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ABSTRACT 

The concept of terroir or the ‘taste of place’ in regards to wine is well understood as a concept but 

rarely explained with any scientific rigour. It seems to be a concept that is plausible, or even likely, to 

the ‘wine’ educated. But with all of the possible variables in a viticulture/wine production system, 

conducting an experiment in a traditional sense where all variables are controlled except one and the 

differences are measured is not a reasonable endeavour. The logistics, effort, and cost of an 

experiment like this make it almost impossible to reasonably expect to explain terroir with any sort of 

scientific rigour. Therefore, a different method must be employed if there are to be some steps 

forward regarding explaining terroir scientifically. This thesis explores these regional differences in 

Shiraz wines using various sensory methods, chemical analyses, and climate data, all collected from 

wines carefully selected to represent the sensory fingerprint of each region. Due to the way the wines 

were selected from each region – profiling a large amount of commercially available wines from each 

region, there can be confidence that the sample set is in fact, representative of the place they come 

from, and therefore the sensory profile, chemical data and climatic indices are valid and appropriate. 

This novel approach to evaluating regional sensory characters has led to a comprehensive and 

developed understanding of the regionality of the six Australian Shiraz producing regions profiled 

herein.   

The initial phase of the project was to investigate the new rapid sensory method: Pivot© Profile (PP). 

It was used as a proof of concept of the project and of the method itself, using it to evaluate ultra-

premium, regional Australian Shiraz wines along with some international equivalents, with different 

sets of judges. These results showed that the method is sensitive enough to properly evaluate wines as 

it showed that Shiraz wines from different regions exhibited unique sensory characters. It also showed 

that using sets of judges with different backgrounds gave similar results, highlighting the 

repeatability of the method. Chapter II explains this part of the project and contains the associated 

peer-reviewed publication.  

Chapter III focused on the regionality of Shiraz from six high profile wine producing regions in 

Australia. The PP method was used to profile a large number of regional wines, in the regions the 
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wines came from and assessed by winemakers who live and work in the region. These profiles 

revealed the overall sensory fingerprint of the regions, and through Agglomerative Hierarchical 

Clustering a small subset of wines was selected from each within-region cluster to represent the 

sensory variation of the region. That subset of wines was then more rigorously profiled using 

Descriptive Analysis (DA). Using the PP method to select the subset of wines for the more intricate 

DA study is a novel approach. This gives an extra level of confidence that the wines that represent the 

regions are truly indicative of the sensory profile of the wines from the region. This work has resulted 

in detailed quantitative data on the sensory properties associated with each of the regions, and shown 

there are distinctive, region-specific sensory characteristics. The peer-reviewed publication relating to 

this portion of the project is also included here.  

Chapter IV builds on the sensory profile of the subset of regional wines from chapter Three and adds 

more layers of complexity with a comprehensive chemical profile, including wine and oak volatiles, 

low molecular weight sulfur compounds, colour/tannin data, norisoprenoids and monoterpenes. 

Climatic data from the vineyard sites for each of the wines was also tabulated. These three data sets 

were then analysed using partial least-squares regression (PLS-R) in order to examine the 

relationships between them and evaluate the model produced by the analysis. This work showed that 

distinctive chemical fingerprints exist for the regions studied, and the climatic profiles were strongly 

associated with key compounds influencing sensory differences. The final peer-review publication is 

also included in this chapter. 

This project has taken the concept of regional characters in Australian Shiraz wines and put them 

under the microscope, in a way that has never been undertaken before. This work has shown that 

Shiraz producing regions in Australia possess unique sensory fingerprints, the result of similarly 

unique chemical compositions and climatic factors. The results from this project can be used as a 

template by regional producers to help them exploit characteristics that are prevalent in wines that 

come from their regions, and can also be used as a blueprint for other Australian wine producing 

regions as a way to investigate their regional characteristics.     
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CHAPTER I : Project overview

I.I. Introduction

I.I.I. Background

Terroir (from the French word for land – terre) can be considered to be all the environmental, human 

and cultural factors that work together to give a resultant agricultural product a unique set of 

characteristics that are different from those of another similar product, produced somewhere else. 

More simply put, it is the influence of place on the way a product looks, smells and tastes. In the 

world of wine, this concept is treasured and cherished, with wines purported to exhibit terroir 

generally being the most sought after and expensive wines available. Explaining terroir using 

scientific means has been a goal for researchers for decades, and the difficulty in doing so is well 

documented (Trubek 2008; Matthews 2015). This project attempts to examine terroir on a macro 

scale, better described as regionality, involving the sensory attributes that are unique to the many 

different Shiraz producing regions across Australia.  

Shiraz is Australia’s most widely planted wine grape, with significant plantings in every wine 

producing region in the country. After France (where it is the third most planted variety, and often 

used in blends), Australia has the world’s next largest holdings of Shiraz vineyards (Robinson, 

Harding & Vouillamoz 2012). Shiraz plantings account for almost 30% of vineyard area in Australia, 

and 29% of the 728 million litres of wine exported in 2016 was Shiraz (Wine Australia 2017). In 

2017, 498,200 tonnes of Shiraz grapes were harvested for wine production in Australia, which is 47% 

of the total red grape harvest and up 15% from the 2016 Shiraz harvest (Wine Australia 2017).  

However, the concept of regionality in Shiraz wines has yet to be rigorously explored in Australia. 

The ability to understand and describe the regional sensory characters of Shiraz wines would help 

winemakers across Australian wine producing regions to better grow, make and sell premium Shiraz 

wines. By understanding what sensory characteristics are inherent in a particular region, grape 

growers can apply viticulture practices that promote those characters, winemakers can similarly adapt 
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techniques to enhance said regional characters, and wine marketers and salespeople can better explain 

and relate these characters to the consumer.  

The investigations within the PhD are part of a larger Wine Australia funded project that aims to 

better describe and explain the characters that define different Shiraz producing regions across 

Australia. The larger project at Charles Sturt University has also involved spatial analysis of climate 

for selected geographical regions and related climatic indices with untargeted chemical analyses. As 

the first part of this project, a rapid newly introduced sensory data collection method called Pivot 

Profile© (PP) will be assessed. The sensory profile of commercially available Shiraz wines produced 

in six Australian regions will be characterised, and then compared to the sensory profiles obtained 

using the well-established quantitative sensory descriptive analysis (DA) technique. The PP method 

will also be used to evaluate sensory preferences of different groups of assessors for wines with 

distinctive regionally based sensory properties. The use of a rigorous but relatively simple sensory 

methodology will allow a large set of regional wines, with approximately twenty-five wines from six 

different regions, to be characterised. A final set of Shiraz wines that best represent the range of 

inherent regional characteristics will then be selected. This set of wines will undergo sensory 

descriptive analysis, in order to develop a complete sensory profile of each region.  

I.I.II. Regionality

Regionality in regards to wine is the ability of a particular wine to express a sensory profile typical of 

the place that it came from. Regionality is best understood in the ‘Old World’ regions of France, 

Germany, Italy and Spain, where hundreds of years of anecdotal sensory evaluation by grape growers 

and winemakers has developed a foundational knowledge of the sensory characteristics associated 

with wines that come from a particular place or region, and in some cases sub-region. There are many 

examples of regions where this idea or concept has proliferated. In France: Burgundy, Bordeaux, 

Alsace, Champagne, the Rhone; in Germany: the Mosel, Rheingau; in Italy: Brunello di Montelcino, 

Chianti, Piedmont, Sicily; in Spain: Rioja, Ribera del Duero, Priorat, and there are many more 

examples. The sensory profiles of wines from these regions can be described with some degree of 

accuracy by wine professionals due to the regionality of said wines, and that profile is unique to wines 
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that come from that place. It could be said that regionality or terroir can be found in any agricultural 

product grown in a particular place. However, cultural factors have often been the deciding factor as 

to whether or not a product has been considered simply a consumable or a product worthy of being a 

regional champion or industry benchmark. For example: the Appellation d'Origine Contrôlée (AOC) 

system in France has given many products a regional attachment that defines it in the marketplace. 

Roquefort cheese was the first product to be regulated by parliamentary decree as far back as 1411, 

and now up to 40 cheeses have obtained such status. Le Puy-en-Velay lentils, Bresse poultry, 

Corsican honey, Charente butter, and other products all hold AOC status. While wine enjoys the 

broadest and most comprehensive list of AOC’s with more than 300 recognised 

(https://www.inao.gouv.fr/), it is clear to see that the idea that a product tastes of the place that it came 

from is something French culture has embraced (Trubek 2008), and that has been spread worldwide.  

It is difficult enough to define what regionality is, let alone effectively study it. Many studies have 

attempted to quantify regionality in wine with varied results. Rankine et al. (1971); Noble et al. 

(1984); Duteau et al. (1981) were some of the first to attempt to explain some of the aspects of 

regionality in regards to sensory profiles and chemical composition. Guinard & Cliff (1987) and 

Heymann & Noble (1987) were also two studies of note in a similar time period that began to lay 

down a blueprint for using sensory descriptive analysis to characterise sensory profiles for varietal 

wines from different places, in this case American Viticultural Areas (AVA’s). Others have attempted 

to use this method to characterise regional characters in wines (Fischer et al. 1999; Kontkanen et al. 

2005; Vilanova & Soto 2005), however there are certain limitations with these studies. One of the 

most problematic is that they have used commercial wines selected from a particular region or sub 

region as the sample set for the study, under the assumption that these wines are in fact representative, 

without providing information on how those samples were deemed representative. The use of 

probability sampling (Jaeger et al. 2009) might have been an appropriate tool for sample selection in 

these cases. The most rigorous approach would be to make the wines as part of the experiment, and 

control as many factors as possible: harvest date/maturity, winemaking inputs/treatments, crop levels, 

clonal selection, temperature control and viticultural inputs/treatments. However, while ideal, the 
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scale of such a trial and the costs associated with such a project are both prohibitive and unrealistic. 

Some authors used different sampling criteria (Goldner & Zamora 2007) to solve this problem while 

others produced wines using standardised winemaking techniques from grapes grown in vineyards 

from designated sub-appellations (WIllwerth, Reynolds & Lesschaeve 2015) or from different soils 

(Reynolds, Taylor & de Savigny, 2013). Another option would be to use a very large number of 

commercially produced samples, the idea being that if enough samples are included, the ‘noise’ from 

the multitude of different winemaking and viticultural differences should be able to be taken into 

account. This approach also presents another problem: that sensory descriptive analysis is not 

particularly efficient at assessing large sets of wines as all data must be collected at a minimum in 

duplicate and more often in triplicate, thus taking an exorbitant amount of time to complete the study. 

The requirement of panelist training exacerbates this issue and further indicates the requirement of a 

rapid sensory method.     

Some more recent papers have taken a more rigorous approach to regionality. King et al. (2014) 

published one of the most comprehensive explanations of regionality with the Malbec grape, in 

Mendoza, Argentina and in California. Grapes were harvested from 41 different viticultural sites: 26 

in Argentina and the remaining sites in California. Detailed climatic data was collected from both 

regions, including degree-days, and rainfall. Grapes were harvested between 24° - 25° Brix, 

winemaking was standardised for additions and fermentation temperatures, wines were not filtered, 

and were bottled under screw cap in California. Detailed chemical and sensory analyses were 

undertaken, and the wines showed significant differences between wines and regions. However, even 

though a thorough procedure was followed, there were still some important factors that were not 

accounted for. The study did not control irrigation regimes, and the authors themselves acknowledge 

differences in vine age, rootstock, vine spacing, trellising systems, and pruning regimes between the 

two regions. In regards to winemaking: fermentation vessels in Argentina were 500L while in 

California 250L fermenters were used. Changing sizes in fermenters can change the fermentation 

dynamics, and fermenter dimensions change the amount of skins in contact with the fermenting juice, 
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as well as cap depth. These uncontrolled variables add noise to the results and make interpretation of 

the results more difficult. 

Liu et al. (2015) published a study on wines made from the Solaris grape in Denmark. This study used 

commercial wines and took a sensory evaluation approach to characterise the wines for their varietal 

character. Their study followed protocols for evaluating commercial wines to describe regional or 

varietal (in this case) characters. However, their sample selection and inclusion of samples that 

contained no detectable free sulfur dioxide potentially confuses the results, as sulfur dioxide protects 

wine from oxidation and microbial spoilage.  

Robinson et al. (2012a) examined regionality in a limited number of Australian Cabernet Sauvignon 

wines produced in 10 different geographical indications (GI’s: Wine Australia’s regional designation) 

from one vintage (2009). The study successfully showed that Cabernet Sauvignon wines made in 

different GI’s have some unique characteristics and that these are related to the place that they were 

produced. The author also found that there were no significant differences in the sensory properties 

between the GI’s of Coonawarra, Wrattonbully and Padthaway. 

