
ETH Library

Natural Site Variability on
Grapevine (Vitis Vinifera L.)
and Wine Characteristics:
Understanding the Terroir Effect

Doctoral Thesis

Author(s):
Reynard, Jean-Sébastien

Publication date:
2011

Permanent link:
https://doi.org/10.3929/ethz-a-6607329

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-6607329
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Diss. ETH No. 19428 

 

NATURAL SITE VARIABILITY ON 

GRAPEVINE ( VITIS VINIFERA L.) AND 

WINE CHARACTERISTICS: 

UNDERSTANDING THE TERROIR EFFECT 

 

A dissertation submitted to 

ETH Zurich 

 

 

For the degree of  

Doctor of Sciences 

 

 

Presented by 

 

JEAN-SEBASTIEN REYNARD 

Dipl. Ing.-Agr. ETH Zurich 

Born 10/29/1980 

Citizen of Savièse (VS) 

 

Accepted on the recommendation of: 

Prof. Dr. Peter Stamp, examiner 

Prof. Dr. Emmanuel Frossard, co-examiner 

Dr. François Murisier, co-examiner 

Dr. Vivian Zufferey, co-examiner 

 

 

2011 



  



Habe Mut, dich deines eigenen Verstandes zu bedienen! 

(I. K., 1784) 

 

 

 

 



Table of Contents 

 

 

Acknowledgments ...................................................................................................................... 1 

Abbreviations ............................................................................................................................. 2 

Summary .................................................................................................................................... 3 

Résumé ....................................................................................................................................... 5 

Chapter 1: General introduction ........................................................................................... 6 

1.1 Definition of terroir .................................................................................................... 6 

1.2 Marketing aspects of the notion of terroir .................................................................. 7 

1.3 Viticultural terroir studies .......................................................................................... 8 

1.4 Swiss and Vaud viticulture ......................................................................................... 8 

1.5 Study of viticultural terroir in the canton of Vaud ..................................................... 9 

1.6 Objectives ................................................................................................................... 9 

Chapter 2: Vine water status and the terroir effect ............................................................ 10 

2.1 Abstract .................................................................................................................... 10 

2.2 Introduction .............................................................................................................. 10 

2.3 Materials and methods ............................................................................................. 11 

2.3.1 Vineyard sites ....................................................................................................... 11 

2.3.2 Soil category and water holding capacity ............................................................ 12 

2.3.3 Climatic characteristics ........................................................................................ 12 

2.3.4 Vine water status .................................................................................................. 13 

2.3.5 Vine physiology and fruit composition ................................................................ 13 

2.3.6 Wine composition ................................................................................................ 14 

2.3.7 Sensory analysis ................................................................................................... 14 

2.3.8 Data analysis ........................................................................................................ 14 

2.4 Results ...................................................................................................................... 15 

2.4.1 Vine water status .................................................................................................. 15 

2.4.2 Vine physiology and fruit composition at harvest ............................................... 17 

2.4.3 Wine characteristics ............................................................................................. 18 

2.5 Discussion ................................................................................................................ 19 

2.5.1 Vine water status .................................................................................................. 19 

2.5.2 Fruit parameters .................................................................................................... 20 

2.5.3 Wine chemical and sensory parameters ............................................................... 21 

2.6 Conclusions .............................................................................................................. 21 

 

 



Table of Contents 

 

Chapter 3: Vine nitrogen status and the terroir effect ........................................................ 22 

3.1 Abstract .................................................................................................................... 22 

3.2 Introduction .............................................................................................................. 22 

3.3 Materials and methods ............................................................................................. 23 

3.3.1 Vineyard sites ....................................................................................................... 23 

3.3.2 Soil category ......................................................................................................... 23 

3.3.3 Cultural practices .................................................................................................. 24 

3.3.4 Vine analysis ........................................................................................................ 25 

3.3.5 Fruit and wine analysis ......................................................................................... 25 

3.3.6 Statistical analyses ................................................................................................ 26 

3.4 Results ...................................................................................................................... 26 

3.4.1 Rooting depth ....................................................................................................... 26 

3.4.2 Vine nitrogen status .............................................................................................. 27 

3.4.3 Vine physiology ................................................................................................... 28 

3.4.4 Fruit composition at harvest ................................................................................. 29 

3.4.5 Wine characteristics ............................................................................................. 31 

3.5 Discussion ................................................................................................................ 33 

3.6 Conclusions .............................................................................................................. 36 

Chapter 4: The terroir effect and the climatic factors ........................................................ 37 

4.1 Abstract .................................................................................................................... 37 

4.2 Introduction .............................................................................................................. 37 

4.3 Materials and methods ............................................................................................. 38 

4.3.1 Vineyards sites ..................................................................................................... 38 

4.3.2 Mesoclimatic characteristics ................................................................................ 38 

4.3.3 Grapevine phenological stages ............................................................................. 39 

4.3.4 Fruit composition ................................................................................................. 39 

4.3.5 Wine making and analysis .................................................................................... 39 

4.3.6 Statistical analyses ................................................................................................ 39 

4.4 Results ...................................................................................................................... 40 

4.4.1 Year-to-year weather variations ........................................................................... 40 

4.4.2 Mesoclimate ......................................................................................................... 40 

4.4.3 Precocity of veraison ............................................................................................ 41 

4.5 Discussion ................................................................................................................ 41 

4.6 Conclusions .............................................................................................................. 43 

 



Table of Contents 

 

Chapter 5: General conclusions ......................................................................................... 44 

5.1 Short overview on the aims of the study and the principal quality of the answers .. 44 

5.2 Was our methodology appropriate for answering our questions? What were the 
advantages, what the limitations? ......................................................................................... 44 

5.3 Assessment of the knowledge gained on the key objectives .................................... 46 

5.3.1 What is the role of climatic conditions (mesoclimate and vintage effect) in the 
terroir effect? .................................................................................................................... 46 

5.3.2 What is the relation between vine water status and terroir and how does it impact 
the vine-fruit-wine continuum? ........................................................................................ 46 

5.3.3 Is there any soil effect on the vine-fruit-wine continuum and which are the 
mechanisms and consequences of this effect? ................................................................. 47 

5.4 Adaptation of cultivation technique to terroir .......................................................... 48 

References ................................................................................................................................ 49 

Curriculum vitae ....................................................................................................................... 62 

 

 



  Acknowledgments 

 1 

 

This PhD thesis was part of a wider project funded in part by the Swiss Commission for 
Technology and Innovation (CTI). 

I would first like to thank Prof. Peter Stamp most sincerely for accepting me as a PhD student. 
He provided helpful advice and permanent support and gave me key suggestions which 
substantially improved this manuscript. I will never forget some of our discussions (e.g. on 
the great German "Dichter"); I owe him a debt of thanks for his contributions that went far 
beyond science. I would also like to thank Prof. Dr. Emmanuel Frossard for offering his 
expertise as external co-examiner. 

Thank you to Dr. François Murisier for providing me with the opportunity to do this PhD 
thesis, for fruitful discussions, and for reading the first drafts of my thesis. I am also grateful 
to my advisor Dr. Vivian Zufferey for his guidance, for proofreading my manuscript, for 
stimulating discussions, and for his friendship throughout the PhD thesis. He once said to me 
that what really matters in a lifetime is not what we have done, but rather the people we have 
met. I fully agree with him and I feel privileged to have gotten to know him. I am also 
grateful to my colleagues from ACW, Karine Pythoud, Geneviève-Clara Nicol, and Lama 
Aleid-Germanier for their valuable collaboration and their friendship. Many thanks as well to 
all the people that work at the ACW research station in Pully who helped me whenever I 
asked. I am also especially thankful to Jean-Laurent Spring for sharing his knowledge and 
expertise about viticulture. Special thanks go to the students and "civilistes" who helped me 
enormously with field measurements: Julien, Claire, Diane, Bérengère, Léonard, Pierre, 
Erwan, Yannick, Blandine, Olivier, Quentin, Aurélie, Ernest, Perrine, Giona, Florent, 
Quentin, Jürg, and Jean-Moïse. 

Un merci enfin à ma famille. Si je suis debout aujourd'hui, serein face à la frénésie et la 
surenchère qui anime ce monde que l'on nomme moderne, et que je peux regarder derrière et 
devant moi avec le sourire; c'est en grande partie à eux que je le dois. Je leur suis infiniment 
reconnaissant pour leur soutient, leur amour et leur simplicité. Un merci achébin a tui fou ké 
lon pacha déan mé é ké lon pa capona. 

Un grazie di cuore a te, Sonia, a te che hai preso la mia vita e ne hai fatto molto di più. Ti 
ringrazio per il tuo amore che è stato un fondamento, come la mia Montagna, sincero e 
immutabile, dove ho potuto appogiarmi per realizzare questo lavoro. La mia ragione scivola 
sul tuo essere, affascinata e senza risposta; è il mio amore per te che la salva dando senso al 
mio cammino. 



  Abbreviations 

 2 

 

ACW   Agroscope Changins-Wädenswil research station 

Cv.  Cultivar, a cultivated variety 

δ
13C  Carbon isotopic discrimination 

DAP  DiAmmonium Phosphate 

GI  Geographical Indications 

M.I.  Mesoclimate Index 

MLF  Malolactic Fermentation 

NIR  Near-Infrared 

OIV  International Organisation of Vine and Wine 

PCA  Principal Component Analysis 

PET  Potential EvapoTranspiration 

SFO  Swiss Federal Statistical Office 

SSC  Soluble Solids Content 

SWHC  Soil Water Holding Capacity 

TA  Titratable Acidity 

TLA  Total Leaf Area 

UTA  Untypical aging off-flavours 

YAN  Yeast Assimilable Nitrogen 

3309 C  Couderc 3309 rootstock 

 

 

 



  Summary 

 3 

 

Over the course of the last century viticulture and winemaking techniques have been greatly 
improved. Yet, if there has been a better understanding of the way to improve the technical 
aspects of wine production, there is still a knowledge gap on how environmental conditions 
affect fruit and wine quality. Those environmental conditions are called terroir in viticulture. 
In recent years, the terroir characteristics have become increasingly important for the wine 
industry. Although some empirical knowledge exists about the effect of production site on 
wine quality, the underlying mechanisms and their importance remain unclear. The aim of 
this study was to evaluate for the Vaud viticultural area (Switzerland), the influence of the 
terroir on the vine-fruit-wine continuum by assessing several parameters: the influence of soil 
water holding capacity, the role of geopedology, mesoclimate, and vintage effect.  

To assess the impact of vine water status, 23 non-irrigated locations with different soil water 
holding capacity were examined in commercial vineyards planted with the red cultivar 
Gamaret. Vine physiology, fruit composition, and wines produced in a standardised way from 
each location were evaluated. Vine water status was monitored over three growing seasons 
(2007-2009) using water potential measurements and carbon isotopic discrimination (δ13C). 
Only during the dry season 2009 the vine water status was significantly different among 
locations. In 2009, a close relationship was observed between δ13C and the soil water holding 
capacity. Furthermore, the level of vine water status influenced both fruit (soluble solids 
content (SSC) and berry weight) and wine composition (colour density). But despite the effect 
of vine water status on fruit parameters and wine colour, no clear evidence of its effect on 
wine sensory characteristics was observed. 

To assess the role of geopedology, vine physiology, fruit composition, and standardised wines 
from 13 locations planted with the white cultivar Doral were evaluated over the seasons 2007-
2009. Except for soil, vineyards presented almost identical climatic characteristics with 
similar cultivation techniques. The factor soil, through its fertility and vine rooting depth, was 
an important environmental parameter modulating vine nitrogen level, vine physiology, and 
in fine wine characteristics. Vine nitrogen status was monitored by measuring yeast 
assimilable nitrogen (YAN) in the must. Low vine nitrogen status induced in fruits a high 
SSC, low malic acid content, low pH, and resulted in small berries and low vine vigour. 
Additionally YAN in musts was the parameter which best explained the variation in wine 
sensory characteristics made from grapes from different locations. Wines made from grapes 
with low assimilable nitrogen had negative sensory characteristics such as astringency and 
low aroma complexity score. Vine nitrogen status was thus a key factor in explaining the 
terroir effect. To examine the role of climatic factors (vintage effect and mesoclimate) in the 
notion of terroir, thirty locations planted with Doral were evaluated for fruit composition and 
wine characteristics in relation to vintages and mesoclimatic zones. Mesoclimate was 
determined using a model based on altitude and solar radiation. Mesoclimate influenced vine 
phenology (veraison), but had no impact on fruit nor wine composition. Except for nitrogen 
content, fruit composition differed considerably between the three seasons. The season-to-
season variation in climatic parameters (e.g. temperature, rainfall) was, therefore, a major 
factor of the terroir effect. 

In conclusion, apart the vintage effect, soil via its modulation of vine nitrogen status turned 
out to be the most important factor of the terroir effect. Indeed, grape nitrogen content clearly 
influenced fruit and wine parameters. However, vine nitrogen status depends on both the 
physical terroir impacts, as analysed here, and on the techniques used by the winegrower. In 
this context, the cultivation techniques and cultivars' choice appears of a primary importance 
for wine quality.  
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Tout au long du siècle passé, des progrès considérables ont été réalisés au niveau des 
techniques viticoles et œnologiques. Ces progrès ont permis d'améliorer grandement la qualité 
des vins. En viticulture, l'effet des conditions environnementales qui s'exercent au vignoble 
sur la qualité des vins est désigné sous le terme de terroir. A côté des avancées techniques, de 
meilleures connaissances de l'effet terroir représentent donc un outil supplémentaire pour 
améliorer la qualité des vins. Néanmoins, malgré les connaissances empiriques sur le sujet, la 
compréhension de la plupart des mécanismes responsables de l'effet terroir reste encore 
lacunaire. L'objectif de cette thèse était d'évaluer l'influence de certains paramètres du terroir 
sur le continuum vigne-raisin-vin. Les paramètres du terroir comprenaient: la réserve en eau 
des sols, la géopédologie, les conditions mésoclimatiques et l'effet millésime. L'étude s'est 
déroulée sur un réseau de parcelles réparties sur l'ensemble du vignoble vaudois et plantées de 
deux cépages, Doral (blanc) et Gamaret (rouge). 

