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RESUMEN

El clima es uno de los componentes que define el Terroir, por lo que es necesario
conocerlo y describirlo como elemento que se asocie a la tipicidad de un producto, a
su calidad y sostenibilidad a lo largo de los afios. A su vez, la integrante térmica reviste
particular relevancia, en tanto se relaciona estrechamente con el desarrollo y
crecimiento de la vid y la composicion de la uva. La temperatura a meso escala puede
variar en funcion a la topografia o la cercania de masas de agua. El objetivo del trabajo
es evaluar la regién atlantica del Uruguay, a nivel meso climatico y determinar el
efecto de la topografia sobre la temperatura y la respuesta en la vid en dos cultivares
(Tannat y Albarifio). Para ello, se instalé una red de 19 sensores de temperatura,
colocados en parcelas de Albarifio y Tannat, en situaciones topogréaficas contrastantes.
Se calcularon bioindicadores adaptados al cultivo de la vid y se establecieron
relaciones entre la topografia del lugar y la respuesta de la planta. La regién atlantica
fue mas fresca que la regidn Sur (Canelones). Dentro de la region Atlantica, se observé
una variabilidad climatica temporal asociado a las precipitaciones y una variabilidad
espacial asociada a la topografia. La altitud fue el principal elemento que diferencio
las parcelas, donde condiciond la amplitud térmica, el indice de frescor nocturno, el
namero de dias sobre 30 °C y la temperatura maxima del verano. La diferencia entre
parcelas con altitudes opuestas alcanzé 1,7 °C promedio més a favor de las zonas bajas
(verano de 2019-20) y la principal razén fue la exposicién a los vientos maritimos. Se
registraron diferencias temporales (afios) y espaciales (parcelas) en la respuesta de la
planta para los dos cultivares estudiados. En Tannat, las zonas altas favorecieron la
acidez y las zonas bajas mostraron mayores cantidades de metabolitos secundarios e
inflorescencias por planta. En Albarifio, las parcelas en zonas altas obtuvieron mayor
acidez y las bajas mayores IPT e inflorescencias por planta. Al caracterizar la region
con respecto a su clima y como responde en la vid, se genera informacion aplicada a
los sistemas de produccién viticolas, que perimira tomar decisiones agronémicas
dirigidas a potencial la tipicidad que imprime el terroir y obtener productos

diferenciados y sostenibles a lo largo de los afos.
Palabras clave: temperatura, calidad de uva, topografia, Tannat, Albarifio
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SUMMARY

MESO-CLIMATIC STUDY OF THE NEW ATLANTIC VITICULTURAL
TERROIR OF URUGUAY: Evaluation in Vitis vinfiera L. cv. Tannat and
Albarifio

The study of climate is relevant as an element associated with the typicity of a product,
its quality and sustainability over the years. Grapevine growing berry ripening are
closely related to temperature. Its climate component varies at mesoscale according to
topography or proximity to large bodies of water. The objective of this work is to
evaluate the Atlantic region of Uruguay at the mesoclimatic level and to determine the
effect of topography on temperature and grapevine response in two cultivars (Tannat
and Albarifio). For this purpose, a network of 19 temperature sensors was installed in
plots of Albarifio and Tannat, in contrasting topographic situations. Bioindicators
adapted to grapevine cultivation were calculated and relationships between site
topography and plant response were established. The Atlantic region was cooler than
the southern region (Canelones). Within the Atlantic region, temporal climatic
variability associated with rainfall and spatial variability associated with topography
were observed. Altitude was the main element that differentiated the plots, where it
conditioned the thermal amplitude, the nocturnal coolness index, the number of days
above 30 °C and the maximum summer temperature. The difference between plots
with extreme altitudes reached 1.7 °C average, where the highest plots were the coolest
(summer 2019-20). The main reason for this is the exposure to sea winds. Temporal
(years) and spatial (plots) differences in plant response were recorded for the two
cultivars studied. In Tannat, sites at higher elevations favored acidity and lower
elevations showed higher amounts of secondary metabolites and inflorescences per
plant, due to differences in meso-climate behavior. In Albarifio, plots in high zones
obtained higher acidity and low zones higher IPT and inflorescences per plant
attributed to meso-climatic temperature differences. Local climate characterization of
the region provides information applied to viticultural production systems. It allows to
guide agronomic decision-making in order to obtain differentiated and sustainable

products over the years.

Key words: temperature, grape quality, topography, Tannat, Albarifio.



