdo da cobertura vegetal ativa.

A calibragdo do modelo foi realizada para o tratamento de sequeiro no primeiro ano de
cada estudo para evitar a influéncia da rega como fator de viés. Os parametros chave (Kcp ini,
Keb mid, Keb end, p, Fr, ML, TEW, REW) foram otimizados iterativamente para minimizar os
residuos entre o teor de 4gua no solo observado e simulado. A qualidade do ajuste foi avaliada
através de multiplos indicadores estatisticos tais como o coeficiente de determinagdo (r?),
inclinacao da reta de regressao (b), erro quadratico médio (RMSE), erro absoluto médio (AAE),
RMSE normalizado (%), eficiéncia do modelo (EF), viés percentual (PBIAS) e indice de
concordancia (dIA).

Nos estudos dos cultivares Alvarinho e Loureiro, a cobertura vegetal ativa (constituida
maioritariamente por Poaceae spp.) foi caracterizada ao longo da cultura em termos de
densidade e altura (tanto na linha como entrelinha), com recurso a anélise de imagens e a
estimativa visual. Estes valores informaram a derivagao do Kcb cover, que foi incorporado no
coeficiente basal de cultura real total.

No estudo de quatro anos em Loureiro, o stress hidrico fisiologico foi avaliado através do
potencial hidrico do ramo (SWP) medido ao meio-dia solar com uma camara de pressao
Scholander (modelo 670, PMS Instrument Co., EUA) em oito repeti¢des por tratamento. Estes
dados foram utilizados para validar o coeficiente de stress hidrico (Ks) simulado pelo modelo
e para corroborar o estado hidrico das videiras sob cada estratégia de rega.

Os componentes da produtividade foram determinados na colheita, pesando todos os
cachos de 28 videiras por tratamento. No ensaio Alvarinho, a biomassa da poda foi também
recolhida e pesada durante o inverno para quantificar a producdo vegetativa. Os parametros de
qualidade dos frutos, como o teor alcodlico provavel (a partir de °Brix), o pH, a acidez titulavel
(g L") e o peso fresco de 100 frutos, foram determinados em laboratorio, utilizando protocolos
padrao da OIV.
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Os indicadores de produtividade da dgua foram calculados de acordo com as equacgdes 1,
2e3.

GY
P = Equacao. 1
WPTwy E\{(VU (Equag )
WP = T (Equacgao 2)
GY
WPgr = =—— (Equacgao 3)
ETC act

em que TWU corresponde a agua utilizada (que inclui precipitacdo, armazenamento de
4gua no solo, ascensdo capilar e rega aplicada), para atingir o rendimento da uva (GY, Kgha™"),
T refere-se a transpiragdo (cultura mais cobertura vegetal ativa, m® ha') e ETc ot é a
evapotranspiragio real da cultura (m? ha™').

Todos os conjuntos de dados foram submetidos a ANOVA unidirecional, e as médias dos
tratamentos foram comparadas através do teste de multiplos intervalos de Duncan com um
limiar de significancia de p < 0,05. Os indices climaticos (Winkler, Huglin, Branas, Seljaninov
e Indice de Noites Frias) foram também calculados para caracterizar a variabilidade climatica
entre ciclos culturais e a sua influéncia no uso da dgua e na fenologia.

Para complementar a exposi¢cdo metodologica, o Quadro 3.1 contrasta sistematicamente as
componentes principais dos desenhos experimentais, dos protocolos de monitorizagdo, das
estratégias de modelacdo e dos escopos analiticos empregues nos trés estudos (Quadro 3.1).
Esta sintese da Quadro 3.1 visa realgar o grau de convergéncia e divergéncia metodoldgica entre
as experiéncias e contextualizar os seus contributos individuais para desenvolver praticas
viticolas adaptativas ao clima na Regido dos Vinhos Verdes. Para ajudar na compreensdo da
metodologia adotada nestes estudos, foi desenvolvido um workflow esquematico que sintetiza
de forma visual as principais etapas do trabalho (Figura 3.2). Esta ferramenta permite organizar
e relacionar os diferentes componentes envolvidos, desde a caracterizacdo do solo e a
monitorizagdo climatica até a implementag@o das estratégias de rega e avaliacdo das respostas
fisiologicas e produtivas dos dois cultivares de Vitis vinifera L..
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Quadro 3.1 - Comparacao de Metodologias entre Estudos

Critério Capitulo 4.1 Capitulo 4.2 Capitulo 4.3
Cultivar Loureiro Alvarinho Loureiro
Duragio 2 anos 2 anos 4 anos
experimental (2019 e 2020) (2018 ¢ 2019) (2019 2 2022)
Estratégias de rega R, DI (25%), FI R, DI (50%), FI R, DI (25-40%), 1
. SIMDualKc ) SIMDualKc
Modelo utilizado . SIMDualKc (calibrado) R )
(calibrado) (parametros importados)
Af}" baie de . . Parametros adotados
calibragdo do Sequeiro 2019 Sequeiro 2018 ]
modelo (Capitulo 4.1)
Cobertulra vegetal Sim Sim Sim
ativa
~ . S;
SWP Nio Nao publ}cados no m o
artigo (2019-2021, ao meio-dia)
Parame?tros Rendimento Rendimento + lenha de Rendimento
produtivos poda
Analise da qualidade Nio Nio Sim
das uvas
Indices de
produtividade da Niao Sim Sim
agua
Validagio estatistica Sim Sim Nio
do modelo (2, RMSE, EF, dIA) (12, RMSE, EF, dIA)
Indices . . . .
bioclimaticos Winkler, Huglin, CI, SI, Winkler, Huglin Winkler, Huglin, CI, SI,
BI BI
calculados
Estadios fenologicos  Baggiolini + FAO 56 Baggiolini + FAO 56 Baggiolini + FAO 56
Software estatistico SPSS 27 SPSS 27 SPSS 27
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Figura 3.2 - Workflow metodologico para o estudo dos efeitos da rega nos cultivares
Alvarinho e Loureiro da Vitis vinifera L. (Fonte: Elaboracao Propria)

17






4.1

4 PUBLICACOES

DUAL CROP COEFFICIENT APPROACH IN VITIS VINIFERA L. CV.
LOUREIRO

Este capitulo corresponde ao seguinte artigo de investigacao:

Titulo: Dual Crop Coefficient Approach in Vitis vinifera L. cv. Loureiro
Revista: Agronomy 2021, 11(10), 2062

Editora: MDPI

ISSN: 2073-4395

DOI: https://doi.org/10.3390/agronomy11102062

Autores: Simdo P. Silva '3, M. Isabel Valin !, Susana Mendes !, Clatidio Araujo-
Paredes 2 and Javier J. Cancela *

Afiliagoes:

!Centre for Research and Development in Agrifood Systems and Sustainability
(CISAS), Escola Superior Agraria, Instituto Politécnico de Viana do Castelo, 4900-347
Viana do Castelo,Portugal

’Research Unit in Materials, Energy and Environment for Sustainability
(PROMETHEUS), Escola Superior Agraria, Instituto Politécnico de Viana do Castelo,
4900-347 Viana do Castelo, Portugal;

3GI-1716 Projects and Planification, Agroforestry Engineering Department,
Escuela Politécnica Superior de In-genieria Lugo, University of Santiago de
Compostela, 27002 Lugo, Spain
Contribuicao dos autores:

Simao P. Silva: Metodologia, software, validagdo, analise formal, investigacao,
tratamento de dados, redagdo — preparagao do rascunho original

M. Isabel Valin: Conceptualizacdo, validagdo, analise formal, investigacdo, tratamento
de dados, redagao - revisao e edigao

Susana Mendes: Validacao

Claudio Araujo-Paredes: Tratamento de dados

Javier J. Cancela: Conceptualizacdo, metodologia, software, escrita — revisdo e
edicao

Indicadores (2021): Fator de impacto, IF: 3.949; Primeiro quartil (Q1; 16/88) da
categoria (Agronomy). Citagdes: 17.

Autorizacio da editora: Este artigo ¢ um artigo de acesso aberto distribuido nos termos
e condigcdes da licenga Creative Commons Attribution (CC BY)
(https://creativecommons.org/licenses/by/4.0/), que permite a sua utilizagdo,
distribuicao e reproducdo sem restricdes em qualquer meio ou formato, para qualquer
fim, sem necessidade de autorizagdo especifica. Da mesma forma, de acordo com as
politicas de direitos de autor da MDPI (https://www.mdpi.com/about/openaccess ), a
editora do artigo, os autores t€m o direito de utilizar e partilhar os seus trabalhos para
fins académicos, incluindo em teses.

19


https://doi.org/10.3390/agronomy11102062
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/about/openaccess

agronomy

Article

Dual Crop Coefficient Approach in Vitis vinifera L. cv. Loureiro

Simao P. Silva 1'*({J, M. Isabel Valin !, Susana Mendes (7, Clatidio Araujo-Paredes ? and Javier J. Cancela 3

check for

updates
Citation: Silva, S.P.; Valin, M.L,;
Mendes, S.; Araujo-Paredes, C.;
Cancela, J.J. Dual Crop Coefficient
Approach in Vitis vinifera L. cv.
Loureiro. Agronomy 2021, 11, 2062.
https:/ /doi.org/10.3390/agronomy
11102062

Academic Editors: Fatima Baptista,
Luis Leopoldo Silva, José

Carlos Barbosa, Vasco Fitas da Cruz,
Adélia Sousa, José Rafael Silva and

Patricia Lourengo

Received: 18 September 2021
Accepted: 12 October 2021
Published: 14 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Centre for Research and Development in Agrifood Systems and Sustainability (CISAS), Escola Superior
Agraria, Instituto Politécnico de Viana do Castelo, 4900-347 Viana do Castelo, Portugal;
isabelvalin@esa.ipve.pt (M.LV.); smendes@esa.ipvc.pt (5.M.)

Research Unit in Materials, Energy and Environment for Sustainability (PROMETHEUS), Escola Superior
Agraria, Instituto Politécnico de Viana do Castelo, 4900-347 Viana do Castelo, Portugal; cparedes@esa.ipvc.pt
GI-1716 Projects and Planification, Agroforestry Engineering Department, Escuela Politécnica Superior de
Ingenieria Lugo, University of Santiago de Compostela, 27002 Lugo, Spain; javierjose.cancela@usc.es
Correspondence: silvasimao@esa.ipvc.pt

Abstract: Vineyard irrigation management in temperate zones requires knowledge of the crop water
requirements, especially in the context of climate change. The main objective of this work was to
estimate the crop evapotranspiration (ET.) of Vitis vinifera cv. Loureiro for local conditions, applying
the dual crop coefficient approach. The study was carried out in a vineyard during two growing
seasons (2019-2020). Three irrigation treatments, full irrigation (FI), deficit irrigation (DI), and
rainfed (R), were considered. The ET. was estimated using the SIMDualKc model, which performs
the soil water balance with the dual Kc approach. This balance was performed by calculating the
basal coefficients for the grapevine (K, crop) and the active soil ground cover (K geover), which
represent the transpiration component of ET. and the soil evaporation coefficient (Ke). The model
was calibrated and validated by comparing the simulated soil water content (SWC) with the soil
water content data measured with frequency domain reflectometry (FDR). A suitable adjustment
between the simulated and observed SWC was obtained for the 2019 R strategy when the model
was calibrated. As for the vine crop, the best fit was obtained for Ky, sy ini = 0.33, Kep fu11 miq = 0.684,
and K, fu11 eng = 0.54. In this sense, the irrigation schedule must adjust these coefficients to local
conditions to achieve economically and environmentally sustainable production.

Keywords: active soil ground cover; soil water content; soil evaporation; vine plants

1. Introduction

The sustainability of wine production is a global strategy that includes all stages of
the wine production cycle. In achieving sustainable wine production, the environmental
aspects, such as efficient water use, should be considered [1]. Water is a factor that
significantly influences crop yields [2], and it must be applied sustainably and efficiently [3].
This application must be efficient because, according to predictions, global water extraction
will increase by 55% between 2000 and 2050 in a similar scenario to the current one [4]. In
addition, predictions estimate a 20% decrease in precipitation in the Vinhos Verdes region,
according to the IPCC RCP8.5 scenario [5].

To implement a sustainable strategy, it is necessary to expand the knowledge on
crop evapotranspiration to support appropriate irrigation scheduling and management [5].
The estimation of crop evapotranspiration can be obtained with the single or dual crop
coefficient approach (dual Kc) [6] through various field measurements techniques, for
example, remote sensor data [7,8], eddy covariance [9], lysimeter [10,11], and measurements
of soil water content [12,13].

The dual Kc approach estimates the actual crop evapotranspiration (ET act) through
reference evapotranspiration (ET,) and actual crop coefficient (K¢ act). Adopting this dual
Kc approach (Equation (1)), the K¢ ¢t results from the sum of the basal crop coefficients
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(Kgp), correcting through a stress coefficient (Ks) that varies between 0 (maximum stress)
and 1 (no stress), with the soil evaporation (K¢) [6]. Thus, ET. 4t is defined as follows:

ETC act — (Ks X ch + Ke) X ETO = Kc act X ETO (1)

where K represents the stress coefficient, Ky, is the basal crop coefficient, K, is the soil
evaporation coefficient, and ET, represents the reference evapotranspiration (mm d ).

During the active growing season, variations in the density and height of active soil
ground cover are observed in the vineyards of this region. These variations are influenced
by cultural operations aimed at controlling the active soil ground cover’s vegetative
vigor (herbicide application or tillage operations), as well as by climatic factors [14]. The
water consumption of the active soil ground cover is environmentally acceptable when
considering the numerous ecosystem services provided by cover crops in vineyards [15],
such as the prevention of erosion [16], the contribution to carbon (C) sequestration, the
increase in total nitrogen (N) content [17], and the contributions to plant vigor and fruit
quality control [18], as well as pest control [19]. However, water consumption must also be
considered in crop evapotranspiration [9]. In this sense, following the dual Kc approach,
the active soil ground cover represents a part of the evapotranspiration. Therefore, the total
evapotranspiration results from the sum of the transpiration from active soil ground cover
and vineyard with the soil evaporation [20].

The dual Kc approach for computing and partitioning crop evapotranspiration can
be facilitated using index and models applications, such as the Satellite-based NDVI [21],
AquaCrop model [22], and SIMDualKc model [23,24]. The SIMDualKc performs the soil
water balance at the field level, using a daily timestep, based on Equation (2):

Di=D;_1 — (P — RO)i —I - CRH—ETC, i+DP; 2)

where D;_1 is the depletion at the preceding day, P is the precipitation, I is the irrigation,
CR is the capillary rise from a shallow water table, DP is the deep percolation out of the
root zone, ETc,; is the crop evapotranspiration (mm), and RO is the runoff, with all terms
expressed in mm.

This model was validated using data from several permanent crops with active soil
ground cover, namely olives [8,9] and hop [25]. The model was also validated for the
culture of Vitis vinifera, where studies on cv. Albarifio [20] and Godello e Mencia [26], took
into account the effect of active ground cover. In these studies, the SIMDualKc model has
been shown to be appropriate for adopting the dual Kc approach. In addition, to help
computing and partitioning crop evapotranspiration, SIMDualKc has been used to update
dual crop coefficients for many crops [27-31].

The present study aims to provide information on evapotranspiration and crop coeffi-
cients for Vitis vinifera cv. Loureiro in northwest Portugal. The specific objectives of this
paper are: (a) to calibrate and validate the SIMDualKc model using the dual Kc approach,
(b) to provide the K, for each growth stage of the crop, (c) to apply the dual Kc approach to
different irrigation strategies and (d) to verify if cv. Loureiro cultivated without irrigation
(the most practiced in the region) is cultivated under drought stress. The results obtained
in this work aim to support irrigation management programs, improving the use of water
in agriculture.

2. Materials and Methods
2.1. Study Area

The study was carried out in a commercial cv. Loureiro vineyard, located in Ponte de
Lima, in northwest Portugal (41°40'32"N, 8°32'6” W, and 170 m.a.s.1.) during two growing
seasons (2019 and 2020). The vineyard was planted in 2001, with a distance between
rows of 3.0 m and a distance of 2.0 m between vines (1666 plant ha~!). The vineyard
is north-south orientated and trained to a single upward cordon. Drip irrigation was
installed as the irrigation system, with one drip line per row, located at 40 cm above the
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ground and pressure-compensated emitters (4 L h~!) separated by one meter. The climate
is Atlantic, characterized by relatively high annual rainfall (above 1200 mm) and relatively
mild summers [32]. The Képpen-Geiger [33] classification is Csb.

The daily meteorological data (temperature, humidity, wind speed at 2 m height, net
radiation, and precipitation) were collected from the weather station (UNL Ameriflux Site,
Mead NE) located in the field. The ET, was computed with the FAO Penman—Monteith
Equation (3) [6], which, for the computation of daily timesteps, takes the following form:

0408 A(Ry — G)+v ryosUz(ea — €q)

ET, =
© A+y (1 — 0.34Up) ©)

where A represents the slope of the saturation vapor pressure-temperature relationship
at the mean air temperature (kPa °C~!), R, is the net radiation at the crop surface
MJ m~2d~1), G is the soil heat flux density (M] m~2d), y is the psychometric con-
stant (kPa °C~1), T is the mean daily air temperature (°C), U, is the wind speed (m s 1)at
2 m height and (e, — e4) represents the vapor pressure at the reference height of 2 m and
deficit of air (kPa) at 2 m height.

The total rainfall was 1431 and 1590 mm in 2019 and 2020, respectively. In the growing
season, the rainfall was 402 mm and 321 mm for 2019 and 2020, respectively (Figure 1).
The ET, was higher in the summer, reaching 116 mm month—! in May 2019 and 126 mm
month™! in July 2020 (Figure 1). However, its daily variability was high depending on the
net radiation, temperature, and wind speed.
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Figure 1. Daily weather data recorded in the field relative to (a) maximum (Tmax, °C) and minimum (T, °C) temperatures;
(b) minimum relative humidity (RHy,n, %), wind speed at 2 m height (Up, m s~ 1) and (c) precipitation and reference
evapotranspiration (ET,, mm d_l) for the period 2019-2020.
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2.2. Climate and Soil Characterization

The climate directly and indirectly affects crop production and bioclimatic indices can
be used to characterize the climate. Therefore, in this work, we used the Winkler index
(WI), Huglin index (HI), Cool night index (CI), Seljaninov index (SI), and Branas index
(BI), which have already been used by other authors in this region [34]. According to the
climatic characterization shown in Figure 1, the growing seasons were very different with
respect to the temperatures and precipitation values observed. The results of applying
Equations (4) and (5) in 2019 are lower than the results for 2020 (Table 1). Thus, it is possible
to verify that, in general, lower temperatures were observed in 2019. However, according to
Equation (6), the minimum temperature in September 2019 was higher than the minimum
temperature recorded in the same period in 2020 (Table 1). As the precipitation values were
very different (Figure 1), the results of the application indexes that relate temperatures with
precipitation Equations (7) and (8) were also very different in the two years of the study.
Therefore, the results of Equations (7) and (8) obtained for 2019 were different from those
obtained for 2020(Table 1).

Table 1. List of the bioclimatic indices used for this study for both years, their corresponding mathematical definitions, and

sources.
Index and Abbreviation Equation Source Results
2019 2020
Winkler index (WI) B%O(Tavg —10°C) @) [35] 1771 2124
01.04
Huglin index (HI) 5 (Taeg 10+ (Taae10) ) [36] 2847 2937
01.04
Cool night index (CI) Tninaverage (September) (6) [37] 13.22 13.05
Seljaninov index (SI) Y(P/( L((Taog —10°Q)))) (7) [38] 0.27 0.29
Branas index (BI) 312?8 Tang % Prrontt (8) [39] 18,654 11,677
01.04

Tyuix is maximum air temperature (°C), Ty, is minimum air temperature (°C), Tsvg is mean air temperature (°C), k is the length of day
coefficient, and P is precipitation (mm).

The soil was classified as eutric regosol [40], with a sandy loam texture. On average,
the soil contained 70.2% sand, 20.3% silt, and 9.5% clay, with 1.95% organic matter. The total
available soil water (TAW) at a depth of 0.8 m (m) was 100 mm. The TAW was calculated
from the difference between the soil field capacity and the permanent wilting point using
eight soil layers.

The field capacity and wilting point were obtained in the laboratory. To determine
the field capacity, a pressure plate was used to apply a suction of —1/3 of the atmosphere
to the saturated soil samples. With the same samples, a suction of —15 atmospheres was
applied to determine the wilting point [41]. The field capacity and wilting point values
were 0.251 and 0.121 cm3 cm ™3, respectively. Capacitive probes were used to determine the
field capacity value in situ in eight different soil layers up to 0.8 m, which ranged between
0.197 and 0.273 cm® cm 2 for the depths of 0.1 m and 0.8 m, respectively. These values
were used in the SWC simulation.

2.3. Experimental Design: Data Required to Apply SIMDualKc

Three irrigation treatments were considered, full irrigation (defined by the vinegrower;
FI), deficit irrigation (DI), and rainfed (R), which is most practiced in the region. Each
treatment had two replicates (Figure 2a) with four rows; in the two central rows were in-
stalled access probes and the other two rows were used as buffers (Figure 2a). To obtain the
SWC readings, 24 access probe tubes (80 cm depth) were installed in the rows (Figure 2b),
distributed over the treatments (8 access probe tubes per treatment). In 2019, irrigation was
implemented between DOY 142 and DOY 238 to FI treatment when the volumetric soil
moisture content was 90% of field capacity and reached 69.67 mm (10 irrigation events),
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while for the treatment DI was implemented between DOY 204 and DOY 217 when the
volumetric soil moisture content was 70% of field capacity and reached 17.33 mm (two irri-
gation events). In 2020, the irrigation was implemented between DOY 181 and DOY 224,
when the volumetric soil moisture content was 70% of field capacity and reached 94 mm
(10 irrigation events) in FI, whereas the DI reached 32 mm (6 irrigation events), FI in 2020
started later than in 2019 due to problems in the irrigation system.

(a)

Figure 2. Position of the access probe tubes located in full irrigation (), deficit irrigation (), and rain-feed (®) treatments

(a). A schematic view of vines, emitters, and access probe tubes (b).

Based on the successive SWC readings carried out with a capacitive probe (Diviner
2000) after the occurrence of high precipitation, the drainage depletion curve for the soil
was obtained by applying the power regression method, Equation (9), defined by Liu et al.
(2006) [42]:

SWC=axt )

where SWC represents soil water content in mm, a is soil water storage value comprised
between field capacity and saturation of the soil, b represents the velocity of drainage, and ¢
is the time in days. The parameters a and b were defined as 287.05 and —0.056, respectively.
A curve number of 60 was used to calculate the surface runoff [23,43].

Phenological evolution was performed based on the Baggiolini scale [44], which was
later adapted to our FAO standard crop growth stages. Therefore, the day when the vine
reached stage D (leaf emergence) corresponds to the start of the rapid growth stage [6], and
the midseason stage corresponds to the period between phases: I (flowering) and phase M
(veraison).

Crop heights (h) (from the soil) and the fraction of soil shaded by the crop (f.), was
determined through visual observation at solar noon and were observed throughout the
active growing season. The values at the dates of the crop growth stages are presented in
Table 2.



Agronomy 2021, 11, 2062

6 of 16

Table 2. Vineyard crop growth stages, height (h), and fraction of the soil covered by the crop in the vineyard (f).

2019 2020
Crop Growth Stages
Dates H (m) fe Dates H (m) fe
Initiation 21 March 1.0 0.01 1 March 1.0 0.01
Start rapid growth 26 March 1.4 0.05 28 March 1.2 0.05
Start midseason 6 June 2.0 0.30 22 June 2.0 0.30
Start maturity 2 September 2.4 0.40 20 August 2.4 0.40
Harvesting 23 September 24 0.40 9 September 24 0.40

The active ground cover was composed of spontaneous species. In 2019, the density
of the active coverage (performed by observation) varied between 10% and 90%, with
height varied between 0.02 and 0.25 m between the rows and no active coverage in the row
(Table A1, Figure A1). In 2020, the density of active soil cover in the row ranged between
5% and 15%, and the height ranged between 0.05 and 0.10 m. Between the rows, the density
ranged from 20% to 85%, and the height ranged between 0.05 and 0.30 m.

