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RESUMEN

El cambio climatico representa una amenaza social, ambiental y econdmica para los territorios
agricolas de Chile. Los modelos pesimistas proyectan aumentos de temperatura de hasta 4°C y la
disminucion de hasta el 60,0% de las precipitaciones para el periodo futuro (2046-2065), lo que
provocara diversos efectos en el sector viticola. Estos riesgos climaticos emergentes deben ser
abordados preventivamente a través del desarrollo e implementacion de estrategias de mitigacion
y/o adaptacioén. Para ello, es fundamental disponer de informacién a nivel comunal, con el
proposito de identificar y priorizar territorios segiin su vulnerabilidad y capacidades de resiliencia
local.

El presente estudio tuvo como propésito desarrollar un Indice de Riesgo Climatico Local (IRCL)
orientado al sector viticola chileno. El indice se fundamenta en el marco conceptual del cuarto
informe de evaluacion (AR4) del IPCC, lo que permite una evaluacion integral de la vulnerabilidad
climatica, facilita la identificacion de brechas estructurales en términos de sensibilidad y capacidad
adaptativa a escala local. El IRCL incorpora los componentes exposicion, sensibilidad, capacidad
adaptativa y capacidad de respuesta, operacionalizados mediante once indicadores especificos.
Esta metodologia permitid calcular un valor agregado del indice, y desagregar los resultados por
componente, proporcionando una herramienta 1util para la toma de decisiones en materia de
adaptacion al cambio climatico en territorios viticolas.

El IRCL considera un conjunto de datos disponibles sobre los probables impactos de los eventos
climaticos extremos y los datos socioecondomicos asociados, y permiten calcular el nivel de
vulnerabilidad y resiliencia local al riesgo climatico. El sector viticola chileno debe interpretar el
IRCL como una advertencia para estar preparados frente a eventos climaticos mas frecuentes y o
mas severos en el periodo futuro, asi como de establecer herramientas de apoyo para la
planificacion eficiente en la adaptacion del sector viticola del pais, bajo el contexto de cambio
climatico.

Se determin6 el IRCL en el periodo climatico actual (2017-2024) y futuro (2046-2065) bajo el
escenario de cambio climatico RCP8.5, para un total de 165 comunas productoras de vides,
ubicadas entre las regiones de Atacama y Biobio. Los resultados de esta investigacion indican que,
bajo las proyecciones de cambio climatico, 122 comunas presentan niveles de riesgo climatico
“Medio” a “Alto”, mientras que 43 comunas presentan niveles “Bajo”. Las comunas viticolas de
la region del Maule se posicionan como las mejor preparadas para enfrentar escenarios climaticos
adversos, en contraste con las comunas viticolas de la region de Coquimbo, que muestran la mayor
vulnerabilidad climatica.

Palabras claves: Vulnerabilidad, Resiliencia, Cambio climatico, Vides, Viticultura.



ABSTRACT

Climate change represents a social, environmental and economic threat to Chile's agricultural
territories. Pessimistic models project temperature increases of up to 4.0°C and a decrease of up to
60.0% of precipitation for the future period (2046-2065), which will have diverse effects on the
viticulture sector. These emerging climate risks must be addressed preventively through the
development and implementation of mitigation and/or adaptation strategies. To this end, it is
essential to have information at the communal level in order to identify and prioritize territories
according to their vulnerability and local resilience capacities.

The purpose of this study was to develop a Local Climate Risk Index (LCRI) for the Chilean
viticulture sector. The index is based on the conceptual framework of the IPCC's Fourth
Assessment Report (AR4), which allows for a comprehensive assessment of climate vulnerability
and facilitates the identification of structural gaps in terms of sensitivity and adaptive capacity at
the local level. The LRCI incorporates the components of exposure, sensitivity, adaptive capacity,
and response capacity, operationalized through eleven specific indicators. This methodology made
it possible to calculate an aggregate value for the index and disaggregate the results by component,
providing a useful tool for decision-making on climate change adaptation in viticultural regions.

The LCRI considers a set of available data on the likely impacts of extreme weather events and
associated socioeconomic data, and allows for the calculation of the level of local vulnerability and
resilience to climate risk. The Chilean viticulture sector should interpret the LCRI as a warning to
be prepared for more frequent and/or more severe climate events in the future, as well as to establish
support tools for efficient planning in the adaptation of the country’s viticulture sector in the
context of climate change.

The LCRI was determined for the current climate period (2017-2024) and the future climate period
(2046-2065) under the RCP8.5 climate change scenario for a total of 165 grape-producing
municipalities located between the Atacama and Biobio regions. The results of this research
indicate that, under climate change projections, 122 municipalities present “Medium” to ‘High’
levels of climate risk, while 43 municipalities present “Low” levels. The viticultural municipalities
of the Maule region are positioned as the best prepared to face adverse climate scenarios, in contrast
to the viticultural municipalities of the Coquimbo region, which show the greatest climate
vulnerability.

Key words: Vulnerability, Resilience, Climate change, Vines, Viticulture.



INTRODUCCION

En Chile, el sector viticola es esencial para el desarrollo agricola y econdémico del pais,
destacandose como un importante exportador de uvas y vinos (Salazar y Reyes, 2020). Entre 1990
y 2023, la superficie plantada con vides viniferas aument6 de 65.202 a 124.436 ha, mientras que
las vides pisqueras crecieron de 6.506 a 9.232 ha (ODEPA, 2024a). En contraste, las vides de mesa
disminuyeron de 48.218 a 39.931 ha (ODEPA, 2024a). Destacando la superficie de vides para
vinificacion, como la mas cultivada a nivel nacional (Salazar y Reyes, 2020; SAG, 2023), seguidas
por las dedicada a la uva de mesa y uva pisquera (ODEPA, 2024a). En conjunto, representan el
13,3% de la superficie agricola del pais! (ODEPA, 2019).

La produccion de la vid o uva (Vitis vinifera L.) representa el 0,5% del producto interno bruto (PIB)
nacional y el 16,5% de las exportaciones agropecuarias. Asimismo, emplea a mas de 100.000
personas en diversas etapas del proceso productivo, desde el cultivo hasta la comercializacion
(Vinos de Chile, 2023); convirtiendo a Chile en el primer exportador de vinos de América y el
cuarto a nivel mundial (Vinos de Chile, 2022). Ademas, a nivel mundial Chile provee el 4,0% de
la uva de mesa, situdndolo como el sexto mayor productor y primer exportador (De la Fuente,
2021).

Uno de los principales retos actuales y futuros que enfrenta la produccion agricola y la viticultura,
en particular, son los efectos del cambio climatico (CC) descritos y proyectados extensivamente
por el del Panel Intergubernamental sobre el Cambio Climatico (IPCC; IPCC, 2001; Compés y
Sotés, 2018). Entre los principales efectos del CC, se encuentra el aumento sostenido de la
temperatura media global y la alta variabilidad en los patrones de precipitacion, lo cual modifica
los régimenes climaticos tradicionales (Allan et al., 2020; IPCC, 2021; Rodrigues et al., 2025). En
Chile, se han registrado incrementos de 0,15 °C por década entre 1961 y 2023, acompaifiados por
reducciones del 4,0% en las precipitaciones en el mismo periodo (DMC, 2024). Los vifiedos estan
particularmente expuestos a eventos climaticos extremos, como sequias prolongadas, heladas
primaverales y olas de calor, los cuales inciden negativamente en el desarrollo fenoldgico de la vid,
modificando la brotacion, floracion y maduracion de las bayas (Zurita-Silva et al., 2020).

Los estudios, bajo el escenario de CC RCPS8,5, proyectan incrementos en la temperatura media de
entre 1,9-3,0 °C para el periodo 20462060, asi como disminuciones de entre 60,0 y 100,0% en las
lluvias invernales en la zona norte del Chile, mientras que en la zona centro-sur la reduccion de las
precipitaciones podria superar el 40,0% hacia finales del siglo (Araya-Osses et al., 2020; IPCC,
2021). Ensayos en variedades de Cabernet Sauvignon y Syrah en los Valles centrales de Maipo y
Cauquenes, han demostrado que un incremento promedio de 2°C en la temperatura ambiental
genera cambios en la composicion quimica de las uvas (Salazar y Reyes, 2020), incluyendo
reducciones del crecimiento de los brotes, disminucion del rendimiento y alteraciones en los niveles
de alcohol y pH (Reyes y Salazar, 2021).

Los cambios en la maduracion y el tiempo de cosecha son algunos de los efectos que ya se pueden
observar en algunos vifiedos (Salazar y Reyes, 2020). Ademas, el CC afecta las necesidades de
riego y aumenta la presion por nuevas plagas, enfermedades y malezas, favoreciendo su
establecimiento y dispersion (Acuiia et al., 2020).

! Excluyendo forrajeras y barbecho.



En Chile, las zonas viticolas muestran importantes diferencias agroclimaticas (Haddad et al., 2020;
Bopp et al., 2022). Las regiones al norte, como Atacama y Coquimbo, enfrentan un aumento en la
aridez y una reduccion de las precipitaciones (Zavala, 2024), mientras que en las regiones del
centro-sur, como Maule y Biobio, el CC esta afectando la disponibilidad hidrica y la fenologia de
la vid (Jorqueta-Fontena y Orrego-Verdugo, 2010), lo que requiere estrategias diferenciadas de
manejo. Los efectos del CC impactan especialmente a los pequefios agricultores, quienes enfrentan
limitaciones de recursos para adaptarse a condiciones adversas, como la sequia y el estrés térmico
(Salazar, 2020), particularmente en las zonas del secano interior y costero (Reyes, 2020).

El factor climatico es determinante en la distribucion de las variedades de vid a nivel nacional
(Reyes, 2020). El clima y los distintos factores ambientales como precipitaciones y temperatura
influyen directamente sobre la planta, y no puede ser controlado por el viticultor (Ruiz-Garcia et
al., 2018; Reyes, 2020). De las variables climdticas, la temperatura del aire es determinante en el
ciclo de crecimiento de la vid; puesto que influye en el desarrollo de estados fenoldgicos como
brotacion, floracion, envero, y otros (Zurita-Silva et al., 2020). Dado que los efectos de la
temperatura sobre el vifiedo seran reconocidos en el corto plazo, es prioritario adaptar la viticultura
a las nuevas condiciones climaticas (Salazar y Reyes, 2020).

El riesgo climatico es entendido como el potencial de impactos desfavorables sobre personas,
sistemas naturales y sectores econdmicos debido a la ocurrencia de condiciones climaticas adversas
(Bili y Garreaud, 2020). Su magnitud depende de la probabilidad e intensidad de las amenazas, la
exposicion de la poblacién o sistemas afectados, ademas de su vulnerabilidad intrinseca,
incluyendo su capacidad de respuesta y adaptacion (CR2, 2018).

La gestion del riesgo climatico se convierte en una herramienta clave para el desarrollo sustentable
del sector viticola (van Leeuween et al., 2024). El riesgo climatico puede evaluarse mediante el
desarrollo de indices que permiten cuantificarlo indirectamente a través de la estimacion de
indicadores que dan cuenta de las condiciones climaticas y socioeconomicas del territorio
(Castaneda ef al., 2019). Sin embargo, no existe una tnica forma de célculo, ya que generalmente
se presentan a partir de estudios de caso individuales y dependen del enfoque adoptado (MMA,
2020), asi como de la informacion disponible.

Montalba et al. (2013) utilizaron el Indice de Riesgo Holistico (IRH) para medir la resiliencia
socioecologica en comunidades campesinas e indigenas del secano interior en la region de La
Araucania. Este indice incluyo6 12 indicadores distribuidos en los componentes de vulnerabilidad,
capacidad de respuesta y amenaza, considerando factores como la intensidad y frecuencia de la
sequia, el contexto agroecologico y las capacidades socio-productivas del sistema para enfrentar la
escasez hidrica o sequia. E1 CR2 (2018), mediante un marco para la evaluacion de la vulnerabilidad
climatica de Chile propuso una metodologia basada en la revision de literatura, ofreciendo
consideraciones y recomendaciones generales para los distintos sectores y ambitos territoriales
frente al CC. El Ministerio de Medio Ambiente (2020) elabor6 un proyecto para la evaluacion del
riesgo al CC siguiendo la guia del quinto informe de evaluacion (ARS) del IPCC (IPCC, 2014),
combinando componentes de exposicion, sensibilidad y amenaza para generar mapas de riesgo
climatico en Chile.

El CC acentta la vulnerabilidad de los territorios agricolas y hace necesario aumentar la resiliencia
a través de mecanismos de respuesta y de adaptacion (Rojas, 2016). Los factores que determinan



la vulnerabilidad del sector agricola guardan relacion con aspectos de los distintos tipos de capital:
financiero, humano, tecnologico, natural y social (CEPAL-FAO-IICA, 2017). La resiliencia es el
término opuesto de la vulnerabilidad, un sistema resiliente es menos sensible a las necesidades
climéticas y tiene capacidad de adaptarse y recuperarse ante perturbaciones (IPCC, 2001; Boer et
al., 2015). La resiliencia del sistema viticola puede fortalecerse mediante la adopcion de practicas
de manejo especificas, como la modificacion en la fecha de poda y cosecha, la implementacion de
sistemas de riego por goteo y el uso de portainjertos resistentes a la sequia (Zurita-Silva et al.,
2020).

Estoque et al. (2022), analizé 464 estudios que evaluaron vulnerabilidad climatica, entre 2017 y
2020, y concluyeron que el 43 % de ellos utiliz6 el marco conceptual del cuarto informe de
evaluacion (AR4) del IPCC, un 3 % adopt6 el marco conceptual del AR5 del IPCC, y el 52 %
aplicé marcos alternativos. El bajo nivel de adopcion del ARS se debe en parte a la dificultad de
operacionalizar sus conceptos y a la ausencia de una guia préctica clara, especialmente para su
aplicacion a nivel local (Tangney, 2019; Estoque et al., 2022).

Los indices de vulnerabilidad y resiliencia son herramientas de evaluacion y adaptacion que
permiten identificar las debilidades estructurales de los territorios agricolas y orientar la
implementacion de politicas publicas que fomenten la sostenibilidad y competitividad del sector
agricola (CR2, 2018). Hasta el momento, las evaluaciones del riesgo climatico se han limitado a
aproximaciones conceptuales, y las estimaciones numéricas asociadas a indices se han concentrado
principalmente en la evaluacion individual de los subcomponentes del riesgo climdtico, la
vulnerabilidad y resiliencia (CR2, 2018; FAO-UNDP, 2021). Esta fragmentacion dificulta la
interpretacion de los resultados para los tomadores de decisiones ya que los distintos indices no
siempre convergen. En este sentido, la integracion de estos indicadores en una metodologia
unificada facilitaria su comprension e implementacion.

El desarrollo de metodologias y estudios que se focalicen en el rol y las estrategias de respuesta y
adaptacion de la agricultura es fundamental frente al CC. Se requiere la integracion de las
capacidades naturales del medio, el conocimiento de las personas y la implementacion de politicas
publicas, acordes a las nuevas necesidades climaticas (IPCC, 2014).

Esta investigacion se fundamento en el marco conceptual del AR4 del IPCC (IPCC, 2007), ademas
se utilizd la aproximacion conceptual del CR2 (2018) y una adaptacion numérica de Montalba et
al. (2013). El andlisis local del riesgo climatico, a escala comunal, permite identificar diferencias
microclimaticas de cordillera a costa, y patrones locales de vulnerabilidad, que facilitan la
implementacion de politicas especificas de adaptacion. Estudios similares en Espafia han
demostrado que las respuestas adaptativas pueden ser mas efectivas cuando se disefian a escala
local (Resco, 2015; Olcina y Vera-Rebolledo, 2016).

Este estudio desarrollé un Indice de Riesgo Climatico Local (IRCL) que permite identificar la
vulnerabilidad local y orientar la implementacion de medidas de adaptacion a nivel territorial. Esté
indice entrega el contexto territorial asociado al sector viticola, bajo el escenario de CC RCP8.5.
Los resultados de este indice proporcionan informacion para mejorar la resiliencia del sector
viticola, como una herramienta util para los productores e instituciones ligadas al sector viticola.



PREGUNTA DE INVESTIGACION

(Como varia el riesgo climatico en las comunas productoras del sector viticola chileno, entre las
regiones de Atacama y Biobio, bajo escenarios futuros de cambio climdtico, y qué territorios
presentan mayor exposicion, sensibilidad, capacidad adaptativa y capacidad de respuesta?

OBJETIVO GENERAL

Desarrollar un Indice de Riesgo Climatico Local para el sector viticola en Chile.

