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Abstract 

The focus of this study was to detennine whether soil texture and composition variables 

were related to vine water status and both yield components and grape composition, and 

whether multispectral high definition airborne imagery could be used to segregate zones 

in vineyards to target fruit of highest quality for premium winemaking. The study took 

place on a 10-ha commercial Riesling vineyard at Thirty Bench Winemakers, in 

Beamsville (Ontario). Results showed that Soil moisture and leaf'l' were temporally 

stable and related to berry composition and remotely-sensed data. Remote-sensing, 

through the calculation of vegetation indices, was particularly useful to predict vine 

vigor, yield, fruit maturity as well as berry monoterpene concentration; it could also 

clearly assist in making wines that are more representative ofthe cultivar used, and also 

wines that are a reflection of a specific terroir, since calculated vegetation indices were 

highly correlated to typical Riesling. 
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Chapter 1 

Introduction and Hypotheses 

The Niagara Peninsula region, located in the central eastern part of Canada, is a relatively 

young wine producing area: the first Vitis vinifera grape varieties (were planted commercially on 

a large scale in the region in the 1970's (Domine 2001). Thus, the short history of the region in 

terms of wine production has not really allowed the growers, to define areas within the vineyard 

from which they could produce premium wines. In other words, they have not delineated specific 

terroirs within vineyards, nor has the basis for the terroir factor been established, unlike 

European countries, such as France, Italy or Spain, which have produced wine for several 

centuries. 

Seguin (1986) was the first to study that notion of "terroir". He found that the chemical 

composition of the soil does not really have a huge effect on the quality of the wines produced. 

Instead, he noted significance in the effect of the water content of the soil. That characterization 

ofterroir has been studied more deeply by scientists all around the world, as in British Columbia 

(Bowen et al. 2005) and France (van Leeuwen et al. 2004). Those investigators showed that soil 

texture can influence its water-holding capacity (MorIat and Bodin 2006a,b) and thus the best 

soils would be those that can create a moderate water deficit early in the season. That deficit will 

generally have the effect of reducing berry size, and increasing their sugar concentration. Besides 

that, it could also help to the accumulation of volatile monoterpenes that are responsible for 

varietal aromas (Reynolds and Wardle 1989). 

One of the new technologies available for the study of vineyards is multispectral remote 

sensing. Data are collected either from airborne or satellite imagers, or from ground-based 

sensors (Brancadoro et al. 2006, Hall et al. 2002, Johnson et al. 1996, Lamb et al. 2002). 

Reflectance data from remote sensing could help to characterize the canopy of the vineyard, 

which was shown to be correlated with vine vigor (Marguerit et al. 2006). Because vine vigor 

and vine water status seem to be also correlated, it was hypothesized that remote sensing could 

be used to directly estimate the water status of vineyard areas (Rodriguez-Perez et al. 2007). 

Remote sensing also showed a great potential to assess yield and fruit quality (Best et al. 2005, 

Brancadoro et al. 2006). In the case of aromatic grape cultivars, e.g. Sauvignon blanc, Viognier, 

or Riesling, it would be useful to fmd a strong and effective correlation between remote sensing 
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(reflectance data) and berry monoterpene concentration, components of the general quality of the 

wines, and with the general composition of grapes and wines. 

The main general objective of this study was to assist the wine industry to delineate areas 

within vineyards from which the grapes could be used as part ofa "premium cuvee", a wine with 

potentially better quality (better balance, higher aroma and flavor intensity). The first hypothesis 

was that we could delineate sub-zones within vineyard blocks that were based on soil moisture 

and leaf water potential, and that these sub-zones would be temporally stable. A second 

hypothesis was that we could correlate vegetation indices produced by multispectral remote 

sensing of leaf reflectance with ground data for vine water status and vine vigor, and that these 

different measurements could be correlated with yield and berry composition, and more 

particularly, with the monoterpene flavor components. It was also hypothesized that an 

extension of the correlations between ground and remotely sensed data could be used to predict 

areas in the vineyard that could produce fruit and subsequently wines with high monoterpene 

flavor compound concentrations. In general terms, we hypothesized that these correlations could 

be used to help in making premium wines (with, for example, a richer aromatic composition). 
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Chapter 2 

Literature Review 

The concept of terroir 
The concept of terroir represents all the factors that can be considered as part of the total 

natural environment of a viticultural site, including the soil, the topography, and the climate (van 

Leeuwen and Seguin 2006). The combination of all site factors is more or less consistently 

reflected in its wines from year to year, regardless of enological and viticultural practices. These 

factors can also have a huge impact on the general quality of a wine (Fischer et al. 1999). All of 

the contributing factors are naturally occurring and as such cannot be precisely replicated or 

significantly influenced by management practices (Gladstones et al. 2006). Opinions such as this 

result in important commercial advantages for areas with a long-standing viticultural history such 

as France, where the Appellation d'Origine Controiee (AOC) system has delivered success and 

stability to the French wine system: the notion ofterroir has been here defined by INAO (Institut 

National des Appellations d'Origine, now known as the Institut National de l'Origine et de la 

Qualite). The INAO sees terroir as a combination of a particular geographical area, plant species, 

tradition and specific practices to grow vines and make wine (Rotaru et al. 2010). This way, 

terroir will be the reflection of certain typicity in the wines, typicity than cannot be reproduced in 

other places. 

In New World viticultural areas such as Niagara, grape growing and winemaking decisions 

are made without the benefit of hundreds of years of experience and observations in the same 

viticultural conditions. However, studies in Europe helped to determine the keys to better 

understand and define that notion of terroir in an easy way. Morlat (2005) has defined terroir, by 

slicing it down into smaller areas, and has characterized those areas, assisted by new 

methodologies. He defmed those different smaller areas as follows: first, there is the nature of 

the pedologic substrate, which is basically the soil texture; then, he considers as important the 

type of land that was formed, combined with a particular climate, on a specific pedologic 

substrate; finally, he considered the local climate as an important element, which was a 

combination of elements such as exposure, the altitude, or the presence of water or cliffs nearby 

the vineyard (Morlat 2005). Morlat and Bodin (2006b) showed that soil and climate must be 

considered as the two main factors influencing plant growth and responsible for the specificity of 

a particular terroir. In their study, conducted in Anjou (Loire Valley, France), they particularly 

highlighted the importance of soil texture and soil depth: those two factors had a certain 
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influence on the water supply regime of vines of varietal Chenin blanc and Cabemet franc. The 

two factors cited above were used to determine Basic Terroir Units (BTU). Grapes grown from 

different BTUs had significant differences in berry size and sugar content for the two grape 

varieties cited. 

Studies of terroir in Niagara and beyond 

One of the fIrst to work on terroir was Seguin (1986). He found that the chemical 

composition of the soil does not really have an effect on the wine, or on their quality; the texture 

of the soil will playa more important role. Several studies have been undertaken to investigate 

terroir through soil type. Taylor (2002) looked for an effect of both vine size and soil type on the 

varietal characteristics in Chardonnay, using fIve sites in three different areas of the Niagara 

Peninsula. The author concluded that the vintage and the site were more important for wine 

quality than soil texture or vine size. Reynolds and de Savigny (2001) found inconsistent results 

over a 3-year study for fruit quality measures such as °Brix, TA, pH in Chardonnay and Riesling, 

and monoterpenes in Riesling, in three different Niagara area soil types (clay, sand and silt). 

However, a relationship between vine size and soil type was noted, with generally smaller vines 

and berry weights on clay soils, larger vine size and berry weight on sandy soils, and small vines 

but higher yield on silt soils. A study in a 4 ha Riesling vineyard was another attempt using 

geomatic tools to resolve the question of direct and independent soil and vine vigor effects on 

yield components, berry, must and wine composition, and wine sensory attributes (Reynolds et 

al. 2007, 20l0a, Senchuk 2003). Spatial variability ofmonoterpenes led to the identifIcation of 

sub-blocks that were designated as having potentially higher value for economic exploitation. 

Recent studies in Ontario have defInitively linked soil and vine water status to sensory attributes 

in Riesling (Willwerth et al. 2010), and have shown links between Riesling varietal typicity and 

both soil texture and vine size (Reynolds et al. 2007, 201Oa, Willwerth et al. 2010). Remote 

sensing has also been used to correlate canopy spectral reflectance to vine water status, yield, 

vine size, and berry monoterpenes (Reynolds et al. 201 Ob). Similar studies with Cabemet franc 

showed benefIcial effects of low water status on sensory attributes, and also showed that 

substantial spatial variability in soil and vine water status was demonstrable and temporally 

stable (Hakimi Rezaei and Reynolds 2010a-c).A study conducted in the Okanagan and 

Similkameen Valleys (British Columbia) concluded that the best wines were grown on loamy 

soils, and that soil texture was an important aspect of terroir (Bowen et al. 2005). The authors 

speculated that it was probably due to the ability of these soils to adequately drain, yet retain 

enough moisture to meet the requirements of the vines that influenced wine quality. 
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ill Bordeaux, using three red vinifera varieties (Cabernet franc, Cabernet Sauvignon and 

MerIot) planted on three soil types (clay, sand and gravel), authors proposed that the effects of 

climate and soil on fruit quality were due to their influence on vine water status due to their 

texture (van Leeuwen and Seguin 2006). The best soils produced moderate water deficit in the 

vines early in the season (van Leeuwen et a1. 2004). Another study, conducted in Italy (Tomasi 

et a1. 2005), showed that the soil texture had an effect on the amount of water available for the 

growth of the plant. Depending on the water status of the vines, the resulting wines presented 

different organoleptic complexities and a different tannic structure. To the end, they proposed to 

measure soil moisture as a solution to delineate zones presenting potential differences and as a 

solution for the prediction of wine quality from that location. 

According to most of those studies, it seems that the water holding capacity of the soil is 

the principal factor to delineate those areas within the vineyard that could present a particular 

terroir. Thus, the best way to assess fruit quality and grape maturity is to track vine water status 

through the growing season (van Leeuwen et a1. 2003). 

Influence of terroir on berry composition and canopy 

During the ripening process after veraison, berries accumulate sugars, pH increases and 

titratable acidity decreases due particularly to the metabolism of malic acid (Ruffner 1982, 

Reynolds et a1. 2005). Although harvest usually occurs when sugar concentration reaches an 

acceptable level, the flavor maturity does not necessarily occur at the same time. Reynolds and 

Wardle (1989) found that both free volatile terpenes (FVT) and potential volatile terpenes (PVT) 

continued to accumulate in the berry as pH increased, and that shaded berries accumulated less 

FVT and PVT. Thus it would seem that canopy conditions which provided enough leaf mass to 

ensure a good canopy exposure to the sun, so to ensure ripening and accumulation of sugar, 

produced the highest concentrations of monoterpenes. 

A three-year study in Anjou did not fmd a link between soil type and vine vigor or yield 

(MorIat and Bodin 2006a), but generally found that berries were larger with less concentrated 

sugars and higher acidity from vines located on strongly weathered parent material with a higher 

water-holding capacity (MorIat and Bodin 2006b). They linked the effect of soil type to vine 

water status, as shallower, stonier soils provided a slight water deficit for the vines. 

A similar study in Spain involved two Grenache vineyards. One vineyard had soils that 

were loamy and fertile, when the other vineyard was stonier, less fertile and had less water 

holding capacity. The study found significant differences between those two vineyards: the 
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loamy, fertile vineyard was found to produce fruit with less phenols, and the fruit produced wine 

with lower color intensity than that from the stonier vineyard with less water holding capacity 

(de Andres-de Prado et al. 2007). 

Smart (1974) studied more the effect ofterroir on canopy development. In soils with a 

larger quantity of available water, the canopy was generally denser and parts of it tended to 

become photosynthetically inactive. Another aspect of why canopy density is important is 

fruitfulness of the buds. Depending on the grape variety, forming buds will need a different 

amount a light to get maximal fruitfulness for the following vintage (Sanchez and Dokoozlian 

2005). Too much shade on those forming buds will automatically cause a low fruitfulness during 

the following growing season (Mayet al. 1976). On the other hand, medium vine water status 

resulted in better growing conditions than when water was in excess: it enhanced sugar 

accumulation in the berries. That was due to a significant reduction of the size of the canopy due 

to a decrease of the shoot growth rate (Stevens et al. 1995). The other advantage of such growing 

conditions is that even the leaves located inside the vine canopy are photosynthetically active. 

Moderate water stress helped in reducing the berry size, which can be an advantage during wine

making processes by increasing the skin area/berry volume ratio (Smart 1974). The result is an 

increased concentration of skin compounds after skin maceration. An increase in berry skin 

anthocyanin and tannin content in red grape varieties was also observed (Hardie and Considine 

1976, Koundouras et al. 1999). If irrigated, i.e. an increase of available water, yields and berry 

soluble solids increased (Reynolds et al. 2007a). 

The use of multispectral remote sensing in viticulture 

Multispectral remote sensing provides information about the light reflectance of a 

particular area. Green leaf surfaces reflect strongly in the near infrared wavelengths between 

700 and 900 nm. Photosynthetically active leaves absorb red wavelengths (660-680 nm) and 

reflect green wavelengths (540-560 nm), hence they appear green to the eye. The normalized 

difference vegetation index (NDVI) is a measure ofthe amount of "greenness" in a particular 

location as measured by the reduced amount of red light reflected, normalized by the amount of 

near infrared reflected (Lillesand et al. 2008). 

In general, the value for NDVI red is between -1 and 1, with higher values above 0.67 

indicative of more "greenness" or chlorophyll in the form of plant biomass (Hall et al. 2003). 

Another vegetation index (VI), NDVI green, is based on the amount of green light reflected in 

the band 540 to 560 nm, which is high for green surfaces. Red edge inflection point (REIP) is 
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the wavelength where the maximum gradient within the "red edge" of vegetation occurs, caused 

by the rapid increase in reflectance between the red band of visible light and the infrared. A shift 

to shorter wavelengths for the REIP indicates loss of chlorophyll, while a shift to longer 

wavelengths is a measure of leaf maturity (Turner 2001). All of those vegetation indices were 

shown to be significantly correlated with the water status of Pi not noir vines planted in the Napa 

Valley, California (Rodriguez-Perez et al. 2007), when NDVI showed very strong correlations 

with both yield and fruit quality in two studies conducted in Chile (Best et al. 2005) and 

Northern Italy (Brancadoro et al. 2006). They also showed that remote sensing produced better 

correlations with yield and quality than ground-based leaf reflectance, making remote sensing a 

powerful and easy-to-use tool for managing a vineyard. 

Vegetative indices calculated from reflectance data from multispectral remote sensing can 

be used in conjunction with a geographical information system (GIS) to aid vineyard 

management decisions to improve yield, to provide justification for site improvements, and to 

predict the locations of the best quality fruit (Bramley and Lamb 2003, Marguerit et al. 2006). 

For large vineyards, GIS can be used to illustrate areas of homogeneity, so that differential 

management can be used to increase uniformity and thus make the vineyard more suitable for 

mechanization and precision viticulture (Morris 2001, Ennahli and Kadir 2006). Remote sensing 

and GIS have been used to interpret spatial patterns in leaf canopies caused by diseases such as 

phylloxera (Johnson et al. 1996, Skinner et al. 2001), and to map leaf area index (Johnson et al. 

2003) and vine size and vigor (Hall et al. 2003). Stamatiadis et al. (2006) used a ground-based 

sensor to link leaf reflectance to biomass production and color in a Merlot vineyard in northern 

Greece. Multispectral airborne imaging and GIS were also used successfully to establish sub

blocks within a Chardonnay vineyard in Napa Valley, California to produce a premium wine 

from selected low to medium vigor areas (Johnson et al. 2001). Finally, in an interesting study 

by Lamb et al. (2004) remote sensing was used to predict grape phenolics and color at harvest 

based on correlations with NDVI in a cool climate Cabernet Sauvignon vineyard in Coonawarra, 

Australia. The most important thing was that remote sensing showed that the spatial variability 

observed was stable over time, which means that after a couple of years of data collection, a 

general pattern can be delineated concerning harvest segregation, and processing methods of the 

grapes (Bramley 2005, Bramley and Hamilton 2004). In summary, the literature has supported 

the idea that variations in vine water status in the vineyard will have an important impact on both 

remotely-sensed multispectral imaging and fruit and wine composition. 
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The objective of this study was to determine if differences attributable to "terroir" across 

six sub-blocks, and within each sub-block, of a 10 hectare vineyard at Thirty Bench Winemakers 

in Beamsville, Ontario could be elucidated using vegetation indices such as NDVI calculated 

from leaf reflectance data, and if so, whether data from multispectral airborne imaging could be 

used to predict yield and berry composition, and varietal characteristics such as monoterpene 

concentration in fruit and resulting wines. 
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Chapter 3 

The Use of GPS, GIS and Remote Sensing to Understand 
the Terroir of the Niagara Peninsula. I. Geomatic 

Applications in a Riesling Vineyard 

Abstract 
The main focus of this study was to determine whether soil texture and composition 

variables were related to vine water status and both yield components and grape composition. 

Hypotheses were that vine water status and vine vigor would be correlated with yield and fruit 

composition, and that field and vine characteristics would be temporally stable. Those 

hypotheses were tested in a 10-ha commercial Riesling vineyard at Thirty Bench Winemakers, 

Beamsville, Ontario. The vineyard was delineated using global positioning systems (GPS) and 

519 vines were geo-referenced in six sub-blocks. The vineyard had initially been divided into 

four blocks by the winery for small-lot wine-making. Two of those blocks were further divided 

into two sub-blocks based on vigor (low and high) based on airborne imaging of the vineyard in 

2005. Data were collected bi-weekly between 2006 and 2009. Soil moisture data were collected 

on all the sentinel vines. Leaf water potential ("') was measured on a subset of 134 sentinel vines, 

for which soil texture and composition data were also collected. At harvest, yield components 

were measured (yield per vine and clusters per vine) and a 100-berry sample was collected from 

each sentinel vine, with an extra 400-berry sample for terpene determination from the vines of 

the 134-vine subset. During winter, vine vigor was determined by weight of cane prunings. The 

100-berry samples were analyzed for °Brix, pH, and titratable acidity (TA). The 400-berry 

samples were analyzed for free and potential volatile terpenes. All variables were mapped using 

geographic information systems software, which permitted verification of temporal stability as 

well as correlative and spatial relationships. Soil moisture and leaf", were temporally stable 

throughout the vineyard despite extremely different weather conditions. There was an increase in 

°Brix and pH and a decrease in TA (;:::: enhanced grape maturity) with decreases in soil moisture, 

vine water status, and vine vigor. In the case of excess soil moisture, decreases in vine water 

status, vigor, and fruit maturity were observed: the plant virtually ceased all biological activities. 

Sub-blocks with a higher sand and soil organic matter tended to have higher vigor levels. These 

were also the same sub-blocks that had higher berry monoterpene concentrations. 
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Introduction 

The Niagara Peninsula is considered as a "new" wine producing area. Thus, the basis for 

its terroir effect is unknown. When a region starts producing wine, producers must be able to 

ensure that the growing conditions are adequate for vines, and that they will get a unique 

product, reflecting the combination of particular soil texture, exposure and climate. Soil texture 

and soil depth are the two main factors that influence the most the quality of the grapes and so 

the quality of the wines produced (MorIat and Bodin, 2006a,b). 

Even in a single vineyard, one can find very different soil types. That will provide the 

grower with a different water holding capacity of the soil, and a difference in term of vine water 

intake. Soil texture can be easily defined with a soil physical analysis. But the soil depth and the 

volume of soil the root system can explore cannot be known simply with a simple observation, 

even if soil profiles can help understanding possible problems of plant growth. The best way to 

see differences stable over time is the observation of vine growth and fruit composition over 

several years. 

If soil particularities have an effect on the way vines grow, their consequences can also be 

seen at the fruit level. Thus, it would be interesting for a grape grower to know which parts .ofhis 

vineyard are different, and how they differ, without having to wait a couple of decades to ensure 

that his observations are not simply weather dependent, but are also stable over time. Then, the 

objective at harvest would be to segregate the fruit depending on its maturity and specific 

composition. Once carried out, that segregation will allow the production of a high quality wine 

from the best fruit, and a regular cuvee from the rest of the fruit. That high quality cuvee will be 

more liable to be representative of the particular terroir of the vineyard. Some previous studies 

showed that soil quality (i.e. water holding capacity) and vine water status have a great effect on 

vine vigor, canopy development and fruit maturity (Hardie and Considine 1976, Koundouras et 

al. 1999, Tomasi et al. 2005, van Leeuwen et al. 2003). In the case of this study, working with 

Riesling, it can be considered that a terroir wine has a higher concentration in berry 

monoterpenes since that compound is the one that will give its own personality to the wine. Brix, 

pH and titratable acidity, even if constituting important information about fruit quality, will play 

only a secondary role. One of the characteristic of Riesling wines produced in Niagara is that 

they present a medium range of alcohol content (;:::::11 % alc.), a generally low pH and high 

acidity. 

23 



The objective of the study was to show that the effects of different soil types were directly 

observable on plant and fruits, in terms of vigor, plant activity (vine water status) and fruit 

composition. The other objective ofthe study was to show that those differences were stable over 

time: terroir is something that needs to be found year after year in the same areas of a vineyard in 

order to make a wine reflecting it. 

The hypotheses for this study were that soil texture and vine water status would be strongly 

correlated with vine vigor, and that all those three factors had an effect on berry composition, 

particularly on the monoterpenes of the grapes. A second hypothesis was that discrete zones of 

spatial variability could be delineated within the study vineyard, and that these zones would be 

temporally stable. 

Materials and Methods 

The study site. Location. The study took place on a 10 ha Riesling vineyard located at 

Thirty Bench Winemakers, Beamsville, Ontario. Initially, the vineyard had been divided into 

three blocks (Wooden Post: WP; Steel Post: SP; Triangle: TR) based upon location within the 

vineyard. The vineyard was further divided into six sub-blocks (sous-terroirs) in 2005 using 

high-resolution, low elevation aerial images, taken by Dr. Ralph Brown, University of Guelph, 

Ontario. From those images it appeared that some parts ofthe vineyard had different potential 

vine vigor levels. The vineyard manager requested that some rules were followed for sub-block 

delineation: those had to be of a rectangular shape, and of an area> 1.5 ha. The consequences 

were that block delineation didn't always follow the patterns observed on airborne images, 

sometimes splitting one single high vigor zone into two different vigor zones. Thus, the WP and 

SP blocks were split into high and low vigor sub-blocks (Reynolds et al. 2010b). A large high 

vigor sub-block south of the WP sub-blocks was named Les Erables (LE). SP high and low 

vigor sub-blocks were located just east of the WP and LE sub-blocks. The last sub-block was 

TR. It was separated from the five other sub-blocks by a wooded ravine, and was located on the 

eastern edge of the vineyard. A system of different colored flagging tapes was used to 

differentiate the vines within different sub-blocks: the vines in the low vigor sub-blocks (for both 

the WP and the SP blocks) were flagged with blue tape; the high vigor sub-block vines were 

flagged with yellow tape; this is of relevance in the designation of these blocks hereinafter. 

Description of the study site. The Riesling vines of the study site were of different ages 

but of the same clone (Weis clone 2IB). In the Triangle, the oldest sub-block, the vines were 

planted in 1981. The two Steel Post sub-blocks were planted in 1983, and the Wood Post and Les 
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Erables sub-blocks were planted in 1984. All vines were grafted onto S04 rootstock. The vines 

were planted at 2.4m x l.2m (row x vine) spacing, trained to a double Guyot trellis system, and 

pruned to two 12-node canes with renewal spurs. The vigor was managed with regular hedging, 

and basal leaf removal was performed in the fruiting zone on the east side of the vines prior to 

berry touch. Floor management was permanent sod in alternate rows with::::: I-m herbicided 

strips under the vines. Each vineyard block received the same viticultural treatment during the 

growing season. All six sub-blocks were underdrained, with drainage tiles located midway 

between two rows, at a depth of::::: 0.7 meters. 

Experimental design. Choice of sentinel vines. Sentinel vines were chosen within each 

sub-block to form a regular grid pattern across the entire study site (Fig. 3.1). Their number in 

each block was proportional to its size. The Les Erables was the largest sub-block; it contained 

162 sentinel vines. The two Wood Post sub-blocks were similar in size, both containing 72 

sentinel vines. In the Steel Post blocks, the size of the high and the low vigor sub-blocks was 

unequal, with Steel Post Blue (low vigor) containing 90 sentinel vines and Steel Post Yellow 

(high vigor) containing 44 sentinel vines. The Triangle block contained 79 sentinel vines. 

Eleven variables (including soil moisture, yield and berry composition) were measured for 

each of the 519 sentinel vines and an additional seven variables (including leaf water potential, 

leaf reflectance, berry monoterpenes) were measured on a subset of 134 sentinel vines distributed 

across the six study sub-blocks, during the whole vegetative period (from the bud burst to 

harvest). The spatial distributions of the 519 vines and the subset of 134 vines, respectively, are 

found in Fig. 3.1. 

Geomatic tools. Global positioning systems (GPS). A global positioning system 

(GPS900, Leica Geosystems) was used in 2006 to delineate the shape and size of the vineyard 

and the sub-blocks and to geolocate (latitude, longitude and elevation) each of the sentinel vines 

that were used for data collection. The GPS900 had an accuracy of::::: 5 cm, ensuring a high 

accuracy of the data when used to create spatial representations of the measured variables, thanks 

to GIS software. 

Geographic information systems (GIS). The geographical information system (GIS; 

MapInfo Professional 9.0 and Vertical Mapper 3.0, MapInfo Corporation, Troy, NY) was used 

for capturing, storing, analyzing, managing and presenting those data that were spatially 

referenced (Fig. 3.1). Inverse distance weighting (IDW) interpolation was used to create a 

continuous surface from the point data, and a contour map with seven intervals was then 

25 



generated with a corresponding legend (Fig. 3.2). Those maps helped in comparing data sets 

within vintages, in order to fmd any relevant spatial correlation; but also to compare vintages and 

judge the temporal stability of particular variables like soil moisture, leaf water potential or berry 

composition: a general trend can only be delineated if within a vineyard we can observe the same 

differences every year. 

Soil analysis. In 2008, soil samples (:::: 200g) were collected at each subset sentinel vine 

(134 vines) using a 3 cm x 75cm (diameter x length) soil probe (:::: 20 cm from the trunk) in May 

2008 and analyzed by Agri-Food Labs, Guelph, Ontario. Two soil cores were taken on both 

north and south sides ofthe vine. The samples were taken between depths of 10 and 75 cm. The 

two samples were then blended, resulting in a fmal sample of:::: 200 g. They were analyzed for 

pH, organic matter (OM), potassium (K), magnesium (Mg), phosphorus(p) and calcium (Ca) 

concentrations as well as cation exchange capacity (CEC) and texture (percent of sand, silt and 

clay). Those data were included in each statistical analysis in order to see any potential effect on 

vine and/or grape characteristics. The spatial distribution for soil texture (% clay, sand and silt) is 

shown in Fig. 3.2 as well as pH, OM, CEC (Appendix Figure I) and soil nutrient composition 

(Appendix Figure II). 

Soil and vine water status. Soil moisture. According to Tomasi et al. (2005) the 

physical properties of the soil and water dynamics are important factors that affect the qualitative 

expression of the vineyard. The water status of the soil is one of the most important factors 

entering in the notion ofterroir (Seguin 1986). Thus, soil hydraulic characterization was 

considered in this investigation as the fundamental tool in vineyard zoning investigation. 

Soil moisture was determined every 2 weeks throughout each of the four growing seasons 

using time-domain reflectometry (TDR). The TDR is a shaft-mounted instrument that determines 

the accurate volumetric water content of the soil (m3 water/m3 soil). A FieldScout TDR 300 Soil 

Moisture Probe (Spectrum Technologies Inc., Plainfield, IL) was used in this study; for specific 

details of this method see Hakimi Rezaei and Reynolds (20 lOa-c). It has the advantage of using a 

balanced two-wire system that allows the operator to sample a large volume of soil (Whalley 

1993). The TDR uses the dielectric permittivity (I':) to determine the volumetric water content. 

The two probe rods (20 cm length) act as wave guides. The signal travels through the length of 

the rods and is partially reflected when it reaches the interface between the rod tips and the soil. 

The measurement volume is an elliptical cylinder, extending radially 3 cm from the rods with a 

height equal to the length of the rods (20 cm). The measured volumetric water content is the 

average measured over this entire volume. 
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Measurements were taken on both the southern and the northern sides of the trunk by 

inserting the rods fully into the soil.. Data collection took place on three different dates in 2006 

(1: 18 July; 2: 2 August; 3: 11 August), seven dates in 2007 (1: 10 July; 2: 16 July; 3: 23 July; 4: 

10 August; 5: 16 August; 6: 24 August; 7: 6 September), eight dates in 2008 (1: 11June; 2: 4 

July; 3: 15 July; 4: 28 July; 5: 14 August; 6: 25 August; 7: 10 September; 8: 22 September) and 

six dates in 2009 (1: 6 July; 2: 13 July; 3: 27 July; 4: 13 August; 5: 24 August; 6: 10 September). 