Other regional products such as cheese and olive oil have also been examined using chemical and 

sensory analysis. For example, Pillonel et al. (2002) examined the chemical, biochemical, 

microbiological, and sensory profiles of various Emmentaler cheeses based on geographic origin, to 

develop protocols for authenticity and traceability of cheeses originating specifically from 

Switzerland. Di Cagno et al. (2003) evaluated the microbiological, chemical and volatile profiles, as 

well as the sensory characteristics of three Italian Protected Denomination of Origin (PDO) ewes’ 

milk cheeses (Pecorino). Both studies found distinct compositional and sensory profiles of the similar 

cheeses produced in different regions. Aparicio et al. (1997) published a comprehensive evaluation of 

four olive oil varieties, produced in 3 different countries, examining chemical composition, sensory 

attributes, and consumer preferences. Vichi et al. (2003) used Solid-Phase Microextraction to 

characterise olive oils from two geographical areas in Northern Italy. Both studies concluded that 

environmental conditions specific to the region of origin effect the chemical and sensory 

characteristics of the olive oils.     
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I.I.III. Rapid Sensory Methods

The history and development of modern sensory science as a discipline can be traced back to the 

middle of the 20th century with the creation and development of techniques such as the Flavour 

Profile Method (Cairncross & Sjöstrom 1950), the Texture Profile Method (Brandt et al. 1963), 

Quantitative Descriptive AnalysisTM (Stone et al. 1974) and the SpectrumTM method (Meilgaard et al. 

1991). Modern day descriptive analysis is generally based on the QDATM and SpectrumTM methods 

and employed throughout the world as the gold standard for robust sensory analysis (Varela & Ares 

2012). These analyses are used in research and industry for describing and quantifying sensory 

attributes in products aiding in product development, benchmarking products, evaluating processes or 

ingredient changes or quality control. Another reason for its popularity is the ability to take the 

sensory data collected and relate it to chemical/instrumental data or consumer data, allowing for more 

complex insights to be elucidated (Murray et al. 2001). However, the process of performing sensory 

descriptive analysis is time consuming and expensive, as participants or panellists must be screened 

and trained, which can take months (Lawless & Heymann 2010), and studies can also take weeks or 

months to complete. Consequently, only large companies or academic institutions can afford to 

maintain and operate a descriptive analysis panel. 

As a result, there has been increased interest in recent years to develop rapid sensory methods that are 

quicker and easier to undertake. This is a natural progression for the most part, as these methods are 

less time consuming, and can provide a more malleable framework in which to operate for the sensory 

scientist. These methods have been developed not to replace sensory descriptive analysis, but to be 

complementary tools, in order to operate outside of the normal parameters of descriptive analysis, as 

most of these methods have been developed with the use of untrained panellists in mind, notably 

consumers. The term untrained panellist refers to being untrained in the sensory method, not 

necessarily untrained in the field of study, as is the case in PP sessions where winemakers or 

sommeliers are used as judges – clearly they are well trained in the nuances of wine evaluation. 

However, knowledge or experience in the use of these sensory methods, or orientation and alignment 

in the use of terminology, is not required. The use of panellists that do not require training drastically 
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reduces the cost of running sensory experiments, as panellists are only required for the time it takes to 

complete the study. The first of these methods to be introduced were the Free Choice Profiling 

(Williams & Langron 1984) and Repertory Grid (Williams & Arnold 1985) methods. Since then there 

has been an array of different techniques developed using untrained judges or consumers as panellists, 

such as Sorting (Schiffman et al. 1981), Flash profiling (Dairou & Sieffermann 2002), Projective 

Mapping or Napping® (Risvik et al. 1994; Pagès 2005), Check All That Apply (CATA) (Adams et al. 

2007), Rate All That Apply (RATA) (Ares et al. 2014), Polarised Sensory Positioning (Teillet et al. 

2010) and Pivot© Profile (Thuillier et al. 2015).  

I.I.IV. Projective Mapping

Projective mapping (Risvik et al. 1994) or Napping® (Pagès 2005) are projective type methods that 

produce two-dimensional perception maps based upon the similarities and differences between a set 

of samples. Samples placed close together on the map are more similar to one another while samples 

placed farther apart are more different to one another. Panellists are asked to observe, smell, and taste 

each sample and position them on the map based on their similarities/differences with the other 

samples. The samples are separated based on the panellist’s own criteria, with no instructions given 

on the criteria to be used for sample separation. Panellists may also be asked to provide reasons for 

sample positioning on the map. Blind, duplicate samples can be included as a panel performance 

marker, indicated by the proximity of duplicate samples placement on the map. Using multivariate 

statistical analysis (most commonly Multiple Factor Analysis) the individual maps are collated into a 

consensus map that along with the comments, can explain sensory profile of the set of samples. 

Kennedy & Heymann (2013) compared profiles of milk and dark chocolates obtained by projective 

mapping and descriptive analysis, using untrained panellists. The authors found that both techniques 

produced product maps that were visually similar, and with RV coefficients, a measure of the 

similarity between squared and symmetric data matrices (Robert & Escoufier 1976), between the data 

sets greater than 0.8. They showed that for certain applications this technique can be used to either 

compliment descriptive analysis studies or to use it to replace them when a quick sensory product map 

is required. However, there are some of the disadvantages to using this technique. Comments made by 
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panellists can sometimes be difficult to interpret or define, as they are free to use any words they 

choose to describe the products. Also, all of the products must be presented at the same time, which 

limits how many samples can be evaluated from a logistics perspective and also a panel fatigue 

perspective (Valentin et al. 2012).   

I.I.V. Pivot© Profile

Pivot profile is a free description method that can use the well-developed lexicon of professional wine 

tasters (e.g. winemakers, sommeliers and wine buyers.) as an asset (Thuillier et al. 2015). The judges 

use a ‘pivot’ or control wine as a reference for assessing the samples. Judges refer to the pivot and 

then the samples, then write descriptors based on how the sample differs from the control. The format 

for these descriptors is to use any term the judge chooses; however the degree modifier ‘less’ or 

‘more’ is used in conjunction with the descriptor. By controlling this degree modifier, the scope of the 

descriptors used is moderated. For example, judges could add degree modifiers such as; moderately, 

very, not so, highly, a little, a bit or slightly, when using the term sweet to describe a wine. This 

confuses both the collation and interpretation of the data as it inflates the frequency of use of the word 

sweet, while not accurately reflecting the intended use of the term. By having to use either less x than 

the pivot or more y than the pivot (e.g. less sweet, more astringent), the judge is obligated to fit the 

term into one of two categories, but is still free to use their experience and personal interpretation to 

describe the sample. 

 As is the case with some other rapid sensory methods, the pivot wine can also be included as a 

sample so as to provide some information on panel performance and reliability (Lelièvre-Desmas et 

al. 2017). When analysing the data, the investigator completing the analysis must have a good 

understanding of the product being assessed, so that they can effectively interpret the results of the 

tasting. As judges are free to use any words they choose to describe a product, a fundamental 

knowledge is imperative for the collation and analysis of the results. Some interpretation and 

grouping of similar terms is required. For instance, one judge might use the term tannin to describe 

the astringency of a wine. Another may use tannic, another still may use astringent, drying, etc. 

Because of their knowledge of the product, the person completing the analysis can group these 
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terms together and count them all under one heading or term. When applying this method to wine and 

using wine professionals from a similar background as judges, there will be a degree of alignment in 

descriptive terms (Thuillier et al. 2015). 

As the terms are tabulated, it is also noted how they were used in a quantitative way (more than the 

pivot or less than the pivot). Once the final count of all the attributes and the fashion they were used 

has been counted, the most negative count is found, and the absolute value of that term is added to all 

the attributes, in order to give each term an adjusted positive value. Once this has been completed for 

all the products the results are displayed in an attributes by products frequency matrix. 

Correspondence Analysis (CA) is then performed to obtain a product biplot, showing both attributes 

and products. The pivot wine can also be included in the biplot, by entering 0 for all the attributes 

before the absolute value of the most negative product is added to all scores. A well selected pivot 

should appear in the biplot near to the origin, however recently published research has shown that by 

varying the pivot the context of the attributes used to describe the samples will be changed, but not 

the location of the samples on the biplot (Lelièvre-Desmas et al. 2017). 

The original paper in which the method was first described by Thuillier et al. (2015) used judges to 

evaluate Champagne wines. Thirteen wine professionals evaluated six wines using the method. The 

choice of non-vintage (NV) Champagne as the sample type was astute, as generally NV Champagnes 

are blends of three grape varieties, with varying percentages of aged and younger wine. This leads to 

distinctive styles and substantial differences between products, hence a varied product set to examine 

the effectiveness of the technique. Thuillier’s results clearly show the ability of the technique to 

differentiate samples logically. For example, the wines described as mature contained the highest 

percentage of aged wine, while the wines labelled as fruity contained more Pinot Noir and Pinot 

Meunier. For this paper only the aroma results were presented, and while they demonstrated the 

methodology of PP, the samples could have been more fully described if the palate was also 

considered, as generally Champagnes are noted for their less expressive aromas and more for their 

texture and flavour.  
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Lelièvre-Desmas et al. (2017) recently published on the influence of the pivot selection on the product 

space, and how it effects results using samples sets with high, medium and low within-set similarity 

using beer as the sample type. Pivots consisted of a composite blend of all the samples in a set, along 

with two extreme pivots, and a pivot that closely resembled the beers in the set. The changing of the 

pivots within the sets changed the vocabulary judges used to describe the beers but did not change the 

way they were organised in the biplot derived from the correspondence analysis. Examining the 

similarity between sets yielded results that were similar from an organisational perspective but 

differed from a dispersion standpoint. They showed that the number of contributing descriptors and 

discrimination between beers increases as a function of the within-set similarity. This means that sets 

of samples that exhibit smaller differences between samples are well suited to be characterised by this 

method. The technique of blending all the samples in the set to produce the pivot was found to be an 

effective method when using sample sets with high levels of homogeneity. This technique shows 

promise and further exploration of its effectiveness with other products deserves to be explored.    

I.I.VI. Cultural Influences on Wine Sensory Characterization

Some early work on cultural differences in sensory perception was undertaken by Pangborn et al. 

(1988) where the authors had 30 judges in 16 countries evaluate 22 different odours and give 

preferences on a non-numerical hedonic scale. The authors showed that there were distinct differences 

in liking between different countries, and that countries located closer to each other had more similar 

hedonic ratings for similar aromas while those located further away had greater differences in liking 

scores.  

Much more work has since been completed; looking at how wine professionals and wine consumers 

differ in how they characterise wine (Lattey et al. 2009; Urdapilleta et al. 2010; Parr et al. 2011; 

Saenz-Navajas et al. 2013; Ballester et al. 2013; Hopfer & Heymann 2013; Saenz-Navajas et al. 2015) 

and also how consumers in different countries characterize wines differently around the world 

(Mueller et al. 2011; Williamson et al. 2012; Mouret et al. 2013; Saenz-Navajas et al. 2014). Corsi et 

al. (2013) reported a lexical equivalence of Chinese and Western taste descriptors which refuted an 

anecdotal assumption of a larger Chinese vocabulary than used by western wine consumers. This 
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study also found that generic descriptors (e.g. smooth, fruity and sweet) are used more frequently than 

specific descriptors and the most prevalent specific descriptors used are related to commonly eaten 

fruits in China, such as pomelo, yangmei, longan and jackfruit. 

It is not as well understood however, how wine professionals from different cultural and ethnic 

backgrounds vary in the way they characterise wines. One study that has evaluated one aspect of this 

topic is Parr et al. (2015). They examined how the use of minerality – a poorly defined term often 

used by wine professionals, is influenced by the judge’s cultural background. The author found that 

both French and New Zealand experts behaved similarly when categorising wines, and showed that 

despite the two countries having very different wine histories and production styles, judges from both 

countries showed a similar construct for the term mineral as applied to the sensory evaluation of wine. 

Evaluating how wine professionals from different cultural backgrounds characterise Australian Shiraz 

has considerable relevance and value for the future promotion, education, and marketing of these 

wines. 

I.I.VII. Relating Data Sets 

Relating different data sets to each other has been a useful statistical tool for many years. The ability 

to compare different data elements to either model or predict values in the data set, or to compare the 

two sets to evaluate how similar they are, or to investigate possible explanations of one of the data 

sets using the other,  are some of the useful outcomes to this exercise.  

Wine chemistry has evolved over the years from simple pH measurements to metabolomic approaches 

mapping thousands of compounds in complex data sets. This evolution has also meant that how 

results or raw data is analysed has also changed. The development of statistical techniques such as 

Principal Component Analysis (PCA), Generalized Procrustes Analysis (GPA) and Partial Least 

Squares Regression (PLS-R) and Partial Least Squares – Discriminant Analysis (PLS-DA) have all 

helped to understand and model complex data sets. These methodologies can now help relate sensory 

data and compositional measures, in order to help understand the potential causes and associations 

between composition and aroma and flavour attributes. The history of evaluating wine chemical 
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composition in a regional context begins with Rankine et al. (1971), progressing to include place of 

origin as a consideration with Frank and Kowalski (1984), Forina et al. (1986) and Maarse et al. 

(1987). Noble & Shannon (1987) and Ohkubo & Noble (1987) are the first time where we see sensory 

and compositional analysis profiled with the same wines, with Clementi et al. (1986) proposing the 

use of Partial Least Squares Regression using chemical data sets and Williams et al. (1988) using 

PLS-R and GPA to relate wine sensory and chemical measures for the first time. Fischer et al. (1999) 

progressed sensory profiling in a regional context with a comprehensive evaluation of the Riesling 

variety in the Rheingau region in Germany. Since then, Green et al. (2011), Robinson et al. (2012a) 

and King et al. (2014) are some notable studies regarding sensory and compositional markers relating 

to place of origin of wine. 