Capitulo 1: INTRODUCCION GENERAL

1.1 IDENTIFICACION DEL PROBLEMA, HIPOTESIS Y OBJETIVOS

Por mucho tiempo, el interés de la humanidad se ha centrado en adaptar los cultivos a
los diferentes ambientes donde se requiera producir. Vitis vinifera L. responde a las
condiciones ambientales que le proporciona el sitio de produccién (Deloire et al.,
2005), repercutiendo en la produccion y en la calidad de la uva (Blancquaert et al.
2019, Conde et al. 2007, Jackson y Lombard 1993). De esta manera, la viticultura en
el viejo mundo (Europa), ha sentado el antecedente de diferenciar sitios o terroir, los
cuales han sido analizados minuciosamente en busca de potenciar la calidad y
adaptabilidad de los vifiedos al ambiente (Elaydi y McLaughlin, 2012). EI concepto de
terroir evoca caracteristicas biologicas, geograficas, climaticas y socio-productivas
del sitio de produccidén en relacion con el material vegetal (Van Leeuwen y Seguin
2006). La viticultura en el nuevo mundo (América y paises productores del hemisferio
sur), se encuentra recorriendo un camino similar, que le permita comprender sus
terroir para desarrollar una produccion diferenciada (tipicidad) y de calidad, que le
confiera atributos para competir en el mercado global. De esta manera, al conocer en
detalles los ambientes en los cuales se desarrolla el cultivo de la vid, se pueden plantear

estrategias que permitan maximizar la tipicidad del terroir.

En Uruguay, el cultivo de la vid se ha desarrollado prioritariamente en la zona costera
del Rio de la Plata (Departamentos de Montevideo y Canelones), gracias a la
instalacién de inmigrantes europeos que llegaron al pais entre los siglos XIX y XX.
Esta region, en interaccion con el cultivo de la vid, ha sido ampliamente estudiada por
diferentes autores (Ferrer etal. 2020, Ferrer et al. 2018, Fourment etal. 2017,
Gonzélez-Neves et al. 2004). En la dltima década, en busqueda de nuevos terroirs que
otorguen cualidades especificas a los vinos, la zona este del Uruguay (Departamento
de Maldonado) ha emergido como un sitio prometedor para la produccion de vinos de
calidad, principalmente gracias al efecto moderador térmico del océano Atléantico. La
zona oceanica es caracterizada como la regién mas fresca del pais durante el periodo
estival (INIA-GRAS 2020, Ferrer et al. 2007), siendo relevante para el desarrollo de
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la viticultura nacional en un contexto de cambio climéatico y aumento de la temperatura
global (Schultz y Jones, 2010).

La hipdtesis general del trabajo es que el Oceéano Atlantico tiene un impacto en el
meso-clima de los vifiedos del este del pais, el cual repercute en la fisiologia de la vid
y los compuestos de la uva. El objetivo general es estudiar en profundidad el clima
atlantico de Uruguay a macro y meso-escala y su interaccion con la produccion de uva
para la obtencion de vinos de dos variedades de importancia nacional: Tannat

(variedad tinta) y Albarifio (variedad blanca).
A partir del objetivo general se enumeran los siguientes objetivos especificos:

e Caracterizar la region atlantica en base a informacion climética, a partir de
estaciones meteorologicas.

e Describir el comportamiento térmico a meso-escala de un vifiedo en la zona
atlantica a través de una red de sensores de temperatura.

e Evaluar el fendmeno de la brisa marina y la influencia del Océano Atlantico a
escala fina a través del impacto térmico en las plantas de vid.

e Desarrollar mapas con las caracteristicas predominantes de la zona de estudio
(altitud, exposicion, pendiente) que ayude a entender el comportamiento de la
variabilidad climatica espacial en una region vitivinicola.

e Describir el desempefio fisioldgico y metabdlico de una variedad tinta, Tannat
y una blanca, Albarifio, en la region de estudio.

e Determinar los posibles impactos del clima en la fisiologia y el desarrollo de
la vid para la variedad tinta y la variedad blanca.

e Determinar los posibles impactos del clima en los metabolitos primarios y

secundarios de la uva para la variedad tinta y la variedad blanca.

1.2 LA PRODUCCION DE VINOS EN EL URUGUAY

En Uruguay, la produccion de vinos es exclusivamente en base a la especie Vitis
vinifera L. por normativa nacional del INAVI (Instituto Nacional de Vitivinicultura)
(INAVI, 2020). Del total de 6.144 ha plantadas, 77,9% se concentra en el area centro
sur del Uruguay (Montevideo-Canelones) (figura 1). No obstante, en los ultimos afios
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ha emergido una nueva zona asociada a la costa atlantica, correspondiente al
departamento de Maldonado. La superficie plantada en la zona pasé de 161 ha en el
2010 a 395 ha al 2019, posicionandose en tercer lugar en cuanto a superficie solo por
detras de los departamentos de Montevideo y Canelones, sitios tradicionales del centro
sur del pais. De esta manera, Maldonado junto con Rocha se convirtieron en los dos
Unicos departamentos que aumentaron su superficie plantada, en oposicion a una

situacion nacional en descenso (INAVI, 2019a).

o

124 ha

Oceano Atlantico

0 100 200 km

Figura 1. Distribucion departamental de la superficie de vifiedos a nivel (Elaboracion
propia en base a datos de (INAVI, 2019a).

El desarrollo de la nueva region se asocié al establecimiento de explotaciones
dedicadas a la elaboracion de vinos de calidad, los cuales destacan la importancia del
océano como un factor diferenciador de sus uvas, gracias a la presencia de la brisa
marina. Sumado a la cercania del Océano Atlantico, el tipo de suelo se diferencia a la
zona tradicional sur del pais. Sobre la serrania atlantica, los suelos son
mayoritariamente superficiales con aumento de rocosidad y pedregosidad. Por otra
parte, se destacan por un mayor nivel de pendiente y altitud, generando colinas y

pequefios valles a lo largo del paisaje (Silva et al., 2018). Por ltimo, el desarrollo
3



vitivinicola de la zona se ve influenciado fuertemente por el enoturismo, gracias a la

cercania del principal centro turistico de Uruguay, Punta del Este.