The number allocated to each date is the one to refer to when reading Tables 3.3 and 3.5. 

Lea/water potential (lea/VI). Midday leaf water potential ('I') was measured biweekly 

throughout each of the four growing seasons using a Scholander pressure bomb. It measures the 

leaf '1', which is defined as the sap tension within the xylem vessels of the stem of the leaves. The 

pressure bomb reading is equivalent to the negative force with which the water is held by leaf 

cells. The higher the pressure values, the higher the water stress. Midday leaf 'I' was the 

preferred method in this investigation rather than other measurement methods (predawn leaf 'I' 

and midday stem '1'), because it allows data collection on a large subset of sentinel vines (134 

vines) in less than a day and half. Moreover, Williams and Araujo (2002) showed that the results 

of those three methods are always closely related, and highly correlated to soil water content. 

The pressure intervals that are usually used to describe the level of water stress of the plant 

were low (> -12 bar), moderate (-12> P > -14 bar), and high « -14 bar). The Compact Plant 

Water Status Console (Soil-Moisture Equipment Corp., Santa Barbara, CA), as described by 

Turner (1988) was used to measure leaf'l'. For every sentinel vine, the leaf 'I' measurements 

were made on a 2-week cycle, on the same days as soil moisture. The leaf 'I' readings were 

collected on sunny days and between 1000h and 1600h and on two fully expanded basal leaves 

taken from a primary (fruiting) cane. These leaves were fully exposed to the sun, in good shape, 

and intact. If the data of the first two measurements differed by more than 10%, a third 

measurement was taken. For specific details of this method see Hakimi Rezaei and Reynolds 

(2010a-c). 

The whole procedure, from sampling the leaf at the vine until increasing the pressure, took 

< 20 seconds in order to reduce transpirationallosses (Turner and Long 1980), which can also be 

a cause of possible errors. Data were expressed in terms of absolute leaf 'I' values, although a 

tension force was measured which has a negative value. Data collection for leaf 'I' took place on 

three different dates in 2006 (1: 18 July, 2: 2 August; 3: 11 August), four dates in 2007 (1: 13 

July; 2: 2 August; 3: 17 August; 4: 6 September), seven dates in 2008 (1: 4 July; 2: 15 July; 3: 28 

July; 4: 14 August; 5: 25 August; 6: 10 September; 7: 22 September) and six dates in 2009 (1: 6 
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July; 2: 13 July; 3: 27 July; 4: 13 August; 5: 24 August; 6: 10 September). The number allocated 

to each date is the one to refer to when reading Tables 3.3 and 3.5. 

Yield components. Cluster number and yield. Since the site was a commercial 

vineyard, the date of the harvest was chosen by the winery. Harvest dates were: 30 September to 

2 October (2006); 28 to 30 September (2007); 6 to 8 October (2008); 5 to 7 October (2009). 

Yield per vine was measured using an electronic scale (Mettler Toledo SB32000) and number of 

clusters per vine was counted. This was crucial, since soil texture could have affected yield 

(Morlat and Bodin 2006b). Prior to harvest, an interpolation map of water status was created in 

order to interpolate the water status of the remaining vines (low, medium or high) for which leaf 

'II was not measured. The maps used in 2006 to 2009 are seen as figure 3.3. 

Berry sampling. While harvesting, 100- and 400-berry samples were taken randomly from 

all clusters on each sentinel vine. The 100-berry samples were taken on all sentinel vines, but the 

400-berry samples were only taken on the vines used for the determination of the berry volatile 

monoterpenes (subset of 139 sentinel vines). Each berry sample was placed in a labeled zip-lock 

bag and frozen at -25°C until further analysis. 

Vine size. Weight of cane prunings was determined for all 519 sentinel vines as an 

estimate of the vigor of the vines (Marguerit et al. 2006). These data were missing in 2006, and 

only partially collected in 2007 as the winery crew started to prune before the beginning of data 

collection. However, full sets of vine vigor data were collected in 2008 and 2009. In order to 

facilitate the statistical analysis of the data, vigor levels were delineated each year. To do so, a 

graph was used (Appendix Figure III) with total weight of cane prunings per vine (x axis), and 

the total number of vines for each cane pruning weight (y-axis). That graph was then divided into 

three levels of vigor (low, medium or high) depending on the natural peak separations observed. 

Berry weight and composition. Berry sample preparation. Each berry sample was 

weighed to determine the mean berry weight. The entire 100-berry sample was poured into a 

labeled 250-mL glass beaker for processing. The frozen berry samples were then heated to an 

internal temperature of 80°C for about an hour in a Fisher Scientific Isotemp 228 water bath 

(Fisher Scientific, Ottawa, ON) to dissolve any precipitated tartaric acid. Heated berry samples 

were then cooled, juiced in a laboratory juicer (Omega Products Inc., Harrisburg, PA, model 

500), and a:::::: 35-mL portion was clarified using a IEC Centra CL2 Centrifuge (International 

Equipment Co., Needham Heights, MA). Please refer to Reynolds et al. (20 I Ob) for others 

details of berry analysis. 
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Berry components analysis: °Brix, pH and titratable acidity. Soluble solids (OBrix) were 

measured on the unclarified berry juice samples using a temperature-compensated Abbe bench 

refractometer (American Optical Corp., Buffalo, NY, model 10450). The pH was measured 

using an Accumet pWion meter Model AR50 (Fisher Scientific, Ottawa, ON). Titratable acidity 

(TA) was measured on the clarified sample using a Man-Tech PC-Titrate autotitrator (Man-Tech 

Associates Inc., Guelph, ON, model PC-1300-475). The 5-mL samples were titrated to an end

point of pH 8.2 with 0.1 N NaOH solution. Results were expressed as tartaric acid equivalents 

(gIL). Tartaric acid standards of8, 10 and 12 gIL were run twice at the beginning and the end of 

each titrator run. 

Berry monoterpene analysis. Monoterpenes were analyzed in duplicate for 139 berry 

samples using the method developed by Dimitriadis and Williams (1984) as modified by 

Reynolds and Wardle (1989) and reported by Reynolds et al. (2007b, 201Oa,b). Berry samples 

were homogenized to allow distillation with the skins, since> 75% ofmonoterpenes are located 

in the skins (Wilson et al. 1986). Free volatile terpene (FVT) and glycosidically-bound terpene 

(PVT) fractions were collected in 25-mL and 50-mL volumetric flasks, respectively, within 

separate distillations of 12 to 15 minutes. The FVT and PVT concentrations of each sample 

were determined spectrophotometrically by comparing the absorbance of the sample at 608 nm 

using an Ultrospec UV/visible spectrophotometer Model 2100 Pro (Biochrom Ltd., Cambridge, 

UK) to reacted samples of standard concentrations (1, 2,5, 10, 15, and 20 mglL) oflinalool, a 

representative monoterpene found in grapes (Marais 1983, Dimitriadis and Williams 1984). 

FVT and PVT distillates were expressed as mglkg. 

Statistical analyses. XIStat (Addinsoft, Paris, France) was used for all statistical 

analyses. Analysis of variance (ANOVA) was used to analyze the interaction effects of sub

blocks and vigor levels or sub-blocks and vine water status on leaf,!" soil moisture, yield, berry 

composition, leaf reflectance, and to investigate any potential correlations with field 

characteristics (soil texture, OM content, CEC, soil pH and ground elevation).The combination 

sub-blocks x vigor or sub-blocks x water status were used in order to increase the numbers of 

observations (or categories) that will then appear on the principal component analyses (PCA). 

Water status was found for each single sentinel vine using the interpolation map made prior to 

harvest. Vigor zones were based upon the cane pruning method as described previously. To see 

which observations were different or could be grouped together, a Fisher Least Significant 

Difference (LSD) was performed, and Duncan's multiple range test was used to determine 

differences between means. Variables that were significant with ANOVA were subjected to 

29 



PCA. PCA helped to better "map" correlations between the variables (field and laboratory 

measurements) and the observations (block x water status or block x vine vigor level 

combinations). 

Results 

In order to use the sub-blocks for further analysis, since four of the six sub-blocks were 

based upon vigor, it was initially considered of interest to test the significance of the vigor factor 

between the six sub-blocks. As stated previously, there was a partial data set for 2007 (SPB and 

Spy sub-blocks were missing), but complete data sets existed for both 2008 and 2009. The 

ANOVAs for the three different vintages are found in Table 3.1. The vigor levels were different 

within the sub-blocks each season. But, results for the Fisher LSD indicated that in 2007 and 

2008, both WP sub-blocks (that had been initially based on apparent vigor) were not different in 

terms of vine vigor. The same observation was made for the two SP sub-blocks in 2008: both 

sub-blocks were not different with respect to vine vigor. Both WP and SP categories only 

showed differences between their high and low vigor sub-blocks in 2009, and only within the 

high vigor sub-zones observed in the field. The WPY (high vigor) and WPB (high vigor) were 

indeed in different groups in 2009 (Table 3.1). The SP sub-blocks showed similar trends 

between the vigor sub-zones. However, according to the means, both putative low vigor blocks 

(WPB and SPB) had higher vigor levels than the two high vigor blocks (WPY and Spy). This 

can be explained by the fact that vigor blocks could not be directly delineated based on the 

observation of airborne images. 

With differences found in only one case out of five, and with reversed results than those 

expected, one can therefore consider the vigor sub-blocks (WPB vs. WPY; SPB vs. Spy) as not 

different from each other in terms of vine vigor. For that reason, the whole vineyard was 

considered as a single entity, and all the statistical analyses were performed with all the sub

blocks pooled. The advantage in doing so was that variables showing differences between sub

blocks could still be linked to sub-block characteristics based on soil texture differences. 

Season 2006. Correlations. The matrix of correlations indicated that leaf", values 

collected throughout the season were well correlated to each other, except for leaf", values 

measured on 2 and 11 August (Table 3.2). Since they were all highly correlated (p<0.0001) to 

the mean leaf"" the mean leaf", was used for further analysis. Soil moisture values from all the 

sampling dates were also highly correlated (p<0.0001) to each other, therefore the mean soil 

moisture over the growing season was used for analysis. Similarly, there were very strong 
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correlations between FVT, PVT and total volatile terpenes (TVT), and therefore, the TVT data 

were exclusively used as the main metric for statistical analyses. There were positive 

correlations between soil moisture (p<O.OI for each of the different sampling dates, and 

p<O.OOOI for the mean soil moisture) and clay content, suggesting that the higher the clay 

content of the soil, the higher the soil moisture. There were also positive correlations between 

soil moisture and ground elevation, suggesting that the higher the elevation, the higher the soil 

moisture. Soil moisture had a low correlation with leaf,!, (p<0.05), but it was highly correlated 

(p<0.0001) with yield, while yield was clearly not correlated with leaf,!, (p=0.274). There was a 

very high negative correlation (p<0.0001) between leaf,!, and TA, suggesting that the lower the 

absolute value ofleaf,!" the higher the TA. Terpene concentrations were well correlated with 

soil moisture and yield. TVT were positively correlated with soil moisture (p<0.01), and 

negatively correlated (p<0.05) with yield. 

Analysis of variance. The results for the ANOVA can be seen in Table 3.3. As explained 

previously, vigor could not be assessed in 2006 since vines were pruned prior to data collection. 

Consequently, the ANOV A had 18 sub-block x water status categories ("treatments") only. In 

total, 24 variables were used for ANOVA, including soil variables, four leaf,!, and four soil 

moisture variables, and several yield and berry composition variables. Out ofthose 24 variables, 

21 were successful in discriminating the 18 categories (Table 3.3). 

Principal components analysis. Since the data from the leaf,!, and soil moisture sampling 

dates could be expressed in terms of the mean values for the growing season, and monoterpenes 

could be represented as TVT only, there were 14 variables to use in a PCA. The resulting biplots 

are presented as Fig. 3.4A and B. The two first axes, Fl and F2 explained 62.01 % of the total 

variability among the variables and combinations. Examining the observations in the first biplot 

(sub-block x water status combinations) only, among sub-blocks, the discrimination between 

water status sub-zones was not high (Fig. 3.4A). SPB was the only sub-block for which high and 

medium water status sub-zones were clustered on the left side ofthe graph, and SPB-Iow water 

status was by itself on the right side of the graph. For the other sub-blocks, low, medium and 

high water sub-zones were always clustered together. Examining the eigenvectors, one can see 

that Brix was related to leaf,!,: the lower the leaf,!" the higher the Brix level; but neither variable 

was correlated with soil texture, composition, or soil moisture. There were high correlations 

between clay content, CEC, soil pH and soil moisture. On the other side of the plot, and 

negatively correlated with the previously cited variables, were sand content, yield, and soil OM 

content. There was a clear negative correlation between clay and sand, and higher soil moisture 
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in clay soils. Elevation was negatively related to leaf '1': higher elevations were associated with 

higher leaf '1'. Correlations were also apparent between TA, Brix and pH; TA and pH were 

negatively correlated, and pH and Brix were positively correlated, and consequently the higher 

the TA, the lower the pH, and the lower the Brix. TVT was not correlated to leaf '1', but was to 

soil moisture, yield and soil texture and composition. Generally, the higher the soil moisture, the 

higher the TVT, but higher TVT concentrations seemed to be characteristic oflow-yielding vines 

(opposed eigenvectors). 

If one considers both observations and variables, three groups could be delineated. The 

fIrst cluster was located in the bottom right side of the biplot, and grouped all the water status 

sub-zones for LE, WPY and WPB sub-blocks. Those sub-blocks were characteristic of a higher 

elevation, higher T A and soil moisture. They also had a higher TVT concentration, and their soil 

texture was essentially clay. The second cluster grouped the TR sub-block plus SPB-LWS sub

zone. Those two sub-blocks I sub-zones generally had a higher pH and Brix, and a lower vine 

water status (higher absolute value of leaf '1'). The last cluster grouped the rest of the sub

blocks/sub-zones--SPY, SPB-HWS and SPB-MWS. That part of the vineyard seemed to be 

mostly sandy with lower soil moisture and higher yields, but lower TVT concentrations. 

In the second biplot, which explained 58.73% of the total variability, the situation was 

different, and although there were some similarities with the previous biplot, there was still no 

trend to delineate clusters among water status sub-zone combinations (Fig. 3AB). Sand, yield 

and soil OM content were again correlated, with their eigenvectors being very close to each 

other. On the other side of the plot, there was a good correlation between clay content, soil 

moisture, soil pH and CEC, and to some extent, these were correlated to T A. Leaf'l' was still not 

correlated to any soil texture or composition variable nor to soil moisture or yield. The short Brix 

eigenvector suggested that Brix did not explain much variability in the data set. Again, the SPY, 

SPB and TR sub-blocks were characterized by sand content in the soils, whereas LE, WPY and 

WPB had higher soil clay contents. 

Spatial variability. The last fIgures for this vintage 2006 depict maps made for field and 

berry composition measurements (Fig. 3.5A, 3.6A, 3.7 to 3.9). These maps describe spatial 

variability within variables and spatial correlations between variables. Areas with high soil 

moisture also had low absolute values of leaf 'I' (high water status), which indicated a potential 

low hydric stress ofthe vines. With the increase of this stress, the berry.Brix and pH were higher 

and TA was lower. The last interesting observation worthy of note is that higher soil moisture 

was associated with higher berry monoterpene concentration. 
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Season 2007. Correlations. The matrix of correlation is found in Table 3.4. As per 

2006, all data collection dates were correlated to the mean over the whole growing season for 

both soil moisture and leaf",. Soil moisture was correlated to the soil texture, and in particular 

the clay content of the soil (p<0.01), but not correlated with leaf"" and showed a low correlation 

(p<0.05) with berry weight. Once again, soil moisture was highly positively correlated to 

elevation: the higher the elevation, the higher the soil moisture. Leaf", was again negatively 

correlated (p<0.01) to TA; the higher the absolute leaf", value, the lower the vine moisture, and 

the higher the T A. In this matrix of correlation, one can also see that although all terpene-related 

variables were highly correlated to each other (p<0.0001); the strongest correlations were 

observed with FVT: leaf", was not correlated to FVT, but soil moisture was positively correlated 

to it. Yield was not correlated with FVT, but clusters per vine were negatively correlated with 

both PVT and TVT. Berry weight was correlated positively with FVT (p<0.0001), PVT (p<0.01) 

and TVT (p<0.01), suggesting that the higher the berry weight, the higher the terpene 

concentration. Vine size seemed to be positively correlated with yield (p<0.0001), Brix 

(p<0.0001), pH (p<0.0001), and FVT (p<0.05), and negatively correlated with TA (p<0.0001). 

Analysis of variance. The ANOVA involved a total of30 variables (Table 3.3). It 

included the p values for both sub-blocks x water status and sub-blocks x vigor combinations. In 

the first case, all the variables were significant to discriminate observations, except silt content, 

so a total of29 significant variables were retained. After some variables were grouped, a total of 

16 variables were retained, which were the ones used for PCA. Concerning the second case, sub

blocks x vigor analysis, three variables were not significant, which gave a total of 27 significant 

variables (Table 3.5). As per sub-blocks x water status analysis, all the variables which could be 

grouped were removed. This provided a final list of 17 variables that were used to run the PCAs. 

Principal components analysis. The PCAs depicting water status sub-zones are found as 

Fig. 3.10A (Fl vs. F2) and B (Fl vs. F3). If one examines sub-zones only in the first biplot, one 

can see that there are three groups, or clusters. The first cluster grouped all the SPY, SPB and TR 

water status sub-zones, except SP-LWS, and these were all located in the bottom part of the 

biplot. In the top part of it is the second cluster, grouping all the LE, WPY and WPB sub-zones, 

except WPY -L WS. Concerning the sub-zone positioning, in the two sub-blocks that had all three 

water status sub-zones (SPB and WPY), high and medium water status were always clustered 

together, whereas low water status was significantly separated from the other water status sub

zones. In our case, the SPB-L WS and WPY -L WS sub-zones were together located in the bottom 

right comer of the biplot. Concerning the eigenvectors and their position, some of the 
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relationships were similar to what was found in 2006: absolute value of leaf 'I' was still very well 

correlated to Brix, and opposed to T A. In 2007, vigor level appears on the biplot. Its relation to 

TVT was very high, as was the case with all three yield components (yield, berry weight and 

number of clusters) and berry pH. Soil moisture showed a good correlation with clay content and 

elevation. There was still no relationship between TVT and leaf '1'. Considering the whole biplot, 

the fIrst cluster (WPB, WPY and LE sub-blocks) was associated with higher clay content, higher 

soil moisture, higher yields and higher T A. The Brix values were lower in those sub-blocks, and 

the water status higher. The second cluster (TR, SPB and Spy sub-blocks), showed higher vigor, 

higher sand content (also found in 2006), and higher berry TVT concentration. Contrary to 

2006, berry TVT concentration was in 2007 more related to soil sand content than clay content in 

soils. The last cluster grouping SPB-LWS and WPY-LWS sub-zones showed a low leaf '1', i.e. a 

low vine water status, and a lower yield, but higher berry Brix. 

The second biplot showed similar trends (FI x F3; Fig. 3.lOB). Absolute value ofleaf'l' 

and Brix were correlated, but the difference with those two axes was that a correlation between 

leaf'l' and soil texture could be observed: leaf'l' was highly related to % clay, and inversely 

correlated to sand content. TVT was still correlated to yield, % sand, OM content and also vigor. 

However, soil moisture could not be used to draw conclusions, since its vector was too short to 

significantly impact variability. 

The next biplot, representing the analysis for sub-blocks x vigor combinations, had only 12 

observations; as said previously, vine vigor could not be assessed in 2007 on SPB and Spy sub

blocks (Fig. 3.11). The FI X F2 biplot explained 77.15% of the variability and so it was 

sufficient for it to be used on its own. Clusters were difficult to delineate on this biplot. However, 

all the combinations were in a line, going from high vigor(HV) in the upper left quadrant, then 

medium vigor (MY) in the middle, to low vigor (LV) in the bottom right quadrant. One can 

therefore make three vigor groups: HV in the top part of the biplot, MY centered on the FI axis 

(x-axis) and fmally LV on the bottom part. Groups based on sub-block were also noticeable, with 

F2 axis (y-axis) as the limit: TR and LE sub-blocks appeared on the left side, and WPB and 

WPY on the right side. Considering eigenvectors only, one can find again some relationships 

common to the previous analysis: absolute value ofleaf'JI was correlated to Brix, and completely 

opposed to clay content and soil moisture. The difference this time is that leaf 'I' was also related 

to TVT: the lower the water status, the higher the TVT. Vine vigor was related. to berry pH, to 

higher yields and lower T A, but neither were related with soil moisture or leaf '1', nor with soil 

texture (clay content in this case). Examining the biplots in their entirety suggests that HV zones 
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were related to higher yields, higher berry pH, and lower T A. The MV zones showed a 

relationship with Brix and TVT berry concentration, but this depended on the soil texture, and 

the soil moisture: Brix and TVT concentration would have been higher if the soil was low in 

clay, and therefore having lower soil moisture, which would have apparently been the case for 

the fIrst sub-block group containing TR and LE. Finally, LV zones were mostly related to low 

yields, lower water status (high absolute value of leaf'll), and lower soil moisture. 

Spatial variability. All the fIeld and berry composition maps are found in Fig. 3.8B, 3.6B, 

3.12A and 3.13 to 3.15. The spatial correlations one can observe on those maps are the same as 

in 2006: soil moisture was negatively correlated to leaf'll, suggesting that the higher the soil 

moisture, and the higher the vine water status, the lower the vine water stress. Areas with higher 

potential water stress had higher Brix and pH, and lower T A. In the other hand, areas with higher 

soil moisture were also those having a higher berry monoterpene concentration. 

Season 2008. Correlations. The matrix of correlation for the season 2008 is found in 

Table 3.6. Once more, soil moisture (individual sampling dates and mean) were highly correlated 

(p<0.0001) to each other. Concerning leaf'll, there were good correlations for all sampling dates, 

except for the two sets of data collected in September. However, all the individual sampling 

dates were highly correlated (p<0.0001) to the mean. Thus, only the mean soil moisture and leaf 

'I' were used to describe correlations. 

As per 2006 and 2007, soil moisture showed positive correlation (p<0.01) with clay 

content and elevation (p<0.0001). However, the only fIeld variable that showed a high level of 

correlation with leaf'll (p<0.05) was elevation; there was nothing signifIcant between leaf'll and 

any of the soil texture variables or OM content. Following the same trend as per 2007, leaf'll and 

soil moisture were not correlated in 2008. Soil moisture showed some very good correlations 

with yield components (p<0.0001 for with both yield and number of clusters) and vine vigor 

(p<0.05). Regarding absolute value ofleaf'll in 2008, it was not correlated with yield, but was 

negatively correlated with berry weight (p<0.01). Leaf'll was also correlated with vine vigor 

(weight of cane prunings). Finally, leaf'll was not well and consistently correlated with berry 

composition variables, except terpenes, and only for leaf'll measured at the end of the summer 

(mid-September). Once more, FVT, PVT and TVTwere highly correlated to each other. Thus, 

only the TVT variable was used for further analysis. TVT showed good negative correlations 

with yield and clusters (p<0.01 in both cases) and positive correlation with soil moisture 

(p<0.01). Vine vigor was negatively correlated with soil moisture (p<0.05) and leaf'll (p<0.01). 
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It was positively correlated with all three yield components (yield, number of clusters and berry 

weight;p<O.OOOI), Brix (p<0.0001) and terpene concentration (p<0.0001). 

Analysis of variance. As per 2007, there were two types of combinations for ANOVA and 

peA. There were a total of 34 variables to run the ANOV A for the sub-blocks x water status 

combinations (Table 3.3). Overall, 31 of those variables showed some significance to 

discriminate the combinations. After grouping all the variables that were highly correlated to 

each other, there was a list of 14 variables used for peA. For the other type of combinations, 

sub-blocks x vigor, there were initially 34 variables, of which 30 were significant for 

combination discrimination (Table 3.5). A final number of 16 variables were used for peA. 

Principal components analysis. The first biplot type represents the observations and 

variables relationships for the first combinations: sub-blocks x water status (Fig. 3.16). One can 

delineate two water status groups, depending upon their position and distance in the biplot. The 

first group was composed ofMWS and LWS sub-zones, and was mostly located in the left part 

of the biplot; the other group was located on the right side, and was essentially composed of 

HWS sub-zone combinations. There were also three sub-block clusters; along the Fl axis, on the 

right side of the biplot were grouped LE, WPY and WPB· sub-blocks, while in the lower left 

quadrant was the cluster grouping SPB and SPY, and the TR sub-block cluster, by itself, was in 

the upper left quadrant. As per 2007, a higher absolute value of leaf,!, was associated with a 

higher Brix, but it was also linked to higher yields and higher vigor level (higher weight of cane 

prunings). Vigor and yield seemed to be inversely related to soil moisture and clay soil content, 

and to some extent related to higher sand content. TVT was not related to vigor, but was related 

to leaf,!, and Brix: the lower the water status (high absolute value ofleaf'!'), the higher the Brix 

and TVT. By examining the biplots for 2008, the first water status cluster, HWS, was highly 

related to higher clay content in the soil, higher soil moisture, and higher TVT, while the second 

and last water status cluster grouping L WS and MWS, was more related to sand content in the 

soils, higher vine vigor, higher yields, and lower TVT. The second type of clustering was sub

block-related. The first cluster, LE, WPY and WPB, was related to higher soil moisture, which 

was associated with clay content in the soil, as per the previous vintages, and also with higher 

TVT; the second cluster was only represented by TR sub-block, and was related to high vine 

vigor, high yield (as found on the two previous vintages), but also related to low leaf,!" so lower 

water status, and higher Brix. 

The second type ofbiplot concerned the second combination: block x vine vigor, with a 

representation of FlIF2 (Fig. 3.17A) first, explaining 67.26% of the total variability and then 
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FlIF3 (Fig. 3.17B), which explained 54.21 % of the variability. In the biplot representing FI 

versus F2, there was no clear separation of vigor classes as per the previous vintage. However, 

there were two different vigor clusters: on the top part of the biplot, one can fmd most of the 

medium and high vigor (respectively, MY and HV) combinations. Thereafter, there were no 

clear vigor-related clusters. The only other cluster grouped both TR and LE sub-blocks, and was 

located on the right side of the F2 axis. The other sub-blocks are mixed all together on the other 

side of the axis, with WPY and WPB tending to align along the F2 axis. The relationships 

between eigenvectors was completely different from 2007; the lower the leaf"" (the lower the 

water status), the lower the Brix, TVT, vine vigor and soil moisture, but the higher the sand 

content and elevation. On the other hand, vine vigor showed a very strong relationship with 

higher yields, Brix and TVT. Those observations, on top of being opposed to what was found in 

2007, were also very different to what was observed in 2008 with leaf", as the sub-block factor. 

In the FI versus F3 biplot, one can observe once again similar correlations: sand content in 

the soil, OM, yield and to some extent leaf", were all correlated. Vine vigor was not a significant 

variable, and could not be used to explain the variability since its eigenvector was too short. 

However, there was a good correlation between TVT, clay content, soil moisture, CEC, and soil 

pH, as per the FI versus F2 biplot. Differences were extremely minor here, and lead one to ·the 

same conclusions established with that previous biplot. 

Spatial variability. Spatial variation was seen in all field and berry composition maps (Fig. 

3.5C, 3.6C, 3.12B, 3.18 to 3.20). Once again, there were the same spatial correlations as per 

2007 and 2008: first of all, there were positive correlations between soil moisture and vine water 

status. But contrary to the two past vintages, soil moisture and leaf", were highly correlated to 

all three yield components. Here, the higher the soil moisture and the vine water status, the 

higher the yield and the number of clusters, and the lower the berry weight. Then, berry maturity 

was again directly inversely linked to soil moisture: the higher the soil moisture of the vineyard 

area, the lower the Brix and the higher the T A, suggesting that if a part of the vineyard has 

higher soil moisture, one will more likely fmd a delay in fruit maturity there. As shown earlier, 

those parts of the vineyard with higher soil moisture were also those with higher berry 

monoterpene concentration. Finally, one can observe a correlation between berry monoterpene 

concentration and vigor vine. This was not true for the whole vineyard, but it was apparent for 

TR, SPB, and Spy sub-blocks whereby if there was high vine vigor, berries had a higher 

monoterpene concentration. That relationship was the complete opposite in the three other sub

blocks. 
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Season 2009. Correlations. As per 2006,2007 and 2008, the 2009 matrix of 

correlations shows that all the soil moisture individual sampling dates and the mean were highly 

correlated to each other (p<0.0001) (Table 3.7). This was also the case for leaf",. Thus, the mean 

soil moisture and leaf", were used for the other statistical analyses. In 2009, soil moisture was 

correlated again with soil texture, in particular the clay content (p<0.05), and elevation 

(p>O.OOOI). Contrary to 2007 and 2008, but as per 2006, soil moisture and leaf", were partially 

correlated in 2009, with a good correlation (p<0.01) between mean soil moisture and leaf",. 