Afin d'évaluer le rôle de l'alimentation hydrique de la vigne dans l'effet terroir, vingt-trois 
parcelles de Gamaret avec des réserves différentes en eau des sols ont été examinées. La 
physiologie de la vigne, son alimentation hydrique (δ13C et potentiels hydriques), les 
caractéristiques des raisins et des vins ont été analysés pour chaque parcelle et lors de trois 
millésimes (2007-2009). Uniquement durant l'année 2009, l'alimentation hydrique de la vigne 
s'est révélée différente parmi les parcelles du réseau. Lors de ce millésime, l'alimentation 
hydrique de la vigne a été principalement dépendante de la réserve en eau des sols. 
Néanmoins et malgré les effets observés de l'alimentation hydrique sur la composition des 
raisins (accumulation des sucres et poids des baies) et des vins (couleur), aucune relation 
claire n'a pu être établie entre celle-ci et l'analyse sensorielle des vins. 

Afin de mieux comprendre le rôle de la géopédologie dans l'effet terroir, un réseau de treize 
parcelles de Doral a été suivi de 2007 à 2009. A l'exception du sol, les parcelles présentaient 
des caractéristiques climatiques et des modes de culture similaires. Le sol, à travers sa fertilité 
et sa profondeur, a été un facteur important déterminant l'alimentation azotée de la vigne, la 
composition des raisins et les caractéristiques des vins. L'azote assimilable des moûts (indice 
de formol) a été utilisé comme indicateur de l'alimentation azotée de la vigne. Une faible 
alimentation azotée de la vigne a eu pour effet à la vendange d'augmenter la teneur en sucres 
des raisins, de diminuer le pH et la teneur en acide malique des moûts. De plus, les parcelles 
faiblement alimentées en azote ont présenté généralement une vigueur plus réduite de la vigne 
ainsi que des baies plus petites. L'azote assimilable des moûts a été également le paramètre 
qui expliquait au mieux la variabilité sensorielle des vins produits sur l'ensemble du réseau. 
Les vins issus de raisins à faible teneur en azote ont été jugés négativement lors de l'analyse 
sensorielle, notamment en raison de leur astringence et du peu de complexité de leur bouquet. 
Ainsi, l'alimentation azotée de la vigne est un facteur clef de l'effet terroir. 

Afin d'estimer le rôle du mésoclimat et du millésime dans l'effet terroir, un réseau de trente 
parcelles de Doral a été suivi et vinifié lors de trois saisons (2007-2009). La composition des 
raisins et les caractéristiques des vins ont ensuite été mis en relation avec les paramètres 
mésoclimatiques (altitude et rayonnement solaire potentiel) et les trois millésimes. Le 
mésoclimat a légèrement influencé la phénologie de la vigne, mais n'a pas eu d'effets notables 
sur la composition des raisins à la vendange, ni sur la qualité des vins. A l'exception de l'azote 
assimilable, la composition des raisins (sucres, acidité, pH) a varié considérablement entre les 
trois millésimes. Ainsi, les conditions climatiques du millésime ont représenté une 
composante importante de l'effet terroir. 

En conclusion, à côté de l'effet millésime, le sol, à travers son influence sur l'alimentation 
azotée de la vigne, a constitué le facteur le plus important pour expliquer l'effet terroir. En 
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effet, la teneur en azote des raisins était clairement liée à la qualité des vins. Cependant, 
l'alimentation azotée de la vigne est influencée autant par le terroir que par les techniques 
culturales. Dans ce contexte, non seulement les conditions pédo-climatiques, mais aussi et 
surtout les pratiques culturales sont de première importance pour la qualité des vins. 
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Chapter 1: General 
introduction 

1.1 Definition of terroir 

The production of wine has a long tradition. There is evidence that viticulture and 
winemaking go back as far as civilization itself, perhaps earlier than 5'500 BC (McGovern et 
al., 1996). Since these beginnings, winegrowers have observed that some areas of vineyards 
deliver better grapes and were more suitable to produce high-quality wines. The natural 
conditions in which grapes are grown have always been known as a major factor influencing 
sensory attributes of wines. The ancients from the Egyptian, Greek, and Roman cultures 
accepted the important role vineyard site played and would name their wines by origin 
(Fregoni, 2002). The French originally coined the term" terroir" to design the relationship 
between wine's quality and its place of birth. Historically, terroir refers to an area, usually 
rather small, whose soil and microclimate impart distinctive qualities to wines. Now, the so-
called terroir effect (Lila, 2006) has been embraced by most viticultural regions and it is 
employed internationally in wine industry. Recently, the International Organisation of Vine 
and Wine (OIV) adopted the following definition of terroir: 

Vitivinicultural "terroir" is a concept which refers to an area in which collective knowledge of 
the interactions between the identifiable physical and biological environment and applied 
vitivinicultural practices develops, providing distinctive characteristics for the products 
originating from this area. “Terroir” includes specific soil, topography, climate, landscape 
characteristics and biodiversity features. (Resolution OIV/Viti 333/2010). 

Terroir can be defined therefore as an interactive ecosystem, in a given place, including 
climate, soil, and grape cultivar (van Leeuwen and Seguin, 2006) (Fig. 1.1). A broader 
definition of terroir has even been proposed, including human factors (e.g. techniques, know-
how, traditions) (Vaudour, 2003). Since viticulture is a human activity, natural conditions are 
optimized by human skills in order to realise the potential of a giving site. Therefore, 
viticultural and oenological practices can be considered to be part of the notion of terroir since 
they will impact the wine sensory characteristics. This last point has been extensively treated 
by Jackson and Lombard (1993). Natural and human factors with their interactions produce 
over time, in certain geographical areas, a specific traditional knowledge, which can confer 
specificity and reputation to food produced locally. The notion of terroir is then tightly linked 
to the field of geographical indications (GIs) (Barham, 2003). Geographical Indications are 
distinctive signs that associate products of quality and reputation with their place of 
production and thereby help identify and distinguish such products on the market. A 
prominent type of geographical indications is the French appellation d'origine controlée 
(AOC). Products covered by the AOC labels are controlled by the state to assure both their 
territorial origin and their conformity to precise rules for production and processing that 
guarantee their distinctive characters. However, in the present work the term "terroir" is solely 
reserved to describe the effect of natural factors (soil and climate) on the vine-fruit-wine 
continuum; the human component of terroir will not be considered.  
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Finally, it has to be mentioned that the notion of terroir is not only related to wine, but it can 
be apply to any high-value agricultural product (e.g. cheese (Collomb et al., 2002), chocolate 
(Barel, 2009), coffee (Decazy et al., 2002)).  

 

1.2 Marketing aspects of the notion of terroir 

Although marketing aspects will not be analysed in this thesis, an introduction about the 
terroir effect would be incomplete without mentioning the commercial meaning of terroir. In 
recent years, the word terroir has become a buzz word in popular wine literature. To explain 
this phenomenon, one has to keep in mind that the notion of terroir is sometimes used to 
imply a sensory uniqueness to some wines since the natural environment and its interrelation 
are unique to a given site. Terroir and its implied uniqueness (can be real or suggested) can be 
considered as a marketing tool that confers commercial advantages (exclusivity, higher 
prices) to its users. Indeed, terroir for marketing is part of the extrinsic cues attached to a 
product. It is a powerful controller of the perceived quality of wine and may be completely 
independent of intrinsic-sensory characteristics of the wine itself (Plassmann et al., 2008; 
Veale and Quester, 2008). In this perspective, putting forward the notion of terroir can be seen 
as an instrument to add plus value to a product (Barham, 2003).  

 

Figure 1.1: Terroir corresponds to environmental factors affecting grape composition and 
wine quality (modified from Vaudour, 2003). 
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1.3 Viticultural terroir studies 

The notion of terroir is firstly based on empirical knowledge. Winegrowers know that some 
areas of vineyards deliver better grapes and hence better wine than others. On contrary, terroir 
studies use a more analytical or scientific approach to try to understand the interaction 
between the environmental conditions of a vineyard site and fruit and wine quality. The first 
scientific works to examine the notion of terroir were undertaken in France in the early 70s 
(Seguin, 1975). Terroir studies were initiated in France, but these are now a subject for 
research in the most wine-growing regions of the world. Here are some example in the Old 
World vineyard: Spain (Vilanova et al., 2007), Germany (Löhnertz et al., 2008), Switzerland 
(Zufferey and Murisier, 2007) and in the New world vineyard as well: US (Lambert et al., 
2008), Argentina (Goldner and Zamora, 2007), Australia (White et al., 2007), New Zealand 
(Lund et al., 2009), Canada (Rezaie and Reynolds, 2010), South Africa (Carey et al., 2008).  

As a consequence of a general opening up of the wine market, the competition between the 
different wine-growing regions is becoming higher. In such conditions, the majority of wine-
growing regions have attempted to personalise their production and improve the quality of 
their wines. One way to improve the quality of the wine is to match the vineyard site to the 
appropriate cultivars. The question "what should be planted where" is one of the most 
important each winegrower has to answer. Vine is a perennial crop and this mean that a 
vineyard is planted for the next 30 years in average. If the wrong site should be planted with 
an inappropriate cultivar, then it is nearly impossible to correct this bad choice by viticultural 
or oenological practices. Thus, site and cultivars selection is an important decision and it will 
durably affect the economic success of a vineyard. One of the main goals of terroir studies is 
to furnish scientific, reliable information on how environmental conditions affect fruit and 
wine characteristics, in order to facilitate the winegrower reaching its market-oriented 
objectives. However, terroir studies will never replace empirical knowledge, but represent 
rather a complement to help winegrowers to best exploit environmental conditions of their 
vineyards. 

1.4 Swiss and Vaud viticulture 

The Swiss viticulture has a long history. Vines have been cultivated in Switzerland during 
Roman times. During the Middle Ages, viticulture was further developed by monasteries (for 
instance Cistercians back to the XII century in Lavaux vineyards). Following this long 
tradition, wine is quite important in the Swiss culture. For instance, Switzerland is the fifth 
country ranked by per capita wine consumption with 38 L (SFO, 2008). Swiss wines account 
for approximately 36 % (SFO, 2008) of overall Swiss consumption, while the rest is 
imported, mainly from France and Italy. As a consequence, Switzerland occupies the 8th rank 
in the list of wine importer countries by value (OIV, 2002). Swiss viticulture is characterised 
by high production costs (elevated labour costs, small average surface per owner, steep-slope 
viticulture). In consequence, producing wine with very high quality is essential for the Swiss 
winegrowers in order to stay competitive on the market. Moreover, grape is the highest-value 
fruit crop in Switzerland. Grape and wine production represents 7 % of the value of the Swiss 
agricultural production (nearly two times more than the value of cereal production) (OFS, 
2009). The Swiss vineyards have a surface area of nearly 15000 ha. It is pretty small when 
compared to the rest of the world: France's vineyards, for instance, are 50 times bigger; the 
Swiss vineyards are also slightly smaller than the Napa vineyards in California (18'000ha). 
The major part of the Swiss vineyards is situated in the French speaking cantons. Vaud is one 
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of those. It is actually the second biggest wine-growing canton with 3800 ha of vines. Vaud 
vineyards stretch along the northern part of Lake Geneva.  

1.5 Study of viticultural terroir in the canton of Vaud  

Winegrowers in the canton of Vaud decided in 2000 to undertake a terroir study on the whole 
viticultural surface area. This project endeavoured to characterise and map the environmental 
factors of Vaud vineyards. First, a soil study was performed and has enable to define the 
various soils resulting in a map of pedological units (Letessier and Fermond, 2004). A second 
study dealt with the modelling of the climatic factor (Pythoud, 2004). Radiation and altitude 
were the climatic parameters to be modelled. This thesis was part of the third project of this 
terroir study which focused on the adaptation of cultivars to the local environment. After 
having characterised and mapped the natural factors of Vaud vineyards, the last part of the 
study which this thesis was a part, examined the impact of the terroir on grape and wine 
characteristics. The effect of terroir (soil and climatic parameters) on the wine attributes was 
analysed over three seasons using a network of two cultivars (Gamaret and Doral) and 53 
sites located in commercial vineyards (on-farm approach). Plant physiology measurements 
and winemaking were undertaken on each location in order to understand which parameters of 
terroir and how do they affect wine characteristics. 

1.6 Objectives 

It was the hypothesis of this study that environmental factors will have a clear impact on the 
physiology of the grapevine as well as on grape and wine features.  

The two main objectives of the thesis were therefore the following: 

A. Evaluate and understand the environmental factors which may be responsible for 
variations in fruit and wine parameters. Taking into account the existing knowledge, 
main major environmental factors were identified to be studied in detail: 

• Soil water holding capacity and vine water status (Chapter 2). 

• Geopedology and vine nitrogen status (Chapter 3). 

• Mesoclimate (potential solar radiation and altitude) and year-to-year weather 
(vintage effect) (Chapter 4). 

B.  Conceive advice on how winegrowers can deal with the identified aspects of terroir in 
order to optimize wine production (Chapter 5).  
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Chapter 2: Vine water status 
and the terroir effect 

Based on: 

Vine water status as a parameter of the “terroir” effect under the non-irrigated conditions of 
the Vaud viticultural area (Switzerland). Journal International des Sciences de la Vigne et du 
Vin. Accepted (2011). 

J.S. Reynard, V. Zufferey, G.C. Nicol, and F. Murisier 

 

2.1 Abstract 

The impact of vine water status on fruit and wine characteristics was examined for 23 non-
irrigated locations with different soil water holding capacities during three seasons (2007-
2009). The aim was to assess for Vaud vineyards whether the vine water status might be the 
major natural factor in determining the wine sensory characteristics, i.e. the so-called terroir 
effect. Vine water status was monitored using leaf and stem water potential measurements and 
carbon isotopic discrimination (δ13C). In 2009, a close relationship was observed between 
δ

13C and soil water holding capacity. Furthermore, the level of vine water status influenced 
both fruit and wine composition. Berry weight was strongly correlated with 

 vine water status. The highest grape SSC at harvest was reached when water deficit was mild. 
Wine colour was related to vine water status: wines from low water status showed 
significantly a higher colour density. However, sensory analysis did not discriminate wines 
from different water conditions. With the exception of wine colour, no clear relation was 
observed between vine water conditions and wine sensory characteristics. As a consequence, 
with generally sufficient rainfall during the growing season in the study region, soil water 
holding capacity and vine water status were not major environmental factors explaining the 
terroir effect. 