Con respecto a las variedades, el 76% del total del pais, corresponde a variedades tintas
y 24% a variedades blancas. La variedad tinta mas plantada es Tannat con 1.632 ha,
siendo un 27,3 % del total nacional (INAVI, 2019b). La misma, originaria de los
Pirineos Atlanticos, fue introducida en el siglo XIX y actualmente es considerada el
cépage insignia del pais, por su buena respuesta al ambiente nacional (Ferrer et al.,
2007). La misma, aporta vinos con gran tipicidad, gracias a su potencial enologico

dado por el alto nivel de antocianos, taninos y acidez (Gonzélez-Neves et al., 2010).

En cuanto a las variedades blancas, la més plantada es Ugni Blanc con 646 ha (INAVI,
2019b). No obstante, el cultivo de la variedad Albarifio esta en aumento (+157% ha en
los ultimos 10 afios) debido a que las condiciones nacionales le ofrecen, tal como
requiere, ambientes frescos y himedos como los que se encuentran en su lugar de
origen: Galicia, Espafia. En esa region, los vinos de Albarifio, presentan una alta
intensidad aromatica correspondiente a descriptores frutales y florales (Diéguez et al.,
2003), un grado alcohdlico oscilante entre los 12 y 13° y una acidez que ronda los 7 g
de &cido tartarico/l (Boso et al., 2008).

A nivel mundial ha aumentado el porcentaje de uva destinado para la elaboracion de
vinos de calidad. El patron corresponde a una coyuntura global, donde el consumo per
capita diario se ha visto mermado en beneficio del consumo de vinos de calidad y de
manera esporadica (OlIV, 2020). Las bodegas, se han visto en la necesidad de adaptar
sus productos para satisfacer la nueva demanda. Esto ha llevado a explorar nuevos
sitios que le confieran al vino cualidades especificas de calidad (tipicidad) (Elaydi y
McLaughlin 2012, Van Leeuwen y Seguin 2006). De esta manera, el terroir Atlantico
del Uruguay surge como una zona prometedora para la obtencion de vinos
diferenciados. Por ultimo, para Uruguay el acceso al merco internacional del vino esta
en aumento, apoyado por politicas publicas que promocionan a los vinos uruguayos
como “vinos atlanticos”, generando la diferenciacion de producto al momento de
competir en el mercado regional y mundial (Uruguay XXI, 2020, Uruguay Natural,
2020)



1.3LAVIDY SU RESPUESTA AL CLIMA

La planta de vid responde a las condiciones climaticas que le proporciona el sitio donde
se establece el cultivo. Dentro de las mismas, la temperatura es uno de los principales
elementos que determina el crecimiento y desarrollo de las plantas y la composicion
de la uva (Sweetman et al. 2014, Keller 2010, Mori et al. 2005, Bergqvist et al. 2001,
Jackson y Lombard 1993).

Anivel global las diferencias climaticas pueden ser obtenidas variando la latitud donde
se encuentra el cultivo (Barry y Chorley, 2010). Sin embargo, a una misma latitud,
dentro de una region a meso-escala, la temperatura puede ser influenciada por la
topografia (pendiente, altitud, exposicion) asi como la cercania a grandes masas de
agua (Fourment et al. 2017, Bonnefoy et al. 2013, Bonnardot et al. 2002).

A nivel internacional son varios los trabajos que se enfocan en el estudio del terroir
sobre la componente térmica del ambiente (Quénol y Bonnardot 2014, Matese et al.
2014, Hall y Jones 2010, Jones et al. 2010, Blanco-Ward et al. 2007, Deloire et al.
2005, Bonnardot et al. 2002). A nivel nacional, se ha estudiado la influencia del
ambiente de las zonas tradicionales sobre la variedad Tannat, mostrando una gran
sensibilidad a la variabilidad climética (Ferrer et al. 2020, Ferrer et al. 2018, Fourment
et al. 2017).

Asi mismo, a nivel global, varios autores se han centrado en grandes masas de agua
(océanos o rios), como factores preponderantes en la tipificacion y diferenciacion de
vinos a meso-escala (Fourment et al. 2017, Bonnardot et al. 2012, Bois et al. 2008,
Carey et al. 2008).

El estudio del comportamiento y desarrollo de las variedades Tannat y Albarifio en la
zona atlantica, ofrecera informacion valiosa para enfocar practicas de manejo
sustentables que permitan lograr productos diferenciados y de calidad en un contexto

de calentamiento global y cambio climético.



1.4 MARCO DE ESTUDIO Y ENFOQUE METODOLOGICO

El trabajo se abordo a traves de dos lineas de estudio: 1) estudio del clima a meso-
escala y como varia espacial y temporalmente y 2) descripcion del comportamiento
varietal de las parcelas seleccionadas, como varia espacial y temporalmente, en

funcion a las condiciones que le impone el meso-clima (figura 3).