2.4. Model Calibration and Validation

The calibration of the SIMDualKc model [20,43,45] was performed by adjusting the
crop parameters, basal crop coefficient initial (K¢, 11 1ni), basal crop coefficient midsea-
son (K, fu11 mid), basal crop coefficient end (K fu11 end), and p depletion fractions, the soil
evaporation parameters, depth of the evaporable layer (Z.), total evaporable water (TEW)
readily evaporable water (REW), and the local conditions of the cv. Loureiro by minimiz-
ing the residual deviations between the simulated and observed soil water content [26].
The calibration was performed by minimizing the differences between the observed and
simulated SWC values in the treatment R for the year 2019. The validation used previously
calibrated parameters in other treatments during 2019 and 2020. After calibration, the
values of K geovers Keb crops Keb (geover+crop) act (basal crop and active ground cover coef-
ficient adjusted to climate and actual conditions), and Ke could be determined to study
the influence of active ground cover and vineyard, in transpiration and soil evaporation
processes.

The procedures to assess the goodness-of-fit of the model were similar to those adopted
in previous studies [20,43,45]. Linear regression was performed between the observed
and simulated SWC values forced to the origin. A set of goodness-of-fit indicators was
used to assess model fitting during the calibration and to evaluate the validation results.
The indicators used were the regression coefficient (b), determination coefficient (r?), root
mean square error (RMSE, mm) Equation (10), normalized RMSE (NRMSE, %), average
relative error (ARE, %) Equation (11), percent bias of estimation (PBIAS, %) Equation (12),
modeling efficiency (EF, dimensionless) Equation (13), average absolute error (AAE, mm)
Equation (14) and index of agreement (djs, dimensionless) Equation (15) between the
observed and model-predicted values, respectively (O; and P; (i=1, 2, ..., n)).

n A 2 0.5
RMSE — [Zi -1 (Pr11 Oi) ] (10)
n o — .
ARE = 100 ) OIO. i (11)
i=1 i
o 2i=1(0i = Py)
PBIAS = 100 (oY (12)
n . 2
EF=1.0— L (0= Pi)” (13)

i o1(0s - 6)2
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AAE = (14)

1 n
- Y |O; — P
n=

N (P —0p)
7, (I[P — O] +]0; — O])*

dIA =1.0— (15)

3. Results

The standard and calibrated crop parameters (K full ini, Kb full mid, and K full end-
p) are presented in Table 3 [6,29]. K, g1 ini Was slightly higher than the standard values,
while in the case of K, £yl mid @and cp end, the values were similar to those proposed by the
authors of [29]. In addition, there was a higher mean p-value than the reference.

Table 3. Standard and calibrated model parameters.

Parameters Standard Source Calibrated
Kb full ini (dimensionless) 0.20 0.33
Kb full mid (dimensionless) 0.80 [29] 0.684
Keb full eng (dimensionless) 0.60 0.54
P ini (dimensionless) 0.45 0.45
P mid (dimensionless) 0.45 [6] 0.54
P end (dimensionless) 0.45 0.45

K, = basal crop coefficients, p = depletion fraction.

The variations of the different coefficients Ke, K¢ 11, and Ke act are shown in Figure 3,
along with the values of precipitation and irrigations. In Figure 3, for each treatment, the
stress level (Kg) varied between 0 (maximum stress) and 1 (no stress). In the R and DI

treatments, values lower than 1 were obtained in both seasons.

1 512
S 50 s s0
% g ¥ o1 g
2 40 2 w0 E
& % g o8 =t
< 30 § J £
o 0 ‘ g io.e 30 5
e ¢ E £
0. 10 & 502 10
< <
0 0 0
= Precipitation Keb full Ks Ke Keact a.1) = Precipitation Kb full Ks Ke Keact b.1)
60 _ 60
512 E g2 g
S ) s0 £ S 50 E
o > € 2o al =
o \ N S = S
g | 20 £ £ | w0 £
o8 \ fl \F\[/ | 5 508 \/\/J I ﬂ MN\/\/\/ /\A \’\/\N\/ &
¢ P Wal ) L i W ; ‘ £
Zos | | \ A_/’/ 30 E %06 ‘ T\ * £
M ‘ < |\ A= g" , \ /o El
=04 | | | \\ [ H\ 20 & 04 \J \\ A .\“ [\ 20 &
2 \ | £ Ehe A | g
3 | | | i\ EE » | E
S 02 \J ‘ \/ \ \ | [ | I 10 g 802 | V n | 10 £
g s ¢ I\ [\ 5
< ‘ ‘ | I I J_A\ J !’K | | z < ‘ ‘ 2
. it W LN i A I, & o L Ll Ny Ju LYY = e o B
REB5ELILRNAREUAAERERRAGERLERRAARERANRRE £ SSNREESRZSNSNARAESRSSERESSEAESNARARAR &
DOY DOY
b.2
— Precipitation WS Irrigation Keb full Ks Ke Keact a.2) — Precipitation N Irrigation Keb full Ks Ke Keact )
60 60 .
5 12 E g 12 g
& s0 £ bt 50 E
20 g 2 ] 5
= S
el w0 £ E il w0 £
o8 g 508 \/\/J N A pq fA A
‘3 M kg g | \ N A o
M 0 ‘ W £ M 30 E
g 06 “ | /\ d 30 = Q 0.6 V\ \\ ‘A\‘ | ‘\ W\ .E
=04 Q ‘\ ‘\ \ “ \ 20 E =04 V ‘\ "f ‘\‘ / \ 20
) [ |
= I -2 a \ 10 £
£ 02 \J \/ [ \ \ 10 % S 02 I\V | E
. A ¥ | ‘ o B
M o ‘ \/\/r[’\,{'l\J L1 . \ \/‘ w" “ o E 0 I | \‘ L 1l L1 T ! | 0 B
gg"R$§§§E§§§E§§§E§§EE§§§§§§EEEEE§§§55§§ £ EERRE SIS 88585558 8R8E858588558888588 £
DOY
W Precipitation WSS Irrigation Keb full Ks Ke Keact a.3) [ Precipitation WSS Irrigation Keb full Ks Ke Keact b.3)
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(a) year 2019, (b) year 2020; (1) rainfed (R), (2), deficit irrigation (DI), (3) full irrigation (FI).
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The total evaporable water (TEW) used was 17 mm, while the readily evaporable
water (REW) used was 10 mm, and the depth of the soil evaporation layer (Z¢) was 0.1 m.

The effect of ground cover variations (Table A1) in K¢ gcover Was negligible and limited
to values 0.15-0.27 for both seasons (Table 4). Annual climate conditions modify the K, crop,
mainly during midseason and end season, with higher values in 2019 than in 2020. In the
case of Kup, (geover+crop) act and Ke, similar values were achieved during initial and rapid
growth growing seasons for both study years (2019 and 2020). To K, (gcover+crop) act, higher
values were determined to FI, with respect to DI, where R treatment showed lower values,
to mid and end season. The average K, values to R treatment were lower than DI and FI
treatments during midseason, with slight differences during the end season. The values of
Ke during the crop growing stages are directly proportional to SWC.

Table 4. Average values of crop coefficients (-) and precipitation (mm) for different crop growth stages.

2019
Crop Growth Stages Kb (gcover+crop) act Ke
Dates Keb geover Kep crop R DI FI R DI FI Prec. (mm)
Initial 21 May/25 May 0.26 0.00 026 026 026 093 093 093 0
Rapid growth 26 May/5 June 0.24 0.13 037 037 037 040 040 042 238
Midseason 6 June/1 September 0.27 0.21 045 047 048 022 023 027 131
End season 2 September/23 September 0.15 0.27 025 031 042 010 0.10 0.10 25
2020
Ko (gcover+crop) act Ke
Dates K geover K crop R DI FI R DI FI Prec. (mm)
Initial 1 Mar/27 May 0.27 0.00 027 027 027 083 083 0.83 122
Rapid growth 28 May/21 June 0.25 0.09 033 033 033 052 052 052 206
Midseason 22 June/19 August 0.20 0.15 027 032 035 004 008 0.10 28
End season 20 August/9 September 0.17 0.22 021 030 039 019 020 021 0
Average 2019-2020 0.23 0.13 030 038 040 040 041 042 375.1

Keb geover = basal crop coefficient of ground cover, K¢ crop = basal crop coefficient of vineyard, Kep, (geover+crop) act = actual basal crop coefficient,
Ke = soil evaporation coefficient, Prec. = precipitation (mm). R = rainfed, DI = deficit irrigation, and FI = full irrigation treatments.

The results of the observed and simulated SWC values in R 2019, as well as the
validation data, can be seen in Figure 4.

In Figure 4, the RAW value was 45 mm at the initial stage, however as the crop
approached the midseason, this value increased progressively until reaching 54 mm,
remaining stable until the moment of the beginning of maturation, then, it decreased again
to 45 mm at the final stage.

The results of the set of goodness-of-fit indicators used to assess model fitting during
calibration and to evaluate the validation results are presented in Table 5. In Table 5,
the column of the underlined values refers to the calibration performed for the R-2019
treatment, as well as the validations for the other treatments. The b and r? values resulting
from a forced regression to the origin can be observed, and the values of the indicators
EF, RMSE, NRMSE (%), PBIAS (%), dIA, and AAE were obtained from the package of
equations presented above (Equations (10)—(15)). The results for the regression coefficient
b varied from 0.99 to 1.00, reaching close to 1.0, indicating that predicted and observed
values were statistically similar for all crop seasons. The r? values ranged from 0.92 to
0.98, indicating that most of the total variance of the observed values was explained by the
model. The RMSE values are quite low, ranging from 2.87 to 3.81 mm, indicating that the
errors of estimation were small, representing values lower than 3.9% of the TAW. These
values, combined with the low NRMSE (ranging from 1.78 to 2.46), indicate low residual
errors. The AAE values were also quite small, ranging between 2.21 and 2.99 mm. The
PBIAS were very low, indicating a slight underestimation bias in the calibration treatment
(PBIAS = 0.57) and a moderate (PBIAS = 1.28) overestimation bias in DI treatment in 2019.
Thus, the model did not show a trend for under or overestimation bias.
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Figure 4. Simulated ( === vs. observed () average available soil water content (SWC) relative to the: (a) year 2019,
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Table 5. Goodness-of-fit indicators relative to the SIMDualKc model calibration and validations for the different treatments

in the 2019 and 2020 growing seasons.

Year 2019 2020
Treatment R DI FI R DI FI

Linear resression b 0.99 0.99 0.99 1.00 0.99 1.00

& 2 0.97 0.96 0.92 0.99 0.98 0.93

EF 0.96 0.92 0.93 0.98 0.97 0.93

RMSE (mm) 2.89 3.67 3.81 2.87 312 3.48

Good it indi NRMSE (%) 2.02 2.46 1.96 2,01 2.05 1.78
oodness-of-fit indicators PBIAS (%) 0.57 1.28 0.79 —0.34 091 0.13
dia 0.99 0.98 0.98 1.00 0.99 0.98

AAE (mm) 226 292 266 221 2.69 2.9

R: rainfed; DI: deficit irrigation;

FI: full irrigation; b: regression coefficient, r2: determination coefficient, EF: modeling efficiency; RMSE: root

mean square error, NRMSE (%): normalized RMSE of total available water, PBIAS (%): percent bias of estimation; dIA: index of agreement;
AAE: average absolute error (mm). Underlined data refer to calibration.

4. Discussion

The values obtained in this study for the HI index were higher than those observed in
a study carried out with Vitis vinifera cv. Albarifio in Rias Baixas (HI average of 1955.6 °C),
Spain [46] (northwest Iberian Peninsula). This result indicates that in this region, the
temperatures recorded were globally higher; this can be an indicator that distinguishe
the regions. Regarding the CI index, it is possible to observe that the average minimum
temperatures in September were higher in the Rias Baixas region (average of 14.7 °C) [46].
The Winkler (WI) and Huglin (HI) indices show that temperatures were lower in the year
2019 (Table 1). Associated with these lower temperatures, there was also a slightly lower
annual precipitation value, and therefore, the values obtained with the application of the
Seljaninov (SI) and Branas (BI) indices were very different in the two years, obtaining in
2019 a higher SI and a lower BI (Table 1). These indexes can explain the differences obtained
in K¢ act- As can be observed in Figure 3, the curve of K¢ 4t in strategy R in 2020 (warmest
year) generally presents lower values when compared to the same strategy in 2019. The
result of SI and BI also explains the lower SWC values in strategy R in 2020 when compared
to Rin 2019 (Table 1) as well as longer stress periods (Figure 4).

Regarding the standard values, the initial and midseason differences can be compared
with the calibrated values. In addition to these differences in the cultural coefficients,
the best fit was obtained with equal p depletion fractions, except in midseason. During
the midseason, a higher value of p depletion fraction was used, which means that the
midseason culture of Vitis vinifera cv. Loureiro is less tolerant to water stress than mentioned
by the authors of [6] for the generality of Vitis vinifera cultivars.

Through Figure 3, it is possible to find moments in the R vineyards (Figure 3(al,bl)),
that were subject to long periods of water stress (Ks < 1); however, in DI vineyards
(Figure 3(a2,b2)), the stress periods are lower and have also shorter duration due to the
irrigations adding up to compensate water shortages. In FI vineyards, in both years
(Figure 3(a3,b3)) there were no moments of water stress. Moreover, in Figure 3, it is possi-
ble to find moments, (especially at the initial growth stages) when the K, values are very
similar to K¢ act, close to 1.2. This fact is observed due to the high rainfall that occurred
during these periods (Table 4) as well as the existence of low or no density and height of
the soil cover vegetation. Similar trends in Ke and K. values were observed by the authors
of [26], to ‘Godello” and ‘Mencia’ cultivars in Galicia, NW Spain.

Through the analysis of the results for the two seasons and three treatments (Table 4),
Keb geover and Kp, crop, during the mid and end seasons, were limited to their potential
values due to long periods of water stress, mainly in R and DI treatments. Ko, (gcover-+crop) act
during the initial stage (0.26), were lower than previous values reported by the authors
of [20,47] (=0.60). During the midseason, the values obtained for the K, (gcover+crop) act
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(0.42) were lower than those presented by the authors of [20], which collected values of
0.65 in this period. This aspect is related to the vineyard management of the Albarifio,
conducted in a semi-trellised system, compared to the trellis system of the Loureiro in our
study. On the contrary, in the end season, slightly higher mean values of Ky, (gcover+crop) act
are obtained for the FI treatment (0.41), being similar for the DI treatment (0.30) compared
to the mean value obtained by Fandifio et al. [20] (K¢, (geover+crop) act = 0-30). The higher
values in FI treatment are due to a greater vegetative development of the vineyard during
end season, where a K, crop Was obtained (0.25), compared to the lower value, obtained
by Fandifio et al. [20], with an average value of 0.14, but similar to the work of [26] with
Kb vine end 0f 0.22, to ‘Godello” and "‘Mencia’ cultivars in Galicia, NW Spain.

In relation to basal crop coefficients, similar values of K¢ crop (0.18) during the midsea-
son were obtained by Yunusa et al. [47] (0.17) to ‘Sultana’ vineyard with a 40% of ground
cover in Australia. Other authors reported higher values for K, ;4 in wine grapes: the
authors of [26] report Ko, vine mid = 0.25, the work of [48] reports K, mig around 0.50. How-
ever, Ko crop end 18 much smaller than values reported by the authors of [48] in a ‘Riesling’
vineyard in the New York State, USA, who found K, crop end Values of 0.55.

In Figure 4, a suitable approximation between the simulated and measured SWC
values can be observed, indicating that the model can predict the SWC values throughout
the vineyard season using the various irrigation strategies. The values obtained by the
capacitive probe demonstrate the existence of a very low error, so we can conclude that the
amount of water in the soil did not vary significantly between repetitions. The K, fu11 ini
(0.33) calibrated value was slightly higher to the initial period than values obtained by the
authors of [20] (0.30) and relative higher to FAO-56 [6] standard values (0.20). This value is
higher depending on the rainfall and active ground cover conditions. To the midseason,
Keb full mid value (0.684) was lower than values obtained by the authors of [20] (1.15) and [26]
(0.75), mainly due to active ground cover conditions and crop development. Similarly,
to end season, lower values were obtained to K, fy11 end (0.54) when compared with [20]
(0.90) and [26] (0.60). Final report values to K, fu1 were near to ‘Godello” and ‘Mencia’
cultivars values, with similar trellis management, so that the vineyard management (trellis
and active ground cover) is presented as a key factor to select the correct crop coefficients
when not available to use, instead of standard values of FAO-56 [6].

The indicators obtained from the forced regression to the origin show a suitable
agreement between the observed and the simulated data. The other indicators (EF, RMSE,
NRMSE, PBIAS, dja, and AAE) demonstrate that, after a previous calibration, the model
can efficiently predict the SWC throughout the crop cycle using the various irrigation
strategies. The b and r? values in the present work are better than those reported by the
authors of [26], who obtained b values between 0.92 and 1.04, and r? values between 0.87
and 0.97 for grapevine with active ground cover. The efficiency of the model (EF) in the
present study ranged between 0.92 and 0.97, whereas the authors of [26] obtained slightly
lower values between 0.77 and 0.96. The results obtained in this work are similar to those
obtained with other methodologies, for example, with the results obtained by the authors
of [11], who also studied vine culture. However, the accuracy of the double model approach
was verified using lysimeters and with the results obtained for the cultivation of Arbequina
olive [9].

Considering the totality of the indicators calculated to assess the robustness of the
model, it is possible to verify that, whatever the irrigation strategy (R, DI, or FI) or year of
cultivation (2019 or 2020), the values obtained by these indicators indicate a suitable fit of
the model.

5. Conclusions

Considering the specific parameters of the study field (soil, climate, crop, and irriga-
tion), the calibration and validation of the SIMDualKc model were successfully performed
for Vitis vinifera cv. Loureiro. In the 2 years of the field studies, 2019 and 2020, a goodness
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of fit was obtained between the SWC values observed with a capacitive probe and those
simulated with the SIMDualKc model.

After making the necessary adjustments to the standard values [6], we obtained a
suitable approximation between the real and simulated values. We conclude that the
application of the dual approach with the SIMDualKc model is possible because, as other
authors have noted, the model can correctly predict the SWC.

These values enable the determination of the SWC in future growth seasons, facilitat-
ing irrigation management by allowing farmers to adapt their management practices to
achieve the levels of water stress that they want for their vineyard.

The use of calibrated parameters for cv. Loureiro allows farmers to efficiently use
water. However, it is still necessary to carry out studies in the future to determine the vine
response to the different levels of water stress generated in each irrigation treatment.

To facilitate the application of this calibration, it is recommended to round the values
of Kp full inir Keb full mid, and Kep 11 end to 0.35, 0.70, and 0.55, respectively.

Author Contributions: Conceptualization, M.I.V. and ].J.C.; methodology, S.P.S. and ].J.C.; software,
S.PS.and ].J.C,; validation, S.P.S., S.M., and M.L.V.; formal analysis, S.P.S. and M.L.V.; investigation,
S.PS. and M.LV,; data curation, S.P.S., M.I.V,, and C.A.-P,; writing—original draft preparation, S.P.S.;
writing—review and editing, J.J.C. and M.L.V. All authors have read and agreed to the published
version of the manuscript.

Funding: The APC was funded by Conselleria de Cultura, Educaciéon e Universidade, Xunta de
Galicia (Grupos de Referencia Competitiva ED431C-2021-27).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: This work is a result of the project TECH—Technology, Environment, Creativity
and Health, Norte-01-0145-FEDER-000043, supported by Norte Portugal Regional Operational Pro-
gram (NORTE 2020), under the PORTUGAL 2020 Partnership Agreement, through the European
Regional Development Fund (ERDF). UIDB/05937/2020 and UIDP /05937 /2020—Centre for Re-
search and Development in Agrifood Systems and Sustainability—funded by national funds, through
FCT—Fundagao para a Ciéncia e a Tecnologia.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

In order to complement our manuscript, in relation to the state of the active ground
cover, in the row and inter-row of the study vineyard, Table A1 is incorporated below.

Moreover, Figure A1 shows the evolution of density and height of active ground cover
in the inter-row. The information was introduced in the SIMDualKc model to calibrate
and validate the parameters required and used in the Results and Discussion sections of
the manuscript. The percentages in crop row and in inter-row fraction with cover at peak
canopy were from 0% to 55% for 2019 and 10% to 50% for 2020, respectively.
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Table Al. Density and height of the green active ground cover for the 2 experimental seasons (2019-2020). Row and
inter-row data.

Year DOY CC_dens_Row CC_dens_InterRow CC_Height_Row (m) CC_Height_intRow (m)
80 0 0.50 0 0.05
91 0 0.50 0 0.08

106 0 0.80 0 0.11
109 0 0.90 0 0.18
112 0 0.90 0 0.15
127 0 0.90 0 0.20
133 0 0.10 0 0.02
142 0 0.80 0 0.20
148 0 0.40 0 0.10
154 0 0.40 0 0.20
2019 162 0 0.10 0 0.10
166 0 0.70 0 0.15
178 0 0.90 0 0.15
186 0 0.90 0 0.25
193 0 0.40 0 0.08
200 0 0.50 0 0.12
207 0 0.70 0 0.15
214 0 0.70 0 0.15
235 0 0.90 0 0.25
248 0 0.10 0 0.05
266 0 0.10 0 0.05
61 0.05 0.80 0.1 0.25
75 0.05 0.80 0.10 0.30
132 0.05 0.80 0.05 0.10
137 0.05 0.20 0.05 0.05
143 0.05 0.50 0.05 0.10
156 0.10 0.75 0.05 0.15
170 0.15 0.85 0.05 0.20
2020 184 0.5 050 0.05 0.10
198 0.15 0.65 0.05 0.15
206 0.15 0.85 0.05 0.25
219 0.10 0.40 0.05 0.10
233 0.05 0.20 0.05 0.10
241 0.05 0.40 0.05 0.10
253 0.05 0.40 0.05 0.10

CC_dens_Row: density of active ground cover in the row; CC_dens_InterRow: density of active ground cover in the inter-row;
CC_Height_Row: height of the active ground cover in the row (m); CC_Height_intRow: height of the active ground cover in the
row (m); DOY represents the day of the year.
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ABSTRACT

Water productivity (WP) measurement determines the efficiency of water use by assessing the ratio of the crop
yield to the amount of water used in production. The objective of this study was to identify the optimal irrigation
treatment for Vitis vinifera L. cv. Alvarinho with ground cover in Northern Portugal, with a focus on water
productivity. Two irrigation treatments (full irrigation—FI; deficit irrigation—DI) and a control (rainfed—R)
were considered. The FI strategy represented the standard irrigation carried out by the vinegrower, based on the
water availability and their experience. The cover crop was a variable factor, evaluated in terms of both height
and density, both within the crop row and between the rows. In each of the treatments, the available soil water
content (ASW) was measured in eight locations in the field throughout the growing season using a capacitive
probe (Diviner 2000) previously calibrated. These measurements were used to calibrate the SIMDualKc model,
which employed the dual crop coefficient approach. The successful calibration of the model, carried out with
treatment R in 2018, was evidenced by the strong correlation between the ASW measured through the capacitive
probe and that simulated by SIMDualKc (b=0.988 and r2=0.995). After the model’s calibration, the separation
between the transpiration and evaporation components was determined. The maximum transpiration during the
growing season was observed in the full irrigation treatment. In this context, the study proceeded to apply the
soil water balance components and transpiration generated by the model in the calculation of the WP. The fruit
yield productivity was determined by accounting for the total water use in the growing season. The total water
used was calculated by combining the volumes of water applied for irrigation and precipitation and the soil water
extracted during the growing season by crops and cover crops. The deficit irrigation strategy showed the best
performance in both years, with WP values of 3.31 and 1.81 kg m™° for the years 2018 and 2019, respectively.
Therefore, the study concluded that deficit irrigation proved to be the most effective irrigation strategy in terms
of water productivity and crop water use efficiency (WUE,).