I.I.VIII. Shiraz 

Syrah, or Shiraz as it is better known as in Australia, is a grape variety whose traditional home is the 

famous vineyards of Côte Rôtie and Hermitage in the Northern Rhône Valley in France.  It is a 

vigorous variety, mid ripening with a short period between veraison and harvest, and a short window 

for harvesting. While it has very large plantings in France and Australia, it is also widely planted 

across the globe, with significant plantings in another 20 countries, from Canada to Lebanon 

(Robinson et al. 2012b). In Australia, Shiraz wines tend to have sensory profiles that show a wide 

range of aroma characteristics such as: raspberry, plum, black fruit, licorice, spice, pepper and earth, 

while on the palate it can be medium to full bodied, soft to tannic, lean to generous (Iland et al. 2017).  

Abbot et al. (1991) investigated the contribution of hydrolysed flavour precursors in Shiraz juice and 

wine from the Barossa Valley and Coonawarra using descriptive analysis in an early example 

examining regional compositional and sensory differences in the variety. Some more recent work on 

the topic has seen Johnson et al. (2013) use multidimensional scaling, and cluster and descriptive 

analysis to evaluate the ability of wine experts to discriminate wines from different Australian wine 

producing regions.    
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I.II. Hypothesis

Shiraz wines produced in different regions in Australia exhibit different and distinctive sensory 

profiles, as a product of where the grapes were grown, and the wine produced.  

I.III. Objectives

1. A) Examine the effectiveness of the pivot profile method in assessing large groups of similar, 

complex products (wine). 

B) Comparison of pivot profile to the traditional descriptive analysis sensory method.

2. Investigate the reliability of the pivot profile method by comparison of results obtained with 

two different groups of wine professionals (sommeliers and winemakers) 

3. Identify the common and unique sensory features associated with Shiraz/Syrah wine styles 

from targeted wine producing regions. 

4. Identify any key wine styles within these regions due to factors such as significantly different 

sub-regional climate differences 

5.  Identify key links between the sensory attributes and chemical composition and climatic 

indices from the corresponding regions. 
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CHAPTER II 

Paper 1 – An investigation of the Pivot© Profile sensory analysis method using wine experts: 

Comparison with descriptive analysis and results from two expert panels 

II.I. Introduction

The Pivot© Profile method (PP) is a relatively new, rapid sensory method developed by Thuillier et 

al. (2015). The method is a free-choice, reference-based method that has assessors evaluate samples 

using a control or ‘pivot’ sample as a reference. Assessors are free to use any words he or she would 

like to describe the sample, with the only caveat being that they must use the degree modifier ‘less’ or 

‘more’ when describing the sample. For example, an assessor might be evaluating yogurts, and would 

assess the pivot, and then the sample. When describing the yogurt, they could say that the sample was 

more creamy than the pivot, or less acid, or more sweet, or less firm. The results are then tabulated in 

a samples x attributes frequency matrix, and Correspondence Analysis is used to analyse the data, 

producing a biplot with a sensory map of the products being evaluated. 

The merits of the PP method are well suited to evaluating wine using wine professionals as judges. 

This method allows assessors to use their own words to describe the samples, which plays to the 

strengths wine professionals, as they have a well-developed and extensive lexicon or language that 

they use to describe wine. As wine is a complex matrix with many potential sensory attributes, this is 

a significant positive aspect to the method.  

To this point there have only been a few studies that have used the PP method. Outside of Thuillier’s 

original paper, some of the other relevant papers using the method have been Fonseca et al. (2016), 

Lelièvre-Desmas et al. (2017), Esmerino et al. (2017) and Deneulin et al. (2018).  

For this project the use of the PP sensory method allowed the use of wine professionals as judges and 

as a rapid method the judges did not require any prior training. The tastings can also be completed in a 

short period of time – often not much more than an hour. It was these reasons for which it was chosen 

as the sensory profiling method for this study.  
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As a new method, there has not been much exploration of the robustness and repeatability of the 

method. This was identified as an opportunity to evaluate the method for potential shortcomings as 

well as obtain a sensory profile of some ultra-premium Australian Shiraz wines. Two different groups 

of wine professionals (winemakers and sommeliers) profiled the same set of wines to compare the 

repeatability of the method, and the PP results were compared to a sensory descriptive analysis study 

that had also used the same wines. As descriptive analysis is generally regarded as the ‘gold standard’ 

of sensory analysis (Varela & Ares 2012), this comparison is highly relevant.  

II.II. References 

Deneulin, P., Reverdy, C., Rébénaque, P., Danthe, E., Mulhauser, B. (2018). Evaluation of Pivot 

Profile©, a new method to characterize a large variety of a single product: Case study on honeys from 

around the world. Food Research International, 106, 29-37. 

Esmerino, E. A., Tavares Filho, E. R., Carr, B. T., Ferraz, J. P., Silva, H. L. A., Pinot, L. P. F., Freitas, 

M. Q., Cruz, A. G., Bolini, H. M. A. (2017). Consumer-based product characterization using Pivot 

Profile, Projective Mapping and Check-all-that-apply (CATA): A comparative case with Greek yogurt 

samples. Food Research International, 99, 375-384. 

Fonseca, F. G. A., Esmerino, E. A., Tavares Filho, E. R., Ferraz, J. P., da Cruz, A. G., Bolini, H. M. 

A. (2016). Novel and successful free comments method for sensory characterization of chocolate ice 

cream: A comparative study between pivot profile and comment analysis. Journal of Dairy Science, 

99, 3408-3420.   

Lelièvre-Desmas, M., Valentin, D., Chollet, S. (2017). Pivot profile method: What is the influence of 

the pivot and product space? Food Quality and Preference, 61, 6-14.  

Thuillier, B., Valentin, D., Marchal, R., Dacremont, C. (2015). Pivot© Profile: A new descriptive 

method based on free description. Food Quality and Preference, 42, 66-77. 

Varela, P., Ares, G. (2012). Sensory profiling, the blurred line between sensory and consumer science. 

A review of novel methods for product characterisation. Food Research International, 48, 893-908. 

24



Contents lists available at ScienceDirect

Food Quality and Preference

journal homepage: www.elsevier.com/locate/foodqual

An investigation of the Pivot© Profile sensory analysis method using wine
experts: Comparison with descriptive analysis and results from two expert
panels

Wes Pearsona,b,⁎, Leigh Schmidtkea, I. Leigh Francisb, John W. Blackmana

aNational Wine and Grape Industry Centre, Charles Sturt University, Locked Bag 588, Wagga Wagga, NSW 2678, Australia
b The Australian Wine Research Institute, P.O. Box 197, Glen Osmond, SA 5064, Australia

A R T I C L E I N F O

Keywords:
Sensory analysis
Wine
Descriptive analysis
Pivot profile

A B S T R A C T

The performance of the recently developed rapid sensory descriptive method Pivot© Profile (PP) was assessed
with a set of 17 Shiraz/Syrah red wines using a group of 49 sommeliers and 11 winemakers. The PP results were
compared to results from descriptive analysis (DA) performed by a trained panel. The PP from the two groups of
experts gave similar sample configurations, although the terms used differed, with one notable difference being
less detailed information on wine colour provided by the sommeliers. The data showed that the PP results from
the two panels were also closely equivalent to that obtained from descriptive analysis, with similar sample space
configurations, relatively high RV coefficient values and comparable attributes discriminating the samples. PP
allowed interpretation of complex terms used by the two groups of experts, and gave insight into the major
sensory differences discriminating the wines. DA provided better information regarding attributes that differed
more subtly among the sample set, including bitterness. This study demonstrated for the first time that PP and
DA provide similar insights into the sensory properties of products, and confirmed that PP with expert panellists
allows a rapid understanding of the main sensory differences among samples, with some advantages over DA in
obtaining a more holistic overview of each sample.

1. Introduction

Modern applied sensory science can be traced back to the middle of
the 20th century with the creation and development of techniques such
as the Flavour Profile method (Cairncross & Sjöstrom, 1963), the Tex-
ture Profile method (Brandt, Skinner, & Coleman, 1963), Quantitative
Descriptive Analysis (Stone, Sidel, Oliver, Woolsey, & Singleton, 1974)
and the Spectrum™ method (Meilgard, Civille, & Carr, 1991). Modern
day descriptive analysis is generally based on the QDA and SpectrumTM

methods and is employed throughout the world as the gold standard for
robust, reliable and valid sensory analysis where the aim is to capture
the intensity of those sensory properties that differ among a set of
samples (Varela & Ares, 2012). However, the process of performing
sensory descriptive analysis is time consuming and expensive, as par-
ticipants or panellists must be screened and trained, which can take
months (Lawless & Heymann, 2010), and studies can also take weeks or
months to complete. Therefore, generally only large companies or
academic institutions have the resources to employ, maintain and

operate a descriptive analysis panel.
There has been increased interest in recent years in sensory methods

that are quicker and easier to undertake. These methods have often
been developed for application with untrained panellists or consumers.
Involving panellists who do not require a training period drastically
reduces the time and cost of running sensory experiments, as panellists
are only required for the time it takes to complete the test. The first
published of such rapid methods were the Free Choice Profiling
(Williams & Langron, 1984) and Repertory Grid (Williams & Arnold,
1985) methods. Since then there has been an array of different tech-
niques developed using untrained judges or consumers as panellists,
including Sorting (Lawless, Sheng, & Knoops, 1995), Flash Profiling
(Dairou & Sieffermann, 2002), Projective Mapping or its specific variant
Napping® (Pagès, 2005; Risvik, McEvan, Colwill, Rogers, & Lyon,
1994), Check All That Apply (CATA) (Ares, Barreiro, Deliza, Giménez,
& Gámbaro, 2010), Rate All That Apply (RATA) (Ares et al., 2014) and
Polarised Sensory Positioning (Teillet, Schlich, Urbano, Cordelle, &
Guichard, 2010). These methods involve a range of cognitive
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approaches by panellists in product assessment, with comparative,
analytical or global processing required, and with different degrees of
cognitive load (Ares & Varela, 2014).

Pivot Profile (PP) is a relatively new sensory method (Thuillier,
Valentin, Marchal, & Dacremont, 2015) that has shown considerable
promise as an alternative sensory method. With this method, panellists
use an identified ‘pivot’ sample as a reference for assessing coded
samples. Panellists refer to the pivot and then each of the samples, and
write descriptors based on how the sample differs from the reference.
The format for these descriptors is to use any term the panellist chooses;
however the simple degree modifier ‘less’ or ‘more’ is used in con-
junction with the descriptor. By controlling this degree modifier, the
scope of the descriptors is moderated, to include only those that for
each individual differentiate the samples from the pivot. By having to
use either less x than the pivot or more y than the pivot, the panellist is
obliged to fit the term into one of two categories but is still free to use
their personal judgment to describe the sample.

Pivot Profile could be considered a variant of flash profiling, free
choice profiling and the open ended question approach, in that panel-
lists use their own criterion for comparative evaluation of a set of
samples, and has some relationship to polarised sensory positioning, in
that each sample is assessed in comparison to a reference. Similar to
flash profiling, it is of particular suitability for panellists with a pre-
existing lexicon available to them, so PP has been recommended when
working with product category experts (Varela & Ares, 2012), who have
a strong frame of reference for naming detailed sensory responses
(Bredie, Liu, Dehlholm, & Heymann, 2018). The cognitive basis for
methods involving free choice vocabularies has been outlined (Bredie
et al., 2018), and especially for those relating to pairs of samples, arises
from the personal construct theory proposed by Kelly (1955), where it
was put forward that an individual’s approach to sensory information of
any type involves comparative judgement between aspects of pairs of
items. While PP utilises a set of individual attributes, for each sample it
is up to the individual to decide on salient characters that differentiates
the sample from the reference. In PP panellists must consider each
sample as a whole, and then decide on sensory attributes that differ-
entiate the sample from the reference. In conventional descriptive
analysis, once an attribute list is developed, panellists adopt an analy-
tical mind-set, and the task is to characterise the sample based only on
the attribute list.

For wine studies, the ability to make use of highly experienced ex-
pert assessors in sensory characterisation without the need for con-
sensus would mean outcomes from production trials can be determined.
Wine experts are experienced in using free description and can be
disinclined to use conventional sensory evaluation methods (Thuillier
et al., 2015). The approach of using experts’ personal/individual attri-
butes to describe complex products such as wine, rather than applying
extensive training and familiarisation to align concepts of attributes and
intensities as applied in descriptive analysis (DA), also has advantages
in retaining individual differences to allow potentially more detailed,
rich and informative profiles appropriate to each sample (Thuillier
et al., 2015).

An issue with PP, in common with other free choice methods, is the
interpretation of the descriptive terms used by the panellists. When
applying this method to a product such as wine and using wine pro-
fessionals from a similar background as judges, there will be a degree of
alignment in descriptive terms (Thuillier et al., 2015). The PP method
was highlighted as particularly suitable for products such as wine,
where there is a commonly used lexicon of terms applied by experts
with the same type of background, and this is especially so for those
who are highly familiar with the sensory properties of wines from a
particular region or of a specific style. The original report of the method
used wine experts from the Champagne region, assessing a set of
Champagne wines. When analysing the data, the investigators com-
pleting the analysis should also have a good understanding of the
product being assessed, so that they can effectively and consistently

interpret and group the descriptors used. The semantic interpretation
can nevertheless be complicated. However, the large number of wide
ranging terms used means that the core attributes that describe the
samples can be well covered, as previously found for Flash Profiling,
where core attributes can be clearly evident from results from in-
dividuals from different cultural backgrounds or speaking different
languages (Varela & Ares, 2012). Free choice methods can thus be
suitable for cross cultural studies, including exploring language used by
experts with different backgrounds.