2.2 Introduction 

The influence of environmental factors on the composition and quality of wines is known in 
viticulture under the concept of terroir. Soil, as one of the major environmental factors and 
terroir parameters, clearly influences the vine-fruit-wine continuum. It is possible that in some 
wine-producing regions, fruit and wine quality are primarily controlled by factors that 
regulate vine water status. For instance, the research from Seguin in Bordeaux vineyard in the 
early 1970s, underlined the fundamental role of soil in regulating the vine water supply and its 
impact on wine quality (Seguin, 1986). According to this author, plant physiology, fruit 
composition and wine quality can be related to the soil water holding capacity (SWHC). More 
recently, several studies have highlighted the importance of the SWHC as being part of the
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terroir effect (Bodin and Morlat, 2006; Zufferey and Murisier, 2007; van Leeuwen et al., 
2009). Furthermore, the variation in yield and vine vigour is often associated with the 
variation in SWHC (Cortell et al., 2005). It has been unanimously accepted that water supply 
to grapevines during the ripening process plays a key role in the fruit and wine quality (Ojeda 
et al., 2002; Trégoat et al., 2002; van Leeuwen et al., 2009). It is generally acknowledged that 
regular, but moderate, water supply contributes positively to wine quality (Deloire et al., 
2004).  

Vine water uptake conditions can be monitored either by measuring variations in soil water 
content or by means of physiological indicators. The quantity of water in the soil can be 
directly monitored by means of a neutron moisture probe (Seguin, 1986) or by using 
tensiometers. Physiological indicators use the vine as an indicator of its own water status. 
Those physiological indicators are numerous: pre-dawn leaf water potential or stem water 
potential (Choné et al., 2001), micromorphometry techniques (monitoring the trunk diameter 
micro-variations) (van Leeuwen et al., 2000), sap flow measurements (Fernandez et al., 
2008), carbon isotope discrimination measured on grape sugars (Gaudillère et al., 2002). 

The first aim of this chapter was to evaluate the effect of different soil water holding 
capacities on vine water status. Leaf water potential and carbon isotopic discrimination were 
the techniques chosen for the present study to assess vine water status. The second aim was to 
assess the influence of vine water status on vine physiology and fruit composition. The third 
aim was to elucidate whether the variation in wine attributes can be explained by differences 
in vine water status. 

2.3 Materials and methods 

2.3.1 Vineyard sites 

The project was conducted over three seasons (2007-2009) on 23 non-irrigated locations 
distributed across the entire Vaud vineyard. An on-farm approach was followed, i.e. each 
location (circa 250 m2) was located in the middle of a wider commercial vineyard. 

Locations were planted with Vitis vinifera L. cv. Gamaret, a Swiss red variety developed by 
researchers from Agroscope Changins-Wädenswil (ACW) in the 1970s from a cross between 
Gamay x Reichensteiner. Gamaret shows medium-precocity and gives coloured wines with 
well-structured tannins. This cultivar has been well established in Switzerland over the last 
few years, with a planting area of 380 ha in 2009 - one reason for its success being its very 
good resistance to grey mould (Botrytis cinerea).  

Most vines (21 out of 23) were grafted onto 3309 C rootstock (V. riparia x V. rupestris). On a 
few locations where the CaCO3 content in soil was high, Fercal was used. The study sites 
were planted in 2003. After an installation phase, the project was conducted on vines that 
were five, six, and seven year old respectively. 

Vines on all locations were trained in espalier (single Guyot with vertical shoot positioned 
foliage). The plantation density varied from region to region and depended mainly on the 
mechanisation type of each wine farm. The average plantation had 7500 ±1000 vines/ha.  

Numerous studies have highlighted the importance of crop load in determining wine quality 
(Murisier and Zufferey, 1997). In order to standardize this factor, yield was limited by cluster 
thinning of pea-sized berries. The average yield was thus 10 t/ha. The leaf area/fruit weight 
ratio was set to be over 1 m2/kg, allowing a good maturation. 
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The date of harvest was determined separately for each location based on fruit chemical 
analyses. Generally, all locations were harvested within one week. 

 

Table 2.1: Experimental sites with their soil category and soil water holding capacity 
(SWHC) according to Letessier and Fermond (2004). Gamaret. 

 

2.3.2 Soil category and water holding capacity 

Table 2.1 lists the locations with their soil category and soil water holding capacity (SWHC).  
SWHC was assessed from soil profiles in layers of 10 cm thickness (decimetric reserves). The 
SWHC has been computed for each location taking into account the amount of stones, texture, 
root colonisation and rooting depth (Letessier and Fermond, 2004). The SWHC corresponds 
to the maximal amount of water in a soil that a plant can extract. The soils were divided into 
three classes according to their SWHC: soils with low SWHC (< 100mm) on six locations, 
soils with medium SWHC (100-150mm) on four locations and soils with high SWHC (> 
150mm) on 13 locations. 
For each location a soil profile was digged in order to determine the soil category (Letessier 
and Fermond, 2004). The majority of soils in the study area, that is approximately 80 % of the 
surface area, were made up of alpine moraines, a heterogeneous mixture of unevenly sized 
debris transported by the Rhone glacier. Moraines can be classified into three types (Letessier 
and Fermond, 2004): bottom moraines with few stones (< 30 % coarse elements), stony 
moraines (30-60 % coarse elements), and gravelly moraines (> 60 % large elements). In some 
places, a relatively thin layer of moraine has been observed lying on top of marly sandstones 
or Jurassic sandy limestones. Some colluvial deposits found at the foot of slopes originate 
from progressive erosion of the dominating slopes. 

2.3.3 Climatic characteristics 

Figure 2.1 depicts the evolution of monthly rainfall and monthly mean temperature for 2007-
2009 compared with average values (1961-1990). The year 2007 was characterized by 
abundant rainfall in the summer and a warm April. In 2008 climatic conditions were close 
was to average values, although temperature tended to be higher than the average. August 
2009 was the warmest month of the three years. In addition, 2009 was the driest year, well 
bellow the average.  
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Figure 2.1: Monthly rainfall and mean temperature for 2007 to 2009. Pully weather station. 
Average values (1961-1990) are depicted for comparison. 

2.3.4 Vine water status 

Vine water status was assessed by the pressure chamber technique (Scholander et al., 1965) 
and by means of carbon isotope discrimination measured on grape sugars at harvest. Pre-dawn 
leaf water potential measurements were made in the early hours of the morning (between 
0200 and 0600) in total darkness on eight mature leaves centrally placed in the foliage on 10 
locations in La Côte region (Table 2.1, site nos. 1, 2, 3 , 10, 11, 13, 14, 15, 18, and 23). The 
levels of water stress (low, mild, high) and the corresponding water potential critical values 
were used according to Carbonneau (1998). Stem water potential was measured three times 
on eight locations (Table 1, site nos. 2, 3, 10, 11, 13, 14, 15, and 18) during August 2009. 
Eight leaves were bagged with a plastic sheet covered with aluminium foil to stop 
transpiration for one to two hours before measurement. Stem water potential was measured at 
the hottest time of the day (from 1400 to 1500) on mature leaves. Values of mean of eight 
leaves per location are used in the figures. The levels of water stress (low, mild) and the 
corresponding water potential critical values were used according to the results of Choné 
(2001). 

 

There are two naturally occurring isotopes of carbon, 12C and 13C. Most of the atmospheric 
CO2 is 12C (98.9 %) with 1.1 % being 13C. Plants incorporate 12C more easily into their 
biomass during photosynthesis, which results in carbon isotope discrimination (Farquhar et 
al., 1982). After pressing the grapes, a sample (few millilitres) of juice was taken, autoclaved 
and then the dry extract was converted into CO2 using pure oxygen. The δ13C was determined 
by continuous flux mass spectrometry (Avice et al., 1996). Carbon isotopic composition was 
expressed as 

δ
13C= ((RP – RS)/RS) x 1000 

where RP is the ration 13C/12C of the product to be analysed and RS is the 13C/12C of PDB (Pee 
Dee Belemnite) standard. 

2.3.5 Vine physiology and fruit composition 

The total leaf area (TLA) was determined on eight locations (Table 1, site nos. 2, 3, 10, 11, 
12, 13, 14, and 15) during the 2009 season. TLA was determined on 10 vines per location. 
The area of an individual leaf was computed as described by the Carbonneau (1976).  Vine 
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vigour was estimated by taking 50 pruned branches at the penultimate position on the fruit 
branch from different vines on every location. Fruit maturation was monitored on every 
location each two weeks from veraison (onset of maturity) to harvest. Two hundred berries 
were gathered from each location, weighted fresh and manually pressed to extract the juice. 
The analytical parameters were measured using the WineScan® at the oenological laboratory 
from ACW. The WineScan® is an instrument based on the Fourier transform infrared 
spectroscopy that allows the analysis of the major grape-quality and wine component 
parameters (FOSS NIRSystems, USA). The fruit composition parameters included soluble 
solids content (%  Brix), pH, titratable acidity (g tartrate/L) expressed as tartaric acid, tartaric 
acid (g/L), malic acid (g/L), and yeast assimilable nitrogen (YAN in g/L). Berry weight was 
recorded on the 200 berries samples. 

2.3.6 Wine composition 

Microvinification was conducted identically for all lots by the same winemaker. For each 
location, 150 kg of grape were manually harvested and used for wine making. The same 
fermenting yeast was added for all lots (Zymaflore F10®, Laffort). Diammonium phosphate 
(300 mg/L) was added to each must to ensure complete fermentation. In order to achieve a 
similar wine alcohol content for sensory analysis, some lots were chaptalised to obtain the 
minimal sugar content of 22,7 % Brix. Chaptalization was used in the protocol so that 
conditions closest to practical use were simulated. Malolactic fermentation was accomplished 
for all wines. Before bottling, the free SO2 content was adjusted to 37 mg/L.                                                                                                                                                                             

Wine composition was assessed at bottling using infrared spectroscopy. The analysed 
parameters were the following: pH, dry extract (g/L), content of malic, lactic, and tartaric acid 
(g/L), titratable acidity (g tartrate/L) expressed as tartaric acid, volatile acidity (g/L), glycerol 
content (g/L), ethanol content (%v/v), anthocyanin content (mg/L), colour density, and total 
polyphenol index. The wine colour density (absorbance units) is defined as the sum of 
absorbance measured at two wavelengths 420 nm and 520 nm (OIV, 2002). The total 
polyphenol index is calculated based on wine absorbance at 280 nm (Ribéreau-Gayon et al., 
1972). The anthocyanin content is evaluated using a decolouration step with sulphur dioxide 
and measuring the difference in wine's absorbance at 520 nm (Ribéreau-Gayon et al., 1965). 

2.3.7 Sensory analysis 

Sensory analysis of the experimental wines was conducted two months after bottling by a 
panel composed of 13 experienced tasters drawn from the ACW staff members (ages ranging 
between 24 and 62 years). The panel was trained in two 3-hour sessions to describe the 
aromas and mouthfeel properties of wines. Reference standards were prepared to represent the 
descriptors and were used during training to calibrate the panel. During test sessions, wines 
were characterized by conventional profile (ISO 13299, 2003). They were evaluated in 
duplicate according to a completely randomized design (Williams Latin square). Each wine 
was descriptively assessed for its appearance, nose, and palate. The panellists rated intensities 
of 23 sensory attributes on computer using FIZZ software (Biosysteme, Couternon, France). 
An overall quality score (overall impression) was also given. Wines were evaluated on an 
unstructured linescale from 0 (absence of the sensation) to 10 (very intense perception of the 
sensation). Wine scores were obtained by summing scores of all judges for the two replicates.  

2.3.8 Data analysis 

Statistical analysis was carried out with R software (R Development Core Team, Vienna, 
Austria). Duncan's test was used for mean differentiation. Relationships between variables 
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were analysed by simple linear regression (Pearson's correlation). The significance of the 
regression is indicated with asterisks: *, **, *** indicates significance at p < 0.05, 0.01, and 
0.001. Multivariate analyses, such as principal component analysis (PCA), were carried out 
on the sensory variables. The objective of PCA is to sum up and simplify the data for 
visualization by reducing the dimensionality of the dataset (Jolliffe, 2002). 

2.4 Results 

2.4.1 Vine water status 

Results of the seasonal evolution of the pre-dawn leaf water potential are presented in Figure 
2.2. Only in 2009 did vines on different SWHC showed a differentiated water status although 
differences were not significant.  

Stem water potential was measured on eight locations measured during the 2009 season (Fig. 
2.3).  After veraison (220 day of the year), values of stem water potential were significantly 
lower in locations with low SWHC as compared to those with high SWHC.   

Figure 2.4 depicts the results for the carbon isotopic composition on grape sugars at harvest 
in the different SWHC classes in 2007-2009. Less negative values were observed during the 
dry 2009 vintage. During 2007 and 2008, there was no difference in δ13C among the three 
classes of SWHC. On the other hand, in the dry 2009 vintage, δ13C values were significantly 
lower (absolute value) on must sugars from sites with low SWHC and the highest values 
(absolute value) were found on high SWHC sites.  

In 2009, seasonal average value of pre-dawn leaf and stem water potential were closely 
related to δ13C (R2=0.55*** for the pre-dawn leaf water potential and R2=0.85*** for the 
stem water potential) (data not presented).  

 

Figure 2.2: Seasonal evolution of the pre-dawn leaf water potential as affected by the soil 
water holding capacity (SWHC). Water stress levels according to Carbonneau (1998) are 
depicted on the right of the graph. Vertical bars: standard error. Gamaret. La Côte. 2007-
2009. Low SWHC= 5n, medium SWHC= 1n, and high SWHC= 4n. 
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Figure 2.3: Evolution of the stem water potential as affected by the soil water holding 
capacity (SWHC). Water stress levels according to Choné (2001) are depicted on the right of 
the graph. Vertical bars: standard error. Gamaret, 2009. Low SWHC= 4n, medium SWHC= 
1n, and high SWHC= 3n. 