1. Introduction

resource, it is imperative to foster sustainability in water use across all
sectors, with a particular emphasis on agriculture (Brown et al., 2011;

Water plays a crucial role in agricultural production as a valuable
resource, with this sector accounting for the majority of water with-
drawals, representing approximately 70 % of the total worldwide water
consumption. However, given the challenges posed by climate change,
there is an inevitable need to curtail this consumption through the
implementation of efficient water management practices (Fischer et al.,
2007; Bwambale et al., 2022). To safeguard the future of this essential

* Corresponding author.
E-mail address: javierjose.cancela@usc.es (J.J. Cancela).
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FAO and WWC, 2015). Precision irrigation can improve the sustain-
ability of water usage by employing equipment and sensors such as soil
water sensors (Beya-Marshall et al., 2022), pressure chambers (Lakso
et al., 2022), meteorological weather stations (Djaman et al., 2018) and
drones (Aratijo-Paredes et al., 2022). These technologies enable the
collection of crucial data for irrigation decision-making, including the
soil water content, leaf water potential, evapotranspiration and
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normalized vegetation index. This approach significantly reduces water
wastage and improves the overall efficiency (Acevedo-Opazo et al., 2010
and Gonzalez Perea et al., 2018). Precision irrigation is becoming crucial
to address climate change. Although certain aspects of climate change,
such as increased precipitation, may offer localized benefits, there are
also adverse impacts, including reduced water availability and more
frequent extreme weather events (Alcamo et al., 2007; Iglesias and
Garrote, 2015). Given that climate change is recognized as one of the
most significant environmental challenges of this century (KPMG In-
ternational, 2012), there is a need to evaluate the impact and efficiency
of water use in the agricultural sector (Civit et al., 2018; Chen et al.,
2023; Fatichi et al., 2023).

To evaluate the water efficiency in agriculture, the water produc-
tivity (WP) and crop water use efficiency (WUE,) methods are frequently
employed (Junquera et al., 2012; Trout and DeJonge, 2017; Fatichi
et al., 2023). The WP is expressed as the ratio between the yield and the
water used or between the value of the product and the water used. The
optimal WP outcome is attained by reducing the water consumption per
unit of grape production, provided that it does not compromise other
factors, such as quality (Rodrigues and Pereira, 2009; Pereira et al.,
2020a; Fernandez, 2023). The WP has been employed as a tool for water
management in various crops, including wheat, maize and potatoes
(Zhang et al., 2021), apples (Zhou et al., 2023) and olives (Fernandez
et al., 2020) and in the Atlantic viticulture (Buesa et al., 2017; Soltekin
etal., 2020). In addition, the crop density and training system have been
reported as factors influencing the WP, as well as crop evapotranspira-
tion, in various crops, such as apple (Jiang and He, 2021) and grapevine
(Yuste et al., 2004; Prieto et al., 2020). Several studies suggest that the
application of deficit irrigation strategies has a positive impact on water
productivity and can also improve the quality of grapes (Shellie, 2014;
Phogat et al., 2017; Ma et al., 2023).

To ensure efficient water use, a comprehensive understanding of the
actual crop water requirements, including the crop evapotranspiration
during the crop season, is crucial (Allen et al., 1998; Fatichi et al., 2023).
As mentioned by Fernandez (2023), the terms crop water use efficiency
(WUE_,) and water productivity (WP) are often confused; for this reason,
the correct definition of a numerator and denominator is required
(Pereira et al., 2020). To calculate the WUE,, the numerator should
contain the actual crop evapotranspiration and the denominator should
contain the sum of the irrigation applied and the total precipitation
during the season.

The actual crop evapotranspiration can be obtained using the dual
crop coefficient approach (Allen et al., 1998). This approach has already
been applied to several crops (Rosa et al., 2012a; Rallo et al., 2021; Silva
et al., 2021). The actual crop evapotranspiration (ET. act) is determined
using Eq. (1), which incorporates the actual crop coefficient (K¢p act)
(Allen et al., 1998; Pereira et al., 2021a).

ETC act — (Kchb + Ke)ETo = Kc act X ETO (1)

where ET, o represents the actual crop evapotranspiration; K, repre-
sents the water stress coefficient, ranging between 0 and 1.0; K, rep-
resents the basal crop coefficient; K, is the soil evaporation coefficient;
ET, represents the reference evapotranspiration; and K. o is the actual
crop coefficient.

The total evapotranspiration is determined via the water re-
quirements for crop growth (Kep crop), the establishment of ground cover
vegetation (Kcp geover) and soil evaporation (Allen and Pereira, 2009;
Fandino et al., 2012). In the ‘Vinhos Verdes’ region, ground cover
vegetation (GCV) persists throughout the entire season, with variations
in height and density during the growing season, leading to variations in
the cover crop coefficient (Kep geover) (Afonso et al., 2003; Silva et al.,
2021). Active ground cover requires water but is sustainable if the many
ecosystem services provided by the cover crops in the vineyards are
taken into account (Garcia et al., 2018).

In order to accurately include all indicators involved in the growing
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process and obtain the soil water balance, numerous studies have used
models such as the SIMDualKc model (Rosa et al., 2012b; Pereira et al.,
2020a), SALTMED model (Ragab, 2002; El-Sadek, 2014) and AquaCrop
model (Gonzalez Perea et al., 2018; Er-Raki et al., 2021). These software
programs were considered accurate and precise in their inclusion of
multifactorial factors, including all variables related to the soil, plant,
climate, irrigation and soil cover. The SimDualKc model incorporates
information on the soil, climate, crops and cover crops both within and
between vine rows. The model outputs several variables that can be used
to derive indicators, including the total growing season water use, actual
crop evapotranspiration and total transpiration (Rosa et al., 2012b;
Pereira et al., 2020a), allowing the accurate calculation of the water
productivity (WP) and crop water use efficiency (WUE,).

The aim of this study is to give an insight into the water productivity
of Vitis vinifera cv. Alvarinho, trained in a vertical shoot system with a
low density, in Northwestern Portugal. To achieve this, the study im-
plements the dual Kc approach using the SIMDualKe model, applying
this approach to different irrigation strategies, to verify an increase in
water productivity and water use efficiency in cv. Alvarinho. The pur-
pose of this research is to support irrigation management programs that
improve the water use efficiency in agriculture, with a specific emphasis
on vineyards.

2. Materials and methods
2.1. Study area

The study was carried out over two growing seasons (2018 and 2019)
in a commercial cv. Alvarinho vineyard located in Moncao, North-
western Portugal (42°04°39.3"N 8°21°31.0"W and 175 m.a.s.l.). The
vineyard, which totalled 1.9 ha, was planted in 2009 with row spacing
of 3.0 m and vine spacing of 3.0 m (1111 plants ha™}). It was trained in a
north—south orientation, with a 31.5 ° slope to the west, using a vertical
shoot system (Fig. C.1). The irrigation system utilized drip irrigation,
with a surface drip line in vineyard rows at 0.40 m above the soil and
pressure-compensated emitters (4 L h™1) at intervals of 1 m (Fig. D.1).
In May 2018, a field experiment was conducted to evaluate the irrigation
performance, obtaining distribution uniformity (DU) of 91 % (Merriam
and Keller, 1978). For the detailed definitions of all parameters, please
refer to Appendix A.

2.1.1. Climate and meteorological description

The climate of the study area was classified as Atlantic, with rela-
tively mild summers and annual rainfall above 1200 mm (Fraga et al.,
2014). The Koppen-Geiger classification for the area was Csb (Kottek
et al., 2006).

The weather station located in the field (UNL Ameriflux Site, Mead
NE) collected daily meteorological data, including the temperature (°C),
humidity (%), wind speed at 2 m height (m s’l), shortwave radiation
MJm~2d™) and precipitation (mm). The reference evapotranspira-
tion (ET,) was calculated using the FAO Penman-Monteith equation
(Allen et al., 1998) (Eq. (2)). Throughout the growing season, in 2018,
the ET,, ranged between 1.1 (DOY 96) and 8.1 (DOY169) mm day’l; in
2019, it ranged between 1.5 (DOY94) and 7.0 (DOY151) mm day’1
(Fig. 1). The daily variability was high, depending on factors such as the
net radiation, temperature and wind speed.

gr. _ 0408AR, —G) +y opsUa(es — €a) @
o A +7 (1-0.34U,)

where A represents the slope of the saturation vapor pressur-
e-temperature relationship at the mean air temperature (kPa °C™1), Rn
is the net radiation at the crop surface (MJ m—2 d’l), G is the soil heat
flux density (MJ m 2 d’l), y is the psychometric constant (kPa c’C’l), T
is the mean daily air temperature (°C), U, is the wind speed (m s at
2 m height and (e;— e,) represents the vapor pressure at 2 m (kPa) (es is



S.P. Silva et al.

Agricultural Water Management 303 (2024) 109027

~8 60 E

| N
6

= 40 =

9]
g 4 E
= 20 =
o2 2
5 bt b L) | ! 3
m o ALl ol Al . D, L b bl M WL | L 11— Ml" | TR [ 0 3

O NIV TNA O NIV TOAN O RNV 0OWMFT NN —O N0V T o0l — Q‘:
— NN TV O-T0ORNOOOO AN T VOO AN T VOIS0V AN O
A e R B B B B e B AN A AN AN AN NN NN ononon
DOY (A)
mmmm Precipitation —— ET,

_
~8 60 &
| —
= 6
£ 40 5
g 4 2
2 20 £
5 [ Lol | | g
o [ | i [ | L1 I 1 O 1 O PS5

— oA XI-TOOWVM TN O NI TOAN O NXX-IOWV TN —~O N0 WV T 0l — a:
— NN TN O RNOOO AN NTVNOT-T0ONDNOD VAN T VOIS0 — Al on <t »n O
Al B B B B B B BB o B o\ B e\ BN e B o B e B e Bie Bie Bie Bie Biea NN ool c o NN e o NN e o NN o o Wk o}
DOY
mmmm Precipitation —— ET (B)
o

Fig. 1. Precipitation (mm) and reference evapotranspiration (ET,, mm d™1) for 2018 (A) and 2019 (B). The vertical bars represent the beginning ( |) and end (|) of

the growing season.

saturated and e, is the actual vapor pressure).

In 2018 and 2019, the total rainfall was 1126 and 1231 mm,
respectively. The growing season lasted from DOY95 to DOY260 in 2018
and from DOY84 to DOY259 in 2019. Within the growing season, the
rainfall amount was 228 mm and 332 mm for 2018 and 2019, respec-
tively (Fig. 1). The average temperature in 2018 was 19.1 °C, while, in
2019, it was 18.4 °C.

2.1.2. Soil and active ground cover characterization

The soil texture was sandy loam, composed of 67.2 % sand, 16.4 %
silt and 16.4 % clay, with 1.74 % organic matter. The total available
water (TAW) was calculated using Eq. (3) and was in agreement with
that reported for other similar soil and cultivars (Cancela et al., 2016;
Silva et al., 2021). The TAW result was 112.8 mm considering a depth
root (Z;) of 0.8 m, similar to that stated by Silva et al. (2021) for
grapevines. Nine undisturbed soil samples of 100 cm® were collected
from three sites at depths of 0-20 cm, 20-50 cm and 50-80 cm, to
determine the soil water retention characteristics. In the laboratory, the
field capacity was determined by using a pressure plate to apply suction
of —33 kPa to the saturated soil samples. The wilting point was obtained
using the same samples, with suction of —1500 kPa (Evett et al., 2019).
The average field capacity (FC) of the samples was 0.281 cm® cm ™3, and
the average wilting point (WP) was 0.140 cm® em ™3, up to a depth of
0.8 m.

TAW = 1000 * Z,(FC — WP) 3)
where Z; is the depth root, FC is the field capacity and WP is the wilting
point.

The active ground cover, consisting of spontaneous species with most
plants belonging to the Poaceae family, was photographed during the
growing season with a digital camera (Canon EOS 77D, JP) and subse-
quently characterized in terms of height and density. Eight observations
in 2018 and thirteen observations in 2019 were used to characterize the
cover crop at different growth stages (Appendix B). The density of the
vegetation varied over time due to mowing, ranging from 50 % to 95 %
within rows and 10-90 % between rows. The height of the ground cover
crop also varied, measuring between 0.05 m and 0.2 m within rows and
0.03 m and 0.18 m between them.

2.2. Experimental design

Two irrigation strategies and a control were implemented in the
study. The full irrigation (FI) treatment represented the irrigation
applied by the vinegrower, which was dependent on the water avail-
ability and the vinegrower’s experience. The deficit irrigation (DI)
treatment was designed to provide half the volume of the FI treatment.
The control treatment was rainfed (R), the most common method
practiced in the region. Each treatment comprised two replicates with
four vineyard rows each. Access probes were installed in the two central
rows, while the other two rows served as buffers (Fig. D.1). To ensure a
homogeneous test area, the apparent electrical conductivity of the soil
(EC,) was assessed (Miras-Avalos et al., 2020). Data were collected on 5
April 2018 at 1419 points using an EM38 instrument (Geonics Ltd., CA),
a field computer and a GPS RTK for georeferencing. The EM38 in-
strument’s transmitter-receiver coils were oriented parallel to the Earth
in vertical dipole, an effective mode for deeper investigation (1.50 m)
(Nadler, 1982). The ECa, calculated with the actual soil temperature,
was adjusted to 25 °C using the soil temperature measured every
5 minutes at a depth of 0.25 m with four temperature probes (Fig. C.1).

The available soil water content (ASW, mm) data were obtained by
converting the soil moisture values obtained with a capacitive probe,
previously calibrated following the instructions provided in the manu-
facturer’s manual (Diviner 2000, Sentek, AU). Twenty-four access probe
tubes were installed only in the rows, because this was the location
where the vineyard extracted the majority of the water (Fandino et al.,
2012; Pagay, 2022), at eight soil depths every 10 cm and up to 80 cm
(Silva et al., 2021), distributed across the treatments (eight access probe
tubes per treatment). The access probes were installed one meter from
the plant and between two emitters (Fig. D.1). Irrigation was started in
both years after the volumetric soil moisture content had reached 70 %
of the field capacity. In the 2018 season, irrigation was carried out be-
tween DOY 211 and DOY 243. Nine irrigation events resulted in 103 mm
for the FI treatment and 58 mm for the DI treatment. In 2019, irrigation
was carried out between DOY 211 and DOY 243. The FI treatment
received 75 mm of water through seven irrigation events, while the DI
treatment received 40 mm of water through the same number of irri-
gation events.

Phenological developments were assessed using the Baggiolini scale
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(Baggiolini et al., 1993), which was later adapted to our FAO standard
crop growth stages (Allen et al., 1998) (Table 1). The crop heights (h)
and the fraction of soil shaded by the crop (f.) were visually observed at
solar noon and monitored during the entire growing season. The dates of
the crop growth stages are presented in Table 1.

2.3. Model calibration and validation

The DualKc approach employs a set of equations, presented in
Table 2. The SIMDualKc model was used to calculate the evapotrans-
piration (ET.) using the dual crop coefficient approach (Allen et al.,
1998) with a daily time step through equation (4). In this approach, the
capillary rise (CR) and deep percolation (DP) were calculated using the
parametric equations described by Liu et al. (2006) and employing a
curve number of 60 to calculate the surface runoff (Rosa et al., 2012a, b).

The model calculates the ET. ¢ (Eq. (1)) based on the soil water
available within the root zone, using a water stress coefficient (K;, 0-1).
K; is calculated daily as a linear function of the depletion of the available
water in the effective root zone, as shown in equations (5) and (6). The
amount of energy available at the soil surface, in combination with the
energy consumed for crop transpiration, limits the evaporation from the
soil surface (Allen et al., 1998).

The model computes the soil evaporation coefficient (K.) using the
daily water balance of the soil layer via equation (7). To calculate K, it is
necessary to determine the exposed and wetted soil fraction (fey)
(equation (8) and the soil evaporation reduction coefficient (K;). K; is
calculated using the two-stage drying cycle approach (Allen et al.,
1998), where the first stage (9) is the energy-limiting stage and the
second is the water-limited stage or falling rate stage (10). Furthermore,
the initial values of the basal crop coefficients (Kcp ini, Keb mid and Keb end)
were derived from the observed ground cover fraction (f.) and plant
height values (Table 1) using equation (11) proposed by Allen and
Pereira (2009). The density coefficient (Kg), Kcp fu1 and stomatal
adjustment (F;) were estimated using equations (12), (13) and (14),
respectively (Allen and Pereira, 2009).

Then, the calibration of the model was required (Fandino et al.,
2012; Rosa et al., 2012a; Paredes et al., 2018; Darouich et al., 2023),
which involved adjusting the following crop parameters: the initial basal
crop coefficient (Kcp fu1 ini), the midseason basal crop coefficient (Kep, fun1
mid), the end basal crop coefficient (Kcp full end), and the p depletion
fractions. K¢, fq) was used to determine the basal K., expected for
vegetation under full cover conditions, as verified in our study vineyard.

The soil evaporation parameters, including the evaporable layer
depth (Z. = 0.10 m), total evaporable water (TEW) and readily evapo-
rable water (REW), were obtained through the soil characteristics under
the local conditions of cv. Alvarinho. The total evaporable water (TEW)
used was 21 mm, while the readily evaporable water (REW) used was
9 mm and the depth of the soil evaporation layer (Ze) was 0.1 m.

The F; values used in this work for the crop were 0.21, 0.46 and 0.20
for the early, mid- and end seasons, respectively, with an ML of 1.5. A

Table 1
The vineyard crop growth stage, height (h) and fraction of the soil covered by
the crop in the vineyard (fc) on respective days of the year (DOY).

Crop Growth Baggiolini scale DOY in DOY in h f.

Stage (Baggiolini et al. 2018 2019 (m)

(Allen et al. 1993)

1998)

Initiation C (green-tip bud 95 84 0.6 0.01

burst)

Start of rapid D (leaf 110 106 0.8 0.05
growth emergence)

Start of I (flowering) 150 147 1.5 0.10
midseason

Start of maturity M (veraison) 214 206 1.8 0.20

Harvesting N (maturity) 260 259 1.8 0.20

Agricultural Water Management 303 (2024) 109027

ground cover F; value of 0.25 was used in this work. Information about
variations in the density and height of the cover crop in the rows and
inter-row areas (Appendix B) was included in the software to ensure that
the model accounted for the water used by the cover crop.

Equations 4-10 were defined by Allen et al. (1998) and equations
11-14 were defined by Allen and Pereira (2009).

For calibration, the differences between the observed and simulated
ASW values were minimized in the R treatment for 2018. The other
treatments (2018-DI, 2018FI, 2019-R, 2019-DI and 2019-FI) were used
for validation purposes. Treatment R 2018 was selected for calibration
due to its a broad range of ASW and the absence of irrigation events,
which could potentially introduce bias. The calibration process began
with the reference K fy1,Fr, p and ML parameters, and subsequent
adjustments were made.

The methodology used to assess the model’s accuracy was similar to
that used in earlier studies (Silva et al., 2021). Linear regression was
performed by comparing the observed and simulated ASW values, with
the regression forced to the origin (Pereira et al., 2020b). A set of
goodness-of-fit indicators was used to evaluate the model’s performance
during calibration and to assess the validation results. The indicators
included the regression coefficient (b), determination coefficient (rz),
root mean square error (RMSE, mm) (see Eq. (15)), normalized RMSE
(NRMSE, %), average relative error, percent bias of estimation (PBIAS,
%) (see Eq. (16)), modelling efficiency (EF, dimensionless) (see Eq.
(17)), average absolute error (AAE, mm) (see Eq. (18)) and index of
agreement (dIA, dimensionless) (see Eq. (19)) between the observed and
model-predicted values, respectively (Oi and Pi (i = 1, 2,..., n)).

n 2 0.5
RMSE = Fil (PI;_ ) as)
(n P
PBIAS = 100 w (16
i=1 (Ol
(n D 2
EF = 1.0 - 210 =P a”
>i0(0i —0)
1 n
AAE:EZ\Oi—Pd 18)
i=1
> (P —0y)°
diA=1.0-—=— — 19
> (|Pi = O] +[0; — O))*

i

I
—

The calibration of the K¢, 1, p, Fr and ML parameters involved
analysing and improving the regression coefficient (b) and determina-
tion coefficient (r%) parameters between the observed and simulated
ASW, aligning them closer to 1. The b and r? indicators are two related
but different correlation measures. In this case, a higher r* value in-
dicates a stronger correlation between the obtained and simulated
values, even if they are not identical. Conversely, b is a performance
indicator, with a value closer to 1 indicating lower volatility between the
observed and simulated values.

Then, the RMSE was used to measure the average difference between
the predicted values from the model and the observed ones. The PBIAS
was used to assess the average tendency of the simulated values to be
higher or lower than the observed values. The AAE represents the mean
absolute error between the simulated and observed values. The aim of
calibration/validation was to minimize these indicators (RMSE, PBIAS
and AAE) and bring them closer to zero, in line with Rosa et al. (2012a).
The aim was to achieve values close to 1 for the EF and dIA indicators.
This is because an EF close to 1 indicates a direct relationship between
the real and simulated values, while a dIA value close to 1 indicates a
balanced ratio between the mean squared error and the potential error.
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Terms

Table 2
The equations used to perform the DualKc approach.
Equation
D;i =D;i 1 — (P—RO); — I; — CR; + ET; + DP; 4)
_ TAW-D, _ O]
Ks = TAW - RAW RAW—>f0rDr > RAW, (RAW = p « TAW)
Ks = 1 —»forD, < RAW 6)
Ke = K (Kemax — Kep) > WithKe < feywKemax @
fow = min(1 — fe,fy) ®)
Kr = 1 >forD,; ; < REW ©
_ TEW —De; ) (10)
= TEW —REW —forDe; 1 > REW
Keb = Kemin + Ka(Kep funt — Kemin):  Ke min=0.15 aan
1 12)
. 1+h
Kg = min | 1, Mife efr, £, o
Keb funn = 13)
h 03
F; | min(1.0 +kyh, 1.20) +[0.04(uy —2) —0.004(RH i, —45]) (5)
A +7(1+0.34uy) 14)

Fr=——————
A+ y(1+0.34u—)
Tiyp

D, ; and D,;_; represent the root zone depletion, in mm, at the end of day i and i — 1,
respectively; P; is the precipitation; Ro; is the runoff; I; represents the net irrigation depth; CR;
is the capillary rise from the groundwater table; ET;; is the crop evapotranspiration; and DP;
is deep percolation, referring to the end of day (i) or the end of the previous day (i— 1), and all
are expressed in mm.

TAW and RAW are, respectively, the total and readily available soil water (mm) relative to the
root zone depth (Zr); p is the soil water depletion fraction for no stress.

Ke¢ max is the maximum value of K, following a wetting event by rain or irrigation, generally
1.20, and f., is the fraction of the soil that is both exposed to radiation and wetted by rain or
irrigation, i.e., the fraction of the soil surface from which most evaporation occurs.

f. represents the fraction of the ground covered by the crop and f, is the fraction of soil wetted
by irrigation.

De,i—1 is the cumulative depth of evaporation (depletion) from the soil surface layer at the
end of day i—1. TEW represents the maximum cumulative depth of evaporation (depletion)
from the soil surface layer and REW is the readily evaporable water.

Ke¢ min is the minimum basal K, for bare soil, with K. min = 0.15 in typical agricultural
conditions and for native vegetation when the frequency of rainfall is high; K4 represents the
density coefficient; Kep, a1 is the Ko, estimated during peak plant growth for conditions with
almost total soil cover (or LAI > 3).

fe off is the effective fraction of ground covered or shaded by vegetation [0.01-1] at solar
noon; M, is a multiplier of f. .¢ describing the effect of the canopy density on the shading and
on the maximum relative evapotranspiration per fraction of shaded ground [1.5-2.0].

F, represents the resistance correction factor; the sum (1 + ky h) represents the effect of the
crop height; u, is the average daily wind speed (m s ) at a height of 2 m above ground level;
RHpin (%) is the average daily minimum relative humidity during the growth period; and h is
the mean plant height (m) during the mid-season.

A is the slope of the saturation vapor pressure vs. air temperature curve, kPa °C™"; y is the
psychrometric constant, kPa °C™!; uy is the average daily wind speed (m s™1) at a height of
2 m above ground level; and r; and ryy, are, respectively, the mean leaf resistance and the
typical leaf resistance (s m ') for the vegetation in question. The original version of this
equation was established with a fixed iy, = 100 s m™?, a common value for annual crops, but
the default F, values were recently reviewed for trees and vines and several annual crops (
Pereira et al. 2021b).

After calibration, it was confirmed that the simulated values ob-
tained through the SIMDualKc model were similar to the average values
of the available soil water (ASW) obtained with the capacitive probes.
The validation process utilized previously calibrated parameters from
other treatments during 2018 and 2019.

Obtaining good calibration and respective validation was crucial to
support the accuracy of the model in performing the ASW evaluation. In
the present study, this was also important because other variables pro-
vided by the model were used, such as the transpiration crop plus
ground cover (T, m> ha’l), actual crop evapotranspiration (ET. act, m®
ha™1), total water used (TWU, mm), actual basal crop coefficient (K¢p
(gcover + crop) act); S0il evaporation coefficient (Ke), water stress coefficient
(Ks) and ground cover basal crop coefficient (Kep geover) during the
growing season for all treatments in both years. The TWU is achieved by
combining the results of irrigation, precipitation and the water removed
from the soil during the growing season. The amount of water extracted
from the soil is calculated by subtracting the initial soil moisture content
from the final value obtained through the model.