Finally, soil moisture was negatively correlated with the three yield components: yield 

(p<0.0001), number of clusters (p<O.OOOI) and berry weight (p<0.01). Regarding leaf"" the 

matrix indicated that it was negatively correlated with both yield and berry weight (p<0.05 and 

p<O.OI, respectively). In 2009, correlations between leaf", and berry composition variables were 

poor, since berry pH was the only significant variable (p<0.01). As per the previous vintages, all 

three terpene variables were highly correlated to each other. Therefore, TVT was used for further 

analyses as the terpene metric. This year, there were no correlations between TVT and other 

variables like soil moisture, leaf"" yield components or even vigor. To be more precise, there 

was just a low correlation (p<O.05) between vine vigor and FVT. Regarding vine vigor, the 

matrix suggests it was positively correlated, in addition to FVT, with berry pH (p<0.0001), yield 

components (p<O.OOOI for all three yield components). It was also negatively correlated with the 

mean leaf", (p<0.05) and the very last leaf", measurement, made on 10 September (p<0.01). 

Analysis of variance. ANOVA was performed for the sub-blocks x water status 

combinations (Table 3.3). There were a total of31 variables. Those denoted by an asterisk (30 in 

total) are those considered as significant to discriminate combinations. Variables were grouped 

that showed a high degree of correlation in prior vintages, which gave a final number of 16 

variables to be used for PCA. For the second type of combinations, sub-blocks x vine vigor, 

there were also initially 31 variables (Table 3.5). The ANOV A showed that 27 of them were 

significant to discriminate combinations. In this case, berry monoterpene concentration was not 

significant to discriminate observations. After the variables were grouped, there were a total of 

15 variables used for PCA. 

Principal components analysis. The first two PCAs show the relationships for sub-blocks 

x water status combinations for both FI versus F2 and Fl versus F3, respectively (Fig. 3.2IA 

and B). Concerning the first PCA, there was a clear separation of observations at the sub-block 

level, but not at the water status level (Fig. 3.21A). The sub-block clusters were: the first cluster, 

located on the top right quadrant, grouped WPB and WPY; the second cluster, composed ofLE 
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and TR, was in the bottom right quadrant; finally, Spy and SPB were grouped in the bottom left 

quadrant. Concerning the variable eigenvectors, there were trends that were completely different 

from previous vintages: leaf", was highly related to high soil moisture, high TA and low Brix. 

Being related to high soil moisture, it was also related to some extent to higher clay content. 

Another interesting relationship was that between leaf", and vine vigor: the lower the water 

status, the lower the vigor. Vine vigor showed relationships with higher yields, higher Brix, 

higher pH, but nothing with TVT, whose eigenvector was too short to be used to draw any 

conclusions. The sub- block clusters associated with eigenvectors in the following ways: the 

cluster grouping LE and TR was characterized with higher pH and TA, more vine vigor, higher 

yield and water status; the second cluster, WPY and WPB, was associated with higher clay 

content and to some extent a higher soil moisture, but lower water status; the last cluster, which 

was composed of SPY and SPB, was characterized by a higher sand content, but lower yields 

and lower vigor. 

The second PCA showed similar relationship between eigenvectors. However, leaf", and 

soil moisture were far from being significant in those two dimensions, whereas there is a 

substantial TVT eigenvector (Fig. 3.21B). The TA eigenvector, however, was too short to 

constitute any significant proportion of the variability. TVT was inversely correlated to Brix, and 

positively correlated to OM content, but not related to soil texture. Sandy soil texture, on this 

biplot, was not positively correlated to any other variable, located along F1-axis, and inversely 

correlated to vigor, yield, soil clay content, CEC and soil pH. There were differences in sub

block clustering: SP sub-blocks were still separated, when we could probably put together WP, 

LE and TR. The SP sub-blocks were associated with sand content, whereas WP sub-blocks and 

LE had a significant clay content, soil pH, CEC, yield and vine vigor. To some extent, SP sub

blocks were the most related to high berry TVT concentration and high soil OM content. 

The second PCA, for sub-blocks x vine vigor combinations, was again split into two 

biplots representing FlIF2 and F11P3 (Fig. 3.22A,B). The first of those two PCAs showed two 

vigor groups, separated in the following way: if one draws a diagonal line from the bottom right 

comer to the top left comer of the biplot, most of the LV sub-zones fell below that line, and MY 

and HV above the line. The sub-block separation is similar, except that the diagonal line goes 

from the bottom left comer to the top right comer of the PCA. Below that second line, one can 

find most ofthe Spy and SPB sub-zones, when all the other sub-zones (involving WPY, WPB, 

TR and LE) were above the line. Some trends were similar to the previous PCA (sub-blocks x 

water status; Fig. 3.21). Once again, leaf", was inversely related to soil moisture, and hence the 
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lower the water status, the lower the vine vigor, yield, and berry pH. Brix and TA did not relate 

to leaf'll or vine vigor; but the distance between vectors showed that soil variables, mostly soil 

texture and OM content were highly related to berry composition (Brix and TA). Relationships 

between variables and clusters were as follows: the fIrst vigor cluster, grouping all the LV sub

zones, showed a lower vine water status, a higher soil moisture, but lower vine vigor, lower yield 

and lower berry pH than the other sub-zones; the other vigor cluster, consisting of the MY and 

HV sub-zones, showed the exact opposite relationships, with a higher Brix leveL The other 

clustering type, involving the sub-blocks only, was associated with high T A, sand in the soil, and 

low Brix (SPY and SPB cluster). The other grouping of all the other sub-blocks (WPY, WPB, 

TR and LE) was related to the exact opposite trends. 

The second and last PCA showed much the same sub-blocks and vigor clusters as the 

previous PCA (Fig. 3.22B). Concerning the variable eigenvectors, there was a high correlation 

between sandy soils, berry pH, yield, soil OM content and vigor. Inversely correlated to those 

variables were clay content, soil moisture, CEC, leaf'll and soil pH. T A and Brix did not relate 

to any of those variables, and were both inversely correlated. Low vigor vines were related to 

high berry Brix, and this is as much as can be deduced from this cluster. High vigor was more 

related to yield, OM and sandy soil, while medium vine vigor was related to soil moisture, CEC, 

leaf,!" higher soil pH and clay content in the soiL The sub-block cluster including LE, SPB and 

Spy looked, as in previous vintages, related to sand content in the soil, but also to higher yield, 

berry pH, OM, and to a certain extent to higher vine vigor. The three last sub-blocks, WPY, 

WPB and LE appeared more correlated to clay soil, soil moisture, leaf,!" higher soil pH and 

higher CEC. 

Spatial variability. All the maps for the 2009 vintage can be found in Fig. 3.5D, 3.6D, 

3.12C and 3.23 to 3.25. Some of the spatial correlations were completely different from those 

observed in previous vintages, but were similar to those we made by PCA: areas of the vineyard 

showing low soil moisture had a high leaf,!" so a low hydric stress. Those areas also had a low 

berry weight and a lower number of clusters per vine. Regarding berry composition, low Brix 

and low berry pH were characteristic of higher soil moisture: this indicated that in the case of 

high soil moisture, those parts ofthe vineyard were associated with a lack of berry maturity. In 

parallel, they also were associated with lower vine vigor. 

Temporal stability of spatial variation. To judge of the temporal stability of some of 

the fIeld variables, Fig. 3.5 and 3.6 will be used. Figure 3.5 represents the leaf,!, for all four 

vintages. The legend showed different ranges ofleaf,!, depending on the vintage. However, the 
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same color scheme was used for each of the seven classes of pressure, from red for low water 

status to blue for high water status. As one can see, the spread of the colors on the maps is 

similar through the four vintages of data collection, meaning that the same distribution of vine 

water status was consistently observed temporally,: high water status was observed in LE and 

WPY; medium to high water status was observed in SPB; medium water status was observed in 

WPB; low water status was observed in TR and SPY. If compared to the soil texture maps, a 

spatial correlation between them and leaf'll maps was found: in general, blocks with higher clay 

soil content and the lowest sand soil content were those with high water status (LE and WPY), 

whereas soil with the reversed texture (low clay and high sand) had the lowest water status (TR 

and SPY), so blocks where vines had the greatest hydric stress (Fig. 3.2). The only outstanding 

block was WPB: even iflocated in a part of the vineyard where the soil texture was composed 

mostly of clay (i.e. high soil water-holding capacity), vines showed a medium water status. 

Figure 3.6 shows the soil moisture measured for each year. Over the four vintages of the 

study, the trends were temporally stable. The blocks with the lowest soil moisture were always 

TR and SPY, whereas both WP blocks were in a medium to low range of soil moisture; finally, 

SPB and LE always showed the highest ranges of soil moisture. Once again, some correlations 

were found between those soil moisture maps and the soil texture ones for at least for some of 

the blocks (Fig. 3.2). TR and SPY, which had the highest sand content and the lowest clay 

content, had the lowest soil moisture. LE, with high clay content, was in that part of the vineyard 

where the soil moisture was the highest. But as per vine water status, some blocks didn't show 

any particular correlations between the observed soil moisture and the soil texture. Overall, most 

maps showed some interesting trends that were observable every year, when comparing different 

vintages. That means that the spatial variability for the field measurements was temporally 

consistent. 

Discussion 

Over the four vintages during which the project took place, there were very different 

weather conditions: 2006 was an average year in tenn oftemperatures and rainfall; 2007 was 

exceptionally dry, with no rain during the summer; 2008 and 2009 contrasted a lot with 2007, 

since they were both extremely wet, with even more precipitation in 2009 despite 3 weeks 

without rain in September. 

Soil moisture vs. soil composition relationships. To discuss these vintages, it is 

appropriate to proceed in a certain order: starting with soil moisture, followed by leaf'll and vine 
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vigor, in terms of their relationships with the different berry composition variables. According to 

the matrix of correlations and the PCAs, soil moisture was directly related to soil texture. To be 

more precise, an increase of soil moisture goes along with an increase of clay soil content. Due 

to its structure, clay can absorb and hold more water than silt or sand. In case of drought, that 

property will retain water that is available to the vines, so reducing any potential hydric stress. 

On the other hand, if a soil is mostly sandy, its capacity to retain water will be lower. The main 

result is that in case of prolonged drought, vines will come a lot faster to their wilting point. Soil 

moisture seemed to have a direct effect on the vines. The methodology used provided soil 

moisture for the first 20 cm, which might vary depending on weather conditions. Nonetheless, 

we were confident that these measurements provided an adequate idea of the water availability to 

the vine. 

As said before, 2006, 2008 and 2009 were wet compared to 2007, with even a potential 

excess of water in 2008 and 2009. This explains why there was a reduction of yield in those three 

vintages with the increases in soil moisture. The same trend was observed for vine vigor: it 

tended to decrease as soil moisture increased. That phenomenon is explained below. In such a 

situation, the effect on vine growth was similar to a drought situation: plant metabolism slowed 

down to a point where growth ceased. Contrary to this case was 2007, which was an extremely 

dry year, during which vines took advantage of the water (if any) available. In such a situation, 

an increase of soil moisture, even low, was beneficial for the plant, and induced automatically an 

increase of both yield and vine vigor. Concerning TVT, growing conditions mattered also, but 

the effect was opposite to yield and vine vigor. This is consistent with Chone et al. (2006), who 

found that aroma precursors of Sauvignon blanc were increased in situations of high soil 

moisture, high water status and high nitrogen status. In 2007 (dry), the effect of increased soil 

moisture was a lower berry TVT concentration. This phenomenon was also observed in the 

Niagara region by Willwerth et al. (2010) who reported higher FVT and PVT concentrations in 

low water status zones in vineyards during the dry 2005 and 2007 seasons. On the other hand, 

when the precipitation was greater, as in 2006,2008 or 2009, there was more TVT in grapes 

from high soil moisture sub-zones (low water stress). 

Soil moisture vs.leah". The 2006 season did not show any trends, and there were no 

correlations at all between these two variables. Results for 2007 and 2008 were much different. 

For those two vintages, there were negative relationships between soil moisture and absolute 

value of leaf",. This suggests that there was a direct link between soil water content and vine 
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water status. In 2009, the results showed the exact opposite: the relationship between the two 

variables was positive, and an increase in soil moisture led to a reduction in vine water status. 

This was surprising, since low water status is usually synonymous with drought and low water 

availability. However, this might have been related to the excessive precipitation in 2009: the 

excess of water, inducing reductive soil conditions, was detrimental to vine growth. Therefore, if 

soil conditions move from oxidative to reductive, the plant stops absorbing water, which 

translates into a reduction of the water status. Even 3 weeks without rain during veraison were 

not long enough to modify the general trend of this vintage, and change soil moisturelleaf'l' 

relationship. 

Leaf 'I' vs. vine growth and berry composition. Over the three vintages in which vine 

vigor was measured, leaf'l' had always an impact. In particular, PCAs showed that low vine 

vigor was always associated with high absolute value ofleaf'l' (low water status). So, an 

increase in soil moisture presumably induced an increase in vine water status, which would have 

induced an increase in vine vigor. That particular three-way relationship was verified every year 

from 2007 to 2009. A decrease in water status also led to decreases in yield: low water status 

induced a decrease in berry weight, so overall yield was concomitantly lower. However, the 

PCAs suggested that clusters per vine, which also is a main component of yield, was more 

related to vine vigor than to vine water status. 

Leaf'l' had a clear effect on grape maturity (Brix, pH and TA). Low vine water status 

resulted in higher Brix, an increase in pH and a decrease in T A, all signs of a better technological 

maturity. It was consistent, except in 2009: vines with a lower water status had a higher TA, a 

lower pH and lower Brix level. Again, it can be assumed that such a relationship was directly 

due to the excess of soil water. It has already been found that 2009 was the only vintage during 

which, up to a certain point, an increase of soil moisture induced a decrease of the vine water 

status. Ifthis happens, there will also be a lack of maturity of the berries (low Brix, high TA). 

This is one more indication that the excess of water experienced in 2009 resulted in a cessation 

of biological and physiological processes in the vine. This was explained as follows: in case of 

an excess of water in the soil, some of the salts that were in the subsoil moved up to the root zone 

(Munns 2002). The plants continued to uptake water, increasing the salt content of the soil up to 

a point where the osmotic pressure outside the roots was too high for the plant to be able to take 

more water. That plant came then into an induced water stress. But this is not all, because even if 

the observed range of leaf 'l' values were not the same, low water status vines were also observed 

in 2007. A question becomes apparent: what could differentiate them if vines where both 
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growing under low water status conditions? The answer could be the range of temperatures: in 

2007, the sky was clear, which helped increase the photosynthetic rate of the plant, associated 

with high temperatures which made berries mature faster by increasing the activity of the plant. 

On the other hand, in 2009, none of those conditions were met: temperatures were. generally very 

low, and the sky overcast most of the time; with such a lack of sunlight, photosynthesis rate 

stayed low. 

Vine vigor vs. yield and berry composition. Vine vigor was the variable with the 

greatest effect on yield. Then, when vigor decreased, Brix level and pH were higher, and TA was 

lower. Those particular relationships were verified for three vintages (from 2007 to 2009). When 

vines have excessive vigor, shade prevents good fruit maturation, and the vine did not usually 

experience any water stress. Under mild water stress, vines focused on reproductive growth and 

fruit maturity, and therefore water stress was associated with lower vigor and better fruit 

maturity. These trends were explained by May (1976): forming buds need to be exposed to the 

direct sunlight to be fruitful on the following year. Even if each grape-variety has different needs 

in term of exposure time to get their maximal fruitfulness, there is always a minimum required 

(Sanchez and Dokoozlian 2005). In case of high vigor vines, there was a chance that the canopy 

was also very dense, limiting the sunlight exposure of the forming buds. 

TVT had a very specific relationship with other vine variables. Generally, a decrease of 

vine vigor or vine water status resulted in a significant reduction of berry monoterpenes, 

regardless of the general weather conditions of the vintage. High the soil moisture was 

associated with high berry TVT concentrations. This is consistent with Chone et al. (2006), who 

demonstrated enhanced formation ofthiol precursors in Sauvignon blanc under high water status 

conditions. . In Riesling in South Africa, monoterpene concentrations tended to increase up to a 

certain point, reaching a maximum before the optimal sugar concentration is reached, so before 

the full grape technological maturity is reached (Marais and van Wyck 1986). Then, 

monoterpenes start decreasing in grapes. observed that berry monoterpene concentration 

(linalool) was increasing up to 5.35Jlg/L which matched with a level of about 18.7°Brix, and then 

decreased as Brix was increased, going down to 0.35 JlglL for an increase of only 1.0oBrix 

(Marais and van Wyck 1986). This is also what was observed here: even if grapes were 

harvested at an early stage to keep a high level of acidity in the wines, the maximum level of 

monoterpenes concentration was already passed and they were in their decreasing concentration 

stage. In this study, vines with a very high vigor and a high yield had grapes that were not as 
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mature as grapes coming from a low vigor or low yield vine. This might explain why high TVT 

correlated to higher yields and/or higher vine vigor. 

The last observation made about temporal stability of the variability within the vineyard is 

one of the keys of that study: since zones showing similar soil characteristics and similar effect 

on the vine biology can be observed every year, it means that those zones could be considered as 

particular terroirs. Without that stability, it could not be called terroir: the notion of terroir 

includes the fact that a unique wine can be made every year from a particular zone. Then, we saw 

that vine water status had an effect on vine vigor and on berry composition. Ifwine was made 

from those different zones, there is a chance that they would be different too, reflecting that 

particular terroir they are made from. However, it has also been observed that some blocks didn't 

follow the same trends in term of correlation between soil texture and soil moisture/vine water 

status. This means that soil texture was not the only factor affecting terroir. As explained by 

MorIat (2005), soil depth, among other factors, could also be part of the equation. 

Conclusions 

The two hypotheses stated at the beginning of the study were that soil moisture and vine 

water status would be correlated, and that both variables would also be correlated to berry 

composition. It was also hypothesized that discrete soil moisture and leaf 'I' subzones could be 

delineated within each vineyard block, and that these subzones would be temporally stable. 

Correlations existed between soil moisture and vine water status: the higher the soil moisture, the 

high the vine water status. However, during those four years of data collection there were very 

different weather conditions. During very rainy vintages, different trends were observed. An 

assumption would be that it followed what Munns (2002) observed: the increase of soil moisture, 

due to an excess of water, did not let the root system breathe, and made the salts concentration of 

the soil solution increase in the root zone, making vines acting as in drought situations, and 

ending with a low water status of the vines. But further analysis of the study site would be 

necessary to verify that assumption. 

Soil moisture and vine water status had also an effect on berry composition: in normal 

weather conditions, low soil moisture and low vine water status were correlated to better fruit 

maturity (high Brix, high pH and low TA). If the vintage is very dry, higher soil moisture 

contributed to better maturity of the fruit. If the soil is extremely dry, vine water status became 

too low for the vine, which stopped all photosynthetic activity, stopping also fruit maturation 

processes. The same correlations were observed in case of a very wet year: an excess of soil 
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moisture, and the resulting high vine water status resulted in a lower fruit maturity. Furthermore, 

the same soil moisture and leaf'l' differences were observed in the vineyard. The stability spatial 

of that spatial variability means that different terroirs are definitely present within the same 

vineyard: grapes produced in those different zones should probably be processed separately to let 

each terroir express itself in the wines, and make some very singular products. That property can 

also be used to manage the vineyard. Since vine water status and vine vigor were positively 

correlated, zones with the highest vine moisture rates could probably be managed in different 

ways. When the vigor was very high, the canopy was potentially denser, limiting direct sunlight 

exposure of developing buds. In such conditions, fewer cluster primordia would be formed, 

potentially limiting the yields for the next vintage. For those vines, leaving less canopy could 

help them produce at a yield closer to the average. 

Finally, the study of the temporal stability of the spatial variability showed some 

unexpected trends. It showed that soil texture is not the only key to understand terroir. A follow 

up to this study would be to make soil profiles in each different terroir zone of the vineyard, in 

order to see if maj or differences in term of soil depth can be observed. 
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Tables 

Table 3.1: LSD for a one-way ANOVA for 12 (2007) and 18 (2008 and 2009) block x 

vigor combinations at a 10 hectare site at Thirty Bench Winemakers (Beamsville, 
Ontario). 

Category Weight of cane prunings (kg/vine) 

2007 2008 2009 

WPY-H 0.86b l.30b 1.03c 
WPY-M 0.S3c 0.86c 0.60d 
WPY-L 0.23d O.3Se 0.30e 
WPB-H 0.9Sab l.48ab l.17ab 
WPB-M 0.S3c 0.80c 0.6Sd 
WPB-L O.2Sd 0.39de 0.2ge 

SPY-H l.SSa l.07bc 
SPY-M 0.8Sc 0.64d 
SPY-L 0.42de 0.31e 
SPB-H 1.63a 1.24a 
SPB-M 0.82c 0.62d 
SPB-L 0.2ge 0.28e 
LE-H l.02a l.32b l.lObc 
LE-M 0.S3c 0.81c 0.67d 
LE-L 0.27d 0.42de 0.33e 
TR-H 1.0Sa I.S6a l.19ab 
TR-M 0.53c 0.83c 0.65d 
TR-L 0.26d 0.42de 0.26e 

Significance <0.0001 <0.0001 <0.0001 
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Table 3.2: Matrix of correlation coefficients for all the field and berry composition variables measured at a 10 hectare Riesling 
vineyard site at Thirty Bench Winemakers (Beamsville, Ontario) in 2006. Colored cells are significant. Red: p<O.OOO 1; blue: p<O.O 1; 

yellow: p<0.05. 
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Table 3.3: One-way ANOVA significance levels (p values) for 18 block x water status 
combinations at a 10 hectare site at Thirty Bench Winemakers (Beamsville, Ontario) in 
2006, 2007, 2008 and 2009. N: number of observations. 

Variables 
p value p values P values p values 

N 
2006 2007 2008 2009 

Elevation 519 <0.0001 <0.0001 <0.0001 <0.0001 

Texture sand 134 <0.0001 <0.0001 <0.0001 <0.0001 

Texture silt 134 0.692 0,502 0.2 0.525 

Texture clay 134 0.0003 <0.0001 <0.0001 <0.0001 

Cation exchange capacity 134 <0.0001 0.004 <0.0001 <0.0001 

Soil pH 134 <0.0001 <0.0001 <0.0001 <0.0001 

Organic matter 134 0.005 0.029 0.002 0.001 

Soil moisture 1 519 <0.0001 <0.0001 <0.0001 <0.0001 

Soil moisture 2 519 <0.0001 0.0002 <0.0001 <0.0001 

Soil moisture 3 519 <0.0001 <0.0001 <0.0001 <0.0001 

Soil moisture 4 519 - <0.0001 <0.0001 <0.0001 

Soil moisture 5 519 - <0.0001 <0.0001 <0.0001 

Soil moisture 6 519 - <0.0001 <0.0001 <0.0001 

Soil moisture 7 519 - <0.0001 <0.0001 -
Soil moisture 8 519 - - <0.0001 -
Mean Soil moisture 519 <0.0001 <0.0001 <0.0001 <0.0001 

Leaf water potential 1 134 <0.0001 <0.0001 <0.0001 <0.0001 

Leaf water potential 2 134 <0.0001 <0.0001 <0.0001 <0.0001 

Leaf water potential 3 134 <0.0001 0.001 <0.0001 0.0003 

Leaf water potential 4 134 - 0.002 <0.0001 <0.0001 

Leaf water potentialS 134 - - <0.0001 <0.0001 

Leaf water potential 6 134 - - <0.0001 <0.0001 

Leaf water potential 7 134 - - <0.0001 -
Mean leaf water potential 134 <0.0001 <0.0001 <0.0001 <0.0001 

Shoot weight 519 - <0.0001 <0.0001 <0.0001 

Yield 519 <0.0001 <0.0001 <0.0001 <0.0001 

Clusters 519 0.113 <0.0001 <0.0001 <0.0001 

Berry weight 519 <0.0001 <0.0001 <0.0001 <0.0001 

Brix 519 <0.0001 <0.0001 <0.0001 <0.0001 

Titratable acidity 519 <0.0001 <0.0001 0.339 <0.0001 

pH 519 <0.0001 <0.0001 0.981 <0.0001 

Free volatile terpenes 134 <0.0001 <0.0001 <0.0001 <0.0001 

Potential volatile terpenes 134 0.142 <0.0001 <0.0001 0.0002 

Total volatile terpenes 134 0.007 <0.0001 <0.0001 0.014 
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Table 3.4: matrix of correlation coefficients for all the field and berry composition variables measured at a 10 hectare Riesling 
vineyard site at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. Colored cells are significant. Red: p<O.OOOI; blue: p<O.Ol; 
yellow: p<O.05. 
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Table 3.5: One-way ANOVA significance levels (p values) for 12 block x vigor 
combinations and 30 variables at a 10 hectare site at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2007, 2008 and 2009. N: number of observations. 

Variables N 
P values p values p values 

2007 2008 2009 

Elevation 519 <0.0001 <0.0001 <0.0001 

Texture sand 134 0.105 <0.0001 <0.0001 

Texture silt 134 0.035 0.409 0.06 

Texture clay 134 0.035 <0.0001 <0.0001 

Cation exchange capacity 134 0.001 0.004 <0.0001 

Soil pH 134 <0.0001 <0.0001 <0.0001 

Organic matter 134 0.057 0.002 0.047 

Soil moisture 1 519 <0.0001 <0.0001 <0.0001 

Soil moisture 2 519 0.017 <0.0001 <0.0001 

Soil moisture 3 519 <0.0001 <0.0001 <0.0001 

Soil moisture 4 519 <0.0001 <0.0001 <0.0001 

Soil moisture 5 519 <0.0001 <0.0001 <0.0001 

Soil moisture 6 519 <0.0001 <0.0001 <0.0001 

Soil moisture 7 519 <0.0001 <0.0001 -
Soil moisture 8 519 - <0.0001 -
Mean Soil moisture 519 <0.0001 <0.0001 <0.0001 

Leaf water potential 1 134 <0.0001 0.001 <0.0001 

Leaf water potential 2 134 <0.0001 <0.0001 0.03 

Leaf water potential 3 134 0.995 <0.0001 0.001 

Leaf water potential 4 134 0.026 <0.0001 <0.0001 

Leaf water potentialS 134 - <0.0001 <0.0001 

Leaf water potential 6 134 - <0.0001 0.003 

Leaf water potential 7 134 - 0.134 -
Mean Leaf water potential 134 <0.0001 <0.0001 0.001 

Shoot weight 519 <0.0001 <0.0001 <0.0001 

Yield 519 <0.0001 <0.0001 <0.0001 

Clusters 519 <0.0001 <0.0001 <0.0001 

Berry weight 519 <0.0001 <0.0001 <0.0001 

Brix 519 <0.0001 <0.0001 <0.0001 

Titratable acidity 519 <0.0001 0.673 <0.0001 

pH 519 <0.0001 0.988 <0.0001 

Free volatile terpenes 134 <0.0001 <0.0001 0.292 

Potential volatile terpenes 134 <0.0001 <0.0001 0.283 

Total volatile terpenes 134 <0.0001 <0.0001 0.318 
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Table 3.6: Matrix of correlation coefficients for all the field and berry composition variables measured at a 10 hectare Riesling 
vineyard site at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. Colored cells are significant. Red: p<O.OOOl; blue: p<O.Ol; 
yellow: p<0.05. 
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Table 3.7: Matrix of correlation coefficients for all the field and berry composition variables measured at a 10 hectare site at Thirty 
Bench Winemakers (Beamsville, Ontario) in 2009. Colored cells are significant. Red: p<O.OOOl; blue: p<O.Ol; yellow: p<O.05. 
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Figures 

Figure 3.1: Spatial distribution of the sentinel vines at a 10 hectare Riesling vineyard site, Thirty 
Bench Winemakers (Beamsville, Ontario); A: Whole set of 519 vines; B: Subset of 134 vines. 

North is oriented to the top. 

Figure 3.2: Soil texture (% by volume) maps at a lO-hectare vineyard site at Thirty Bench 
Winemakers (Beamsville, Ontario). a) Clay; b) Sand; c) Silt. North is oriented to the top. 

Figure 3.3: Interpolation maps delineating water status zones prior to harvest, at a 10 hectare Riesling 
vineyard site at Thirty Bench Winemakers (Beamsville, Ontario); A: 2006; B: 2007; C: 2008; D: 
2009. North is oriented to the top. 

Figure 3.4: Principal component analysis using three factors to display relationships between mean 
values of 14 significant variables and 18 block x water status combinations at a 10 hectare site at 
Thirty Bench Winemakers (Beamsville, Ontario) in 2006. A) Axes Fl and F2; B) Axes Fl and F3. 
OM: organic matter; CEC: cation exchange capacity; SM: soil moisture; LWP: leaf water 
potential; TA: titratable acidity; TVT: total volatile terpenes. 

Figure 3.5: Vine water status maps at Thirty Bench Winemakers (Beamsville, Ontario). North is 
oriented to the top. A) 2006; B) 2007; C) 2008; D) 2009. 

Figure 3.6: Soil moisture maps at Thirty Bench Winemakers (Beamsville, Ontario). North is oriented 
to the top. A) 2006; B) 2007; C) 2008; D) 2009. 