 

 

 

 

 

Figure 2.4: Climatic water deficit (rainfall - PET) from the Pully weather station for the 
grape ripening phase (August to September). Carbon isotopic composition in must sugars 
(δ13C) at harvest in the different SWHC classes. Means with the same letters are not 
significantly different at P<0.05. Gamaret. 2007-2009. Low SWHC= 6n, medium SWHC= 
4n, and high SWHC= 13n. 
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2.4.2 Vine physiology and fruit composition at harvest 

Vine water status had no influence on total leaf area and vine vigour (data not presented). 

Only 2009 was dry enough to allow discrimination of fruit attributes at harvest between the 
different SWHC. Therefore, the analysis of the effect of water status on fruit composition was 
considered only for the 2009 season. Berry weight was the only fruit parameter correlated 
with vine water status (Fig. 2.5a/b). Berry weight was reduced by as much as 30 % under 
conditions of water stress. Average berry weight was significantly different between SWHC 
classes (Fig. 2.5a). The relationship between grape soluble solids content at harvest and the 
vine water regime (δ13C) was best described by a quadratic function (Fig. 2.6). For other fruit 
parameters (pH, titratable acidity, tartaric, and malic acid and yeast assimilable nitrogen) no 
significant correlation with vine water status (δ

13C) was observed (data not presented). 

 

 
 

Figure 2.5: A) Berry weight at harvest for the three vintages 2007 to 2009 in relation to soil 
water holding capacity (SWHC). Means with the same letters are not significantly different at 
P<0.05. Low SWHC= 6n, medium SWHC= 4n, and high SWHC= 13n. B) Relation between 
carbon isotopic composition (δ13C) and berry weight. Gamaret. 2009. 
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Figure 2.6: Relation between soluble solids content (SSC) in berry and the carbon isotopic 
composition of sugars at harvest (δ

13C). Gamaret. 2009.  

2.4.3 Wine characteristics 

As for fruit composition, only 2009 values are discussed here, since for 2007-2008 vine water 
status had no influence on wine characteristics. The only analytical value that was correlated 
with vine water status was the wine colour density (Fig. 2.7). The results of the sensory 
analysis are summarised in Figure 2.8. None of the wine sensory attributes was found to be 
significantly correlated with the δ13C. However, data presented in Figure 2.8 show that drier 
conditions in the vineyard (δ13C) tended to be associated with positive wine aroma descriptors 
(spicy and fruity). The correlation between δ

13C and the sensory attribute spicy was slightly 
over the significance threshold (p=0.054, R2=0.2). Furthermore, although it was not 
significant, the δ13C tended to be positively related to the colour intensity assessed by the 
panellists (p=0.09). 

 

 

Figure 2.7: Relation between vine water status (δ
13C) and the wine colour density. Gamaret. 

2009. 
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Figure 2.8: PCA representation of the main sensory variables and the position of wine produced 
from different locations. Sensory variables: V_=visual, O_=olfactory, G_=gustatory. δ13C was 
added to the analysis as illustrative variable. None of the sensory variable was correlated with 
δ

13C. The blue circle indicates the location where the most severe water deficit was registered 
(δ13C=-21.5‰). Squares represent barycentre of each SWHC. Gamaret. 2009.   

2.5 Discussion 

2.5.1 Vine water status 

Carbon isotopic composition (δ13C) in grape sugars at harvest was closely correlated with 
plant water relations during ripening assessed by water potential measurements. The results 
complete and confirm observations made by several authors on different varieties and in 
different pedoclimloatic conditions (Gaudillère et al., 2002; Trégoat et al., 2002; de Souza et 
al., 2005; van Leeuwen et al., 2009). δ13C was an appropriate tool to assess plant water status, 
as previously discussed by Condon et al. (2004). In the conditions of this study, vine water 
status was dependent on vintage. The interannual variation of the δ13C corresponded to 
climatic conditions of the vintage, and particularly with the climatic water deficit from August 
to September. During berry ripening, sucrose is translocated from leaves to fruit and rapidly 
converted to glucose and fructose (Zufferey, 2000). Therefore, the carbon isotope ratio in the 
sugars of mature berries should integrate leaf photosynthetic isotopic discrimination of carbon 
during berry ripening (August to September). Only in 2009 did δ13C discriminates 
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significantly vineyards from different SWHC classes. These results highlighted the important 
role of SWHC in determining vine water status. Zufferey and Murisier (2007) have shown the 
important role of SWHC for Chasselas water status in Vaud vineyard.  

This study also showed that δ13C from berry sugars at harvest can be a valuable tool in terroir 
studies for the evaluation of vine water status between locations. Its advantage lies in the fact 
that it does not require any field measurements and can be measured directly on must 
samples. Thus, a large number of sites can be sampled at low cost in order to assess the vine 
water uptake conditions between veraison and harvest. This is not the case with measuring 
water potentials, which is a more time consuming and labour intensive approach. Some 
estates in Bordeaux for instance, have already mapped their vineyards using δ13C 
measurements in order to have a spatial representation of water deficits zones within their 
estate (van Leeuwen et al., 2009). A further advantage of δ13C is the more representative 
sample size consisting of 150 kg of grapes or 130 vines. Consequently, the δ13C is certainly a 
more constant and reliable indicator to assess the overall water status of vine over a season 
than the leaf water potential. One drawback of this technique would be the absence of 
information about begin and duration of water stress. As δ13C measurements only give the 
average water deficit stress experienced by the vines during grape ripening. However, timing 
of water deficit is an important factor to understand the influence of the vine water status on 
fruit oenological potential (Matthews and Anderson, 1988). Therefore, in some cases it may 
be necessary to carry out kinetic measurements on the evolution of the vine water status 
during the growing season. 

2.5.2 Fruit parameters 

It is known that water status affects the physiological behaviour of vines. Several studies have 
shown that changes in vine water status have an effect on grape composition by influencing 
yield, vegetative growth, canopy microclimate and fruit metabolism (Trégoat et al., 2002; 
Shackel, 2007; Intrigliolo and Castel, 2008). In the present case, vines were subjected to 
different water regimes as a result of the variation in soil water holding capacity. Berry weight 
was found to be influenced by the level of water status. Corroborating studies under non-
irrigated conditions showed the role of water stress on berry size (Trégoat et al., 2002; 
Medrano et al., 2003; Koundouras et al., 2006). These effects were confirmed in irrigation 
trials by Ojeda et al. (2002), Salon et al. (2005) and Chaves et al. (2010).  

Vine water status affected the soluble solids content (SSC) in berries. Water restriction has 
been reported to have both negative and positive effects on the accumulation of soluble solids 
in berries. In drying soils, roots produce abscisic acid (Stoll et al., 2000). This hormone will 
promote grape ripening and favour sugars accumulation in the berries. Another positive effect 
could be due to its impact on carbon partitioning within the plant. Under mild water stress, 
competition for carbon substances between vegetative parts and fruit would change in favour 
of fruits which become the major sink (Lebon et al., 2006). Furthermore, water restriction 
reduces berry size and hence, by concentration, raises the SSC. On the other hand, the 
negative effects of a water restriction are mainly explained by a severe reduction in 
photosynthesis. Under low to mild water deficits, stomata closure is among the first processes 
occurring in leaves, resulting in reduced carbon assimilation (Chaves et al., 2003). During 
mild water deficit, positive effects of water deficits outweighed the negative ones. When δ

13C 
values were under -24‰, SSC increased proportionally with increasing water stress. 
Conversely, when water stress became excessive, SSC decreased as a consequence of reduced 
photosynthesis. The location where vines were exposed to the most severe water restriction 
(δ13C = -21.5‰) showed drought symptoms such as defoliation. This location presented 
grapes with the lowest SSC due to the limited photosynthesis. Concerning terroir studies, 
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Trégoat et al. (2002) and van Leeuwen et al. (2009) reported a similar relationship showing 
that the highest grape SSC at harvest was reached when water deficit was moderate.  

2.5.3 Wine chemical and sensory parameters 

Water deficit was demonstrated to have beneficial effects on Gamaret wine colour. The 
improved colour of red wines may be the result of higher anthocyanins biosynthesis in the 
berry as a consequence of water deficit (Esteban et al., 2001; Castellarin et al., 2007; 
Koundouras et al., 2009). Numerous studies have reported the positive effect of water 
restriction on wine colour (Roby et al., 2004; Salon et al., 2005; Koundouras, 2006; Chalmers 
et al., 2010). Although the trend existed, the impact of vine water status on wine colour was 
not significant during sensory evaluation. This is probably due to the generally high level of 
coloration of Gamaret wines, which may explain the difficulty for panellists in evaluating the 
different levels of colour intensity. 

In contrast to Koundouras (2006), no clear relation between water deficit and wines sensory 
attributes was observed. None of the wine sensory attributes were significantly correlated 
with vine water status (δ13C). However, wines made from vines with low water status seemed 
to show a higher score on the "spicy" attribute. Although not significant, it was rather the 
olfactory attributes (aroma) of wines which were found to be positively influenced by low 
water status. Matthews et al. (1990) and Rezaei and Reynolds (2010) have also reported the 
positive effect of low vine water status on wine aroma. No relation was observed between the 
overall wine quality and vine water status. Therefore, in the Vaud conditions, vine water 
status was not the major parameter responsible for differences in wine quality. 

Although the location with the most severe water stress gave fruits with a low SSC, the wine 
produced from this location was still well noted during sensory analysis. Therefore, as 
observed, the potential of red grapes can still be excellent in spite of a severe water deficit 
slightly restricting the amount of sugars in the must. This is probably due to the fact that the 
quality of red wine depends more on its level of phenolic compounds than on sugar levels in 
grapes at maturity (Matthews et al., 1990).  

Data collected on 30 locations planted with the white cultivar Doral confirmed the results 
presented in this chapter (data not presented). In fact vine water status was limited on 
locations with low SWHC. This water restriction tended to improve fruit quality through 
decreasing malic acid and berry weight and increasing SSC. However, vine water status was 
not observed to predominantly influence wine sensory characteristics. 

2.6 Conclusions 

Most studies dealing with water and wine production are irrigation trials. On the contrary, this 
study was conducted under field conditions with non-irrigated farming methods. Variations in 
vine water supply imposed by soil and its impact on fruit and wine quality were investigated. 
This work clearly showed the link between soil water holding capacity and vine water status 
on a dry year. Under the conditions in Vaud, although the ability of soil to modulate vine 
water status was shown to affect berry size and wine colour, it was not of primary importance 
in determining the sensory quality of wines. Consequently, in the Vaud region with generally 
sufficient rainfall during the growing season, soil water holding capacity and vine water status 
would appear not to be the major environmental factors (terroir) responsible for the 
differences in wine sensory characteristics. 



 

 22 

Chapter 3: Vine nitrogen 
status and the terroir effect 

Based on: 

Soil parameters impact the vine-fruit-wine continuum by altering vine nitrogen status. Journal 
International des Sciences de la Vigne et du Vin. Accepted (2011). 

J.S. Reynard, V. Zufferey, G.C. Nicol, and F. Murisier 

 

3.1 Abstract 

A 3-year study was conducted in the Vaud vineyard (Switzerland) to evaluate the effects of 
« terroir » on the ecophysiology and fruit compostion of Vitis vinifera L. cv. Doral and the 
characteristics of the wine made therefrom. The impact of soil on the vine-fruit-wine 
continuum was evaluated at 13 locations in the Vaud during the 2007-2009 seasons. Except 
for soil, the vineyards presented almost identical climatic characteristics and used similar 
cultivation techniques. The aim of this chapter was to assess whether soil might be a major 
environmental factor explaining the terroir effect through its effect on vine nitrogen status. 
We monitored the nitrogen status of the vines by measuring yeast assimilable nitrogen (YAN) 
in the must. The soil modulated vine nitrogen status by its fertility and rooting depth. Low 
vine nitrogen status induced a highly-soluble solids content, low malic acid content and high 
pH in fruits, resulting in small berries and low vine vigour. Wines were produced in a 
standardised manner from each location; then, they were subjected to sensory and chemical 
evaluation. YAN in musts was the parameter that best explained the variation in sensory 
characteristics of the wine made from grapes from the different locations. Wines made from 
grapes with low YAN values had negative sensory characteristics such as astringency and low 
aroma complexity scores. Therefore, vine nitrogen status was a key parameter contributing to 
the terroir effect. Furthermore, this work provides evidence of how geopedology can 
influence vine nitrogen status, fruit composition and sensory attributes of wines. 

3.2 Introduction 

In recent years, terroir characteristics (the environmental conditions where grapes are grown) 
have become increasingly important for the wine industry. Viticulture and winemaking 
techniques have improved markedly over the course of the last century. However, to further 
improve the technical aspects of wine production, a better understanding of how 
environmental conditions affect fruit and wine quality is needed. 

In addition to climate, soil also makes a major contribution to the terroir effect. However, the 
role of soil has not been studied widely and is still debated. For example, neither Noble 
(1979) nor Bader and Wahl (1996) found any relationship between soil and wine, whereas 
others authors have observed that soil affects both grape and wine composition. Most of the 
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studies on this subject have described the effects of soil, but few have identified the 
contributing factors. The soil water holding capacity and its influence on vine water status 
may contribute to soil’s effect (Zufferey and Murisier, 2007; van Leeuwen et al., 2009). 
However, except for soil water availability, little evidence is available showing that other 
factors contribute to the effect of soil on wine. Wine characteristics have been reported to 
depend on soil fertility (Choné et al., 2001; de Andrés-de Prado et al., 2007), soil texture 
(Reynolds et al., 2010), and soil depth (Coipel et al., 2006).  

In the present chapter, the modulation of vine nitrogen status by soil and its influence on fruit 
and wine characteristics were examined. Nitrogen is a mineral element that is required in 
large amounts by vines. Therefore, nitrogen is one of the most influential mineral nutrients in 
the physiology of the grapevine (Keller, 2005). Factors influencing vine nitrogen status can be 
divided into three groups: genetic factors, cultivation practices, and environmental factors. 
Genetic factors include cultivars and rootstocks (Holzapfel and Treeby, 2007), and cultivation 
practices include the time, form and rate of fertilisation (Spayd et al., 1994; Linsenmeier et 
al., 2008; Neilsen et al., 2010), and soil management (Spring, 2001). However, little research 
has been reported on the dependence of vine mineral uptake on environmental conditions, 
particularly soil parameters. 