2.4. Water productivity and water use efficiency

To determine the effects of deficit irrigation strategies, several water
indices (WP and WUE,) were determined, whose requirements included
the yield and biomass production. Therefore, harvesting and pruning
were carried out on the same plants, resulting in four groups of seven
plants (28 plants) for each treatment (DI and FI) and in the control (R),
totalling 84 plants. Each plant was harvested individually to determine
the production of the plant, which was later converted into a yield (kg
ha~1). The same set of plants was selected for pruning and the weight of
the wood was measured individually to obtain the pruning wood indi-
cator (kg ha™).

The water productivity in viticulture, WP (kg m’3), was defined as

the ratio between the vineyard fruit yield, FY (kg ha™!), and the total
water use, TWU (m? ha’l), as shown in Eq. (20). Recognizing the sig-
nificant water usage associated with grapevine vegetative growth, two
new indices were introduced by Cancela et al. (2016) to incorporate the
pruning wood and the fruit yield plus the pruning weight (Eqs. (21) and
(22)). Another way to demonstrate the water productivity is to compare
the fruit yield with the transpiration (T) (Eq. (23)) or actual crop
evapotranspiration (ET. ac) (Eq. (24)) during the growing season
(Pereira et al., 2020). Finally, the crop water use efficiency (WUE,) was
estimated by applying the concept defined by Fernandez (2023), using
Eq. (25).

WPyy = % (20)
WPpy = @1
WPy pw = w (22)
WPy = ? (23)
WPgr. = % 24)
WUE, = % (25)

where TWU corresponds to the water used to achieve the FY (m3 ha’l),
PW refers to the pruning wood (kg ha™1), FY -+ PW is the sum of the fruit
yield and pruning wood (kg ha™1), T corresponds to transpiration (crop

plus ground cover, m® ha!), ET. .« is the actual crop
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evapotranspiration (m> ha™!), Iis the irrigation applied and P is the total
precipitation during the season.

For the FY parameter, the production of 28 vines was considered in
each treatment (84 vines per year). In this study, the PW was determined
by individually weighing the pruning firewood from the same vines.

The TWU parameter was calculated considering the water used
during the growing season, including both precipitation and irrigation,
as proposed by other authors (Cancela et al., 2016; Gonzalez-Fernandez
et al., 2020; Ma et al., 2023). The calculation also took into account the
variation, represented as the difference in the ASW between the initia-
tion and harvest stages (AASW), as shown in Eq. (26).

AASW = ASWinitial - ASWharvest (26)

where ASWipitial and ASWhgrvest represent the available soil water at the
initial and harvest stages, respectively.

2.5. Quality assurance, quality control and statistical analysis

To ensure quality assurance and quality control, the climate data
were reviewed to minimize errors and biases in the system (Allen et al.,
2011). To evaluate the data integrity, we followed the methodology
proposed by Allen (1996) and then calculated the ET, (Allen et al.,
1998). The data were analysed and improved to reduce errors. Data from
a meteorological station located 35 km away were used to replace
atypical or missing data due to technical problems. This weather station
was complementary because of its proximity. Precipitation values of
approximately 0.01 mm, which were due to condensation, were elimi-
nated. To analyse the variability in the treatment means and post hoc
comparisons, a one-way ANOVA procedure in SPSS 27 was used. The
post hoc tests used Duncan’s method with a significance level of p <
0.05.

3. Results

The standard and calibrated crop parameters, Kep full ini> Keb full mids
Keb full end and p, are shown in Table 3(Allen et al., 1998; Allen and
Pereira, 2009). The values for K¢p fu)l mid and Kep full end Were slightly
lower than those suggested by the standard. Furthermore, there was a
slightly higher mean p-value compared to the standard.

The ASW results observed and simulated in R 2018 are presented in

Table 3
The standard and calibrated model parameters for cv. Alvarinho.
Parameter Standard Calibrated
Keb full ini (dimensionless) 0.20 0.22
Kep full mia (dimensionless) 0.80 0.53
Keb full end (dimensionless) 0.60 0.24
P ini (dimensionless) 0.45 0.50
P mia (dimensionless) 0.45 0.55
P end (dimensionless) 0.45 0.60
Frini 0.20-0.70 0.21
Fr miq 0.65-0.70 0.46
FI end 0.50-53 0.20
ML 1.50 1.50
Capillary rise al 320.8 281
bl —0.16 —0.16
a2 303.2 231.55
b2 —0.54 —0.54
a3 —-0.15 —-0.15
b3 2.1 2.1
a4 7.55 7.55
b4 —-2.03 —2.03
Deep percolation ap 390 400
bp —0.0173 —0.0173

Standard (Allen et al., 1998; Allen and Pereira, 2009; Pereira et al., 2020b) K¢, =
basal crop coefficients, p = depletion fraction,Fr = stomatal adjustment, ML =
canopy transparency. Standard parameters for capillary rise and deep percola-
tion were obtained according to Liu et al. (2006)Liu et al. (2006)
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Fig. 2. The initial RAW value was 56.4 mm, which progressively
decreased to 50.8 mm as the crop approached the mid-season. The value
remained stable until the beginning of maturation, after which it
decreased again to 45.1 mm at the final stage. A high level of agreement
was found between the observed and simulated ASW values in all
treatments, particularly in treatments without irrigation (R). Neverthe-
less, at certain points, there was a tendency towards overestimation and
underestimation. The treatment described as FI-2018 (Fig. 2 A.3)
exemplified a case of model overestimation starting from DOY 211,
where a deviation between the observed and simulated values occurred.
In 2019, the model overestimated the ASW of all treatments on DOY 199
(Fig. 2 B). A greater quantity of water was extracted from the soil in
2018 than in 2019 (Fig. 2). In the 2018 growing season, 192, 171 and
133 mm of soil water was removed from the soil in treatments R, DI and
FI, respectively. In the 2019 growing season, 73, 36 and 6 mm of soil
water was removed from the soil in treatments R, DI and FI, respectively.

The results of the goodness-of-fit indicators used to evaluate the
model fit during calibration and to assess the validation results are
presented in Table 4. The underlined values in the table represent the
calibration performed for the R-2018 treatment. The regression and
determination coefficients (b and r2) resulting from a forced regression
to the origin are presented, along with the values of the indicators EF
(Eq. 17), RMSE (Eq. 15), NRMSE (%), PBIAS (Eq. 16), dIA (Eq. 19) and
AAE (Eq. 18). The calibration process (R-2018) provided the best values
for the regression coefficient and the determination coefficient of 0.988
and 0.995, respectively.

The regression coefficient approached 1.0 (ranging from 0.952 to
1.044), indicating statistical similarity between the predicted and
observed values for all treatments and crop seasons. The r? values
ranged from 0.928 to 0.995, indicating that the model accounted for
most of the total variance in the observed values. The low RMSE values,
ranging from 4.320 to 5.384 mm, indicate that the estimation errors
were small. These values, in conjunction with the low NRMSE (ranging
from 4.764 % to 6.684 %), indicate low residual errors. The AAE values
were also rather low, ranging between 3.835 mm and 4.800 mm, cor-
responding to values lower than 4.255 % of the TAW. The PBIAS was
very low, suggesting an underestimation bias in the FI-2018 treatment
(PBIAS = 5.386) and an overestimation bias (PBIAS = —4.503) in the DI-
2019 treatment.

Differences were observed in all indicators used between the R-2018
treatment (calibration) and the validation treatments. The R-2018
values were found to be the most accurate, while the FI-2019 values
were the least accurate. However, even in FI-2019, a b of 1.044 and an r?
of 0.963 were observed, which are close to 1, indicating a high level of
agreement between the observed and simulated ASW. Therefore, the
model did not exhibit a trend of under- or overestimation bias, showing
a slight underestimation in 2018 and a slight overestimation in 2019.

Variations in the different coefficients, namely Ke, Kep s and Ke et
were observed among the irrigation treatments (Fig. 3). Furthermore,
the stress levels (Ks) for each treatment in both seasons are presented,
with lower values observed in the R and DI treatments (Fig. 3). The
values for the Kep (gcover + crop) act are presented in Table 5.

During the 2018 growing season, the active ground cover density in
the rows varied between 50 % and 95 %, with the height varying be-
tween 0.05 and 0.18 m. In addition, the active cover density varied
between 60 % and 90 % with a height within rows of between 0.05 m
and 0.15 m (Fig. 4). In 2019, the density of the active ground cover in
the rows ranged from 60 % to 90 %, with heights ranging from 0.06 m to
0.20 m (Fig. 4). Between the rows, the density ranged from 10-90 %,
and the height ranged from 0.03 m to 0.18 m. Variations in height and
density occurred in both years, mainly as a result of agronomic practices
(phytosanitary treatments and vegetation cutting).

This variation was more intense in 2019 because, on DOY 146, a high
level of vegetation cutting was carried out between the rows. The effect
of the ground cover was different during the two growing seasons: the
Keb geover (simulated by SIMDualKc) in 2019 (ranging between 0.281 and
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Fig. 2. Simulated (e====m==) vs. observed (®) average available soil water content (ASW) at 0.80-meter depth relative to (A) 2018 and (B) 2019. (1) Rainfed (R), (2)

deficit irrigation (DI), (3) full irrigation (FI). TAW (
respectively. All values are expressed in mm.

) and RAW (

) represent the total available and readily available soil water in the root zone,

Table 4
Goodness-of-fit indicators relative to the SIMDualKc model’s calibration and validation for the different treatments in the 2018 and 2019 growing seasons.
Year 2018 2019
Treatment R DI FI R DI FI
Linear regression b 0.988 0.983 0.952 1.007 1.003 1.044
r? 0.995 0.993 0.980 0.971 0.928 0.963
Goodness-of-fit indicators EF 0.989 0.979 0.932 0.938 0.887 0.839
RMSE (mm) 4.320 4.557 5.384 4.845 4.500 5.267
NRMSE (%) 6.302 5.848 6.684 5.488 4.764 5.148
PBIAS (%) 3.377 3.233 5.386 0.025 —0.101 —4.503
dia 0.997 0.995 0.984 0.987 0.989 0.961
AAE (mm) 3.835 4.040 4.800 4.144 4.026 4.607

R: rainfed; DI: deficit irrigation; FI: full irrigation; b: regression coefficient, r% determination coefficient, EF: modelling efficiency; RMSE: root mean square error;
NRMSE (%): normalized RMSE of total available water; PBIAS (%): percent bias of estimation; dIA: index of agreement; AAE: average absolute error (mm). The

underlined data refer to the calibration results.

0.167) was greater than that in 2018 (ranging between 0.215 and
0.201). The most extreme values were reached in 2019.

During the 2018 and 2019 growth seasons, differences were
observed in Kep (geover + crop) act and Ke when comparing the same
treatments (Table 5, Fig. 3). The maximum values for Kep (gcover + crop) act
were obtained in the FI treatment. The DI treatment obtained the same
values for Kep (gcover + crop) act as the FI treatment, with the exception of
the end of the 2018 season, when the value was 0.03 lower. Treatment R
had lower values than the other treatments in both years at the end of
the season. The average K, values were similar between the treatments
and phenological states.

Regarding the crop and ground cover transpiration, differences were
observed between the treatments at the end of the growing season
(Fig. 5). This was likely due to the lower water availability during this
growing season. In 2018, the values of this transpiration were lower in
treatment R compared to the other treatments (Fig. 5 A). In 2019, the
transpiration in treatment R was similar to that in the other treatments,
with lower levels during the end of the season, due to the high precip-
itation that occurred during the 2019 season (Fig. 5 B).

A summary of all the crop water productivity parameters for both
vineyards is presented in Table 6. The fruit yield and pruning wood
values varied more between years than between treatments, verifying
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2018 and (B) 2019. (1) Rainfed (R), (2), deficit irrigation (DI), (3) full irrigation (FI).
Table 5
Average values of crop coefficients and precipitation (mm) for different crop growth stages.
Crop Growth Stage 2018
DOY Keb (geover + crop) act Ke Prec. (mm)
R DI FI R DI FI
Initial 95-110 0.21 0.21 0.21 0.78 0.78 0.78 72
Rapid growth 110-150 0.24 0.24 0.24 0.27 0.27 0.27 57
Mid-season 150-214 0.28 0.28 0.28 0.29 0.29 0.29 88
End of season 214-260 0.10 0.23 0.26 0.03 0.04 0.04 11
2019
DOY Keb (geover + crop) act Ke Prec. (mm)
R DI FI R DI FI
Initial 84-106 0.28 0.28 0.28 0.73 0.73 0.73 105
Rapid growth 106-147 0.26 0.26 0.26 0.41 0.41 0.41 111
Mid-season 147-206 0.22 0.22 0.22 0.17 0.17 0.17 66
End of season 206-259 0.23 0.24 0.24 0.16 0.16 0.16 45
Average 2018-2019 0.23 0.25 0.25 0.36 0.36 0.36

Keb (geover + crop) act = actual basal crop coefficient, K. = soil evaporation coefficient, Prec. = precipitation (mm). R = rainfed, DI = deficit irrigation and FI = full

irrigation treatment.

that, in 2018, the production of grapes and pruning wood was 2.3 and
1.9 times higher than in 2019, respectively. After conducting the uni-
variate analysis of variance test, it was found that there was a significant
difference between the years in terms of the fruit yield and pruning
wood (p < 0.001). Regarding the WP results, in the first year of study,
there were no significant differences between the treatments, although

they were characterized by the highest yields and pruning wood levels.
However, in the following year, most of the water productivity param-
eters showed statistically significant differences, indicating a trend to-
wards deficit irrigation being the better treatment (Table 6). When
considering the water productivity in terms of the transpiration and
actual crop evapotranspiration, it was found that it was similar across all
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Table 6

Yield, pruning wood and water productivity indices under different irrigation treatments (R—rainfed, DI—deficit irrigation and FI—full irrigation) in 2018 and 2019.
Year 2018 2019
Treatment R DI FI R DI FI
Yield (kg ha™!) 9700.02 11,236.60 10,146.60 3455.59° 5024.74° 5206.36°
Pruning wood (kg ha 1) 3276.92° 3867.51%° 4202.91* 1695.39° 2290.88° 1838.71ab
WPy (kg m™3) 2.31 2.46 2.18 0.86" 1.24% 1.287
WPpyy (kg m~3) 0.78 0.85 0.91 0.422 0.57% 0.45"
WPey, pw (kg m ) 3.09 3.31 3.09 1.29 1.81 1.73
WPy (kg m~3) 5.23 5.09 4.45 1.77° 2.55% 2.64°
WPk act (kg m™2) 2.76 2.90 2.56 0.87° 1.25% 1.30°
WUE, () 0.82 0.78 0.69 0.61 0.55 0.51

WPgy: water productivity fruit yield, WP,,: water productivity pruning wood, WPgy_ pw: sum of water productivity fruit yield and pruning wood, WP: water pro-
ductivity referring to transpiration, WPgr. 5cr: Water productivity referring to actual crop evapotranspiration, WUE.: water use efficiency, R: rainfed, DI: deficit
irrigation, FI: full irrigation, AASW: difference between ASW at initiation and harvest stages. For each variable, except WUE,, lowercase letters compare different
values within the year. Different letters indicate significant differences among groups with p < 0.05, using one-way ANOVA followed by Duncan’s post hoc test.

treatments in 2018. However, significant differences were observed in
2019, where full irrigation presented the highest values, with differ-
ences compared to the control treatment but without significant differ-
ences in relation to deficit irrigation. Finally, in terms of WUE, the
highest values were obtained with the treatment with R, followed by the
treatments with DI and FI in both years (Table 6).

4. Discussion

Differences in the calibrated K 1 and p values can be observed at
the initial, mid- and end-season growth stages compared with the
standard values (Table 3). These differences in the crop coefficients,
particularly in the mid-season and at the end of the season, are attrib-
uted to factors such as the low plant density and the specific charac-
teristics of the soil and climate for the Alvarinho cultivar, as previously
reported by other authors (Kang et al., 2003). The canopy architecture
and vine density, as suggested by Goodwin et al. (2006) and Ahmadi
et al. (2019), can influence K, fy1. The lower values of K¢y, 11 observed

in the present study may be justified by the significantly lower plant
density used (1111 plant ha™') compared to other studies with cv.
Loureiro (1666 plant ha™1) (Silva et al., 2021), cv. Albarino (2222 plant
ha’l) (Fandino et al., 2012) and cv. Tempranillo (2222 plant ha’l)
(Lopez-Urrea et al., 2012). Furthermore, the lower height (h) and the
fraction of soil covered by the crop in the vineyard (f.) observed in this
work, in comparison with other studies (Fandino et al., 2012; Fandino,
2021; Silva et al., 2021), resulting from the less vigorous plants and
climatic conditions, may also have contributed to the lower K, fy11-
The best fit was achieved with equal or slightly higher p depletion
fractions compared with the standard values (Table 3). The highest
values of the p depletion fraction suggest that Vitis vinifera cv. Alvarinho
is more tolerant to water stress than indicated in previous studies. The
lowest Kcp mid value to reduce the fraction of the soil surface covered by
vegetation (f.) was 0.41 (Pereira et al., 2023). The K¢, values obtained
for the crop in this study were 0.17, 0.23 and 0.20 at the initial,
mid-season and end-season, respectively. It was verified that all values
are lower than those proposed for comparable climatic conditions
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(Fandino et al., 2012; Fandino, 2021; Silva et al., 2021). Therefore, the
value obtained in mid-season is lower than the value of 0.45 proposed by
Pereira et al. (2023) for "Low (diverse trellis and trainings), 2000-3300
pl/ ha’, as well as that presented by Fandino et al. (2012) (0.40) for cv.
Alvarifio with 2222 plant ha!. Furthermore, it was observed that this
value exceeded the proposed value of 0.20 by Pereira et al. (2023) for
the category "Very low (young <5 years, diverse trellis, and training),
2000-3300pl/ha’. In this regard, despite the vineyard being over five
years old, the K¢, values obtained for cv. Alvarinho is situated between
the proposed values for the *Very low’ and 'Low’ conditions (Pereira
et al., 2023). This is attributable to a markedly reduced planting density,
f. and a diminished F; value, with comparable conditions of heigh crop
and M. This emphasises the necessity of providing detailed descriptions
of the training system, density (number of vines per hectare) and f. to
facilitate the assessment of results across different locations, varieties
and trellis systems.

A suitable approximation between the simulated and measured ASW
values can be observed from Fig. 2. The model accurately predicted the
ASW values in this work, as well as in other studies with different crops,
climates and soils (Rolim et al., 2007; Paco et al., 2014; Paredes et al.,
2018). However, the occasional overestimation or underestimation of
the average was noted, as mentioned by Rosa et al. (2012a) and Paredes
et al. (2018). Furthermore, it was observed that at the initial stages of
both growth seasons, the available soil water (ASW) exceeded TAW.
This can be attributed to the high precipitation that occurred prior and
in the initiation stages, as illustrated in Fig. 1. The precipitation results
in a high-water content in the soil. An examination of the data presented
in Table 3, which concerns soil drainage, elucidates the elevated ASW
values. In particular, the ‘a’ (400 mm) and ‘b’ values are associated with
soil saturation and drainage speed, respectively. Furthermore, the
minimal occurrence of surface runoff and deep percolation following
precipitation contributed to the elevated ASW levels observed in sub-
sequent periods. The elevated initial ASW in 2018 (Fig. 2 A) can be
attributed to the 530 mm of precipitation (Fig. 1) that occurred prior to
the initiation stage (DOY 1-95). In the 50 days following the initiation
stage (up to DOY 145), precipitation levels reached 99 mm (Fig. 1),
resulting in SIMDualKc consistently simulating values that exceeded
TAW. In contrast, during the 2019 growing season, at the time of the
initiation stage (DOY 84), the simulated ASW value was approaching the
TAW (Fig. 2 B). The 219 mm of precipitation (significantly less than that
recorded in 2018) recorded up to that point, in addition to the absence of
precipitation 13 days before the initiation stage (Fig. 1), provide an
explanation as to why the simulated ASW value was close TAW. How-
ever, in the subsequent 90-day period (up to DOY 174), precipitation
levels reached 275 mm (Fig. 1), prompting SIMDualKc to simulate an
ASW that exceeded the TAW (Fig. 2 B).

The regression to the origin demonstrated close agreement between
the observed and simulated data (Table 4). Other indicators, such as the
EF, RMSE, NRMSE, PBIAS, dIA and AAE, indicate that the prediction
model, after calibration, efficiently estimated the ASW throughout the
growing season with the different irrigation strategies. All indicators
suggest that the model is suitable for use in different irrigation strategies
(R, DI or FI) and years (2018 or 2019), emphasizing the robustness of the
model.

The lower precipitation and higher temperature in 2018 (Fig. 1) also
explain the lower ASW values in the R strategy in 2018 compared to R in
2019 (Fig. 1), resulting in longer periods of water stress (Fig. 3). This is
especially evident in the K. 5 curve for the R strategy in 2018, the
hottest year, which overall shows lower values compared to the same
strategy in 2019 (Fig. 3). In 2018, the first irrigation event of the FI
treatment occurred only 12 days after the onset of stress (Ks<1) and took
23 days to alleviate the water stress (Fig. 3). In contrast, in 2019, there
was no water stress in the FI and DI strategies. These differences can be
attributed to variations in precipitation (Table 5) and ET, (Fig. 1) be-
tween the two study years.

The irrigation treatments started and ended on the same DOY in both
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years. However, during the growing season of 2018, the FI and DI
strategies received 28 mm and 17 mm more, respectively, than during
the growing season of 2019. Despite the higher amounts of irrigation
recorded in 2018, they were not sufficient to prevent water stress, as
stress periods were observed in all treatments, including FI (Fig. 3). The
occurrence of water stress periods can be identified through K;<1
(Fig. 3) and when the ASW > RAW (Fig. 2). In the R treatments (Fig. 3
Al, Fig. 3 B1), after the water stress started (K < 1), there was no re-
covery until the end of the growing season. However, in the DI treat-
ments (Fig. 3 A2, Fig. 3 B2), the stress periods were shorter in 2019 (only
at the end of the growing season), and, in both years, they were also
shorter in duration due to irrigation events compensating for the water
shortages. In 2019, in the FI treatments (Fig. 3 B3), there were no water
stress periods. In 2018 FI, periods of Ks<1 were observed, primarily
influenced by climatic factors (Fig. 1); however, Ks=1 was restored
when irrigation began (Fig. 3 B3). No differences were observed in K, Ke
and K, . between the DI and FI treatments in 2019. This lack of dif-
ference was attributed to the precipitation that occurred at the end of the
growing season. In 2018, there was greater water stress during this
period due to low precipitation. Furthermore, during the initial growth
stages (Fig. 3), there were moments when the K. values closely
approached the K. 4, reaching 1.2. This can be interpreted as a result of
the high rainfall that occurred during these stages, even in the absence of
ground cover vegetation (Fig. 4). This evolution in the K, and K, values
has been observed by other authors for other Vitis vinifera crops, namely
‘Godello’ and ‘Mencia’ (Cancela et al., 2015) and Loureiro (Silva et al.,
2021).

In analysing the results of Kep (gcover + crop) act for the three treatments
across two seasons (Table 5), a reduction in their potential values is
evident, particularly in the R and DI treatments, during the mid-season
and the end of the season. The K¢y (gcover + crop) act Values during the
initial stage (0.21 in 2018 and 0.28 in 2019) were lower than the values
reported by previous authors (~ 0.60) (Yunusa et al., 1997; Fandino
et al., 2012). However, at this stage, no differences between the treat-
ments were observed, as the initial conditions were the same. The values
achieved for K¢ (gcover + crop) act (0.22 and 0.28 in 2019 and 2018,
respectively) in the mid-season were lower than those presented by Silva
et al. (2021), who reported a value of 0.42 for this period.