El enfoque metodoldgico se centrd en un estudio descriptivo del meso-clima por medio
de una red de sensores de temperatura (Tiny Tag Data Loggers®) instalados en las
parcelas de vid. El andlisis climatico se complementa con tres estaciones
meteoroldgicas dispuestas en la zona atlantica y una en la costa rioplatense a modo de
comparacion. Se realizaron simultaneamente mediciones agronémicas en la planta 'y
la composicion quimica y fisica en las bayas de las parcelas seleccionadas. El sitio
seleccionado fue un vifiedo comercial ubicado en paraje pueblo Garzén al este de
Uruguay sobre las coordenadas 34,57 Sy 54,6 O y a una distancia de 20 kilometros
del Oceano Atlantico (figura 2).
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Figura 2. Ubicacion geografica de Pueblo Garzon y vista aérea del vifiedo bajo
estudio. En violeta parcelas seleccionadas de cv. Tannat y en amarillo parcelas de cv.

albarifo.
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problema y resultados esperados.



1.5 PRESENTACION DE LOS CAPITULOS

La tesis se divide en dos capitulos, que representan dos articulos. EIl primero es
candidato a ser presentados en la revista cientifica “Applied Geography”. El segundo,
no presenta una revista definida a ser presentado al momento, ya que sera definido en
la posteridad en conjunto con los directores de tesis y miembros del tribunal. La tesis
la complementan una introduccién general y una seccion con conclusiones globales al

final. A continuacion, se describe en detalle el contenido de las cuatro secciones:

e Capitulo 1: “INTRODUCCION GENERAL”, plantea los antecedentes,
problemas, hipotesis y objetivos que se enmarcan en la tesis.

e Capitulo 2: “CLIMATE CHARACTERIZATION OF THE ATLANTIC
WINE-GROWING ZONE OF URUGUAY?”, aborda la descripcion regional
de la zona atlantica en base a estaciones meteoroldgicas y se contrasta con la
region viticola tradicional sur del pais (Departamento de Canelones). En
segundo lugar, se analiza el clima a meso-escala y su interaccion con las
condiciones geograficas del sitio de estudio.

e Capitulo 3: “RESPUESTA DE LOS CV TANNAT Y CV ALBARINO AL
MESOCLIMA EN LA REGION ATLANTICA DEL URUGUAY?”, se enfoca
en un andlisis fisioldgico y de comportamiento agronémico del cultivo de cv.
Tannat y cv. Albarifio en la zona costera atlantica de Uruguay y cémo varia su
desempefio a escala temporal y espacial.

e Capitulo 4: “CONCLUSIONES”, es una puesta a punto globalizadora de las

conclusiones desarrolladas en los capitulos previos de la tesis.



Capitulo 2: CLIMATE CHARACTERIZATION OF THE ATLANTIC WINE-
GROWING ZONE OF URUGUAY

2.1 RESUMEN

El clima es uno de los componentes que define el terroir, por lo que es necesario
conocerlo y describirlo como elemento que se asocie a la tipicidad de un producto, a
su calidad y sostenibilidad a lo largo de los afios. A su vez, la integrante térmica reviste
particular relevancia, ya que se relaciona estrechamente con el desarrollo y crecimiento
de la vid y la composicion de la uva. El objetivo es evaluar la nueva region viticola
atlantica del Uruguay, a nivel regional, en comparacion a la zona viticola tradicional
(Canelones) y a nivel meso climético en interaccion con la topografia del sitio. Para
ello, se contrastaron las estaciones meteoroldgicas ubicadas en ambas regiones durante
un periodo de 4 afios y en la zona atlantica se despleg6 una serie de 19 sensores de
temperatura en situaciones topograficas contrastantes durante los ciclos productivos
2018-19 y 2019-20. En base a la informacion climética, se calcularon bioindicadores
adaptados al cultivo de la vid y se establecieron relaciones con la topografia del lugar
en estudio. La zona atlantica fue 0,6 °C mas fresca durante el ciclo vegetativo
comparado al sur. Las mayores diferencias se registraron en los indicadores de
temperaturas extremas, donde se observaron hasta 21 dias menos con temperaturas
superiores a 30 °C en la regidn atlantica comparada al sur. En cuanto al mesoclima, se
observO una variabilidad temporal de la temperatura condicionada por las
precipitaciones y una variabilidad espacial asociada a la topografia. La altitud fue el
principal elemento que modificé este componente del clima, seguido por la pendiente
y por la exposicion. Parcelas en zonas bajas (7Omsnm) y con baja pendiente (<5,6)
presentaron mayor temperatura durante el dia (+1,7 °C) y mayor amplitud térmica
(+2,1 °C), debido a estar menos expuestos a los vientos. Las diferencias térmicas entre
parcelas se hicieron mas notorias en el afio calido (2018-19). Caracterizar la region
con respecto al clima local, brinda informacion aplicada a los sistemas de produccién
viticolas. Por consiguiente, permite orientar decisiones agrondmicas de manera
eficientes para obtener productos diferenciados y sostenibles a lo largo de los afios.