Figure 3.7: Yield components maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2006. 
North is oriented to the top. A) Yield per vine (kg); B) Clusters per vine; C) Berry weight (g). 

Figure 3.8: Berry composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2006. 
North is oriented to the top. A) Brix; B) Titratable acidity; C) pH. 

Figure 3.9: Monoterpene composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 

2006. North is oriented to the top. A) Free volatile terpenes; B) Potentially volatile terpenes. 

Figure 3.10: Principal component analysis using three factors to display relationships between mean 
values of 16 significant variables and 14 block x water status combinations at a 10 hectares site at 
Thirty Bench Winemakers (Beamsville, Ontario) in 2007. A) Axes Fl and F2; B) Axes Fl and F3. 
OM: organic matter; CEC: cation exchange capacity; SM: soil moisture; L WP: leaf water 
potential; TA: titratable acidity; TVT: total volatile terpenes. 

Figure 3.11: Principal component analysis using two factors to display relationships between mean 
values of 14 significant variables and 12 block x vigor at a 10 hectare site at Thirty Bench 

Winemakers (Beamsville, Ontario) in 2007. CEC: cation exchange capacity; SM: soil moisture; 
L WP: leaf water potential; TA: titratable acidity; TVT: total volatile terpenes. 

Figure 3.12: Weight of cane prunings maps at Thirty Bench Winemakers (Beamsville, Ontario). 

North is oriented to the top. A) 2007; B) 2008; C) 2009. 

Figure 3.13: Yield components maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. 
North is oriented to the top. A) Yield per vine (kg); B) Clusters per vine; C) Berry weight (g). 
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Figure 3.14: Berry composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. 
North is oriented to the top. A) Brix; B) Titratable acidity; C) pH. 

Figure 3.15: Monoterpene composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 
2007. North is oriented to the top. A) Free volatile terpenes; B) Potentially volatile terpenes. 

Figure 3.16: Principal component analysis using two factors to display relationships between mean 
values of 14 significant variables and 12 block x water status combinations at a 10 hectare site at 
Thirty Bench Winemakers (Beamsville, Ontario) in 2008. OM: organic matter; CEC: cation 
exchange capacity; 8M: soil moisture; L WP: leaf water potential; TA: titratable acidity; TVT: 

total volatile terpenes. 

Figure 3.17: Principal component analysis using three factors to display relationships between mean 
values of 14 significant variables and 18 block x vigor at a 10 hectare site at Thirty Bench 
Winemakers (Beamsville, Ontario) in 2008. A) Axes Fl and F2; B) Axes Fl and F3. CEC: cation 
exchange capacity; 8M: soil moisture; L WP: leaf water potential; T A: titratable acidity; TVT: 
total volatile terpenes. 

Figure 3.18: Yield components maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. 

North is oriented to the top. A) Yield per vine (kg); B) Clusters per vine; C) Berry weight (g). 

Figure 3.19: Berry composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. 
North is oriented to the top. A) Brix; B) Titratable acidity; C) pH. 

Figure 3.20: Monoterpene composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 
2008. North is oriented to the top. A) Free volatile terpenes; B) Potentially volatile terpenes. 

Figure 3.21: Principal component analysis using three factors to display relationships between mean 
values of 16 significant variables and 12 block x water status combinations at a 10 hectares site at 
Thirty Bench Winemakers (Beamsville, Ontario) in 2009. A) Axes Fl and F2; B) Axes Fl and F3. 
OM: organic matter; CEC: cation exchange capacity; 8M: soil moisture; L WP: leaf water 

potential; TA: titratable acidity; TVT: total volatile terpenes. 

Figure 3.22: Principal component analysis using three factors to display relationships between mean 
values of 15· significant variables and 18 block x vigor at a 10 hectares site at Thirty Bench 
Winemakers (Beamsville, Ontario) in 2009. A) Axes Fl and F2; B) Axes Fl and F3. CEC: cation 
exchange capacity; 8M: soil moisture; L WP: leaf water potential; T A: titratable acidity; TVT: 

total volatile terpenes. 

Figure 3.23: Yield components maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2009. 
North is oriented to the top. A) Yield per vine (kg); B) Clusters per vine; C) Berry weight (g). 

Figure 3.24: Berry composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2009. 
North is oriented to the top. A) Brix; B) Titratable acidity; C) pH. 

Figure 3.25: Monoterpene composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 
2009. North is oriented to the top. A) Free volatile terpenes; B) Potentially vol~tile terpenes. 
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Figure 3.2: Soil texture (% by volume) maps at a 10 hectare vineyard site at Thirty Bench 
Winemakers (Beamsville, Ontario). A) Clay; B) Sand; C) Silt. North is oriented to the top. 
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Figure 3.3: Interpolation maps delineating water status zones prior to harvest, at a 10 hectare 
Riesling vineyard site at Thirty Bench Winemakers (Beamsville, Ontario); A: 2006; B: 2007; C: 

2008; D: 2009. North is oriented to the top. 
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Figure 3.4: Principal component analysis using three factors to display relationships between 
mean values of 14 significant variables and 18 block x water status combinations at a 10 hectare 
site at Thirty Bench Winemakers (Beamsville, Ontario) in 2006. A) Axes Fl and F2; B) Axes Fl 
and F3. OM: organic matter; CEC: cation exchange capacity; SM: soil moisture; LWP: leaf 

water potential; TA: titratable acidity; TVT: total volatile terpenes. 
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Figure 3.5: vine water status maps at Thirty Bench Winemakers (Beamsville, Ontario). North is 
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Figure 3.6: Soil moisture maps at Thirty Bench Winemakers (Beamsville, Ontario). North is 

oriented to the top. A) 2006; B) 2007; C) 2008; D) 2009. 
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Figure 3.7: Yield components maps at Thirty Bench Winemakers (Beams ville, Ontario) in 2006. 
North is oriented to the top. A) Yield per vine (kg); B) Clusters per vine; C) Berry weight (g). 
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Figure 3.8: Berry composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 2006. 
North is oriented to the top. A) Brix; B) Titratable acidity; C) pH. 
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Figure 3.9: Monoterpene composition maps at Thirty Bench Winemakers (Beamsville, Ontario) 
in 2006. North is oriented to the top. A) Free volatile terpenes; B) Potentially volatile terpenes. 
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Figure 3.10: Principal component analysis using three factors to display relationships between 
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Figure 3.12: Weight of cane prunings maps at Thirty Bench Winemakers (Beamsville, Ontario). 
North is oriented to the top. A) 2007; B) 2008; C) 2009. 
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Figure 3.13: Yield components maps at Thirty Bench Winemakers (Beamsville, Ontario) in 
2007. North is oriented to the top. A) Yield per vine (kg); B) Clusters per vine; C) Berry weight 
(g). 
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Figure 3.14: Berry composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 
2007. North is oriented to the top. A) Brix; B) Titratable acidity; C) pH. 
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Figure 3.15: Monoterpene composition maps at Thirty Bench Winemakers (Beamsville, Ontario) 
in 2007. North is oriented to the top. A) Free volatile terpenes; B) Potentially volatile terpenes. 
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Figure 3.17: Principal component analysis using three factors to display relationships between 
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Figure 3.18: Yield components maps at Thirty Bench Winemakers (Beamsville, Ontario) in 
2008. North is oriented to the top. A) Yield per vine (kg); B) Clusters per vine; C) Berry weight 
(g). 
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Figure 3.19: Berry composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 
2008. North is oriented to the top. A) Brix; B) Titratable acidity; C) pH. 
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Figure 3.20: Monoterpene composition maps at Thirty Bench Winemakers (Beamsville, Ontario) 
in 2008. North is oriented to the top. A) Free volatile terpenes; B) Potentially volatile terpenes. 
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Figure 3.21: Principal component analysis using three factors to display relationships between 
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Figure 3.22: Principal component analysis using three factors to display relationships between 
mean values of 15 significant variables and 18 block x vigor at a 10 hectares site at Thirty Bench 
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Figure 3.23: Yield components maps at Thirty Bench Winemakers (Beamsville, Ontario) in 
2009. North is oriented to the top. A) Yield per vine (kg); B) Clusters per vine; C) Berry weight 

(g). 
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Figure 3.24: Berry composition maps at Thirty Bench Winemakers (Beamsville, Ontario) in 

2009. North is oriented to the top. A) Brix; B) Titratable acidity; C) pH. 
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Figure 3.25: Monoterpene composition maps at Thirty Bench Winemakers (Beamsville, Ontario) 
in 2009. North is oriented to the top. A) Free volatile terpenes; B) Potentially volatile terpenes. 
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Chapter 4 

The Use of GPS, GIS and Remote Sensing to Understand 
the Terroir of Niagara Peninsula. II. Remote Sensing 

Applications in a Riesling Vineyard 

Abstract 

The focus of this study was to determine whether multispectral high defmition airborne 

imagery could be used to segregate zones in vineyards to target fruit of highest quality for 

premium winemaking. Our hypotheses were that remotely-sensed data would be correlated with 

vine size and leaf water potential ("'), and by extension with yield and berry composition. These 

hypotheses were tested in a 10-ha commercial Riesling vineyard, Thirty Bench Winemakers, in 

Beamsville (Ontario). The vineyard was delineated using global positioning systems (GPS) and 

519 vines were geo-referenced. Six sub-blocks were delineated for study. The vineyard had 

previously been divided into four blocks by the winery for small-lot wine-making. Two of those 

blocks were each further divided into two sub-blocks based on vigor (low and high), which were 

determined by airborne imaging in 2005. Airborne pictures were taken with a four-lens camera 

every 3 to 4 weeks, in 2007 to 2009. The bands used were blue, green, red, and near infrared. 

The vegetation indices calculated from the airborne images were normalized difference 

vegetation index (NDVI) red, NDVI green and greenness ratio. Ground leaf reflectance was 

collected to compare calculated vegetation indices from both methods. The other variables 

measured were soil moisture, leaf"" yield components, vine size, and fruit composition. Very 

strong positive correlations were observed between vegetation indices and vigor, throughout the 

growing season. However, images taken later in the growing season, around mid-veraison, were 

better at predicting berry composition. Vines with higher vegetation indices during average to 

dry years had enhanced fruit maturity (higher °Brix and lower titratable acidity). In a very wet 

year (e.g. 2009), or with an excess of water in the soil, the opposite trend was observed: high 

vegetation indices indicated excess vine vigor, and consequently lower fruit maturity. The only 

fruit composition variable that always had the same relationship with remote sensing variables 

regardless of weather conditions was berry monoterpenes. Synthesis ofmonoterpenes is partially 

light-related: high vegetation indices suggest that vines are active (active photosynthesis, leaf sun 

exposure, no stress), and also means higher concentrations of monoterpene precursors are 

synthesized in the grapes. Thus, remote sensing may be a very good tool to determine flavor 

potential of grapes, as well as vine characteristics. 
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Introduction 

Many studies have shown that the quality of the fruit was impacted by the vigor of the 

vines (Hall et al. 2002, Johnson et al. 2002): high vigor vines tended to provide a low quality 

crop. Moreover, a high vigor and a high canopy density will also have an impact on the crop 

level on the following growing season, by shading the forming buds (May et al. 1976, Sanchez 

and Dokoozlian 2005). Moreover, others have shown that soil and vine water status have both a 

great effect on vine vigor, canopy development and fruit maturity (Hardie and Considine 1976, 

Koundouras et al. 1999, Tomasi et al. 2005, van Leeuwen et al. 2003). Thus, it is offrrst 

importance to determine vine vigor. Many techniques exist to measure it in the field. The two 

principal ones are the measure of the shoot weight produced during the growing season and the 

calculation ofa leaf area index (Johnson et al. 2003). 

Unfortunately, those methods require a lot of time to be carried out. Over the last years, a 

method has been used to assess vigor in other crops: remote sensing (Hall et al. 2002, Nemani et 

al. 2001, Turner 2001). The first aim ofthis technology was to assess field crop vigor from 

airborne images, and then be able to monitor fertilizer application from those previous data. But 

the main difference between a vineyard (perennial crop) and a random crop field (i.e. corn, 

wheat; in other words, annual crop) is that vines are planted in separated rows, while other crops 

have complete ground cover (Hall et al. 2003), making data extraction from airborne pictures 

more difficult. The difficulty here is to differentiate vine canopy from the grass covering the 

ground between the rows. The first step was to show that there was a direct link between the 

values of vegetation indices calculated from data extracted from air or ground-based leaf 

reflectance and the vigor of vines (Hall et al. 2003, Lamb et al. 2002, Marguerit et al. 2006, 

Stamatiadis et al. 2006). Vigor was directly correlated to vine water status, and to berry 

composition, mainly in Australian and Californian vineyards. 

In this study, Riesling was the grape variety of interest. Its particularity is that it is an 

aromatic grape-variety. Thus, the quality of the grapes will be defmed by their sugar content as 

well as pH and titratable acidity, but also by their flavor potential: Riesling produces 

monoterpenes that are responsible for the particular flavors present in the wines. As shown in 

the previous chapter, vine vigor had a great effect on berry monoterpene synthesis. Here, the 

objective is to see if there was also a correlation between vigor and remote sensing data, and then 

if remote sensing can be used to help assess the potential berry monoterpene concentration, as 

well as basic berry composition compounds (soluble solids, pH and titratable acidity). The first 
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hypothesis was that vine vigor and vine water status can be directly assessed by remote sensing, 

and particularly by calculating vegetation indices using data extracted from low elevation high 

definition airborne imagery. The second hypothesis was that remote sensing can also be used to 

delineate, prior to harvest, zones where the grapes are of a better quality and present a higher 

berry monoterpene concentration. 

Materials and Methods 

The study site and the methods used are identical to those described in Chapter 3 and are 

also described in detail in Reynolds et al. (20 I Ob). The only new method in this chapter is data 

acquisition from airborne imagery and ground-based leaf reflectance. 

Airborne imagery. Every three weeks to one month, high-resolution, low-elevation 

airborne images of the study site were taken from a small airplane. The first picture of the year 

was usually taken around beginning of June, when the canopy was developed enough to be 

visible on images (Fig. 4.IA). Images were collected around solar noon to reduce the effect of 

shadows. To take pictures, the pilot flew over the vineyard at :::::: 1000 to 1200 m above sea level 

(Beamsville elevation ::::::150 m). The plane was equipped with a four-lens camera centered on red 

(::::::670nm), green (::::::550nm), blue (::::::450nm) and near-infrared (::::::770nm) wavebands, connected 

to a laptop for a simultaneous image capture. Captured images had a resolution of 1280 x 1024 

which corresponded to a ::::::0.36 to O.4m ground resolution per pixel. An image-capture software 

(ENVI, ITT Visual Information Solutions, Boulder, CO) was then used to create and visualize 

two different kinds of photos. 

Color infrared (CIR) photo (Fig. 4.1A): The color infrared (CIR) photo gave an idea of 

the development (vigor), the healthiness and the age of the actual vegetation. The energy used 

for this reflection was the near infrared energy (NIR). The amount of reflected NIR depended on 

the current condition ofthe leaf cells. Leaves that were part of healthy and growing vegetation 

reflected a high amount ofNIR because their cells were filled with water, and had active 

photosynthesis and their surface was unruffled. Unhealthy or dormant vegetation on the other 

hand reflected just a part of that energy (Lillesand et al. 2008). 

As infrared wavelengths are not visible to the eye (Lamb et al. 2002), the NIR needed to be 

converted to a visible color, giving to CIR image the name of "false color" image. Blue colored 

zones represent parts ofthe vineyard with bare soil (no photosynthetic activity). On the other 

hand, red colored parts are active vegetation: grass, vine canopy or tree-leaves. ' 

RGB photo (Fig. 4.1B): The RGB photo (red-green-blue) provided an image representing 

the real colors seen by the eye. They were used to better find elements on the CIR images. On 
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the basis ofthe images, ENVI software (ITT Visual Information Solutions, Boulder, CO) was 

used to calculate three different vegetation indices (NDVI red, NDVI green, greenness ratio). 

These measurements calculated the amount of "greenness"/ healthiness in a particular location of 

the vineyard. Digital number values for different wavebands, as shown below, were thus used to 

calculate these indices. 

Red band (NDVI red, NDVI = normalized difference vegetation index): 

NDVlred= NIR-RED 
NIR+RED 

~ where NIR = 760 to 780 run; RED = 660 to 680 run 

Green band (NDVI green) 

NDVl reen= NIR-GREEN 
g NIR+GREEN 

~ where Green = 540 to 560 nm 

Greenness ratio 

~ Measures the greenness of the vegetation 

NIR R770 
GreennessRatio = = 

GREEN R550 

~ where R770 = 760 to 780 run; R550 = 540 to 560 run 

Digital number values for the calculation of the different indexes were extracted 

exclusively from the CIR images. By having NIR, two different kinds of information will be 

available. First of all, the ground surface covered by a plant canopy, due to its photosynthetic 

activity absorbed part of the red light but reflected NIR. As a general rule, with increasing 

photosynthetic activity ofthe vines, one should encounter an increasein the expected NIR 

reflectance. The other information was the level of photosynthetic activity: an active canopy 

reflected NIR and absorbed red light; if the vine had a low photosynthetic activity, due for 

example to water stress, then photosynthetic activity as well as its transpiration rate would be 

reduced, and an increase of the temperature at the surface of the leaves would occur. That 

temperature increase came along with a lower NIR reflectance, but a higher red reflectance. 

Data acquisition. At the beginning, the idea was to extract the data using the Vinecrawler, 

an algorithm developed to automatically extract all the absorbance for the different wavelengths 

from the CIR images, and only for the vines of interest (Hall et al. 2003). Unfortunately, that 
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algorithm required that the space between the rows were sprayed with an herbicide in order to 

remove all the vegetation interfering when determining canopy location. In this project, because 

a commercial vineyard was used, this was not possible since not part of the normal operation of 

the estate to keep bare soil everywhere between the rows. Thus, the method used was just 

inspired by Vinecrawler: all the extractions were made by hand, to make sure that vine canopy 

only was considered, and not just a stripe of grass. 

The first task, using ENVI, was to determine the exact position of the center of each 

sentinel vine. To do so, GPS data ofthe vines were imported into the software. Then, the next 

task was to select a regiola of interest (ROI) representing the canopy developed by the vine 

during the growing season. There were three choices: 1. To select a region of interest (ROI) of 

only one pixel (Fig. 4.2A). This would be only the center of the vine (0.38 x 0.38 m); 2. To select 

a ROI of nine pixels (3x3 pixels) centered on the middle of the vine (Fig. 4.2B). This ROI had a 

size of about 1.1 x 1.1 m, which was slightly larger than the width of a regular vine canopy; 3. 

To select a ROI of 5x5 pixels, also centered on the middle ofthe vine (Fig. 4.2C). Here, the size 

of the ROI was of about 1.9 x 1.9 m, which covered the full canopy plus more than half the space 

between rows, on each side of the vine. 

The preferred method was to use a ROI of 3x3 pixels. This way, it ensured that the 

particular situation of a vine would not have any impact on its full coverage by the ROI. But it 

also covered a part of the ground: the more ground surface in the ROI, the smaller the canopy 

and potentially the smaller the value for the vegetation index calculated. It was also a way to 

minimize the effect of the presence of grass: by keeping a ROI just large enough to cover the 

vine canopy and a few em of soil, the vegetation index calculated was directly the reflection of 

the actual size ofthe vine; when covering a large area, the ROI would also include a lot of grass 

(representing a relative percentage of the ROI potentially as large the canopy), minimizing the 

real difference we could get between two vines with a very different size. Data from each ROI 

(one ROI per vine) were then exported to MS Excel. That was here a reflection percentage ofthe 

ground or the canopy for each pixel and each waveband (green, red and near infrared). The nine 

pixels were averaged to get a single value for each waveband, and vegetation indices were 

calculated with the formulae provided above. Airborne pictures were taken on 29 June, 20 July, 

14 and 28 August 2007; on 27 June, 28 July, and 20 August 2008; and 25 June, 7 August and 4 

September 2009. Remotely-sensed data were then compared to ground-based leaf reflectance in 

order to validate the obtained results. 
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Ground-based leaf reflectance. The leaf reflectance was the amount of reflected light 

ofa leaf exposed to artificial light (5 Watt halogen bulb). The light was mainly reflected by the 

water in the chloroplasts: the measurement principle was exactly the same as per remote sensing: 

the leaf reflectance was measured to calculate vegetation indices, like with the airborne images. 

These indices were a good indicator of the greenness and the healthiness of the plant. 

Furthermore, these indices were compared with those calculated from the airborne images to 

ground-truth the measurements. The reflectance was measured with a StellarNet EPP2000 (UV

VIS-1200 nm) spectrometer (StellarNet Inc., Tampa, FL) whose fiber optic probe was at ;::45° to 

incident light. The spectrometer was custom built equipment by Dr. Ralph Brown (University of 

Guelph) and connected to a light-weight IBM ThinkPad equipped with the Spectra Wiz Software 

(StellarNet Inc., Tampa, FL) to collect and store the data. Leafreflectance was measured on or 

around the same date as the aerial image capture, to better compare the results, except in 2006 

for which there were no airborne pictures. That year, leaf reflectance data were collected twice: 

late June and late July. Measurements were made for the subset of 134 sentinel vines. The 

abaxial surfaces of three fully expanded mature leaves were measured per sentinel vine. Since 

an artificial source of light was used, there were no time or weather restrictions for the data 

collection; it was just necessary to make sure that the leaf surface was dry, in order not to reduce 

the accuracy of the results. Folded or poorly placed leaves were immediately apparent on the 

laptop and therefore not used or better placed. These data were easier to manipulate than those 

obtained from airborne images: the result was a spreadsheet with the reflectance value for each 

wavelength, from 350 to 850 nm, with an increment of 2 nm. With those data, the three 

vegetation indices cited under the remote sensing paragraph were calculated, plus another one: 

Red edge inflection point 

~ Indicator of chlorophyll concentration 

R - R670 + R780 
red edge - 2 

Results 

One of the objectives ofthis study, besides being able to extract useful field and berry 

composition data, was to determine which date to fly in order to get a maximum of extractible 

data. Thus, the matrix of correlations for each date within each vintage will be discussed first in 

order to help determine an optimal flight date. Because coefficients of correlation for water and 

berry -related data were already discussed in the previous chapter, coefficients of correlation of 
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field and berry composition data with ground-based and airborne-based leaf reflectance will be 

the only ones provided. 

Matrices of correlation. 2006 vintage. Even if no airborne image was taken in 2006, it 

was of value to examine the correlations observed between field/berry composition data and 

ground-based leaf reflectance (Table 4.1). First of all, most of the leaf reflectance data were well 

correlated (p<0.0001) to each other. Thus, the mean value for each calculated vegetation index 

was the only metric used. Leaf'l' showed good correlations (p<0.01) with both NDVI-G and GR, 

and nothing with either NDVI-R or REIP. It means here that when absolute value ofleaf'l' was 

high, (low water status), the value for those two vegetation indices was lower. The same 

relationship was found with soil moisture, but for three vegetation indices this time: NDVI-R, 

NDVI-G and GR. Yield was consistently correlated to NDVI-R, NDVI-G and GR (p<0.0001), 

but not to REIP. The two other yield components, berry weight and number of clusters per vine, 

did not show any consistent correlation. For berry composition, Brix and titratable acidity (TA) 

did not show any consistent or significant correlation at all with the different vegetation indices. 

Berry pH and total volatile terpenes (TVT) were the two only variables that were correlated: 

berry pH was weakly correlated to NDVI-R (p<0.05), NDVI-G (p<0.01) and GR (p<0.05). For 

TVT correlation was not as obvious: it was negatively correlated, and only with the first 

measurement ofNDVI-R, which was made on early July 2006. 

2007 vintage. For 2007, the matrix of correlation showed that all the ground-based leaf 

reflectance were correlated to each other, suggesting that for further analysis, mean values over 

the whole year could be used (Table 4.2). The same observation can be made with remote 

sensing data. The other interesting observation was that both leaf reflectance-based and remote 

sensing-based vegetation indices showed positive correlations (mostly p<O.OI or p<0.05 

depending on the particular vegetation index and data collection date). The only exception was 

June, for which the remotely collected data did not show any correlations for the two sources of 

vegetation indices. Thus, it can consider that remotely-sensed data could be used instead of 

ground-based leaf reflectance: airborne images would truly show us differences through the 

vineyard in term of canopy activity. 

Remotely-sensed vegetation indices showed positive correlations with yield (all the 

vegetation indices, all the dates), with p<O.OOO 1 for all the dates except the flight of June, for 

which p<O.O 1. Vine vigor could be assessed with all the flights and the vegetation indices. The 

number of clusters was consistently correlated to all the vegetation indices (p<0.000 1), but only 

for the image collected in June. TVT was well correlated (p<0.01 most of the time) with all the 
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three vegetation indices, except for the airborne image taken early in the season (in June). There 

was also a relationship between remote sensing and leaf", (mostly p<O.Ol), and this concerned 

all the vegetation indices used here and all the flight dates. Brix was negatively correlated with 

remote sensing for the flight made in June (p<0.0 1), and positively correlated for the flight made 

in August (p<0.0001), but both remote sensing and Brix were not correlated to the mean 

vegetation indices over the whole growing-season. Since only the stronger correlations can be 

considered, the positive correlations for the flight that took place in August are the only ones that 

one should keep in mind. 

2008 vintage. The matrix for 2008 showed similar correlation trends as per 2007: 

remotely-sensed and leaf reflectance data looked highly positively correlated to each other 

except in June and July (Table 4.3). On the overall, it can be considered that, once again, remote 

sensing and airborne images gave a good idea of differences that could be assessed with ground

based leaf reflectance. Remote sensing related vegetation indices were highly correlated to each 

other (p<0.0001), and therefore mean values could be confidently used for further analysis. 

Several variables showed positive correlations with vegetation indices. Vigor, yield and number 

of clusters were highly correlated (p<0.000 1) with all the three vegetation indices used here, and 

for all the flight dates. Brix, then, was only correlated with vegetation indices calculated from 

pictures taken between May and July, so early in the season and with the average over the whole 

growing season. Finally, the only monoterpenes-related variable correlated to remote sensing 

was FVT, with all vegetation indices, but only for airborne pictures taken in May (p<0.01) and 

early July (p<0.05), andwith the mean over the whole season (p<0.05). Soil moisture and leaf", 

were both negatively correlated with all the flight dates and all the vegetation indices, except leaf 

"', which was not correlated with the picture taken in May. Finally, two variables of importance 

for berry composition, TA and pH, did not show any correlation with the vegetation indices in 

2008. 

2009 vintage. The last matrix of correlation, the one for 2009 showed once again trends 

that were similar to those delineated on the previous vintages (Table 4.4). As one can see in the 

matrix, the correlation between ground-based leaf reflectance and airborne-based vegetation 

indices was good, except data collected in June. As per 2007 and 2008, remote sensing based 

vegetation indices allowed the assessment of canopy differences through the vineyard as well as 

ground-based leaf reflectance. Therefore, if one can observe a high level of correlation between 

all ground-based vegetation indices and all data from all flights, then mean vegetation index 

values can be used for further analysis. 
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Remote sensing vegetation indices were positively correlated with many variables. The 

correlation with yield was strong for all the vegetation indices (p<0.0001 for NDVI-G; p<0.01 

for NDVI-R and GR) and for all the flight dates except June. Vigor showed a strong correlation 

with all the vegetation indices (p<0.0001 for NDVI-R;p<O.Ol for NDVI-G and GR), and all the 

flight dates except June. Finally, the correlation with both berry weight and number of clusters 

was not high (p<0.05), and only with images taken in August. Moreover, berry weight was only 

correlated to NDVI-G and NDVI-R when the number of clusters per vine was correlated to the 

three vegetation indices. As per 2007 and 2008, leaf", and SM were both negatively correlated 

to remote sensing based vegetation indices. SM showed a very high level of correlation 

(p<0.0001) for all vegetation indices and dates, when leaf", showed a high level of correlation 

(p<0.0001) with all three vegetation indices calculated from the image taken in August and with 

the mean value, and a lower level of correlation (p<0.01) with the indices calculated from the 

image taken in September. Then, leaf", and soil moisture were not correlated with indices 

calculated from the image taken in June. Finally, the last positive correlation involved Brix: it 

correlated with the three vegetation indices (p<0.0001 with NDVI-R and NDVI-G;p<O.Ol with 

GR), but only with the images taken in June. 

Thanks to these correlations just listed, a flight date might be delineated in order to get a 

maximum of useful information out of the picture. To summarize, below is a list ofthe variables 

that could be judged of interest, or at least which showed consistent correlation vintage after 

vintage, followed by the best time to acquire them: 1. Vine vigor: generally anytime, it was 

highly correlated with all the vegetation indices through the whole growing season; 2. Yield: 

same as vine vigor, it can be assessed anytime, except very early in the season; it was correlated 

with all the vegetation indices; 3. Berry monoterpenes: could be assessed using all the vegetation 

indices, but only on pictures taken later in the season, i.e. August or September; 4. TA, pH: 

correlations were found more relevant with pictures taken around mid-season, i.e. July or 

August; worked with all vegetation indices; 5. Brix: even if consistently correlated, its sign 

changed over time. A positive correlation was observed in May/July 2008 and in August 2007, 

and a negative one in June 2007 and 2009. According to those observations, it might be of 

relevance to take airborne pictures later in the season: this way vigor, yield, pH, TA, and berry 

monoterpene concentration could be confidently assessed. Thus, for the next analyses, ANOV A 

and peAs, it was decided to use only the three vegetation indices calculated from the last 

airborne pictures of the season, as well as their mean value: this showed the particular case of 
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August/September, and how it was positioned compared to the trend observed over the whole 

year. 