Comparisons of PP with other sensory methods have been reported
only to a very limited extent. The original description of PP using a set
of sparkling wines did not provide any other sensory data for the
samples, limiting comparison to other sensory methods. The PP method
has been applied with consumers in comparison to a free-choice com-
ments method (Fonseca et al., 2016), which indicated that PP had good
ability to characterise ice-creams. A semi-trained panel used PP to as-
sess a large number of honey samples over multiple sessions (Deneulin,
Reverdy, Rébénaque, Danthe, & Mulhauser, 2018), and demonstrated
that PP results showed good discriminating ability and advantages
when assessing large sample sets but did not report a comparison to
other methods. A study involving yoghurts (Esmerino et al., 2017) used
100 consumers in an assessment of PP compared to projective mapping
and CATA, and found that the methods gave similar results. No follow-
up studies have been reported investigating expert panellists’ use of the
method, and no study to our knowledge has compared PP to DA.

This study’s aim was to determine the discriminating ability of the
PP method with expert panellists to characterise sensory differences
among samples with complex sensory properties, compared to results
from descriptive analysis using trained panellists. In addition, the re-
liability of the method was investigated by considering results from two
groups of expert assessors, differing in size and professional back-
ground. The experts were a group of highly experienced international
professional sommeliers, with a separate group of Australian wine-
makers.

2. Materials and methods

2.1. Samples

Seventeen commercially produced high priced Shiraz/Syrah wines
were studied, with retail prices of the wines ranging from AUD $45 to
$250, and vintages from 2013 to 2015 (Table 1). The investigation was
part of a larger study assessing regional sensory differences in Shiraz

Table 1
Sample codes and details of the 17 wines used, together with the pivot wine.

Code Region Vintage Alcohol (% v/v)

HV Hunter Valley, NSW 2014 13.5
MV1 McLaren Vale, SA 2014 14.5
MV2 McLaren Vale, SA 2014 14.5
FR1 Crozes-Hermitage, Rhone Valley, France 2015 13.0
FR2 Cornas, Rhone Valley, France 2013 13.0
CV Clare Valley, SA 2014 13.7
EV Eden Valley, SA 2014 14.5
BV Barossa Valley, SA 2013 14.4
CB Canberra, ACT 2014 14.0
HC Heathcote, Vic 2015 15.0
BE Beechworth, Vic 2013 13.5
YV1 Yarra Valley, Vic 2015 13.0
YV2 Yarra Valley, Vic 2015 13.5
AH Adelaide Hills, SA 2014 14.0
GR Grampians, Vic 2014 14.0
NZ Hawkes Bay, NZ 2013 13.1
GE Geelong, Vic 2014 13.5
Pivot Limestone Coast, SA 2015 14.5

ACT: Australian Capital Territory, NSW: New South Wales, NZ: New Zealand,
SA: South Australia, Vic: Victoria.
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red wines.
The set of 17 wines evaluated were predominantly Australian wines

with some international examples included. The wines were selected to
have relatively wide variation in sensory properties while all being of
the one grape variety, to reflect common tasks required for wine sen-
sory studies. They were selected from 12 Australian regions, with one
wine from Hawkes Bay in New Zealand and two from the Rhone Valley
in France. The wines from France and from New Zealand were included
to ensure there were sufficiently large differences in the sample set. The
wines were pre-screened to include wines with sensory attributes that
were as generally expected for high priced wines of each region. This
meant that a few wines were selected that could be considered to have a
minor off-odour or off-flavour, notably Brettanomyces/Dekkera related
flavour (medicinal, barnyard), volatile acidity (acetic acid, solvent-like)
or sulfidic notes. Seven wines were sealed under cork, with one wine
sealed under a glass stopper, and the remainder under screwcap. Cork-
sealed wines were examined by several experienced judges prior to
sensory assessment, with one bottle being rejected for cork taint.

Shiraz wines generally have a strong red colour, intense dark fruit
(blackberry, plum) aroma and flavour, and are rich in flavour,

moderately astringent and with moderate acidity (Robinson, Harding, &
Vouillamoz, 2012). The pivot wine was selected in a preliminary as-
sessment by a group of Australian Wine Research Institute assessors
highly experienced in Shiraz wine sensory properties. It was chosen on
the basis of exhibiting sensory characters that were typical of the
Shiraz/Syrah variety, while not having very strong or dominating key
characteristics such as dark fruit, astringency, colour intensity, ‘green’
flavour, oak flavour, or any off-flavour. It was produced in high vo-
lumes and had been awarded a gold medal at a recent Australian capital
city wine competition. Lelièvre-Desmas, Valentin, and Chollet (2017)
compared the effect of several types of pivot samples on the results of
PP using trained panellists and concluded that the type of pivot sample
may be less important than the degree of heterogeneity among the
samples.

2.2. Sensory methodology

2.2.1. Pivot Profile
Panellists were presented with 50 mL of each of the 17 wines in

Riedel Overture red wine tulip shaped stemware, marked with three-

Table 2
Attributes, definitions and reference standards for the sensory descriptive analysis.

Attribute Definition/Synonyms Reference standard composition1

Appearance
Opacity The degree to which light is not allowed to pass through a sample
Purple Tinge The degree of purple hue
Brown Tinge The degree of brown hue

Aroma
Overall fruit Intensity of the fruit aromas
Dark fruits Intensity of the aroma of dark fruits and berries: blackberries, plums, cherries, blueberries,

black currants
3 × frozen blueberries, 1 × frozen blackberry (Sara Lee
brand)

Red fruits Intensity of the aroma of red fruits and berries: raspberries, strawberries and cranberries. 3 × frozen raspberries (Sara Lee brand)
Confection Intensity of the aroma of confectionary, lollies 3 raspberry lollies, no wine (Natural Confectionary Company

brand)
Floral Intensity of the aroma of flowers: violets, rose and blossoms 80 µL of 100 mg/L linalool, 10 µL of 200 mg/L 2-phenyl

ethanol
Vanilla Intensity of the aroma of vanilla 1/8 tsp vanilla paste (Queen brand)
Sweet Spice Intensity of the aroma of sweet spices: cinnamon, nutmeg, cloves 50 mg each mixed spice, nutmeg, cinnamon and 1 clove

(Masterfoods brand)
Liquorice Intensity of the aroma of liquorice, aniseed ¼ tsp aniseed
Pepper Intensity of the aroma of black pepper, white pepper, peppercorns 3 grinds fresh black pepper (Saxa brand)
Woody Intensity of the aroma of wood, oak, cedar, smoky oak 1 tsp French oak chips
Stalky Intensity of the aroma of green stalks, green herbs, eucalypt 2 pc fresh tomato stalk, no wine
Green Bean Intensity of the aroma of green beans, green vegetables, spinach, green olives, capsicum 4 × 1 cm pieces fresh green bean, 10 µL of 500 μg/L

isobutylmethoxypyrazine
Earthy Intensity of the aroma of dust, dry earth, wet earth, mud and compost 30 µL of 1 mg/L geosmin
Cooked Vegetable Intensity of the aroma of cooked vegetables, cooked vegetable water, drains 2 tsp of liquid from tinned mixed vegetables (Edgell brand)
Barnyard Intensity of the aroma of barnyards, Band-Aid 10 µL of 100 mg/L 4-ethyl guaiacol, 30 µL of 500 mg/L 4-

ethyl phenol
Nail Polish Remover Intensity of the aroma of nail polish remover, vinegar 30 µL of 100 mg/L ethyl acetate
Pungent Intensity of the aroma and effect of alcohol 4 mL ethanol (SVR, Tarac Technologies)

Palate
Overall Fruit Intensity of fruit flavours in the sample.
Dark Fruit Intensity of the flavour of blackberries, plums, cherries, black currants and blueberries.
Red Fruit Intensity of the flavour of raspberries, strawberries, cranberries
Vanilla Intensity of the flavour of vanilla
Spice Intensity of the flavour of spice, including sweet spices, liquorice, aniseed
Pepper The intensity of the flavour of peppercorns
Stalky Intensity of the flavour of green stalks, capsicum, fresh green beans and other green

vegetables
Sweet Intensity of sweet taste 8 g/L white sugar (Coles brand) in water
Viscosity The perception of the body, weight or thickness of the wine in the mouth. Low = watery,

thin mouth feel. High = oily, thick mouth feel.
1.5 g/L carboxymethylcellulose sodium salt (Sigma Aldrich)
in water

Acid Intensity of acid taste 2 g/L L-(+)-tartaric acid (Chem-Supply) in water
Hotness The intensity of alcohol hotness Low = warm; High = hot, burning. 8% v/v food grade ethanol (Tarac Technologies) in water
Astringency The drying and mouth-puckering sensation in the mouth. Low = coating teeth;

Medium = mouth coating & drying; High = puckering, lasting astringency.
0.43 g/L aluminium sulfate (Ajax fine Chem Supply) in water

Bitter The intensity of bitter taste 0.15 g/L quinine sulfate (Sigma Aldrich) in water
Fruit AT The lingering fruit flavour perceived in the mouth after expectorating.

1Prepared in bag-in-box 2017 Shiraz wine unless otherwise noted.
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digit codes and presented in randomized order at ambient room tem-
perature. Panellists received 100 mL of the pivot wine. The assessments
were administered in an open plan room on tables with all samples
presented at once. Verbal and written instructions on how to perform
the exercise were given to the judges prior to the assessment. Panellists
completed the evaluation in 60 min. None of the panellists had pre-
viously used the PP method. Data was collected on A4 paper ballots
with spaces for writing more or less than the pivot for appearance,
aroma and palate attributes (Appendix 1).

The sommelier session involved 49 panellists (28 male, 21 female)
who were professional sommeliers from Australia (12), New Zealand
(10), the United Kingdom (8), the United States (7), China (4), Japan
(2), Thailand (2), Spain (1), South Korea (1), Singapore (1) and
Denmark (1). The session was held in a function room of a major hotel.
The winemaker PP session was held in a separate session with eleven
panellists (ten male, one female) who were all employed as winemakers
in South Australia. The session was held in a meeting room at the AWRI.
It should be noted that the environmental conditions of the two ses-
sions, while similar, were not identical.

2.2.2. Descriptive analysis
A panel of twelve panellists (one male) was convened, all of whom

were part of the AWRI trained external descriptive analysis panel with
extensive wine descriptive analysis experience. Each panellist had
completed a minimum of five wine descriptive analysis studies over the
previous 12 months. The AWRI’s wine sensory descriptive analysis
panel is run approximately 45 weeks of the year, with sessions three
times per week. Details of the protocols and training for the descriptive
analysis can be found in Siebert et al. (2018). Briefly, a generic de-
scriptive analysis protocol was applied (Lawless & Heymann, 2010),
with three two-hour attribute generation and discussion sessions com-
pleted, followed by a practice rating session. A series of samples were
presented to encompass the range of sensory properties. The first ses-
sion was used for attribute generation, with panellists generating in-
dividually sensory attributes that described the samples. In subsequent
sessions panellists agreed on the list of attributes, their reference
standards and written definitions (Table 2).

All seventeen wines were presented to panellists three times in a
modified Williams Latin Square incomplete random block design gen-
erated by Fizz sensory acquisition software (version 2.51, Biosystemes,
Couternon, France). The seventeen wines were split into six blocks: five
blocks of three wines and one block of two wines. Panellists assessed
five blocks per two-hour session. There was a forced rest of two minutes
between each wine, with a minimum ten-minute break between blocks.
Assessment took place over four sessions, with one session per day.

Panel performance was assessed using Fizz and R (version 3.3.2,
Vienna, Austria) with the FactomineR (Lê, Josse, & Husson, 2008)
package, and included analysis of variance for the effect of judge and
presentation replicate and their interactions, degree of agreement with
the panel mean and degree of discrimination across samples. All judges
were found to be performing to an acceptable standard.

2.3. Data analysis

2.3.1. Pivot Profile
Results were transposed from paper to spreadsheet software, sepa-

rated into ‘more than’ or ‘less than’ attributes × taster × wine. The
most frequently used attributes were listed and then the original attri-
butes used by each judge were assimilated into a master list of attri-
butes, maintaining how they were used ie. ‘more than’ or ‘less than’.
Some interpretation was required during this analysis to reconcile terms
that have similar meanings (for example: tannin, tannic, blocky tannin,
tannins, soft tannin, hard tannin), to compile a data matrix of adjectives
describing the wine sensory profiles. The approach as detailed pre-
viously (Thuillier et al., 2015) was followed, with the frequency of the
‘less than’ terms subtracted from the ‘more than’ terms for each

attribute to obtain a value for each attribute for all wines. As some
values were negative (some attributes were used in a ‘less than’ context
more than in a ‘more than’ one), the data was adjusted to contain only
positive values, with the most negative value from the matrix added to
all the values in the set, making the most negative attribute zero and all
other attribute’s values positive. Once completed, the modified fre-
quency data was then analysed using correspondence analysis (CA)
(XLSTAT, Addinsoft, 2019) to produce a biplot of the wines and the
attributes. Analysis was initially undertaken for appearance, aroma and
palate terms individually, and then another CA was completed for all
terms, excluding those attributes from the initial CA with loadings of
less than 0.1 on either of the first two factors for each modality. For the
final CA the original data was re-normalized to have the most negative
score of all the attributes equal zero.