Therefore, we conducted this study to analyse the relationship between wine attributes and 
soil properties. We used vineyards presenting almost identical climatic and topographic 
characteristics. The same viticultural cultivation techniques and winemaking protocols were 
followed. Because the vineyards were situated on different soils, we assumed that any 
differences between the wines could be attributed to the soil. The objective was to determine 
whether vine nitrogen status is a key environmental factor contributing to the variable 
attributes of wine produced from different soils. 

3.3 Materials and methods 

3.3.1 Vineyard sites 

The study was conducted on 13 locations in La Côte region of Vaud vineyards (Switzerland), 
approximately 40 km east of Geneva. The climatic features of this region include a mean July 
temperature of 18.6 °C, an annual average rainfall of 945 mm and a growing season rainfall of 
583 mm. With a heliothermal index of 1600, this region belongs to  the cool viticultural 
climate class (Tonietto and Carbonneau, 2004). The locations were planted with Vitis vinifera 
L. cv. Doral, which is a Swiss white cultivar resulting from a cross of Chasselas x 
Chardonnay. Each location (circa 250 m2) is located in the middle of a wider commercial 
vineyard (on-farm approach). The locations were planted in 2003 and grafted on 3309 C 
rootstock. After an installation phase, the project was conducted on vines that were five, six, 
and seven year old respectively (2007-2009). Vines were trained in espalier (single Guyot 
with vertical shoot positioned foliage). The planting density was 6400±700 vines/ha. The 
locations presented almost identical topographic (altitude and slope) characteristics and were 
situated no more than 60 km away from each other. Therefore, the climatic parameters can be 
considered to be homogenous. 

3.3.2 Soil category 

An earlier soil study of the viticultural areas of Vaud by Letessier and Fermond (2004) has 
enabled to classify the different soils according to their mother rock. The majority of the soils 
in the study area are made up of alpine moraines, a heterogeneous mixture of unevenly sized 
debris. The different soils were identified according Letessier and Fermond (2004) and then 
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regrouped in two categories for this work: one group of the bottom moraines (eight locations) 
and a second group consisting of colluvia (two locations) and gravelly moraines (three 
locations). The bottom moraines originated from material underneath a glacier that was thus 
under great pressure. Consequently, soils belonging to this category are highly compact. 
Gravelly moraines are characterised by a high coarse element content (>60 %). Colluvia are 
deposits found at the foot of a slope and originate from progressive erosion of the dominating 
slopes. This soil is the only one not related to the mother rock. Soil samples were taken 
randomly from 10 points each site on 28.9.2010 and were then analyzed by the Swiss soil 
testing service (Sol-Conseil, Nyon). The properties of the two soil categories are summarised 
in Table 3.1. 

 

 

 

 

 

 

 

 

 

3.3.3 Cultural practices 

The non-irrigated plots were cultivated by the winegrowers. Yield was limited by cluster 
thinning at the stage of pea-sized berries. Average yield was 10 t/ha. The leaf area/fruit weight 
ratio was over 1 m2/kg. Agronomical practices (fertilisation and floor management) were 
recorded for each location. The range of mineral N supply (urea) was between 0 and 50 kg 
N/ha per year. The locations on bottom moraines had an average N fertilisation rate per ha 
and year of 25 kg N and the ohters 15 kg N. In the majority of locations, floor management 
was permanent sod with grass in all inter-row and herbicide-treated strips under the vines. For 
three locations, the cover cropping system was present only one on two rows. 

Table 3.1: Soil properties (0-50cm). Numbers (± standard deviation) represent the average 
number of locations belonging to each soil category. No significant difference was observed 
between the two soil categories. 1Soil fertility measured by the NH4Oac-EDTA extraction 
method. 2Soil mineral nitrogen (NO3

−and NH4
+). Doral. La Côte. Analysis done on 

29.8.2010 (two weeks after veraison). 
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3.3.4 Vine analysis 

Total leaf area (TLA) was determined for a selected number of locations during the 2008 and 
2009 seasons. TLA was determined for 10 vines per location. The area of an individual leaf 
was computed as described by Carbonneau (1976): leaf area = φ (L1 + L2)

2. L1 and L2 

correspond to the length of the first two lateral veins. The φ was estimated scanning a 60 
leaves sample and analysing it with image processing software (ImageJ). A cane which 
represented the average vigour of the vine was chosen for calculation and all his leaves were 
measured. The value was then multiplied by the number of canes present on the plant to find 
the vine TLA. The cane pruning weight was estimated by taking 50 pruned branches at the 
penultimate position on the fruit branch at every site. The branches were weighed after being 
standardised to one meter and removal of the lateral shoot.  

Foliar analysis was performed to determine the levels of leaf nitrogen (Kjeldahl method) and 
phosphorous (Sol-Conseil, Changins (CH)). The samples consisted of 30 leaves taken in the 
cluster region and gathered at veraison. Leaves (with petioles) were washed, oven-dried, 
grounded and analysed. 

Vine water status was assessed by analysing the carbon isotope composition of musts. For a 
detailed description see Chapter 2. 

For a selected number of location and in order to estimate roots distribution, soil trenches 
were excavated, during August 2009, on eight different locations (four planted with Gamaret 
and four with Doral, all grafted on 3309 C) situated in La Côte. Four pits were dug on the 
bottom moraine locations and four were put on colluvia or gravelly moraine locations. At 
each location, one trench was dug parallel to the vine rows to a depth of at least 1.5 m. The 
trenches had a width of 1.2 m and was situated at a distance of 20 cm from the vine row. 
Trench wall profiles were used as numbering planes. Root numbers were evaluated using a 
quick protocol of counting roots in each 10-cm layer. Roots diameter was assessed which 
allowed to group the roots in three categories: diameter < 1 mm; 1 mm < diameter < 5 mm 
and > 5 mm. The results are expressed as the number of root interceptions per 10-cm x 120-
cm layer. 

3.3.5 Fruit and wine analysis 

Yeast assimilable nitrogen (YAN) was estimated by NIR spectroscopy (WineScan®, FOSS 
NIRSystems, USA). The YAN assessment is based on the Formol titration of Sörensen 
(Aerny, 1996). We used the juice of 200 berry samples from veraison to harvest to assess 
YAN. This method quantifies the N-compounds of juice assimilable by the yeasts during 
fermentation. YAN corresponds to the concentration of ammonium ion and primary amino 
acids, excluding proline which is not assimilated by yeast. 

Fruit maturation was monitored at each site every two weeks from veraison to harvest. Two 
hundred berries were gathered from each site, weighed fresh and manually juiced. The 
analytical parameters were measured using the WineScan® instrument at the oenological 
laboratory at Agroscope Changins-Wädenswil. The wine composition was assessed at bottling 
via NIR spectroscopy. 

The harvest date was determined separately for each location to achieve the same degree of 
grape ripening. At each location, 150 kg of grapes were manually harvested and used for wine 
making. Microvinification was then conducted identically for all lots by the same winemaker. 
The same fermenting yeast was added to all lots (CY 3079®, Lalvin), and 300 mg/L of DAP 
was added to each must to ensure complete fermentation. In order to achieve a similar wine 
alcohol content, some lots were chaptalised to obtain the minimal sugar content of 22,1 % 
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Brix. Chaptalization was used in the protocol so that conditions closest to practical use were 
simulated. Malolactic fermentation was accomplished for all wines. Before bottling, the free 
SO2 content was adjusted to 37 mg/L.                                                                                                                                                                                                                      

Sensory analysis of the experimental wines was conducted on two replicates after two month 
from bottling. Each wine was descriptively assessed for its appearance, nose, and palate. The 
panellists rated intensities of 19 sensory attributes. For a detailed description, see Chapter 2.                                                                                                                             

3.3.6 Statistical analyses 

Statistical analysis was carried out with R software (R Development Core Team, Vienna, 
Austria). Duncan's test was used for mean differentiation. Relationships between variables 
were analysed by simple linear regression (Pearson's correlation). The significance of the 
regression is indicated with asterisks: *, **, *** indicates significance at p < 0.05, 0.01, and 
0.001. The grape composition data were analysed with a two-way ANOVA procedure. 
Sensory data were examined with Principal Component Analysis (PCA) using a correlation 
matrix to determine whether the soil categories could be separated from each other.  

3.4 Results 

3.4.1 Rooting depth 

Root distribution in relation to soil category was studied for a number of selected locations in 
La Côte (Tab. 3.2). The only significant difference between the two soil categories was 
observed at a depth of 100-150 cm for the numbers of small roots (< 1 mm). Vines on bottom 
moraines had very few roots in the zone below one meter. but vines located on colluvia or 
gravelly moraines still showed well-developed root systems in that zone. Although the 
number of large roots (> 5 mm) in the upper part of the soil was not significantly different 
between soil categories, the p value was only slightly over the significance threshold 
(p=0.053). 

For locations on bottom moraines, the root depth seemed to be more limiting than in the four 
locations on colluvia and gravelly moraines, where roots were still present at the maximal 
depth of 1.5 meters. However, in all four cases, no roots were found at depths over 1.5 meters 
in bottom moraines.  
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3.4.2 Vine nitrogen status 

Since this study was based on an on-farm approach, some variations existed between 
locations concerning soil management and nitrogen fertilisation. They were due to different 
decisions made by plot's owner. However, on the locations planted with Doral in La Côte, the 
cultivation practices were more quite homogenous. Soil cover system was identical in 10 out 
of 13 locations and the difference between the two systems was not significant anyway 
(ANOVA test). Nitrogen fertilisation rate ranged from 0 to 50 kg/ha. On the majority of 
locations, however, nine out of 13 received less than 30 kg/ha of mineral nitrogen, which is 
considered to be a low rate of fertilisation for grapevine. No relation was observed between 
fertilisation rate and vine nitrogen status (Spearman rank and Pearson correlation). Although 
the cultivation practices were not exactly identical, they were homogenous enough to be 
considered as a minor factor influencing the vine nitrogen status.  

Mean leaf nitrogen content was grouped by soil category (Fig. 3.1). Leaf nitrogen content at 
veraison (onset of maturation) was significantly lower for vines established on bottom 
moraines for all three seasons. Leaf nitrogen content was significantly lower in 2007 than in 
the other years for both soil categories.  

The YAN level in berries was dependent on soil category (Fig. 3.2). Vines growing on bottom 
moraines showed significantly lower nitrogen content in musts for all three vintages (-20 % to 
-30 %). Differences between the two soil categories were noticeable from veraison to harvest. 

Table 3.2: Root number and diameter as a function of soil depth and soil category. 
Numbers are the means of measurements from eight locations (four for each soil category). 
Soil category means with different letters are significantly different at p<0.05. ns: not 
significant. 
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3.4.3 Vine physiology  

Total leaf area per vine (TLA) was measured at several locations in 2008 and 2009 and 
compared to the YAN levels in grapes at harvest (data not presented). We observed a 
tendency  towards a correlation between the two parameters in 2008, and this correlation was 
strong in 2009 (R2=0.69***). In that year, locations with the highest YAN values have total 
leaf area two-fold greater than locations with the lowest YAN values. This kind of 
relationship was corroborated by measurements on 10 locations planted with Gamaret, for 
2008 and 2009, the two parameters were positively correlated (R2>0.72***).  

 

Figure 3.1: Nitrogen content of leaves at veraison expressed as % of dry matter. Means 
between soil categories with different letters are significantly different. Vertical bars indicate 
the standard error of the mean. Doral. La Côte. 2007-2009. 

Figure 3.2: Seasonal evolution of yeast assimilable nitrogen (YAN) in grapes for each soil 
category. The final data points correspond to the harvest. Vertical bars indicate the standard 
error of the mean. Soil category means with different letters are significantly different at 
p<0.05.  Doral. La Côte. 2007-2009. 
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Cane pruning weight was positively correlated with YAN during two seasons (2007: 
R2=0.37*; 2009: R2=0.59**) (data not presented). This relationship was observed in 2008, but 
it was not significant. Berry weight was positively correlated with YAN in 2007 (R2=0.68**) 
(data not presented). 

YAN was positively related to leaf nitrogen content for all three years (R2>0.51**), whereas it 
was negatively correlated with leaf phosphorous content in 2008 and 2009 (data not 
presented). Vines on bottom moraines tended to have higher phosphorous levels in leaves, but 
difference was only significant (*) for 2009 (data not presented). 

In 2007 and 2008, water status was not limiting at any of the locations. The values for δ
13C 

ranged between -27.7‰ to -25.2‰. In 2009, the values for δ13C ranged from -26.5‰ to -
25.2‰, with the exception of one site (-23.5‰) where the water regime was more restricted. 
In 2009, YAN from that location (δ13C = -23.5) was 40 % lower than its value in 2008 with 
no water restriction. However, considering the variations within 2009, no correlation between 
vine water and nitrogen status was observed. 

3.4.4 Fruit composition at harvest 

A significant positive relationship existed between YAN and the malic acid content in grapes 
at harvest over the three years. YAN was positively correlated with berry weight (significant 
(***) only in 2007). Soluble solids content (SSC) tended to be negatively correlated with 
YAN (significant (*) only in 2008). Except for 2009, YAN was correlated with must pH. Soil 
category had a significant effect on the average level of all fruit parameters, except for 
titratable acidity (TA) and tartaric acid content (Tab. 3.3). Between years (vintage effect), we 
observed a significant difference between the means of most fruit parameters, except for YAN 
and berry weight. On average, the vines on bottom moraines showed smaller values of YAN 
(-40 %), malic acid (-15 %), and pH (-1 %) but higher soluble solids content (+3 %). For the 
majority of fruit parameters, the vintage effect was the dominant factor, and soil category 
accounted for only a tiny fraction of the observed variation (Tab. 3.4). In contrast, YAN was 
the parameter most affected by soil category, and vintage effect exhibited no significant effect 
on it. Berry weight was moderately affected by soil category but not by year. Berry weight 
was poorly explained by our two factors model (Residuals = 79%). This is not surprising, 
since we have seen (Chapter 2), the important role of water status (related to the soil water 
holding capacity) on that parameter.  
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Table 3.3: Effects of soil and year on fruit parameters at harvest. Percentage of variance 
attributable to soil category and year. The data were analysed by two-way ANOVA.  Doral. 
La Côte. 2007-2009. *, **, *** indicate significance at p < 0.05, 0.01 and 0.001. ns: not 
significant. 