Season 2006. Analysis of variance. Compared to the ANOVA of standard field 

measurements, there were 12 more variables--the four vegetation indices collected on two 

different dates plus the mean indices. The other variables were those described in the previous 

chapter. Data for vigor and airborne-based vegetation indices were missing in 2006. The 

ANOV A presented here is for the different vegetation indices. All vegetation indices were highly 

significant to discriminate the 18 block x water status combinations (p<0.000 1; data not shown). 

Thus, this was a total of 33 significant variables out of 36 first listed. After grouping all the 

similar variables, 18 variables were left to run PCA. 

Principal component analysis. The PCA biplot for the two first axes, Fl and F2, showed 

the same relationships as seen for field and berry composition eigenvectors (Fig. 4.3A). The 

distance between observations (sub-blocks x water status combinations) was the same. Thus, the 

focus here was exclusively on relationships concerning vegetation indices. Once again there was 

little possibility to group some sub-block or sub-zone combinations, since they were spread out 

in a random manner. The only pattern worth noting was if one draws a line crossing the biplot 

from the top left to the bottom right comers, all the SPY, SPB and TR sub-blocks were above the 

line, whereas WPY, WPB and LE ones were below it. The eigenvectors for ground-based 

NDVI-R, NDVI-G and GR were clustered together, along the right side ofFl-axis. Those 

eigenvectors were well related to yield, and completely opposed to TVT, soil moisture and clay 

texture. This means that a vine whose canopy had a higher GR would more likely be associated 

with higher yield, but the grapes would have lower TA and TVT, and the soil would have lower 

moisture and lower clay content. REIP was separated from this last cluster, and showed different 

relationships: it was positively related to berry pH and Brix, and negatively related to TVT, soil 

moisture, leaf"" TA and soil clay content. 

The second biplot represents two other dimensions: Fl and F3 (Fig. 4.3B). As found on the 

other dimension representation, all vegetation indices were correlated to each other, and 

positively correlated to yield, berry pH and OM, and negatively correlated to soil moisture, TVT, 

TA, clay content, soil pH and CEC. The last observation that can be made is that REIP and leaf", 

were correlated. 

Spatial variability. All the maps representing the spatial variability for all four ground

based vegetation indices are in Fig. 4.4. The four maps for each vegetation index were quite 

similar: high values were in the Spy block, when the lowest were generally located in WPB, and 
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in a part of SPB. The same trends were found with the four vegetation indices, meaning that one 

cannot really decide which one would be the best to use to get the most accurate information. 

Season 2007. Analysis of variance. ANOVA was performed for 2007 for sub-blocks x 

water status combinations fIrst (Table 4.5). There were initially 48 variables. The new variables 

were composed of vegetation indices calculated from both airborne images and ground-based 

leaf reflectance. All vegetation indices calculated from the airborne images were highly 

signifIcant to discriminate the categories (sub-blocks). Unfortunately, this was not the case for 

the ground-based vegetation indices. Thus, there were a total of 44 variables that were signifIcant 

for discrimination. After some of them were grouped, a total of 22 variables were used for PCA. 

An ANOV A was also run for sub-blocks x vine vigor combinations (Table 4.5). There were 

initially 48 variables. In this case, six were not signifIcant to discriminate the different 

combinations; once again, none of the vegetation indices calculated from the ground-based leaf 

reflectance data were significant, whereas those calculated from the airborne image were highly 

significant. After some of the variables were grouped, there were a final number of22 variables 

used for PCA. 

Principal component analysis. The first biplots represent the relationships between all the 

variables and the sub-blocks x water status combinations for both the axes FlIF2 and FlIF3, 

respectively (Fig. 4.5A and B). It can be noted that the clusters that were found in the previous 

chapter were still observable on this biplot. There were just three block clusters: the fIrst cluster 

grouped the sub-blocks LE, WPY and WPB, and was located in the low half of the biplot; the 

second cluster, was located in the upper right quadrant, grouped all TR, SPY and SPB sub

blocks; the third and last cluster grouped two sub-zones, SPB-LWS and WPY-LWS, and both 

can be seen along the F I-axis, on the left half of it. All vegetation indices, whether those 

calculated from the picture taken in August or others representing the mean value over the whole 

season, were separated by low angles, and were considered as part of a same cluster. They were 

positively related to vine vigor, all three yield components, soil moisture, berry TVT 

concentration and pH, and leaf 'l'. This suggested that a vine with a high vegetation index, for 

either NDVI-R, NDVI-G or GR, had potentially high vigor, high yield, a high leaf\jl, so a high 

water status, and thus a high berry TVT concentration and a high berry pH. There were no real 

relationships between vegetation indices and soil texture. If one examines the relationship 

between sub-zone clusters and vegetation indices, one can see that the two leaf \jI combinations, 

the third of the clusters, was negatively related to remote sensing. Then, the second cluster, 

grouping TR, SPB and Spy, was positively related to the vegetation indices. Finally, the first 
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cluster had a double relationship: LE was positively related to vegetation indices, when WPY 

and WPB were either negatively or not related to vegetation indices. 

The second type of PC A concerned the sub-blocks x vine vigor combinations (Fig. 4.6). 

Here, two types of clusters can be delineated: block and vigor related. Firstly, two sub-block 

clusters can be identified. If a line is drawn from the top left to the bottom right corners, one will 

fmd TR and LE sub-blocks above that line, and WPY and WPB below it. Then, there were three 

vigor clusters: high vigor, on the right side of the biplot, medium vigor along the F2-axis, and 

low vigor on the top left quadrant. As in the previous PCA, all the vegetation indices 

eigenvectors were all clustered together. They were highly positively related to vine vigor, yield 

(all three yield components), berry pH, TVT and Brix; and were negatively related to T A. Here, 

vegetation indices were not related to soil texture, leaf'l' and soil moisture. If the position of the 

eigenvectors is compared with the location of the clusters, it can be seen first that the relationship 

between the block clusters and vegetation indices depended largely on the vigor of the vines: the 

block effect was low here. In case oflow vigor, the relationship was negative, low vigor was 

synonymous with low vegetation index value. If the vigor was considered as medium, it did not 

have any real relationship with vegetation indices: the angle between vegetation indices 

eigenvectors and medium vigor observations was close to 90°. Finally, high vigor combinations 

were highly related to high vegetation indices values, as suggested by the position of the vine 

vigor vector: the shoot weight vector was right in the middle of the vegetation indices cluster. 

Overall, there were noteworthy correlatiOIis between vegetation indices and vine vigor, but 

nothing concerning leaf'l' or soil moisture. 

Spatial variability. Maps were created for the spatial variability of ground-based and 

airborne-based vegetation indices (Fig. 4.7 and 4.8). In the first set of maps, one can see that the 

lowest values for each of the three vegetation indices represented (NDVI-R, NDVI-G and GR) 

were located in SPB and WPB. Highest values were found in WPY and SPY. Similar 

observations were made in 2006. This suggests that observation made for ground-based leaf 

reflectance were stable over time. 

Concerning the vegetation indices based on the information extracted from airborne 

images; Fig. 4.8 shows that the highest values were found in LE, SPY and the western part of 

WPB. The lowest values were located in SPB, WPY and the eastern part of WPB. Thus, the 

observations for both vegetation indices were slightly different. One can also notice that for our 

airborne-based vegetation indices, the spatial variability trend is very similar from one index to 

another. 
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Season 2008. Analysis o/variance. ANOVA results are depicted for sub-blocks x water 

status combinations (Table 4.6), and for sub-block x vine vigor combinations (Table 4.7). Table 

4.7 depicts only the vegetation indices, i.e. 31 of the 65 variables used initially. Ground based 

vegetation indices did not significantly discriminate combinations. The only ground based 

vegetation index of consequence was NDVI-R; the others were not significant. All airborne 

images-based vegetation .indices were significant to discriminate the different combinations. 

There were 14 variables that were not significant. After some of them were grouped, there were 

21 variables used to run the peA. There were also initially 65 variables for the sub-block x vine 

vigor combinations (Table 4.7). Only five variables were not significant to discriminate sub

blocks x vine vigor combinations. Among the vegetation indices calculated from ground leaf 

reflectance data, NDVI-R measured on 20 August was the only one not significant; remotely

sensed vegetation indices were all highly significant. After grouping, there were 24 variables 

used to run the peA. 

Principal component analysis. The first of the three peAs represents the distances 

between variable and sub-blocks x water status combinations (Fig. 4.9). Block clusters can be 

firstly considered: the first clusters grouped LE, WPY and WPB sub-blocks and was mostly 

located in the bottom left part ofthe biplot; the second cluster, Spy and SPB, was on the top part 

of the biplot, along the F2-axis; the last block cluster groups the TR block combinations, which 

were along the right half of F I-axis. Another type of clusters can then be found, this time 

grouping water status combinations. Here, those combinations were a little bit all mixed, and 

clusters were hard to find. The eigenvectors showed that once again, all the vegetation indices 

were clustered together, except NDVI-R, which was on the other side ofthe biplot. It means that 

here, there was a poor correlation between airborne and ground based vegetation indices, even if 

the matrix of correlation was suggesting the opposite. Those vegetation indices looked positively 

related to vine vigor, yield (for both vine yield and number of clusters per vine), Brix and leaf'l'. 

However, the length of the leaf'l' vector was much shorter than those of the vegetation indices, 

suggesting that even if the eigenvectors were close to parallel, their relationships were not that 

strong. Also; there were negative relationships between the vegetation indices and soil moisture. 

Finally, there were no significant relationships between vegetation indices and soil texture or 

TVT. The first sub-block cluster (LE, WPY and WPB) was negatively related to the vegetation 

indices. The second cluster (Spy and SPB) did not seem to be related to them, since the angle 

between the vegetation index eigenvectors and the sub-blocks was close to 90°. The last cluster 

grouping the TR combinations was positively related. Regarding water status sub-zones, the low 
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water status combinations for both SPY and SPB were opposed to vegetation index eigenvectors, 

meaning that low water status may be associated with low vegetation index values. 

The second type of PC A concerned the vine vigor combinations for axes FlIF2 and FIIP3, 

respectively (Fig. 4.1 OA and B). On the fIrst of the two PCAs, there were two types of clusters: 

sub-blocks and vigor related. There were two main sub-block groups: the fIrst cluster consisted 

of LE, TR, SPB and WPB, and was situated in the low part ofthe biplot; the second and last 

cluster grouped Spy and WPY, and was in the top part of the biplot. Regarding clustering by 

vigor levels, one can make two groups: the fIrst cluster included medium and high vigor, and was 

located in the right side of the biplot; the second and last cluster, which was a low vigor group, 

was found on the along F2, and more particularly on its left side. Concerning the eigenvectors, 

one can see that once again all the vegetation indices were grouped together. This time, all the 

ground-based vegetation indices were present: NDVI-O and OR were both related to the other 

airborne based vegetation indices, when NDVI-R was still opposed to them, as well as REIP. 

Airborne vegetation indices were related to vine vigor, yield (related to all three yield 

components), Brix and TVT concentration. They also were negatively related to soil moisture 

and leaf",. Soil texture was still not related at all to vegetation indices, as well as to soil pH and 

CEC. Regarding sub-block clusters and their relationship with vegetation indices, since the 

separation line between the two sub-block clusters was represented by Fl-axis, and all vegetation 

index eigenvectors were along that same axis, there was no real group specifIcation in term of 

vegetation index values. With respect to vigor sub-zones, with all the eigenvectors on the right 

side of the biplot, and the medium and high vigor sub-zones on the same side, one can conclude 

that if the vigor of the vine is high, so is the vegetation index (NDVI-R, NDVI-O and/or OR). On 

the hand, ifthe vigor is low, one would more likely fmd a low vegetation index value. 

In the third PCA (FlIF3), one can observe the same cluster delineation as on the previous 

PCA (Fig. 4.1 OB). All the airborne-based vegetation indices were also very well correlated to 

each other for both the data extracted in August and the mean over the whole season. Regarding 

the ground-based vegetation indices, two indices were negatively separated from the others: 

REIP and NDVI-R. Remotely-sensed data were highly correlated to berry Brix, vigor, yield, and 

also correlated to soil texture; the higher the index value, the higher the sand content. On the 

other hand, they were negatively correlated to clay content, leaf"" soil moisture and CEC. There 

were no correlations between vegetation indices and TVT. The clusters/variables relationships 

were identical to those found on the previous PCA: higher vigor cluster was correlated to higher 
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vegetation indices values and lower leaf",. TVT was negatively correlated to the low vigor 

cluster. 

Spatial variability. Maps were created for the spatial variability of the four ground-based 

vegetation indices and the three airborne-based vegetation indices (Fig. 4.11,4.12). The OR did 

not help to discriminate areas within the vineyard (Fig. 4.11). The three others were a bit more 

relevant for that purpose: it seems that areas where the NDVI indices were higher (both SP 

blocks) showed low REIP values. If compared to the maps from Fig. 4.12, the difference can be 

pretty easily observable. Areas that were found to have a high value for vegetation indices with 

the ground-based equipment showed the opposite with airborne imagery: in this last case, SPB, 

SPY WPB and the western part of LE had low vegetation indices, when the highest values were 

found in TR, WPY and the eastern part of LE. 

Season 2009. Analysis of variance. The fIrst table concerning 2009 summarizes that 

results obtained with the ANOV A ran for sub-blocks x water status combinations (Table 4.7). 

There were 59 variables used at the beginning, of which three were not signifIcant. It included 

the ground based vegetation indices calculated from data collected on 7 August. The other 

vegetation indices calculated from the airborne pictures were all highly signifIcant. After 

grouping, the fInal number of variables was of 26, which were then used for the peA. The 

second column of the table grouped the results about the ANOVA for the sub-blocks x vine vigor 

combinations (Table 4.8). There were also an initial number of 65 variables. Five were not 

signifIcant. About the vegetation indices, they were all significant for both the airborne images 

and the ground-based leaf reflectance, except for the NDVI-R calculated on 7 August from the 

ground leaf reflectance. After similar variables were grouped, 25 variables were left, which were 

those used to run the peA. 

Principal component analysis. There were four peA biplots: two representing FlIF2 

(Fig. 4.13A and 4. 14A) and two for FlIF3 (Fig. 4.13B and 4.14B). The fIrst two concerned the 

sub-blocks x water status combinations (Fig. 4.13). The fIrst task was to group water status and 

sub-blocks into clusters. As one can see on the very fIrst biplot, there was no convenient way to 

group water status. It means that as per the previous vintages, it maybe said that water status had 

only a minor role to play in the vegetation indices evaluation. Thus, in this case, sub-blocks were 

the only that could be grouped. Three clusters can be delineated: the first one consisted of WPB 

and WPY, and was located in the top right quarter of the biplot; the second cluster, which 

grouped SPB and Spy, was situated along the Fl-axis, on its left half; the third and last cluster 

included the two last sub-blocks, TR and LE, and can be found along the bottom part of F2-axis. 
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The eigenvectors were not as well grouped as per 2007 and 2008: the airborne-based vegetation 

indices were all grouped together, except GR measured in September, which vector was on the 

complete opposite side ofthe biplot (along the right half ofFI-axis). Then, ground-based were 

either not related at all to airborne vegetation indices, as it was for REIP and NDVI-R, or 

negatively related to them (GR and NDVI-G). The vegetation indices of interest (airborne-based) 

were positively related to vine vigor, berry pH and TVT concentration. On the other hand, they 

were negatively related to yield (all three yield components) berry TA, leaf", and soil moisture. 

Vegetation indices also seemed to be related to soil texture again. To be more precise, a high 

vegetation index value was correlated to sand content in the soil, and low index values were 

related to clay content. Block cluster trends were as follows: the first cluster (WPY and WPB) 

was negatively related to remote sensing, so negatively connected to vegetation indices; the 

second cluster (SPB and SPY) was positively connected to the vegetation indices; the third and 

last cluster, combining TR and LE sub-blocks, did not seem to be related to vegetation indices, 

since the angle between the block points and the vegetation indices eigenvectors was close to 

90°. 

The second PCA, representing FI and F3 showed similar block clusters as on the first 

PCA: WPY and WPB in a first cluster, SPB and Spy in a second, and fmally LE and TR in a 

third and last (Fig. 4. 13B). Aerial vegetation indices were all highly correlated to each other, 

except GR which was located in the opposite side of the biplot (right side). Vigor, berry pH, and 

leaf", eigenvectors were too short to be successfully used for interpretation. Focusing on the 

other eigenvectors, vegetation indices were positively correlated to TVT, OM and sand content, 

and negatively correlated to CEC, soil pH, soil moisture and yield. Therefore, the fmal 

correlations that could be observed between block clusters and variables were still the same: the 

cluster WPYI WPB was· negatively correlated to vegetation indices; the cluster SPB/SPY was 

positively connected to the vegetation iIldices; the third and last cluster, combining TR and LE 

sub-blocks, did not seem to be really related to vegetation indices, which may be a particular 

status for TR, which showed a slightly negative correlation with remote sensing. 

The second set of PC As concerned the sub-blocks x vigor combinations (Fig. 4.l4A and 

B). Looking to combinations for the first of those two PCAs, groups can be made, beginning 

with vigor status: the first cluster included only low vigor, and was located above a line that goes 

from the bottom left to the top right comers; the second cluster, situated below that line, 

consisted of medium and high vigor levels. One can then cluster sub-blocks as follows: the first 

cluster grouped TR, SPY and SPB sub-blocks, and was on the right side of F2-axis; on the other 
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side of the axis was the second and last cluster, which consisted of LE, WPY and WPB sub

blocks. Contrary to the two previous PCAs, all the vegetation index eigenvectors were grouped 

together: there was a good connection between the late season and average vegetation indices. 

However, they were not connected at all to the ground-based vegetation indices. They were also 

unrelated to vine vigor and yield (true for all three yield components). Negative relationships 

were observed for berry Brix, leaf'll and soil moisture. As highlighted in the results description 

of the previous PCA, there were also strong relationships of vegetation indices with soil texture: 

once again, high vegetation index values were synonymous with higher sand content, and low 

values meant that a soil would be more likely consisting of clay. The first cluster type concerned 

vigor levels. As found before, a low vigor cluster was located on the exact opposite side of the 

vegetation index eigenvectors: medium and high vigor were strongly related to high vegetation 

indices value. The first block cluster, which was composed with SPY, SPB and TR showed here 

a very interesting relationship with vegetation index eigenvectors: these three sub-blocks 

generally had higher vegetation indices values, while the three last sub-blocks, WPB, WPY and 

LE, were less related to remote sensing, with lower values for the different vegetation indices. 

The final PCA, representing FI and F3, showed similar clusters. Beginning with vigor 

clusters, low vigor was mostly located on the lower part of the biplot, when medium and high 

vigor levels were on its top part. Concerning the block clusters, they were also the same: WPY, 

WPB and LE were on the left part of the biplot, and SPB, SPY and TR were on the right side. 

Again, all the vegetation indices were all together, whereas this was not the case for the ground

based indices. However, NDVI-R was the only one of the ground-based vegetation indices that 

could be used here, the others showing extremely short eigenvectors. Remote sensing was 

positively correlated to vigor, yield, OM and sand content as well as berry pH; they were 

negatively correlated to leaf,!" soil moisture, clay content, CEC, and soil pH. Comparing clusters 

and variable eigenvectors, one can see that remote sensing did not seem to be that related to vine 

vigor, this one being more related to sub-blocks: higher vegetation index values were found for 

SPY, SPB and TR, when the three other sub-blocks had lower vine vigor. 

Spatial variability. The maps representing the ground-based vegetation indices showed 

that there was a negative correlation between REIP and the three other vegetation indices (both 

NDVI values and GR; Fig. 4.15). The highest vegetation index values were found in TR, WPY 

and LE, whereas the lowest ones were in both SPB blocks and WPB. Maps show the vegetation 

indices calculated with the data extracted from the airborne images (Fig. 4.16). 'As per the 

previous vintages, the results were very different from the ones obtained with a ground sensor: 
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here, highest values were found in SPY, WPY and the western parts of both LE and TR, when 

the lowest values were located in WPB, SPB and the eastern parts of LE and TR. The spatial 

variability was essentially identical to the one observed in the previous vintages, i.e. identical 

differences were observed year after year in a same vineyard. However, the spatial correlation 

between ground and airborne-based vegetation indices illustrates perfectly what was found on 

the peAs: there was no correlation across the different vintages between those variables. 

Discussion 

According to the matrix of correlation, it seems that some very useful assumptions could 

be made about grape quality and vine biology. In particular, it seems that taking airborne pictures 

around mid-August, matching with mid-veraison, would enable to discriminate parts of a 

vineyard for vine vigor, yield, berry pH, TA and TVT concentration as well as berry Brix, to a 

certain extent. But before making a general conclusion upon the previous observations, it would 

be necessary to go through all of them again and find out if weather particularities can have 

radically changed the observations, and changed the general pattern of water statuslberry quality 

relationships. The strong point of this study was that over four vintages, extremely different 

weather conditions were experienced, going from drought in 2007 to vine drowning in 2009, 

separated by two other levels of humidity in 2006 and 2008. The peAs helped assessing those 

relationships. 

Upon looking at all the peAs, one will notice that the correlations between remote sensing 

and ground leaf reflectance were low. In a few cases where ground-based leaf reflectance was a 

discriminating factor, calculated vegetation indices were either positively or negatively 

correlated to those calculated from airborne images. The same observation was made when 

comparing maps illustrating the spatial variability of both ground and airborne-based vegetation 

indices. Two factors could have affected these correlations. First of all, in the ROI of the 

airborne images, canopy was not necessarily the only thing present: pixels were a mix of vine 

canopy and bare soil, which could have considerably lowered the vegetation index values. This 

could also explain why the ranges of values for the vegetation indices were so different 

depending on the data collection method; with the ground sensor, measurements were only made 

on leaves, whereas with airborne images, the bare soil could have constituted an interference that 

decreased the mean reflectance of all the canopy pixels for the near infrared band, and increased 

it for the red band, since bare soil reflects red and not near infrared. Second, a smallpart of the 

leaf population was sampled during reflectance data collection; measurements were only made 

on three leaves, whereas in an airborne image, one got a view ofthe whole canopy, including the 
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healthy ones as well as those that had been affected by disease or nutrient deficiency. Leaves 

were of course randomly chosen, but the fmal sample was very small. The advantage of the 

equipment used, even though it could only measure one leaf at a time, was that data could be 

collected at any time, without weather restrictions. A spectrophotometer with a wider 

observation zone range could have probably been used. That type of equipment would have 

allowed the collection data for 10 or 12 leaves at a time, which may have provided a sample 

more representative of the whole population. The problem with such a spectrophotometer is that 

an operator needs the same natural sunlight intensity from one data set to the other, which would 

have been difficult during vintages such as 2009. Such a problem of correlation between ground

based and airborne-based vegetation indices has also been observed in another study in Italy 

(Brancadoro et al. 2006). 

Regarding water status, during all the three vintages during which airborne images were 

taken, all the three showed negative correlations between remote sensing and the absolute value 

ofleaf",. An increase in the absolute value ofleaf", means a low water status, so the plant was 

potentially under a water stress. In this case, the vine would have used mechanisms such as 

stomatal closure to conserve water. This phenomenon would have slowed down transpiration, 

and raised the temperature of the leaves. That increase of temperature was related to an increase 

of red band reflectance. The reduction of transpiration would have also been accompanied by a 

reduction in photosynthetic activity, consequently a decrease ofNIR reflection. This explains 

why negative relationships between absolute value of leaf", and remote sensing were observed. 

Weather conditions did not appear to have any effect on that relationship; once the vine water 

status decreased, and stomatal closure took place, it could be seen on airborne pictures. 

This was not the fact with soil moisture; soil moisture was positively correlated to remote 

sensing in 2007, and negatively correlated to it in 2008 and 2009: it seems that there was a clear 

separation of dry/wet weather conditions. To begin with in 2007, plants were under drought 

conditions, so water uptake was limited. An increase in vegetation indices occurred in the event 

of small increases in soil moisture. This was again due to reduced transpiration and 

photosynthesis in response to the drought. In 2008 and 2009, the opposite situation was found; 

soil moisture was generally extremely high. The soil water content would have potentially 

restricted root activity due to an excess of water. Consequently, in those two vintages, a 

reduction in soil moisture was correlated to an increase of vegetation index values: lower soil 

moisture permitted normal conditions in the root zone, allowing the plant to increase gas 

exchange. Increases in soil moisture would have resulted in water excess, reducing gas exchange. 
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Concerning vine vigor, positive correlations were found between this variable and 

vegetation indices in all three vintages. Therefore, regardless of growing conditions, a high 

vegetation value was always associated to high vine vigor. That observation was similar to what 

other researchers found in the past about assessing vine vigor using multispectral airborne 

imagery (Hall et al. 2002, 2003). 

With respect to remote sensing vs. berry composition, and in particular Brix, TA and TVT, 

an increase of the vegetation indices was associated with an increase of canopy surface area, and 

consequently an increase of the photosynthetic activity. That activity facilitated fruit maturity in 

case of dry or normal years. Consequently, positive correlations were observed between 

vegetation indices and both Brix and TVT in 2007 and 2008. If the growing conditions were 

anomalous (e.g. very wet), as in 2009, high vegetation index values were associated with low 

Brix and TVT. 

If comparing those observations to those made for TA, one can see that they were the 

complete opposite. In 2008, TA was not a significant variable to discriminate the block 

combinations. For the two other vintages, higher vegetation indices were correlated to lower TA 

in 2007 and higher TA in 2009. Again, during an anomalous (very wet) year, vines with higher 

vegetation index values were characterized by poor fruit maturity, (low Brix and high TA) ; if 

the conditions were extremely dry, a higher vegetation index value meant that the plant was 

physiologically active, so Brix was higher and TA lower (enhanced technological maturity). 

As seen in the previous chapter, the last of the three berry composition variables, TVT, was 

always associated to high vegetation indices, and therefore also to high vigor and 

photosynthetically-active vines. Monoterpenes are synthesized due to reactions catalyzed by 

phenyltransferases, which ultimately produce geranyl diphosphate (Beale 1991). Bouvier et al. 

(2000) also suggested that the synthesis was photo-regulated. That means that in order to 

maximize the synthesis of monoterpene precursors, vines needed maximum sunlight, and 

sufficient canopy surface for sunlight capture. In the present study, vines with larger canopies 

were characterized by higher vegetation indices values. Therefore, if the vegetation indices were 

high, it is more likely that higher synthesis rates of monoterpene precursors can be found, so a 

potential higher berry TVT concentration. This is exactly what was found from 2007 to 2009. 

It seems counter-intuitive that TVT were not related to technological fruit maturity (Brix, 

TA, pH). This means that remote sensing would allow the direct assessment of the potential 

monoterpenes concentration of grapes, when assessing fruit maturity would require additional 

weather data (growing degree days, total sun exposure of the canopy, precipitation, soil 
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moisture) in order to know if the current vintage is considered as wet, balanced or dry, and if 

vines got enough quantity of light and heat to make grapes ripe. 

Conclusions 

There were two hypotheses delineated prior to start this phase ofthe study. The first one 

was that vine water status and vine vigor would both be correlated to remote sensing data. The 

second was that remote sensing would also be correlated to berry composition: Brix, TA, pH and 

berry monoterpene concentration. With respect to the first hypothesis, correlations between vine 

vigor and remote sensing were very strong, and all vegetation indices were excellent tools to 

assess vine vigor in any weather condition. High vigor vines generally had denser canopies, so 

they were presumably more photosynthetically active, which was easily observable on CIR 

images. Concerning the relationship between vegetation indices and leaf,!" there were also very 

strong correlations, which were not affected by weather conditions. In general, the lower the 

absolute value ofleaf,!" the higher the water status of the vines, and the higher the value of the 

vegetation indices. Under high vine water status, the vigor of those vines was concomitantly 

higher. This relationship between water status and vigor was observable from an aircraft. 

Concerning the second hypothesis, the relationship between vegetation indices for berry 

monoterpenes and other fruit maturity components (Brix, TA and pH) were different. The 

synthesis of berry monoterpenes is indirectly sunlight-dependent: the higher the sunlight 

exposure of the fruit, the higher the berry monoterpene concentration. This might have been why 

strong correlations were found between vine vigor, vegetation indices and berry monoterpene 

concentrations. For the other fruit maturity components, their relationship to remote sensing was 

different depending on the weather conditions: in a normal to dry year, an increase ofthe 

vegetation indices was associated with better technological fruit maturity (higher Brix and pH 

and lower TA). In a wet year, it was the complete opposite: vines higher in vegetation indices 

produced fruit with a lower maturity. 