2.3.2. Descriptive analysis
Analysis of variance (ANOVA) was carried out using Minitab 18.1

(Minitab Inc., 2017). The effects of wine (W), judge (J), presentation
replicate (R), and their two-way interactions were evaluated, treating
judge as a random effect. Principal component analysis (PCA) was
conducted on the mean values of the significant (p < 0.05) and nearly
significant (p < 0.1) attributes averaged over panellists and replicates,
using the correlation matrix. Multiple Factor Analysis (MFA) was used
to compare the PP and DA data sets (XLSTAT, Addinsoft, 2019).

3. Results

3.1. Pivot profile with two different groups of expert panellists

The 49 international sommeliers characterized the wines using a
total of 81 different attributes, which were aggregated into nine ap-
pearance, 36 aroma and 36 palate attributes. CA was first completed
with only appearance attributes, then aroma, then palate data, to dis-
cern which attributes most differentiated the wines. Attributes from all
three groups that were not effective at separating the wines were then
removed from the analysis (data not shown), and a group CA was then
completed with the remaining 33 attributes (Fig. 1a).

The total explained variance for the first two factors in the CA was
70.5%. Attributes that most differentiated the wines along Factor 1 in
Fig. 1a were deep colour, body and tannin, characterising the wines
plotted to the right of the figure, including MV1, MV2, BV, HC, FR1 and
FR2, with attributes including fresh flavour, ruby red colour, spice,
herbal, floral aroma, and red fruit aroma used for those wines to the left
of Fig. 1a, including CB, YV1, YV2, AH, HV, GE, EV and GR, together
with less specific attributes more related to hedonics such as balanced,
drinkable and elegant. Tannin and body were also important along
Factor 2, along with acid, Brett aroma and fruit flavour. The French and
the New Zealand wines, as well as the BE wine, were characterized by
the attributes tannin, Brett/medicinal aroma, acid and deep colour. The
term ‘Brett’ refers to Brettanomyces/Dekkera yeast flavour, which is a
relatively common wine flavour attribute world-wide (Goode, 2018).

A smaller group of winemakers characterized the same wines using
the PP method, using 53 different attributes in total, which were ag-
gregated into six appearance, 22 aroma and 25 palate attributes. The
correspondence analysis biplot for this data is shown in Fig. 1b. The
total variance for the Factors 1 and 2 was 63.8%, somewhat smaller
than for the sommeliers’ CA. The order of the wines along Factor 1 was
similar between the two groups of experts, with the MV1, MV2, BV, HC,
BE, FR2 and FR1 wines again situated to the right of Fig. 1b, and GE,
YV2, CB, EV, GR, CV, YV1 and HV to the left of Fig. 1b. The NZ wine
was plotted close to the origin. The wines to the right of Fig. 1b were
more frequently described as higher in body and opaque colour com-
pared to the pivot, while those to the left were more associated with red
colour, transparent, red fruit, green, acid, floral and vibrant attributes.
The positioning of the wines along Factor 2 was somewhat different to
that of the sommeliers’ CA, notably for the wines AH and BE, which
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Fig. 1. Correspondence analysis biplot of the 17 Shiraz wines using Pivot© Profile from a) 49 international sommeliers and b) 11 Australian winemakers. C: colour
attributes, A: aroma attributes, P: palate attributes.
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were linked to brown colour, developed aroma and round palate terms,
and less associated with purple colour. The descriptive attributes used
by the two groups were overall similar, however a major difference was
that the winemakers used the appearance attributes brown and purple,
highly loaded on Factor 2, which were not used by the sommeliers. The
winemakers used a more technical lexicon, with terms such as volatile
acidity, reductive and developed, which were not used by the somme-
liers. The winemakers also used a smaller number of attributes to
characterize the wines.

A Multiple Factor Analysis (MFA) was completed on the two data
sets, returning an RV coefficient value of 0.79 (p < 0.001), indicating
a moderate to high level of similarity between the sample spaces ob-
tained from the two groups of experts.

3.2. Descriptive analysis

A panel of trained panellists completed a descriptive analysis on the
same set of wines. From the results of the ANOVA, 28 of the 34 attri-
butes differed significantly (p < 0.05) among the wines, with three
showing a trend (p < 0.1).

Fig. 2 shows that the first two PCs explained 58.9% of the variance,
with PC1 (39.6% of the explained variance) separating the wines ac-
cording to differences in ratings of fruit, confection and vanilla attri-
butes, as opposed to barnyard aroma, astringency, bitterness and stalky,
with the FR1, FR2 and NZ wines rated highly in these attributes. PC2
(19.3% of the variance) shows that the wines BV, MV1, MV2 and HC
were rated higher in opacity, woody, pungent, nail polish remover, dark
fruit aroma and flavour, hotness, liquorice, spice and vanilla, with the
wines situated in the lower part of Fig. 2 rated lower in these attributes
and higher in cooked veg, stalky and green bean. The wines EV, GE, AH,

YV1 and YV2 had higher ratings for red fruit, floral and confection
attributes.

When comparing the descriptive analysis PCA map to that from the
PP characterizations, the Factor 1 scores from the PP biplots relate most
closely to PC2 from the descriptive analysis. Overall, the pattern of the
samples from the DA resembles the PP characterization with a 90-de-
gree rotation. However, the samples FR1 and FR2 fall outside of this
resemblance, as they are strongly characterized along PC1, and appear
to have been characterized by the DA panellists in a different way than
the PP panellists. Therefore, care should be taken when interpreting PP
results.

PC3 (10.3%, not shown) described pepper aroma and flavour at-
tribute differences among the samples, with the NZ wine rated highest
in the latter attributes, while PC4 (7.7%, not shown) describes further
differences among the wines in ‘green’ flavours: green bean aroma,
cooked vegetable aroma, stalky aroma and flavour.

The terms used by the sensory panel included some attributes de-
scribing important sensory properties that were not used by the experts,
notably bitterness, sweet and astringency, as well as vanilla, confection,
woody, stalky, green bean, cooked veg and pepper.

The RV coefficient between the descriptive analysis and the wine-
makers PP was 0.69 (p < 0.001), and between the descriptive analysis
and the sommeliers PP was 0.67 (p < 0.001).

4. Discussion

The PP and DA results aligned moderately well. The sample space
configuration was similar between DA and PP, with the French wines
well separated in both methods from a group of Australian wines with
similarly deep colour but with different aroma and flavour attributes.

Fig. 2. PCA scores and loadings biplot from the mean values of the descriptive analysis of the 17 Shiraz wines for the first two PCs. C: colour attributes, A: aroma
attributes, P: palate attributes.
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The RV coefficients between the DA sample configuration and the two
PP data sets were moderate and significant (0.69 and 0.67), indicating
agreement between the results of the two methodologies. However,
these are not as high RV coefficients as found for other evaluations for
descriptive methods with similarly complex samples, such as for free
choice profiling and flash profiling with a red wine sample set (Liu,
Bredie, Sherman, Harbertson, & Heymann, 2018), where RV coeffi-
cients for several comparisons to DA were from 0.86 to 0.92, or com-
paring RATA with consumers to DA for a set of wines (Danner et al.,
2018, RV values found of 0.92 and 0.97).

The DA results, when visualised using PCA, showed that the highest
variation in attribute ratings among the wines along PC1 related to the
astringency, bitter and barnyard attributes, separating the French and
New Zealand wines from those Australian wines with higher fruit at-
tributes. For the PP for both groups of experts, the main separation of
the wines along Factor 1 related to overall colour intensity and body.
This difference is likely to be related to the evaluation approaches en-
couraged in the two methods, with the cognitive strategies elicited by
PP more related to a similarity-based approach (Lelièvre-Desmas et al.,
2017). Therefore, the major, most obvious sensory differences between
each wine and the pivot wine are most strongly considered and allow
for individual differences in expression. The cognitive strategy used by
the experts in PP was also evidenced in the terms used, with the DA
results showing that the wines differed significantly in heat and bit-
terness, while neither these terms nor any equivalents were applied by
either group of experts. The DA attributes gave an arguably more de-
tailed, nuanced profile compared to that provided by the PP, with for
example the attributes liquorice, pepper and confection not used by the
PP experts. Other attributes used in PP were quite broad, and related to
terms used in a more specific manner by the DA panel, with ‘green’ used
in the PP while stalky and green bean were applied in the DA, and
similarly oak used in PP, with vanilla and woody used in DA.

As expected, experts used technical terms to describe some sensory
characteristics, such as volatile acidity, Brett and reductive, while the
DA panel used the more specific equivalent, namely nail polish re-
mover, barnyard and cooked vegetal. It is possible that PP does not
highlight more subtle differences between samples, or that when tasked
with making a comparison assessment using the pivot, assessors only
focus on the most salient of attributes, where a DA assessment allows
for subtle or less prominent attributes to be characterized more effec-
tively. The attribute bitterness highlights this, as this was not an attri-
bute used by either set of judges using PP, but yet was an important
attribute in the DA assessment. As bitterness has been found to be of
importance to consumer liking responses for wines (Francis &
Williamson, 2015) it is important to consider this when deciding on the
use of PP.

The PP results showed that some interesting insights can be ob-
tained that are not available with conventional DA, namely descriptions
related to overall judgements such as ‘drinkable’, ‘complex’, ‘round’,
‘balance’, ‘fresh’ or ‘vibrant’, which can provide a richer and more
powerful overview of the sample set. From the PP results the associa-
tion of these complex terms with the more specific terms can be used to
interpret the complex terms. Both the sommeliers and the winemakers
used the terms drinkable and balanced to refer to wines with less in-
tense colour and body, and greater red fruit and floral sensory prop-
erties.

When comparing the two different PP sessions completed with ex-
perts from different professional backgrounds, and with different
numbers of experts, the results show that the sensory characterization
was similar, with comparable sample patterns found. This could infer
that the number of experts used as assessors is not critically important,
and a larger number was potentially not necessary to the overall sen-
sory characterization of the wines, although this may not be the case
when using non-experts or consumers. However, this result would need
to be confirmed in an assessment specifically designed to test this. In
considering the attributes used by the winemakers and the sommeliers,

the winemakers used the appearance terms brown, purple and devel-
oped to describe the wines in the PP exercise, as well as depth of colour
terms like opaque and transparent, whereas the sommeliers used only
depth of colour terms. As noted above for attributes such as bitterness
and heat, this is a potential issue with PP that the degree of attention
due to the background and prior experience of the panellists can mean
some important but relatively subtle sensory information is missed.
Winemakers are trained to note and describe small differences in wine
colour, which may have been the cause for this difference between the
groups. The larger number of attributes used by the sommeliers could
have also been affected by the number of judges, as there were more
than four times as many judges for the sommeliers tasting as the
winemakers tasting, so it is reasonable that there could be more terms
used overall.

The background of the expert judges appears to have little influence
on the overall characterization of the products. While the two groups of
judges used slightly different lexicons to describe the products, the lo-
cations of the wines on the biplots were very similar.

In common with some other rapid methods, it should be noted that
compared to DA, PP has limited applicability for relating sensory data
to chemical or other compositional data, and there are challenges to
model consumer preference with outcomes from PP. Another negative
aspect to the use of the PP method is the amount of time required for
data entry, as well as the complex nature of the textual analysis re-
quired. In the present study the paper ballot data for each panellist was
required to be entered into a spreadsheet manually, and then cate-
gorised, sorted and analysed. The method has been applied using data
acquisition software (Fonseca et al., 2016), but most current commer-
cial sensory software packages do not have a specific pivot profile test
included.

5. Conclusions

This study has shown that PP is a method that is sufficiently robust
to produce similar and valuable results with different groups of expert
panellists, even when the background, descriptive language and
number of panellists differed. As previously pointed out by other re-
searchers, PP was shown to be valuable way to assess cross-cultural
differences in responses between groups of panellists. The method was
found to give useful data on the sensory properties of wines, with re-
latively similar outcomes to that of descriptive analysis, and would be a
suitable replacement in situations where time and cost are factors that
preclude the use of DA, and where information on the largest, most
discriminating aspects of the sample set are required.

PP may be less useful if information on attributes responsible for
small differences among samples are needed. Obtaining expert view-
points without the need to achieve consensus, and allowing insight into
more complex attributes, is an advantage of the method. The use of PP
with a fairly small number of technical experts with an established
vocabulary allows meaningful sensory differences among samples to be
ascertained, even with a relatively large sample set, and overall the
method was found to be suitable for rapid assessment of a complex
product such as red wine.
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CHAPTER III 

Paper 2: Characterising inter- and intra-regional variation in sensory profiles of Australian Shiraz 

wines from six regions 

III.I. Introduction

This chapter focuses on the question of regionality in Australian Shiraz – how is it defined and how 

can it be measured?  