OBJETIVOS ESPECIFICOS

1. Caracterizar el sector viticola a escala comunal entre las regiones de Atacama y Biobio.

2. Evaluar indicadores de exposicion, sensibilidad, capacidad adaptativa y capacidad de
respuesta del sector viticola chileno al cambio climdtico, a escala comunal, entre las
regiones de Atacama y Biobio.



1. CAPITULO1.

CARACTERIZACION DEL SECTOR VITiCOLA CHILENO ENTRE LAS REGIONES
DE ATACAMA Y BIOBIO



1.1. INTRODUCCION

La produccion viticola en Chile constituye un componente estratégico del sector silvoagropecuario,
concentrandose principalmente entre las regiones de Atacama y Biobio. Actualmente, Chile es el
cuarto mayor exportador mundial de vinos y el mayor exportador de uvas de mesa en términos de
volumen (OIV, 2018).

La distribucion geografica de los vifiedos en Chile se concentra en los valles transversales del
centro-norte del pais y la depresion intermedia (Rojas, 2019), en zonas de clima semi-arido,
principalmente mediterraneo y, en algunos casos, templado (Sarricolea et al., 2017; Verdugo-
Vasquez et al., 2023). Sin embargo, el cambio climatico (CC) ha impulsado la expansion de la
frontera viticola hacia el sur del pais, en respuesta a los nuevos requerimientos térmicos necesarios
para el desarrollo de la vid (Arribillaga, 2020). Este escenario dindmico presenta tanto desafios
como oportunidades para la industria viticola chilena. Las plantaciones de vifiedos se estan
trasladando a las zonas del sur (Verdugo-Vasquez et al., 2023). Este fenomeno se asocia al aumento
de las temperaturas medias, a la disminucion de las precipitaciones y a la mayor frecuencia de
eventos extremos, factores que alteran los balances hidricos y modifican la aptitud de las zonas
tradicionales para la produccion viticola (Salazar y Reyes, 2020).

En este contexto, la presente investigacion tuvo como objetivo caracterizar el sector viticola
chileno, identificando las principales regiones donde se concentra la produccion de vides a nivel
nacional y analizando el aporte de cada una de ellas. Asimismo, busc¢é identificar vulnerabilidades
locales especificas y orientar la implementacion de medidas de adaptacion a nivel territorial. Los
resultados proporcionaron informacion clave para entender la importancia estratégica del sector a
nivel pais, y conocer las caracteristicas propias que distinguen a las diversas regiones productoras.
Analizar estos factores resulta fundamental para comprender el estado actual de la actividad
viticola y anticipar los desafios que enfrentard ante los efectos del cambio climatico y la
transformacion territorial que ya se vislumbra en el sector.



1.2. MATERIALES Y METODOS
1.2.1. Area de estudio

El presente estudio se desarroll6 en las comunas productoras de vides comprendidas entre las
regiones de Atacama y Biobio, ubicadas entre las latitudes 26°00' S a 38°29' S; (Figura 1).

La superficie total del area de estudio comprende 180.994 ha de vides, entre viniferas, pisqueras y
de mesa, donde se concentra el 99,9% de la superficie total nacional (CIREN, 2022a; SAG, 2023;
Yafiez, 2024).
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Figura 1. Area de estudio. Regiones entre Atacama y Biobio, Chile.
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1.2.2. Estrategia de busqueda

Se realiz6 un analisis descriptivo del sector viticola a través de una revision bibliografica entre los
afnos 2017-2024, que incluy6 documentos generados por diferentes organismos del Estado de Chile
relacionados con el territorio agricola, su ruralidad, la vulnerabilidad y resiliencia, como el
Ministerio de Agricultura (MINAGRI), Ministerio de Medio Ambiente (MMA), Ministerio de
Obras Publicas (MOP), Instituto de Desarrollo Agropecuario (INDAP), Oficina de Estudios y
Politicas Agrarias (ODEPA), Instituto de Investigaciones Agropecuarias, Centro de Informacion
de Recursos Naturales (CIREN), Servicio Agricola Ganadero (SAG), Instituto Nacional de
Estadistica (INE), Comision Nacional de Riego (CNR) y Direccion General de Aguas (DGA);
(Cuadro 1). También se emplearon articulos cientificos, documentos oficiales y manuales
generados por organismos internacionales como la Organizacion de las Naciones Unidas para la
Alimentacion y la Agricultura (FAO), el Grupo Intergubernamental de Expertos sobre el Cambio
Climatico (IPCC), la Comision Econdmica para América Latina y el Caribe (CEPAL), el Instituto
Interamericano de Cooperacion para la Agricultura (IICA) y la Organizacion Internacional de la
Vida y el Vino (OIV).

1.2.3. Seleccion y recopilacion informacion

La metodologia considerd una revision pormenorizada, donde se selecciond bibliografia pertinente
y se ahond6 en diferentes bases de datos para llevar a cabo el analisis a partir de la informacion
reunida. La caracterizacion del sector viticola se realizd a nivel comunal, entre las regiones de
Atacama y Biobio, mediante una categorizacion de los parametros: Superficie de produccion;
Cepaje cultivado; Tecnologias de riego; Trabajadores agricolas; Exportacion, PIB
Silvoagropecuario; Institucionalidad agricola; (Cuadro 1). Los parametros se evaluaron mediante
una comparacion cuantitativa entre las comunas productoras de vides, utilizando los datos
disponibles. En los casos donde no fue posible obtener datos a escala comunal, se emplearon datos
a escala regional, considerando el peso de la actividad por comuna y/o region en relacion con el
total nacional.

Categoria

Descripcion

Fuente de datos

Superficie produccion
comunal

Cepaje cultivado

Tecnologias de riego

Trabajadores agricolas

Comparacion (%) de superficie
destinada exclusivamente a la
produccioén de vides presente en las
comunas/regiones productoras.

Comparacion (%) de produccion de
vides por cepaje blancos y tintos en
las comunas/regiones productoras.

Comparaciéon (%) de
superficie/parcelas de vides regadas
con sistema de tecnificado en las
comunas/regiones productoras.

Comparaciéon (%) de trabajadores
agricolas en las comunas/regiones
productoras de vides.

Servicio Agricola Ganadero (SAG,
2023); Centro de informacion de

Recursos  Naturales  (CIREN,
2022a).

Oficina de Estudios y Politicas
Agrarias (ODEPA, 2024a;
Valenzuela, 2024); Servicio

Agricola Ganadero (SAG, 2023).

Instituto Nacional de Estadisticas
(INE, 2022a).

Instituto Nacional de Estadisticas
(INE, 2022b); Oficina de Estudios y
Politicas Agrarias (Yafez, 2024;
Contreras, 2024);



Exportacion

Producto Interno Bruto
(PIB) Silvoagropecuario

Institucionalidad agricola
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Exportaciéon viticola (de vinos y/o
uva de mesa) a escala
regional/nacional.

Comparacion (%) de la contribucion

(%) que realizan las
comunas/regiones productoras de
vides al total del PIB
Silvoagropecuario.

Comparacion (%) de presencia de
INDAP en las comunas/regiones
productoras de vides.

*Su participacion se evaluard en
funciéon del nimero de usuarios
INDAP presentes en la region.

Oficina de Estudios y Politicas
Agrarias (Buzzetti, 2023;
Valenzuela, 2023).

Oficina de Estudios y Politicas
Agrarias (ODEPA, 2024b).

Instituto de Desarrollo
Agropecuario (INDAP, 2022a).

Cuadro 1. Categorias de la caracterizacion comunal del sector viticola en Chile entre las regiones

de Atacama y Biobio.

1.3. RESULTADOS

1.3.1. Caracterizacion del sector viticola entre las Regiones de Atacama y Biobio

El sector viticola se caracterizd porque la superficie de produccion de vides se concentrd
principalmente entre las Regiones de Atacama y Biobio, cubriendo 180.994,5 ha de las 181.163,7
ha de vides catastradas a nivel nacional, equivalente al 99,9% del total (SAG, 2023; CIREN,
2022a). La region con mayor superficie cultivada es la del Libertador Bernardo O’Higgins (en
adelante O’Higgins) con 54.151 ha, seguida por el Maule con 52.675 ha, las que en su conjunto
concentran el 59,0% de la produccion de vides (viniferas, pisqueras y de mesa). Seguidas por las
regiones de Coquimbo (10,5%); Valparaiso (10,1%); Metropolitana (9,5%); Nuble (5,7%);

Atacama (3,6%) y Biobio (1,5%); (Figura 2; Anexo 1.1).
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Figura 2. Porcentaje de la superficie total de vides (viniferas, pisqueras y de mesa) cultivadas por

region.
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A proposito, es que Chile se organiza en Regiones Viticolas segun geografia y clima, por medio
del Decreto de Ley N°464. Estas regiones estan definidas oficialmente por ley. El decreto divide
el territorio viticola chileno en seis Regiones Viticolas: Atacama, Coquimbo, Aconcagua, Valle
Central, Sur y Austral, esta Gltima incorporada posteriormente como region emergente; (Anexo
1.2).

Los resultados de la caracterizacion evidenciaron las comunas que presentaron mayor superficie
de vides, para caso de las regiones mas norte analizadas, en la Region Viticola de Atacama (Valles
del Copiap6 y Huasco) destaco Tierra Amarilla con 4.915,3 ha. Mientras que en la Region Viticola
de Coquimbo, en el Valle del Elqui, fue la comuna de Elqui quien present6 la mayor superficie de
produccion. En el Valle del Limari, fueron las comunas de Ovalle y Monte Patria, con 7.311,0 ha
y 4.253,7 ha, respectivamente. En el Valle del Choapa, Salamanca presento la superficie cultivada
de vides mas extensa con 1.696,8 ha.

Avanzando hacia el sur, a la altura de la region de Valparaiso, se puede distinguir entre el Valle
Viticola de Aconcagua que las comunas de San Felipe (2.227,1 ha), San Esteban (1.935,1 ha) y
Calle Larga (1.106,9 ha) fueron las que presentaron mayor superficie de produccion. Mientras que
en el Valle de Casablanca, la comuna homdnima presenta una superficie de 4.864,7 ha de vides.
En el caso del Valle de San Antonio, la comuna que recibe el mismo nombre fue quien presentd
mayor superficie con 1.524,1 ha. En laregion Viticola del Valle Central, dentro del Valle del Maipo
las comunas que presentaron mayor superficie fueron Buin (3.138,1 ha), Paine (2.526,8 ha), Isla
de Maipo (2.156,9 ha), Melipilla (1.432,3 ha). En el Valle de Colchagua fueron las comunas de
Peralillo (4.842,5 ha), Marchihue (4.609,1 ha), Palmilla (3.996,7 ha), Santa Cruz (3.996,1 ha),
Nancagua (3.293, 0 ha), San Fernando (2.909,1 ha), Lolol (2.397,2 ha) y Placilla (2.135,9 ha).
Mientras que en el Valle del Cachapoal fueron las comunas de San Vicente (4.235,1 ha), Las Cabras
(2.597,7 ha) y Requinoa (2.463.4 ha). En el caso del Valle de Curicd, las comunas de Molina
(4.752,3 ha), Pencahue (4.565,3 ha), Sagrada Familia (3.105,6 ha), Curico6 (3.070,6 ha). Para el
caso del Valle del Maule, fueron las comunas de San Javier (8.843,9 ha), Cauquenes (7.955,9 ha),
Villa Alegre (3.060,1 ha), San Clemente (2.767,0 ha), Rio Claro (2.387,9 ha) y Talca (2.133,1 ha)
quienes presentaron mayor superficie productiva.

Finalmente, en cuanto a la Region Viticola del Sur, se distingue en el Valle del Itata, las comunas
con mayor superficie cultivada: Coelemu (1.623,8 ha), Portezuelo (1.574,4 ha), Quillon (1.284,9
ha), Ranquil (1.222,8 ha) y Florida (362,7 ha). Mientras que en el Valle del Biobio fueron las
comunas de Mulchén (846,9 ha), Negrete (440,1 ha) y Yumbel (421,8 ha).

Por otra parte, la exportacion de vinos desde Chile durante el afio 2022 alcanzé un volumen total
de 829,6 millones de litros, por un monto de 1.897,8 millones de dolares (Buzzetti, 2023;
Valenzuela, 2023). Si bien se observa una fluctuacion en las exportaciones durante la ltima
década, la tendencia general ha sido al alza (Figura 3). Mientras tanto, la exportacion de uva de
mesa alcanz6 las 605.209 toneladas, equivalentes a USD 876 millones FOB, posicionandose como
la segunda especie frutal mas exportada durante 2022 (Pefaur, 2022).
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Figura 3. Exportaciones de vinos total en volumen (Millones de litros) y valor total (Millones de
USD) a nivel nacional. Evolucion entre el periodo 2002 a 2022. Fuente: Boletin del vino 2023.
Publicacion de la Oficina de Estudios y Politicas Agrarias (ODEPA); (Valenzuela, 2023).

Respecto al tipo de Cepaje cultivado, las vides de vinificacion de Cepajes Tintos alcanzan 95.000,6
ha, mientras que los Cepajes Blancos ascienden a 34.015,9 ha a nivel nacional (Figura 4; Anexo
1.3). E1 99,9% se concentra del total entre Atacama y Biobio. Para el caso de las cepas Blancas la
principal region que destaca con las mayores superficies cultivadas es Maule, representando el
40,8% del total, seguida por O’Higgins (17,4%), la R. de Valparaiso (15,9%) y R. de Nuble
(12,5%), Coquimbo (5,5%), Metropolitana (3,9%) y Biobio (3,8%). Para el caso de las cepas Tintas
las principales regiones productoras se concentran en el Valle Central, en Maule (40,7%),
O’Higgins (37,4%), Metropolitana (9,5%), Nuble (6,5%), Valparaiso (3,1%), Biobio (1,5%) y
Coquimbo (1,2%), respectivamente; (Figura 5; Anexo 1.3).
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Figura 4. Porcentaje de superficie total de vides viniferas, segun tipo de Cepaje, entre las
regiones de Atacama y Biobio.
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Figura 5. Porcentaje de superficie total de vides viniferas, segun tipo de Cepaje, por region.

En relacidon con la implementacion de tecnologias de riego, la superficie regada entre las comunas
productoras de vides, entre las regiones de Atacama y Biobio, fue de 87.907,1 ha (INE, 2022a). De
ellas, 73.741,7 ha presentan un riego tecnificado de tipo microriego: goteo o cinta, microaspersion
o microjet, representa el 84,6%, sin embargo, destaca el riego por goteo el cual se posiciona como
el método mas utilizado con 73.297,1 ha. En contraste, las otras 14.165,5 ha muestran sistemas de
riegos por tendido, surco o bien, otro sistema de riego tradicional, correspondiente al 16,4%
restante de superficie regada (ODEPA, 2024b); (Figura 6).

100,00
90,00 84,6%
80,00
70,00
60,00
50,00
40,00
30,00
20,00
10,00

0,00

Porcentaje (%)

16,4%

Tipo de tecnologia de riego

® Microriego ™ Riego tradicional

Figura 6. Porcentaje de superficie total de vides regadas, seglin tecnologia de riego, entre las
regiones de Atacama y Biobio.

Por otra parte, los trabajadores agricolas, entre Atacama y Biobio, contratados de manera
permanente en el ano agricola 2020-2021 (INE, 2022b), fue de 99.384 de un total de 131.319 a
nivel nacional. El mayor niimero de trabajadores se encontr6 en las region de O’Higgins (17,4%),
seguido por las regiones de Maule (16,7%), Valparaiso (13,2%), Metropolitana (11,4%),
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Coquimbo (6,9%), Nuble (5,2%), Biobio (3,6%) y Atacama

(1,3%); (Figura 7). Asi mismo, los

trabajadores agricolas contratados de forma temporal alcanzaron un nimero de 1.624.259 de
1.904.726, siendo la region del Maule la que presentd un mayor numero de trabajadores agricolas
con 390.856 personas participantes (24,1% del total), en segundo lugar siguié O’Higgins (21,3%),
seguida por las regiones del Biobio (16,1%), Valparaiso (15,1%), Metropolitana (9,8%), Nuble

(6,5%), Coquimbo (4,6%) y Atacama (2,5%); (Figura 8).