 

Table 3.4: Effects of soil and year on fruit parameters at harvest. The data were analysed by 
two-way ANOVA.  Doral. La Côte. 2007-2009. Means with different letters are 
significantly different. ns: not significant. 
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3.4.5 Wine characteristics 

Wine pH was positively correlated with YAN in 2007 and 2008 (R2>0,60**). For all three 
vintages, wines produced on bottom moraines showed lower pH values (data not presented). 

The results of the sensory analysis are depicted in Figure 3.3. Comparisons about sensory 
data were made within a year, not between years. In 2007, YAN was positively correlated 
with the olfactory complexity score (R2=0.36*). Moreover, YAN was also positively related 
to the colour intensity score (R2=0.35*) and the overall quality score (R2=0.43*). The 
negative correlation between YAN and the astringency score was particularly strong 
(R2=0.82***). In 2008, YAN was correlated with the perceived acidity (R2=0.43*), 
astringency, and persistence scores. Although the relationship was not significant, the overall 
quality score was positively related to YAN. For 2009, significant correlations were observed 
between YAN and the wine sensory descriptors olfactory complexity, overall quality, and 
persistence. The wines made from grapes grown on the two soil categories exhibited 
significant differences in the sensory analysis for all three years. The wines produced on 
bottom moraines were mainly characterised by a high astringency score, low olfactory 
complexity, and a low overall quality score.  
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Figure 3.3: PCA representation of the sensory variables: V_=visual, O_=olfactory, 
G_=gustatory. Yeast assimilable nitrogen (YAN) at harvest figures on the graph as 
illustrative variable. Sensory variables are depicted in green when they were significantly 
correlated with YAN level. Barycentre of each soil category are represented with their 
confidence interval at 95 %. Doral. La Côte. 2007-2009. 
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3.5 Discussion 

For the three years of this study, the nitrogen content (YAN) of berries and the leaf nitrogen 
content were closely correlated, as corroborated by Holzapfel and Treeby (2007). In addition, 
antagonism was observed between the nitrogen and phosphorous levels in leaves, as 
previously described (Bell 1994, Maigre 2002). This relationship might be explained by the 
fact that low vine nitrogen status tends to diminish vigour. Therefore, phosphorous becomes 
concentrated in less biomass, thus explaining the higher phosphorous content of nitrogen-
deficient vines. Mycorrhizal fungi, which are responsible for P acquisition in field-grown 
vines (Schreiner 2007), may also play a role. N-induced reductions in root carbohydrates 
might limit the carbon available for mycorrhizae (Keller 2005). 

Vine vigour is an essential criterion in viticulture, and it is defined as the annual vegetative 
biomass. Vine vigour was positively correlated with YAN, as reflected in both total leaf area 
(TLA) and cane pruning weight. Vines with low nitrogen status (YAN) had a smaller TLA 
and a lower cane pruning weight. Plant vegetative growth is highly related to nitrogen uptake 
(Gastal & Lemaire 2002). Spring et al. (2009) reported that YAN was negatively correlated 
with TLA in a trial involving hedgerows of varying heights. Excessive leaf surface area can 
increase nitrogen demand and thereby lower the vine nitrogen status via a dilution effect. 
However, we did not observe a dilution effect in our study, and nitrogen was a limiting factor 
for vine vigour; vines with low nitrogen status produced less biomass. The link between vine 
nitrogen nutrition and vine vigour was confirmed by the relationship between vine nitrogen 
status and berry weight. Sites with low vine nitrogen status had smaller berries. 

Most authors have reported an increase of YAN with ripening (Stines et al. 2000, Rodriguez-
Lovelle & Gaudillère 2002, Keller 2010), but we did not observe this pattern over the 3-year 
period. However, their YAN levels tended to be higher than those reported herein. In our 
study, the YAN levels were rather constant and did not vary with fruit maturity. Considering 
the three seasons, 35 % of the musts at harvest were below the deficiency threshold of 140 
mg/L defined by various authors (Lorenzini, 1996; Butzke, 1998). This value is higher to the 
13 % observed by Butzke (1998), but much lower than the 58 % reported by Nicolini et al. 
(2004). However, comparison should be made with caution because the nitrogen content in 
berries is genotype-dependant.  

On the location which experienced some water shortage in 2009, the drop in YAN reached up 
to 40 % compared to the level of the same location in 2008, a year with no water restriction. 
Nitrogen availability for grapevines is invariably related to water supply because nitrogen 
(nitrate is the primary source for grapevines) can only enter roots if it is first dissolved in 
water (Keller, 2010). Furthermore, Spring et al. (2009) reported that fruit nitrogen levels were 
lower during dry years. However, no correlation between YAN and vine water status was 
observed in this study during the dry season of 2009. Since in 2009 some locations with no 
water constraint showed nitrogen deficiency and in the opposite way, some locations which 
suffered from water restriction still had high YAN values, vine water status was therefore, a 
factor but not the major one determining vine nitrogen status. In this study, the effect of soil 
on vine nitrogen status was strong and probably overshadowed the effect of water supply.  

Vine nitrogen status was found to be related to soil category. Vines planted on bottom 
moraines showed a significantly lower nitrogen status over the 3 years. Soil has been reported 
to have an influence on vine nitrogen status (Rankine et al. 1971, Choné et al. 2001, Peyrot 
des Gachons et al. 2005). The difference in vine nitrogen status between the two soil 
categories might be explained by different soil rooting depth. Indeed, the root distribution was 
different between the two soil categories. The difference in rooting depth was probably the 
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result of soil compactness. Whereas the colluvia and gravelly moraines were deep and loose 
soils, the bottom moraines were characterised by highly compact mother rock (Letessier & 
Fermond 2004) due to the great pressure (1 km of ice represents up to 800 T/m2) from the 
Würm glaciation. Here, the high compactness of the bottom moraines seemed to limit root 
penetration, explaining the influence of this soil category on rooting depth. Morlat and Bodin 
(2006) emphasised the importance of soil depth on vine behaviour and fruit composition. 
Moreover, Cortell et al. (2005), who studied variations in vine growth in a commercial 
vineyard in Oregon (USA), observed a strong association between soil rooting depth and vine 
vigour. Myburgh et al. (1996) correlated vine vegetative growth with root development as 
impacted by the root resistance of the growing medium. Morlat and Jacquet (1993) proposed a 
relationship between maximum rooting depth and aboveground vine vigour. Although it was 
not significantly different between the two soil categories, soil fertility might cause variations 
in vine nitrogen status. Soil fertility was reported to have an impact on fruit parameters and 
might be an important factor in the terroir effect (Choné et al. 2001, Peyrot des Gachons et al. 
2005, de Andrés-de Prado et al. 2007). Here, both the physical and chemical characteristics 
(soil rooting depth and soil fertility) of the soil affected the quantity of nitrogen available to 
the plant and accounted for the difference in vine nitrogen status observed between the two 
soil categories.  

Variations in fruit composition were found to be related to the vine nitrogen status imposed by 
the soil. Vines on bottom moraines produced grapes with significantly higher SSC values and 
lower YAN values (Tab. 3.4). These observations indicate a relationship between vine 
nitrogen status and fruit sugar accumulation. Therefore, vine nitrogen status impacts carbon 
partitioning within the plant. These results confirm previous research indicating that 
environmental stresses (such as moderate nitrogen deficiency) enhance the SSC value of 
grapes (Choné et al. 2001, Keller 2005). YAN and malic acid content were positively 
correlated over the 3-year study period. Increased malic acid in must with higher vine 
nitrogen status has been observed in the majority of studies (Keller et al. 1998, Maigre 2002, 
Hilbert et al. 2003). This relationship can be explained partially through vine vigour. Vines 
with a large N supply develop a denser canopy, which, in turn, affects the microclimate 
(temperature and sun exposure) of the grapes. Ultimately, this results in less degradation of 
malic acid in the berries (Ruffner 1982). The effect of nitrogen may be more direct because 
plant nitrogen metabolism is related to organic acid metabolism. Nitrogen assimilation leads 
to the alkalinisation of plant cells, which is counteracted by the production of malic acid 
(Martinoia & Rentsch 1994). In addition, higher vine nitrogen status was related to higher 
must pH in 2007 and 2008. No relationship was found between pH and YAN in 2009 because 
vine water status was the major factor affecting pH during the warm and dry conditions of 
that season (see Chapter 2). Several authors have reported a relationship between vine 
nitrogen status and must pH (Spayd et al. 1994, Keller et al. 1999). Keller (2010) suggested 
that this relationship may be explained by the higher K uptake associated with roots with high 
nitrate uptake. 

In this study, we investigated the influence of two major environmental parameters, soil and 
climate (through the vintage effect). The influence of the yearly climate was stronger than that 
of the soil. Previously, van Leeuwen et al. (2004) described the overwhelming effect of yearly 
climate on grape composition. Yearly variations of climate are empirically important for 
determining grape and wine quality in a septentrional vineyard. However, YAN was not 
influenced by the vintage in our study, in contrast with most studies (Bell & Robson 1999, 
Nicolini et al. 2004, Spring et al. 2009). Instead, YAN was the fruit parameter most affected 
by soil category. A corroborating study by van Leeuwen (2010) also showed that YAN was 
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primarily influenced by the soil. Furthermore, YAN was the only fruit parameter found to be 
more influenced by soil than by climate (i.e. vintage). 

The chemical characteristics and sensory qualities of the wines were closely correlated with 
vine nitrogen status. Similarly to must pH, wine pH was positively correlated with YAN, 
except in 2009. The sensory results (acidity) confirmed the analytical results of YAN on wine 
acidity. Some authors have observed the same relationship between nitrogen in must and the 
pH of must and wine (Kliewer et al. 1991, Spayd et al. 1994). YAN levels in must were found 
to be negatively associated with the astringency score. Astringency is elicited by polyphenolic 
compounds and has been reviewed extensively by Brossaud et al. (2001). Astringency is a 
primary attribute of red wine; however, white wine also contains (although to a smaller 
extent) polyphenols such as catechin, caffeic acid, and quercetin (Maggu et al. 2007). In white 
wine, high polyphenol content causes bitterness (Ribéreau-Gayon et al. 1998). In the present 
study, perceived astringency was considered to be a negative sensory attribute because it was 
negatively correlated with overall quality score. Moreover, it is well known that nitrogen 
deficiency stimulates the production of secondary metabolites such as polyphenols (Keller 
2010). For instance, the shikimate acid pathway, which is responsible for the production of 
many plant secondary metabolites, is stimulated under nitrogen deficiency (Weaver & 
Herrmann 1997). Consequently, the unpleasant astringency observed in our study might be 
due to compounds (likely polyphenols) in the fruits that result from modifications of plant 
metabolism to adapt to a low nitrogen supply. Accordingly, Choné et al. (2006) reported a 
higher polyphenol content in musts made from Sauvignon blanc grapes with low nitrogen 
nutrition. 

We observed that vine nitrogen status is a key factor that determines wine quality. The overall 
quality score was positively correlated with the level of nitrogen compounds present in the 
grapes at harvest during the 3-year study period. Wine quality was always lowest for wines 
made from grapes with low YAN values. The positive influence of vine nitrogen status on 
wine sensory quality has been previously documented (Conradie 2001, Torrea & Henschke 
2004, Spring & Lorenzini 2006). Furthermore, the atypical aging off-flavours (UTAs) 
observed in some white wines have been related to vine nitrogen status (Hoenicke et al. 2001, 
Linsenmeier et al. 2007). Indeed, UTA wines lose their varietal character and begin to exhibit 
atypical aromatic flavours such as naphthalene notes (moth balls) (Winter 2003). Nitrogen 
deficiency has been identified as a factor underlying UTAs, as shown by a negative 
correlation between YAN in must and UTA levels (Gessner et al. 1995). 

 

Vine nitrogen status might influence wine sensory attributes in two ways: i) the synthesis of 
flavour/aroma compounds in grapes and ii) the influence of YAN on yeast metabolism. Peyrot 
des Gachons et al. (2005) suggested that low vine nitrogen status is detrimental to the 
production of thiol precursors in Sauvignon blanc grapes and therefore negatively impacts the 
aromatic expression of wine. Volatile thiols also play a role in the flavour of several other 
varieties (Tominaga et al. 2000). Our observations regarding the relationship between YAN 
and wine aroma complexity confirm the importance of vine nitrogen status for white wine 
aroma. In addition, next to sugars, nitrogenous compounds are quantitatively the most 
important yeast nutrients (Henschke & Jiranek 1993). The concentration of nitrogen 
compounds in must (YAN) is known to affect yeast metabolism, and it thereby influences the 
duration of the fermentation and the formation of aroma/flavour compounds in the wine 
(Rapp & Versini 1995, Bell & Henschke 2005). Nitrogen deficiency in must is the most 
prevalent cause of sluggish fermentation (Bisson & Butzke 2000). Although no sluggish 
fermentations occurred in the present study, YAN was negatively correlated with the duration 
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of fermentation (P<0.001 for the three years). Indeed, most of the wine aroma/flavour 
compounds are formed during alcoholic fermentation (Swiegers et al. 2005); therefore, the 
YAN level in the must is critical for winemaking. Consequently, vine nitrogen status is a key 
parameter that influences the sensory properties of wine due to its effect on both fruit 
composition and yeast metabolism. On the other hand, excess nitrogen supply might represent 
a negative factor for wine and fruit quality (Keller, 2010). First, it might favour the vegetative 
growth at the cost of sugar accumulation in grapes. Secondly, it might result in shaded and 
humid canopies, leading to an increase in fungal disease incidence. For instance, the location 
with the highest vine nitrogen status had a severe Botrytis infection in 2009. In consequence, 
the harvest of those grapes had to be anticipated. The resulting wine was negatively judged by 
panellists probably due to a lack of grape maturation. Therefore, the relation between vine 
nitrogen status and wine quality is not simple. This relation might be best represented by the 
inverted U-curve with initially increasing wine quality, followed by a plateau, and then a 
reduction in wine quality when vine nitrogen status continues to increase. 

Although the results are not shown here, data collected on all 30 locations planted with the 
white cultivar Doral confirmed the results presented here. 