Walk into any wine store around the world and one will see wines from other countries organised by 

their districts or regions: Burgundy, Bordeaux, Champagne, Chianti, Port, California, etc. Australia is 

also there, but no such regional designations will be found. Australian wine is a category, even though 

the land mass of Australia (7.692 million km2) is only slightly smaller than Europe (10.180 million 

km2), and all the wine producing regions of Europe easily fit inside Australia’s borders. So simply 

based on geographic diversity, there likely must be equivalent designations among Australian wine 

producing regions. As Shiraz is Australia’s most widely planted wine grape by a significant margin 

(Wine Australia 2019), it is logical to suggest that Shiraz is best grape to examine the concept of 

regionality across Australian wine regions. 

For this research paper, six high profile wine producing regions in Australia were chosen to assess 

their sensory fingerprint and evaluate the presence or absence of regional sensory markers that define 

and differentiate the regions from each other.  

Evaluation of the sensory profiles of regional wines has been attempted with varying degrees of 

success prior (Guinard & Cliff 1987; Heymann & Noble 1987; Fischer et al. 1999; Kontkanen et al. 

2004; Vilanova & Soto 2005; Cadot et al. 2012; Robinson et al. 2012; King et al. 2014). However, 

one stumbling block to these studies referenced and to others in this field is sample selection. The 

samples selected for these studies are generally taken from a small sample size, or simply chosen by 

the authors and assumed to be representative of the regions they come from.  In this study, the sample 

set from each region contained nearly every wine available commercially. Wines were sourced 

through normal commercial avenues – wine stores, online vendors, or the winery’s website. This 
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allowed for confidence in saying the sample set chosen is actually representative of the place they 

come from, as the overall sensory fingerprint of a region is only represented by all the wines produced 

therein. Initially, all the wines from a region were evaluated by winemakers from their particular 

region, by the Pivot© Profile rapid sensory method (Thuillier et al. 2015). The results from these 

sensory analyses were tabulated using Correspondence Analysis (CA) and then Agglomerative 

Hierarchical Clustering (AHC) was used to identify the clusters within the overall sensory profile. 

Then a subset of wines were selected from each of the clusters, allowing for a subset that is truly 

representative of the sensory fingerprint of the region. Then a further sensory profile was then 

evaluated by descriptive analysis using all the subsets together, to help understand how the group 

sensory profile from each of the regions relate to each other and the other regions. This is the first 

time a regional sensory evaluation study has used this novel sample method and has established a 

benchmark for further studies in this field as a robust and reliable sample selection method. 
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Abstract
Background and Aims: Wines that exhibit regional characters are often the most sought after and the highest valued
wines available in the marketplace. This study evaluated the sensory properties that were regionally distinctive for
Australian Shiraz wines.
Methods and Results: Sets of wines (22–28 wines) from six prominent Australian Shiraz-producing regions were initially
evaluated by groups of local winemakers using a rapid sensory method called Pivot Profile (PP) to obtain maps of their sen-
sory characteristics. Three or four wines from each region were then selected using cluster analysis of the PP data and were
evaluated using sensory descriptive analysis. The regional PP assessments provided a sensory fingerprint of the variability of
each of the regions studied and identified sensory characteristics that typified the largest groups of wines of each region. The
descriptive analysis highlighted sensory characteristics that distinguished the wines from the different regions, including
mint, cooked vegetal, viscosity, dark fruit and savoury attributes.
Conclusions: This work has provided detailed quantitative data on the sensory properties associated with each of the
regions and demonstrated that there are distinctive, region-specific sensory characteristics.
Significance of the Study: Sensory fingerprints that differentiate one region from another will aid producers and the trade
in appreciating what can be expected from different regions; they allow targeting of production decisions to enhance distinc-
tive sensory attributes and will assist in improved communication between marketers and consumers.

Keywords: descriptive analysis, Pivot Profile, sensory, Shiraz, terroir

Introduction
The term terroir (from the French word for land, terre) is a
broad concept that acknowledges the influence of origin or
place of agricultural products, and notably wine, which can
result in differences distinctive to those of products from
other locations (van Leeuwen 2010). While the term is most
commonly used in a wine context, it is increasingly applied
to other agricultural products such as cheese (Charters
et al. 2017). Terroir can be considered the influence of place
on the way a product looks, smells and tastes. Distinctive
characteristics of a product linked to terroir can be derived
from a diverse range of factors related to the physical envi-
ronment, such as climate, topography, soil and geology, as
well as to human intervention, including viticulture and
winemaking decisions and regulations.

It could be said that regionality or terroir influences can
be found in any agricultural product grown or produced in
a particular place. Cultural aspects, however, have often
been the most decisive factor as to whether a product has
been considered a commodity or a product that becomes a
regional champion or industry benchmark. This is partly
influenced by economics, where supply and demand over a
period of time means that products from a particular region
or site become more sought after and command a higher
price than those from sites that are considered less desirable
(Trubek 2008).

The Appellation d’Origine Contrôlée (AOC) system in
France awards food products a designation that defines

them as regionally distinguished. Lentils, poultry, cheese,
honey and butter are examples of products that have
received an AOC designation. Wine, however, has the most
comprehensive list of AOCs in France, with more than
300 currently listed (https://www.inao.gouv.fr/). The
importance of specific origin in Italian, German and Spanish
wine classifications also highlights the acceptance and the
commercial and marketing value of denoting the source of
sensory differences for these wine-producing countries. The
increasing significance of regionality in relatively new wine-
producing nations, such as the USA and Australia, indicates
that the concept has appeal and value worldwide
(Easingwood et al. 2011).

The scale of what are considered to be terroir effects
depends on the product, with some wine types relating to a
country-wide reputation, such as Australian wine, or on a
regional scale, such as Champagne, while for some regions,
localised subregional areas can be considered over time to
produce distinctive sensory characteristics, most notably in
Burgundy (Charters et al. 2017). For wine research studies,
investigating at the scale of region has benefit as many
wines, especially Australian and other non-European wines,
are sold and marketed with information only on region of
origin, rather than more specific subregional designations.

The general sensory properties of wines from specific
regions can often be described with some degree of agree-
ment among wine professionals, and if the sensory charac-
teristics are apparent repeatedly between seasons, they can
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be considered the result of a regional terroir. Several recent
studies have used a ‘typicality’ approach (Maitre et al. 2010,
Cadot et al. 2012) to assess wines, where examples can be
rated as more or less ‘typical’ of the region or appellation by
a group of wine experts. While this is a valuable method to
gain an insight into what extent a particular wine might be
considered typical of the region, it does not consider multi-
ple typical archetypes, which can be found in a set of
regional wines. In many regions, there can be traditional or
conventional wine styles within a region, as well as develop-
ing or more recent styles, as a result of evolution of practices
or from a changing climate. Variability among wines from
within a specific region or subregion is a critical factor for
research studies as composition and resultant sensory prop-
erties of wines are well known to vary because of many fac-
tors, including between seasons as a result of climatic
conditions of the vintage (Pereira et al. 2006, van
Leeuwen 2010).

Explaining terroir for wine using scientific means has
been a goal of researchers for decades, and the difficulty in
doing so is well documented (Trubek 2008, Matthews 2015).
Many studies have attempted to quantify regionality from a
sensory perspective in commercially produced wine with
varied results. The studies of Rankine et al. (1971), Duteau
et al. (1981) and Noble et al. (1984) were some of the first
to attempt to explain some of the aspects of regionality with
regard to sensory assessment and chemical composition.
The studies of Guinard and Cliff (1987) and Heymann and
Noble (1987) were two investigations of note in a similar
time period that began to lay down a blueprint for using
sensory descriptive analysis to characterise sensory profiles
for varietal wines from different places, in this case Ameri-
can Viticultural Areas (AVAs). Others have since attempted
to use this method to characterise regional characters in
wines (Fischer et al. 1999, Kontkanen et al. 2004, Vilanova
and Soto 2005). Robinson et al. (2012a) examined
regionality in a limited number of Australian Cabernet
Sauvignon wines produced in 10 geographical indications
(GIs) (Wine Australia’s regional designation) from one
vintage.

One underlying problem with the aforementioned stud-
ies is their process for selecting appropriate samples. These
studies generally did not elaborate on how the wines were
chosen or whether the samples were selected with advice
from experts. The major problem with this is the difficulty
in knowing that the selected samples are representative of
the many wines produced from a particular region (Maitre
et al. 2010). In addition, it is well known that one of the
challenges in completing sensory descriptive analysis studies
is the limited number of wines that can be assessed in one
study (Stone et al. 1974, Lawless and Heymann 2010).
Accordingly, most studies have included only a small num-
ber of wines from different regions, adding to concerns
regarding the representativeness of the wines under study.
This is especially true when high-volume, commercially pro-
duced wines are studied, with variable viticultural and
winemaking practices that can obscure region-specific
effects (Cadot et al. 2012).

King et al. (2014) published one of the most comprehen-
sive sensory investigations of regionality to date, with the
Malbec grape grown in Mendoza, Argentina and in Califor-
nia, USA, and wines produced under standardised condi-
tions. This study included 26 wines from four regions from
the province of Mendoza and 15 wines from five different
California wine-producing regions.

Shiraz is the most widely grown winegrape cultivar in
Australia, with significant plantings in every wine-producing
region. After France (where it is the third most planted red
wine cultivar and often used in blends), Australia has the
world’s next largest holding of Shiraz vineyards (Robinson
et al. 2012b). There have been few studies of the sensory
differences related to region of origin for Shiraz. The present
investigation builds on the regional differences indicated by
the study of Johnson et al. (2013). This has been made pos-
sible with the recent development of relatively rapid sensory
descriptive procedures (Varela and Ares 2012), with the
investigation of larger numbers of wines to assess variability
within and between regions becoming a practical option.

The aim of this work was to assess whether there are
region-specific sensory differences among commercially pro-
duced Shiraz wines sourced from prominent Australian
regions, taking into account within-region variability, and to
characterise the sensory differences of the wines.

Materials and methods

Wines
The wines studied were all of the Shiraz/Syrah cultivar
(no less than 95%) and contained 100% fruit sourced from
within the boundaries of the respective region, according to
the producers. Wines were all commercially available and
sourced through normal commercial channels, with a retail
price of between A$15 and 90. Wines were from either the
2015 or 2016 vintages as these were the current vintages for
most producers at the time of the sensory assessment. When
feasible, wines from a single site/vineyard were preferen-
tially selected over multi-vineyard blends.

Between 22 and 28 wines were selected from each of six
regions (Table 1). The regions were selected based on repu-
tation as a premium Shiraz-producing region and on the
availability of wines in the marketplace and to include wines
from both cooler and warmer climate regions. For four of
the six regions, all commercially available wines that met
the selection criteria were included in the study. For the
two remaining regions (Barossa Valley and McLaren Vale),
including all the commercially available wines gave too
large a sample size as these two regions have greater pro-
duction and a larger number of individual wineries and
brands (Wine Australia 2019a).

Therefore, for wines from these two regions, a prelimi-
nary sensory assessment was conducted in order to select
wines that represented the diversity of wine styles within
each region. Wines that were similar, and those with off-fla-
vours, were excluded. This preliminary tasting was judged

Table 1. Regions, numbers of wines studied and number of panellists for
the regional Pivot Profile sensory assessments.

Region
Number of

wines
Number of
panellists

Barossa Valley, South
Australia

26 9

McLaren Vale, South
Australia

28 10

Yarra Valley, Victoria 23 9
Heathcote, Victoria 23 12
Canberra, Australian Capital
Territory/New South Wales

22 14

Hunter Valley, New South
Wales

23 12
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by experienced wine-tasting professionals from the technical
quality panel at The Australian Wine Research Institute
(AWRI). This panel convenes weekly to taste wines as a pre-
liminary sensory evaluation of both industry and research
wines. Panellists have from 3 to 15 years’ experience on the
panel. The final selection of wines for these two regions was
then made considering geographical factors, such as differ-
ences in location across the region and altitude, winemaking
influences and a spread of retail prices, and with consulta-
tion from local winemakers. The regional Pivot (reference)
wines were selected from the regional groups of wines. The
selection was based on being of sound quality and consid-
ered by the authors to have subtle, balanced regional
characteristics.

Pivot Profile
For this study, a relatively large number of wines from each
of the six selected regions (Table 1) was initially
characterised using a rapid sensory methodology, namely,
Pivot Profile (PP) (Thuillier et al. 2015). The purpose of
these assessments was: first, to allow an understanding of
sensory differences within each region and of the extent of
variability and second, to provide data that could be used to
select examples of wines from each region that encompass
the range of sensory properties to be used in a sensory
descriptive analysis study to allow direct comparisons of sen-
sory profiles across regions.

Judges for the PP evaluation of the wines from each
region were experienced wine industry professionals from
the respective regions, with no less than 3 years of profes-
sional winemaking experience, recruited through local wine
organisations and personal communication. No training was
given, and none of the tasters had previously used the
method. No compensation was offered to the panellists. The
tastings were held within each region between May and

August 2017 at either a municipal hall or at a winery that
had a suitable tasting area.

Between 9 and 14 panellists completed the assessments
(Table 1). Wines (50 mL) were presented in randomised
order in ISO tasting glasses marked with three-digit codes.
The Pivot wine was chosen by the authors from the regional
sample sets as a wine representative of the region but not
having any strong, distinguishing characters. Panellists
received 100 mL of the Pivot wine, and more was available
if requested during the tasting. Water was provided to all
panellists as a palate refresher. Panellists were given 60 min
to complete the tasting. Data were collected on A4 ballots
with spaces for writing more or less than the Pivot for
appearance, aroma and palate attributes (Figure S1). Over-
all, 145 wines were characterised by the PP method, with
22 assessed using both PP and descriptive analysis. Lem-
matisation was completed by one individual to maintain
consistency in the assessment of the ballots of the panellists
in grouping-like terms. Initially, ballots were transposed into
a spreadsheet by sample, and then, attributes were
lemmatised under one general attribute name, that is, the
terms tannin, tannic, drying and astringent were all grouped
under the term tannin. Once grouping was complete, a fre-
quency table was produced for all samples and attributes.