N° de trabajadores permanentes

Atacama [ 1.710
Coquimbo M 9.095
Valparaiso I 17371
Metropolitana [N 14.997
O'Higgins NN 22845
Maule NN 21880
Nuble W 6.786
Biobio [l 4.700

Otras Regiones NN 31935

0 20.000 40.000 60.000 80.000 100.000  120.000  140.000

Total Nacional | 131319

Figura 7. Trabajadores agricolas permanentes por region y a nivel nacional, afio agricola de

referencia 2020/2021.
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Figura 8. Trabajadores agricolas temporales por region y
referencia 2020/2021.

a nivel nacional, afo agricola de

En términos econdmicos, el aporte del Producto Interno Bruto Silvoagropecuario (PIB SAP)
durante el afio 2022 fue de 5.095 Miles de Millones de pesos entre las regiones de Atacama y
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Biobio (ODEPA, 2024b), donde la mayor participacion fue obtenida por O’Higgins, Maule,
Metropolitana y Valparaiso, con 21,8%, 19,5%, 11,6% y 9,8%, respectivamente; (Figura 9).

Miles de Millones de pesos
0 1000 2000 3000 4000 5000 6000 7000
Atacama W 8706
Coquimbo MmN 36058
Valparaiso . 607,89
Metropolitana  —— 8 71789
O'Higgins GG 135557
Maule I 120926
Nuble mmmm 34667
Biobio W 410,05
OtrasRegiones IEmm———— 111182

Total Nacional 6.206,79

Figura 9. Aportes del Producto Interno Bruto (PIB) Silvoagropecuario (SAP) afio 2022, por region
y a nivel nacional.

Con respecto a la institucionalidad agricola, a nivel nacional esta encabezada por el Ministerio de
Agricultura (MINAGRI). Dentro de las instituciones del MINAGRI, el Instituto de Desarrollo
Agropecuario (INDAP) es una de las mas importantes, puesto que trabaja directamente con los
agricultores y es la encargada de “desarrollar y gestionar una diversidad de programas de
financiamiento, asesorias y capacitacion, dirigidos a los pequefios productores agricolas,
campesinos y sus familias” (INDAP, 2022a; INDAP, 2023b). INDAP a nivel pais cuenta con 16
Direcciones Regionales, 114 agencias de area y 22 oficinas de area. En el afio 2022 cont6 con una
dotacion autorizada de 1.597 funcionarios de planta y 75 funcionarios en calidad de suplencia o
reemplazo, entre ellos profesionales, técnicos, administrativos, auxiliares, directivos y expertos
(INDAP, 2022b). El total a nivel nacional de usuarios/as de INDAP para el afio 2022 fue de
171.552; mientras que los usuarios/as entre las regiones de Atacama y Biobio fue de un total de
84.149, los que se distribuyeron de mayor a menor participacion, en las regiones de Maule, Biobio,
O’Higgins, Nuble, Coquimbo, Valparaiso y Atacama; (INDAP, 2022a); (Figura 10).

N° de usuarios/as INDAP
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Coquimbo WEM 9084
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Nuble NN 12401
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OtrasRegiones I—————_ 87.393
Total Nacional I 171.542

Figura 10. Institucionalidad agricola. Cantidad de usuarios y/o usuarias INDAP durante el afio
2022, por region y a nivel nacional.
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1.4. DISCUSION
1.4.1. Caracterizacion del sector viticola entre las Regiones de Atacama y Biobio

La produccion viticola en Chile se concentra en las regiones del centro-sur, especialmente en la
Region Viticola del Valle Central (regiones entre Valparaiso y Maule), debido a condiciones
agroclimaticas favorables para el desarrollo de la vid (Rojas, 2019). Estudios previos han sefialado
que estas regiones presentan condiciones Optimas de temperatura, horas de frio y acumulacion
térmica, factores determinantes para el desarrollo fenologico de las vides y la calidad enoldgica de
los vinos (Babilonia et al., 2019). Las regiones de O’Higgins y Maule destacan con sus superficies
de vides destinadas a la vinificacion; en conjunto concentran el 78,0% de la superficie de cepas
tintas, reflejando una especializacion productiva hacia vinos tintos de alta calidad, en linea con las
tendencias globales de consumo y produccion (SAG, 2023). El sector vitivinicola es clave para el
PIB silvoagropecuario, concentrandose en las regiones de O’Higgins, Maule y Metropolitana, y
generando el 45,4% del empleo agricola en O’Higgins y Maule (INE, 2022b). Sin embargo, la alta
dependencia de mano de obra temporal subraya la necesidad de fortalecer politicas laborales de
formalizacion y estabilidad laboral para asegurar la continuidad productiva y la seguridad social
de los trabajadores (CPC, 2024). Asimismo, potenciar el trabajo agricola local con el fin de
enfrentarse a desafios como lo es la expansion hacia nuevas regiones.

En cuanto al uso de riego tecnificado responde a la creciente escasez hidrica y al estrés térmico en
las zonas viticolas chilenas (Engler et al., 2017). Bajo el escenario de cambio climatico, es crucial
fortalecer el uso de riego tecnificado y expandir las fronteras viticolas hacia nuevas regiones. El
rol de las instituciones estatales sera clave para apoyar la adaptacion y/o transformacion de los
espacios productivos a las nuevas demandas, en contexto de CC (Antinez et al., 2009), y donde es
primordial tener como eje central la sostenibilidad de la produccion y el bienestar de las
comunidades en los distintos territorios.

Por otro lado, entre las limitaciones encontradas para llevar adelante la caracterizacioén del sector
viticola, destaca la falta de datos en algunos parametros que no fue posible obtener a escala
comunal; sin embargo, la mayoria de la informacion se logro recopilar a nivel regional.

1.5. CONCLUSIONES

La caracterizacion del sector viticola entre las regiones de Atacama y Biobio evidencia la
centralidad de este sector en la matriz productiva silvoagropecuaria nacional. La alta concentracion
de superficie en las regiones de O’Higgins y Maule, que juntas representan mas de la mitad de la
produccion de vides a nivel pais, refleja una especializacion territorial impulsada por condiciones
agroclimaticas favorables y una tradicion historica consolidada. La distribucion de los cepajes, con
un predominio de variedades tintas, responde tanto a las exigencias de los mercados internacionales
como a la busqueda de productos de alto valor enologico. Al mismo tiempo, el avance del riego
tecnificado en estas regiones da cuenta de los esfuerzos del sector por adaptarse a escenarios de
creciente escasez hidrica, aunque aun persiste una proporcion de superficie regada mediante
métodos tradicionales, lo que indica espacios de mejora.
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En el ambito laboral, la fuerte dependencia de trabajadores agricolas temporales, especialmente en
Maule y O’Higgins, regiones agricolas, revela tanto la importancia de la viticultura como motor de
empleo como también una vulnerabilidad estructural en términos de estabilidad laboral y
condiciones de trabajo, que debe ser abordada en el contexto de desafios futuros. Por otra parte, el
dinamismo exportador de vinos y uvas de mesa confirma la relevancia econdémica del rubro,
mientras que el papel de instituciones como INDAP resulta clave para fortalecer la inclusion de
pequeiios productores en las cadenas de valor vitivinicolas.

Frente al cambio climatico, los resultados de esta caracterizacion destacan la necesidad de
estrategias de adaptacion que consideren tanto la gestion sostenible de los recursos hidricos como
la expansion y diversificacion de las zonas viticolas. El fortalecimiento de la institucionalidad, la
innovacion tecnoldgica y la resiliencia socioecondmica del rubro seran factores determinantes para
asegurar la sostenibilidad de la viticultura chilena en el mediano y largo plazo.
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Anexo 1.1. Superficie total en hectareas (ha) de vides (viniferas, pisqueras y de mesa) por region

y a nivel nacional.

Vides Vides Total Vides de Superficie Total de
Regiones Pisqueras | Viniferas Vides Mesa Vides %
administrativas Pisqueras (Pisqueras+Viniferas+
+ De mesa)
Viniferas
Arica 15,00 15,00 0,50 15,50 0,01
Tarapaca 3,95 3,95 3,95 0,00
Antofagasta 4,97 4,97 4,97 0,00
Atacama 558,70 55,49 614,19 5.986,83 6.601,02 3,64
Coquimbo 8.563,55 3.057,05 11.620,60 7.320,66 18.941,26 10,46
Valparaiso 8.379,61 8.379,61 9.969,77 18.349,38 10,13
Metropolitana 10.349,74 10.349,74 6.847,52 17.197,26 9,49
O’Higgins 41.414,88 41.414,88 12.736,14 54.151,02 29,89
Maule 52.511,54 52.511,54 163,49 52.675,03 29,08
Nuble 10.395,94 10.395,94 10.395,94 5,74
Biobio 2.683,54 2.683,54 2.683,54 1,48
La Araucania 104,15 104,15 104,15 0,06
Los Rios 18,90 18,90 18,90 0,01
Los Lagos 19,30 19,30 19,30 0,01
Aysén 2,48 2,48 2,48 0,00
Total entre 137.970,04 | 43.024,41 180.994,45 99,91
Atacama y Biobio
Total Nacional 9.122,25 129.016,54 | 138.138,79 | 43.024,91 181.163,70 100,00

Fuente: Elaboracion propia a partir de la informacion recopilada del Catastro Viticola Nacional
2022 (SAG, 2023) y Catastros Fruticolas Regionales 2020, 2021 y 2022 (CIREN, 2020a; CIREN
2020b; CIREN 2021a; CIREN, 2021b; CIREN, 2022a; CIREN, 2022b; CIREN, 2022c).
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Anexo 1.2. Regiones Viticolas, mediante el Decreto N°464, de 1994 y Decreto 56, de 2017 (modificacion), donde se establece la
zonificacion viticola oficial en Chile.

l.le.glon . Regiones Viticolas Valles o Subregion Provincia Zona Comuna/Area
administrativa
Atacama Region Viticola de Valle de Copiapd Copiapo.
Atacama Valle de Huasco Huasco.
Valle del Elqui La Serena, Vicuiia, Paiguano.
Coquimbo Region V}tlcola de Valle del Limari O}/alle, Monte Patria, Punitaqui,
Coquimbo Rio Hurtado.
Valle del Choapa Salamanca, Illapel.
San Felipe de Aconcagua Panquehue,  Quillota, Hijuelas,
Valle del Aconcagua Los Andes Catemu, L,lay—Llay, San Felipe,
Regién Viticola de - Santa Maria, Calle Larga, San
Valparaiso Aconcagua Quillota Esteban.
Valle de Casablanca Casablanca Casablanca.

(Continua)
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(Continuacion Anexo 1.2.)

Regién
administrativa

Regiones Viticolas

Valles o Subregion

Provincia

Zona

Comuna/Area

Valparaiso

Regiodn Viticola de
Aconcagua

Valle de San Antonio

San Antonio

Valle de Leyda

Definido por las comunas de San
Antonio y Santo Domingo, Area de
Lo Abarca, cuyo limite es la comuna
de Cartagena, y las Areas de
Cartagena y Algarrobo (definidos
por los limtes de las comunas de
mismo nombre)

Marga Marga (comuna de
Quilpug)
Petorca (comuna de Zapallar)

Area del Valle del Marga-Marga:
limite definido por la comuna de
Quilpué y, el Area de Zapallar, cuyo
limite esta definido por la comuna de
Zapallar.

Metropolitana

O’Higgins

Region Viticola del
Valle Central

Valle Del Maipo

Todas las Provincias de la RM

Penalolén, La Florida, Pirque,
Puente Alto, Buin, Isla de Maipo,
Talagante, Melipilla, Alhué, Maria
Pinto, Colina, Calera de Tango, Til
Til, Lampa.

Valle del Rapel

Cachapoal

Valle del Cachapoal

Rancagua, Graneros, Mostazal,
Codegua, Olivar; Requinoa; Rengo,
Malloa y Quinta de Tilcoco; Peumo,
Pichidegua, Las Cabras y San
Vicente; Machali, Coltauco.

Colchagua

Cardenal Caro

Valle de Colchagua

San  Fernando, = Chimbarongo,
Nancagua, Placilla, Santa Cruz,
Chépica, Palmilla, Peralillo, Lolol,
Marchigiie, Litueche, La Estrella,
Paredones, Pumanque.

(Continua)
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(Continuacion Anexo 1.2.)

Regién Regiones Viticolas Valles o Subregion Provincia Zona Comuna/Area
administrativa
Curico (Incluye la s
Valle de Curico Provincia de Talca por la Valle de Teno T(?no, ’Rom.eral, , Rauco,  Hualafé,
. Vichuquén, Licantén.
comuna de Rio Claro)
Valle de Lontué Curico, Molina, Sagrada Familia, Rio
Claro.
Maule Tal
Reeion Viticola del (todas las 2;;111135 aa Talca, San Clemente, Pencahue, Maule,
egion Viticola de . , Valle del Claro | Pelarco, San Rafael, Empedrado,
Valle Central expecion de Rio Claro,
. Curepto.
Linares y Cauquenes)
Valle del Maule ‘ Valle de Sz}n Javier, Villa Alegre, Retiro, Parr’al,
Talca, excepto Linares . Linares, Yerbas Buenas, Colbun,
Loncomilla !
Longavi.
Cauquenes Valle del Tutuvén | Cauquenes.
Chillan, Bulnes, Chillan Viejos, Niquén,
Diguillin/Itata/Punilla Cgelemu, Ranquil, Qullloq, 'Portezuelo,
N Valle del Ttata Ninhue, Treguaco, Quirihue, San
Nuble Nicolas, Bulnes y San Carlos.
Region Viticola del Concepcion Florida.
Sur . . ..
Biobio Valle del Biobio Biobio Yumbel, Laja, Mulchén. Nacimiento,
Negrete.
Angol, Collipulli, Ercilla, Los Sauces,
Araucania Valle del Malleco Malleco Lumaco, Purén, Renaico, Traiguén,
Victoria.
Araucania ) . Valle del Cautin Cautin Perquenco, Galvarino.
Regién Viticola
Austral Osorno, San Pablo, Purran L
2 2 que, a’
Los Lagos Valle de Osorno Osorno/Ranco Union, Futrono.

Fuente: Ministerio de Agricultura. Decreto® N°464, 1994; Decreto N° 56, 2017.
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Anexo 1.3. Superficie de vides de vinificacion segun tipo de Cepaje por region y a nivel nacional.

Region Vides de Vinificacion
administrativa
Cepas Blancas % Cepas Tintas %
Arica 0,00 15,00 0,02
Tarapaca 1,90 0,01 2,05 0,00
Antofagasta 1,06 0,00 391 0,00
Atacama 23,84 0,07 31,65 0,03
Coquimbo 1.868,92 5,49 1.188,13 1,25
Valparaiso 5.404,79 15,89 2.974,82 3,13
O'Higgins 5.904,00 17,36 35.510,88 37,38
Maule 13.890,21 40,83 38.621,33 40,65
Nuble 4.252,02 12,50 6.143,92 6,47
Biobio 1.290,10 3,79 1.393,44 1,47
Araucania 42,89 0,13 61,26 0,06
Los Rios 13,70 0,04 5,20 0,01
Los Lagos 9,57 0,03 9,73 0,01
Aysén 1,55 0,00 0,93 0,00
Metropolitana 1.311,40 3,86 9.038,34 9,51
Total entre Atacama 33945,28 99,79 94902,51 99,87
y Biobio
Total Nacional 34.015,95 100,00 95.000,59 100,00

Fuente: Catastro Viticola Nacional 2022 (SAG, 2023).
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2. CAPITULO 2.

EVALUACI()N DEL INDICE DE RIESGO CLIMATICO LOCAL PARA EL SECTOR
VITICOLA EN REGIONES SEMI-ARIDAS Y MEDITERRANEAS DE CHILE
(https://doi.org/10.3390/agriculture15121322)
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Abstract: Viticulture contributes significantly to Chile’s exports and GDP. However, the
development and productivity of grapevines is threatened by climate change. Grapevines are
grown in diverse regions; thus, adaptable tools for evaluating climate risk at the local level
are required. In this study, a local climate risk index (LCRI) was developed to assess the
vulnerability of Chilean viticulture (wine, table, and pisco grapes) in the current (2017-2024)
and future (2046-2065) periods. Various components, including exposure, sensitivity, and
adaptive and response capacities, were analyzed using different indicators based on
municipal-level information. The results for the current period indicated that most
municipalities were at medium risk, whereas future projections showed a marked increase in
climate risk, principally due to changes in climate suitability. In the current period, the highest
LCRI values were observed in semi-arid and mediterranean zones, particularly in the
northern regions of Atacama and Coquimbo; in the future period, this situation intensified.
In contrast, the lowest values in the current period occurred in the Maule region and further
south, where the climate transitions from mediterranean to temperate conditions, and in the
future period, valley and mountainous areas presented improvements in the index. Some
municipalities showed improvement or stability with local adaptation efforts. The results
highlight the urgent need for region-specific adaptation policies that prioritize water
management, infrastructure, and increased capacities.