These results suggest that remote sensing can help decision-makers in delineating zones 

within a vineyard from where the fruit will be of a different maturity level, or will simply be 

more concentrated in aromatic compounds. Those zones, delineated with airborne imagery, can 

be considered as terroir sub-blocks, and should probably be processed separately in order to 

make wines with strong differences that will be the reflect of those terroir differences. The best 

time to fly ·over vineyards and take pictures seemed to be around veraison, so around mid

August. Further analysis of wines made from those different zones could show if they are 
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different in term of sensory descriptors particularly if the fruit composition is defmitely different 

between sub-blocks. 
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Tables 

Table 4.1: Matrix of correlation for all the fieldlberry composition and leaf reflectance variables measured at a 10 hectare Riesling 
vineyard site at Thirty Bench Winemakers (Beams ville, Ontario) in 2006. Colored cells are significant. Red: p<O.OOOI; blue: p<O.OI; 
yellow: p<O.05. 

Variables Elevation Text_sand Text_silt Text_clay CEC pH 
Organic 

LWP1 LWP2 LWP3 
Mean 

5M1 5M2 5M3 
Mean 

Clusters Yield 
Berry 

matter LWP 5M weight 
grNDVI-R1 .(I.1~L , 0.026 0.100 -0.111 -0.153 -0.235 0.185 -0.132 -0.192 -0.078 -0.175 ~.(I .• 16!i _ _ :0.133 -0.063 ,0.1\10 jJ,io)f 0.250 0.089 
grNDVI-G1 -0.039 0.137 0.036 -0.200 -0.122 -0.168 0,J27 -0.183 .(1.260 -0.263 .(1.320 -0.095 .(1.177 - -0.094 -0.141 0.091 0.310 0.048 

grGR1 -0.042 0.126 0.051 -0.198 -0.117 -0.165 0.315 -0.194 -0.255 -0.266 . ·-11.324 ~ -0.094 _.(I.1n -0.087 -0.136 0.083 0.298 0.035 
gr REIP1 .(1.321 0.097 0.114 -0.211 .(1.317 41.361 .. 0.328 -0.148 -0.057 -0.032 -0.101 -0.081 -0.101 -0.207 - , .(1.145 0.2~_ 0.328 0.097 

grNDVI-R2 .(1.332 0.193 -0.129 -0.137 .(1.422 -0.583 0.307 -0.148 .(1.347 -0.016 -0.215 .(1.318 .q.21S· ..0.322 .(1.327 0.111 0.192 0.085 
grNDVI-G2 ..0.346 OAII -0.194 ..oA73 .(I.&Ol -0.760 0.586 -0.301 .(I.lI7l -0.104 -o.33i ' ..oA75 .(IA71 ·0.531 .(1.565 0.163 0.439 0.104 

grGR2 .(1.346 OAS' -0.187 -0.476 .(1.614 ..0.773 0.581 -0.299 .(I.~ -0.100 -1)·327 . ..oA75 ..oA68 ..0.553 ..0.571 0.154 C!.~8 0.088 
gr REIP2 0.219 -0.009 -0.228 0.228 -0.050 -0.034 0.027 -0.104 0.062 -0.076 -0.054 -0.036 -0.013 0.007 -0.018 0.047 0.103 0.109 

grNDVI-R .(1.361 0.160 -0.062 -0.158 ..oAiio ..0.560 0.331 -0.178 -0,3511 -0.053 -0.256 -0.331 -0.297 ' ..0.280 -0.350 0.199 G.286 0.117 
grNDVI-G .(1.258 o.llil5 -0.115 ..0.438 .(1.501 ·0.641 0.601 -0.313 -0.415 -0.211 -oA1li -0.390 -0.426 -0.428 -0.477 ,0.14!0 G.462 0.100 

grGR -0.270 ,. 0""13 -0.115 -0.449 ..0.526. -0.674 0.601 -0.918 -oA19 I -0.203 ,_-oAl,6 .(IA08 .(IA16 -0.462 .(1.$00 0.153 OASS 0.084 
grREIP -0.073 0.022 

___ 0.062_ 
__ q·027 -0.220 -0.227 0.194 -0.174 0.044 -0.063 -0.084 -0.077 -0.078 -0.124 -0.106 O.lU 0.277 0.141 

grNDVI-
gr 

grNDVI- grNDVI- gr 
gr gr 

Variables Berry Brix Berry pH BerryTA NDVI- grGR1 gr REIP1 grGR2 NDVI- NDVI- grGR gr REIP FVT PVT TVT Rl 
G1 

R2 G2 REIP2 
R G 

grNDVI-R1 0.025 O.W O.z3iJ 1 0.574 0.561 0.129 0.100 0.197 0.188 -0.128 0.673 00427 0.396 0.010 -0.319 -0.217 -0.325 
grNDVI-G1 -0.012 0.129 0.095 0 .574 1 0,994 0 .480 -0.049 .0.314 0-286 0.038 0.310 o.m 0.673 0.364 -0.110 -0.123 -0.149 

grGR1 -0.007 0.125 0.083 0.561 0.994 1 G.456 -0.055 0.3118 0.281 0.032 0.298 0.722 0.673 0 .344 -0.102 -0.115 -0.139 
gr REIP1 -0.070 0.081 -0.057 0.129 OAaO 0.456 1 0.144 0.361 0.340 0.009 0.184 oAM 0.460 0.705 -0.045 0.022 -0.007 

grNDVI-R2 0.001 0.070 -0.018 0.100 -0.049 -0.055 0.144 1 G.582 0$89 0.044 0.809 0.3t9 0A31 0.116 0.113 0.059 0.103 
grNDVI-G2 -0.090 0.121 -0.089 0-197 0:314 0.3118 0.361 G.582 1 0.989 -0.l94 0.550 .G.882 0.905 0.369 -0.266 -0.150 -0.248 

grGR2 -0.079 0.122 -0.096 Uti8 G.286 0.281 0.340 0.589' 0.989 1 ".169 0.550 0.860 '11.901 0.336 -0.261 -0.119 -0,221 
grREIP2 0,102 0.086 0.047 -0.128 0.038 0.032 0.009 0.044 _ 0.194 D.169 1 -0,047 0:1$' 0.143 0 .735 0.274 -0.050 0.102 

grNDVI-R 0,014 0.146 0.121 0.673 0.510 D.298 0:184 D.. 0.550 0.550 -0,047 1 0.548 0.554 0.085 -0,122 -0,104 -0.139 
grNDVI-G -0.069 0.154 -0.023 0A27 0.128 0.722 0.494 ¢399 u..a 0.860 1!,1$8 0.548 1 0.989 0A31 -0,257 -0,173 -0,260 

grGR -0.061 0.153 -0.043 0.396 0.673 0.673 0.460 ilA31 0.905 0 .901 0.143 0.554 0.989 1 0.396 -0,256 -0,146 -0.239 
gr REIP 0,026 0.114 0,003 0.010 0.364 C!.lI44 0;705 0,116 0.369 0.336 0 .735 0.085 0.431 0.396 1 0.150 0.011 0,083 
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Table 4.2: Matrix of correlation for all the fieldlberry composition and vegetation indices calculated at a 10 hectare Riesling vineyard 
site at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. Colored cells are significant. Red: p<O.OOOI; blue: p<O.Ol; yellow: 
p<0.05. 

Variables 

ground NDVI-R 
ground NDVI-G 

ground GR 

NDVI-R June 29 
NDVI-R July 20 

NDVI-R August 14 
NDVI-R august 28 

MeanNDVI-R 
NDVI-G June 29 
NOVJ-G July 20 

NDVI-G Au ust 14 
NDVI-G August 28 

Mean NOVI-G 
GRJune20 
GR July 20 

GRAuR;ust 14 
GRAugust28 

Mean GR 

Variables 

ground NDVI-R 
_ground NDVI-G 

ground GR 
NDVI-RJune 29 

NDVI-R July 20 
NDVI-R August 14 
NDVI-R august 28 

Mean NDVI-R 
NDVI-G June 29 

NDVI-G Julv 20 
14 

Texture Texture Elevation sand silt 

0.164 a.on 0.069 
-0.124 . 11.364 -0.118 

-0.148 0.3118 -0.181 

0.016 -0.094 0.015 
-0.025 _0.271. -0.055 
-0.119 0.063 0.049 

" .170 0.087 0.063 
-0.047 0.112 0.010 
0.023 0.014 -0.002 

.. .228 0.091 -0.010 

".1t12 -0.038 0.056 

" .188 0.012 0.102 

".178 0.027 0.044 
0.054 0.016 -0.029 

.. .203 0.102 0.014 

".138 0.001 0.054 

".182 . 0.022 0.080 
,0.131 _ 0.049 0.032 

Brix TA pH 

Texture CEC pH clay 

-0.168 0.034 0.015 
_ .. .364 -0.121 -0.136 

.. .3011 -0.138 -0.186 
0.109 -0.052 -0.036 

.. .303 - '!O:.330~1 ..oA21 
-0.128 .. .206 -0.226 
-0.171 ..0:282 . ..o,21lJ 
-0.156 .. .288 .. .289 
-0.016 -0.087 -0.089 
-0.110 ".om ' j " AGO , 
-0.001 -0.163 .0.235 
-0.109 t .. .261 -0.203 
-0.076 _".265 ' ,0".329. 
0.005 -0.051 -0.060 
-0.146 _".339 .. .417 
-0.051 -0.107 -0.171 
-0.102 -0.233 -0.175 
-0,092 -0.232 -O.2R 

I ground I ground I ground 
N~V~ N~VI- GR 

Organic 
matter 

0.160 
0.3111 
0.449 
0,037 

11.482 
0.435 
0.482 
0.416 
0.115 

'0.313 
0.389 
0_ 
0.434 
0.102 

o.aa 
0.381 
0.441 
0.3118 

NDVI-R 
June 29 

0.270 -0.168 O.A8i 
2ai 

0.648 0.547 -0.058 
.039 -0.090 0.854 -0.045 

0.07B I -0.003 I 0.238 I 0.547 , 0.1S4 -0.1 

".218 , 0.238 , 0.067 I -0.05B I ·0.045 
.054 -0.062 0.241 0.205 0.265 

0.056 -0.055 0.270 0.389 0.4211 
0.260 I -0.238 ' , 0.378 , 0.31,8 I 0.489 

8M 10/07 
2007 

0.140 

0.3l1li 
0.276 
0.040 
·0.023 
0.121 
0.032 
0.044 
0.015 
0.059 
0.114 
0.086 
0.085 
-0.003 
0.050 

0.075 
0.077 
0.053 

NDVI-R 
July 20 

!05 
0.265 
0.330 
OJl18 

8M 16107 
2007 

0.151 
0.3011 
0.347 
·0.020 
" ,128 . 
0.006 

·0.067 
-0.049 
-0.027 

0.014 
0.042 
O.OOB 
0.022 
-0.019 
0.002 

0.033 
0.017 
0.015 

NDV~R 
August 14 

8M 23/07 
2007 

0.074 
0.055 
0.083 
-0.037 

-0.047 
0.064 
0.059 
-0.011 
-0.003 
-0.005 
0.038 
0.113 
0.031 
-0.019 
0.0002 
0.007 
0.098 
0.003 

NDV~R 
august 28 

0,316 

0;402 
,:un 
0.64Z om 

8M 10/08 
2007 

0.347 
0.028 
0.085 
0.034 
-0.048 
0.034 

0.035 
0.006 
-0.055 

0.041 
0.116 

_ 0.122 
0.079 
·0.067 
0.017 
0.078 
0.121 
0.035 

Mean 
NDV~R 

8M 16/0B 
2007 

0.lB2 
0.004 
-0.025 

0.117 
-0.013 

0.045 
0.035 
0.080 

0.173 
-0.044 

-0.003 
O.OBl 
0.050 

. 0.182 
-0.078 
-0.022 
0.095 
0.063 

NDVI-G 
June 29 

0.008 
0.049 

8M 2410B 
2007 

0.083 
-0.135 
-0.156 

0.1ea 
-0.064 
-0.022 
-0.007 
0.035 

0.187 
-0.081 
-0.071 
0,025 

-0.003 
0.201 
-0.112 
-0.079 
0.034 
0.021 

NDVI-G 
July20 

8M 06109 Mean 
soil 2007 moisture 

-0.060 0.21S 
-0.125 0.086 

-0.097 0.100 

0.1'" 0.128 
-0.061 -0.083 
-0.019 0.053 
-0.067 0.010 
0.021 0.036 
o.U.;! 0.117 
-0.047 -0.017 
-0.076 0.036 
-0.003 0.103 
-0.003 0.063 
0.179 0.114 
-0.070 -0.049 
-0.095 -0.002 

0.010 0.108 
0.012 0.049 

NDV~G NDV~G-
August 14 AU9~st 

.043 0.310 

.030 0.25] 

-0.016 0.024 0.280 0.274 ~0.323_ _ 0-.&44 0.715 0.8711 0.892 0.&38 1 0.589 0;Mi 0.785 8_ 
_ .UO 0.172 0.111 o.oOB 0.049 0.068 0.737 OJl18 0.303 0.415 0.589 1 0.' 88 0.118 0.3S1 

LWP 
13107 
2007 
-0.022 
0.117 

0.097 
·0.054 
·0.180 
-0.170 

·0.183 
-0.178 
-0.221 
-0.111 
-0.161 
-0.136 
-0.205 
-0.217 
-0.074 
-0.131 
-0.151 
-0.204 

Mean 
NDVI-G 

45 
~ 

LWP 
0210B 
2007 
0.051 
-0.056 
-0.009 
-0.190 
,o.lIOt. 
-0.190 

".251 
".277 
".273 
-0.051 
-0.109 
-0.170 
-0.174 

-0.267 
-0.073 

-0.094 
-0.159 

-0.206 

GRJune 
20 

~ 
0.059 

LWP 
17/0B 
2007 
-0.107 
0.052 
-0.058 
-0.107 
-0.189 

. ..o.3!15 
-0.262 
-0.290 
-0.059 
-0.150 

'0.361 
oO.3S1 .. .-
-0.077 
-0.111 

.. .318 

..0.354 

.0.299 

GRJuly 
20 

.008 

--

LWP Mean 06/09 Yield Clusters 
2007 LWP 

-0.196 ·0.112 0.194 -0.087 
.0.272 -0.035 0.3S7 0.137 

.. .342 -0.096 :0A.22 0.193 
-0.051 -0.148 0.137 . 0.2118 
-0.210 oO.lI68 0.185 o.on 
-0.280 ..0.390 0.372 0:137 
.0.297 .Q.400 0.234 -0.003 

".248 ..0.393 0.2112 0.188 
-0.003 " .251 0,148 0.243 
-0:308 ·0.261 0.244 0.10B 
.. .389 -0.401 11.321 0.096 
.. .375 . ..0_ 0.314 0.036 
..0.395, ..o.4S3 0.336 0;143 
-0.028 ·0.261 0.137 0.288 
·0.288 -0.225 Q.1ea 0.052 
-oAl, .. .377 am 0.041 ..... ..0.419 0.277 0.005 

".3l1li ".4$4 0.288 0.138, 

GR I GR 
August 14 August I Mean __ GR FVT 

0.3011 ' 1 O~ 10.: 
0.290 . - 0.448 0.254 

, " 

-0.0500.346 
0.020 

Berry Shoot 
weight Weight 

0.358 0.155 
0.389 0A67 
0A48 _0.489. 
0.197 G.217 
0.418 0.3111 I 
OAO 0A83 I 

0Jl44 0.435 
0.472 0.437 
0.182 0.261 
0.379 0.291 
0.47t 0.357 
0.828 0.485 
0_ 0.448 
O.tea , 0.228 
0.331 0.278 

t 0.431 0.265 
0.812 OAO 
0.506 0.405 

PVT TVT 

0.165 0.166 
0.251 0.266 
0.385 0.389 

Mean GR I ·0.019 I 0.021 , 0.273 I 0.213 I 0.254 I 0.290 I u se , , I 0.737 0.783 0.590 0.874 0.560 0.751 0.837' 0.899 '0.1185 0.1185 0.158 -, "0.835' '-0.&821 0.4$4 0.224 0.304 
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Vaiables 

grNDVI-R 
June 27 

gr NDVl-R 
July 28 

grNDVI-R 
AUB20 

BrNOVI-G 

June 27 
srNDVI-G 

July 28 
BrNDVI-G 
June 20 

~ 
grGRJune 

27 

srGRJuly 

'8 
grGRAug 

20 

OR 
grREIP 

grREIP 
July 28 
grREIP 
AUR20 

REIP 

NDVI· R 
May 29th 

NOVl-R 
July 1st 

July 29th 

NOVI-R 
AUlLust ,,,, 
NoVi=R 
NDVI-G 

May 29th 

NOVI-G 

Julvlst 
NOVl-G 

July 29th 

NOVI-G 
August ,,,, 
GRMiV 

''''' GRJulylst 

GRluly 

29" 
GRAugust 

". GR 

Table 4.3: Matrix of correlation for all the field/berry composition and vegetation indices calculated at a 10 hectare Riesling vineyard 
site at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. Colored cells are significant. Red: p<O.OOOl; blue: p<O.Ol; yellow: 
p<0.05. 
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... " 
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..... 
0.208 I 0.002 
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0.038 0.Q70 

0.187 
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-0.041 1 00.214 1-0.021 
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-0.218 
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-0.192 

-0.172 ..... 
..... 
u .. 

...... 

-0.100 

-0.151 

-0.093 

-0.059 

-0_162 

~ 

CEC pH Organic 
matter 

8M 11-
"'0-08 

SM04-
Jul-08 

8M 15-
Jul-08 

-0.200 I .0.314 I 0.286 I -O.26( I -0.148 I -0.200 

,(),092 I -0.117 10.131 10.066 I 0.019 

0.039 0.004 0.025 0.t74 I -0.029 0.084 
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0.2M ..... -0_184 -0.176 
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Table 4.4: Matrix of correlation for all the field/berry composition and vegetation indices calculated at a 10 hectare Riesling vineyard 
site at Thirty Bench Winemakers (Beamsville, Ontario) in 2009. Colored cells are significant. Red: p<O.OOOl; blue: p<O.Ol; yellow: 
p<0.05. 
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Table 4.5: One-way ANOVA significance levels (p values) for 14 block x water status 
combinations, 12 block x vigor combinations and 18 vegetation index variables at a 10 
hectares site at a 10 hectare Riesling vineyard site at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2007. N: number of observations. gr: ground-based; NDVI
RlNDVI-O: normalized difference vegetation index red/green; OR: greenness ratio. 

p values p values 
variables N Water status Vigor 

com bi nations combinations 

ground NDVI-R 71 0.242 0.209 

ground NDVI-G 71 0.264 0.16 

ground GR 71 0.118 0.307 

NDVI-R June 29 440 <0.0001 <0.0001 

NDVI-R July 20 440 <0.0001 <0.0001 

NDVI-R August 14 440 0.0001 <0.0001 

NDVI-R August 28· 440 <0.0001 <0.0001 

Mean NDVI-R 440 <0.0001 <0.0001 

NDVI-G June 29 440 <0.0001 <0.0001 

NDVI-G July 20 440 <0.0001 <0.0001 

NDVI-G August 14 440 <0.0001 <0.0001 

NDVI-G August 28 440 <0.0001 <0.0001 

Mean NDVI-G 440 <0.0001 <0.0001 

GRJune 20 440 <0.0001 <0.0001 

GRJuly 20 440 <0.0001 <0.0001 

GR August 14 440 <0.0001 <0.0001 

GRAugust 28 440 <0.0001 <0.0001 

Mean GR 440 <0.0001 <0.0001 
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Table 4.6: One-way ANOVA significance levels (p values) for 12 block x water status 

combinations, 18 block x vigor combinations and 15 vegetation index variables at a 10 

hectare Riesling vineyard site at Thirty Bench Winemakers (Beamsville, Ontario) in 
2008. N: number of observations. gr: ground-based; NDVI-R/NDVI-G: normalized 

difference vegetation index red/green; GR: greenness ratio. 

p values p values 
variables N Water status Vigor 

combinations com bi nations 

gr NDVI-R 134 <0.0001 <0.0001 

gr NDVI-G 134 0.552 0.0003 

grGR 134 0.541 0.001 

NDVI-R May 29th 519 <0.0001 <0.0001 

NDVI-R July 1st 519 <0.0001 <0.0001 

NDVI-R July 29th 519 <0.0001 <0.0001 

NDVI-R August 21st 519 <0.0001 <0.0001 

Mean NDVI-R 519 <0.0001 <0.0001 

NDVI-G May 29th 519 <0.0001 <0.0001 

NDVI-G July 1st 519 <0.0001 <0.0001 

NDVI-G July 29th 519 <0.0001 <0.0001 

NDVI-G August 21st 519 <0.0001 <0.0001 

Mean NDVI-G 519 <0.0001 <0.0001 

GR May 29th 519 <0.0001 <0.0001 

GR July 1st 519 <0.0001 <0.0001 

GR July 29th 519 <0.0001 <0.0001 

GR August 21st 519 <0.0001 <0.0001 

Mean GR 519 <0.0001 <0.0001 
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Table 4.7: One-way ANOVA significance levels (p values) for 12 block x water status 
combinations, 18 block x vigor combinations and 28 vegetation index variables at a 10 hectare 
Riesling vineyard site at Thirty Bench Winemakers (Beamsville, Ontario) in 2009. N: number of 
observations. gr: ground-based; NDVI-R/NDVI-G: normalized difference vegetation index 
red/green; GR: greenness ratio. 

pvalues p values 
variables N Water status Vigor 

combinations combinations 

gr NOVI-R Jun.25 134 <0.0001 <0.0001 

gr N OVI-R Aug.7 134 0.59 0.829 

gr NOVI-R Sept.4 134 <0.0001 <0.0001 

ground NOVI red 134 <0.0001 <0.0001 

gr NOVI-G Jun.25 134 0.012 0.008 

gr N OVI-G Aug.7 134 0.432 0.0002 

gr NOVI G Sept.4 134 <0.0001 <0.0001 

ground NOVI green 134 0.002 0.0002 

gr GR Jun.25 134 0.032 0.013 

gr GR Aug.7 134 0.402 0.0004 

gr GR Sept.4 134 <0.0001 0.0001 

ground Greenness ratio 134 <0.0001 0.0005 

gr REIP Jun .25 134 0.001 0.003 

gr REIP Aug.7 134 0.001 <0.0001 

gr REIP Sept.4 134 0.005 <0.0001 

ground Red Edge Inflection Point 134 <0.0001 <0.0001 

NOVI R June 22 519 <0.0001 <0.0001 

NOVI RAug5 519 <0.0001 <0.0001 

NOVI R Sept 1 519 <0.0001 <0.0001 

Mean NOVI R 519 <0.0001 <0.0001 

NOVI G June 22 519 <0.0001 <0.0001 

NOVI G Aug5 519 <0.0001 <0.0001 

NOVI G Sept 1 519 <0.0001 <0.0001 

Mean NOVI G 519 <0.0001 <0.0001 

GRJune 22 519 <0.0001 <0.0001 

GRAugust 5 519 <0.0001 <0.0001 

GR Sept 1 519 <0.0001 <0.0001 

Mean GR 519 <0.0001 <0.0001 
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Figures 

Figure 4.1: CIR airborne image of the WPB, WPY, SPB, SPY and LE sub-blocks at Thirty 
Bench Winemakers, Ontario. Picture taken on 4 June 2008. North is oriented to the top ofthe 
image. A) CIR image; B) RGB image. 

Figure 4.2: Different sizes of Region ofInterest (ROI) used to extract data from airborne images, 
and their respective ground coverage. North oriented to the top. A) ROI of 1 pixel; B) ROI of 
9 pixels; C) ROI of 25 pixels. 

Figure 4.3: Principal component analysis using three factors to display relationships between 
mean values of 18 significant variables and 18 block x water status combinations at a 10 
hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2006. A) Axes F1 and F2; 
B) Axes F1 and F3. OM: organic matter; CEC: cation exchange capacity; SM: soil moisture; 
LWP: leaf water potential; TA: titratable acidity; TVT: total volatile terpenes; gr: ground
based; NDVI-R/NDVI-G: normalized difference vegetation index red/green; GR: greenness 
ratio; REIP: red edge inflection point. 

Figure 4.4: Ground-based vegetation index maps at Thirty Bench Winemakers (Beamsville, 
Ontario) in 2006. North is oriented to the top. A) Normalized difference vegetation index red; 
B) Normalized difference vegetation index green; C) Greenness ratio; D) red edge inflection 
point. 

Figure 4.5: Principal component analysis using three factors to display relationships between 
mean values of 22 significant variables and 14 block x water status combinations at a 10 
hectare site at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. A) Axes F1 and F2; 
B) Axes F1 and F3. OM: organic matter; CEC: cation exchange capacity; SM: soil moisture; 
L WP: leaf water potential; TA: titratable acidity; TVT: total volatile terpenes; NDVI
RlNDVI-G: normalized difference vegetation index red/green; GR: greenness ratio; REIP: red 
edge inflection point. 

Figure 4.6: Principal component analysis using two factors to display relationships between 
mean values of20 significant variables and 12 block x vine vigor combinations at a 10 hectare 
site at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. OM: organic matter; CEC: 
cation exchange capacity; SM: soil moisture; L WP: leaf water potential; TA: titratable acidity; 
TVT: total volatile terpenes; NDVI-RlNDVI-G: normalized difference vegetation index 
red/green; GR: greenness ratio; REIP: red edge inflection point. 

Figure 4.7: Ground-based vegetation index maps at Thirty Bench Winemakers (Beamsville, 
Ontario) in 2007. North is oriented to the top. A) Normalized difference vegetation index red; 
B) Normalized difference vegetation index green; C) Greenness ratio. 

Figure 4.8: Vegetation index (remote-based) maps at Thirty Bench Winemakers (Beamsville, 
Ontario) in 2007. North is oriented to the top. A) Normalized difference vegetation index red; 
B) Normalized difference vegetation index green; C) Greenness ratio. 

Figure 4.9: Principal component analysis using two factors to display relationships between 
mean values of21 significant variables and 12 block x water status combinations at a 10 
hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. OM: organic matter; 
CEC: cation exchange capacity; SM: soil moisture; LWP: leaf water potential; TA: titratable 
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acidity; TVT: total volatile terpenes; NDVI-RlNDVI-G: nonnalized difference vegetation 
index red/green; GR: greenness ratio; REIP: red edge inflection point. 

Figure 4.10: Principal component analysis using three factors to display relationships between 
mean values of 24 significant variables and 18 block x vine vigor combinations at a 10 
hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. A) Axes FI and F2; 
B) Axes Fl and F3. OM: organic matter; CEC: cation exchange capacity; SM: soil moisture; 
LWP: leaf water potential; TA: titratable acidity; TVT: total volatile terpenes; NDVI
RlNDVI-G: nonnalized difference vegetation index red/green; GR: greenness ratio; REIP: red 
edge inflection point. 

Figure 4.11: Vegetation index (ground-based) maps at Thirty Bench Winemakers (Beamsville, 
Ontario) in 2008. North is oriented to the top. A) Nonnalized difference vegetation index red; 
B) Nonnalized difference vegetation index green; C) Greenness ratio; D) Red edge inflection 
point. 

Figure 4.12: Vegetation index (remote-based) maps at Thirty Bench Winemakers (Beamsville, 
Ontario) in 2008. North is oriented to the top. A) Nonnalized difference vegetation index red; 
B) Nonnalized difference vegetation index green; C) Greenness ratio. 

Figure 4.13: Principal component analysis using three factors to display relationships between 
mean values of 26 significant variables and 13 block x water status combinations at a 10 
hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2009. A) Axes FI and F2; 
B) Axes Fl and F3. OM: organic matter; CEC: cation exchange capacity; SM: soil moisture; 
LWP: leaf water potential; TA: titratable acidity; TVT: total volatile terpenes; NDVI
RlNDVI-G: nonnalized difference vegetation index red/green; GR: greenness ratio; RElp: red 
edge inflection point. 

Figure 4.14: Principal component analysis using three factors to display relationships between 
mean values of 25 significant variables and 18 block x vine vigor combinations at a 10 
hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2009. A) Axes Fl and F2; 
B) Axes Fl and F3. OM: organic matter; CEC: cation exchange capacity; SM: soil moisture; 
LWP: leaf water potential; TA: titratable acidity; TVT: total volatile terpenes; NDVI
RlNDVI-G: nonnalized difference vegetation index red/green; GR: greenness ratio; REIP: red 
edge inflection point. 

Figure 4.15: Ground-based vegetation index maps at Thirty Bench Winemakers (Beamsville, 
Ontario) in 2009. North is oriented to the top. A) Nonnalized difference vegetation index red; 
B) Nonnalized difference vegetation index green; C) Greenness ratio; D) Red edge inflection 
point. 