During the mid-season, the values obtained for Kb (gcover + crop) act
(0.22 in 2019 and 0.28 in 2018) were lower than those presented by
(Silva et al., 2021), who reported values of 0.42 for this period. This
difference in Kep (geover + crop) act is justified by variations in the condi-
tions of the vineyard; for example, the height (2.4 m) and the density of
the plant reported for cv. Loureiro (1666 plant ha™!) were greater than
in our study (height 1.8 m and density 1111 plant ha™'). In contrast, at
the end of the season, slightly lower mean values of Kp, (gcover + crop) act
were obtained for the FI and DI treatments (= 0.24) compared to the
mean values reported by Fandino et al. (2012) and Silva et al. (2021),
who reported Kep (geover + crop) act values of 0.30 and 0.41, respectively.
However, as shown in Rallo et al. (2021), lower plant densities are
associated with a lower K.

The fruit yield and pruning wood values showed more significant
variations between years than between treatments. In 2018, the pro-
duction of grapes and pruning wood was significantly higher (p<0.001)
than in 2019 (Table 6). These parameters are influenced by the weather
conditions, such as precipitation and evapotranspiration (Lisek, 2008;
Gonzalez-Fernandez et al., 2020). Despite the higher total precipitation
recorded in 2019 (328 mm) compared to 2018 (227 mm), a substantial
portion of this precipitation occurred during periods of lower water
requirements (initial and rapid growth). In contrast, during the
mid-season, when the water requirements were higher, the precipitation
was higher in 2018, contributing to the observed differences in the yield
(kg ha™!) and pruning wood (kg ha™!). The evapotranspiration did not
differ notably between the growing seasons or crop growth stages
(Fig. 1), with 882 mm and 814 mm recorded in 2018 and 2019,
respectively, evenly distributed across the different crop growth stages.
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During the growing seasons, it was observed that the crop and ground
cover transpiration treatments exhibited variations at the end of the
growing season. These differences were attributed to water stress and
were more evident in 2018 due to increased periods of stress.

The SimDualKc software was used to determine the water required to
achieve the FY, the transpiration (crop plus ground cover, m® ha™1) and
the actual crop evapotranspiration (m® ha™!) involved in the different
treatments during the two growing seasons. The integration of the
model’s results in Eqgs. 20 to 25 aids in understanding the water pro-
ductivity (WP) and crop water use efficiency (WUE,). Regarding the WP
results (Table 6), it was observed that when considering variations in
ASW between the beginning and end of the growing season, the DI
strategy consistently yielded the best results in the three WP indices,
regardless of the year; this indicates that this strategy represents the
most balanced approach to water usage in relation to production.
However, regarding the WPpy index for 2019, the results for the FI
strategy were higher than those obtained with DI, although not to a
statistically significant degree (p>0.05) (Table 6). In this context, the
year with the lowest fruit yield (2019) demonstrates that the FI strategy
is more efficient in terms of water usage in grape production in this
WPgy when compared to the R treatment (p<0.05). This observation
aligns with findings for other grapevine varieties, such as Godello and
Treixadura (Trigo-Cordoba et al., 2015), where the water productivity
values were slightly higher in treatments that incorporated some level of
water stress. The WP values reported in the present study were higher
than those reported for Godello and Treixadura, indicating that more
water is needed to produce one kilogram of Alvarinho grapes. However,
the WP values for the Alvarinho cultivar in this study were similar to
those reported in a previous study (Cancela et al., 2016), as well as for
the Perlette and Superior varieties (Er-Raki et al., 2021). This study
concludes that the irrigation deficit strategy demonstrates the most
effective water use, which is why this approach should be adopted for
this cultivar.

The water productivity values obtained in this study, which referred
to the transpiration and actual crop evapotranspiration, varied signifi-
cantly between the years. However, our values for 2018 were higher
than those obtained by Er-Raki et al., (2021), although they were lower
in 2019. In 2019, our values were similar to or greater than those ob-
tained in semiarid climate conditions (Teixeira et al., 2007). In contrast,
compared with the values obtained by Fandino (2021), in the Albarino
variety arranged in ‘Parral’, our values for WPt and WPgr. were lower,
by approximately half. In a similar manner, Phogat et al. (2017) ob-
tained higher values for Chardonnay in Australia. The deficit irrigation
strategy showed a positive effect on the yield (+3.6 %) and WPgr,
(+4.7 %), contrary to Wen et al. (2023) in vine fruit, where there was a
decrease of 9.0 % in the yield in a deficit irrigation strategy, although
with an increase of 9.9 % in WPgt,, double that obtained in the Albarino
case. Finally, in terms of WUE,, values lower than 1 were obtained for all
treatments. These values are in agreement with the WUE, values
(0.63-0.91) observed in a proximal area to cv. Albarino (Fandino,
2021).

The water productivity (WP) and crop water use efficiency (WUE,)
values may be improved without a cover crop. This is because the
transpiration of the cover crop and its contribution to the evapotrans-
piration of the current crop, as well as its water consumption, were not
considered. However, some authors have reported that the water use by
active ground cover is environmentally sustainable when considering
the numerous ecosystem services provided by cover crops in vineyards
(Lopes et al., 2011; Garcia et al., 2018; Gattullo et al., 2020). These
results demonstrate the importance of vineyard management and the
local climatic conditions, as factors that allow for adequate comparisons
between results. The use of water productivity and water use efficiency
indices based on transpiration and/or actual crop evapotranspiration is
highlighted as a useful tool to manage irrigation in vineyards in
temperate climates. Moreover, water savings in irrigation could be ob-
tained, increasing the WP and WUEc, although it is necessary to include
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the yield and grape quality effects (Chen et al., 2023).
5. Conclusions

In this study, two useful tools for sustainable water management
were combined. Through SimDualKc, the dynamics of the evolution of
the water in the soil and the subsequent transpiration (T) (crop plus
ground cover, m? ha™1) and ET, , (actual crop evapotranspiration, m3
ha~!) were obtained. These results, when combined with the fruit and
pruning yields, demonstrate that the strategy of deficit irrigation is the
one that brings the most production and environmental advantages. The
current study demonstrated the successful performance of the SIM-
DualKc model for Vitis vinifera cv. Alvarinho, considering specific pa-
rameters related to the soil, climate, crop stage and irrigation observed
in the present work. Adjustments were made to the standard values
(Allen et al., 1998) for the 2018 R treatment, resulting in an accurate
approximation between the observed and simulated values. The study
concludes, in line with the findings of other authors, that the model can
correctly predict the ASW. These accurately predicted values can
significantly contribute to improved irrigation management throughout
the growth season, allowing farmers to improve their water manage-
ment practices. For practical application, it is recommended to round
the values of the basal crop coefficient to 0.15, 0.25 and 0.20 at the
beginning, middle and end of the season, respectively. These values are
suitable to similar vineyard agronomic conditions with lower vine
density and fc, and presence of active ground cover. Regarding water
productivity, a significant advantage was observed when employing a
deficit irrigation strategy, as it consistently yielded the best WP values in
both years. The water extracted from the soil represents a significant
portion of the total water consumed by the crop and cover crop during
the growing season and therefore must be included in the WP calcula-
tions. Incorporating this aspect reduces the differences in WP between
treatments, but the most efficient strategy remains deficit irrigation.
Given the climate uncertainty that affects this location, with drier
summers, the adoption of irrigation systems improves and stabilizes the
WP. Conversely, further studies should focus on the economic efficiency
related to the installation of irrigation systems in this region. The find-
ings highlight the need for additional studies involving other grapevine
cultivars, given the observed high variability in crop coefficients even
within similar cultivars, as evidenced by the differences between the
studied cultivar and cv. Loureiro (Silva et al., 2021) and cv. Albarino
(Fandino et al., 2012). In future studies, it would be beneficial to
incorporate both methodologies to study other varieties of Vitis vinifera
and under different climatic conditions, as well as to incorporate data
from other sources, such as transpiration from sap flow measurements or
from lysimeters. Our study was conducted over a two-year period, which
may be a limitation in terms of accurately representing crop growing
seasons, given the significant climatic differences between the two
years. A further limitation of the study is that only 28 production values
were obtained for each irrigation strategy in each year, and these were
the only values taken into account when calculating the WP. It could
therefore be beneficial to analyse more than two years (growing sea-
sons) and a greater number of plants to obtain more robust results.
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ASW available soil water (mm)

DBR active ground cover density in inter-row area (%)
DI deficit irrigation

DOy day of year

DR active ground cover density in row (%)

ET, qct actual crop evapotranspiration (mm day’l)

ET, reference evapotranspiration (mm day ')

fe fraction of soil shaded by crop

F, stomatal adjustment

FI full irrigation

GCV ground cover vegetation

FY vineyard fruit yield (kg ha™!)

h crop height measured from soil (m)

HBR active ground cover height in inter-row area (m)
HR active ground cover height in row (m)

K¢ act crop coefficient adjusted to climate and local conditions
K basal crop coefficient

Kb (geover + crop) act basal crop and active ground cover coefficient adjusted to climate and actual conditions
Keb act actual crop coefficient

Keb crop main crop basal crop coefficient

Keb full end end full basal crop coefficient

Keb fult ini initial full basal crop coefficient

Keb full mid mid-season full basal crop coefficient

Keb geover ground cover crop coefficient

K. soil evaporation coefficient

K; stress coefficient

M canopy transparency

P depletion fraction for no stress

Prec. precipitation (mm)

PW pruning wood (kg ha™1)

R rainfed

RAW readily available soil water (mm)

REW readily evaporable water (mm)

T crop and ground cover transpiration (m> ha™?)
TAW total available soil water (mm)

TEW total evaporable water (mm)

TWU total water use (m® ha™?)

wpP water productivity (kg m~3)

WUE, crop water use efficiency (-)

Z, depth of evaporable layer

Appendix B. Density and height of cover crop in row and inter-row areas in 2018 and 2019 growing seasons

Year Day of year Density Density Height Height between Baggiolini scale
in rows (%) between rows (%) in rows (m) rows (m) (Baggiolini et al., 1993)
2018 95 50 20 0.05 0.10 C
110 60 90 0.10 0.12 D
163 50 60 0.05 0.05 I
172 80 60 0.12 0.05 K
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(continued)
Year Day of year Density Density Height Height between Baggiolini scale
in rows (%) between rows (%) in rows (m) rows (m) (Baggiolini et al., 1993)

186 95 80 0.18 0.15 L
215 90 80 0.17 0.1 M
243 85 80 0.18 0.12 M

260 80 80 0.15 0.15 N

2019 84 60 60 0.06 0.06 C
92 70 70 0.08 0.08 C

104 90 90 0.18 0.18 C

106 80 80 0.12 0.12 C

112 80 80 0.15 0.15 D

147 80 10 0.18 0.03 I

154 70 10 0.16 0.04 J

179 80 15 0.17 0.05 K

199 80 15 0.17 0.06 L
224 90 30 0.17 0.06 M
241 920 60 0.20 0.08 M
248 80 40 0.16 0.10 M

259 70 20 0.16 0.05 N

Appendix C. Location and apparent electrical conductivity

N
A Legend:
Treatments
® R

© D
® Fl

DEx perimental field

Legend: (A)
ECa obtained by RK (mS'm™)
wom High: 12.7342
— Low: 3,83525
40 Meters
(B)

Fig. C.1. Study area. A: Soil electrical conductivity apparent (ECa) map obtained by RK (mS-m-1). B: Positions of access probe tubes located in full irrigation (),
deficit irrigation () and rainfed () treatments.

Appendix D. Experimental design of each repetition: locations of plants, drippers and access probe tubes

0—0—0- 0—0—0 0—0—0 0—0—0 0—0—0 0—0—0- Buffer

3 meters Imeter 3 meters

0000000 000000000 00000000000

0—90—0 00000000000 0000000000 Buffer

Legend:
® Plant
@ Dripper
@ Access probe tube

Fig. D.1. Spatial locations of plants, drippers and access probe tubes.
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SUMMARY

In the Vinho Verde region, one of the most widely cultivated grapevine varieties is Vitis vinifera L. cv. ‘Loureiro’, which is produced under
a rainfed conditions. However, irrigation is increasing being implemented to mitigate the effects of climate change. In this sense, the present
study evaluated three different irrigation management strategies - rainfed (R), deficit irrigation (DI) and irrigation (I) - during four growing
seasons, between 2019 and 2022. The main goal was to assess the influence of irrigation strategies on agronomic productivity and must
quality. In order to achieve this objective, a set of parameters related to vine yield and must quality was assessed. In addition, the stem
water potential (SWP) was measured, and vineyard transpiration and actual evapotranspiration were estimated. The results showed clear
seasonality in production, with higher productivity followed by a decline, ranging from 19 766.5 kg/ha in R 2020 to 4 726.1 kg/h in |
2021.The study demonstrated that irrigation has a favourable long-term effect on yield. This phenomenon can be ascribed to the observation
that, although only numerical disparities between treatments were detected in the initial years, significant variations (p<0.05) were identified
in 2022, between irrigation treatments. Furthermore, the DI strategy exhibited optimal water productivity, indicating high water use
efficiency across the entire studied period. These findings suggest that maintenance irrigation, even in cases where it is found to be deficient,
can result in enhanced water productivity in the short term, and higher productivity rates in the long-term.

RESUMO

Na regido dos Vinhos Verdes, uma das castas mais cultivadas €é a Vitis vinifera L. cv. ‘Loureiro’, produzida em condigdes de sequeiro. No
entanto, a rega esta a ser cada vez mais implementada para mitigar os efeitos das alteragdes climaticas. Neste sentido, no presente estudo
foram avaliadas trés diferentes estratégias de gestdo da rega - sequeiro (R), rega deficitaria (D1) e rega (1) - durante quatro ciclos culturais,
entre 2019 e 2022. O principal objetivo foi avaliar a influéncia das estratégias de rega na produtividade agrondémica e na qualidade do
mosto. Para atingir este objetivo, foi avaliado um conjunto de parametros relacionados com o rendimento da videira e a qualidade do mosto.
Além disso, foi medido o potencial hidrico do ramo (SWP) e estimada a transpiragdo da vinha e a sua evapotranspiracéo real. Os resultados
mostraram uma clara sazonalidade na produgdo, com maior produtividade seguida de declinio, variando entre 19 766,5 kg/ha em R 2020 a
4 726,1 kg/ha em | 2021. O estudo demonstrou que a rega tem um efeito favoravel a longo prazo na produtividade. Este fendmeno pode
ser atribuido a constatagdo de que, embora apenas tenham sido detetadas disparidades numéricas entre os tratamentos nos anos iniciais,
foram identificadas variaces significativas (p<0,05) em 2022 entre as estratégias de rega. Além disso, a estratégia DI apresentou uma
produtividade hidrica 6tima, indicando uma elevada eficiéncia no uso da 4gua durante todo o periodo do estudo. Estas descobertas sugerem
que a rega de manutencdo, mesmo nos casos em que é considerada deficitaria, pode resultar numa maior produtividade hidrica a curto prazo
e em taxas de produtividade elevadas a longo prazo.

Keywords: Production, grape quality, water productivity, water stress, deficit irrigation.
Palavras-chave: Producéo, qualidade da uva, produtividade da &gua, stress hidrico, rega deficitéria.

© Silva et al. 2025.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited

63


https://creativecommons.org/licenses/by/4.0

INTRODUCTION

Grapevines are cultivated across six continents in a
variety of climatic conditions. The range and
magnitude of environmental factors vary
considerably from region to region (Schultz, 2016).
The Atlantic region characterized by a temperate
climate condition, has a long tradition of wine
production. However, it is currently facing
challenges due to climate change (Smith et al. 2020).

Numerous studies have focused on optimizing
grapevine sustainability and productivity, exploring
factors such as cover crops (Pou et al. 2011), disease
prevention (Oliveira and Cunha, 2015; Ruano-Rosa
et al. 2022), and soil water management (Cancela et
al. 2016; Cataldo et al. 2020). These works also
showed that certain cultivars of Vitis vinifera exhibit
significant variations in production from year to year,
with some producing double the yield in one year
compared to other years (Blank et al. 2019). This
seasonality is primarily influenced by climatic
conditions (Ferrer-Gallego et al. 2012; Kizildeniz et
al. 2015), soil water availability (Pellegrino et al.
2005; Ma et al. 2023), and cultivar characteristics
(Parker et al. 2020; Bern et al. 2021). Furthermore,
older plants tend to be less affected by seasonal
variations (Bou Nader et al. 2019).

Climate change is expected to increase the frequency
of droughts, intensifying water resources demand
and significant agricultural challenges (Gupta et al.
2020). To avoid negative outcomes, such as reduced
yield and lower wine quality, it is crucial to control
plant water stress (Girona et al. 2009; Chac6n-
Vozmediano et al. 2020; Zufferey et al. 2020). This
can be achieved by ensuring adequate water supply
to plants. Anticipating future irrigation requirements
is crucial to maintaining the regional identity of wine
and ensuring the sustainability of the wine sector
(Chrysargyris et al. 2020). Several approaches are
taken to assess crop water status, including aerial
photography for vegetation indices (Vélez et al.
2019; Caruso et al. 2023), canopy temperature
analysis  (Greer, 2017), photosynthetic rate
measurements (Bertamini et al. 2006), stomatal
conductance assessments (Trenti et al. 2021), soil
water content monitoring (Zia et al. 2009; Gil et al.
2014; Cancela et al. 2015) and stem water potential
(Munitz et al. 2018; Tuccio et al. 2019). The stem
water potential is one of the most widely used and
accurate indicators for assessing a crop water status
(Santesteban et al. 2019). The authors present ranges
of values to characterise the level of water stress in
grapevines. These ranges are up to -0.6, between -0.6
and -0.9,-0.9and -1.1, -1.1 and -1.4 MPa, and below
-1.4 MPa, representing no stress, weak or mild stress,
mild to moderate stress, moderate to severe stress,
and severe stress, respectively (Leeuwen et al. 2009;
Martinez et al. 2013; Miras-Avalos and Araujo,
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2021). An alternative method to measure the plant
water available is to assess the soil water content
using equipment such as capacitive probes
(Zamorano et al. 2021). This equipment provides
information on the current soil water content,
allowing to check if it is below the readily available
water (Romero et al. 2024). If the water status is
below this level, the plant will be able to continue its
activity, but not at maximum performance, as it will
be under water stress (Strack and Stoll, 2022).

The application of adequate irrigation at critical
growth stages, mainly during the dry years, promotes
a balanced vine growth, ensuring expected yields and
grape quality (Junquera et al. 2012). Studies
indicates that reducing or eliminating water stress
enhances yield and berry quality attributes such as
pH, probable alcohol content and titratable acidity
(Acevedo-Opazo et al. 2010; Balint and Reynolds,
2013). However, moderate water stress can benefit
wine volatile composition (Vilanova et al. 2019). In
this sense, irrigation management should be tailored
to each cultivar, and some cultivars do not justify the
use of irrigation (Trigo-Cérdoba et al. 2015), so it is
essential to well characterize the cultivars to maintain
high productivity rates and ensure the economic
viability of the wine industry (Azorin and Garcia,
2020; Silva et al. 2021a).

In the context of climate change, it is crucial to
balance economic feasibility with environmental
sustainability, which is becoming increasingly
important (Wagner et al. 2023). Studies have
identified targets and indicators for assessing water
use in the wine grape production sector. For example,
water productivity, calculated as the yield of grapes
per unit of water used, has been propose (Bellvert et
al. 2020; Er-Raki et al. 2021; Silva et al. 2024).
Another approach to evaluate water use is to compare
grape yield with actual transpiration or
evapotranspiration of the crop obtained using models
such as AquaCrop (Phogat et al. 2017) or
SimDualKc (Paredes et al. 2017).

Grapevine responses to environmental conditions
may vary across growing seasons. This study aimed
to clarify the response of the cv. ‘Loureiro’ under
different irrigation strategies over four growing
seasons. Trends in yield and quality are presented
over a significant period to provide reliable results.
Furthermore, an additional objective was to
determine the efficiency of Vitis vinifera L. cv
‘Loureiro’ production in terms of water use, using
water productivity indicators.



MATERIALS AND METHODS
Site

The study was carried out in a commercial vineyard
(Vitis vinifera L. cv ‘Loureiro’), in northwest
Portugal (Figure 1), during four growing seasons
(2019 to 2022). The region has an Atlantic-

influenced climate, characterised by high annual
rainfall (>1200 mm) and relatively mild summers
(Fraga et al. 2014). According to the Képpen—Geiger
classification, it corresponds to the Csb climate type
(Kottek et al. 2006)..
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Figure 1. Study area located in northwest Portugal.

The vineyard was established in 2001, has trained to
a single upward cordon training system, with a row
spacing of 3.0 m and a vine spacing of 2.0 m (1666
vines/ha). The irrigation system consisted of one drip
line per row, positioned 40 cm above the ground,
with pressure-compensated emitters (4 L/h) spaced
one meter apart.

The soil is classified as eutric regosol (WRB, 2014),
with a sandy loam texture (70.2% sand, 20.3% silt,
and 9.5% clay), and 1.95% organic matter. The total
available soil water (TAW) at 0.8 m depth was 100
mm. The TAW was calculated by the difference
between the field capacity of the soil and the
permanent wilting point using eight different soil
layers. To determine the field capacity, a suction of -
10 kPa atmosphere was applied to the saturated soil
samples using a pressure plate. A suction of -30 kPa
was applied to the same samples to determine the
wilting point. The field capacity and wilting point
values of 0.251 cm®/cm® and 0.121 cmd/cmd,
respectively.

Climate

The meteorological data were collected from a
complete weather station, which was installed on the
study field, on 21 June 2018. The methodology
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proposed by Allen (1996) was followed to ensure the
integrity of the data. Subsequently, the reference
evapotranspiration (ET,) was calculated using the
FAO Penman-Monteith equation (Allen et al. 1998)
based on this data (Equation 1). The equation is used
to calculate the daily time steps.

900
 0.408A(R,-G)+Y 75 Ua(es-ea)

A+y (1-0.34U,)

Eq. 1

ET,

where A represents the slope of the saturation vapor
pressure-temperature relationship at the mean air
temperature (kPa/C), Rn is the net radiation at the
crop surface (MJ/m?/d), G is the soil heat flux density
(MJ/m?/d), v is the psychometric constant (kPa/C), T
is the mean daily air temperature (°C), U, is the wind
speed (m/s) at 2 m height and (es— ea) represents the
vapour pressure at the reference height of 2 m and the
deficit of air (kPa) at 2 m height.

Annual rainfall values ranged from 733 to 1646 mm
in 2020 and 2022, respectively. Similar rainfall
values of around 1400 mm were recorded in 2019
and 2021. The highest monthly rainfall was recorded



in November 2022, at the end of this study, due to
several extreme rainfall events. In all years, the
highest monthly rainfall values were recorded
between November and February, and the lowest
between July and August (Figure 2A).

The correlation between the month and the monthly
sum of ET, is high (R?), as shown in Figure 2B. The
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pattern indicates that the summer months have higher
values, while the winter months have lower values in
all years of this study. The highest monthly sum of
160 mm was recorded in July 2022, while the lowest
monthly sum of just 14 mm was recorded in
December 2021.
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Figure 2. Monthly weather data relative to (A) Rainfall (mm/month) and (B) Reference evapotranspiration (ET,, mm/month) for the
period 2019-2022. The data were collected in a local weather station.

To characterise the climate, bioclimatic indices may
be used (Cardoso et al. 2019). In this study, the
Winkler index (WI), Huglin index (HI), Cool night
index (CI), Seljaninov index (SI), and Branas index
(Bl) were applied. As demonstrated in Figure 2,
significant variation in precipitation and ET, values
were observed throughout all growing seasons of the
experiment. The application of WI and HI (Table I)
revealed that in the initial year (2019), lower results
were obtained compared to subsequent years.

Furthermore, CI (minimum temperature) indicated
that in 2022, higher minimum temperatures were
recorded in September (Table I). Precipitation values
fluctuated considerably during the experiment,
leading to substantial variations in the indices that
relate temperature to precipitation (Sl and Bl), also
being highly divergent across the four years of the
study. The vyear 2022 was distinguished by
particularly high precipitation levels, resulting in the
highest recorded values in the study (Table I).

Table |

Bioclimatic indices calculated in the years of study (2019-2022)

Results

Index, abbreviation and author

2019 2020 2021 2022
Winkler index (WI) (Winkler et al. 1974) 1771 2124 2146 1923
Huglin index (HI) (Huglin, 1978) 2847 2937 3139 2958
Cool night index (CI) (Tonietto, 1999) 8.52 6.90 8.70 9.20
Seljaninov index (SI) (Seljaninov, 1966) 0.27 0.13 0.53 0.80
Branas index (BI) (Branas et al. 1946) 18654 7839 14860 20227

Phenological evolution

Phenological evolution was determined using the
Baggiolini scale (Baggiolini, 1952), adapted to the
FAO standard crop growth stages (Table II).
Therefore, the day that the vine reached stage C
(green-tip bud burst) corresponds to initiation.
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The day the vine reached stage D (leaf emergence)
corresponds to the start of the rapid growth stage. The
mid-season stage corresponds to the period between
phases | (flowering) and phase M (veraison). Finally,
when the vine reached N (maturity), it is considered
harvesting (Allen et al. 1998).