Keywords: vineyard; grapevine; climatic change; vulnerability; indicator; climatic suitability;
adaptation

2.1. Introduction

Grapevines, whether for wine or table consumption, comprise one of the world’s largest
crops, covering an estimated 7.2 million hectares in 2023 [1]. In Chile, wine grapes (71.68%),
table grapes (23.00%), and pisco grapes (5.32%) cover 173,599 hectares [2], accounting for
13.32% of the country’s agricultural land [3]. Viticulture plays a crucial role in Chile’s
agricultural and economic development, contributing 0.50% to the gross domes- tic product
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and 16.50% to agricultural exports [4], positioning Chile as the leading wine exporter in the
Americas and the fourth largest worldwide [5]. Chile also supplies 4.00% of the global table
grape market, ranking as the world’s sixth-largest producer and top exporter [6].

In Chile, viticulture is concentrated in semi-arid, mediterranean, and temperate zones,
spanning from the Atacama to Biobio regions [7,8]. Due to anthropogenic climate change,
more regions now meet the requirements for grapevine cultivation, and cultivation has been
expanding southward [9].

Climatic factors are key to determining the distribution of grapevine varieties at the
national level [10]. Different climate and environmental factors, such as rainfall and
temperature, directly influence plant characteristics and cannot be controlled by the grape
grower [11]. Variations in temperature and water negatively affect the development of
grapevines, altering their sprouting, flowering, and ripening [12]. Of the climatic variables,
air temperature is the most decisive factor in the growth cycle of the vine because it

influences the development of the phenological stages [12]. Research has indicated that
in Chile’s mediterranean zone, a 2.00 °C increase could alter the chemical composition of

grapes [13], leading to reduced shoot growth, lower yields, and changes in alcohol and
pH levels [14]. Climate change also increases irrigation demand and promotes the emergence
and spread of new pests, diseases, and weeds [15]. Consequently, climate risk exacerbated by
climate change profoundly impacts viticulture activity on a national and potentially global
scale, affecting yields, the quality of grapevines and their products [14,16], and viable areas
for production [17].

Under the RCP8.5 scenario, anthropogenic climate change is projected to cause a

sustained average temperature increase of 1.90-3.00 °C in Chilean vine production areas
between 2046 and 2060 and a reduction in winter rainfall of 40-100% [18]. Adapting
viticulture to new climatic conditions and climate risk is a priority that will require tools to
develop effective and locally targeted public policy [19,20].

Climate risk has the potential for unfavorable impacts on people, natural systems, and
economic sectors due to the occurrence of adverse climatic conditions [21]. The magnitude of
climate risk depends on the probability and intensity of hazards and the exposure of the
affected population or systems, in addition to their intrinsic vulnerability, including their
response and adaptation capacity [22].

The management of climate risk is crucial for the sustainable development of the
agricultural sector and, in particular, the viticultural sector. Climate risk can be evaluated
using indices to indirectly quantify indicators that account for the climatic and socioeconomic
conditions of a territory [17,22]. In this context, risk indices—such as climate indices—help
summarize territorial information across various components [23]. These components include
exposure, which identifies areas potentially affected by climate change; sensitivity, which
measures how much the system is influenced —positively or negatively—by climate
variability; adaptive capacity, which evaluates the ability of a territory to manage and
overcome adverse conditions in the short and medium terms; and response capacity, which
refers to a system’s ability to resist and remain viable in the face of change, considering both
perceptions and capacity for action. To date, climate risk assessments have been limited to
conceptual approaches, with numerical estimates focusing primarily on the individual
evaluation of subcomponents, such as vulnerability and resilience [22,24,25]. This
fragmentation complicates decision-makers’ interpretation of results because different indices
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often do not align. Integrating these indicators into a unified methodology would facilitate
their understanding and application.

Indices have been developed on a global scale. In Colombia, Bohorquez-Pina assessed
the climate risk of densely populated urban and rural cities using indicators for hazard,
exposure, sensitivity, and adaptive capacity [26]. In addition, authors from the German watch
organization developed an annual climate risk index (CRI), which is used in several countries
to assess the impact of extreme events based on hydrological, meteorological, and
climatological events [27]. Mexican researchers developed a municipal risk index for
agriculture using a socioecological framework based on economic and socioeconomic
indicators associated with maize production at the national level [28].

In Chile, the Ministry of Environment developed a climate change risk assessment for
different productive activities in 2020 that combined exposure, sensitivity, and threat
components, generating a territorial application index [29]. Other studies, such as that of
Montalba et al. [30], developed a sociological risk index for peasant and indigenous
agricultural communities in La Araucania that included indicators (variables) distributed
between vulnerability, response capacity, and threat components. However, this calculation
did not consider the adaptive capacity component. Furthermore, the scale used was smaller
and limited to the farm level.

This study developed a local climate risk index (LCRI) for the viticulture sector based on
local climate data and statistics to identify risks and guide the implementation of adaptation
measures at the territorial level from the Atacama to Biobio regions of Chile.

2.2. Materials and Methods

2.2.1. Study area

This study was conducted at the municipality level, which is the smallest state
administration unit in Chile, with local information equivalent to that of a county in Chile.
The study area encompassed the municipalities involved in viticulture —including wine, table
grapes, and pisco—from the Atacama to Biobio regions (Figure 1). The included area accounts
for 99.90% of the national grapevine area [31-33].

To the east of the study area, the Andes Mountains dominate, with altitudes ranging from
4500 to 2500 m above sea level, and to the west is the Pacific Ocean [34]. A semi-arid climate
prevails between the Atacama and Valparaiso regions, whereas a mediterranean climate
prevails between the Metropolitan and Biobio regions. In contrast, a temperate climate is
predominant in the Andean region of Biobio [7] (Figure 1).
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Figure 1. The study area, where 99.90% of Chile’s viticulture is concentrated, encompasses the Atacama
and Biobio regions and is characterized by the dominant climate of the country.

2.2. Components of the LCRI for the viticulture sector

The LCRI was developed for the current (2017-2024) and future (2046-2065) periods. The
method was applied to the viticulture sector across Chile’s Atacama and Biobio regions based
on the available information for calculating the proposed indicators. The LCRI is
multidimensional and incorporates exposure, sensitivity, adaptive capacity, and response
capacity components [22,23,35]. To reconcile methodological disparities among the climate
risk subcomponents, the LCRI was developed using the results of an exhaustive literature
review. This review identified the critical components commonly used to estimate climate risk
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and selected the most relevant indicators for each subcomponent. The method also considered
data availability, quality, and spatial resolution to ensure the index’s local applicability. This
integrated framework supports direct spatial comparisons within the study area and helps
decision-makers to identify priority zones for climate adaptation and intervention (Figure 2).

Current period (2017-2024) - Cultivated area NOMENCLATURE
[ Exposure |}
Exposure - Irrigation zone Start/ind Data Processing Results
- Irrigation
Bibliographic review.
- Climate suitability
l 1 - Rurality
Sensitivity
- State of water bodies
Selection of indicators for
Local Climate
. - Eroded surface
each sub-component of Risk Index e
climate risk. (LCRD)
l ‘Adaptative - Isrigation efficiency
capaaty - Participation in financing
Data processing: and irrigation programs
Calculation of the
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each climate risk sub- Response - State support networks
component. .
capaaity - Fulfilled basic needs
l COMPONENTS  OR INDICATORS
Estimation of the Local SUB -COMPONENTS
Climate Risk  Index
(LCRI).

Cartographic
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results.
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Figure 2. Procedural diagram for obtaining the LCRI for the current (2017-2024) and future (2046-2065)
periods in the viticulture sector.

results.

Each component includes a series of indicators, which are detailed below. Each com-
ponent or subcomponent was calculated as a simple arithmetic mean of its indicators,
avoiding subjective weights that could bias the results. This approach prevents any single
indicator from disproportionately influencing the overall risk score and promotes trans-
parency and reproducibility. The information used to inform each indicator was sourced from
databases, reports/cadasters, newsletters, and other materials generated by state agencies
specializing in various sectors. All data were collected at the municipality level and were
updated for 2017-2024.
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2.2.1. Exposure

The exposure component involves the evaluation of three indicators: cultivated area,
irrigation zone, and irrigation infrastructure. For each indicator, values closer to 1.00 indicated
higher exposure, and the simple average of these indicators was used to calculate the
component’s value.

Cultivated Area

This indicator measures the ratio of the area cultivated with grapevines to the total fruit-
growing area in the municipality. A large cultivated area increases exposure to climate change
due to reduced fruit diversity and climatic conditions that may favor other crops (Table 1)
[36,37].

Table 1. The calculation method and scale of values for exposure component indicators.

Indicator Calculation Expression and Scale of Values
Cultivated area CA = Gta
Tfm
CA: Cultivated area; Gta: Total grapevine area; Tfm: Total fruit-growing area of the municipality.
L IG
Irrigation zone IR=1-—
8 TG

IR: Irrigation zone; IG: Irrigated grapevine area; TG: Total grapevine area (irrigated + rainfed).

Irrigation infrastructure

Scale (dichotomic):
1.00 = No irrigation infrastructure.

0.00 = Irrigation infrastructure.

Irrigation Zone

This indicator classifies grapevine-producing territories based on whether they are
irrigated or rainfed. Territories with predominantly rainfed productive areas are more
exposed to climate change than irrigated areas (Table 1) [38,39].

Irrigation infrastructure

The presence of off-farm water storage facilities, such as reservoirs located in or upstream
of a municipality, ensures water security and aids in drought management (Table 1) [40]. The
location of irrigation infrastructure was obtained from the Chilean Geospatial Data
Infrastructure (IDE-Chile) and combined with hydrographic network data to determine how
the downstream municipalities benefit from the regulation and supply of irrigation water
from the reservoirs. The current condition considers existing reservoirs, whereas the future
condition considers the construction of new irrigation infrastructure based on information
from the National Irrigation Commission, the General Directorate of Water, and/or the
Directorate of Hydraulic Works.

2.2.2. Sensitivity

The sensitivity component considered the evaluation of four indicators: climatic
suitability, rurality indicator, state of surface and groundwater bodies, and proportion of
eroded surface. For each indicator, values closer to 1.00 indicated greater sensitivity, and the
simple average of these indicators was used to obtain the component value.
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Climatic Suitability

This indicator considers both thermal and water conditions as determining factors for
crop suitability [41]. The estimation was performed using the maximum entropy model with
Maximum Entropy (MaxEnt) model 3.3.4 (version 3.3.4, AMNH and AT&T-Research, New
York, NY, USA), which predicts the potential geographic distribution of a species based on
the presence data and environmental variables, primarily temperature and precipitation
[42,43]. The thermal model includes four sub-variables: maximum temperature in January
[44], frost-free periods [45], degree days [46], and annual chilling hours [47], which are the
requirements for the grapevine to achieve its phenological development under optimal
conditions. The water model considers water or irrigation requirements [48], crop
evapotranspiration [49], and monthly reference evapotranspiration [50,51]. The climate data
for the current period were based on variables representative of the study area over the last
30 years. In contrast, projections for the future period (2046-2065) were made using a climate
change scenario (RCP8.5), as outlined in the work of Araya et al. [18]. The results were
visualized using Quantum Geographic Information Systems (QGIS) software version 3.34.6
(version 3.34.6, OSGeo, Beaverton, OR, USA). The suitability map was classified into four
restriction categories based on the obtained minimum and maximum values and divided into
equal ranges. A land cover map layer from Chile [52] was also included to exclude restricted
areas (Table 2).

Table 2 .The calculation methods and scale of values for sensitivity component indicators.

Indicator Sub Indicator Calculation Expression and Scale of Values
(ZRA)
CS= AA

Climatic suitability

CS: Climatic suitability; RA: Restricted area; AA: Total agricultural area.
Thermal model .
Scale (discrete):
1.00 = Restricted

0.75 = High restriction

0.50 = Moderate restriction

Rurality

Water model 0.25 = Mild restriction
0.00 = No restriction
_ RU = RP
T TP

RU: Rurality; RP: Rural population; TP: Total population (urban + rural).

State of water bodies

- Scale (discrete):
1.00 = Depleted superficial body
1.00 = Prohibition of extraction from an aquifer
0.50 = Restriction of extraction from an aquifer

0.00 = Without prohibition or restriction.

Eroded surface

i ES_SA
T TA

SE: Eroded surface; SA: Soil area presenting some degree of erosion; TA:

total agricultural area.

Rurality

The ratio of the rural population to the total municipality population (urban + rural) was
determined. The urban population is less vulnerable to climate change than the rural
population [38,53].
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State of Water Bodies

This indicator provides a municipality-level assessment of the status of surface water
bodies (depleted areas) and aquifers (restricted or extraction-prohibited areas) across the
Atacama and Biobio regions. IDE-Chile data, including declarations of surface water
depletion, restricted areas, and aquifer prohibition zones, were used. The information was
then intersected with the municipalities in the study area. The value assignment was discrete
(0.00; 0.50; or 1.00) to evaluate the worst observed condition (Table 2). Water resources are
vital for agricultural development, irrigation, environmental sustainability, and the economic
well-being of farming municipalities, including those focused on viticulture [54].

Eroded Surface

The areas with some degree of soil erosion, considering the following categories: “Light
Erosion”, “Moderate Erosion”, “Severe Erosion”, and “Very Severe Erosion”, all of which
limit viticulture, were evaluated in relation to the total agricultural area of each municipality
(Table 2). High soil erosion rates increase vulnerability to climate change [37,55].

2.2.3. Adaptative capacity

The adaptive capacity component was evaluated based on two indicators: irrigation
system efficiency and participation in the financing and irrigation programs of the
Agricultural Development Institute (INDAP, acronym in Spanish). For each indicator, values
closer to 1.00 indicated higher adaptive capacity, and the component value was obtained by
calculating the simple average of these indicators.

Irrigation efficiency

This indicator was quantified for the total grapevine area, weighted by an irrigation
efficiency coefficient based on the type of system used, where most technical systems
approached 1.00 (Table 3) [56]. Municipalities with a larger proportion of hectares irrigated
using advanced irrigation technologies are considered less sensitive to climate risk, as these
systems improve water use efficiency [57,58].

Table 3. The calculation methods and scales of values for adaptive capacity component indicators.

Indicator

Calculation Expression and Scale of Values

Irrigation efficiency

_ X(Kr = Tn)
=

IR: Irrigation efficiency; Kr: Irrigation efficiency coefficient; Tn: Total area by type of irrigation;

IR

Tg: Total irrigated grapevine area.
Values of irrigation efficiency coefficient (Kr)
0.0 = Flood Irrigation
0.20 = Furrow Irrigation
0.40 = Other Traditional Irrigation Methods
0.60 = Sprinkler Irrigation
0.80 = Microjet or Microsprinkler Irrigation

1.00 = Drip or Tape Irrigation

Participation in financing and

programs

s FG
irrigation PFR = —
TF

PFR: Participation in INDAP Financing and Irrigation Programs; FG: Farmers dedicated to the

cultivation of grapevines participating in the program; AT: Total farmers by program.
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Participation in Financing and Irrigation Programs

INDAP implements territorial investment programs that support climate change
adaptation through infrastructure and technologies that optimize resource use. At the
municipality level, the proportion of grapevine growers who benefit from a support program
was determined relative to the total number of farmers in the program [59]. Four support
programs for farmers were considered that were focused on adaptation to climate change,
such as infrastructure and implements to optimize the use of resources: Development and
Investment Program (PDI); Local Development Program (PRODESAL); Credit Program
(“Short-term Credit Program for individuals or companies, incentives for the sustainability of
agricultural soils”), and the Irrigation Program (“Associative Irrigation”, “Intra-farm
Irrigation” and “Minor Irrigation Works”). A simple average was used to obtain the final
value for each program type and indicator (Table 3). A higher proportion of grapevine
growers participating in financing and irrigation programs indicates greater adaptive
capacity, contributing to reduced vulnerability and enhanced resilience to climate change
[60,61].

2.2.4. Response Capacity

The response capacity component was evaluated based on two indicators: state support
networks and fulfilled basic needs. For each indicator, values closer to 1.00 indicated greater
responsiveness, and the component value was obtained by calculating the simple average of
these indicators.

State Support Networks

Municipalities with state agencies dedicated to climate change adaptation in the
agricultural sector were identified. The municipalities were classified according to the level
of support available, with 1.00 indicating those that have an area agency or regional
directorate, where there are professionals, technicians, and advisors that provide direct and
immediate assistance, whereas 0.00 indicated those that do not have support or territorial
coverage (Table 4). The presence of these institutions enhances local capacity to respond to
climate challenges through technical assistance, financial aid, and policy implementation
[30,62].

Table 4. The calculation methods and scales of values for response capacity component indicators.