3.6 Conclusions 

This work provides evidence of how geopedology can influence vine physiology, fruit 
composition and the sensory characteristics of wine. Soil, through its fertility and vine rooting 
depth, was found to be an important environmental parameter that modulates vine nitrogen 
level, vine physiology, fruit composition, and the characteristics of the resulting wine. Vine 
nitrogen status is a key factor contributing to the terroir effect, which usually depends on 
fertilisation practices. Because we used similar fertilisation practices, soil parameters were 
primarily responsible for the variations in vine nitrogen status. The characteristic that best 
explained the variable sensory characteristics of the wines made from grapes from the 
different sites was the level of yeast assimilable nitrogen in the must. Nevertheless, it is 
surprising how little we know on the effect of vine nitrogen status on the formation and 
accumulation of grape compounds influencing wine sensory attributes. Therefore, further 
works prove to be necessary to precise the link between vine nitrogen status and secondary 
metabolites of grapevine.  
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Chapter 4: The terroir effect 
and the climatic factors 

 

 

 

4.1 Abstract 

The effects of climatic parameters on fruit and wine characteristics for the wine-growing 
region of Vaud (Switzerland) were analysed. The goal of this study was to assess the 
importance of climatic aspects (vintage effect and mesoclimate) in the notion of terroir. Fruit 
composition differed considerably between the three seasons. The yearly weather was 
therefore, a major factor in determining fruit composition. Mesoclimate was determined using 
a model based on altitude and solar radiation. Mesoclimate influenced vine phenology 
(veraison), but had no impact on fruit and wine composition. The value of the soluble solids 
content at the first maturation control was taken as an index for precocity of vine phenology. 
This index was used to analyse the relationship between precocity of vine phenology and fruit 
and wine characteristics. Except for the must titratable acidity at harvest, there was no relation 
between vine precocity and fruit composition and wine sensory characteristics. Mesoclimate 
was therefore, not the major environmental factor to explain the variability in wine attributes 
within a year. 

4.2 Introduction 

Grapevine adapts to a wide range of different climatic conditions. Its climatic requirements 
are well known and depend primarily on temperature, solar radiation, and rainfall 
(Champagnol, 1984). Those climatic factors depend on their part on geographical data such as 
latitude, altitude, topography, and vicinity to bodies of water. Climate can be divided into 
three categories of scales: macro-, meso-, and microclimate. Macroclimate is the largest, 
describing the climate at regional level. The climatic variability within a wine-growing region 
can better be described as mesoclimatic variability; at a smaller and more localised area it 
usually applies to a vineyard site. This level can be called topoclimate since it is often the 
result of relief (altitude, slope, orientation). Especially in cool regions (e.g. Mosel valley, 
Burgundy, Oregon), where it might be sometimes difficult to achieve full ripeness of grapes, 
mesoclimate is an important factor for producing high.quality wines. For instance, one way of 
exploiting the mesoclimate is to cultivate vines on steep, south-facing slopes in order to 
maximise the solar radiation (e.g. Mosel valley). Microclimate refers to the specific climatic 
environment in a small restricted space such as a row of vines.  
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Climate has a great influence on the vine-fruit-wine continuum (Jones and Davis, 2000). First, 
climate acts on vine physiology, and particularly on vine phenology (Lebon, 1993; Bois et al., 
2007). Furthermore, climate has a major influence on the quality and style of wine (Jackson 
and Lombard, 1993). Some studies have focused on the effects of climate on wine quality 
(Jones and Goodrich, 2008; Soar et al., 2008). More particularly, the effect of altitude 
(Mateus et al., 2001), slope (Mazza et al., 1999) and exposure (Spayd et al., 2002) were 
assessed. The role of climate in viticulture would be incomplete without mentioning the year-
to-year weather variability, the so called vintage effect. Wine is one of few agricultural 
products that do not bear on its label an expiration date, but instead the year in which it was 
produced. Year is a very important factor influencing wine sensory characteristics and that is 
particularly true for cool climate viticulture (van Leeuwen, 2010). 

The goal of this chapter is to assess i) the importance of the year-to-year weather ii) the role 
of the mesoclimate and iii) the precocity of veraison, on the fruit and wine characteristics for 
the Vaud region.  

4.3 Materials and methods 

4.3.1 Vineyards sites 

Thirty sites planted with Vitis vinifera L. cv. Doral were distributed on the entire Vaud 
vineyards. Cultivation practices, rootstock and ages of vines were similar between locations. 
For a detailed description see Chapter 3. 

4.3.2 Mesoclimatic characteristics 

A mesoclimatic model was built during the previous phase of the project (Pythoud, 2004). For 
standard needs, climatic parameters are determined at small scale (± 1/300'000), which is not 
accurate enough for the purpose of a terroir study. The adopted approach used a Digital 
Elevation Model (DEM) with a resolution of 25 meters, the DEM 25 of the Swiss Federal 
Office of Topography, at 1/25'000 scale. 

The mesoclimatic model is a weighting of the two following variables: 

a) Thermal gradient (50 %): In theory, the temperature gradient is a linear function of the 
altitudinal gradient: -0.65 °C for 100 meters elevation. Every point, therefore, is characterised 
by a relative temperature directly proportional with its altitude. 

b) Potential solar radiation (50 %): The potential solar radiation (MJ/m2) was calculated with 
a model (Solar Analyst) that integrates the effects of the surrounding relief (casted shadow) 
and the sun height above the horizon during a specific period. It is mainly the surface 
exposition and inclination that create local variations in the amount of potential solar radiation 
among vineyards. 

Then, the mesoclimatic model was run for the duration of the vegetative cycle from grapevine 
(1 April to 31 October). The model works with normalised values and calculates for every 
point in the vineyard a mesoclimatic index (M. I.) which varies from 0 to 1. For instance, a 
location with a value of 1 would represent the one with the highest sum of solar radiation and 
relative temperature. Four different classes have been defined regarding the mesoclimate: 
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• M. I. 1 (three locations) corresponds to region with a mesoclimate index smaller than 
0,6. 

• M. I. 2 (seven locations) corresponds to region with a mesoclimate index between 0,6 
and 0,7. 

• M. I. 3 (13 locations) corresponds to region with a mesoclimate index between 0,7 and 
0,8. 

• M. I. 4 (seven locations) corresponds to region with a mesoclimate index between 
bigger than 0,8. 

The model was then validated with the phenological maps of Schreiber (1968). Schreiber 
studied the time of flowering of various plants, what allowed him to establish thermal zones 
in the Vaud region.  

4.3.3 Grapevine phenological stages 

The major phenological stages (budburst, flowering) were recorded for each location 
according to the Baggiolini scale (Baggiolini, 1952). The date of budburst was determined 
when 50 out of 100 observed buds reached the C stage. On several dates, the percentage of 
open flowers was estimated on 100 bunches per location. The date of flowering corresponded 
to the date where this percentage was equal to 50 %. 

4.3.4 Fruit composition 

Fruit maturation was monitored on every location each two weeks from veraison to harvest. 
Two hundred berries were gathered from each location, weighed fresh and manually juiced. 
See Chapter 3 for a detailed description of the analytical parameters which were analysed.   

4.3.5 Wine making and analysis 

Microvinification was conducted identically for all lots by the same winemaker. For a detailed 
description see Chapter 3.                                                                                                                                                                                                   

4.3.6 Statistical analyses 

Statistical analysis was carried out with R software (R Development Core Team, Vienna, 
Austria). Duncan's test was used for mean differentiation. Relationships between variables 
were analysed by simple linear regression (Pearson's correlation). The significance of the 
regression is indicated with asterisks: *, **, *** indicates significance at p < 0.05, 0.01, and 
0.001. 
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4.4 Results 

4.4.1 Year-to-year weather variations 

Figure 4.1 and Figure 2.1 depict some weather parameters (monthly rainfall, monthly mean 
temperature and monthly-cumulative radiation) for 2007-2009. 2007 was characterised by 
abundant rainfall in summer and a warm month of April. Solar radiation from June to August 
was the lowest for 2007. The year 2008 was similar with respect to average values, although 
temperature tended to be higher than the average. August 2009 was the warmest month of the 
three years. In addition, 2009 was the driest year, well below the average. Accordingly, solar 
radiation in summer 2009 was the highest among the three years. For instance, August 2009 
showed a 20 % higher solar radiation compare to August 2007 and 2008. 

 

4.4.2 Mesoclimate 

The major phenological stages have been recorded on the various locations. Budburst and 
flowering were not different among the four mesoclimatic classes (data not presented). The 
value of soluble solids content (SSC) at the first maturation control was taken as an indicator 
for the time of veraison (onset of ripening). Veraison time was observed to be different among 
the four mesoclimatic classes (Fig. 4.2). Fruit from locations belonging to M. I. 1 tended to 
have lower SSC at the first maturation control.  

No significant difference was observed between the four mesoclimatic classes regarding fruit 
composition at harvest and wine characteristics (data not presented). 

 

Figure 4.1: Monthly-cumulative radiation for 2007 to 2009. Pully weather station.  
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4.4.3 Precocity of veraison 

The precocity of veraison, measured as grape SSC at the first maturation control, was 
observed to be related to must titratable acidity (TA) at harvest in 2007 and 2008 (Fig. 4.3). 
For 2009 no correlation was observed. SSC at the first maturation control was not correlated 
with other fruit parameters at harvest nor sensory or chemical wine parameters (data not 
presented). Taking the malic acid content as indicator for the precocity of veraison gave 
similar results (data not presented). 

4.5 Discussion 

Climatic parameters vary both spatially (mesoclimate) and from year to year (vintage effect). 
Among 2007-2009, parameters such as rainfall, temperature, solar radiation varied 
considerably. Thus, it was not surprising to note the important effect of yearly weather on 
most fruit composition parameters (Tab. 3.3). For instance in 2009, SSC at harvest was 
higher (+10 %) and titratable acidity lower (-25 %) compare to 2007 and 2008. This was 
probably explained by the climatic conditions during the maturation time (August) in 2009: 

Figure 4.2: Grape soluble solids content (SSC) around veraison in relationship with the 
different classes of the mesoclimate. Vertical bars indicate the standard error of the mean. 
Doral. 2007-2009. 

  

Figure 4.3: Relationship between grape soluble solids content around veraison and must 
titratable acidity (TA) (g tartrate/L) at harvest. Doral. 2007-2008. 
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low rainfall, high temperature and high solar radiation. The overwhelming effect of yearly 
weather on grape composition was also reported by various authors (van Leeuwen et al., 
2004; Pereira et al., 2006). Additionally vintage effect is empirically known to be important in 
determining fruit and wine quality (Morlat, 2010). 

Bioclimatic indices have been developed to characterize spatially the climate. The most well 
known is the index devised by Amarine and Winkler (1944) based on temperature. Other 
bioclimatic indices have been proposed: a heliotermal index (Branas, 1974; Huglin, 1978), a 
latitude-temperature index (Jackson and Cherry, 1988). Those bioclimatic indices allow 
characterizing a region's potential for viticulture and are useful in comparing one region to 
another. Although those indicators are well suited to study the macroclimate, for mesoscale 
study they are not useable, as weather station networks are usually not dense enough. Another 
approach, the one that was chosen here, was to build a model of the mesoclimate including 
temperature and solar exposure. The same method was undertaken for Bordeaux (Bois, 2007) 
and for Geneva vineyards (Burgos et al., 2010).  

Various indices have been proposed to assess the precocity of vine phenology (Morlat et al., 
1997; Barbeau et al., 1998; Tesic et al., 2002). Here, the use of the value of SSC of the first 
maturation control was reported. The influence of the mesoclimate on vine phenology was 
slight, as locations belonging to the colder mesoclimatic class showed lower SSC at the first 
maturation control. Lebon (1993) observed a similar relation between air temperature and 
flowering time. Burgos et al. (2010) showed the relation between potential solar radiation and 
grapevine phenology. However, vine phenology depends on several other parameters: vine 
vigour and soil temperature (Morlat, 2010), soil water content (Tesic et al., 2002). That might 
explain why only a weak influence of the mesoclimate on vine phenology was observed in 
this work.  

Similar to Morlat (2010), Lebon (1993) and Bois (2007) a relation between precocity of 
veraison and TA at harvest existed. However, no relation with other fruit compounds was 
found. No relation was established in 2009 between the precocity of veraison and TA as the 
major factor affecting TA was the vine water status (TA and δ13C, R2=0.67***). Compared to 
the strength of the relationship between vine water status and TA in 2009, it can be concluded 
that the precocity of veraison, despite its effect, had only a low influence on TA. Therefore, 
for Vaud conditions, the precocity of veraison was not a major factor affecting fruit 
composition. Some authors did find an influence of the precocity of vine phenology on wine 
characteristics (Tesic et al., 2002; Morlat, 2010). However, in the present study, no such 
relation was observed. Furthermore, no difference among the four mesoclimatic classes was 
recorded during chemical and sensory wine analysis. 

Microclimate approach was outside the scope of this study. However, climatic conditions in 
the canopy may be influenced by the terroir effect (e.g. vine vigour). But it mostly depends on 
viticultural practices (canopy management). Skinkis et al. (2010), for instance, reported the 
effect of modifying the microclimate of the canopy (leaf removal) on wine sensory 
characteristics. 
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4.6 Conclusions 

The relationship between precocity of vine phenology (veraison) and fruit composition and 
wine characteristics was analysed over three consecutive seasons. Except for titratable acidity, 
no effect of the phenological precocity was observed. As already partly expected, the year-to-
year weather variation was an important factor affecting fruit composition and wine quality. 
However, when studying the effect of mesoclimate, little evidence was found about its 
pertinence in explaining the terroir effect. Therefore, the different mesoclimatic conditions 
existing in Vaud vineyards were not a major factor influencing fruit and wine characteristics. 
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Chapter 5: General 
conclusions 

5.1 Short overview on the aims of the study and the 
principal quality of the answers  

Although some empirical knowledge exists about the effect of production site on wine 
quality, the underlying mechanisms and their importance remain unclear. The purpose of this 
thesis was to study the natural site variability on the vine-fruit-wine continuum, the so-called 
terroir effect. The objectives were primarily to better understand the environmental factors 
affecting wine quality in the conditions of Vaud vineyards. Soil (soil water holding capacity 
and geopedology) and climate (mesoclimate and vintage effect) were the factors of the terroir 
to be evaluated. Secondly, understanding them should serve winegrowers to produce high-
quality wines in adapting grape cultivars and cultivation method to each environment.  