Palabras clave: variabilidad de la temperatura, topografia, terroir



2.2 SUMMARY

Climate is one of the components that define the terroir, so it is necessary to know and
describe it as an element associated with the typicity of a product, its quality and
sustainability over the years. In turn, thermal integration is particularly relevant, as it
is closely related to the development and growth of the vine and the composition of
the grape. Global temperature is determined by latitude; however, at the mesoscale, it
can vary according to topography or the proximity of large bodies of water. The
objective is to evaluate the new Atlantic winegrowing region of Uruguay, at regional
level, in comparison to the traditional winegrowing area (Canelones) and at
mesoclimatic scale in interaction with the topography of the site. For this purpose,
weather stations located in both regions were contrasted over a 4-year period and a
series of 19 temperature sensors were deployed in the Atlantic zone in contrasting
topographic situations during the 2018-19 and 2019-20 production cycles. Based on
the climatic information, bioindicators adapted to grapevine cultivation were
calculated and relationships were established with the topography of the site under
study. The Atlantic zone was 0.6 °C cooler during the vegetative cycle compared to
the south. The greatest differences were recorded in the extreme temperature
indicators, where up to 21 fewer days with temperatures above 30 °C were observed
in the Atlantic region compared to the south. Regarding the mesoclimate, a temporal
variability of temperature conditioned by precipitation and a spatial variability
associated with topography were observed. Altitude was the main element that
modified this climate component, followed by slope and exposure. Plots at low altitude
(70 masl) and with low slope (<5.6) had higher daytime temperature (+1.7 °C) and
greater thermal amplitude (+2.1 °C), due to being less exposed to winds. Thermal
differences between plots became more noticeable in the warm year (2018-19). Local
climate characterization of the region provides information applied to viticultural
production systems. It allows to guide agronomic decision-making in order to obtain

differentiated and sustainable products over the years.

Key words: Temperature variability, Ocean wine region, Topography, Uruguay
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2.3 INTRODUCTION

Climate and its interaction with wine production is a worldwide subject of study.
Global temperature is mainly affected by latitude (Barry and Chorley, 2010), with the
main winegrowing regions located between the 30th and 50th parallels in both
hemispheres. Winkler et al. (1974) developed the Degrees Days (GDD) methodology
to describe heat accumulation for regionalization of the wine regions in California.
Schultz et al. (2010) determine that the thermal limits for wine grape production range
from 850 to 2700 GDD. However, the conditions given by latitude can be modified by
regional factors (altitude and continentality) (Neethling et al., 2019). In recent decades
there has been increasing interest about the climate behavior and its future change
(Schultz and Jones, 2010). Keller (2010) reports that the global average temperature
will increase 2.5 °C by 2050 which will translate into an increase of 535 GDD in each
production zone, which will have an impact on the grapevines’ growth and
development, increasing berries sugar levels and decreasing their final acidity.

Climate variability can be studied at three spatio-temporal levels: 1)- Macro-climate:
covers regions or areas of more than 100 km. The study focuses on annual, seasonal
or monthly effects and on a time series of at least 30 years (Deloire et al., 2005). At
global level, Koppen classification is used to distinguish large regions, with Uruguay
corresponding to the "Caf" category of temperate, moderate, rainy (no marked rainy
season), humid and with the temperature of the warmest month higher than 22 °C
(INUMET, 2020). 2)- Meso-climate: covers areas from 100 meters to several
kilometers, the temporal focus is hourly and/or daily data (Neethling et al., 2019). It is
also known as "topo-climate™ since topographic factors (altitude, slope, and aspect)
cause the climatic regime of the site to vary (Deloire et al., 2005). It is also influenced
by proximity to large bodies of water such as rivers and/or oceans (Fourment et al.
2017, Bonnardot et al. 2012, Bois et al. 2008) 3)- Micro-climate: represents the area
surrounding the plant canopy, being from centimeters to meters and is affected by
vineyard vigor, plant architecture, cultural practices, and soil surface characteristics
(Deloire et al. 2005, Haselgrove et al. 2000).
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The meso-climate refers to spatial portions of vineyard scale (Deloire et al., 2005) and
its analysis helps to understand the climatic regime with greater definition (Bonnefoy
et al., 2013). Worldwide, several authors have studied and differentiated viticultural
zones based on topography (Falcéo et al. 2010, Blanco-Ward et al. 2007, Carey et al.
2008, Dumas et al. 1997). However, the different parameters (altitude, slope, aspect,
etc.) and their combination have differentially affected each situation under study.

Changes in altitude result in different slopes and aspect, which modify the interception
of solar radiation and consequently air temperature. With respect to aspect, the north,
east and west faces receive the most radiation in the southern hemisphere, the
difference being greater in spring and autumn (Jones and Hellman, 2003). On the other
hand, east-facing faces warm up faster in the morning and cool down earlier in the
afternoon (Carey, 2001). The slope plays a fundamental role in the drainage of cool
air and water to the lower zones (Jones and Hellman, 2003). In turn, it intensifies the
effect of soil exposure on solar radiation interception. Jones and Hellman (2003) show
that in the northern hemisphere, a 10° slope to the south provides 25% more radiation
than its counterpart in flatland conditions. Altitude, causes temperature to vary by -0.6
°C per 100 m of elevation (Barry and Chorley, 2010). However, at fine scale, authors
have found that low areas at night have presented cooler temperatures during the grape
ripening period due to specific thermal inversion cases (Bonnefoy et al. 2013
Bonnardot et al. 2012). On the other hand, altitude conditions the exposure and speed
of the wind over the vineyards, which modifies air temperature (Dumas et al., 1997).
The topographic configuration can affect the degree of openness of the landscape,
conditioning ventilation, and the interception of solar radiation. This variable was
studied by Lebon et al. (1993) through the angle of landscape openness and used by
Dumas et al. (1997) to describe and differentiate vineyard zones in the Alsace area
(France).