Indicator Calculation Expression and Scale of Values
Scale (discrete):
1.00 = Presence of INDAP agencies
State support networks 0.66 = Presence of INDAP offices
0.33 = Without INDAP agency/office presence, but with territorial coverage
0.00 = Absence of state support
(LI+SA + HQ + OV + CE)
N =
5
FN: Fulfilled basic needs
LI Literacy
Fulfilled basic needs

SA: Sanitation
OV: Overcrowding
HQ: Housing quality

CE: Level of compulsory education
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Fulfilled Basic Needs

The ability of a municipality to meet its basic needs (socioeconomic variables)
strengthens its capacity to respond to climate change, reducing overall vulnerability [24,63].
The following were, people and/or homes assessed at the municipality level: literacy rates
(LI), access to sanitation (SA), overcrowding (OV), housing quality (HQ), and completion of
compulsory education (CE). The indicator was calculated using the simple average of the
variables described above (Table 4).

2.3. Evaluation of the LCRI for the viticulture sector

The magnitude of the LCRI depends on the probability and intensity of hazards, the
exposure of affected populations or systems, and their intrinsic vulnerability, including
response and adaptation capacity [22]. Therefore, the LCRI was calculated by summing the
adaptive capacity (AD) and response capacity (RE) components and subtracting the exposure
(EX) and sensitivity (SE) components (Figure 2). The final LCRI values were then normalized
to a scale ranging from 0.00 to 1.00 for interpretability (Table 5) using the following equation:

_ EX+SE— (AD + RE) + 2
B 4

LCRI 1)

Table 5. The categories of LCRI for the viticulture sector due to climate change in Chile.

Local Climate Risk Level Values
Very low 0.00-0.20
Low 0.21-0.40
Medium 0.41-0.60
High 0.61-0.80
Very high 0.81-1.00

2.3. Results

2.3.1. Exposure

In the current period, the exposure component was 0.01-1.00 (Table S1). The
municipalities involved in viticulture in mountainous areas with tundra climates, ranging
from Atacama to O’Higgins, those with semi-arid climates, ranging from the Atacama to
Valparaiso regions, and coastal municipalities with mediterranean climates, ranging from the
Maule to Biobio regions, exhibited exposure levels classified as “high” (=0.61) or “very high”
(20.81). These municipalities represented 20.00% of all Chilean municipalities involved in
viticulture. By contrast, the coastal municipalities with semi-arid climates (Atacama to
Valparaiso) and valley municipalities with mediterranean (Metropolitana to Biobio) or
temperate (Biobio) climates demonstrated exposure values categorized as “low” (<0.40) or
“very low” (<0.20) (Figure 3a).

For the future period, the range of values was expected to remain the same as in the
current period, ranging between 0.01 and 1.00, although in some cases a decrease was
observed (Table S1). The most important changes were observed in municipalities located in
the mountain range zone with tundra (Valparaiso) and mediterranean (Nuble) climates
(Figure 3b). These changes were related to the irrigation infrastructure indicator (Table S1),
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reflecting either the planned construction of reservoirs within their municipal boundaries or
indirect access to reservoirs located in adjacent watersheds.
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Figure 3. The exposure component for viticulture in the current (a) and future (b) periods between the
Atacama and Biobio regions in Chile.

2.3.2. Sensitivity

In the current period, the sensitivity component was 0.12-0.90 (Table S2). A total of
36.97% of the Chilean municipalities with viticulture activity exhibited sensitivity levels
categorized as “high” (20.61) or “very high” (20.81). These municipalities were mainly
concentrated in desert and semi-arid regions (Atacama to Valparaiso), mountainous regions
with tundra climates (Atacama to O’Higgins), and mediterranean areas (Metropolitana to
O’Higgins). By contrast, coastal municipalities with mediterranean climates, from Maule to
Biobio, and temperate climate valleys (Biobio) exhibited sensitivity values classified as “low”
(£0.40) and “very low” (<0.20), respectively (Figure 4a).

In the future period, the sensitivity component values were projected to range from 0.09 to
0.94 (Table S2). The most important changes were observed in mountainous areas with semi-
arid climates (Atacama to Coquimbo) and coastal areas with semi-arid (Valparaiso) or
mediterranean (O’Higgins) climates. In contrast, mountainous municipalities with
mediterranean (Maule to Nuble) or temperate (Biobio) climates showed improvements
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(Figure 4b). These changes were mainly due to variations in the climate suitability indicator
projected under the climate change scenario RCP8.5 (Table S2).
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Figure 4. The sensitivity component for viticulture in the current (a) and future (b) periods, between the
Atacama and Biobio regions of Chile.

2.3.3. Adaptative Capacity

The adaptive capacity component exhibited values ranging from 0.00 to 0.62 (Table S3),
and no evident spatial trend was identified. “High” levels (=0.61) represented 1.21% of the
total number of municipalities involved in viticulture. Most municipalities (59.39%) exhibited
adaptive capacity levels classified as “medium” (0.41-0.60). These municipalities were
predominantly located in coastal and valley areas with semi-arid (Atacama to Metropolitana)
or mediterranean (O’Higgins to Biobio) climates. Meanwhile, municipalities with “low”
(0.40) or “very low” (<0.20) adaptive capacity levels were found in mountainous areas with
tundra (Atacama to O’Higgins) or mediterranean (Maule to Nuble) climates, as well as in
coastal and valley areas with mediterranean climates (O'Higgins to Nuble) and some valley
areas with temperate climates (Biobio) (Figure 5a).
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Figure 5. Adaptative capacity (a) and response capacity (b) components for viticulture, between the
Atacama and Biobio regions of Chile.

2.3.4. Response Capacity

The response capacity component had values ranging from 0.42 to 0.96 (Table S3). Most
municipalities (53.33%) had response capacity levels categorized as “medium” (0.41-0.60).
These municipalities were mainly located in mountainous areas with tundra and semi-arid
climates (Atacama to Valparaiso) or tundra (Atacama to O’Higgins) cli-mates, as well as in
valley and coastal areas with mediterranean climates (Valparaiso to Biobio). Meanwhile,
municipalities in the “very high” category (20.81) represented 28.48% of the municipalities
involved in viticulture. They were mainly distributed across coastal zones with desert, semi-
arid, or mediterranean climates and valley and mountainous areas with mediterranean
(O’Higgins to Biobio) or temperate (Biobio) climates (Figure 5b).

2.3.5. LCRI for the viticulture sector

The LCRI for the viticulture sector in Chile during the current period ranged from 0.24 to
0.76 (Table S4). Most municipalities, regardless of climate type, were in the “medium”
category (0.41-0.60), representing 56.36% of the total study area. These municipalities were
mainly distributed across mountainous areas with semi-arid (Atacama to Valparaiso) or
tundra (Atacama to O’Higgins) climates, as well as mountainous (Valparaiso to
Metropolitana) and coastal (O’Higgins to Biobio) areas with mediterranean climates (Figure
6a). In the future period, climate change is expected to increase the risk, especially in regions
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with semi-arid and mediterranean climates (Atacama to Maule). By contrast, the
municipalities in valley and mountainous areas with a mediterranean climate (Nuble and
Biobio) are expected to present improvements in the index owing to changes in the sensitivity
component, particularly in the projected climate suitability indicator (Figure 6b).
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Figure 6. The LCRI for viticulture in the current (a) and future (b) periods, between the Atacama and
Biobio regions of Chile.

In regional terms, the LCRI during the current period was higher in regions with semi-
arid climates than in regions with mediterranean or temperate climates. This result was
primarily due to the higher observed sensitivity, which was not mitigated by the adaptive
and responsive capacities of municipalities in these regions. These components were
homogeneous at the regional level (Table 6).
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Table 6. The regional averages of exposure, sensitivity, adaptive capacity, response capacity, and LCRI
for the viticulture sector in Chile in the current (2017-2024) and future (2046-2065) periods.

Current Period (2017-2024)

Adaptative Response

Dominant Climate Region Exposure  Sensitivity . . LCRI
Capacity Capacity
Atacama 0.40 0.69 0.34 0.70 0.51
Semi-arid Coquimbo 0.45 0.76 0.43 0.71 0.52
Valparaiso 0.36 0.62 0.41 0.68 0.47
Metropolitana 0.42 0.50 0.30 0.61 0.50
, O’Higgins 0.35 0.59 0.40 0.70 0.46
Mediterranean Maule 0.34 0.42 0.40 0.71 0.41
Nuble 0.54 0.40 0.28 0.72 0.48
Temperate Biobio 0.51 0.29 0.24 0.68 0.47
Future period (2046-2065)
. . . e s Adaptative ~ Response
Dominant climate Region Exposure  Sensitivity . . LCRI
capacity capacity
Atacama 0.40 0.73 0.34 0.70 0.52
Semi-arid Coquimbo 0.45 0.81 0.43 0.71 0.53
Valparaiso 0.32 0.66 0.41 0.68 0.47
Metropolitana 0.42 0.57 0.30 0.61 0.52
. O’Higgins 0.34 0.65 0.40 0.70 0.47
Mediterranean Maule 033 0.4 0.40 0.71 0.42
Nuble 0.52 0.40 0.28 0.72 0.48
Temperate Biobio 0.51 0.30 0.24 0.68 0.47

2.4. Discussion

The findings indicate pronounced spatial and temporal variability in the LCRI for viticulture,
with clear distinctions among tundra, desert, semi-arid, mediterranean, and temperate
climate areas. Mountainous municipalities in semi-arid regions predominantly exhibited
higher climate risk index values than coastal and mountainous municipalities in
mediterranean and temperate regions, which generally fall into lower risk categories (Figure
6a,b). These spatial patterns underscore the role of climatic—geographical conditions and the
adaptive and response capacities of individual territories in shaping climate risk.

2.4.1. Exposure

Exposure was high in mountainous municipalities with tundra and semi-arid climates in
the Coquimbo region and in valley municipalities with mediterranean climates in the
Metropolitana region (Tables 6 and S1, Figure 3a,b). In Coquimbo, the high exposure levels
were largely driven by the cultivated area indicator, reflecting the predominance of viticulture
over other crops. This lack of diversification increases the vulnerability of the production
system [64]. In the Metropolitana region, the irrigation infrastructure indicator was a key
determinant of exposure in several municipalities, as reservoirs play a critical role in ensuring
water security, enhancing water use efficiency, and mitigating the impacts of drought within
the socioeconomic system [65,66]. Mediterranean-climate regions, such as Nuble and Biobio,
also exhibited high exposure levels, primarily due to the irrigation zone indicator (Tables 6
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and S1, Figure 3a,b), which highlighted the prevalence of inefficient irrigation systems in
viticulture practices. Irrigation technologies are essential for reducing yield losses [67],
improving water use efficiency, and complementing other adaptation strategies, such as soil
moisture conservation techniques and the development of grapevine varieties tolerant to
dryland conditions [68].

In contrast, viticulture municipalities in mediterranean-climate regions, such as
O’Higgins (coastal and valley areas) and Maule (valley and mountainous areas), exhibited
low exposure levels, which are associated with low values for the cultivated area and
irrigation infrastructure indicators (Tables 6 and S1, Figure 3a,b). This result reflects the
positive effects of fruit crop diversification [69] and the availability of water infrastructure,
particularly reservoirs, which play a key role in reducing vulnerability by enhancing water
security and buffering the impacts of climatic variability [70].

The difference between current and future exposure was primarily associated with
changes in the irrigation infrastructure indicator (Tables 6 and S1, Figure 3a,b). The planned
construction of irrigation reservoirs and their distribution capacities were more influential
than the other indicators because of their positive impact on water security at the territorial
level [71]. These findings align with previous studies that emphasize the critical link between
territorial planning, water resource management, and agricultural resilience to climate change
[72,73].

2.4.2. Sensitivity

Municipalities located in mountainous areas with tundra and semi-arid cli-mates —such
as Atacama, Coquimbo, and Valparaiso regions—exhibited the highest levels of sensitivity
(Tables 6 and S2, Figure 4a,b). This pattern is attributable to the vulnerability of mountainous
semi-arid zones to late frosts and extreme weather events (e.g., heavy rainfall and snowfall),
which increase the risk of landslides and slope instability [74,75].

In the future period, an increase in sensitivity was projected for municipalities with semi-
arid and mediterranean climates (Tables 6 and S2, Figure 4a,b), primarily due to the climatic
suitability indicator. This reflects a rising risk of heat and water stress in traditional viticulture
areas [17], along with a projected shift in optimal production zones toward municipalities in
mediterranean and temperate climates, driven by increased temperatures and the
accumulation of growing degree days [13]. Such changes could affect multiple phenological
stages of grapevines, causing imbalances in ripening, sugar concentration, pH, and oxidative
sensitivity, thereby impacting both the crop and its products, particularly wine [76-78].

These findings are consistent with prior studies that identify climate sensitivity as a key
factor influencing the long-term sustainability of viticulture under climate change scenarios
[79].

2.4.3. Adaptative and response capacity

The adaptive capacity component exhibited lower values than the response capacity
component, despite the latter showing greater spatial variability (Tables 6 and S3, Figure 5a).

The irrigation system efficiency indicator was a decisive factor, and a positive correlation
was observed between municipalities with large areas of efficient irrigation and high adaptive
capacity (Table S3). This finding aligns with studies indicating that technologically advanced
farming practices reduce vulnerability [38]. The adoption of drip irrigation not only enhances
water use efficiency, but also reduces plant diseases by lowering humidity in the plants and
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the surrounding environment, thereby improving crop yield and quality [80-82]. In Chile,
significant technological advancements have been linked to investments in water
infrastructure and the importance of the wine sector [83]. However, no wine-producing
municipalities reached the “very high” category of the adaptive capacity component (Figure
5a), reflecting the structural and socioeconomic factors that shape resilience to climate change.
These factors may include limited access to irrigation financing programs, particularly for
small producers who face considerable barriers [84].

In contrast, the response capacity component exhibited higher values than the adaptive
capacity component (Tables 6 and S3, Figure 5b). All viticulture municipalities analyzed
reported a high percentage in the fulfilled basic needs indicator, consistent with previous
research emphasizing the role of socioeconomic conditions in climate change adaptation
capacity [85]. Nevertheless, the state support networks, such as those provided by INDAP,
emerged as a key factor influencing the spatial variability of this component. Municipalities
without access to such support recorded the lowest values for this component (Table S3).

2.4.4. LCRI for the Viticulture Sector

The results of the LCRI indicate a challenging outlook for the Chilean viticulture sector,
with a projected increase in risk levels, mainly for semi-arid and mediterranean regions,
primarily driven by the growing sensitivity of areas suitable for grapevine production (Tables
6 and 5S4, Figure 6a). This trend aligns with global patterns showing increased vulnerability
in traditional wine-producing areas, largely due to reduced water availability and rising
extreme temperatures [86]. However, the decrease in climate risk values observed in certain
municipalities within mediterranean and temperate climate zones in the southern part of the
study area suggests a potential reconfiguration of the areas suitable for viticulture in the
future (Tables 6 and S4, Figure 6b). This may present new opportunities for the expansion of
grapevine production in regions that were previously less exploited [13,87].

The findings of this study underscore the importance of region-specific adaptation
policies, with an emphasis on strengthening water infrastructure and developing climate-
resilient technologies [88]. Key factors, such as irrigated areas, the technological advancement
of irrigation system efficiency, and the construction of water infrastructure, coupled with
financing and training programs, will be critical for the viticulture sector’s adaptation to the
impacts of climate change [66,80,81,84,89]. Transformative strategies should also be
implemented to strengthen governance, optimize infrastructure, protect ecosystems, and
enhance the resilience [90] of the viticulture sector’s resilience to climate change.

The use of a climate risk index enables decision-makers to identify trends, assess risks,
and formulate mitigation and adaptation strategies based on local data while allowing
ongoing monitoring over time [24,91]. However, this tool has some limitations, such as
difficulty in accessing reliable data, as well as inconsistencies in some cases. In some cases,
data of interest were segmented across various state agencies, institutions, or services, which
led to slight variations in the cadasters and reports compiled by each agency. These
discrepancies may have arisen from differences in data collection periods at the time the
reports were generated, as well as the varying focus and objectives of each study.
Additionally, some indicators, such as irrigation infrastructure and participation in financing
and irrigation programs, lacked sufficient data at the municipal level. These indicators were
obtained through public information requests to the respective institutions, which resulted in
delays in data incorporation.
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2.5. Conclusions

This study developed and applied an LCRI to assess the vulnerability of the Chilean
viticulture sector to climate change. For the current period (2017-2024), 30.91% of
municipalities were classified as having a “low” risk level, 56.36% as “medium,” and 12.73%
as “high.” In contrast, for the future period (2046—2065), 63.03% of viticulture municipalities
are expected to experience increased climate risk values, particularly in semi-arid and
mediterranean regions, due to heightened climate exposure and sensitivity, due to the
projected increase in temperatures and decrease in rainfall. In these municipalities, the
irrigation zone and irrigation infrastructure indicators within the exposure component were
decisive, whereas the climatic suitability indicator played a key role in the sensitivity
component. However, 14.55% of municipalities showed an improvement in their climate risk
index values, whereas 22.42% showed no change, suggesting that certain local adaptation
strategies already implemented may partially mitigate the impacts of climate change. In these
municipalities, factors such as water infrastructure (reservoirs) and access to support
programs emerged as critical differentiators.