The effect of terroir on the wine attributes was analysed over three seasons using a network of 
two cultivars and 53 sites located in commercial vineyards (on-farm approach). Plant 
physiology measurements and winemaking were undertaken on each location in order to 
understand which parameters of terroir and how do they affect wine characteristics. The factor 
climate was considered by two aspects (Chapter 4): mesoclimate and year-to-year variation 
(vintage effect). Mesoclimate did not have a significant influence on wine attributes. On the 
other hand, the vintage effect was a major factor influencing fruit composition. The second 
factor of terroir evaluated was the soil. Soil influenced both nitrogen and water status of vines 
(Chapter 2 and 3). Vine water status was an important factor determining fruit composition 
and wine colour but was observed to have little influence on other sensory attributes of wines. 
On contrary, vine nitrogen status was shown to influence clearly both fruit and wine 
characteristics. Therefore, under conditions of Vaud vineyards, soil via its effect on vine 
nitrogen status and the year-to-year variation of climatic conditions are the two main 
components of the terroir effect.  

5.2 Was our methodology appropriate for answering our 
questions? What were the advantages, what the 
limitations? 

Wine quality is as well influenced by the attributes of fruit as by winemaker's techniques. 
Among other factors, winemaking techniques can affect polyphenols content in wine, wine 
aroma and colour (Esti and Tamborra, 2006; Bosso et al., 2009). Fischer et al. (1999) clearly 
showed the effect of wine estates with different winemaking techniques on wine quality. They 
compared wines produced on different region by different wine estates. They demonstrated 
also the strong impact on wine quality of the factor winemaker (wine estate), which rubbed 
out the effect of terroir (region). In the present study, this human factor was excluded by 



 General conclusions 

 45 

purpose and wines were produced under control conditions in the experimental cellar of ACW 
by the same winemaker. Winemaking techniques were accordingly standardised and therefore 
quality variability reflected only variation in fruit composition. This was an essential point in 
the methodology to reach the objective of analysing the chemical and physical terroir effect 
on wine. 

Fruit quality is the result of the interaction between genotype, environment, and cultivation 
practices (Spring, 2001; van Leeuwen et al., 2004). The study's aim was to analyse the link 
between environment and wine quality for the conditions of Vaud vineyards. However, it is 
hardly possible to reproduce under control conditions the various environmental factors of a 
given site. Therefore, an on-farm approach was chosen and sites in commercial vineyards 
were analysed. The main advantage of such in situ study is the rapid transfer of the results to 
the producers. However, the main limitation of such approach is the fact that cultivation 
practices are difficult to standardize, therefore a residual human impact might interfere with 
the terroir effect purely based on soil and climate. But age, clones, and rootstock were strictly 
the same on the various locations and therefore had no influence. Cultural practices were 
recorded for each site although pest control, leaves management, and vine training system 
were quite similar. Variability in fertilisation practices existed, but the levels of fertilisation 
were low (most under 30 kg/ha per year) and no relation was observed anyway between 
fertilisation and vine physiology. Fertilisation, due to its low level, probably had a minor 
importance and was therefore to be considered just as a noise factor. Cover crop practices 
differed from region to region. For example, in the Chablais region, chemical weed killing 
was the most common soil management technique due to the difficulty in mechanising 
hanging vineyards. In others regions, grass cover was used widely. Cover crop has a known 
effect on vine nitrogen status (Spring, 2001; Celette et al., 2009). That was the cause why the 
Chapter 3 focused only on the locations in La Côte where soil management system was 
similar. 

The force of the present project was to analyse the whole vine-fruit-wine continuum and its 
interaction with environmental factors. However, this is not the general rule in terroir studies. 
Some just analysed the terroir effect on vine physiology and fruit composition, without going 
into wine production (van Leeuwen et al., 2004; Peyrot des Gachons et al., 2005). Examining 
the whole continuum of vine-fruit-wine is of higher complexity and represents higher 
financial costs. But it brings clearly valuable knowledge on terroir. The Chapter 2 illustrated 
the importance to consider the influence of terroir on both fruit and wine. Indeed, soil water 
holding capacity (a terroir parameter) had a great influence on vine physiology and fruit 
composition; however, this factor had a low impact on wine attributes. The other way around, 
some studies on terroir had no data on vine physiology (de Andrés-de Prado et al., 2007). In 
such case, it is almost impossible to explain and understand the mechanisms of the terroir 
effect.  

Unluckily, most studies dealt with no more than five sites (Choné et al., 2001; van Leeuwen 
et al., 2004), therefore they are more like case studies with little universal explanations of the 
mechanisms of the terroir effect. Here, the analysis of 53 sites was reported and for the effect 
of soil, each soil category contained more locations; this allowed a better generalization of the 
results to a whole region. 

In the present work, different chemical analyses were carried out on musts. However, those 
analyses were classical ones (e.g. pH, SSC, TA). It would have been interesting to evaluate 
grape composition using a more detailed-chemical analysis. Grape-derived secondary 
metabolites play a critical role for wine quality (Koundouras et al., 2009). Phenolic 
compounds are the principal sources of wine colour and structural properties (Kennedy et al., 
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2006), while volatile compounds are the major elements responsible for wine aroma 
(Zoecklein et al., 1998). Some techniques are available to measure those metabolites, e.g. 
determining the glycosyl-glucose content of grape (Zoecklein et al., 2000), measuring thiol 
precursors in grapes (Tominaga et al., 2000) or analysing grape polyphenols (Cortell et al., 
2005). These analyses should be considered for further researches on terroir. 

5.3 Assessment of the knowledge gained on the key 
objectives 

5.3.1 What is the role of climatic conditions (mesoclimate and vintage effect) in 
the terroir effect? 

Mesoclimate (solar radiation and temperature conditions at a specific site) was observed to 
have no influence on wine quality (Chapter 4). There are various possible explanations for 
this fact: i) homogenous mesoclimatic conditions ii) other factors masked its effect iii) model 
was not well adapted to represent the mesoclimatic data. The first hypothesis is not likely to 
be true since altitude, slope, and orientation are quite different in the region vineyards 
(Pythoud, 2004). The second hypothesis is conceivable because the strong influence of vine 
nitrogen status on wine attributes might have rubbed out the effect of the mesoclimate. The 
third hypothesis has to be considered as well since the study was based on a model approach 
of the mesoclimate. Modelling was the choice for studying mesoclimate, because those 
parameters are regularly recorded in weather stations, but are impossible to extrapolate to the 
whole region. However, the model was incomplete. For instance, several parameters (e.g. 
stones walls, terraced vineyards, airflows, bodies of water) which influence mesoclimate were 
too difficult to modelize and were not included in the model. Finally, although the 
mesoclimatic effect was not detected in the present study, we cannot exclude its existence.  

However, the climate factor was important on fruit composition via the year-to-year variation 
in weather conditions, the so-called vintage effect (Chapter 4). The vintage effect was the 
strongest environmental factor affecting fruit composition. Worldwide, the average climatic 
conditions of a wine region determine to a large extent the grape varieties that can grow there 
(Jones, 2006). Furthermore, world viticultural zones tend to lie in the mean annual 10-20 C° 
isotherm (Jones, 2006). Of all environmental factors, climate without doubt exerts the most 
profound effect on the ability of a region to grow quality grapes for winemaking. In 
comparison, soil requirements for grapevine are few, and therefore, wine is being produced 
worldwide on many different substrates from diverse geological origin (Fanet, 2004). For the 
factor climate, it is a matter of scale. At macro-scale (from region to region or season to 
season), it is manifest that climatic factors are important in impacting grapes and wines 
attributes. However, at meso-scale, their effect seems to be more difficult to identify. 

5.3.2 What is the relation between vine water status and terroir and how does it 
impact the vine-fruit-wine continuum? 

Both climate (yearly rainfall) and soil (soil water holding capacity) modulated the level of 
vine water status (Chapter 2). In turn, vine water status had a clear effect on fruit composition 
(SSC, berry weight). However, wine characteristics, except for colour, were little affected by 
vine water supply. In addition, different levels of vine water status were only observable 
during the dry 2009. Therefore it was important that the vine water status was investigated 
throughout three seasons despite the important work and resources needed to manage such a 
large series of on-farm studies. For Vaud region, years with similar dry conditions like 2009 
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represent about one quarter of the 20 last vintages (cumulated water deficit from 1.7 to 30.9  
over 150 mm). Vine water status represents therefore not a major basis for the terroir effect in 
the conditions of Vaud vineyards with sufficient rainfall for most of seasons. 

5.3.3 Is there any soil effect on the vine-fruit-wine continuum and which are the 
mechanisms and consequences of this effect? 

Soil was shown to impact vine physiology and fruit composition via two aspects: i) vine water 
status modulated by the soil water holding capacity (Chapter 2); ii) vine nitrogen status 
influenced by the geopedology (Chapter 3). However, as previously discussed, vine water 
status influenced fruit composition only during 2009 and had anyway no significant effect on 
wine characteristics with the notable exception of wine colour. On contrary, the effect of soil 
on vine nitrogen status was consistent during the three years of the study. Vine nitrogen status 
differed naturally from site to site depending on soil fertility and soil rooting depth. Low vine 
nitrogen status induced in fruits a high SSC, low malic acid content, low pH, and resulted in 
small berries and low vine vigour (total leaf area). Thus, soil was a key environmental factor 
affecting vine and fruit via its influence on vine nitrogen status. Furthermore, yeast 
assimilable nitrogen in musts was clearly the parameter, which best explained the variation in 
wine sensory characteristics made from grapes from different locations (Chapter 3). Wines 
made from musts with low YAN had a lower overall impression score, due to astringency and 
less complexity in aroma. Bottom moraines, as a particular soil category, were identified to be 
susceptible to low vine nitrogen supply. The selected sites for this study were not chosen 
among extreme cases with severe nitrogen symptoms. They were on contrary representative 
of the situation in Vaud commercial vineyards. Moreover, bottom moraines represent 20 % of 
all soils in Vaud vineyards (Letessier and Fermond, 2004). Therefore, these conclusions are 
very relevant for practical use.  

Additionally, the results from Chapter 3 contradict a popular claim saying that to produce 
high-quality grapes for winemaking, vines should be limited by some resources (water or 
nitrogen) (van Leeuwen and Seguin, 2006). Indeed the nitrogen limitation imposed by soil 
effect was detrimental for wine quality. Therefore, at least for white wine production, vine 
nitrogen supply should not be limiting. Another general statement for wine quality postulated 
that berry weight is a factor influencing wine quality: small berries produce high-quality 
wines. However, in the present study, berry weight itself did not directly determine wine 
quality, but the factor responsible for reducing berry weight had a direct impact for wine 
quality; if small berries were the consequence of a limited water supply, it enhanced wine 
colour (Chapter 2). On contrary, when small berries were the results of a limited nitrogen 
supply, this had a detrimental effect on wine quality. As written by Matthews and Nuzzo 
(2007), there is no generalisation possible between berry weight and wine quality and only the 
environmental factors controlling berry weight matter for wine quality. 

It is difficult to separate the different factors of the terroir effect. Every factor from local 
climate to soil parameters has to be considered to explain the function of a given site. 
However, more generally, a hierarchy of factors can be established to explain site variability 
on wine characteristics (van Leeuwen et al., 2004). In the Vaud, the soil effect on vine 
nitrogen status sits on the top of the hierarchy of environmental factors modulating wine 
attributes. Nevertheless, the hierarchy of factors explaining the terroir effect might differ from 
region to region. For instance, in Ticino (Switzerland), vine nitrogen status was not reported 
to be a key factor of the terroir effect for Merlot (Monico et al., 2010). Furthermore, for the 
region of Val de Loire (France), Morlat (2010) observed the importance of the mesoclimate 
on vine phenology and wine quality made from Cabernet franc grapes. In addition, in 
Bordeaux region, vine water status was reported to be the major factor of terroir in 
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determining wine quality (van Leeuwen et al., 2009). Since results of terroir studies might not 
be one to one transposable between different wine-growing regions, each region has to study 
its unique interplay of environmental factors, cultivars, and cultivation practices if precise 
information is essential. 

5.4 Adaptation of cultivation technique to terroir 

Some sites had a low vine nitrogen status that negatively impacted wine characteristics 
(Chapter 3). On such sites, winegrowers should adapt their practices. They have several tools 
available. One of them is vineyard cover cropping. In viticulture, introducing a grass cover in 
the inter-rows of vineyards is a common practice. Indeed, this practice might represent a 
solution for some agronomic problems. In fertile sites for instance, it can contribute to 
preventing the excessive shoot development of grapevine that would be favourable to disease 
development (Valdés-Gomez et al., 2008). However intercrops might compete with grapevine 
for nitrogen (Spring and Delabays, 2006; Celette et al., 2009). On sites where vine nitrogen 
status is naturally low, cover cropping should be carefully managed. Winegrowers should 
choose the right cover crop type: one could reduce the surface of the intercrop, one row every 
two covered with grass for instance, or in the extreme case, use no cover crop at all. Another 
possibility is to use leguminous cover crops to enhance soil fertility. Spring (2001) reported a 
positive effect on vine nitrogen status when he used a cover crop containing subterranean 
clovers. Fertilisation might represent another leverage to manage sites with low nitrogen 
deficit. Fertilisation via foliar spraying appears to be a technique that presents some benefits 
like less amount of N used and assimilation fastness (Gooding and Davis, 1992). Corrections 
of nitrogen-deficient vines by foliar urea application were shown to be able to increase wine 
quality (Spring and Lorenzini, 2006; Lacroux et al., 2008). A further practice available for 
winegrower is to adapt the cultivar to the site. Here, in the case of sites susceptible to low vine 
nitrogen, planting red cultivars should be preferred since they are more robust to nitrogen 
stress (van Leeuwen et al., 2000). 

The importance of human factors in determining wine quality is mainly due to viticultural and 
oenological techniques. Producing high-quality wines is not much about having the right 
production sites and avoiding the unpropitious ones. But rather, it is about i) understanding 
the environmental factors of a given site in relation to wine attributes and ii) adapting the 
viticultural and oenological practices toward high-quality wine production. Therefore, terroir 
effect is rather a human know-how than a soil effect. In that sense, Bettane (2005), a wine 
critic wrote "Terroir without human expertise is just dust from which we were made and to 
which we will return". 
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