Meso-climate can varie because of the sea breeze phenomenon. It is the result of
differential heating betweem the land surface and the ocean surface, thus generating a
flow of air from the cooler to the warmer site (Berri et al. 2010, Planchon et al. 2006,

Bonnardot et al. 2005, Bonnardot et al. 2002). Therefore, during the day there is an
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increase in wind speed towards land (sea breeze) and at night it rotates in an oceanic
direction (land breeze). The penetration of the sea breeze reaches its maximum in the
afternoon and reduces the maximum thermal events that occur during the day. In this
way, proximity of large bodies of water, contributes to reduction of heat stress during
the grapevine growing season and berry ripening (Dougherty 2012, Hunter and
Bonnardot 2011).

Increased wind helps to combat fungal diseases, as well as uncover shaded leaves by
improving photosynthesis. However, winds above 6 m/s can cause physical damage,

reduced shoot length, leaf size and stomatal density (Vogel, 2009).

Ferrer et al. (2007), when classifying Uruguay regionally using the multicriteria
method of Tonietto and Carbonneau (2004), described the coastal zone (Rio de la Plata
and Atlantic Ocean) as ISA:HIA4CNIA: and mentioned it as the coolest region during
summer. January temperature (the warmest month) coincides with the record of INIA-
GRAS (2020), however, the latter separates the Atlantic zone as the coolest compared
to the Rio de la Plata region. Berri et al. (2010) show a strong sea breeze cycle in the
estuary of the Rio de la Planta, which later Manta et al. (2021) when studying in detail
the behavior of this phenomenon along the coast of Uruguay finds differences between
the Atlantic Sea breeze and the breeze caused by the estuary of the Rio de la Plata due
to the differences in air-sea coupling and the orientation of the coast in relation to the
prevailing northeasterly winds (during summer). Fourment et al. (2017) demonstrate
how under extreme thermal situations during grape ripening, the penetration of the
breeze coming from the Rio de la Plata can decrease the thermal stress on the vines,
associated with the topography of the site. Similar studies were conducted in
Stellenbosch wine-growing region of South Africa (Bonnardot et al. 2012, Bonnardot
etal. 2005, Bonnardot et al. 2002), where terrain complexity (topography) and distance

to the sea were key factors in determining sea breeze penetration in vineyards.

Associated with the oceanic climate and sea breeze, there are more cloudy conditions,
greater occurrence of thunderstorms and morning fog (Barry and Chorley, 2010). For
Jones et al. (2010), clouds in maritime climates are one of the main reasons for
generating interannual variability in wine quality.

13



Grapevine cultivation in interaction with climate has been the subject of study
throughout history. In the 19th century, it was already known that Vitis vinifera L.
began to bud when temperatures were above 10 °C (Dougherty, 2012). To understand
in detail the grapevine’s behavior, several authors have developed indicators that allow
relating plant development to temperature: Degree Days (GDD) (Winkler et al., 1974),
Heliothermal Index (HI) (Huglin, 1978), Cool Night Index (CNI) (Tonietto and
Carbonneau, 2004), relative humidity (RH) and number of days with temperatures
above 30 and 35 °C (ND30 and ND35) (Hunter and Bonnardot, 2011). Climatic
indicators adapted to grapevine have been useful to describe and predict varietal
behavior in interaction with temperature (Parker et al. 2020, VVan Leeuwen et al. 2008).
Thus, Parker et al. (2020) analyzed the relationship between soluble solids
accumulation and temperature with the objective of predicting situations in productive
sites. Therefore, they found that the GDD model, later renamed GSR, and the GIS
model of Chuine et al. (1999) are the most efficient for predicting the grapes

accumulation of soluble solids for different varieties.

On the other hand, bioclimatic indicators have been used to describe, characterize,
predict, and compare sites (Bonnefoy et al. 2013, Hall and Jones 2010; Blanco-Ward
et al. 2007, Tonietto and Carbonneau 2004). In Uruguay, a first regional viticultural
zonation based on the multicriteria classification of Tonietto (1999) and Tonietto and
Carbonneau (2004) has been developed by Ferrer et al. (2007) as mentioned above.
For their part, Fourment et al. (2017), apply diverse bioclimatic indicators in the
southern region of Uruguay, obtaining great variability of climate at the meso-scale.
In turn, Cancela et al. (2016), in DO Rias Baixas (Spain), site of origin of the white
Albarifio variety, described the climatic conditions through the multicriteria
classification of Tonietto and Carbonneau (2004), obtaining the category of temperate,
with mild nights and humid climate.