Sensitivity emerged as the most influential component in the climate risk index,
primarily linked to the reduction in suitable areas for grapevine cultivation. Due to climate
change, a shift in climate suitability is expected toward the southern part of the study area,
where mediterranean and temperate climates currently predominate, thus creating new
opportunities for the viticulture industry.

These findings highlight the urgent need to strengthen climate change adaptation
policies, focusing on efficient water management, the construction of irrigation infrastructure,
the implementation of efficient irrigation systems, the promotion of sustainable agricultural
practices, and the development of local strategies to enhance adaptive and response
capabilities in viticulture municipalities. In this context, the LCRI is presented as a valuable
tool to assist decision-makers in assessing risks, planning mitigation and adaptation
strategies, and monitoring their effectiveness over time.
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2.7. Supplementary Materials

Table S1. Exposure component for the current (2017-2024) and future (2046-2065) periods in
the viticulture municipalities between the Atacama and Biobio regions in Chile.

5 L Cultivated Irrigation Irrigation infrastructure Exposure component
Region Municipality

area zone Current Future Current Future

Atacama Alto Del Carmen 0.93 0.76 0.00 0.00 0.56 0.56

Copiap6 0.48 0.75 0.00 0.00 0.41 0.41

Freirina 0.02 1.00 0.00 0.00 0.34 0.34

Huasco 0.00 0.25 0.00 0.00 0.08 0.08

Tierra Amarilla 1.00 1.00 0.00 0.00 0.67 0.67

Vallenar 043 0.62 0.00 0.00 0.35 0.35

Coquimbo Combarbala 0.68 0.99 0.00 0.00 0.56 0.56

Coquimbo 0.03 1.00 0.00 0.00 0.34 0.34

Nlapel 0.10 0.44 0.00 0.00 0.18 0.18

La Higuera 0.44 0.00 1.00 1.00 0.48 0.48

La Serena 0.10 0.00 0.00 0.00 0.03 0.03

Monte Patria 0.59 0.92 0.00 0.00 0.50 0.50

Ovalle 0.47 0.61 0.00 0.00 0.36 0.36

Paihuano 0.84 0.63 1.00 1.00 0.82 0.82

Punitaqui 0.71 0.00 1.00 1.00 0.57 0.57

Rio Hurtado 0.67 0.71 1.00 1.00 0.80 0.80

Salamanca 0.61 0.39 0.00 0.00 0.33 0.33

Vicufia 0.66 0.75 0.00 0.00 0.47 0.47

Valparaiso Algarrobo 0.23 0.00 0.00 0.00 0.08 0.08

Cabildo 0.00 1.00 0.00 0.00 0.33 0.33

Calle Larga 0.54 1.00 0.00 0.00 0.51 0.51

Cartagena 091 0.31 0.00 0.00 0.41 0.41

Casablanca 0.90 0.11 0.00 0.00 0.34 0.34

Catemu 0.33 1.00 0.00 0.00 0.44 0.44

Hijuelas 0.08 0.00 0.00 0.00 0.03 0.03

La Cruz 0.00 1.00 0.00 0.00 0.33 0.33

Limache 0.02 0.74 0.00 0.00 0.25 0.25

Llay-Llay 0.15 0.92 0.00 0.00 0.35 0.35

Los Andes 0.54 1.00 1.00 0.00 0.85 0.51

Nogales 0.00 1.00 0.00 0.00 0.33 0.33

Panquehue 0.19 0.71 0.00 0.00 0.30 0.30

Petorca 0.00 0.78 1.00 0.00 0.59 0.26

Puchuncavi 0.04 0.00 1.00 1.00 0.35 0.35

Putaendo 0.11 0.98 0.00 0.00 0.36 0.36

Quillota 0.10 0.02 0.00 0.00 0.04 0.04

Quilpué 0.23 0.87 0.00 0.00 0.37 0.37

Rinconada 0.58 0.99 0.00 0.00 0.52 0.52

San Antonio 0.63 0.05 0.00 0.00 0.22 0.22

San Esteban 0.63 0.94 1.00 0.00 0.86 0.52

San Felipe 0.60 0.90 0.00 0.00 0.50 0.50

Santa Maria 0.64 0.95 0.00 0.00 0.53 0.53

Santo Domingo 0.11 0.15 0.00 0.00 0.09 0.09

Zapallar 0.34 0.00 0.00 0.00 0.11 0.11
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Metropolitan Alhué 041 0.42 1.00 1.00 0.61 0.61
Buin 0.44 0.60 0.00 0.00 0.34 0.34
Calera de Tango 0.17 0.76 0.00 0.00 0.31 0.31
Cerro Navia 0.44 1.00 1.00 1.00 0.81 0.81
Colina 0.48 1.00 0.00 0.00 0.49 0.49
Curacavi 0.06 0.77 0.00 0.00 0.28 0.28
El Monte 0.10 0.32 0.00 0.00 0.14 0.14
Isla De Maipo 0.51 0.25 0.00 0.00 0.25 0.25
La Pintana 1.00 1.00 1.00 1.00 1.00 1.00
Lampa 0.42 1.00 0.00 0.00 0.47 0.47
Maipt 0.48 0.85 0.00 0.00 0.44 0.44
Maria Pinto 0.09 0.46 0.00 0.00 0.19 0.19
Melipilla 0.11 0.44 0.00 0.00 0.19 0.19
Padre Hurtado 0.11 0.28 0.00 0.00 0.13 0.13
Paine 0.33 0.56 0.00 0.00 0.30 0.30
Penalolén 1.00 1.00 1.00 1.00 1.00 1.00
Penaflor 0.07 1.00 1.00 1.00 0.69 0.69
Pirque 0.34 0.12 0.00 0.00 0.15 0.15
Pudahuel 0.22 1.00 0.00 0.00 0.41 0.41
Puente Alto 0.98 0.33 1.00 1.00 0.77 0.77
Renca 1.00 1.00 1.00 1.00 1.00 1.00
San Bernardo 0.23 0.36 0.00 0.00 0.19 0.19
San José De Maipo 0.02 0.04 0.00 0.00 0.02 0.02
San Pedro 0.15 0.28 0.00 0.00 0.14 0.14
Talagante 0.21 043 0.00 0.00 0.22 0.22
Tiltil 0.30 0.88 0.00 0.00 0.39 0.39
O’Higgins Chépica 0.51 0.29 0.00 0.00 0.27 0.27
Chimbarongo 0.19 0.18 0.00 0.00 0.12 0.12
Codegua 0.16 0.80 0.00 0.00 0.32 0.32
Coltauco 0.23 0.88 0.00 0.00 0.37 0.37
Donihue 0.11 0.93 0.00 0.00 0.34 0.34
Graneros 0.24 0.68 1.00 1.00 0.64 0.64
La Estrella 0.02 0.93 0.00 0.00 0.32 0.32
Las Cabras 0.34 0.66 0.00 0.00 0.33 0.33
Litueche 0.34 0.14 0.00 0.00 0.16 0.16
Lolol 0.46 0.24 0.00 0.00 0.24 0.24
Machali 0.28 0.86 1.00 1.00 0.71 0.71
Malloa 0.23 0.86 0.00 0.00 0.37 0.37
Marchigiie 0.86 0.24 0.00 0.00 0.37 0.37
Mostazal 0.21 0.49 0.00 0.00 0.23 0.23
Nancagua 0.73 0.43 0.00 0.00 0.39 0.39
Navidad 0.00 0.02 0.00 0.00 0.01 0.01
Olivar 0.16 0.67 0.00 0.00 0.28 0.28
Palmilla 0.65 0.16 0.00 0.00 0.27 0.27
Paredones 0.94 0.75 0.00 0.00 0.56 0.56
Peralillo 0.76 0.23 0.00 0.00 0.33 0.33
Peumo 0.30 0.23 0.00 0.00 0.18 0.18
Pichidegua 0.27 0.17 0.00 0.00 0.14 0.14
Pichilemu 0.12 1.00 0.00 0.00 0.37 0.37
Placilla 0.57 0.64 1.00 1.00 0.74 0.74
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Pumanque 0.79 0.36 0.00 0.00 0.38 0.38
Quinta De Tilcoco 0.31 0.40 1.00 0.00 0.57 0.24
Rancagua 0.27 0.60 0.00 0.00 0.29 0.29
Rengo 0.20 0.58 0.00 0.00 0.26 0.26
Requinoa 0.27 043 0.00 0.00 0.23 0.23
San Fernando 0.38 0.55 1.00 1.00 0.65 0.65
San Vicente 0.52 0.58 0.00 0.00 0.37 0.37
Santa Cruz 0.63 0.36 0.00 0.00 0.33 0.33
Maule Cauquenes 0.85 0.56 0.00 0.00 0.47 0.47
Chanco 0.02 0.87 0.00 0.00 0.29 0.29
Colban 0.03 0.47 0.00 0.00 0.17 0.17
Constituciéon 0.86 091 0.00 0.00 0.59 0.59
Curepto 0.61 0.62 0.00 0.00 0.41 0.41
Curicod 0.26 0.31 0.00 0.00 0.19 0.19
Empedrado 0.90 0.63 1.00 0.00 0.84 0.51
Hualané 0.51 0.68 0.00 0.00 0.40 0.40
Licantén 0.60 0.01 0.00 0.00 0.20 0.20
Linares 0.17 0.62 0.00 0.00 0.26 0.26
Longavi 0.04 0.82 0.00 0.00 0.29 0.29
Maule 0.59 0.33 0.00 0.00 0.31 0.31
Molina 0.48 0.32 0.00 0.00 0.27 0.27
Parral 0.10 0.88 0.00 0.00 0.33 0.33
Pelarco 0.04 0.79 0.00 0.00 0.27 0.27
Pencahue 0.48 0.27 0.00 0.00 0.25 0.25
Rauco 0.39 0.45 0.00 0.00 0.28 0.28
Retiro 0.14 0.17 0.00 0.00 0.10 0.10
Rio Claro 0.25 0.38 0.00 0.00 0.21 0.21
Romeral 0.22 0.67 0.00 0.00 0.30 0.30
Sagrada Familia 0.32 0.40 0.00 0.00 0.24 0.24
San Clemente 0.29 0.23 0.00 0.00 0.18 0.18
San Javier 0.87 0.49 0.00 0.00 0.45 0.45
San Rafael 0.26 0.19 0.00 0.00 0.15 0.15
Talca 0.66 0.44 0.00 0.00 0.37 0.37
Teno 0.13 0.30 0.00 0.00 0.14 0.14
Vichuquén 0.99 0.87 1.00 1.00 0.95 0.95
Villa Alegre 0.77 0.50 0.00 0.00 0.42 0.42
Yerbas Buenas 0.16 0.21 1.00 1.00 0.45 0.45
Nuble Bulnes 0.06 0.77 0.00 0.00 0.28 0.28
Chillan 0.31 0.80 0.00 0.00 0.37 0.37
Chillan Viejo 0.58 0.84 0.00 0.00 0.47 0.47
Cobquecura 0.70 1.00 0.00 0.00 0.57 0.57
Coelemu 0.98 1.00 0.00 0.00 0.66 0.66
Coihueco 0.00 1.00 0.00 0.00 0.33 0.33
El Carmen 0.00 0.85 0.00 0.00 0.28 0.28
Ninhue 1.00 1.00 1.00 1.00 1.00 1.00
Niquén 0.04 0.88 1.00 1.00 0.64 0.64
Pemuco 0.01 1.00 0.00 0.00 0.34 0.34
Pinto 0.00 1.00 1.00 0.00 0.67 0.33
Portezuelo 0.94 0.95 0.00 0.00 0.63 0.63
Quillon 0.64 0.99 0.00 0.00 0.55 0.55
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Quirihue 1.00 0.95 0.00 0.00 0.65 0.65
Réanquil 0.96 1.00 0.00 0.00 0.65 0.65
San Carlos 0.09 0.86 0.00 0.00 0.32 0.32
San Ignacio 0.01 1.00 1.00 1.00 0.67 0.67
San Nicolas 0.35 0.90 0.00 0.00 0.42 0.42
Trehuaco/Treguaco 1.00 1.00 0.00 0.00 0.67 0.67
Yungay 0.01 0.90 1.00 1.00 0.64 0.64
Biobio Cabrero 0.37 0.00 0.00 0.00 0.12 0.12
Coronel 0.12 1.00 0.00 0.00 0.37 0.37
Florida 0.93 1.00 1.00 1.00 0.98 0.98
Hualqui 1.00 0.96 0.00 0.00 0.65 0.65
Laja 1.00 0.99 0.00 0.00 0.66 0.66
Los Angeles 0.03 0.87 0.00 0.00 0.30 0.30
Mulchén 0.56 0.20 0.00 0.00 0.25 0.25
Nacimiento 0.62 0.97 0.00 0.00 0.53 0.53
Negrete 0.51 0.19 0.00 0.00 0.23 0.23
San Rosendo 0.41 1.00 0.00 0.00 0.47 0.47
Santa Barbara 0.01 0.71 0.00 0.00 0.24 0.24
Santa Juana 0.44 0.97 0.00 0.00 0.47 0.47
Talcahuano 1.00 1.00 1.00 1.00 1.00 1.00
Tomé 0.95 1.00 1.00 1.00 0.98 0.98
Yumbel 0.49 0.69 0.00 0.00 0.39 0.39
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Table S2. Sensitivity component for the current (2017-2024) and future (2046-2065) periods
in the viticulture municipalities between the Atacama and Biobio regions in Chile.

. L Climatic suitability . State of water Eroded Sensitivity component
Region Municipality Rurality .