Figure 4.16: Remotely-based vegetation index maps at Thirty Bench Winemakers (Beamsville, 
Ontario) in 2009. North is oriented to the top. A) Nonnalized difference vegetation index red; 
B) Nonnalized difference vegetation index green; C) Greenness ratio; 
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A 

B 

Figure 4.1: CIR airborne image of the WPB, WPY, SPB, Spy and LE sub-blocks at Thirty 
Bench Winemakers, Ontario. Picture taken on 4 June 2008. North is oriented to the top of the 
image. A) CIR image; B) RGB image. 
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Figure 4.2: Different sizes of region of interest (ROI) used to extract data from airborne 

images, and their respective ground coverage. North oriented to the top. A) ROI of 1 

pixel; B) ROI of 9 pixels; C) ROI of 25 pixels. 
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Figure 4.3: Principal component analysis using three factors to display relationships 
between mean values of 18 significant variables and 18 block x water status combinations 
at a 10 hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2006. a) Axes 
Fl and F2; b) Axes Fl and F3. OM: organic matter; CEC: cation exchange capacity; SM: 

soil moisture; L WP: leaf water potential; TA: titratable acidity; TVT: total volatile 
terpenes; gr: ground-based; NDVI-RlNDVI-O: normalized difference vegetation index 
red/green; OR: greenness ratio; REIP: red edge inflection point. 
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Figure 4.4: Ground-based vegetation index maps at Thirty Bench Winemakers 

(Beamsville, Ontario) in 2006. North is oriented to the top. A) Normalized difference 
vegetation index red; B) Normalized difference vegetation index green; C) Greenness 

ratio; D) Red edge inflection point. 
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Figure 4_5: Principal component analysis using three factors to display relationships 
between mean values of 22 significant variables and 14 block x water status combinations 
at a 10 hectare site at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. A) Axes 
Fl and F2; B) Axes Fl and F3. OM: organic matter; CEC: cation exchange capacity; SM: 

soil moisture; L WP: leaf water potential; TA: titratable acidity; TVT: total volatile 
terpenes; NDVI-RlNDVI-G: normalized difference vegetation index red/green; GR: 
greenness ratio; REIP: red edge inflection point. 
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Figure 4.6: Principal component analysis using two factors to display relationships 
between mean values of 20 significant variables and 12 block x vine vigor combinations 
at a 10 hectare site at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. OM: 
organic matter; CEC: cation exchange capacity; SM: soil moisture; L WP: leaf water 
potential; TA: titratable acidity; TVT: total volatile terpenes; NDVI-RlNDVI-G: 
normalized difference vegetation index red/green; GR: greenness ratio; REIP: red edge 
inflection point. 
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Figure 4.7: Ground-based vegetation index maps at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2007. North is oriented to the top. A) Normalized difference 

vegetation index red; B) Normalized difference vegetation index green; C) Greenness 

ratio. 
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Figure 4.8: Vegetation index (remote-based) maps at Thirty Bench Winemakers 

(Beamsville, Ontario) in 2007. North is oriented to the top. A) Normalized difference 
vegetation index red; B) Normalized difference vegetation index green; C) Greenness 
ratio. 
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Figure 4.9: Principal component analysis using two factors to display relationships 
between mean values of 21 significant variables and 12 block x water status combinations 
at a 10 hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. OM: 

organic matter; CEC: cation exchange capacity; SM: soil moisture; L WP: leaf water 
potential; TA: titratable acidity; TVT: total volatile terpenes; NDVI-RlNDVI-O: 
normalized difference vegetation index red/green; OR: greenness ratio; REIP: red edge 
inflection point. 
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Figure 4.10: Principal component analysis using three factors to display relationships 
between mean values of 24 significant variables and 18 block x vine vigor combinations 

at a 10 hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. A) Axes 
Fl and F2; B) Axes Fl and F3. OM: organic matter; CEC: cation exchange capacity; SM: 

soil moisture; L WP: leaf water potential; T A: titratable acidity; TVT: total volatile 
terpenes; NDVI-R/NDVI-O: normalized difference vegetation index red/green; OR: 
greenness ratio; REIP: red edge inflection point. 
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Figure 4.11 : Vegetation index (ground-based) maps at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2008. North is oriented to the top. A) Normalized difference 

vegetation index red; B) Normalized difference vegetation index green; C) Greenness 
ratio; D) Red edge inflection point. 
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Figure 4.12: Vegetation index (remote-based) maps at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2008. North is oriented to the top. A) Normalized difference 

vegetation index red; B) Normalized difference vegetation index green; C) Greenness 
ratio. 
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Figure 4.13: Principal component analysis using three factors to display relationships 
between mean values of 26 significant variables and 13 block x water status combinations 
at a 10 hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2009. A) Axes 
Fl and F2; B) Axes Fl and F3. OM: organic matter; CEC: cation exchange capacity; SM: 

soil moisture; L WP: leaf water potential; T A: titratable acidity; TVT: total volatile 
terpenes; NDVI-R/NDVI-G: normalized difference vegetation index red/green; GR: 
greenness ratio; REIP: red edge inflection point. 
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Figure 4.14: Principal component analysis using three factors to display relationships 
between mean values of 25 significant variables and 18 block x vine vigor combinations 
at a 10 hectares site at Thirty Bench Winemakers (Beamsville, Ontario) in 2009. A) Axes 
Fl and F2; B) Axes Fl and F3. OM: organic matter; CEC: cation exchange capacity; SM: 

soil moisture; L WP: leaf water potential; TA: titratable acidity; TVT: total volatile 
terpenes; NDVI-RlNDVI-O: normalized difference vegetation index red/green; OR: 

greenness ratio; REIP: red edge inflection point. 
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Figure 4.15: Ground-based vegetation index maps at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2009. North is oriented to the top. A) Normalized difference 
vegetation index red; B) Normalized difference vegetation index green; C) Greenness 
ratio; D) Red edge inflection point. 
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Figure 4.16: Remotely-based vegetation index maps at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2009. North is oriented to the top. A) Normalized difference 

vegetation index red; B) Normalized difference vegetation index green; C) Greenness 

ratio. 
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Chapter 5 

The Use of GPS, GIS and Remote Sensing to Understand 
the Terroir of Niagara Peninsula. III. Sensory Analysis ' 

of Riesling Wines 

Abstract 
The main objective of this study was to determine if remote sensing could help segregate 

vines at harvest and, if treated separately, lead to higher quality wine. A commercial Riesling 

vineyard, Thirty Bench Winemakers, located in Beamsville (Ontario, Canada) was used for the 

study. The vineyard was delineated using global positioning systems (GPS) and 519 vines were 

geo-referenced. Six sub-blocks were delineated for study. The vineyard had initially been 

divided into four blocks by the winery for small-lot winemaking. Two of those blocks were each 

divided into sub-blocks based on vigor (low and high), which were determined by airborne 

imaging in 2005. Geographical information systems (GIS) software was used to determine water 

status sub-zones (based on leaf water potential). The objective was to delineate at least two water 

status sub-zones in each of the six sub-blocks. Grapes harvested in different sub-zones were 

treated separately. Replicate wines were made from each sub-zone within all sub-blocks in 2007 

and 2008. A trained panel oftasters developed a lexicon of descriptors to discriminate wines 

from the different sub-zones. A descriptive analysis of the wines showed that sub-blocks had a 

greater effect on the sensory profile of the wines than water status. Sub-blocks with higher sand 

content in the soil produced sweeter wines, with higher citrus and peach/apricot aromas and 

higher honey flavor intensities, whereas those from clay soils were more acidic with higher citrus 

and apple/pear flavor intensities. Remote sensing variables were highly correlated to most of the 

descriptors used, in particular citrus and apple/pear, which were very representative of these 

Riesling wines, and moreover were also,highly correlated to berry monoterpene concentration: 

This suggests that the use of remote sensing could clearly assist in making wines that are more 

representative of the particularcultivar used, and also those that are a reflection of a specific 

terroir, since soil texture played a role in our results. 

Introduction 

Determining the potential of a specific terroir and its effects on the wine produced is an 

important key step in the determination of the identity of a new wine producing region. The 

Niagara Peninsula can be considered as one of the new wine producing areas, and is therefore 

still trying to determine its identity, and how different it is from other wine producing regions. 
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This is the base of terroir: to have growing conditions that will make the wine produced 

something unique and irreproducible in another place. Previous studies showed that the terroir, 

expressed in the wines, comes principally from differences in term of soil texture and soil depth 

(MorIat 2005, MorIat and Bodin 2006a,b), even if climate, training system and vineyard 

exposure can also affect the quality of the wine (Seguin 1986). Soil water holding capacity can 

have an effect on vine water status, resulting in differences in term of vine vigor (Gladstones et 

al. 2006, Hakimi Rezaei and Reynolds 20 1 Oa-c, Koundouras et al. 1999, Munns 2002, Reynolds 

et al. 2007a, 201Oa, Smart 1974, Stevens et al. 1995, Willwerth et al. 2010). Vine vigor and 

water status can be directly assessed with remote sensing technology (Bramley and Lamb 2003, 

Hall et al. 2002, Hall et al. 2003, Marguerit et al. 2006, Nemani et al. 2001, Reynolds et al. 

201Ob, Rodriguez-Perez et al. 2007): vines with high vigor showed higher values for vegetation 

indices calculated with data extracted from multispectral airborne pictures. All those types of 

data were also strongly correlated to some berry composition variables, in particular berry 

monoterpenes and soluble solids concentrations, titratable acidity and pH (de Andres-de Prado et 

al. 2007, Best et al. 2005, Brancadoro et al. 2006, Hardie and Considine 1976, Johnson et al. 

2001, Johnson et a11998, Koundouras et al. 1999, Lamb et al. 2004, Nemani et al. 2001, 

Stamatiadis et al. 2006, van Leeuwen et al. 2003). Moreover, remote sensing has shown a high 

potential to help segregate fruit coming from different areas of the vineyard, with a different 

quality potential. The next step is to know if those differences observed in the vineyard have a 

real effect on the wine produced in term of sensory perception. Previous studies in Niagara 

Peninsula showed that Riesling wines made from different sub-appellations presented very 

different characters and particularities (Willwerth et al. 2010). That was true at a regional scale 

(mesoclimate). That was also shown with Cabernet franc, with the conclusion that the presence 

of a large body of water (Lake Ontario) had an effect on the growth, physiology, and maturity of 

the grapes, depending on the distance separating vineyards from the Lake (Hakimi Rezaei and 

Reynolds 201Oa-c). Another study showed that soil type affected vine growth and fruit 

characteristics, even at a vineyard scale (Reynolds et al. 2007c, 201Oa) 

The objective of this study was to know if wines made from grapes coming from vines 

with a different water status, but from the same vineyard had a different sensory profile in term 

of diversity and intensity of the descriptors. The main hypothesis of this phase of the proj ect was 

that remote sensing technology could be used to segregate the fruit at the harvest based on 

potential fruit composition differences, and, if processed separately, provide wines with 
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important differences in tenus of quality. Depending on the specific terroir of each zone 

delineated, the resulting wines should contain different aromas and flavors. 

Materials and Methods 

Winemaking. As described in Chapter 3, water status sub-zones were delineated across 

the vineyard prior to harvest, and to determine these sub-zones, the six sub-blocks were 

considered as one entity. Consequently, there were three water status categories: low, medium 

and high water status, within each sub-block. The two maps used for that purpose are 

respectively Fig. 3.3B and 3.3C. Because water status sub-zones were delineated at the whole 

vineyard scale, we didn't necessarily end with three sub-zones within each sub-block. In 2007, 

there were three water status sub-zones (low, medium and high) in WPY, WPB, SPB as well as 

in LE; two water status sub-zones (low and medium) in TR, and one water status sub-zone 

(medium) in SPY. The 2007 season was very dry, and yields per vine were lower than average. 

The 2008 season was a lot wetter. However, the range ofleaf", was narrow, and therefore only 

two water status sub-zones could be delineated within any given sub-block (Fig. 3.3C). The sub

zones partition per sub-block was as follows: high and medium water status in WPY, WPB and 

LE; medium and low water status in SPY, SPB and TR. For both vintages, sentinel vines of each 

water status designation were harvested separately within each block and the resulting fruit was 

treated separately throughout the winemaking process, producing a total of 15 different 

"treatments" (six sub-blocks x two water status sub-zones in each sub-block) in 2008, and 12 in 

2007. The wine-making process was as follows: harvested fruit was de-stemmed and crushed 

using an electric crusher de-stemmer (Criveller Co., Niagara Falls, ON) and the resulting lots of 

grape must were treated with 50 mg/L S02 using a 10% solution of potassium metabisulfite 

(KMS). A skin maceration ofthe grapes was conducted for 24 hours at a temperature of 6°C, in 

order to increase the aroma extraction. To enhance extraction, pectinase was added to the must 

(Cinn-Free, Scott Laboratories, Pickering, ON). The grapes were then pressed using a vertical 

hydraulic bladder basket press (EnoRossi, Calzalaro, Italy). During the pressing, each lot was 

split into either two (2007) or three (2008) fermentation replicates. Each fermentation replicate 

was then put into a 20-L glass carboy. Musts were stored at 5°C for 24 hours to settle and were 

racked to remove the heavy lees. The replicates were inoculated with yeast (R-HST; Lallemand, 

Montreal, QC) at 30 gIhL after racking. Fermentations took place in a controlled temperature 

room (::::: 16°C), and were fermented to dryness. Dryness was determined with a hydrometer and 

measurements were taken once a day. The wines were racked 2 days after the end of the 

fermentations, transferred into ll-L carboys, and were stored at::::: -2°C for cold stabilization. A 
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total of 90 mgIL of S02 was added over the month following the end of the fermentations. Prior 

to bottling, wines were passed through a 0.45 !lm cartridge filter. They were then bottled into 

Hock bottles, and stored in the CCOVI cellar at ~ 12°C until further analysis. Individual 250-mL 

samples of each wine replicate were taken and stored in wide mouth high density polyethylene 

bottles at -25°C for later analysis of pH, titratable acidity (TA) and monoterpenes. 

Wine analysis. Wine sample preparation. The 250-mL wine samples from the 36 

experimental wines each season (six sub-blocks x two water status designations x three 

replicates) were thawed overnight at room temperature. The samples were then heated to 50°C 

in a Fisher Scientific Isotemp 210 water bath to re-dissolve the tartrates. Bottles were shaken 

frequently to enhance the dissolution of the tartrates during heating, but were not opened in order 

to prevent the loss of any volatile components such as ethanol and monoterpenes. The bottles 

were cooled to room temperature before analysis. 

Wine pH, TA and monoterpene analysis. Two, 100-g aliquots of each cooled wine 

sample were weighed into individually numbered 250-mL glass beakers for monoterpene 

analysis. The pH of each of these samples was measured using an Accumet Model 25 pHlion 

meter. The remainder of each wine sample, "" 30 to 40 mL, was centrifuged and then analyzed 

for TA using a Man-Tech PC-Titrate autotitrator; 5-mL samples were titrated to an end-point of 

pH 8.2 with 0.1 N NaOH. Tartaric acid standards of 8, 10 and 14 gIL were used and run twice at 

the beginning and the end of each titrator run. 

The 100-g wine samples were subjected to the same distillation procedure for 

monoterpenes as the berry homogenate samples. Colorimetric analysis was also similar, with an 

extra step required to remove interferences due to wine compounds in the FVT distillate sample. 

Dimitriadis and Williams (1984) indicated that trans-hex-2-en-l-01 could contribute to FVT 

values, while Benoteau and Reynolds (1994) showed that 2-hexen-l-al and other saturated C6 

compounds could interfere with FVT. Schlosser (2003) indicated as well that ethanol could 

interfere with FVT. In order to remove these interferences, the wine FVT samples were 

subjected to a solid-phase extraction procedure described in detail by Schlosser (2003) and 

Reynolds et al. (2007b). 

Sensory analysis of the wines. The sensory analysis of the wines allowed detection of 

differences in the sensory profiles of the wines made from grapes coming from vines with a 

different water status. Initial "bench-testing" of the wines in each vintage suggested that large 

differences existed between the wines produced from the different sub-zones, whereas little to no 
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differences were present among replicate fermentations within sub-zones. Descriptive analysis of 

the wines was therefore pursued. To do so, panels of 13 tasters (2007) and 11 tasters (2008) were 

configured. All 11 tasters on the 2008 panel were on the 2007 panel and had therefore 

previously undergone all necessary training. The first task of the group was to determine aromas 

and flavors characterizing the wines, and more particularly those that could differentiate the best 

all of those wines. For the 2007 wines, that task took 7 weeks, with two, one-hour training 

sessions per week. Panelists tasted most ofthe wines they were asked to assess then for data 

collection, so the descriptors chosen were representative ofthe overall range of wines. By the 

end of that period, all panelists agreed on a list of nine aroma, six retronasal, and five 

taste/mouthfeel descriptors, to discriminate the wines (Appendix Table I). Training of the 

panelists was based on aroma recognition, and verification of the agreement about the smell of 

each standard. The purpose of the training was also to make sure that they rated differences 

among wines in the same way. They worked on datasheets, on which were represented one 15 

cm line scale for each aroma, flavor, basic taste and mouthfeel descriptor. An example can be 

seen as Appendix . Their task was to rate the intensity of the wines for each descriptor by placing 

an anchor on the line scale, which had two reference anchors: "absent" and "high". Absent 

meant that the descriptor was not present at all in the wine, when high meant that according to 

the panelists, the intensity of a descriptor was the highest compared to what they experienced in 

all the Rieslings tasted during the previous training sessions. Training concluded with the three 

last sessions in the sensory laboratory at CCOVI (Brock University, ON). Panelists familiarized 

themselves with the data collection software used: Compusense 5 (Guelph, ON). Moreover, this 

room was equipped with booths to separate panelists, and also equipped with red lights to mask 

any potential wine color differences. Wines were presented to panelists in clear glasses labeled 

with a random three digit number. 

Following training, data were collected over 3 weeks (seven sessions, divided into two 

periods). During the first period, which represented the first five sessions, all panelists tasted 

eight wines per session, in groups of four wines with a 10-minute break between each flight. 

Moreover, panelists took a 3-minute break between each wine in order to rest their mouth, rinse 

it with water, and get rid of any residual basic taste or mouthfeel by having a cracker. Among 

those eight wines were all the fermentation replicates from at least two sub-blocks. Order of 

wines for each panelist was randomized, to avoid any tasting order effect. With this method, 

sensory differences of water status wines within sub-blocks were compared, and session 
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duplicates tested the panelists' repeatability. By the end of the five sessions, each panelist tasted 

each of the wines at least twice. 

The purpose ofthe second sensory evaluation period was to test the sub-block effect. To do , 

so, all the medium water status fermentations for all the sub-blocks were used, since it was the 

only water status delineated for all the sub-blocks. In this case, panelists had to rate intensities of 

each descriptor for nine wines per session, split into two flights of five and four wines, 

respectively, with a break of 10 minutes between each flight. By the end of those two sessions, 

each panelist tasted the medium water status wines twice. 

The same procedure was followed for 2008 wines. The initial list of descriptors was the 

one used for 2007 wines. The panelists were then asked over the training sessions to modify the 

list of descriptors as required to correspond to the new wines (Appendix Table II). Upon 

agreement, consistency among panelists was verified. That task took only two sessions. Prior to 

data collection, a bench test of all 36 experimental wines was carried out by the tasters. Since the 

wines were determined as similar between replicates, it was decided to use only two of the three 

fermentation replicates, which gave a total of 24 wines to analyze. 

Data collection design was the same as for 2007 wines: two flights of four wines per 

session, separated by a 10-minute break. Data were collected during two periods: the first 

period, which took place on six sessions (3 weeks, with two sessions per week), allowed 

panelists to assess within block differences, using all the wines from two sub-blocks per session; 

the second period, which lasted only a week, allowed them to assess among block differences 

using the medium water status wines. During this last period the design was slightly different: 

because panelists had to rate intensities for 12 wines (six sub-blocks x one water status x two 

fermentation replicates), it was decided to have 12 wines per session, split into two flights of six 

wines with 10-minute break in between. By the end of each of those two periods, each panelist 

had the opportunity to taste all the wines in duplicate. 

Statistical analyses. The basic statistical analyses were carried out using the same tools 

as described in chapter 3. A third statistical analysis, partial least square (PLS) was performed. 

PLS allowed the direct observation on a biplot of geomatic information, remote sensing 

vegetation indices and sensory descriptors, and assisted in providing a link between vine growing 

field conditions, the way they could be observed on airborne images, and their direct effect on 

the wines made. 
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Results 

2007 vintage. An analysis of variance was conducted to determine which sensory 

descriptors could discriminate wines. The first part of Appendix Table III contains the fu1llist of ' 

descriptors with their p values for wine discrimination, judge effects, and tasting replicate effects 

on the wine ratings. The data used to make this Table grouped all the sub-blocks and all water 

status sub-zones. Ten of the 20 descriptors were significant to discriminate sub-blocks: 

apple/pear, peach/apricot, citrus, vanilla/candy and honey aromas; apple/pear, citrus and honey 

flavors; sweetness and acidity. Most descriptors had a high judge effect: eight had a judge effect 

with ap<O.OOOI, and only one (apple/pear aroma) withp=O.OOI. Most had ajudge*replicate 

effect that was not significant (p>0.05). 

The second part ofthe table summarizes the results ofthe ANOV A for sub-block 

discrimination (Appendix Table III). Among the initial 20 descriptors, nine were significant: 

apple/pear and citrus aromas; apple/pear, peach/apricot and citrus flavors; sweetness, 

astringency, bitterness and acidity. Among those 10 descriptors, only two had a high judge 

effect: apple/pear aroma and flavor (p=0.006 andp=O.OOl, respectively) and acidity (p=0.0004). 

The basic taste descriptors were the only ones having a high replicate effect: p=0.008 for 

sweetness and p=O.OOl for acidity. Appendix Table IV shows mean ratings for each descriptor 

for both sub-blocks and water status sub-zones. The high water status zones produced higher 

ratings for the intensity of aromas and flavors. 

peAs were drawn using the significant descriptors. The first peA shows the relationships 

between descriptors and categories (block x water status combinations) for the water status based 

analysis (Fig. 5.1). Most ofthe low water status combinations were located in the left side of the 

biplot, whereas medium and high water status sub-zones were grouped on the right side of the 

F2-axis. There was also sub-block segregation: TR, SPY and SPB blocks were found below the 

Fl-axis, whereas the three other sub-blocks (LE, WPY and WPB) were above it. Most 

descriptors were on the same side of the plot, right of the F2-axis. However, they divided into 

two groups depending on which side of the Fl-axis they were: those above it were associated 

with descriptors like acidity, citrus aroma and flavor and apple/pear aroma (descriptors related to 

fruit with a lower maturity), while those below it were associated with sweetness, honey flavor 

and peach/apricot aroma (descriptors associated with more advanced fruit maturity). 

The second peA represents the relationships between significant descriptors and sub

blocks only (Fig. 5.2). The two replicates for WPY were inexplicably on opposite sides ofthe 
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biplot, as they were in the previous peA, although not as obvious as here. For the other sub

blocks (SPY, and LE), the two fermentation replicates were always very close to each other. 

Three sub-block groups could be delineated, which were almost the same as previously 

highlighted: Spy and SPB were on the left side of F2-axis, whereas WPY -2, LE and WPB were 

on the right same of that axis; TR was on its own in the upper half of the F2-axis. There was also 

a very clear separation ofthe descriptors into three groups: peach/apricot flavor and sweetness on 

top left of the biplot; citrus and apple/pear aromas and apple/pear and citrus flavors on the upper. 

right comer; and bitterness, astringency and acidity of the lower right comer. The sub-blocks 

located in the middle ofthe vineyard (SPY and SPB) were highly related to sweetness and 

peach/apricot, and negatively related to acidity. On the other hand, TR was more correlated to 

descriptors such as citrus and apple/pear aromas and flavors, and also to sweetness. Finally, the 

western sub-blocks (WPY, WPB and LE) were related to bitterness, astringency and acidity, and 

negatively associated to sweetness and fruitiness. 

The PLS for 2007 can be seen in Fig. 5.3. Once again, all the descriptors were grouped on 

the right side of the biplot. The eigenvectors for wine sweetness, berry Brix and elevation were 

very short, and therefore not salient in terms of wine sensory attributes. All descriptors used to 

discriminate the wines were positively correlated to berry TVT, and most important, to the 

vegetation indices, for both the average over the whole season and the last pictures taken in the 

season. Leaf", (absolute value) was negatively correlated to all descriptors, suggesting that low 

vine water status was associated with low intensities of aromas and flavors. However, low water 

status categories for both WPB and TR were positively associated with aroma and flavor 

intensities, as well as with high vegetation indices values. Those two combinations seemed to be 

outliers, since all the other categories that were associated with sensory properties of the wines 

and high vegetation indices were characterized by either high or medium water status. Finally, 

same observations as per the previous chapters can be made: soil texture did not seem to affect 

aromas and flavor intensities of the wines. 

Wines made in 2008. A summary of the ANOVA results givingp values characterizing 

wines and water status discriminations for each descriptor, as well as judge effects is found in 

Supplementary Appendix Table V. Among the 18 initial variables, only four could be used to 

discriminate wines and/or water status: honeyaroma,vanilla/caramel flavor, sweetness and 

acidity. Of those four descriptors, only honey aroma showed a judge effect, suggesting that 

ratings for that descriptor were significantly different depending on the judge. There was also a 

high judge X replicate effect, suggesting that judges may not have been consistent in their ratings 
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from a sample replicate to the other. The second part of the table presents the sub-block 

discrimination (Appendix table V). There were six significant descriptors: vanilla/caramel, 

honey and grass/green tea aromas, citrus flavors, sweetness and alcohol. Only two had ajudge 

effect: honey and grass/green tea aromas. Except vanilla/caramel aroma, all had a high judge X 

replicate effect. 

Sensory descriptors for both sub-blocks and water status indicated that as in 2007, the 

higher the water status, the higher the intensity ratings (Appendix Table VI). However, the honey 

descriptor was higher for medium water status. This was also confirmed by the sub-block ratings, 

whereby higher honey intensities were found in wines made from SP and WPY blocks, which 

tended to be closest to average water status. 

These two sets of significant descriptors were then used to run peAs. The first one shows 

the relationships between the descriptors and the sub-block x water status combinations (Fig. 

5.4). The descriptors were divided into two groups: honey aroma and acidity in the upper left 

corner, and vanilla/caramel flavor and sweetness in the upper right corner. The delineation of 

combination groups were such that combinations of a similar water status or sub-block were 

spread throughout the biplot. However, many ofthe low water status combinations were located 

below the Fl-axis, suggesting that those wines were characterized by low intensities for the 

descriptors, whereas high and medium water status samples had a higher intensity for the same 

descriptors. The next peAs show descriptors/sub-blocks relationship for three axes: FlIF2 (Fig. 

5.5A) and Fl/F3 (Fig. 5.5B). The six descriptors were again divided into two groups: 

vanilla/caramel aroma, citrus flavor and sweetness; honey and grass/green tea aromas and 

alcohol. The fermentation replicates were not clustered together. 

To have a better view of any potential water status effects, on sensory aspects of block x 

water status combinations, PLS was utilized (Fig. 5.6A and B). Generally, PLS demonstrated 

the same descriptor relationships as with peA; honey aroma was correlated to acidity, and 

opposed to vanilla/caramel flavor and sweetness. Berry TVT concentration was correlated to 

sweetness and vanilla/caramel flavor. To a certain extent, there were correlations between 

vegetation indices and that same cluster of descriptors. Those sensory descriptors, vegetation 

indices, and berry TVT were associated with sub-blocks that had a higher water status. Low and 

medium water status were more related to acidity and honey aroma. That last observation was 

also confirmed by the fact that leaf'll was positively correlated to vegetation indices and to 

descriptors like sweetness and vanilla/caramel flavor, even if the leaf'll vectors displayed on the 

biplots were quite short. All of this was similar to what was found in 2007. 
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Discussion 

The two vintages during which wines were made were different concerning weather 

conditions. Nonetheless, low vine water status was associated with low aroma and flavor 

intensities. This was shown in the Bordeaux region by Chone et aI., who found that thiol 

precursors in Sauvignon blanc were enhanced in regions of vineyards with higher water and 

nitrogen status. This was also explained by Marais and van Wyck (1986) who showed that as the 

grapes got ripe, their monoterpene concentration decreased. It was shown in this study also that 

when vine water status was low, grapes were more mature. However, they also had a lower TVT 

concentration, and therefore, a lower intensity in aromas and flavors. 

PLS analysis suggested that vegetation indices were directly related to wine sensory 

characters. Moreover, when vines had high vegetation index values, grapes usually had higher 

monoterpene concentrations. Both showed some very interesting correlations with high 

intensities for wine aromas and flavors. This was due to the fact that synthesis of monoterpenes 

precursors was likely photo-regulated. This particular relationship between vegetation indices 

and monoterpene synthesis had a clear effect on the resulting wine. If one harvests and processes 

grapes coming from an area where airborne images were revealing low values for the different 

vegetation indices together, the wine might be more acidic, lower in alcohol, and more simple in 

terms of its sensory profile. On the other hand, if one makes a wine from grapes harvested in an 

area were vegetation indices were relatively high,· the wines could be higher in alcohol, more 

complex, and with higher intensities of aroma and flavor intensities. Ground-based vegetation 

indices are not necessarily helpful in delineating specific terroir zones. It confirms the results of 

other studies indicating that remote sensing was a better tool than ground-based leaf reflectance 

to assess yield and fruit quality (Brancadoro et aI. 2006). 