The general objective of this chapter is to analyze climate variability at the regional
scale (eastern region compared with to the southern wine region) and at the meso-scale

(in relation to topography). The general hypothesis of this chapter is that the presence
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of the Atlantic Ocean, linked to topography, are elements that influence the spatial and

temporal variability of climate in the vineyards.

2.4 MATERIALS AND METHODS

2.4.1 Comparative climatic analysis between the southern region and the

Atlantic region

In the regional climate analysis, data from the following weather stations were used:
Rocha (RO) from INUMET (Uruguayan Institute of Meteorology), High Garzén (HG)
and Low Garzén (LG) located in the commercial vineyard under study and owned by
Bodega Garzoén, and Las Brujas (LB) from INIA (National Institute of Agricultural
Research). The first three are located 20, 21 and 21 km from the Atlantic Ocean
respectively, and the fourth is 13 km from the Rio de la Plata (Figure 1; Table 1). The
LB station is in the traditional wine-growing area of Uruguay. It is considered in this
analysis as a reference station to compare with respect to the rest of the Atlantic
stations. For the analysis, the records of the years 2015-2016-2017 and 2020 were

taken, in which the data pairs were complete.
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Figure 1. Location of meteorological stations used for the regional climate analysis.
Las Brujas (LB), High Garzon (HG), Low Garzon (LG) and Rocha (RO).

15



Climate bioindicators adapted to grapevine were used: GDD, HI, CNI, ND30 and
ND35, as well as another climatic variables were calculated: average cycle temperature
(Tavg), mean maximum summer temperature (TmaxS), thermal amplitude (TA),
precipitation (PP), wind speed (Wind), wind direction (WindDir), potential
evontranpiration (ETP) and relative humidity (RH) (Table 2).

Table 1. Geographical description of the meteorological stations used for regional

climate analysis.

Distance to Altitude Distance to
Station vineyard under (m) water body Coordinates
study (km) (km)
Las Brujas 157 30 13* 34°64" S: 56°33° O
(LB) ’
Rocha (RO) 30 30 20 ** 34°48" S; 54°30" O
Low Garzodn o oo’ o Aopnr
(LG) 0 80 21 34°57° S; 54°60" O
High Garzén o o o = Aopar
(HG) 0 140 21 34°57" S; 54°61° O

*From la Plata river **from the Atlantic ocean.

2.4.2 Mesoclimatic analysis of the Atlantic region

For the meso-scale analysis, a commercial vineyard was selected in Pueblo Garzon,
Maldonado (34. 57° S; 54. 60° W). 19 plots were selected at different topographic
situations, within a radius of 2 km and an average distance of 20 km in a straight line
to the Atlantic Ocean. In each plot, a Tiny Tag data logger ® temperature sensor
(Gemini Data Loggers Ltd., UK) was placed on the vineyard trellis at a height of 2 m
above ground level (Figure 2). The sensors recorded air temperature every 15 minutes
during the growing season corresponding to the 2018-2019 and 2019-2020 periods
(September 1 - March 1). Based on the thermal data recorded, for each plot the
bioclimatic indices GDD, HI, GSR, SIG, CNI, ND30, ND35, Tavg, TA and TmaxS

were calculated. (Table 2).
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Figure 2. Map of plots locations (left) and temperature sensor installed in the vineyard
(right) for meso-scale analysis.

The topographic information used in the meso-climatic analysis was processed
through the geographic software QGiS (QGIS.org, 2021) using the virtual altitude
layer (DEM) generated by IDEuy (Spatial Data Infrastructure of Uruguay, IDEuy,
2020). It presents a pixel definition of 3m x 3m and was used to calculate the values
of altitude, slope and aspect. On the other hand, aerial photos obtained from IDEuy
were used to identify the selected plots, as well as those areas that may influence the

meso-scale analysis, such as lakes, forests, buildings, etc.

2.4.3 Statistical analysis

Values were differentiated by analysis of variance (ANOVA) and Tukey's test with a
p-value < 0.05 between different letters. Correlations were established by means of
simple linear regressions of first and second order with p-value < 0.05. To analyze

variables of different origin and their correlations, multivariate statistical analyses such
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as principal component analysis (PCA) and cluster analysis were applied. Data were
processed through INFOSTAT® statistical software (Di Rienzo et al., 2011).

Table 2. Description of the bioclimatic variables adapted to vines.

Abbre- Index Period Calculation Analysis**
viation
Tavg (°C) = Average temperature =~ 1/9- 1/3 x(Tmax-Tmin)/2 WSyTS
TavgH Average hourly 21/12-1/3 %x(Tmax-Tmin)/2 por WSyTS
(°C) temperature hora
GDD Degree day 1/9 - 1/3 Y [(Tmax-Tmin)/2] - 10 WSy TS
TA (°C) Thermal amplitude 15/1-1/3 x(Tmax-Tmin) WSyTS
CNI Cool night index 1/2 - 28-2 x(Tmin) WSy TS
ND30 Number of days 1/9 - 1/3 > (N° dias >30 °C) WSyTS
with temperatures
above 30 °C
ND35 Number of days 1/9 - 1/3 > (N° dias >35 °C) WSyTS
with temperatures
above 35 °C
HI Heliothermal index =~ 1/9 - 28/2 Y [[[(Tmax-Tmin)/2] - WSyTS
10] + (Tmax -10)] / 2
TmaxS Average maximum | 21/12 - 1/3 X(max) WSy TS
(°C) summer temperature
SIG Sigmoidal model 1/9-1/3 3 1/(1+ed(Tava-e) TS
GSR Grapevine sugar 1/9 -1/3 > (Tmax-Tmin)/2 TS
ripeness
WindH Hourly wind speed ~ 21/12- 1/3* X hour WS
(m/s)
WindDir Hourly wind 21/12- 1/3* X hour WS
°) direction
RH (%) Hourly relative 21/12 - X hour WS
humidity 1/3*
PP (mm) Precipitation 1/9 -1/3 > PP per day WS
ETP (mm) Potencial 1/9 - 1/-3* ETP Penman per day WS