Current Future bodies surface Current Future

Atacama Alto Del Carmen 0.90 0.93 1.00 1.00 0.54 0.86 0.87

Copiapo 0.77 0.90 0.02 1.00 0.49 0.57 0.60

Freirina 0.73 1.00 0.35 1.00 0.74 0.71 0.77

Huasco 0.75 1.00 0.12 1.00 0.68 0.64 0.70

Tierra Amarilla 0.87 0.92 0.29 1.00 0.67 0.71 0.72

Vallenar 0.58 0.86 0.11 1.00 0.87 0.64 0.71

Coquimbo Combarbala 0.55 0.89 0.55 1.00 0.91 0.75 0.84

Coquimbo 0.75 1.00 0.06 1.00 0.81 0.66 0.72

Mlapel 0.69 0.87 0.32 1.00 0.86 0.72 0.76

La Higuera 0.74 0.94 0.70 1.00 0.95 0.85 0.89

La Serena 0.72 0.98 0.09 1.00 091 0.68 0.75

Monte Patria 0.65 0.85 0.50 1.00 0.80 0.74 0.79

Ovalle 0.63 0.99 0.21 1.00 0.82 0.67 0.76

Paihuano 0.93 0.94 1.00 1.00 0.67 0.90 0.90

Punitaqui 0.55 0.99 0.47 1.00 0.93 0.74 0.85

Rio Hurtado 0.74 0.93 1.00 1.00 0.85 0.90 0.94

Salamanca 0.80 0.86 043 1.00 0.77 0.75 0.76

Vicufia 0.86 0.95 0.39 1.00 0.77 0.75 0.78

Valparaiso Algarrobo 0.75 0.76 0.21 1.00 0.66 0.66 0.66

Cabildo 0.64 0.79 0.37 1.00 0.69 0.68 0.71

Calle Larga 0.76 0.76 0.28 1.00 0.73 0.69 0.69

Cartagena 0.64 0.78 0.08 1.00 0.62 0.59 0.62

Casablanca 0.61 0.78 0.33 1.00 0.46 0.60 0.64

Catemu 0.59 0.75 0.44 1.00 0.70 0.68 0.72

Hijuelas 0.59 0.77 0.35 1.00 0.57 0.63 0.67

La Cruz 0.53 0.76 0.12 1.00 0.35 0.50 0.56

Limache 0.56 0.81 0.15 1.00 0.62 0.58 0.65

Llay-Llay 0.49 0.77 0.27 1.00 0.78 0.63 0.70

Los Andes 0.97 0.96 0.09 1.00 0.35 0.60 0.60

Nogales 0.64 0.77 0.15 1.00 0.58 0.59 0.63

Panquehue 0.39 0.75 048 1.00 0.58 0.61 0.70

Petorca 0.73 0.80 0.58 1.00 0.61 0.73 0.75

Puchuncavi 0.68 0.79 0.14 1.00 0.66 0.62 0.65

Putaendo 0.86 0.88 0.60 1.00 0.46 0.73 0.73

Quillota 0.57 0.77 0.13 1.00 0.46 0.54 0.59

Quilpué 0.62 0.85 0.01 1.00 0.61 0.56 0.62

Rinconada 0.57 0.75 0.21 1.00 0.70 0.62 0.67

San Antonio 0.70 0.76 0.05 0.50 0.80 0.51 0.53

San Esteban 0.92 0.92 0.40 1.00 0.45 0.69 0.69

San Felipe 0.42 0.74 0.09 1.00 0.44 0.49 0.57

Santa Maria 0.56 0.72 0.36 1.00 0.45 0.59 0.63

Santo Domingo 0.75 0.76 0.43 1.00 0.67 0.71 0.71

Zapallar 0.63 0.76 0.32 1.00 0.70 0.66 0.70

Metropolitan Alhué 0.52 0.75 0.57 1.00 0.70 0.70 0.76

Buin 0.32 0.73 0.14 1.00 0.13 0.40 0.50
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Calera de Tango 0.30 0.76 0.55 1.00 0.06 0.48 0.59
Cerro Navia 0.77 0.87 0.00 1.00 0.00 0.44 0.47
Colina 0.58 0.77 0.19 1.00 0.67 0.61 0.66
Curacavi 0.44 0.74 0.38 1.00 0.62 0.61 0.69
El Monte 0.32 0.75 0.16 0.50 0.21 0.30 041
Isla De Maipo 0.33 0.75 0.26 1.00 0.33 0.48 0.58
La Pintana 0.42 0.63 0.00 0.50 0.00 0.23 0.28
Lampa 043 0.75 0.21 1.00 0.44 0.52 0.60
Maipt 0.46 0.81 0.01 1.00 0.17 041 0.50
Maria Pinto 0.44 0.77 0.51 1.00 0.35 0.58 0.66
Melipilla 0.50 0.75 0.31 1.00 041 0.56 0.62
Padre Hurtado 0.33 0.77 0.12 1.00 0.20 0.41 0.52
Paine 0.47 0.73 0.36 1.00 0.43 0.56 0.63
Penalolén 0.67 0.68 0.00 1.00 0.23 0.47 0.48
Penaflor 0.30 0.78 0.08 1.00 0.15 0.38 0.50
Pirque 0.72 0.75 0.56 1.00 0.45 0.68 0.69
Pudahuel 0.39 0.73 0.02 1.00 0.28 042 0.51
Puente Alto 0.67 0.69 0.00 1.00 0.09 0.44 0.45
Renca 0.61 0.80 0.00 1.00 0.12 043 0.48
San Bernardo 0.38 0.74 0.02 1.00 0.08 0.37 0.46
San José De Maipo 0.99 0.97 0.38 1.00 0.37 0.69 0.68
San Pedro 0.56 0.75 1.00 1.00 0.54 0.78 0.82
Talagante 0.25 0.76 0.20 1.00 0.18 041 0.53
Tiltil 0.52 0.79 0.32 1.00 0.63 0.62 0.69
O’Higgins Chépica 0.38 0.80 0.43 1.00 0.64 0.61 0.72
Chimbarongo 0.56 0.75 0.42 1.00 0.25 0.56 0.61
Codegua 0.77 0.78 0.46 1.00 0.46 0.67 0.67
Coltauco 0.36 0.76 0.43 0.50 0.34 041 0.51
Doiihue 0.48 0.70 0.21 0.50 0.52 0.43 0.48
Graneros 0.57 0.73 0.11 1.00 0.28 0.49 0.53
La Estrella 0.46 0.76 0.63 1.00 0.95 0.76 0.83
Las Cabras 0.44 0.78 0.61 1.00 0.58 0.66 0.74
Litueche 0.67 0.75 0.46 1.00 0.81 0.74 0.76
Lolol 043 0.84 0.64 1.00 0.85 0.73 0.83
Machali 0.96 0.93 0.02 1.00 0.38 0.59 0.58
Malloa 0.52 0.56 0.59 1.00 0.33 0.61 0.62
Marchigiie 0.47 0.78 0.55 1.00 0.75 0.69 0.77
Mostazal 0.82 0.83 0.17 1.00 0.63 0.66 0.66
Nancagua 0.35 0.77 0.36 1.00 0.33 0.51 0.61
Navidad 0.75 0.75 1.00 1.00 0.83 0.90 0.90
Olivar 0.55 0.72 0.32 0.50 0.03 0.35 0.39
Palmilla 0.16 0.76 0.72 1.00 0.23 0.53 0.68
Paredones 0.51 0.76 0.70 1.00 0.70 0.73 0.79
Peralillo 0.32 0.77 0.40 1.00 0.42 0.53 0.65
Peumo 0.27 0.79 0.16 0.50 0.30 0.31 0.44
Pichidegua 0.17 0.76 0.53 1.00 0.39 0.52 0.67
Pichilemu 0.72 0.81 0.21 1.00 0.54 0.62 0.64
Placilla 043 0.76 0.73 1.00 0.38 0.64 0.72
Pumanque 0.45 0.78 1.00 1.00 0.90 0.84 0.92
Quinta De Tilcoco 0.28 0.56 0.44 1.00 0.20 0.48 0.55
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Rancagua 0.62 0.77 0.03 0.50 0.30 0.37 0.40
Rengo 0.70 0.67 0.22 1.00 043 0.59 0.58
Requinoa 0.77 0.74 0.22 1.00 0.59 0.64 0.64
San Fernando 0.90 0.88 0.14 1.00 0.44 0.62 0.62
San Vicente 0.30 0.73 0.44 1.00 043 0.54 0.65
Santa Cruz 0.34 0.80 0.40 1.00 0.56 0.57 0.69
Maule Cauquenes 0.45 0.72 0.18 1.00 0.84 0.62 0.69
Chanco 0.73 0.75 0.56 0.00 0.65 0.49 0.49
Colbtn 0.94 0.87 0.56 0.00 0.67 0.54 0.53
Constitucion 0.70 0.76 0.19 0.00 0.52 0.35 0.37
Curepto 0.55 0.77 0.64 0.00 0.75 0.49 0.54
Curicéd 0.80 0.81 0.11 0.50 0.41 0.45 0.46
Empedrado 0.58 0.75 0.27 0.00 0.60 0.36 0.40
Hualafié 0.44 0.76 041 0.50 0.81 0.54 0.62
Licantén 0.67 0.75 0.25 0.00 0.60 0.38 0.40
Linares 0.77 0.59 0.17 0.00 0.37 0.33 0.28
Longavi 0.71 0.44 0.70 0.00 0.30 0.43 0.36
Maule 0.28 0.64 0.22 0.00 0.34 0.21 0.30
Molina 0.83 0.84 0.19 0.50 0.33 0.46 0.46
Parral 0.63 0.42 0.26 0.00 0.27 0.29 0.24
Pelarco 0.40 0.42 0.69 0.00 0.23 0.33 0.34
Pencahue 041 0.75 0.58 0.00 0.70 0.42 0.51
Rauco 0.32 0.75 0.47 0.50 0.72 0.50 0.61
Retiro 0.36 0.20 0.65 1.00 0.18 0.55 0.51
Rio Claro 0.48 0.57 0.68 0.00 0.10 0.31 0.34
Romeral 091 0.89 0.57 1.00 0.47 0.74 0.73
Sagrada Familia 0.29 0.75 0.57 0.50 0.60 0.49 0.61
San Clemente 0.90 0.84 0.50 0.50 0.38 0.57 0.56
San Javier 0.37 0.65 0.28 0.00 0.66 0.33 0.40
San Rafael 0.25 0.69 0.46 0.00 0.14 0.21 0.32
Talca 0.33 0.65 0.04 0.00 0.10 0.12 0.20
Teno 0.55 0.74 0.67 1.00 0.30 0.63 0.68
Vichuquén 0.61 0.76 0.72 0.00 0.75 0.52 0.56
Villa Alegre 0.28 0.34 0.40 0.00 0.04 0.18 0.20
Yerbas Buenas 0.43 0.18 0.66 0.00 0.01 0.27 0.21
Nuble Bulnes 0.25 0.25 0.37 1.00 0.04 0.42 0.42
Chillan 0.33 0.17 0.09 0.00 0.09 0.13 0.09
Chillan Viejo 0.23 0.13 0.11 0.00 0.20 0.13 0.11
Cobquecura 0.75 0.75 0.71 0.00 0.35 0.45 0.45
Coelemu 0.62 0.76 0.29 0.00 0.51 0.35 0.39
Coihueco 0.84 0.57 0.66 1.00 0.42 0.73 0.66
El Carmen 0.73 0.23 0.60 1.00 0.27 0.65 0.53
Ninhue 0.34 0.73 0.71 0.00 0.52 0.39 0.49
Niquén 0.43 0.20 0.90 0.00 0.06 0.35 0.29
Pemuco 0.47 0.21 0.51 1.00 0.13 0.53 0.46
Pinto 0.93 0.75 0.50 1.00 0.52 0.74 0.69
Portezuelo 0.28 0.73 0.63 0.00 0.43 0.34 0.45
Quillén 0.22 0.67 0.40 0.00 0.46 0.27 0.38
Quirihue 0.49 0.75 0.18 0.00 0.53 0.30 0.37
Ranquil 0.32 0.74 0.72 0.00 0.39 0.36 0.46
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San Carlos 0.38 0.25 0.37 0.00 0.12 0.22 0.19
San Ignacio 0.51 0.03 0.58 1.00 0.08 0.54 042
San Nicolas 0.25 0.40 0.58 0.00 0.21 0.26 0.30
Trehuaco/Treguaco 0.55 0.76 0.35 0.00 0.43 0.33 0.38
Yungay 0.63 0.22 0.25 1.00 0.17 0.51 0.41
Biobio Cabrero 0.21 0.49 0.25 0.00 0.02 0.12 0.19
Coronel 0.80 0.78 0.03 1.00 0.29 0.53 0.53
Florida 0.48 0.75 0.57 0.00 0.50 0.39 0.45
Hualqui 0.69 0.76 0.14 0.00 0.37 0.30 0.32
Laja 0.24 0.42 0.28 0.00 0.19 0.18 0.22
Los Angeles 041 0.07 0.25 0.00 0.04 0.17 0.09
Mulchén 0.83 0.40 0.18 0.00 0.29 0.33 0.22
Nacimiento 0.36 0.49 0.12 0.00 0.29 0.19 0.23
Negrete 0.40 0.03 0.38 0.00 0.04 0.20 0.11
San Rosendo 0.24 0.70 0.15 0.00 0.34 0.18 0.30
Santa Barbara 0.90 0.58 0.42 1.00 0.42 0.68 0.60
Santa Juana 0.57 0.73 0.30 0.00 0.35 0.30 0.34
Talcahuano 0.86 0.84 0.01 0.00 0.05 0.23 0.22
Tomé 0.73 0.75 0.10 0.00 0.36 0.30 0.30
Yumbel 0.27 0.70 0.40 0.00 0.42 0.27 0.38
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Table S3. Adaptative and response capacity components in the viticulture municipalities
between the Atacama and Biobio regions in Chile.

L. Pa'lrticip'ation in Adaptative . Response
Region Municipality Il‘l‘l'gfltlon ﬁr}ar}cmg and capacity State support Fu'lfllled capacity
efficiency irrigation networks basic needs
programs component component
Atacama Alto Del Carmen 0.39 0.27 0.33 0.33 0.77 0.55
Copiapo 0.72 0.00 0.36 1.00 0.90 0.95
Freirina 0.00 0.00 0.00 0.33 0.79 0.56
Huasco 1.00 0.01 0.51 0.33 0.89 0.61
Tierra Amarilla 0.67 0.00 0.34 0.33 0.82 0.58
Vallenar 0.96 0.00 0.48 1.00 0.89 0.95
Coquimbo Combarbala 0.98 0.14 0.56 1.00 0.84 0.92
Coquimbo 0.00 0.00 0.00 0.33 0.90 0.61
Tllapel 0.70 0.00 0.35 1.00 0.85 0.92
La Higuera 1.00 0.00 0.50 0.33 0.81 0.57
La Serena 1.00 0.00 0.50 1.00 0.90 0.95
Monte Patria 0.69 0.08 0.38 0.33 0.82 0.57
Ovalle 0.97 0.01 0.49 1.00 0.87 0.93
Paihuano 0.74 0.15 0.45 0.33 0.84 0.59
Punitaqui 0.99 0.08 0.54 0.33 0.77 0.55
Rio Hurtado 0.74 0.09 0.42 0.33 0.75 0.54
Salamanca 0.57 0.14 0.35 0.33 0.82 0.57
Vicufia 0.96 0.16 0.56 0.66 0.83 0.75
Valparaiso Algarrobo 1.00 0.00 0.50 0.33 0.90 0.62
Cabildo 0.00 0.02 0.01 0.33 0.85 0.59
Calle Larga 0.20 0.00 0.10 0.33 0.87 0.60
Cartagena 1.00 0.00 0.50 0.33 0.89 0.61
Casablanca 1.00 0.00 0.50 1.00 0.91 0.96
Catemu 1.00 0.00 0.50 0.33 0.84 0.59
Hijuelas 0.99 0.00 0.49 0.33 0.83 0.58
La Cruz 0.00 0.00 0.00 0.33 0.88 0.61
Limache 1.00 0.00 0.50 1.00 0.88 0.94
Llay-Llay 091 0.00 0.46 0.33 0.85 0.59
Los Andes 0.00 0.00 0.00 1.00 0.91 0.96
Nogales 0.00 0.00 0.00 0.33 0.85 0.59
Panquehue 1.00 0.00 0.50 0.33 0.87 0.60
Petorca 1.00 0.00 0.50 1.00 0.89 0.94
Puchuncavi 1.00 0.00 0.50 0.33 0.86 0.59
Putaendo 1.00 0.00 0.50 0.33 0.83 0.58
Quillota 1.00 0.00 0.50 1.00 0.91 0.95
Quilpué 1.00 0.04 0.52 0.33 0.93 0.63
Rinconada 1.00 0.10 0.55 0.33 0.88 0.61
San Antonio 1.00 0.00 0.50 1.00 0.88 0.94
San Esteban 0.99 0.20 0.59 0.33 0.88 0.60
San Felipe 1.00 0.01 0.50 1.00 0.88 0.94
Santa Maria 1.00 0.10 0.55 0.33 0.84 0.59
Santo Domingo 1.00 0.00 0.50 0.33 0.91 0.62
Zapallar 1.00 0.00 0.50 0.33 0.90 0.62
Metropolitan Alhué 1.00 0.00 0.50 0.33 0.88 0.61
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Buin 0.95 0.00 0.48 0.33 0.89 0.61
Calera de Tango 0.73 0.00 0.36 0.33 0.86 0.59
Cerro Navia 0.00 0.00 0.00 0.00 0.89 0.45
Colina 1.00 0.00 0.50 0.33 0.87 0.60
Curacavi 1.00 0.00 0.50 0.33 0.87 0.60
El Monte 1.00 0.00 0.50 0.33 0.87 0.60
Isla De Maipo 0.87 0.00 0.43 0.33 0.86 0.60
La Pintana 0.00 0.00 0.00 0.33 0.87 0.60
Lampa 0.00 0.00 0.00 0.33 0.87 0.60
Maipta 0.58 0.00 0.29 0.33 0.92 0.63
Maria Pinto 1.00 0.00 0.50 0.33 0.85 0.59
Melipilla 0.85 0.00 0.43 1.00 0.88 0.94
Padre Hurtado 0.00 0.00 0.00 0.33 0.87 0.60
Paine 0.87 0.00 0.44 0.33 0.89 0.61
Penalolén 0.00 0.00 0.00 0.00 0.89 0.45
Penaflor 0.00 0.00 0.00 0.00 0.90 0.45
Pirque 0.97 0.00 0.48 0.33 0.89 0.61
Pudahuel 0.00 0.00 0.00 0.33 091 0.62
Puente Alto 1.00 0.00 0.50 0.33 091 0.62
Renca 0.00 0.00 0.00 0.00 0.89 0.44
San Bernardo 0.85 0.00 0.43 1.00 0.89 0.94
San José De Maipo 0.00 0.00 0.00 0.33 0.88 0.61
San Pedro 1.00 0.00 0.50 0.00 0.84 0.42
Talagante 0.85 0.00 0.43 1.00 0.90 0.95
Tiltil 1.00 0.00 0.50 0.33 0.85 0.59
O’Higgins Chépica 0.66 0.01 0.33 0.33 0.85 0.59
Chimbarongo 091 0.00 0.46 0.33 0.85 0.59
Codegua 0.36 0.00 0.18 0.33 0.87 0.60
Coltauco 0.92 0.00 0.46 0.33 0.85 0.59
Donihue 0.18 0.02 0.10 1.00 0.87 0.93
Graneros 0.73 0.00 0.37 0.33 0.88 0.61
La Estrella 1.00 0.00 0.50 0.33 0.83 0.58
Las Cabras 1.00 0.00 0.50 1.00 0.81 0.91
Litueche 1.00 0.00 0.50 1.00 0.88 0.94
Lolol 1.00 0.01 0.50 1.00 0.83 0.91
Machali 1.00 0.08 0.54 0.33 0.90 0.62
Malloa 0.98 0.00 0.49 0.33 0.87 0.60
Marchigiie 1.00 0.01 0.50 1.00 0.88 0.94
Mostazal 0.93 0.00 0.47 0.33 0.88 0.61
Nancagua 0.72 0.10 0.41 0.33 0.85 0.59
Navidad 0.94 0.00 0.47 0.33 0.80 0.57
Olivar 0.98 0.00 0.49 0.33 0.84 0.58
Palmilla 0.90 0.02 0.46 0.33 0.85 0.59
Paredones 0.99 0.03 0.51 0.33 0.78 0.56
Peralillo 0.97 0.00 0.48 0.33 0.84 0.58
Peumo 0.95 0.00 0.48 0.33 0.85 0.59
Pichidegua 0.97 0.00 0.48 0.33 0.83 0.58
Pichilemu 0.00 0.01 0.00 0.33 0.85 0.59
Placilla 0.69 0.02 0.35 0.33 0.82 0.57
Pumanque 1.00 0.00 0.50 0.33 0.85 0.59