Descriptive analysis
Upon completion of the PP regional tastings 22 wines were
selected for a sensory quantitative descriptive analysis study
(Table 2).

A panel of 12 assessors (one male) was convened for this
study, all of whom were part of the AWRI-trained external
descriptive analysis panel with at least 2 years of wine
descriptive analysis experience. Panellists ranged in age
from 28 to 69 years, with an average age of 51 years
(SD = 10.9). The panel runs approximately 45 weeks of the
year with sessions held three times per week. Details of the

Table 2. Details of the wines selected from the sensory descriptive analysis study: codes, origin, vintage, price, alcohol concentration and regional growing
degree days (GDD).

Region
Wine
code Subregion Vintage

Price
(A$)

Alcohol
(% v/v)

Single
vineyard?

Growing degree days
(Region)†

Barossa Valley BV1 Rowland Flat 2016 30 14.0 Y 1836
BV2 Krondorf 2015 35 14.0 Y 1836
BV3 Eden Valley 2015 70 14.9 N 1836
BV4 Eden Valley 2015 35 14.7 Y 1836

McLaren Vale MV1 Seaview 2015 28 14.9 Y 1829
MV2 McLaren Vale 2015 28 14.2 Y 1829
MV3 McLaren Flat 2016 25 14.6 Y 1829
MV4 Blewitt Springs 2016 29 14.3 Y 1829

Heathcote HC1 Mount Ida 2015 78 15.9 Y 1735
HC2 Redesdale/Mia

Mia
2015 30 14.1 Y 1735

HC3 East Mount
Camel

2016 30 14.4 Y 1735

Hunter Valley HV1 Hermitage Road 2016 35 13.7 Y 2115
HV2 Polkolbin 2016 65 13.8 Y 2115
HV3 Polkolbin 2015 50 13.7 Y 2115

Canberra CB1 Murrumbateman 2016 27 14.3 Y 1410
CB2 Murrumbateman 2016 36 13.9 N 1410
CB3 Lake George 2015 45 14.6 Y 1410
CB4 Majura Valley 2015 34 14.0 Y 1410

Yarra Valley YV1 Coldstream 2015 92 13.0 Y 1301
YV2 Healesville 2015 35 14.2 Y 1301
YV3 Gembrook 2015 40 13.7 Y 1301
YV4 Dixons Creek 2015 52 14.0 Y 1301

†Growing degree day data from Wine Australia (2019b).
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protocols and training for the descriptive analysis can be
found in Siebert et al. (2018). Panellists undertook three
2h sessions in order to develop a list of consensus attri-
butes appropriate for assessing the samples. A fourth 2h
training session was then completed as a practice session
with the list of consensus attributes in order to assess the
effectiveness of the list. The finalised attribute list included
three appearance terms, 19 aroma terms (18 defined and
‘other’) and 17 palate terms (16 defined and ‘other’).
These attributes, definitions/synonyms and reference stan-
dards are shown in Table 3. Reference standards were
presented in wine (2017 Shiraz 2 L bag-in-box) unless oth-
erwise noted.

All 22 wines were presented to assessors twice in a mod-
ified Williams Latin Square incomplete random block design
generated by Fizz sensory acquisition software (version
2.51, Biosystèmes, Couternon, France). The 22 wines were
split into eight blocks: seven blocks of three wines and one
block of one wine. Panellists assessed five blocks per session.
Formal assessment took place during four sessions over
4 days.

Panel performance was assessed using Fizz and R (The R
Foundation for Statistical Computing Platform 2017) with
the FactomineR (Lê et al. 2008) package, as described in
Analyzing sensory data with R (Lê and Worch 2014). The
performance assessment included ANOVA for the effect of
judge, wine and presentation replicate and their interac-
tions, degree of agreement with the panel mean, degree of
discrimination across samples and the residual SD of each
judge by attribute.

Data analysis
Pivot Profile data were prepared and standardised to positive
values (Pearson et al. 2020). The data were then analysed
using Correspondence Analysis (CA) (XLSTAT, Version
19.6, Addinsoft, Boston, MA, USA) to give a biplot of the
wines and the relative frequency of the attributes. Analysis
was initially undertaken for appearance, aroma and palate
terms individually, and then, another CA analysis was com-
pleted for all of the most frequently used attributes
(SD > 1.0) together. Agglomerative hierarchical clustering
(AHC) using Ward’s method was then applied to the raw
data matrix to separate the wines into clusters to allow
wines that best represented the regional diversity to be
included in the descriptive analysis study. Four wines were
selected from each of the following regions: Barossa Valley,
Canberra, McLaren Vale and the Yarra Valley, together with
three wines each from Heathcote and the Hunter Valley.

For descriptive analysis data, ANOVA was carried out
using Minitab (Minitab, Sydney, NSW, Australia). The
effects of wine, region, judge, presentation replicate and
their two-way interactions were evaluated, with judge as a
random effect. Fisher’s least significant difference was then
completed as a post-hoc test used for pairwise comparisons.
Principal component analysis (PCA) was conducted on the
mean values of the P < 0.05 and P < 0.1 attributes by wine
averaged over panellists and replicates, using the correlation
matrix. Any possible trends were highlighted by including
P < 0.1 attributes. A Partial Least Squares Discriminant
Analysis (PLS-DA) for the effect of region was completed on
the significant and nearly significant standardised descriptive
analysis means as X-data (The Unscrambler, Version 10.5,
Camo Software, Oslo, Norway), with each region indicated
as individual dummy variables (0 or 1, Y-data). Following
full leave-one-out cross validation and inspection of the

residual validation variance of the models, together with the
cross-validated coefficient of determination (R2 validation,
also known as Q2), a three-factor solution was considered
optimal, ensuring avoidance of over-fitting the data. Regres-
sion coefficients for the sensory attributes that were greater
than 0.01 for positive regression coefficients and lower than
−0.01 for negative regression coefficients were considered
potential contributors to the models.

Chemical analyses
The chemical composition of all wines included in the
descriptive analysis study (Table S1) was determined in a
single replicate analysis by The AWRI Commercial Services.
Titratable acidity (pH 8.2), pH, volatile acidity (VA), residual
sugar (glucose + fructose), specific gravity and alcohol were
measured using FTIR WineScan (FOSS, Hillerød, Denmark).

Results and discussion

Regional Pivot Profile evaluations
The PP results for each region are shown in Figure 1. The
data for each region are presented as a CA biplot to show
the sensory differences among the wines and the descrip-
tors that are related to the separation. The maps show
which wines were associated with specific attributes com-
pared to other wines. The biplots also show the propor-
tion of ‘inertia’ that can be considered to be related to
proportion of variability in the data, with most maps hav-
ing a value of approximately 40%. This allows assessment
of the strongest patterns in the frequency data. Any attri-
butes less than 0.05 from the origin on both axes in
Figure 1 were deleted as these attributes play a less mean-
ingful role in defining the sensory character of the dimen-
sions. Any further patterns noted below were also
identified through inspection of the frequency tables. The
data were subjected to cluster analysis, and wines from
the same cluster were represented by the same colour in
the biplots in Figure 1 and can be considered similar in
sensory properties.

Direct comparisons between the individual regional PP
evaluations require some caution, bearing in mind different
groups of expert winemakers were used for each set. A pre-
vious study (Pearson et al. 2020), however, showed that the
sample configurations from the sensory map of Shiraz PPs
conducted by two different panels, one including interna-
tional sommeliers and one using Australian winemakers,
were similar. In addition, the attributes used to describe the
wines were also largely the same. Thus, considering that all
assessors were Australian professional winemakers with
similar backgrounds who have experience across Australian
wine styles and types, it is informative to compare differ-
ences among the wines from each region from the PPs
generated.

The Barossa Valley biplot shows that wines along Factor
1 (F1) were separated based on fruit-related attributes ver-
sus jammy/savoury attributes. Interestingly, there were no
colour attributes distinguishing the wines. Fruit aroma
(A) and Dark fruit A were most associated with wines in the
far right of Figure 1a, with other fruit-related attributes,
such as Dark fruit Palate (P) and Red fruit P, also associated
with these wines. Oak attributes such as Oak A, Smoke A
and Spice P, as well as Herbal P, Soft P, Body P, were also
used as descriptors for the wines to the right of Figure 1a.
Wines at the far left of Figure 1a were most strongly related
to the attributes Mint A, Reduced A, Savoury A and Jammy
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Table 3. Sensory attributes, definitions and reference standards.

Attribute Definition/synonyms Reference standard composition

Appearance
Opacity The degree to which light is not allowed to pass through a

sample
Purple tinge The degree of purple hue in the sample
Brown tinge The degree of brown hue in the sample

Aroma
Overall fruit Intensity of the fruit aromas in the sample
Dark fruit Intensity of the aroma of dark fruits and berries:

blackberries, plums, cherries, blueberries, blackcurrants
3 Frozen blueberries, 1 frozen blackberry (Sara
Lee brand)

Red fruit Intensity of the aroma of red fruits and berries: raspberries,
strawberries and cranberries

3 Frozen raspberries (Sara Lee brand)

Dried fruit Intensity of the aroma of dried fruit, cooked fruit, jam,
prunes, dates

1 Dried prune, 1 dried fig (Coles brand)

Confection Intensity of the aroma of confectionery, lollies 3 Raspberry lollies, no wine (Allen’s brand)
Floral Intensity of the aroma of flowers: violets, rose and blossoms 80 μL of 100 mg/L Linalool, 10 μL of 200 mg/L

2-phenyl ethanol
Vanilla/ Chocolate Intensity of the aroma of vanilla, chocolate and dark

chocolate
1/8 tsp Vanilla paste (Queen brand)

Spice Intensity of the aroma of spices: cinnamon, nutmeg, cloves,
sweet spice, mixed spice

50 mg Each mixed spice, nutmeg, cinnamon and 1
clove (Masterfoods brand)

Pepper Intensity of the aroma of black pepper, white pepper,
peppercorns

3 Grinds fresh black pepper (Saxa brand)

Woody Intensity of the aroma of wood, oak, cedar, smoky oak 1 tsp French oak chips
Stalky Intensity of the aroma of green stalks, dried herbs 2 Pieces tomato stalk, no wine
Mint Intensity of the aroma of mint, eucalypt 1 Fresh mint leaf, no wine
Coffee Intensity of the aroma of coffee, mocha 3 Coffee beans, crushed
Earthy Intensity of the aroma of dust, dry earth, wet earth,

beetroot, mud and compost
30 μL of 1 mg/L Geosmin

Cooked vegetable Intensity of the aroma of cooked vegetables, cooked
vegetable water, drains

2 tsp Liquid from canned mixed vegetables (Edgell
brand)

Drain Intensity of the aroma of drain, cooked egg 1/4 tsp Ash
Beef stock Intensity of the aroma of beef stock, vegemite, soy sauce,

green and black olives
1 Beef bouillon cube (OXO brand)

Pungent Intensity of the aroma and effect of alcohol 4 mL Ethanol (SVR, Tarac Technologies,
Nuriootpa, SA, Australia)

Palate
Overall fruit Intensity of fruit flavours in the sample
Dark fruit Intensity of the flavour of various dark fruits: blackberries,

plums, cherries, blackcurrants and blueberries
Red fruit Intensity of the flavour of red fruits and berries: raspberries,

strawberries, cranberries
Woody Intensity of the flavour of wood, oak, vanilla, including after

expectoration
Earthy Intensity of the flavour of earth, beetroot, including after

expectoration
Pepper The intensity of the flavour of peppercorns including after

expectoration
Stalky Intensity of the flavour of green stalks, capsicum, fresh green

beans and other green vegetables including aftertaste
Mint Intensity of the flavour of mint, eucalypt, including aftertaste
Umami Intensity of umami taste, including aftertaste 2.5 g/L Monosodium glutamate in water (G Fresh

brand)
Sweet Intensity of sweet taste, including aftertaste 8 g/L White sugar in water
Viscosity The perception of the body, weight or thickness of the wine

in the mouth; Low = watery, thin mouth feel, High = oily,
thick mouth feel

1.5 g/L Carboxymethylcellulose sodium salt
(Sigma-Aldrich, St Louis, MO, USA) in water

Acid Intensity of acid taste in the mouth including aftertaste 2 g/L L-(+)-Tartaric acid (Chem-Supply, Gilman,
SA, Australia) in water

Hotness The intensity of alcohol heat perceived in the mouth, after
expectoration and the associated burning sensation;
Low = warm, High = hot, burning

8% Food-grade alcohol (Tarac Technologies) in
water

Astringency The drying and mouth-puckering sensation in the mouth;
Low = coating teeth, Medium = mouth coating and
drying, High = puckering, lasting astringency

0.43 g/L Alum sulfate (Ajax Finechem-Supply,
Cheltenham, Vic., Australia) in water

Bitter The intensity of bitter taste perceived in the mouth, or after
expectoration

0.15 g/L Quinine sulfate (Sigma-Aldrich) in water

Fruit AT The lingering fruit flavour perceived in the mouth after
expectorating
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A. Along Factor 2 (F2), the attributes Fruit A, Tannin P,
Green A and Fresh P are opposed to the attributes Body P,
Complex A and Intense P.