Table 11

Day of the year (DOY) on which the vineyard growth stages were reached in the years 2019 to 2022

Growth season

Crop growth stages

2019 2020 2021 2022
Initiation (DOY) 80 61 72 88
Start rapid growth (DOY) 85 88 91 110
Start mid-season (DOY) 157 174 146 144
Start maturity (DOY) 245 233 239 241
Harvesting (DOY) 266 253 250 261
Growth season length (Days) 186 192 178 173
Stem water potential, Actual Crop Keofutend) used were 0.33, 0.79 and 0.60,

Evapotranspiration, and Transpiration

The stem water potential (SWP) was measured over
three growing seasons (2019, 2020, and 2021), using
a Scholander pressure chamber (model 670, PMS
Instrument Company, OR, USA). To obtain these
readings, a mature and healthy leaf from plants 3 and
5 of the central rows (8 replications per treatment and
sampling date) was enclosed in an opaque,
aluminium-lined bag one hour before solar noon. At
solar noon, the leaf was excised from the plant, and
SWP readings were recorded (Choné et al. 2001).

To obtain actual crop evapotranspiration (ET¢act) and
transpiration (T) throughout the growing season, the
dual crop coefficient approach (Allen et al. 1998)
was applied using the SimDualKc software (Rosa et
al. 2012) with the recommended parameters for Vitis
vinifera cv. ‘Loureiro’ (Silva et al. 2021b). The basal
crop coefficients values (Kcb fuitini, Keb full mid, and

respectively, and depletion fraction values (Pini, Pmid
and pendy Were 0.45, 0.54 and 0.45, respectively.

Irrigation treatments

In this study, two irrigation treatments were
considered: Irrigation (I), determined by the vine
grower, and deficit irrigation (DI) which ranged
between 25 and 40%, depending on water
availability for irrigation. Additionally, a rainfed
treatment (R), the most common in the region, was
included. Each treatment had two replicates, with
each replicate consisting of four rows. The two
central rows were used to evaluate all parameters,
while the two additional rows were used as buffers.
The depth and number of irrigations in each growing
season are shown in Table I11.

Table 111

Irrigation data: depths, numbers and DOY start and end of observed irrigation events, between 2019 and 2022

Total depth irrigation (mm)

Number of irrigations

Year DOY started DOY end
DI | DI |

2019 17.33 69.67 2 10 142 238

2020 32.00 94.00 6 10 181 239

2021 10.66 39.99 2 4 210 243

2022 21.33 53.33 3 207 235

DOY= day of year; DI= deficit irrigation; | = irrigation.

Production, must quality, and water productivity

The study analysed production parameters related to
the number of bunches per plant, production per plant
(kg) to determine yield (t/h). In addition, qualitative
parameters, such as the weight of 100 berries (g), pH,
probable alcohol (%), and titratable acidity (g/L
tartaric acid eq.) were obtained.
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A total of 28 vines were individually harvested per
treatment, resulting in a total of 84 vines. The
harvested bunches from each plant were counted and
then placed in a container. A portable digital scale
(model SD-0206, SANDA, China) was used to weigh
the samples, with a maximum deviation of 5g
between 0-10kg.



Following weighing, sample bunches of the plant
(approximately two kg per repetition) were taken and
stored in insulated containers with ice packs, for
subsequent laboratory analysis.

In the laboratory, 100 randomly selected berries from
each sample were weighed using an electronic
balance with a maximum error of 0.01g. The samples
were then crushed, and the soluble solids (° Brix)
were measured using a digital refractometer (PEN-
PRO 3730, ATAGO, Japan), which was converted to
probable alcohol (%). pH and titratable acidity (g/L)
were also measured, with acidity determined by the
amount of NaOH (mL) using the semiautomatic
titrator (PH-Burette 24, CRISON, Spain). The
procedures were carried out over a four-year period,
except for 2020 when laboratory tests were not
possible due to pandemic-related constraints
(COVID-19).

In this study, the concept of water productivity is
based on the correlation between grape yield (GY)
and three parameters: total water use (TWU),
transpiration (T), and current crop evapotranspiration
(ET¢ act), using Equations 2, 3 and 4. The TWU
represents the total water used during the production
cycle and was calculated by adding precipitation,
irrigation, and the variation in soil water content over
the growing season. The T and ET¢ ax were
determined using the SimDualKc results (Silva et al.
2021b).

GY

WPTWU: TWU Eq.2
GY
GY

WPET B ETC act £a-4

where TWU corresponds to the water used (which
includes rainfall, soil water storage, capillary rise and
irrigation applied,), GY refers to achieve grape
yielded (Kg/ha), T refers to transpiration (crop plus
ground cover, m®ha) and ET¢ s is actual crop
evapotranspiration (m%ha).

Statistical analysis

To analyse the variability of treatment means and
perform post hoc comparisons, a one-way ANOVA
was conducted using in SPSS 27. The post hoc tests
were performed using Duncan’s test with a
significance level of p < 0.05.

RESULTS AND DISCUSSION
Climate during growing seasons

The impact of climatic factors on viticulture is a well-
documented phenomenon, with variables such as
temperature, relative humidity, wind speed and
reference  evapotranspiration  (ET,)  directly
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influencing vine development and grape quality
(Prada et al. 2024). Data obtained from the
meteorological station installed on site revealed
significant variations in the average annual
temperature throughout the growing seasons.
Specifically, in 2019, the mean temperature was
recorded at 18.2 °C, with a minimum of 6.8 °C (DOY
94) and a maximum of 27.1 °C (DOY 192). In 2020,
adecline was observed to 17.3 °C, with no significant
alteration in the extreme values observed in the
preceding year. In 2021, the average temperature
increased slightly to 17.6 °C, with a slight rise in
extreme values, ranging from a minimum of 9.4 °C
(DOY 72) to a maximum of 27.4 °C (DOY 235). A
significant increase in the average temperature was
observed in 2022 to 19.1 °C, with a maximum peak
of 30.8 °C (DOY 193). The progressive rise in
average temperatures, especially in 2022, suggests an
impact on the phenological cycle of the vines,
including accelerated ripening (Dinis et al. 2022),
leading to a shorter growing season (Table I1).

The mean relative humidity exhibited minimal
variability, fluctuating from 73.80% in 2019 to
78.72% in 2021. However, the minimum values
demonstrated greater variation. The years 2020 and
2022 were characterised by the lowest relative
humidity levels, with minimum values of 51% (DOY
196) and 50% (DOY 231), respectively. Regarding
the wind in 2019, the average speed was recorded at
1.12 m/s, while in 2020, it experienced a decline to
1.05 m/s. In the subsequent years, a steady increase
was observed, with 1.51 m/s in 2021 and 1.59 m/s in
2022. A significant variation in growing seasons
precipitation was observed between 2019 and 2022,
with 2019 recording the highest accumulation (394
mm) and 2021 the lowest (323 mm). Furthermore,
2022 was distinguished by its high number of rainy
days (81), in contrast to 2019 and 2020, which
recorded only 55 days with precipitation. It was also
observed that the greatest rainfall tends to occur at
the beginning of the harvest.

A significant increase in the average ET, was
observed during the growing seasons (Figure 2).
Specifically, the average recorded in 2019 was 2.99
mm/day, which decreased to 2.60 mm/day in 2020.
Subsequent years witnessed a marked increase,
reaching 3.36 mm/day in 2021 and 3.60 mm/day in
2022. This increase in ET, can be attributed to an
increased water demand by plants, particularly in
2022, when a combination of high temperature and
high ET.,.

The results indicate that the years analysed presented
distinct climatic conditions, with emphasis on the
increase in average temperature and ET, in 2022,
bringing forward the harvest by 16 days, compared
to the average in years 2019 and 2020.



Such climatic changes are likely to impact
viticulture, reducing the days of vegetative growth
(Table I1), vine metabolism and quality of the grapes
(Cunha et al. 2020; Dinis et al. 2022).

Stem  Water  Potential,  Actual
Evapotranspiration, and Transpiration

Crop

Figure 3 shows the SWP in three growing seasons. It
is evident that there are no significant differences

VPD (kPa)
~
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between treatments in the same DOY (Figure 3.A.1.,
B.1. and C.1.). However, the values achieved by
irrigation treatment are slightly better than those of
the other treatments in most DOYs. This fact is
reflected where the mean SWP for treatments during
the entire season shows differences between
treatments (Figure 3.A.2., B.2. and C.2.).
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Figure 3. Vapor pressure deficit (VPD) at 14:00 (solar noon) and stem water potential (SWP, MPa) for control treatments
(R), deficit irrigation (DI), and irrigation (I) measured during the growing seasons 2019 (A), 2020 (B) and 2021 (C) for the
evolution of SWP during the season (1) and the mean SWP for each season (2). Arrows indicate irrigation moments for
DI (-)and I () treatments. Different letters indicate a significant difference between groups with p < 0.05, using one-way
ANOVA followed by Duncan’s post hoc test.
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As previously documented by other researchers
(Williams and Baeza, 2007), the SWP (Figure 3)
exhibited a notable response to prevailing climatic
conditions. Despite the observed variations among
the treatments, these differences did not attain
statistical significance across any of the designated
DOY as other authors had already reported
(Santesteban et al. 2011, 2019). According to
Leeuwen et al. (2009), the vineyard was mostly
subjected to no stress or weak to mild stress, with
occasional instances of moderate to severe stress
(Figure 3A). This finding is consistent with the
results reported by Gil et al. (2014) and Cole and
Pagay (2015), who also occasionally recorded values
lower than -1.2 MPa. Although no noticeable
differences were observed when analysing the set of
dates, significant differences were found between the
treatments in 2019 and 2021 (Figure 3B).

Strategy | exhibited better results (lower SWP) than
the other treatments, as previously described by
Martinez et al. (2013). Considering all growing
seasons, differences were found between the DOY
(Figure 3A). In 2019 and 2021 the SWP values
gradually decreased throughout the growing season,
as reported in several previous references (Olivo et
al. 2009). Nevertheless, in 2020, a decline in stress
conditions, lower VDP and ETo values in the middle
phase resulted in a subsequent decrease in SWP

values in this phase, as described by Morabito et al.
(2022) that suitable conditions can rapidly increase
the SWP. The analysis of Figure 3A also, suggests a
strong direct relationship between SWP and VDP as
the lowest SWP readings were recorded a few days
after periods of higher VPD readings are obtained
days after the occurrence of higher VDP.

Regarding the values obtained for actual crop
evapotranspiration and transpiration, significant
differences were observed between treatments and
crop years (Table V). In 2020, treatment R had the
lowest ET¢ at and transpiration values, whereas in
2022 treatment | recorded the highest values for these
indicators (Table 1V). In this sense, the results
obtained using SIMDualKc enabled a precise
assessment of the differences between the values of
ETc ac (mm) and transpiration (mm) across
treatments and seasons (Table 1V). Regarding the
ETe¢act, Values ranged from 269 mm (R-2020) to 396
mm  (1-2022). Similarly, transpiration showed
considerable variation, with values ranging from 140
mm (R-2020) to 241 mm (1-2022). Such differences
have already been reported in vineyards, with a about
52% and about 42% difference between the extreme
values in ET¢ a (MmM) and Transpiration (mm),
respectively (Fandifio, 2021), similar results have
also been reported for the olive (Paco et al. 2019;
Puig-Sirera et al. 2021).

Table IV

Actual crop evapotranspiration and transpiration for four years (2019 to 2022 obtained using SIMDualKc

Year Treatment ETe¢ace (Mm) Transpiration (mm)
R 325 198
2019 DI 336 207
| 359 216
R 269 140
2020 DI 291 154
| 306 163
R 365 219
2021 DI 371 222
| 385 234
R 361 207
2022 DI 372 229
| 396 241

Where: ET. .t represents actual crop evapotranspiration in mm, R is control treatment, DI is deficit irrigation treatment and |

correspond to irrigation treatment.



Production and Quality

Regarding the qualitative and quantitative
parameters resulting from the treatments, it was
found that there were no significant differences
between the treatments under the same climatic
conditions. The observed differences were related to
the number of bunches per vine in 2019, the fresh
mass of 100 berries in 2020 and 2022, and the yield
in 2022 (Table V). However, over the years with
different irrigation treatments, there was a slight
tendency for higher irrigation levels to increase yield,
number of bunches per vine, fresh berry mass, pH,
and total acidity. In contrast, higher irrigation led to
lower probable alcohol (Table V).

The absence of differences in production parameters
between irrigation treatments is consistent with the
findings described for the cv. ‘Godello’ (Trigo-
Cordoba et al. 2015) and cv. ‘Chardonnay’ (Ma et al.
2023). However, in 2022, treatment | yielded
approximately 54% more than treatment R,
indicating significant differences in that year (Table
V). This behaviour was not only due to the irrigation
applied in that year, but also to the influence of
continuous irrigation during previous years (Munitz
et al. 2017). Table V shows a progressive increase in

the difference in yield between treatments R and |
over the years, culminating in 2022 with a higher
yield. This trend aligns with previous studies on cv.
‘Monastrell” (Romero et al. 2016) and cv. ‘Cabernet
Sauvignon’ (Junquera et al. 2012), in which long-
term irrigation treatments caused differences in yield
and other parameters. In 2019, additional differences
were observed in bunches per vine (Table V), where
treatment | recorded the highest mean value (P <
0.05). Additionally, in two years, the fresh mass of
the berries was higher in treatment | compared to
treatment R (Table V), in agreement with reporting
for cv. “Verdejo’ (Vilanova et al. 2019). However, no
significant  differences were found between
treatments in qualitative parameters, such as pH,
probable alcohol, and titratable acidity (Table V),
similar to what was reported for cv. ‘Albarifio’ and
cv. ‘Godello’ (Cancela et al. 2016). Therefore, it is
possible to conclude that irrigation did not influence
the quality parameters in this cultivar under the given
climatic conditions. In contrast, irrigation was found
to decrease probable alcohol content in cv. ‘Cabernet
Sauvignon’ (Acevedo-Opazo et al. 2010) and
increase titratable acidity (Junquera et al. 2012), with
no differences in pH in either study.

Table V

Production and quality parameters related all five growing seasons (2019 to 2022) in different treatments.

Titratable
. Probable o
Yield Bunches Fresh mass of acidity
Year Treatment . . pH alcohol .
(t/ha) per vine 100 berries (g) %) (g/L tartaric
acid eq.)
R 9.87 32.04° 191.67 3.07 10.89 7.90
2019 Dl 12.04 38.00% 184.14 2.99 10.79 7.25
| 13.13 42.82* 196.29 2.98 10.18 8.31
R 19.77 51.21 163.09%
2020 Dl 20.28 52.50 181.47°
| 22.89 62.04 191.06°
R 472 14.29 192.08 2.83 10.80 7.27
2021 DI 6.52 18.50 203.64 2.84 11.20 7.32
| 7.23 19.14 207.78 2.90 11.30 8.28
R 12.57° 30.79 163.25% 3.01 10.06 7.64
2022 Dl 16.85% 40.07 177.66% 3.01 10.25 7.82
| 19.36° 41.33 188.66° 3.12 10.63 7.88

Different letters indicate a significant difference between groups with p < 0.05, using one-way ANOVA followed by Duncan’s post

hoc test. R= control, DI= deficit irrigation; | = irrigation.
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Although no differences were observed between
treatments, there were significant differences
between the growing seasons. Seasonal variation can
be observed in the parameters such as yield, bunches
per vine and fresh mass of 100 berries. The
interannual variation in production and quality is
shown in Figure 4. However, the average yield was
14.66 t/ha, a value similar to that reported by Oliveira
et al. (2020) for healthy plants of the cv. ‘Loureiro’.
As demonstrated in Figure 4, there is a clear
indication of interannual variability in the yield,
bunches per vine, and fresh berry mass in this study.
Yield ranged from 6.16 t/ha (in 2021) and 20.98 t/ha
(in 2020), bunches per vine between approximately
17 (in 2021) and 55 (in 2020), and fresh mass of 100
berries between 179 g (in 2021) and 201 g (in 2020).
In this sense, there is a clear seasonality effect since

25000

= 20000

years with high production are preceded by years
with significantly lower values (Figure 4A). Similar
trend has been reported in the Douro region (Cunha
and Richter, 2012) and in other cultivars such as cv.
‘Tempranillo® (Intrigliolo and Castel, 2009) and cv.
‘Merlot” (Chacon-Vozmediano et al. 2020). On
average, the pH, probable alcohol, and titratable
acidity values were 2.97, 10.68%, and 7.74 g/L,
respectively (Figure 4 D, E, F). Nevertheless,
significant fluctuations were observed over the years.
These fluctuations have also been reported in other
studies with different grape varieties (Balint and
Reynolds, 2013; Romero et al. 2016). These findings
underscore the importance of considering water
productivity when planning the irrigation strategy for
vineyard (Junquera et al. 2012), as proposed in the
next section.
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Figure 4. Yield (A), bunches per vine (B), fresh mass of 100 berries (g) (C), pH (D), probable alcohol (E) and titratable
acidity (F) related all four growing seasons (2019 to 2022). Different letters indicate a significant difference between
groups with p < 0.05, using one-way ANOVA followed by Duncan’s post hoc test.
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Water Productivity

The results of the water productivity calculations are
presented in Table VI. Significant differences were
found between treatments R, DI, and | in all years
except 2021. Additionally, DI treatment consistently
produced the best results, although it did not always
have the highest numerical values, since it
consistently showed values without significant
differences. Treatment | only showed significantly
better values than the control treatment in 2022,
regardless of the parameter.

It is evident that the most beneficial irrigation
strategy is DI, because regardless of the year, the WP
in the DI strategy always generates the best result
(Table VI). This finding aligns with the results
reported by other authors (Shellie, 2014; Ma et al.
2023). However, it is important to note that WP can
vary depending on the location and cultivar. For
example, in Italy with cv. ‘Cannonau’, some authors
found that lower irrigation levels can lead to higher
WP values (Oliveira et al. 2013). The highest values

of the WPy, WPt and WPgt¢ st Were recorded in DI-
2020, where 4.73, 7.87 and 14.89 kg/m® were
obtained, respectively. On the contrary, the lowest
values of these same indicators were recorded in DI-
2021, at 1.07, 1.27 and 2.13 kg/m?®, respectively
(Table VI). These values varied greatly over the
years (Table VI and Figure 5), and were strongly
influenced by the variation in grape yield (GY)
(Figure 4). Thus, Figure 5 shows a similar trend to
that reported in production: a high WP value is
preceded by a significantly lower one. Significant
variations in WP have also been reported for cv.
‘Albarifio’ (Miras-Avalos et al. 2016), but they were
less pronounced than those recorded in this work. It
should be noted that the WPEgrc act in 2020 stands out
as a strange value compared to all other values
obtained in this study, as well as those presented by
Phogat et al. (2017), who obtained values of
approximately 6 kg/mé. This anomaly is ascribed to
the exceptionally high productivity observed in 2020
compared to the other years in the study.

Table VI

Mean of water productivity (WP) in function grape yield (GY), transpiration (T), and actual crop evapotranspiration (ET. ) and, related

for four growing seasons (2019 to 2022) in different treatments

Year Treatment WPgy (kg/m?®) WP+ (kg/m?®) WPEeTc act (Kg/m®)
R 2.76 £0.30% 4.04 +0.442 6.65 +0.722
2019 DI 2.30+0.20% 3.58 +0.30% 5.83 + 0.49%
I 1.76 +0.19° 2.75 + 0.30° 4.58 + 0.50°
R 4.39 +0.34° 7.53 +0.58 1452 +1.12
2020 DI 473 +0.32° 7.87+054 14.89 +1.02
I 3.11 +0.40° 6.45 + 0.83 12.09 + 1.55
R 1.50 +0.17 1.79+0.21 2.98+0.35
2021 DI 1.07+0.14 1.27+0.17 2.13+0.29
| 1.59 +£0.28 1.88 £0.33 3.09+0.54
R 3.22+0.41° 3.49 +0.44° 6.07 +0.77°
2022 DI 4.20 +0.31% 454 +0.33% 7.36 + 0.54%
I 4.55 + 0.32° 4.89 +0.34° 8.02 +0.57°

Different letters indicate a significant difference between groups with p < 0.05, using one-way ANOV A followed by Duncan’s post
hoc test. + represents the Standard error. R= control, DI= deficit irrigation; | = irrigation.
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Comparing the years, 2020 had the best values for all
WP parameters, while the following year (2021)
showed the lowest values (Figure 5). The pattern
observed indicates interannual oscillation in this

—c

parameter: years with high values tend to be both
preceded and followed by years with lower values,
similar to the behaviour documented for production.
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Figure 5 Variation in water productivity (WP) in function of grape yield (GY), Transpiration (T) and actual crop

evapotranspiration (ET. ) during four growing seasons (2019 to 2022). Different letters indicate a significant difference

between groups with p < 0.05, using one-way ANOVA followed by Duncan’s post hoc test.

CONCLUSIONS

During the growing cycle cv. ‘Loureiro’, variations
in stem water productivity were observed over time.
However, irrigation strategies did not result in
significant differences when comparing
measurements taken on the same date. Additionally,
the plants were rarely subjected to moderate or
severe stress in all treatments.

Similarly, no significant differences in annual
productivity and quality were observed between
treatments during the first three years. However, in
the last year, such differences emerged, indicating
that accumulated water stress over several years
could lead to reduced productivity under rainfed
conditions.

Additionally, the present study demonstrated a clear
annual fluctuation in yield, along with substantial
variations in the number of bunches per plant and
grape weight. These fluctuations were evident over
time, with years of high production often succeeded
by years of low production.

Based on water productivity indicators, the DI
strategy has consistently proven to be the most
efficient. Therefore, it is recommended to apply this
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strategy in the region for this cultivar. This approach
ensures superior production efficiency without
compromising grape yield and quality.

Future studies should further investigate the
observed seasonal variability in productivity and
assess whether deficient irrigation strategies remain
beneficial in the context of climate change.
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5 DISCUSSAO

5.1 DESENHO EXPERIMENTAL E AVALIACAO METODOLOGICA

Os artigos apresentados referem estudos realizados com os cultivares Loureiro (capitulo
4.1 e 4.3) e Alvarinho (capitulo 4.2) da espécie Vitis vinifera L. Os estudos tiveram como
objetivo quantificar os efeitos de diferentes estratégias de rega na fisiologia da videira, no
balanco hidrico do solo, no desempenho produtivo da videira e na qualidade do mosto em
condicdes climaticas atlanticas. As experiéncias foram estruturadas utilizando um delineamento
que incorporava trés estratégias de rega distintas: rega total (FI ou 1), rega deficitaria (DI) e
sequeiro (R), cada uma replicada quatro vezes. Este desenho, facilita analises comparativas
entre uma variedade de regimes de gestdo de dgua, tendo em conta a variabilidade espacial
inerente as caracteristica dos ambientes viticolas (Shellie, 2014; Cancela et al., 2016; Zarrouk
etal., 2016).

O calendario de rega foi estabelecido em fungdo da agua disponivel para o viticultor, mas
de forma a cumprir os tratamentos pré-estabelecidos. Além disso, foi monitorizado o teor de
agua do solo, utilizando-se uma sonda capacitiva (Diviner 2000®) em intervalos de 10 cm até
80 cm de profundidade, fornecendo assim um perfil temporal e vertical do teor de dgua do solo.
O teor de agua do solo, foi utilizado para a calibragdo e validagao do modelo SIMDualKc (Rosa
et al., 2012a; Pago et al., 2019) .

A experiéncia com o cultivar Loureiro foi realizada durante quatro ciclos culturais
consecutivos (2019-2022) (capitulo 4.3), enquanto o ensaio com o cultivar Alvarinho
compreendeu dois ciclos culturais (2018-2019) (capitulo 4.2). Para culturas perenes como a
Vitis vinifera, estudos de longo prazo sdo fundamentais, dada a influéncia significativa da
variabilidade climatica entre anos no desenvolvimento fenologico, uso da agua e avaliagdo da
produtividade (Herrera et al. 2015, Pagay e Collins 2017, Romero et al. 2024). O delineamento
experimental utilizado nestes trabalhos €, portanto, usado para analisar de forma abrangente os
efeitos sazonais e as interagdes entre os tratamentos, aumentando assim a robustez dos
resultados. As tendéncias observadas entre ciclos culturais, tais como a produtividade da agua
superior dos tratamentos DI, revelam a importancia da experimenta¢do de campo com varios
ciclos culturais (Phogat et al., 2017; Wohlfahrt et al., 2018).