Agriculture 2025, 15, 1322

https://doi.org/10.3390/agriculture15121322



Agriculture 2025, 15, 1322 62 of 80
Quinta De Tilcoco 0.29 0.01 0.15 0.33 0.85 0.59
Rancagua 0.30 0.00 0.15 1.00 0.91 0.96
Rengo 0.88 0.00 0.44 1.00 0.87 0.94
Requinoa 0.81 0.00 0.41 0.33 0.85 0.59
San Fernando 0.74 0.00 0.37 1.00 0.88 0.94
San Vicente 0.97 0.01 0.49 1.00 0.86 0.93
Santa Cruz 0.78 0.00 0.39 1.00 0.88 0.94
Maule Cauquenes 0.98 0.12 0.55 1.00 0.82 0.91
Chanco 0.17 0.00 0.08 0.33 0.78 0.55
Colbun 0.66 0.00 0.33 0.33 0.80 0.56
Constitucion 0.39 0.01 0.20 1.00 0.88 0.94
Curepto 0.99 0.26 0.62 1.00 0.83 0.92
Curicé 0.73 0.08 0.41 1.00 0.89 0.95
Empedrado 1.00 0.03 0.51 0.33 0.78 0.56
Hualané 0.89 0.01 0.45 0.33 0.84 0.59
Licantén 1.00 0.00 0.50 1.00 0.85 0.92
Linares 0.52 0.00 0.26 1.00 0.88 0.94
Longavi 0.85 0.00 0.42 1.00 0.81 0.90
Maule 0.60 0.02 0.31 0.33 0.81 0.57
Molina 0.66 0.26 0.46 0.33 0.89 0.61
Parral 0.48 0.00 0.24 1.00 0.86 0.93
Pelarco 0.97 0.00 0.49 0.33 0.79 0.56
Pencahue 0.95 0.01 0.48 0.33 0.81 0.57
Rauco 0.78 0.01 0.40 0.33 0.83 0.58
Retiro 0.84 0.01 0.43 0.33 0.81 0.57
Rio Claro 0.90 0.00 0.45 0.33 0.80 0.57
Romeral 0.89 0.00 0.45 0.33 0.85 0.59
Sagrada Familia 0.65 0.28 0.46 0.33 0.84 0.58
San Clemente 0.71 0.00 0.35 1.00 0.76 0.88
San Javier 0.77 0.09 0.43 1.00 0.81 0.90
San Rafael 1.00 0.00 0.50 0.33 0.85 0.59
Talca 0.51 0.00 0.26 1.00 091 0.95
Teno 0.93 0.00 0.47 0.33 0.85 0.59
Vichuquén 1.00 0.01 0.50 0.33 0.80 0.57
Villa Alegre 0.46 0.02 0.24 0.33 0.85 0.59
Yerbas Buenas 0.68 0.00 0.34 0.33 0.84 0.58
Nuble Bulnes 1.00 0.00 0.50 1.00 0.85 0.92
Chillan 0.99 0.06 0.53 1.00 091 0.95
Chillan Viejo 1.00 0.04 0.52 0.33 0.85 0.59
Cobquecura 0.00 0.00 0.00 0.33 0.80 0.57
Coelemu 0.00 0.22 0.11 1.00 0.85 0.92
Coihueco 0.00 0.00 0.00 0.33 0.83 0.58
El Carmen 1.00 0.00 0.50 1.00 0.84 0.92
Ninhue 0.00 0.18 0.09 0.33 0.84 0.59
Niquén 0.00 0.00 0.00 0.33 0.87 0.60
Pemuco 0.00 0.00 0.00 0.66 0.81 0.74
Pinto 0.00 0.00 0.00 0.33 0.85 0.59
Portezuelo 0.99 0.24 0.61 0.33 0.79 0.56
Quilléon 0.93 0.13 0.53 0.33 0.82 0.57
Quirihue 0.95 0.06 0.51 1.00 0.83 0.91
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Ranquil 1.00 0.16 0.58 0.33 0.87 0.60
San Carlos 1.00 0.02 0.51 1.00 0.87 0.94
San Ignacio 0.00 0.00 0.00 0.66 0.82 0.74
San Nicolas 0.99 0.07 0.53 0.33 0.89 0.61
Trehuaco/Treguaco 0.00 0.13 0.07 0.33 0.83 0.58
Yungay 0.00 0.00 0.00 1.00 0.85 0.93
Biobio Cabrero 1.00 0.00 0.50 0.66 0.88 0.77
Coronel 0.00 0.00 0.00 0.33 0.89 0.61
Florida 0.21 0.30 0.25 0.33 0.83 0.58
Hualqui 0.00 0.02 0.01 0.33 0.86 0.59
Laja 0.40 0.02 0.21 0.33 0.83 0.58
Los Angeles 0.02 0.00 0.01 1.00 0.88 0.94
Mulchén 0.57 0.00 0.28 0.66 0.84 0.75
Nacimiento 0.92 0.01 0.46 0.33 0.84 0.58
Negrete 1.00 0.00 0.50 0.33 0.83 0.58
San Rosendo 0.00 0.07 0.04 0.33 0.83 0.58
Santa Barbara 1.00 0.00 0.50 1.00 0.85 0.93
Santa Juana 0.37 0.04 0.21 0.33 0.85 0.59
Talcahuano 0.00 0.00 0.00 0.33 0.91 0.62
Tomé 0.00 0.19 0.09 0.33 091 0.62

Yumbel 1.00 0.03 0.52 1.00 0.82 0.91
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Table S4. Local Climate Risk Index (LCRI) for the current (2017-2024) and future (2046-2065)
periods in the viticulture municipalities between the Atacama and Biobio regions in Chile.

MCRI
Region Municipalities
Current Future
Atacama Alto Del Carmen 0.64 0.64
Copiap6 0.42 0.42
Freirina 0.62 0.64
Huasco 0.40 0.42
Tierra Amarilla 0.62 0.62
Vallenar 0.39 0.41
Coquimbo Combarbala 0.46 0.48
Coquimbo 0.60 0.61
Mlapel 041 0.42
La Higuera 0.56 0.58
La Serena 0.31 0.33
Monte Patria 0.57 0.58
Ovalle 0.40 0.42
Paihuano 0.67 0.67
Punitaqui 0.56 0.58
Rio Hurtado 0.68 0.70
Salamanca 0.54 0.54
Vicufia 0.48 0.48
Valparaiso Algarrobo 0.40 0.40
Cabildo 0.60 0.61
Calle Larga 0.63 0.63
Cartagena 0.47 0.48
Casablanca 0.37 0.38
Catemu 0.51 0.52
Hijuelas 0.39 0.41
La Cruz 0.56 0.57
Limache 0.35 0.36
Llay-Llay 0.49 0.50
Los Andes 0.62 0.54
Nogales 0.58 0.59
Panquehue 0.45 0.48
Petorca 0.47 0.39
Puchuncavi 0.47 0.48
Putaendo 0.50 0.50
Quillota 0.28 0.29
Quilpué 0.44 0.46
Rinconada 0.50 0.51
San Antonio 0.32 0.33
San Esteban 0.59 0.50
San Felipe 0.39 0.41
Santa Maria 0.54 0.51
Santo Domingo 0.42 0.42
Zapallar 0.46 0.42
Metropolitan Alhué 0.55 0.57
Buin 0.41 0.44
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Calera de Tango 0.46 0.49
Cerro Navia 0.70 0.71
Colina 0.50 0.51
Curacavi 0.45 0.47

El Monte 0.34 0.36
Isla De Maipo 0.43 0.45
La Pintana 0.66 0.67
Lampa 0.60 0.62
Maipt 0.48 0.51
Maria Pinto 0.42 0.44
Melipilla 0.34 0.36
Padre Hurtado 0.49 0.51
Paine 0.45 047
Penalolén 0.76 0.76
Penaflor 0.66 0.69
Pirque 0.44 0.44
Pudahuel 0.55 0.57
Puente Alto 0.52 0.52
Renca 0.75 0.76

San Bernardo 0.30 0.32
San José De Maipo 0.52 0.52
San Pedro 0.50 0.51
Talagante 0.31 0.34
Tiltil 0.48 0.50
O’Higgins Chépica 0.49 0.51
Chimbarongo 0.41 0.42
Codegua 0.55 0.55
Coltauco 0.43 0.46
Dofihue 0.43 0.45
Graneros 0.54 0.55
La Estrella 0.50 0.52
Las Cabras 0.40 0.42
Litueche 0.36 0.37
Lolol 0.39 0.41
Machali 0.54 0.53
Malloa 0.47 0.47
Marchigiie 0.40 0.42
Mostazal 0.45 0.46
Nancagua 0.47 0.50
Navidad 0.47 0.47
Olivar 0.39 0.40
Palmilla 0.44 0.48
Paredones 0.56 0.57
Peralillo 0.45 0.48
Peumo 0.35 0.39
Pichidegua 0.40 0.44
Pichilemu 0.60 0.60
Placilla 0.61 0.63
Pumanque 0.53 0.55
Quinta De Tilcoco 0.58 0.51
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Rancagua 0.39 0.40
Rengo 0.37 0.37
Requinoa 0.47 0.47
San Fernando 0.49 0.49
San Vicente 0.37 0.40
Santa Cruz 0.39 0.42
Maule Cauquenes 0.41 0.42
Chanco 0.54 0.54
Colban 0.45 0.45
Constitucion 0.45 0.45
Curepto 0.34 0.35
Curicéd 0.32 0.32
Empedrado 0.53 0.46
Hualané 0.47 0.49
Licantén 0.29 0.30
Linares 0.35 0.34
Longavi 0.35 0.33
Maule 0.41 0.43
Molina 0.42 0.42
Parral 0.36 0.35
Pelarco 0.39 0.39
Pencahue 0.41 0.43
Rauco 0.45 0.48
Retiro 0.41 0.40
Rio Claro 0.38 0.38
Romeral 0.50 0.50
Sagrada Familia 0.42 0.45
San Clemente 0.38 0.37
San Javier 0.36 0.38
San Rafael 0.32 0.35
Talca 0.32 0.34
Teno 0.43 0.44
Vichuquén 0.60 0.61
Villa Alegre 0.44 0.45
Yerbas Buenas 0.45 0.43
Nuble Bulnes 0.32 0.32
Chillan 0.25 0.24
Chillan Viejo 0.37 0.37
Cobquecura 0.61 0.61
Coelemu 0.49 0.50
Coihueco 0.62 0.60
El Carmen 0.38 0.35
Ninhue 0.68 0.70
Niquén 0.60 0.58
Pemuco 0.53 0.52
Pinto 0.70 0.61
Portezuelo 0.45 0.48
Quillon 0.43 0.46
Quirihue 0.38 0.40
Ranquil 0.46 0.48
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San Carlos 0.27 0.27

San Ignacio 0.62 0.59
San Nicolas 0.38 0.39
Trehuaco/Treguaco 0.59 0.60
Yungay 0.56 0.53
Biobio Cabrero 0.24 0.26
Coronel 0.57 0.57
Florida 0.63 0.65
Hualqui 0.59 0.59

Laja 0.51 0.52

Los Angeles 0.38 0.36
Mulchén 0.39 0.36
Nacimiento 0.42 0.43
Negrete 0.34 0.32

San Rosendo 0.51 0.54
Santa Barbara 0.37 0.35
Santa Juana 0.50 0.51
Talcahuano 0.65 0.65
Tomé 0.64 0.64
Yumbel 0.31 0.34
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3. CONCLUSIONES

Este estudio desarroll6 y aplico el indice de Riesgo Climatico Local para el sector viticola en Chile,
proporcionando una herramienta integral para evaluar la vulnerabilidad y resiliencia de las
comunas productoras de vides en el contexto del cambio climatico.

Para el periodo actual (2017-2024), los resultados revelan que el 30,9% de las comunas
productoras de vides se encuentran en un nivel de riesgo climatico “Bajo”, un 56,4% en “Medio”
y un 12,7% en “Alto”. Se identificaron marcadas diferencias territoriales en los niveles de riesgo
climatico, destacando las comunas de las regiones de Coquimbo y Atacama, respectivamente,
seguidas por las de la Region Metropolitana, como las mas afectadas. Esta mayor vulnerabilidad
se relaciona con una menor diversificacion agricola, una alta susceptibilidad a eventos climaticos
adversos como heladas y déficit hidrico, deterioro de los cuerpos de agua y una limitada capacidad
de respuesta adaptativa.

En contraste, las comunas de las regiones de Maule y O’Higgins muestran los menores valores
riesgos climaticos. En particular, ninguna comuna del Maule alcanz6 el nivel el “Alto”, lo que se
explica por una menor exposicion y sensibilidad, junto con una mayor capacidad adaptativa y de
respuesta. Factores como la existencia de infraestructura de riego tecnificada, el acceso a cuerpos
de agua superficiales y subterraneos, y una mayor participacion en los programas de apoyo
gubernamental, especialmente los de INDAP, habrian favorecido su resiliencia frente al cambio
climatico.

Al analizar la evolucion del Indice de Riesgo Climatico Local para el periodo futuro (2046-2065),
si bien el patrén de distribucion reconocido en el periodo actual se mantiene. Se observa una
tendencia al aumento de los valores de riesgo climatico, con un 63,0% de las comunas viticolas
mostrando un incremento. Este aumento refleja la intensificacion de la exposicion y sensibilidad,
en especial debido a la disminucion proyectada de la aptitud climética para el cultivo de la vid. No
obstante, un 14,6% de las comunas viticolas presentd una mejora en su nivel de riesgo climéatico y
un 22,4% se mantuvo sin variaciones, lo que sugiere que ciertas estrategias de adaptacion local ya
implementadas podrian estar mitigando parcialmente los impactos del cambio climatico.

El componente mas determinante en la vulnerabilidad se encontr6é ligada, al componente
sensibilidad, asociada a la reduccion de superficies para el establecimiento de la vid. Se proyecta
un desplazamiento de las zonas idoneas para el cultivo de la vid, concentrandose entre las regiones
del Maule y el norte de Los Rios, lo cual representa tanto una amenaza como una oportunidad para
el sector, habilitando nuevos territorios para la produccion de vides.

En consecuencia, estos hallazgos refuerzan la urgencia de fortalecer las politicas publicas de
adaptacion climatica. Es fundamental impulsar inversiones en infraestructura hidrica, apoyar a los
pequefios agricultores para reducir las brechas territoriales y fomentar practicas agricolas
sostenibles, como el uso eficiente del agua, la diversificacion productiva y la adopcion de
variedades de vid adaptadas a nuevas condiciones agroclimaticas. Solo mediante la mejora de las
capacidades adaptativas y de respuesta sera posible reducir la vulnerabilidad y fortalecer la
resiliencia del sector viticola ante los desafios del cambio climatico.
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