It would be of benefit to know the physiological basis of sensory differences in the wine, 

e.g. if they were due to a different vine water-related metabolism, or whether a vineyard was 

under water stress. However, a strong correlation between water stress and soil composition 

and/or soil texture was not demonstrated. Even if sandy soils showed a greater capacity to induce 

a water stress, it was not consistent. This was confirmed by the PLS for 2007 and 2008: soil 

texture was not correlated to wine sensory attributes in 2007, and at best slightly correlated in 

2008. It was the same with OM and soil pH. MorIat (2005) stated that terroir is the mostly 

governed by soil texture and soil depth. 
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It would be beneficial under these circumstances to embark upon more field analysis, such 

as the observation of soil profiles. A single soil profile was carried out on the northern edge of 

WPB in 2008, and showed some very interesting elements. Before the vineyard was established, 

it was in sod, and was re-contoured prior to planting. A 5 cm-thick layer of OM was observed at 

the 90 cm depth. The entire root system was located above that OM layer, and it appeared unable 

to penetrate it. If the depth of that OM layer determined soil depth, and by extension the volume 

of soil available to the plant root system, then it might explain why some sensory differences 

were observed relative to vine water status, why water status differences existed in the first 

place, and why alternating strips of high and low vigor vines through the vineyard were present 

and observable on airborne images. 

Without these soil profiles, only partial conclusions can be made about the origins of 

sensory properties and differences of wines made from the same vineyard. The conclusion is that 

sensory differences seemed to fmd their origin in the capacity of a vine to obtain sunlight and 

efficiently convert that energy, via thermal heating of clusters, into flavor precursors. That 

capacity is directly related to vine water status and soil moisture. All those variables can be 

directly assessed by calculating vegetation indices from data extracted from airborne images. 

That makes remote sensing a powerful tool in order to delineate areas within a vineyard from 

which the fruit should be processed separately in order to create terroir-based wines with a very 

different sensory profiles and different levels of quality. 

Conclusions 

The hypothesis of this study was that remote sensing could be used to segregate fruit at 

harvest, which if processed separately, would make different qualities of wine reflecting the 

specific terroir of that place. For the two vintages the study was conducted, vegetation indices 

(NDVI-R, NDVI-G and GR) were highly correlated to sensory descriptors and monoterpene 

concentration. In case of low vegetation index values, wines were low in complexity and low in 

intensities of most sensory attributes. Where the wine was made from grapes coming from zones 

of high vegetation indices, the wine became more complex, richer, and with higher intensities for 

most sensory descriptors. This shows that the calculation of vegetation indices using airborne 

imagery helps in segregating the crop at the harvest and making different qualities of wines, with 

a potential for premium quality for the ones made from high vegetation index zones. It also 

showed that ground leaf reflectance was not as effective as remote sensing in showing 

differences within a vineyard. Since these observations made with remote sensing are all related 
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to water, that tool could also be used to manage an irrigation system, and help determine the 

timing and intensity of the irrigation to optimize wine aroma intensity. 

Literature Cited 

de Andres-de Prado, R, Yuste-Rojas, M., Sort, x., Andres-Lacueva, C., Torres, M. and Lamuela
Raventos, R.M. 2007. Effect of soil type on wines produced from Vitis vinifera L. cv. 
Grenache in commercial vineyards. J. Agric. Food Chern. 55:779-786. 

Benoteau, G. and Reynolds, AG. 1994. Interfering substances in the colorimetric quantitation of 
grape monoterpenes. HortSci. 29: 1335-1336. 

Best, S., Leon, L. and Claret, M. 2005. Use of precision viticulture tools to optimize the harvest of 
high quality grapes. Proceedings ofFRUTIC 05: Information and Technology for Sustainable 
Fruit and Vegetable Production. Montpellier, France. 12-16 September 2005. 

Bramley, RG.V. and Lamb, D.V. 2003. Making sense of vineyard variability in Australia. In: 
Ortega, R and Esser, A (Eds) Precision Viticulture. Proceedings of an international 
symposium held as part of the IX Congreso Latinoamericano de Viticultura y Enologia. 
Centro de Agricultura de Precision, Pontificia Universidad Cat61ica de Chile, Facultad de 
Agronomia e ingeneria Forestal, Santiage, Chile. pp.35-54. 

Brancadoro, L., Failla, 0., Dosso, P. and Serina, F. 2006. Use of satellite in precision viticulture: the 
Franciacorta experience. Proceedings of the VIth International Terroir Congress. Pp.276-279. 

Chone, x., Lavigne-Cruege, V., Tominaga, T., van Leeuwen, c., Castagnede, C., Saucier, C. and 
Dubourdieu, D. 2006. Effect of vine nitrogen status on grape aromatic potential: flavour 
precursors (S-cysteine conjugates), glutathione and phenolic content in Vitis vinifera L. cv. 
Sauvignon blanc grape juice. J. Int. Sciences Vigne et du Yin 40: 1-6. 

Dimitriadis, E. and Williams, P.J. 1984. The development and use of a rapid analytical technique for 
estimation of free and potentially volatile monoterpene flavorants of grapes. Am. J. Enol. 
Vitic. 35: 66-71. 

Gladstones, J., van Leeuwen, C. and Smart, RE. 2006. Terroir. In: The Oxford Companion to Wine. 
J. Robinson (Ed.), pp 693-695. Oxford University Press, New York. 

Hakimi Rezaei, J. and Reynolds, AG .. 20 lOa. Characterization of Niagara Peninsula Cabernet franc 
wines by sensory analysis. Am. J. Enol. Vitic. 61:1-14. 

Hakimi Rezaei, J. and Reynolds, AG .. 2010b. Sensory evaluation ofCabernet franc wines in the 
Niagara Peninsula. Progres Agricole et Viticole 127(4):87-92. 

Hakimi Rezaei, J. and Reynolds, AG .. 201Oc. Impact of vine water status on sensory evaluation of 
Cabernet franc wines in the Niagara Peninsula of Ontario. J. Int. Sciences Vigne Yin 44:61-75. 

Hall, A., Lamb, D., Holzapfel, B., and Lois, J., 2002. Optical remote sensing applications in 
viticulture - a review. Austral. J. Grape and Wine Res. 8:37-47. 

Hall, A., Louis, J. and Lamb, D. 2003. Characterising and mapping vineyard canopy using high
spatial-resolution aerial multispectral images. Computers and Geosciences 29:813-822. 

Hardie, W.J. and Considine, J.A 1976. Response of grapes to water-deficit stress in particular stages 
of development. Am. J. Enol. Vitic. 27:55-61. 

144 



Johnson, L.F., Bosch, D.F., Williams, D.C., and Lobitz, B.M. 2001. Remote sensing of vineyard 
management zones: Implications for wine quality. Appl. Engineering in Agriculture 17:557-
560. 

Johnson, L., Lobitz, B., Bosch, D., Wiechers, S., Williams, D., and Skinner, P. 1998. Of pixels and 
palates: can geospatial technology help produce a better wine? Proceedings, First 
International Conference Geospatial Information in Agriculture & Forestry. Environmental 
Research Institute of Michigan. 

Koundouras, S., van Leeuwen, C., Seguin ,G. and Glories, Y. 1999. Influence of water status on vine 
vegetative growth, berry ripening and wine characteristics in Mediterranean zone (example of 
Nemea, Greece, variety Saint George, 1997). J. Int. Sci. de la Vigne et du Yin 33:149-160. 

Lamb, D., Weedon, M., Bramley, R. 2004. Using remote sensing to predict grape phenolics and 
colour at harvest in a Cabernet Sauvignon vineyard: Timing observations against vine 
phenology and optimising image resolution. Austral. J. Grape and Wine Res. 10:46-54. 

Marais, J. and van Wyk, C.J. 1986. Effect of grape maturity and juice treatments on terpene 
concentrations and wine quality of Vitis vinifera L. cv. Weisser Riesling and Bukettraube. S. 
Afr. J. Enol. Vitic. 7: 26-35. 

Marguerit, E., Costa Ferreira, A-M., AzaIs, C., Roby, J.-Ph., Goutouly, J.-P., Germain, Ch., 
Homayouni, S. and Van Leeuwen, C. 2006. La te!edetection Ii haute resolution pour 
spatialiser les variations intra-parcellaires de la vigueur de la vigne. Proceedings of the 
VIeme Congres International des terroirs viticoles, Pp. 286-291. 

Moriat, R. 2005. Les Principales Approches et Methodes d'Etude des Terroirs viticoles-Etude et 
Valorisation. Collection Avenir Ed., Paris. 

Moriat, R. and Bodin, F. 2006a. Characterization of viticultural terroirs using a simple field model 
based on soil depth - I. Validation of the water supply regime, phenology and vine vigor in 
the Anjou vineyard (France). Plant and Soil 281:37-54. 

Moriat, R. and Bodin, F. 2006b. Characterization of viticultural terroirs using a simple field model 
based on soil depth - II. Validation of the grape yield and berry quality in the Anjou vineyard 
(France). Plant and Soil 281:55-69. 

Munns, R. 2002. Comparative physiology of salt and water stress. Plant, Cell and Environment 
25:239-250. 

Nemani, R., Johnson, L. and White, M. 2001. Adding science to intuition: application of remote 
sensing and ecosystem modelling to vineyard management. The Austral. Grapegrower & 
Winemaker, Annual Technical Issue. 

Reynolds, AG., de Savigny, C. and Willwerth, J.J. 20 1 Oa. Riesling terroir in Ontario vineyards. The 
roles of soil texture, vine size and vine water status. Progres Agricole et Viticole 127(10):212-
222. 

Reynolds, AG., Marciniak, M., Brown, R.B., Tremblay, L. and Baissas, L. 20 lOb. Using GPS, GIS 
and airborne imaging to understand Niagara terroir. Progres Agricole et Viticole 127(12):259-
274. 

Reynolds, AG., Lowrey, W.D., Tomek, L., Hakimi, J. and de Savigny, C.2007a. Influence of 
irrigation on vine performance, fruit composition, and wine quality of Chardonnay in a cool, 
humid climate. Am. J. Enol. Vitic. 58:217-228. 

145 



Reynolds, A.G., Schlosser, J., Power, R., Roberts, R., Willwerth, J. and de Savigny, C. 2007b. 
Magnitude and interaction of viticultural and enological effects. L Impact of canopy 
management and yeast strain on sensory and chemical composition of Chardonnay Musque. 
Am. J. Enol. Vitic. 58:12-24. 

Reynolds, A.G., Senchuk, LV., van der Reest, C. and de Savigny, C. 2007c. Use ofGPS and GISfor 
elucidation ofthe basis for Terroir: spatial variation in an Ontario Riesling vineyard. Am. J. 
Enol. Vitic. 58:145-162. 

Rodriguez-Perez, J.R., Riano, D., Carlisle, E., Ustin, S. and Smart ,D.R. 2007. Evaluation of 
hyperspectral reflectance indexes to detect grapevine water status in vineyards. Am. J. Enol. 
Vitic.58:302-317. 

Seguin, G. 1986. "Terroirs" and pedology of wine growing. Experientia 42:861-873. 

Schlosser, J.W. 2003. The effect of viticultural and oenological treatments on fruit and wine 
composition of Chardonnay Musque. MSc. thesis, Brock University, Ontario. 

Smart, R.E. 1974. Aspects of water relations of the grapevine (Vitis vinifera). Am. J. Enol. Vitic. 
25:85-91 

Stamatiadis, S., Taskos, D., Tsadilas, C., Christofides, C., Tsadila, E. and Schepers, J.S. 2006. 
Relation of ground-sensor canopy reflectance to biomass production and grape color in two 
Merlot vineyards. Am. J. Enol. Vitic. 57:415-422. 

Stevens, R.M., Harvey G. and Aspinall D. 1995. Grapevine growth of shoots and fruit linearly 
correlate with water stress indices based on root-weighted soil matrice potential. Austral. J. 
Grape and Wine Res. 1:58-66. 

van Leeuwen, c., Tregoat, 0., Chone, x., Jaeck, M.-E., Rabusseau, S., GaudiIU:re, J.-P. 2003. Le 
suivi du regime hydrique de la vigne et son incidence sur la maturation des raisins. Bulletin 
de rOIV 17(867-868):367-378. 

Willwerth, J.1., Reynolds, A.G. and Lesschaeve, L 2010. Terroir factors: Their impact in the vineyard 
and on the sensory profiles of Riesling wines. Progres Agricole et Viticole 127(8):159-168. 

146 



Figures 

Figure 5.1: Principal component analysis using two factors to display relationships between 
mean values of 10 significant sensory descriptors and 21 block x water status wines 
combinations made from a 10 hectare Riesling vineyard site at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2007. 

Figure 5.2: Principal component analysis using two factors to display relationships between 
mean values of nine significant sensory descriptors and 9 block wines made from a 10 hectare 
Riesling vineyard site at Thirty Bench Winemakers (Beamsville, Ontario) in 2007. 

Figure 5.3: Partial least squares (PLS) biplot using three factors, showing sensory (blue) and 
field (red) variables relationships at a 10 hectare Riesling vineyard site at Thirty Bench 
Winemakers (Beamsville, Ontario) in 2007. a) Axes tland t2; b) Axes tl and t3. 

Figure 5.4: Principal component analysis using two factors to display relationships between 
mean values of four significant sensory descriptors and 24 block x water status wines 
combinations made from a 10 hectares site at Thirty Bench Winemakers (Beamsville, 
Ontario) in 2008. 

Figure 5.5: Principal component analysis using two factors to display relationships between 
mean values of6 significant sensory descriptors and 12 block wines made from a 10 hectares 
site at Thirty Bench Winemakers (Beamsville, Ontario) in 2008. a) Axes F1 and F2; b) Axes 

F1 and F3. 

Figure 5.6: Partial least squares (PLS) biplot using three factors, showing sensory (blue) and 
field (red) variables relationships at a 10 hectares site at Thirty Bench Winemakers 
(Beamsville, Ontario) in 2008. a) Axes tland t2; b) Axes tl and t3. 
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combinations made from a 10 hectare Riesling vineyard site at Thirty Bench Winemakers 
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Chapter 6 

General Discussion and Conclusions 

Through the three last main chapters, some interesting correlations were shown. The main 

correlations found will be summed up here, and compared to the initial hypotheses. 

In the phase ofthe study described in Chapter 3, it was hypothesized that zones based on 

spatial variability in soil moisture and leaf water potential could be delineated, that these zones 

could be correlated mathematically and spatially to soil composition, vine vigor, yield 

components, and fruit composition, and that these soil and vine water status zones would be 

temporally stable. Temporally-stable soil moisture and vine water status zones were indeed 

delineated. Soil moisture was directly related to vine water status: an increase of soil moisture 

induced an increase of the vine water status. However, in the case of an excess of water in an 

anomalous season, the opposite trend was observed. With respect to vine vigor, there were 

positive correlations (spatial and otherwise) between vine water status and vine vigor. As vine 

vigor increased, technological fruit maturity (Brix, pH) decreased. In situations where vines did 

not encounter mild water stress during the growing season, they were more vegetative. As a 

consequence there was low Brix, low pH and high T A. Therefore, this portion of the ftrst 

hypothesis was also accepted: berry composition was highly correlated to vine water status and 

vine vigor. 

In the phase of the trial described in Chapter 4, it was hypothesized that vegetation 

indices acquired both on the ground and remotely, could be correlated to soil and vine water 

status, vine vigor, yield components, and fruit composition. Vegetation indices from remote 

sensing (NDVI red and green and GR) were indeed associated with soil and vine water status, 

and could be used to determine vine vigor and yield .. Vine vigor was highly correlated to berry 

composition, particularly monoterpenes. This may have been due to the fact that monoterpene 

precursors are initially photosynthetic in origin and therefore had a photo-regulated synthesis. 

Thus, the more exposed leaf area, the higher the berry monoterpene concentration. Higher berry 

monoterpene concentration did not necessarily mean better technological fruit maturity. In 

conclusion, if airborne images show high vegetation index values for a particular vineyard sub

block, and these grapes are processed separately, a typical Riesling would be obtained: high in 

TA, low in Brix, medium alcohol concentration (~11% v/v) and with intense and typical Riesling 

sensory proftle. Those results conftrmed the second hypothesis: remote sensing could be used to 
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delineate areas within a vineyard with different soil and vine water status, yields, vine vigor, and 

most importantly, different fruit composition, from which the grapes might produce potentially 

higher wine quality. 

The last hypothesis, associated with the phase of the project described in Chapter 5, was 

that remote sensing technology could indeed assist in making a higher quality wine. Wines 

generally contained higher intensity of apple, pear or citrus aromas and flavors when associated 

with a higher berry monoterpene concentration. In situations of higher technological fruit 

maturity, when absolute values ofleaf'l' were also higher (i.e. low water status), the resultant 

wines had aromas and flavors of ripe fruit (peach, apricot) and more sweetness. The same 

relationships were observed with vegetation indices: high values were related to typical Riesling 

profile (apple, pear, citrus) when low values were related to ripe fruit profile (peach, apricot, 

sweetness). This shows that remote sensing can thus be used to delineate areas of the vineyard at 

harvest, and make wines with very different sensory profiles, depending on the objectives of the 

wmery. 

In conclusion, this project helped show that remote sensing can be successfully used to 

discriminate grapes of a potentially different quality at harvest, due to different vine growing 

conditions, and at the end obtain wines with very different sensory profiles. Depending on the 

objectives of the winery, and the type of wine customers are looking for, remote sensing will 

make the wine industry able to produce premium quality wines. 
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Appendix Figure II: Soil composition maps at a 10 hectare Riesling vineyard site at Thirty 
Bench Winemakers (Beamsville, Ontario). A) Phosphorus (ppm) ; B) Potassium (ppm); C) 
Calcium (ppm) ; D) Magnesium (ppm). North is oriented to the top. 
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Appendix Figure IV: Training data collection sheet used by panelists to rate sensory descriptor 
intensity on 2007 Riesling wines from Thirty Bench Winemakers, Beamsville, ON. 
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Appendix Table I: Sensory descriptors used for 2007 Riesling wines, Thirty Bench 
Winemakers, Beamsville, ON, and the makeup of each descriptor. 

Descriptor Recipe for descriptor 

Aromas: 160g sliced red apple + 133g sliced pear (Bosc) in lL of neutral base wine 
Apple/pear 

Peach/apricot 220mL of apricot juice + 120mL of peach juice in 750mL of base wine 

Citrus 11.25g grapefruit skin + 203 drops oflime and lemon concentrated juice + 
11.25 of orange skin + 11.25g of tangerine skin in lL of base wine 

Vanilla/candy 80 drops of natural vanilla extract + 64 g of "Rockets" candies in lL of 
base wine 

Honey 40g of mixed flowers honey in lL of base wine 

Spices 0.625g of ground nutmeg + 0.875g of ground cinnamon in lL of base wine 

Petrol 4 drops ofWD40 in lL of base wine 

Mineral 100g of ground slate in 1 L of base wine 

Smoky/caramel 43g of "Werther's Original" candies + 20 oak chips in lL of base wine 

Flavors: 160g sliced red apple + 133g slice pear (Bosc) in lL of base wine 
Apple/pear 

Peach/apricot 220mL of apricot juice + 120mL of peach juice in 750mL of base wine 

Citrus 11.25g grapefruit skin + 203 drops oflime and lemon concentrated juice + 
11.25 of orange skin + 11.25g of tangerine skin in lL of base wine 

Honey 40g of mixed flowers honey in lL of base wine 

Mineral 100g of ground slate in 1 L of base wine 

Smoky/caramel 43g of "Werther's Original" candies + 20 oak chips in lL of base wine 

Basic taste/ 109 of sucrose in lL of filtered tap water 
mouthfeel: 
Sweet 

Astringent 0.5 g of aluminum sulfate in lL of filtered tap water 

Bitter 0.005g of quinine in lL of filtered tap water 

Acidity 2.5g oftartaric acid in lL of filtered tap water 

Alcohol Describes the impression of warmness one had in mouth while tasting 
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Appendix Table II: Sensory descriptors used for 2008 Riesling wines, Thirty Bench 
Winemakers, Beamsville, ON, and the makeup of each descriptor. 

Descriptor Recipe for descriptor 

Aromas 160g sliced red apple + 133g slice pear (Bosc) in lL of base wine 
Apple/pear 

Peach/apricot 220mL of apricot juice + 120mL of peach juice in 7S0mL of base wine 

Citrus 28g oflime skin + 32g of orange skin in lL of base wine 

Vanilla! 40g of "Werther's Original" candies + 32 drops of natural vanilla extract 
caramel in lL of base wine 

Honey 40g of mixed flowers honey in lL of base wine 

Floral Hyacinth flowers 

Mineral lOOg of ground slate in lL of base wine 

Grass/ green Sg of cat grass + Sg of green tea (gunpowder) in lL of base wine 
tea 

Flavors: 160g sliced red apple + 133g slice pear (Bosc) in lL of base wine 
Apple/pear 

Peach/apricot 220mL of apricot juice + 120mL of peach juice in 7S0mL of base wine 

Citrus 28g of lime skin + 32g of orange skin in lL of base wine 

Vanilla!caram 40g of "Werther's Original" candies + 32 drops of natural vanilla extract 
el in lL of base wine 

Honey 40g of mixed flowers honey in lL of base wine 

Basic taste! 109 of sucrose in 1 L of filtered tap water 
mouthfeel: 
Sweet 
Astringent O.S g of aluminum sulfate in lL of filtered tap water 

Bitter O.OOSg of quinine in lL of filtered tap water 

Acidity 2.Sg of tartaric acid in lL of filtered tap water 

Alcohol Describes the impression of warmness one had in mouth while tasting 
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Appendix Table III: p values summary table of a three-way ANOV A conducted on 
results of a wine descriptive analysis to discriminate 21 Riesling wines (block x water 
status combinations) and six Riesling wines (sub-blocks) made in 2007, Thirty Bench 
Winemakers, Beamsville, ON, listing wine effect, wine and replicate interaction, wine 
and judge interaction and judge and sample replicate interaction on attribute ratings. N= 
13 judges. 

~ Block x water status combinations Sub-blocks 

descriptors wine wine*rep wine*judge Judge*replicate wine wine*rep wine*judge Judge*replicate 

apple/pear <0.0001 0.081 0.006 0.313 0.0004 0.556 0.001 0.722 

peach/apricot 0.006 0.341 0.029 0.629 0.256 0.446 0.010 0.675 

citrus 0.008 0.143 0.062 0.149 0.002 0.704 <0.0001 0.007 

vanilla/candy <0.0001 0.464 0.026 0.212 0.063 0.909 0.003 0.090 

honey 0.023 0.977 0.798 0.617 0.495 0.429 0.100 0.172 

spices 0.600 0.663 0.028 0.917 0.057 0.714 < 0.0001 0.923 

petrol 0.460 0.199 0.187 <0.0001 0.062 0.266 <0.0001 0.183 

mineral 0.216 0.589 0.016 0.322 0.962 0.459 0.153 0.365 

smoky/caramel 0.884 0.065 0.000 0.030 0.353 0.277 0.007 0.057 

APPLE/PEAR <0.0001 0.025 0.001 0.377 0.012 0.269 < 0.0001 0.514 

PEACH/APRICOT 0.147 0.355 0.055 0.363 0.035 0.520 < 0.0001 0.137 

CITRUS 0.000 0.020 0.093 0.086 <0.0001 0.049 <0.0001 0.391 

HONEY 0.002 0.623 0.262 0.481 0.090 0.360 0.001 0.002 

MINERAL 0.179 0.326 0.009 0.002 0.057 0.806 0.014 0.329 

SMOKEY/CARAMEL 0.547 0.642 0.007 0.456 0.248 0.962 0.001 0.020 

Sweet 0.007 0.034 0.576 0.008 0.0003 0.562 < 0.0001 0.049 

Astringent 0.445 0.560 0.063 <0.0001 0.011 0.124 <0.0001 0.004 

Bitter 0.465 0.146 0.923 0.001 0.020 0.707 < 0.0001 0.001 

Acidity 0.002 0.154 0.0002 0.001 <0.0001 0.883 <0.0001 0.418 

Alcohol 0.786 0.364 0.987 0.840 0.151 0.223 0.001 0.663 
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Appendix Table IV: Average ratings of the significant sensory descriptors for A) Six sub-blocks and B) Three water status from wines made in 
2007, Thirty Bench Winemakers, Beamsville, ON. 

A 
Modalities 

apple/ peach/ 
citrus" 

vanilla/ 
honey* APPLE/PEAR*** CITRUS" HONEY** Sweet** ACidity** 

pear*** apricot** candy·" 

LE 5.014 2.997 4.144 2.885 2.874 5.535 5.148 2.877 3.598 6.600 

5PB 4.454 3.050 3.812 2.447 2.956 5.290 4.391 2.971 3.974 6.087 

SPY 5.544 3.448 3.948 2.765 3.077 5.542 4.563 3.115 3.735 6.437 

TR 4.574 3.012 4.077 2.935 2.792 5.629 4.481 3.073 3.773 6.178 

WPB 5.476 3.208 4.195 2.790 3.346 6.065 4.969 3.122 3.583 6.565 

WPY 4.652 3.011 3.810 2.390 2.657 5.481 4.494 3.032 3.737 6.394 

B Modalities 
apple/ peach/ 

citrus" 
vanilla/ 

honey* APPLE/PEAR*" CITRUS** HONEY** Sweet** Acidity*· 
pear*** apricot** candy·** 

LWS 4.409 2.941 3.901 2.670 2.635 5.401 4.575 2.840 3.698 6.265 

MWS 5.073 3.161 3.949 2.654 2.945 5.558 4.694 3.030 3.700 6.504 

HWS 5.438 3.175 4.314 2.863 3.371 5.952 5.026 3.272 3.805 6.388 
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Appendix Table V: p values summary table ofa three-way ANOVA conducted on 
results of a wine descriptive analysis to discriminate 24 Riesling wines (block x water 
status combinations) and 12 wines (sub-blocks) made in 2008, Thirty Bench 
Winemakers, Beamsville, ON, listing wine effect, wine and replicate interaction, wine 
and judge interaction and judge and wine replicate interaction on attribute ratings. N= 13 
judges. 

::::>-<::: Block x water status combinations Sub-blocks 

descriptors wine wine*rep wine*judge Judge*replicate wine wine*rep wine*judge Judge*replicate 

apple/pear 0.4S3 0.841 0.354 <0.0001 0.240 0.365 0.461 0.485 

peach/apricot 0.159 0.600 0.566 0.028 0.221 0.386 0.316 0.868 

citrus 0.058 0.705 0.578 0.006 0.159 0.129 0.043 0.199 

vanilla/caramel 0.856 0.722 0.794 0.402 0.008 0.439 0.104 0.395 

honey 0.023 0.492 0.013 0.004 0.023 0.442 0.003 0.031 

floral 0.180 0.214 0.285 0.182 0.728 0.027 0.509 0.434 

mineral 0.721 0.547 0.577 0.070 0.237 0.672 0.031 0.001 

grass/green tea 0.080 0.750 0.060 <0.0001 0.017 0.569 0.017 0.0002 

APPLE/PEAR 0.782 0.079 0.748 <0.0001 0.142 0.040 0.004 0.022 

PEACH/APRICOT 0.515 0.205 0.986 0.037 0.943 0.176 0.111 0.039 

CITRUS 0.096 0.478 0.679 <0.0001 0.019 0.347 0.368 0.0003 

VANILLA/CARAMEL 0.020 0.106 0.510 0.019 0.149 0.969 0.665 0.964 

HONEY 0.154 0.939 0.177 0.0003 0.723 0.854 0.822 0.160 

Sweet 0.0002 0.827 0.975 0.006 0.013 0.649 0.698 0.003 

Astringent 0.267 0.273 0.651 0.023 0.505 0.746 0.424 0.757 

Bitter 0.629 0.685 0.159 <0.0001 0.561 0.165 0.577 0.001 

Acidity 0.001 0.064 0.006 <0.0001 0.218 0.515 0.127 0.020 

Alcohol 0.308 0.885 0.733 0.788 0.047 0.228 0.373 0.0002 
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Appendix Table VI: Average ratings of the significant sensory descriptors for A) Six 
sub-blocks and B) Three water status from wines made in 2008, Thirty Bench 
Winemakers, Beamsville, ON. 

A Category honey VANilLA/CARAMEL Sweet Acidity 

lE 2.597 1.842 3.642 6.603 

SPB 2.891 1.682 3.609 6.498 

SPY 2.875 1.638 3.455 6.902 

TR 2.299 1.690 3.756 6.400 

WPB 2.605 2.100 4.065 6.549 

Wpy 2.869 1.712 3.506 7.053 

B 
Category honey VANilLA/CARAMEL Sweet Acidity 

lWS 2.555 1.661 3.636 6.628 

MWS 2.813 1.756 3.598 6.660 

HWS 2.576 1.937 3.856 6.722 
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