Uma inova¢do metodoldgica no estudo destes cultivares (Loureiro e Alvarinho) consistiu
na caracterizagao clara da cobertura vegetal ativa (AGC) e na sua incorporagao na modelagao
do balango hidrico do solo. A densidade e a altura da cobertura vegetal ativa, tanto na linha da
cultura como na entrelinha, foram monitorizadas ao longo dos ciclos culturais e posteriormente
incluidas no modelo SIMDualKc, como uma componente separada do coeficiente cultural basal
(Kev). Este coeficiente apresenta uma funcionalidade dupla, separando eficazmente a
transpiragdo da videira e a evapotranspiracdo da AGC. Este procedimento facilita uma
simulacdo mais precisa do uso da agua na vinha em condi¢des climdticas atlanticas, onde ¢
recorrente existir vegetacdo espontanea ou semeada (Pereira et al. 2015, Rallo et al. 2021), tal
como verificado nos trés estudos apresentados.

Os dados climaticos foram recolhidos a partir de uma estagdo meteorologica instalada em
cada uma das parcelas de estudo. A recolha de dados didrios, como a temperatura do ar,
humidade relativa, velocidade do vento, radiacdo solar e precipitagdo, foi essencial para calcular
a evapotranspiracao de referéncia (ET,) utilizando a equagdo FAO Penman-Monteith (Allen

69



SIMAO PEDRO ALVES DA SILVA

1996, Allen et al. 1998). A recolha destes dados garante por um lado a representatividade
espacial e temporal do microclima real das vinhas em estudo. Por outro lado, a inclusao destes
dados no modelo SIMDualKc permitiu o ajuste dos coeficientes culturais e das taxas de
evaporacao do solo as reais condi¢des verificadas em cada parcela, que sao altamente sensiveis
as flutuacdes climaticas de curto prazo, particularmente nas condi¢des atlanticas caracterizadas
por eventos frequentes de precipitacao e radiagao solar varidvel (Di Carlo et al. 2019, Smith et

al. 2020)
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52 GESTAO DA AGUA E IMPACTOS CLIMATICOS NOS CULTIVARES
LOUREIRO E ALVARINHO

O setor vitivinicola nas regides atlanticas, particularmente no noroeste de Portugal, tem
vindo a ser progressivamente condicionado pela crescente variabilidade climatica, impactos
que intensificar-se-3o no futuro, de acordo com as previsdes associadas as alteracdes climaticas
(Fraga et al. 2017, Wunderlich et al. 2023). A variabilidade climatica, particularmente as
alteracdes na temperatura, nos padrdes de precipitacdo e na evapotranspiracdo, exerce uma
influéncia substancial na fenologia, produtividade e eficiéncia do uso da agua (WUE) das
videiras (Chaves et al. 2010, Vercesi et al. 2024). Os presentes estudos analisam os cultivares
Loureiro e Alvarinho de Vitis vinifera L., destacando o papel da gestdo da rega e da
monitoriza¢do do balanco hidrico do solo como elementos essenciais na mitigagdo das pressoes
climaticas e na promocdao da sustentabilidade viticola. Preocupacgdes semelhantes sao
apresentadas por Cancela et al. (2016), sublinhando a necessidade de implementa¢dao de
estratégias de rega precisas face a variabilidade climatica.

O clima da regido estudada ¢ classificado como Csb, de acordo com o sistema de Koppen-
Geiger (Kottek et al. 2000), caracterizado por temperaturas amenas e alta pluviosidade
concentrada nos meses de inverno (Fraga et al. 2014). Os dados meteoroldgicos recolhidos nas
estagdes meteorologicas demonstram um padrdo sazonal de evapotranspira¢do de referéncia
(ET,), com valores maximos a ocorrerem no verao e valores minimos a ocorrerem no inverno,
refletindo assim o padrao climatico natural da regido atlantica. Esta variacdo ao longo do ano
pode ser observada no artigo do capitulo 4.2 (cv. Alvarinho), onde os valores de ET, variaram
entre 1,1 a 8,1 mm dia'e 1,5 a 7,0 mm dia™! em 2018 e 2019, respetivamente. As diferencas
entre anos foram mais evidentes no cv. Loureiro (capitulo 4.3), onde a evapotranspiragdo de
referéncia anual variou de 653 a 865 mm e a precipitagdo anual acumulada variou
significativamente entre os anos, de um minimo de 733 mm em 2020 a um maximo de 1645
mm em 2022. Conclui-se assim, que h4 uma variabilidade significativa entre anos, influenciada
principalmente pela temperatura do ar, precipitagdo, velocidade do vento e radiacdo solar. Estas
variacoes climaticas entre os anos ja sao conhecidas, contudo de acordo com as projegdes estas
oscilagdes tornar-se-ao ainda mais pronunciadas no futuro, uma vez que os cenarios do IPCC
sugerem um aumento na frequéncia e intensidade dos eventos extremos, uma reducdo na
precipitacdo e um aumento nas temperaturas médias (Fonseca et al. 2023).

Os cenarios RCP 4.5 e 8.5 (IPCC) indicam um aquecimento significativo € um aumento da
aridez no norte de Portugal. As proje¢des indicam que, mesmo no cenario moderado (RCP2.6),
haverd um aumento na temperatura média anual de +1 a 2 °C em comparagdao com o periodo
historico, com algumas areas potencialmente a registar temperaturas superiores a +6 °C até
2100, no cenario RCP8.5. E evidente que os eventos de calor extremo, definidos como dias com
temperaturas superiores a 45 °C, aumentaram tanto em frequéncia como em intensidade.
Simultaneamente, tem havido um aumento notavel na ocorréncia de eventos de elevada
precipitagdo. Por outro lado, prevé-se uma diminui¢do da precipitagdo anual. Sob o cendrio
RCP8.5, projetam-se uma diminui¢do da precipitagcao superior a 40% até ao final do século, em
comparac¢do com as condi¢des climaticas historicas (Lima et al. 2023, Soares et al. 2022). Estas
alteragOes exigirao ajustes na gestdo da agua, especialmente tendo em conta que as videiras
nesta regido atlantica tém sido tradicionalmente cultivadas em sequeiro, (capitulos 4.1, 4.2 e
4.3). No entanto, as alteragdes climaticas ja impulsionam a adogao gradual de praticas de rega
para compensar a menor disponibilidade de agua no solo e mitigar o stress hidrico nas plantas.

As condi¢des meteoroldgicas influenciam a fenologia da videira, particularmente nos
momentos da floracdo e da colheita das uvas (vindima). Neste sentido, ¢ benéfico utilizar
indices bioclimaticos com o objetivo de caracterizar globalmente os anos (Massano et al. 2023).
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A aplicagdo de indices bioclimaticos, incluindo o Indice de Winkler (WI) (Winkler et al. 1974),
o Indice de Huglin (HI) (Huglin 1978), o indice de Noites Frias (CI) (Tonietto 1999), o indice
de Seljaninov (SI) (Seljaninov 1966) e Indice de Branas (BI) (Branas et al. 1946), foram
utilizados para caracterizar o clima, bem como os niveis de stress ao longo dos ciclos culturais.
Entre 2018 e 2022, os indices bioclimaticos no cultivar Loureiro (capitulo 4.3) indicaram um
clima moderadamente quente, com o indice de Winkler a colocar o local na Regidao II-III
(Winkler et al. 1974) e os valores de Huglin a confirmarem uma classificacdo de clima
temperado quente. As temperaturas noturnas frescas (14,2—16,0 °C) sdo propicias a preservacao
aromatica, enquanto os indices de Selianinov e Branas indicaram uma elevada variabilidade
climética entre anos. Por outro lado, no ensaio com o cv. Alvarinho (2018-2019) obtiveram-se
indices Winkler e Huglin ligeiramente elevados, indicativos de um microclima em
aquecimento. Este foi caracterizado por indices notaveis de noites frias (>14 °C) e stress hidrico
pronunciado em 2019, como evidenciado pela baixa precipitagdo e consequente redug¢ao do
estado hidrico das videiras.

A gestdo eficiente da rega ¢ uma estratégia fundamental para mitigar o impacto das
alteracdes climaticas (El-Nashar e Elyamany 2023, Khadatkar et al. 2025). Neste
enquadramento, a adogao de modelos baseados na metodologia dos coeficientes culturais duais
tem-se tornado imperativa (Paredes et al. 2018, Wei et al. 2015). Essa abordagem dos
coeficientes culturais duais (Dual Kc) surgiu como uma ferramenta para estimar a
evapotranspiracao da cultura real (ET. act), separando as contribui¢des da transpiragdo da
videira, da cobertura vegetal ativa e da evaporacao do solo (Allen et al. 1998).

A utilizacdo de modelos como o SIMDualKc facilita a estimativa e a aplicagdo dos
coeficientes culturais duais no balango hidrico do solo, contribuindo assim para a otimizagao
dos programas de rega e o aumento da produtividade da 4gua (Rosa et al. 2012a, 2012b). No
entanto, ¢ importante destacar que existem outros modelos que ajudam a simular os niveis de
agua no solo, como o modelo SALTMED (EI-Sadek 2014, Ragab 2002) e o modelo AquaCrop
(Er-Raki et al. 2021, Gonzélez Perea et al. 2018).

Como um dos objetivos era determinar o impacto do teor de dgua do solo no
desenvolvimento das plantas, foram testadas trés estratégias de rega nos dois cultivares. Os
estudos com os cultivares Loureiro e Alvarinho (capitulos 4.1, 4.2 e 4.3), incluiram rega total
(FT ou I), rega deficitaria (DI) e sequeiro (R), com o objetivo de responder as hipoteses e
objetivos propostos no capitulo 2. Conforme demonstrado nos capitulos 4.2 e 4.3, a estratégia
DI apresentou uma tendéncia consistente de desempenho superior no que respeita ao uso da
agua, apresentando incrementos de +0,15 e +0,38 kg de uvas por m? de dgua utilizada quando
comparada com a estratégia R, em 2018 e 2019, respetivamente, para o cv. Alvarinho (capitulo
4.2). Estes resultados servem para sublinhar a importancia da utilizagdo moderada de 4gua para
suprir as condi¢cdes de stress. De forma semelhante, o cultivar Loureiro (capitulo 4.3)
evidenciou maior estabilidade produtiva a longo prazo e produtividades da agua satisfatorias
com a implementa¢do do tratamento DI. Os resultados vao ao encontro da hipotese que a
aplicagdo criteriosa da rega pode servir para mitigar a variabilidade do rendimento e aumentar
a sustentabilidade na producao da Vitis vinifera em condicdes atlanticas (Daler 2024, Martinez-
Moreno et al. 2023).
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Para reforcar esta hipotese, as conclusdes registadas com quatro ciclos culturais sucessivos
realizados entre 2019 e 2022 (capitulo 4.3) demonstraram que a rega teve um impacto
significativo tanto no rendimento como na qualidade do mosto. O rendimento mais elevado foi
observado em 2020 em condigdes de sequeiro (19 766,5 kg ha™!) enquanto o rendimento mais
baixo ocorreu em 2021 em condi¢des de rega total (4 726,1 kg ha'). Estes resultados
evidenciam a complexa interagao entre rega, clima e condi¢des sazonais. Apesar de flutuagdes
ocasionais, a DI demonstrou uma produtividade da dgua consistente, reforcando assim o seu
papel como estratégia de rega que apresenta resiliéncia as alteragdes climaticas.
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53 IMPACTO DO SOLO E DA COBERTURA NO BALANCO HiDRICO DO SOLO

A classificacdo dos solos ¢ o conhecimento das suas caracteristicas sao fundamentais na
disponibilidade de dgua e no desempenho das vinhas, especialmente em condigdes de
instabilidade climatica e stress hidrico (Aloui et al. 2023). As parcelas avaliadas nos trabalhos
referidos nos capitulos 4.1, 4.2 e 4.3 apresentam textura franco-arenosa, caracterizada por um
elevado teor de areia (aproximadamente 70%), com as fracdes de limo e argila a contribuirem
significativamente para a sua capacidade de retencao de agua (capitulos 4.1, 4.2 ¢ 4.3). Os solos
destas parcelas sao classificados como regossolos eutricos (WRB 2014), caracterizados por
teores de matéria organica que variam entre 1,74% e 1,95%. Estes valores de matéria organica
contribuem para a estrutura e a capacidade de retengdo de humidade do solo (Nufiez e
Schipanski 2023). Apesar da sua textura relativamente grossa, estes solos revelaram-se capazes
de manter valores de 4gua disponivel total na zona radicular (TAW) entre 100 mm e 112,8 mm,
para uma profundidade radicular da vinha de 0,8 metros.

Os valores de capacidade de campo e coeficiente de emurchecimento foram determinados
por extragdes com placa de pressdo a -33 kPa e -1500 kPa, respetivamente (Veihmeyer and
Hendrickson, 1949). Os resultados obtidos em ambas as parcelas de estudo foram semelhantes,
com valores de capacidade de campo e coeficiente de emurchecimento de 0,281 cm® cm™ e
0,140 cm® cm™ (cv. Alvarinho, capitulo 4.2) e 0,251 cm® cm™e 0,121 cm?® cm™ (cv. Loureiro,
capitulos 4.1e 4.3). Verificou-se que os parametros hidricos variaram ao longo dos perfis do
solo, pelo que foi necessario considerar os valores de capacidade de campo e coeficiente de
emurchecimento nas diferentes profundidades do solo, pois os modelos de balango hidrico do
solo como o modelo SIMDualKc possibilitam a inclusdo destas propriedades do solo (Paredes
et al. 2017, Rosa et al. 2012a). Por outro lado, para melhor caracterizar o solo, as leituras do
teor de 4gua serviram para calibrar a curva de esgotamento do modelo, utilizando o método de
regressdo potencial (Liu et al. 2006), aplicando parametros empiricos de drenagem. Esta
modelacdo ¢ importante para caracterizar o balanco hidrico do solo apo6s a precipitagdo e
facilitar a andlise da interacdo entre a textura do solo, a profundidade das raizes e o teor de 4gua
do solo (Stevens e Harvey 1996). Em climas marcados por precipitagdo concentrada no inverno
e periodos frequentes de seca no verdo (Fraga et al. 2014), conforme documentado no presente
estudo, a correta identificacdo desses aspetos relacionados com o solo ¢ de extrema importancia.

A cobertura vegetal ativa (AGC) também ¢ um fator a considerar e que deve ser
incorporado no balango hidrico do solo. Em todas as parcelas experimentais, observou-se
vegetacdo espontanea, principalmente da familia Poaceae, ao longo do ciclo cultural, com
densidades e alturas variaveis, dependendo da frequéncia de corte e das praticas de gestao,
conforme explicado nos capitulos 4.1, 4.2 e 4.3. No estudo do cv. Alvarinho (capitulo 4.2) a
densidade oscilou entre 50 % e 95 % nas entrelinhas e entre 10 % e 90 % nas linhas. A altura
da cobertura vegetal ativa também variou, entre 0,05 m e 0,20 m nas entrelinhas e entre 0,03 m
e 0,18 m nas linhas. J4 no estudo com o cv. Loureiro (capitulo 4.1) a altura verificada na
entrelinha variou entre 0.05 m e 0.20m com densidades que variaram entre 10 % e 90 %, e a
densidade nas linhas variou entre 0 % e 15%. A presenga da AGC funcionou ndo s6 como
concorrente pela dgua do solo, mas também como prestadora de servigos de ecossistema,
contribuindo para o seguinte: (i) controlo da erosdo, (ii) sequestro de carbono, (iii) fixacao de
azoto e (iv) controlo biologico de pragas (Garcia et al. 2018, Oliveira e Cunha 2015, Ruano-
Rosa et al. 2022). No entanto, ¢ imperativo incluir as necessidades de agua da AGC na
evapotranspiragdo total da cultura, particularmente quando se emprega a dos coeficientes
culturais duais (Fandifio 2021, Fandifio et al. 2012).

O coeficiente basal da cobertura vegetal ativa (Kcb cover) apresentou variagdes ao longo do
ciclo cultural e entre ciclos culturais em ambas as cultivares variando entre 0.17 e 0.27 no cv.
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Loureiro (capitulo 4.1) ¢ 0.16 € 0.31 no cv. Alvarinho (capitulo 4.2). Esses valores dependeram
do desenvolvimento fenologico das videiras, bem como altura e densidade da cobertura vegetal
ativa na linha e na entrelinha (capitulo 4.1). Essa variabilidade requer resolucao temporal na
estimativa dos coeficientes para evitar subestimar ou superestimar as necessidades hidricas.
Conforme documentado no capitulo 4.1, embora as vezes marginal, a evapotranspiragdo AGC
assume relevancia em cenarios de rega deficitaria (DI). Nesses cendrios, a 4gua absorvida pelas
videiras ¢ reduzida, com o resultado de que a evaporagdo do solo representa uma fracdo maior
da ET.. Apesar do modelo fazer essa separagdo, alguns autores ja relataram inconsisténcias
nessa divisdo, referindo-se ao facto de que a maior parte da ET. deve estar associada a cultura
em producdo e ndo a cobertura vegetal ativa (Fandifo 2021).

A quantificagdo destes componentes utilizando o modelo SIMDualKc permitiu a divisao
das componentes da evapotranspiracao entre a transpiracao da videira e os processos associados
a AGC. O papel ecologico da AGC na reducdo da temperatura do solo € na manutengdo da
estrutura do solo pode compensar os seus efeitos competitivos em certos sistemas viticolas,
especialmente quando a disponibilidade de 4gua nao ¢ criticamente limitante (Acevedo-Opazo
et al. 2010, Pereira et al. 2020). Além disso, sabe-se que mesmo quando a AGC causa ligeiras
reducdes na agua disponivel no solo (ASW), a sua integragdo em sistemas viticolas sustentaveis
continua a ser benéfica, desde que a gestdo da rega tenha em conta a sua presenca (Garcia et al.
2018).

A variabilidade espacial do solo também foi abordada utilizando métodos geoestatisticos.
Por exemplo, no estudo realizado com o cv. Alvarinho (capitulo 4.2), a condutividade elétrica
aparente (EC,) foi medida em toda a area experimental utilizando o equipamento EM38-DD
(Geonics, Canada). Isto facilitou o mapeamento da heterogeneidade do solo e permitiu a
instalagao mais precisa de sondas de monitorizagdo e dos blocos de tratamento (Miras-Avalos
et al. 2020). Esta abordagem facilitou o isolamento e a garantia da homogeneidade do solo entre
tratamentos, considerando apenas as variacdes nos tratamentos de rega € o seu impacto na
variabilidade do teor de 4gua do solo. Esta metodologia pode ser empregada para a identificagdo
nas parcelas dos setores de rega, cada um com necessidades hidricas diferentes (Hedley e Yule
2009).

A inclusdo da caracterizagao fisica do solo, a avaliacdo da cobertura vegetal ativa (AGC)
e a monitorizacdo do teor de d4gua do solo com base em sondas capacitivas foram fundamentais
para a calibracdo precisa do modelo SIMDualKc. Esta abordagem permitiu ainda uma
interpretacdo precisa das respostas da vinha a variabilidade climatica registada entre os ciclos
culturais bem como clarificou que a implementagdo estratégia de rega DI a melhora a eficiéncia
do uso da 4gua, mantendo simultaneamente o rendimento das uvas e a qualidade do mosto.
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54 MODELACAO DO BALANCO HIDRICO DO SOLO COM SIMDUALKC

O modelo SIMDualKc¢ baseia-se na abordagem dos coeficientes culturais duais (Allen et
al. 1998). Esta abordagem foi desenvolvida para melhorar as estimativas da evapotranspiragao
da cultura real, dividindo-a em dois componentes distintos: a transpiragao basal das culturas e
a evaporacdo da superficie do solo. Esta metodologia representa um avango em relagdo a
abordagem convencional do coeficiente cultural, que ¢ incapaz de diferenciar estes processos.
A abordagem dos coeficientes culturais duais fornece uma estimativa mais precisa das
necessidades hidricas de culturas com copas complexas e condigdes de cobertura vegetal ativa
variaveis, como vinhas, onde a vegetacdo de cobertura vegetal ativa e o solo nu coexistem e
variam sazonalmente (Allen et al. 1998, Petry et al. 2023, Rallo et al. 2021).

O presente estudo apresenta a adogdo do SIMDualKc no estudo de Vitis vinifera L. cv.
Loureiro e cv. Alvarinho (capitulos 4.1 e 4.2), identificadas como castas adequadas para as
condi¢des viticolas atlanticas, onde o clima, a cobertura vegetal ativa ¢ a densidade das plantas
sdo variaveis. A calibragdo do modelo, foi elaborada com os dados do teor de 4gua no solo do
tratamento de sequeiro do primeiro ano. A posterior validagdo do modelo foi realizada com os
teores de dgua no solo dos restantes tratamentos e em anos subsequentes, obtendo-se uma
correlacdo elevada entre o teor de 4gua no solo simulada com o modelo e o teor de 4gua no solo
obtido in situ. Por exemplo, o estudo com o cultivar Alvarinho (capitulo 4.2) apresentou uma
correlacdo quase perfeita (1> = 0,995) entre o teor de agua no solo observada in situ e simulada
com recurso ao SIMDualKe, demonstrando assim a capacidade do modelo para capturar
variagoes no equilibrio hidrico sob diferentes estratégias de rega. Além disso, a capacidade do
modelo SIMDualKc de distinguir a transpira¢do da videira e a evapotranspira¢do da cobertura
vegetal ativa permitiu identificar as contribui¢des especificas das estratégias de rega deficitaria
para o aumento da produtividade da 4gua (WP) e da eficiéncia do uso da 4gua pelas culturas
(WUE), que s3o métricas importantes para avaliar o desempenho no uso da dgua (Fatichi et al.
2023, Fernandez 2023).

A pertinéncia da utilizagdo do SIMDualKc nessas investigagdes ¢ evidenciada, ndo apenas
pela sua precisdo preditiva, mas também pela sua aplicabilidade pratica para a gestdo
sustentavel da rega. Conforme descrito no capitulo 4.1, o modelo tem capacidade de incorporar
dados de diferentes fases fenoldgicas, o que o torna particularmente adequado para a avaliagao
das repercussoes de diversas estratégias de rega em diferentes tipos de culturas.

No contexto das alteracdes climaticas, em que se prevé uma diminuig¢do da precipitagdo e
um aumento da evapotranspiracdo na Regido dos Vinhos Verdes (Fraga et al. 2016, Guedes et
al. 2024, Jones e Alves 2012), o modelo serve como uma ferramenta de apoio a decisdo para os
viticultores que procuram adaptar-se sem comprometer a qualidade das uvas ou a viabilidade
economica. Além disso, a comparagao de dados de campo baseados em sensores (por exemplo,
sondas capacitivas) com simulagdes SIMDualKc aumenta a confiabilidade das recomendagdes
de rega (Paredes et al. 2018). Essencialmente, o modelo SIMDualKc fornece uma solucdo
cientificamente fundamentada, calibrada localmente e implementavel para a viticultura em
ambientes com restrigdes hidricas (Ma et al. 2023, Pereira et al. 2020, Shellie 2014).
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A implementacdo do SIMDualKc requer procedimentos rigorosos de calibragdo e
validacdo. Consequentemente, as metodologias de calibragdo utilizadas nos estudos que
utilizam este modelo devem apresentar caracteristicas comparaveis, conforme descrito nos
capitulos 4.1 e 4.2. Um ponto de partida comum foi a calibracdo inicial utilizando tratamentos
de sequeiro (R), em que a auséncia de rega minimizou a variabilidade externa da entrada de
agua (Cancela et al. 2015). Esta estratégia permitiu a simplificacdo do processo de estimativa
de parametros, garantindo que o teor de dgua do solo fosse exclusivamente influenciado pela
precipitacao e pela absor¢ao de agua pelas culturas (capitulos 4.1 e 4.2). A recolha dos dados
reais do teor de agua no solo foi realizada utilizando sondas capacitivas calibradas (Diviner
2000), que foram instaladas na vertical obtendo-se leituras em intervalos de 10 cm até uma
profundidade de 80 cm.