Evotranspiration
**Analyzed for WS=weather station, TS=temperature sensor.

*Weather data only for the 2019-20 cycle.
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2.5 RESULTS

2.5.1 Comparative climatic analysis between the southern region and the

Atlantic region

The average value of the indicators calculated from a four-year series is shown in Table
3. The analysis of the records shows a significant difference of between -11 and -21
ND30 for the stations located in the Atlantic zone compared to the southern region.
The TmaxS in the Atlantic zone was 0.9 to 1.8 °C lower than that recorded by LB.

No significant statistical differences were recorded between stations respect to CNI,
HI, GDD, Tavg, PP and ND35. However, in absolute numbers, station LB presented
the highest GDD value (1848 GDD), registering a difference of 150 GDD with the
station with the lowest accumulation (LG). In absolute numbers, LB also had the
highest Tavg (+0.8 °C over LG), the highest HI (+153 over HG), the highest ND35 (3
days over HG) and the lowest rainfall (-199 mm compared to LG).

Table 3. Mean climate variables in southern region (LB) and eastern region (HG, RO
and LG) for the studied years (2015-2016-2017 and 2020) .

Index LB HG RO LG

CNI 17.7a 18,1 a 16,9 a 16,1a
HI 2215a 2062 a 2068 a 2116 a
GDD 1848 a 1791 a 1734 a 1698 a
Tavg (°C) 195a 189 a 189 a 18,7 a
ND30 50a 29b 30b 39b

ND35 4a la la la

PP (mm) 580 a 637 a 649 a 699 a
TA (°C) 12.1a 9.7b 11.5 ab 129a
TmaxS (°C) 29.1a 27.3¢C 27.9 bc 28.2b

RO = Rocha, HG= High Garzén, LG= Low Garzén and LB= Las Brujas.

Regarding TA and TmaxsS, there were significant differences between the stations
located in the Atlantic zone, mainly between the HG and LG stations located in the
same vineyard at different altitudes. LG presented +3.2 °C of TA and + 0.9 °C of
TmaxS compared to HG. The CNI index did not show significant statistical
differences, but LG and HG were the extreme values, with a difference of 2 °C in favor
of HG.
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The multivariate analysis showed a total variability of 98.5%, where 66.1% correspond
to component 1, given mainly by the indicators TmaxS, ND30, HI, ND35, Tavg and
GDD, associated with station LB. In opposition to this, on component 1 appear the rest
of the stations located on the oceanic coast, relatedto PP. On component 2, which
represented 32.4% of the total variability, TA and CNI are the main indicators to
differentiate the stations located in the vineyards (LG and HG), with station RO at an

intermediate point (Figure 3).

4.04
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Figure 3. Principal component analysis (PCA) between climatic variables (in yellow)
and the climate stations (in blue), where RO = Rocha, HG= High Garzon, LG= Low
Garzon and LB= Las Brujas, PP = rainfall, TA = thermal amplitude, TmaxS = summer
maximum temperature, ND30 = number of days above 30 °C, ND35 = number of days
above 35 °C, HI = Heliothermal index, Tavg = average temperature, GDD = growing
degree days and CNI = Cool night index.

The average hourly evolution of temperature, humidity, and wind speed for summer
2020 for stations RO and LB (Figure 4) showed a higher thermal intensity during the
day at station LB compared to RO. The highest temperature between stations occured
between 16 and 19 at local hour (LH), with the largest difference at 17 LH of + 1.6 °C
at LB. Both stations showed an increase in wind speed during the day, however, the
RO station presented a higher intensity. The maximum peak of 4.9 m/s occurred
between 15 and 18 h HL, 2.0 m/s higher than LB. Humidity showed a descending
pattern towards the day at both stations, however, RO recorded on average 10 % higher

humidity values compared to LB.
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Figure 4. Daily average evolution of temperature, humidity and wind speed for
stations LB and RO in the period from 21/12/2019 to 1/3/2020.

When analyzing the wind direction frequency and intensity in RO station during the
summer 2019-20, it was observed how in the afternoon (16 LH) a pattern of winds
with west - north inland direction predominated (Figure 5, A). As for the early morning
(4 LH), the pattern was reversed, increasing the frequency of winds with
predominantly south - southwest direction with marine direction (Figure 5, B). The
intensity of the winds was higher during the day compared at night, reaching values
above 6 m/s.
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