A calibra¢ao do modelo foi realizada utilizando dados do tratamento com sequeiro (R), em
que a auséncia de rega simplifica o balango hidrico, limitando as entradas de dgua apenas a
precipitacdo, conforme descrito anteriormente (Cancela et al. 2015, Fandifio 2021, Paredes et
al. 2017). Isto permite ao modelo identificar mais claramente os padrdes de esgotamento da
agua impulsionados pela atividade das plantas e validar a precisdo das simula¢des do teor de
agua do solo (Fandifio et al. 2012). No estudo com o cultivar Alvarinho (capitulo 4.2), a
calibracao com os dados de 2018 relativos ao sequeiro resultou numa elevada correlagdo entre
a agua do solo disponivel simulada pelo modelo SIMDualKc e a dgua do solo disponivel
observada pela sonda capacitiva (r*> = 0,995). Isto confirmou a capacidade do modelo para
simular um balango hidrico do solo sem a variabilidade induzida pela rega. Um nivel
comparavel de precisao foi obtido na casta Loureiro (capitulo 4.1), validando assim a utilizagao
do modelo SIMDualKc em contextos viticolas, caracterizados por cobertura vegetal ativa e
condicoes climaticas atlanticas.

Apds o processo de calibragdo, foi realizada a fase de validacdo. Esta fase utilizou dados
de outros tratamentos. Esses tratamentos ao introduzirem diferentes estratégias de rega, desde
rega total até rega deficitaria, demonstraram a robustez do modelo na previsao do teor de agua
disponivel no solo (Cancela et al. 2015, Puig-Sirera et al. 2021). Verificamos assim que em
ambos o estudo a utilizagdo de tratamentos de rega proporcionou uma estrutura pratica para
testar o desempenho das videiras sob stress hidrico e criou as diferentes condigdes de dgua do
solo necessarias para calibrar e validar rigorosamente o modelo. O alinhamento dos resultados
simulados com as observacdes da sonda capacitiva em diferentes tratamentos confirmou a
robustez e a utilidade do modelo SIMDualKc na orientagdo das estratégias de rega nas vinhas
atlanticas em cenarios climaticos atuais e futuros.

Em ambos os estudos, o0 método de regressao proposto por Liu et al. (2006) foi aplicado
para derivar a curva de esgotamento do solo apds eventos de precipitacao. Os parametros «a»
(valor de armazenamento do solo) e «b» (exponente da taxa de drenagem) foram ajustados
utilizando a curva de Kostiakov (Kostiakov 1932). Esta modelagdo baseada em regressao
permite a extrapolagdo do comportamento do solo para além do intervalo observado,
aumentando assim a capacidade preditiva do modelo SIMDualKc em varias condi¢des de
humidade. Além disso nos capitulos 4.1 e 4.2, o nimero de escoamento CN foi definido em
60, o que pressupde uma taxa de infiltracao tipica de solos franco-arenosos (Allen et al. 1998).

Nesse sentido, apos a validacdo, verificou-se que o modelo considera de forma explicita a
ET. e a sua parti¢ao entre a transpiracao da videira e a evaporagao do solo. Ao ajustar os valores
de K¢ ao longo do ciclo cultural e considerar as contribuigdes da AGC, o modelo conseguiu
estimar a agua disponivel no solo. Essa capacidade ¢ crucial para a rega de precisdo na
viticultura, particularmente quando se trata de otimizar estratégias de rega deficitaria sem
comprometer a qualidade das uvas (Shellie 2014).
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Apesar da robustez demonstrada, ¢ importante reconhecer as limitagcdes desta abordagem.
Por exemplo, a precisao dos resultados do modelo depende do conhecimento rigoroso da
profundidade das raizes e da avaliacao fenoldgica, que foram estimadas visualmente utilizando
a escala de Baggiolini (Baggiolini et al. 1993). Além disso, embora o balanc¢o hidrico do solo
seja preciso, parece haver uma imprecisao na separacao do consumo de agua pela AGC e pela
cultura (Fandifio, 2021). Apesar destas reservas, a consisténcia no desempenho do modelo entre
cultivares, anos e locais apoia a aplicabilidade mais ampla do SIMDualKc na gestdo da 4gua na
viticultura atlantica. O desenho modular do modelo e a sua capacidade de interagir com dados
de campo derivados de sondagem capacitiva posicionam-no como um instrumento para adaptar
a rega das vinhas a novos cenarios de clima e stress hidrico.
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5.5 INCLUSAO DO SWP E DO SIMDUALKC NO BALANCO HIDRICO

Os parametros do potencial hidrico de ramo (SWP), evapotranspiracao da cultura real
(ETcact) e transpiragdo (T) sdo fatores fisiologicos e hidrolégicos interdependentes que,
coletivamente, formam a base para a avaliagdo do estado hidrico da videira, resposta ao stress
hidrico e eficiéncia no uso da dgua. Estes indicadores foram objeto de monitorizacdo nos
estudos com Vitis vinifera L. cv. Loureiro e cv. Alvarinho, onde forneceram informagdes sobre
a eficacia de diferentes estratégias de rega.

O SWP, obtido através de camara de pressao, ¢ amplamente reconhecido como um dos
indicadores fisiologicos mais fidveis do stress hidrico da videira, refletindo a tensdo com que a
agua ¢ retida no sistema vascular das plantas (Santesteban et al. 2019). Foi demonstrado que ¢
capaz de reportar flutuacdes de curto prazo na disponibilidade de agua e estd fortemente
relacionado com a humidade do solo na zona radicular (Munitz et al. 2018). Nos estudos
apresentados, as leituras do SWP foram classificadas de acordo com limites estabelecidos.
Valores de SWP acima de - 0,6 MPa indicam auséncia de stress, entre -0,6 ¢ -0,9 MPa indicam
stress leve, valores acima de -1,1 MPa denotam stress moderado a severo e acima de -1,4 MPa
registam a presenca de stress severo (Leeuwen et al. 2009, Martinez et al. 2013, Miras-Avalos
e Araujo 2021).

No cv. Loureiro, (capitulo 4.3). os valores de SWP cairam frequentemente abaixo de —1,2
MPa durante os meses de verdo, particularmente em 2019 e 2022, indicando stress hidrico
moderado a severo. No entanto, os tratamentos de rega deficitaria (DI) mantiveram os niveis de
SWP dentro de uma faixa de menos stress de —0,8 a —1,1 MPa em mais estagios fenoldgicos.
Em contrapartida, o estudo com Alvarinho revelou que os valores de SWP foram geralmente
menos negativos em condigdes de sequeiro, com maximo atingido de —0,66 MPa no meio do
ciclo cultural. Estas diferencas podem ser atribuidas a caracteristicas especificas do cultivar,
tais como a regulacdo estomatica e o indice de area foliar, que influenciam o comportamento
hidraulico da planta. E importante notar que ambos os estudos confirmam a eficacia da DI na
regulagdo do stress hidrico da videira, preservando simultaneamente a funcdo fisioldgica, como
evidenciado pelos valores consistentemente mais baixos de SWP nos tratamentos com DI em
comparagdo com os SWP de sequeiro.

A evapotranspiragdo da cultura real (ET. ac¢) fo1 simulada utilizando o modelo SIMDualKc,
e permitiu quantificar o consumo total de d4gua da vinha através da soma da transpiracdo da
videira e da evaporacgdo da superficie do solo. Este parametro ¢ fundamental para a avaliagao
da produtividade da 4gua e foi calculado em funcdo da evapotranspiracdo de referéncia (ET,) e
do coeficiente da cultura real. Este Gltimo foi ajustado diariamente para refletir o stress hidrico
do solo utilizando o coeficiente de stress hidrico (Ks) (Allen et al. 1998). Verificou-se que os
efeitos da ET. variam consideravelmente entre cultivares, com diferengas significativas
observadas entre tratamentos e ciclos culturais. Valores mais elevados foram registados nos
tratamentos com rega total, o que pode ser atribuido ao aumento do desenvolvimento da copa
e do maior teor de dgua no solo. Em contrapartida, valores mais baixos foram observados nos
tratamentos com rega deficitaria (DI) e sequeiro (R), o que ¢ indicativo de uma redugao do teor
de 4gua no solo e consequentemente de uma atividade fisiologica restrita.
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A transpiragdo representa a dgua utilizada diretamente em processos fisioldgicos, como a
fotossintese e o arrefecimento, sendo uma componente relevante para avaliar a eficiéncia do
uso da 4gua pelas culturas. A medida que a ET. a aumentava, impulsionada por temperaturas
mais elevadas, radiagao solar e velocidade do vento, a transpiragao também aumentava, levando
a valores mais negativos de SWP quando a humidade do solo era limitante. Nos estudos
realizados com os cultivares Loureiro e Alvarinho (capitulos 4.1, 4.2 ¢ 4.3), os periodos de alta
ETca corresponderam a taxas elevadas de transpira¢do nos tratamentos com rega. Por outro
lado, as videiras cultivadas em sequeiro apresentaram transpiragao reduzida e SWP mais
negativo, indicando o fecho dos estomas induzido pelo stress. Portanto, o SWP funciona
também como um indicador fisioldgico da transpiracdo (Ohana-Levi et al. 2022, Padgett-
Johnson et al. 2003), estabelecendo uma ligagdo direta entre o clima e a resposta da planta.
Neste sentido, a estratégia com rega deficitaria resultou em niveis moderados de SWP e taxas
de transpiragdo estaveis, favorecendo o correto desenvolvimento das videiras e evitando stress
excessivo ou crescimento vegetativo excessivo.
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5.6 COEFICIENTE CULTURAL BASAL NAS CV.LOUREIRO E CV. ALVARINHO

O coeficiente cultural basal (Kb ) ¢ um parametro fundamental no método dos coeficientes
culturais duais (Paco et al. 2019). A estimativa precisa de K¢, ao longo do ciclo cultural ¢
fundamental para uma modelacao fiavel da evapotranspiracdo da cultura real e para a
determinagao das necessidades hidricas das culturas. Nestes estudos com os cultivares Loureiro
e Alvarinho, os valores de K¢, foram determinados por tentativa e erro através da calibracao
com o teor de 4gua do solo observado confrontado com o teor de 4gua do solo simulado, tal
como referido anteriormente.

No cultivar Loureiro (capitulo 4.1), o ajuste ideal do modelo foi alcangado com os valores
diferentes de K¢, em todas as fases de crescimento: O valor inicial de Kcb foi determinado como
0,33, com os valores Kb a meio no final do ciclo cultural estabelecidos em 0,68 e 0,54,
respetivamente. O coeficiente cultural basal ¢ indicativo de um desenvolvimento moderado da
copa ¢ da influéncia das condi¢des climaticas atlanticas, onde verdes amenos e cobertura
vegetal ativa podem limitar a transpiragdo. O K¢, de 0,68 no meio do ciclo cultural € consistente
com os valores obtidos em estudos analogos realizados em climas temperados (Paredes et al.
2017, Rosa et al. 2012a), sugerindo que o cv. Loureiro mantém um perfil de transpira¢do
equilibrado durante o desenvolvimento méximo da copa, sem apresentar vigor vegetativo
excessivo. Em contrapartida, o estudo do cultivar Alvarinho (capitulo 4.2) sugere valores mais
baixos (coeficiente cultural basal de 0,22, 0,53 ¢ 0,24 no inicio, meio ¢ fim do ciclo cultural,
respetivamente). E importante notar que estes sdo valores mais baixos, mas foram ajustados
para refletir o vigor especifico e a arquitetura da copa do cultivar.

Uma diferenga fundamental entre os cultivares ¢ observada na estrutura das suas copas e
na arquitetura espacial das suas condi¢des de crescimento. O cultivar Loureiro (capitulo 4.1)
foi conduzido num sistema de cordao simples ascendente, com densidade de 1 666 plantas ha ~
!, enquanto o cultivar Alvarinho também conduzido em corddo simples ascendente(capitulo
4.2), mas com densidade mais baixa (1 111 plantas ha ~!). Estas varia¢cdes tém impacto na
intercecao da luz, na circulacdo do ar e, consequentemente, nas taxas de transpiracao (Millan et
al. 2025). Consequentemente, os valores de K¢, diferiram ndo s6 devido a diferenca entre
cultivares, mas também devido aos sistemas de conducao locais e as varidveis climaticas. Isto
enfatiza a necessidade de calibracdo in situ para um conhecimento mais preciso do teor de dgua
no solo.

Em conclusdo, embora ambos os cultivares tenham apresentado desenvolvimentos
fenologicos anédlogos e tenham sido cultivadas em condicdes atlanticas, as variacdes em Kep
foram indicativas de caracteristicas fisiologicas e de gestdo das plantas e da cobertura vegetal
ativa diferente. Os resultados destes estudos servem para reforgar a importancia de atribuir
coeficiente cultural basal especificos para cada cultivar e cada momento do ciclo cultural,
particularmente no contexto de sistemas perenes, onde a variabilidade anual e a estrutura da
videira exercem uma influéncia significativa no estado hidrico das culturas (Rahman et al. 2024,
Zarrouk et al. 2024).
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5.7 PRODUTIVIDADE E EFICIENCIA DO USO DA AGUA

A produtividade agua (WP) e a eficiéncia do uso da dgua (WUE) sdo indicadores que
servem para avaliar estratégias de rega, especialmente no contexto das alteragdes climaticas e
da crescente escassez de agua nas regioes vinicolas. O termo WP ¢ normalmente utilizado para
designar a relacdo entre o rendimento das culturas e a quantidade total de 4gua utilizada na
producao, enquanto a WUE significa a relagdo entre o rendimento e o volume de agua
atualmente consumido pela planta através da transpiracdo (Fatichi et al. 2023, Romero et al.
2024).

Foi demonstrado, no caso do cv. Loureiro (capitulo 4.3), que a estratégia de rega deficitaria
(DI) obteve bons desempenhos em termos de produtividade da agua, nunca obtendo resultados
significativamente inferiores aos outros tratamentos em todos os anos. No estudo do cv.
Alvarinho (capitulo 4.2), observou-se a mesma tendéncia, os dados indicaram que o tratamento
de rega deficitaria (DI) alcancou valores de produtividade da agua de 2.46 kg m™ em 2018 e
1,24 kg m™ em 2019, superiores aos registados em condi¢des de sequeiro e semelhantes aos
obtidos com rega total. Estes resultados estdo em concordancia com a hipotese que afirma que
o stress hidrico moderado pode melhorar os atributos de produtividade bem como a qualidade
das uvas (Shellie, 2014; Phogat et al., 2017; Ma et al., 2023).
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5.8 RESPOSTA DA VIDEIRA A VARIABILIDADE CLIMATICA E ESTRATEGIAS
DE REGA

Os resultados dos estudos demonstraram que a produg¢do e a qualidade da videira
apresentavam padrdes sazonais consistentes, influenciados por interagdes complexas entre
variaveis climaticas, condi¢cdes do solo, gestdo de rega e caracteristicas dos cultivares. O
presente estudo examinou quatro ciclos culturais de Vitis vinifera L. cv. Loureiro (capitulo 4.3)
e dois ciclos culturais de cv Alvarinho (capitulo 4.2). Foram observadas variacdes no
rendimento e na qualidade das uvas em ambas as vinhas entre os ciclos culturais (capitulos 4.2
e 4.3). Essas variagdes enfatizam o papel que as condigdes climaticas desempenharam na
determinagdo do desempenho fisioldgico das videiras e nos resultados produtivos.

No cv. Loureiro (capitulo 4.3), estudo realizado entre 2019 e 2022, observou-se uma
oscilagdo sazonal pronunciada na produtividade, pois anos com elevada produgdo sao
precedidos por anos com valores significativamente mais baixos, similares aos reportados por
outros autores na regido do Douro (Cunha and Richter, 2012). A maior produtividade foi
observada em 2020 em condi¢des de sequeiro com 19 766,5 kg ha’!, enquanto a menor foi
registada em 2021 com a estratégia de rega total com 4 726,1 kg ha™!. A rega deficitaria (DI)
pareceu mitigar as necessidades hidricas de cada ciclo cultural, mantendo rendimentos nunca
inferiores aos outros tratamentos nos quatro anos, demonstrando uma melhoria estatisticamente
significativa em 2022 (p < 0,05), em que a produtividade das videiras da estratégia DI superou
o as da estratégia de sequeiro (R). Estes resultados reforcam a hipdtese que dotagdes de rega
mesmo que limitadas, quando oportunas podem gerar beneficios agronémicos de longo prazo
(Oliver-Manera et al. 2024).

No que respeita a qualidade do mosto, os pardmetros avaliados foram o teor alcoolico
provavel, a acidez titulavel e o pH. Estes ndo apresentaram muitas variagdes entre tratamentos
no cv. Loureiro. O cv. Loureiro registou um maximo de teor de alcool provavel de 11,3% na
estratégia FI em 2021 e um minimo de 10,18% também na mesma estratégia, mas em 2019,
indicando diferencas entre os ciclos culturais. Quanto a acidez tituldvel, o cultivar Loureiro
(capitulo 4.3) ndo apresentou variagdes significativas entre tratamentos e ciclos culturais
(valores que oscilaram entre 7,64 a 8,31 g/L) com a DI a preservar geralmente uma acidez
intermédia entre o sequeiro (R) e a rega total (FI) ao longo de todos os anos. Vérios estudos
demonstraram que o stress hidrico moderado durante a fase de maturacdo aumenta a
acumulacdo de agucar, a concentragdo de metabolitos secundarios e precursores de aroma,
contudo esta hipotese nao ficou claramente vincada neste estudo. (Acevedo-Opazo et al. 2010,
Vilanova et al. 2019) .

A evolugdo temporal do desempenho da videira demonstra que a sua produtividade ¢
altamente sensivel as flutuagdes climaticas sazonais. No entanto, a longo prazo, a
implementagdo de estratégias de rega deficitaria revelou-se um meio eficaz para melhorar a
produtividade sem comprometer as suas caracteristicas enologicas. As conclusdes destes
estudos enfatizam a importancia da aplicacao da rega mesmo que deficitaria (DI), de acordo
com as necessidades de 4gua da planta em cada momento do ciclo cultural, particularmente no
contexto das alteracdes climaticas, que se prevé que aumentem a frequéncia de fendmenos
climaticos extremos.
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6 CONCLUSOES

A principal conclusao retirada com esta tese ¢ que, com base numa analise experimental
plurianual, uma viticultura baseada exclusivamente em condi¢des de sequeiro, que ainda esta
marcadamente presente na Regido do Vinhos Verdes, ¢ insuficiente para garantir a estabilidade
produtiva e qualitativa dos cultivares Vitis vinifera L. cv. Loureiro e cv. Alvarinho. Num
contexto de crescente variabilidade climatica, serd estritamente necessario regar os cultivares
Loureiro e Alvarinho. Esta conclusao resulta de trés estudos (capitulos 4.1, 4.2 ¢ 4.3) que
combinam indicadores fenologicos, produtivos, fisiolégicos e hidricos. Verificou-se que a
variabilidade climatica entre os anos, comprometeu o rendimento dos cultivares em anos mais
secos. Por exemplo, a produtividade do cultivar Loureiro em 2021 em condigdes de sequeiro
foi de apenas 4,72 t ha™!, em contraste com 22,89 t ha™' com a estratégia de rega total em 2020.

A implementagdo de estratégias de rega deficitaria, adaptadas em fun¢do do solo, clima,
caracteristicas fenoldgicas e fisioldgicas dos cultivares, representa a abordagem mais eficiente
e sustentavel para a adaptacdo da viticultura da Regido dos Vinhos Verdes as alteragdes
climaticas. Os tratamentos de rega deficitaria obtiveram bons resultados de produtividade da
agua (WP) e da eficiéncia do uso da agua (WUE), mantendo a qualidade das uvas. Neste
tratamento com rega deficitéria o cv. Alvarinho, atingiu produtividades da dgua, que variaram
entre 2.46 kg m> em 2018 e 1,24 kg m™ em 2019, enquanto para o cv. Loureiro, também em
DI, obteve valores que oscilaram entre 1.07 kg m™ (2021) e 4.73 kg m™ (2020). Com estes
resultados podemos concluir que existe uma grande variagdo neste indicador entre os ciclos
culturais, fortemente influenciada pelo clima bem como pela oscilagdo produtiva entre anos,
pois os anos com valores de produtividade elevados tendem a ser precedidos e seguidos de anos
com valores mais baixos de produtividade.

A calibragdao e validacdo do modelo SIMDualKc facilitou a determinagdo precisa do
coeficiente cultural basal (Kcp) por cultivar, fase fenologica e condigdes de cultura da videira,
com presencga de coberta vegetal ativa. Para o cv. Loureiro, os coeficientes culturais basais
calibrados foram determinados como Kb ini= 0,33, Kcbmid= 0,68 € Kb ena= 0,54. O cv. Alvarinho
apresentou menos vigor e foi cultivado com uma densidade de plantagcdo mais baixa, resultando
na determinacdo dos seguintes valores: Kcp ini= 0,22, Kebmie= 0,53 € Keb end = 0,24. Estas
variagoes sao indicativas das caracteristicas unicas inerentes aos cultivares, sublinhando assim
a necessidade de coeficientes culturais basais personalizadas de acordo com o cultivar. A
incorporagdo da evaporagao do solo (Ke), da transpiracdo (T) e do coeficiente de stress hidrico
(Ks) no modelo permitiu a separagdo detalhada dos componentes do consumo de dgua e a
quantificagdo precisa do consumo real de agua pela cultura e pela cobertura vegetal ativa.
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A monitorizagdo fisiologica do stress hidrico, conforme indicado pelo potencial hidrico do
ramo (SWP), apresentou uma forte correlacdo com os padroes de evapotranspiragdo e défice de
pressdo de vapor (VPD). Verificou-se que os tratamentos de rega deficitdria mantiveram as
videiras em niveis de stress moderados durante a maior parte do ciclo de cultural. No cv.
Loureiro, embora os valores de SWP tenham estado inferiores a -1,1 MPa em certas ocasioes,
a recuperacao fisiologica subsequente demonstrou a resiliéncia desta cultivar. A variabilidade
entre ciclos culturais nos valores de ET¢ act (variando de 269 mm a 396 mm) e T (variando de
140 mm a 241 mm) também foi observada entre anos e tratamentos, refletindo a resposta da
cultura as condigdes climaticas e ao teor de dgua do solo.

A anélise dos parametros enoldgicos no mosto do cv. Loureiro revelou que ndo houve
diferengas estatisticamente significativas entre os tratamentos em relagdo ao pH, acidez
titulavel e teor alcodlico provavel, embora tenha sido observada uma tendéncia para maior
massa de bagos e numero de cachos em estratégias com rega. Nesse sentido a rega deficitaria,
combinada com a sua maior eficiéncia do uso da dgua, apoia a viabilidade desta estratégia como
resposta a manuteng¢ao da produtividade sem comprometer a qualidade do mosto.

Em conclusdo, uma visdo holistica onde se incluiu a monitorizagdo fisiologica, a
modelacdo dos coeficientes culturais basais para cada fase do ciclo cultural e da experimentagao
no terreno, permitiu a validacado de um modelo operacional para a transi¢ao da viticultura de
sequeiro para sistemas resilientes as alteragdes climaticas. A metodologia empregada e validada
neste estudo ¢ transferivel para outros cultivares desta regido, bem como para outras regides
viticolas. Esta metodologia constitui um instrumento para a formulagdo de estratégias de
adaptacdo a escassez de dgua, mitiga¢do dos efeitos das alteragdes climaticas e modernizagdo
das praticas viticolas, principalmente para preservar a identidade dos vinhos produzidos na
Regido dos Vinhos Verdes, mesmo num clima incerto e em mudanca.
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As alteragoes climaticas ameagam a viticultura atlantica, sobretudo pela limitagao de
agua para rega, tornando indispensavel o uso eficiente deste recurso. Avaliaram-se os
cv. Loureiro e Alvarinho sob trés estratégias de rega (sequeiro, rega deficitaria e rega
total) em vinhas comerciais. A monitorizagao incluiu sondas capacitivas, camaras de
pressao e estagoes meteoroldgicas, complementada por simulagées com o SIMDualKc.
Os resultados evidenciaram variabilidade entre ciclos culturais. O sequeiro levou a
stress hidrico e reducoes significativas na produgao, enquanto a rega deficitaria
aumentou o rendimento mantendo a qualidade do mosto. A rega deficitaria destacou-se
como a estratégia mais sustentavel para a viticultura atlantica, conciliando
produtividade e qualidade do mosto com uma utilizacdo racional da agua.
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