From the cluster analysis applied to the data set, three
clusters were identified (Figure 1a). Cluster 1 consisted of
seven wines, and these wines were most associated with
the attributes Mint A, Reduced A, Savoury P, Intense P,
Complex P, Jammy A, Dry P and Fruit P. The largest Clus-
ter 2 consisted of 11 wines, associated with Fresh A/P,
Green A, Tannin P, Chewy P, Oak P, Acid P, Fruit P,
Elegant P, Spice A, Texture P, Length P and Savoury

P. Along Factor 3 (F3), this cluster was also associated
with Length P, Fresh P, Oak A/P and Mint A. Cluster
3 contained eight wines, associated with Dark fruit A
and P, Soft P, Spice A/P, Fruit A, Herbal P, Red fruit P,
Chocolate A, Smoke A, Oak A and Complex P. Overall,
the Barossa wines can be broadly summarised as falling
into three categories: softer, lower tannin wines with high
intensity of dark fruit flavour and some oak flavour;
wines with jammy characters with mint, savoury or sulf-
idic characters; and higher tannin, fresh wines with some
green notes.

Figure 1. Correspondence analysis map for Pivot Profile sensory data for wines from (a) Barossa Valley (BV), (b) McLaren Vale (MV), (c) Heathcote (HC),
(d) Canberra (CB), (e) Hunter Valley (HV) and (f) Yarra Valley (YV). Clusters are denoted for each region by colour. Samples marked with a code were
selected for the multi-regional descriptive analysis. The letter C after an attribute denotes colour; A, aroma; and P, palate.
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The McLaren Vale biplot (Figure 1b) shows that Fresh A/P,
Purple C and Red fruit A are opposed to Red C, Dense P,
Intense A, Oak A/P and Rich P along F1. Wines plotted to the
upper half of Figure 1b were associated with Oak A/P, Dense P,
Complex P and Intense A attributes. Factor 3 (not shown) sep-
arated the wines based on the terms Fruit A and Tannin
P. Compared to the Barossa results, attributes such as jammy,
mint, green or smoky were not used for the McLaren Vale
wines, while colour terms and others such as sweet, structural,
closed, barnyard and secondary were applied, which did not
have direct equivalents for the Barossa Valley wine set.

Three clusters were identified, with the largest Cluster
1 including 12 wines spread over the top two quadrants
(Figure 1b), having associations with the attributes Dense P,
Oak A/P, Complex A/P, Body P, Tannin P, Intense A and
Rich P. Cluster 2 wines were located in the bottom left quad-
rant, with these wines described as higher in Red C and were
less frequently described by the attributes Red fruit A and
Fresh A/P. Cluster 3 samples are all located in the upper right
quadrants. The wines in this cluster had a strong association
with the attributes related to Fresh A/P and Red fruit
A. Overall, the McLaren Vale wines tended to be defined by
differences in colour and freshness/red fruit on the aroma
and palate, relative to those wines with red colour, greater
fruit intensity, tannin, body, complexity and oak character.

For the Heathcote biplot (Figure 1c), the major separation
of the wines along F1 related to the attributes Dark fruit A/P,
Oak A/P, Weight P, Concentration P and Ripe A/P, associated
with those wines to the left of Figure 1c, as opposed to Red
fruit A, Herbal A/P, Green A and Acid P. Factor 3 (not
shown) separated the wines by the attributes Developed A,
Ripe A/P and Tannin P. Factor 4 (F4, not shown) separated
the wines by the attributes Oak A and Texture P.

Of the three clusters found, the largest Cluster 1 consisted
of 10 wines, which were located to the left of Figure 1c.
These wines were associated with the terms Purple C,
Weight P, Dark fruit A/P, Oak A/P, Intense P, Ripe A/P,
Concentration P, Alcohol P, Spice A/P and Tannin P. Cluster
2 consisted of only four wines, associated with the attributes
Savoury A, Complex P, Green A, Acid P, Herbal A and Spice
P. Cluster 3, with nine wines, was most associated with
Soft P, Fruit A/P and Red fruit A. Overall, the Heathcote
wines were separated in a similar manner to the previous
warmer climate regions, with major differences in fresh-
ness/red fruit comparative to those wines with deeper col-
our, high fruit intensity, tannin, body, complexity and oak.
The high usage, however, of the terms Herbal A/P and
Green A for several wines is different from the Barossa and
McLaren Vale characterisations, and many wines were
clearly associated with the descriptors ripe and dark fruit.

The Canberra wines are shown in Figure 1d, with the sepa-
ration along F1 influenced primarily by Purple C, Tannin P and
Dark fruit A (negatively loaded on F1) as opposed to Brown C
and Ripe P and, to a lesser extent, Red fruit A/P. Interestingly,
the term Ripe is associated with the terms Red fruit A/P in this
region, but in the other regions, Ripe tended to be associated
with Dark fruit A/P. The terms Purple C and Brown C are also
important to the separation of the wines.

The largest of the three identified clusters, Cluster 1, con-
sisted of 11 wines that were related to the attributes
Purple C, Dark fruit A/P, Tannin P, Fresh A/P, Length P,
Complex A, Floral A and Fruit A/P. Along F3, the attribute
Green A was also associated with this cluster. Cluster 2 con-
tained six wines, and they were associated with the terms
Red fruit A/P, Savoury A, Oak A/P, Spice A, Pepper A and

Green A/P. While F1 and 2 do not clearly differentiate Clus-
ters 2 and 3, they were separated more effectively along F3.
Cluster 2 wines were associated with the terms Pepper A,
Green A, Floral A, Herbal A and Spice A. Factor 3 also asso-
ciated these wines with the term Brown C. Cluster 3 had
five wines and was related to the attributes Weight P, Spice
A and Red and Brown C by F1 and 2. Along F3, wines in
this cluster were also related to the term Ripe P and were
described less frequently by Pepper A, Green A, Herbal A
and Floral A. Overall, Cluster 1 can be summarised as hav-
ing dark fruit, purple colour and tannin attributes, while
Cluster 2 wines were fresh, peppery, green and herbal.
Cluster 3 wines were oak influenced and ripe.

The Hunter Valley biplot (Figure 1e) shows the wines
from this region separated along F1 by the terms Deep C,
Dark fruit A, Concentration P and Purple C on the left side of
Figure 1e and Green A, Intense C, Red C, Herbal A, Spice A,
Earthy A and Tannin P. Factor 3 (not shown) separated the
attributes Dark fruit A, Green A and Complex A from
Tannin P, Intense C, Deep C and Oak A. Factor 4 (not
shown) separated Dark fruit A from Red fruit A and Fruit P,
as well as Acid P, Intense C and Fresh P from Soft P, Earthy
A and Texture P.

There were three clusters obtained for the Hunter Valley
wines, although one cluster had only one wine, which can
be considered an outlier, meaning the variation in sensory
properties for Hunter Valley Shiraz can be considered lower
than the other regions studied, with only two major clus-
ters. Cluster 1 consisted of nine wines, and they were associ-
ated with the terms Deep and Purple C, Concentration P,
Dark fruit A, Complex A, Texture P and Floral A. Along F3,
there were associations for wines of this cluster with the
terms Green A, Intense C and Tannin P and, along F4, Acid
P and Fresh P. The larger Cluster 2 consisted of 13 wines
and had associations with the terms Weight P, Oak A,
Acid P, Tannin P, Earthy A, Red fruit A, Herbal A, Spice A,
Green A, Red C and Balance P. Along F4, there was also an
association with Dark fruit A. The one wine in Cluster 3 was
strongly associated with Oak A, Acid P and Tannin
P. Overall, for the Hunter Valley region, separation of wines
tended be based on dark fruit, concentrated wines with deep
and purple colour and wines with higher acid and tannin,
with earthy, herbal and red fruit characters.

The Yarra Valley biplot (Figure 1f) shows broad separation
of the wines along both F1 and F2. Wines to the left of
Figure 1f were associated with the attributes Purple C, Tan-
nin P, Acid P, Fruit A, Intensity P, Length P and Fresh A, while
wines to the right were described by the attributes Brown C,
Oak A/P, Developed A, Complex A/P, Green A/P, Herbal A
and Savoury A. Factor 2 separated the wines by the attributes
Weight P, Tannin P, Purple C and Intense P, which are con-
trary to Red Fruit A/P, Green A, Floral A and Fresh P.

For this region, four clusters were identified. The largest
Cluster 1 consisted of 11 wines, where almost all were
located in the left of Figure 1f, associated with the terms
Purple C, Tannin P, Fruit A/P, Intense P, Dark fruit A/P,
Fresh P, Ripe A and Complex P. Cluster 2 had five wines,
associated with the terms Fresh P, Floral A, Pepper A,
Savoury P, Soft P, Complex P, Green A and Herbal A. These
wines were intermediate in those attributes along F1, and
F3 highlighted the associations with some less-desirable
attributes, such as Faulty A, Volatile acidity A and Reductive
A. The wines in this cluster were also less frequently
described by the attributes Length P, Balance P, Complex P
and Fruit A. Cluster 3 had only three wines and was
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generally associated with the terms Red fruit A/P, Green
A/P, Complex P, Red C and Developed A. Cluster 4 had four
wines, and these wines were associated with the terms
Brown C, Oak A/P, Red C, Savoury A and Developed P
along F1 and 2. The sensory characteristics of the Yarra Val-
ley wines can be considered to have higher variability than
those of other regions and range from high tannin, high
purple colour, concentrated and fruit driven (Cluster 1) to
similar but slightly faulty wines (Cluster 2), to red fruit,
green and spicy wines (Cluster 3), to oak driven, brown col-
our, developed and complex wines (Cluster 4).

Overall, these PP sensory assessments highlighted the
range and variability of sensory properties within each
region. It has also provided firm indications of the character-
istics responsible for regional differences, despite a range of
sensory properties represented within each region. The
identification of specific styles that might be considered

‘typical’ is difficult. One possible approach is to examine the
largest cluster from each region and assign it as ‘regionally
typical’. If we assume that each region will have some wines
that would be considered outliers from a sensory perspec-
tive, resulting from major differences in the production of
the wine, it will lie outside the largest cluster. Therefore,
examining the sensory characteristics associated with the
largest cluster can yield a general profile of what might be
typical for the region. This is particularly relevant when
examining the biplots of the Canberra and Yarra Valley
regions, where there was one cluster that was much larger
than the others, and to a lesser extent McLaren Vale,
Hunter Valley and Barossa Valley.

Descriptive analysis
To compare wines from the regions in more detail, a subset
of three or four wines from each region was carefully

Figure 2. Biplot of principal components (a) PC1 and PC2 and (b) PC1 and PC3 for the sensory descriptive analysis mean attribute scores (n = 12 panellists × 2
replicates) for the 22 wines. Vectors for the sensory attributes and points for the wines are shown, with the wines coded based on region, where Barossa Valley (BV);
McLaren Vale (MV); Heathcote (HC); Yarra Valley (YV); Hunter Valley (HV) and Canberra (CB). The letter C after an attribute denotes colour; A, aroma; and P, palate.
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selected for study by sensory descriptive analysis (selected
samples marked in bold typeface in Figure 1a–f). Cluster
analysis on the PP data for each region allowed for a choice
of wines that can be considered representative of the differ-
ent sensory profiles found for that region. This approach
provides a transparent means of truly evaluating whether
wines from different regions may be distinctive. The selec-
tion of wines was made through choosing the wine from
the cluster analysis that closely matched the centroid of the
cluster, although in four regions, two wines were selected
from the same cluster (i.e. Barossa Valley, Canberra,
McLaren Vale, Hunter Valley), where the cluster contained
a relatively large number of wines, and there was a wide
spread of wines across the cluster. The selection also
attempted to avoid wines sourced from multiple vineyards.

From the sensory descriptive analysis study, the ANOVA
showed that all attributes were significantly different among
wines (P < 0.05) except for Pepper A and Acid P (Table S2).
The attributes Coffee A and Overall fruit A were significant
(P < 0.1); however, they were not significant by region. The
terms Confection A, Mint A and Umami P were the only
other attributes not significant by region while being signifi-
cant at P < 0.05 across all samples. The lack of significance
of these attributes does not mean they are not important as
the method for the selection of samples to represent a
region inherently could lead to some typical and non-typical
characteristics in the wines. Pepper A and Acid P were not
included in further analysis, while the significant P < 0.1
attributes were included. Attribute mean values from the
sensory descriptive analysis are displayed in Table S3, and
regional means for the sensory attributes are displayed in
Table S4.

Figure 2 shows the PCA biplots of PC1 and PC2 and
also PC1 and PC3. The first two PCs account for 45.9% of
the variance, with PC3 explaining a further 11.5% and
PC4 (not shown) explaining 8.4%, indicating that the
sample set was relatively complex, with several
uncorrelated sensory attributes. Separation along PC1
was most strongly influenced by the attributes Woody A
and P, Dark fruit A and P, Opacity C, Dried fruit A and
Viscosity P, together with Spice A and Vanilla/
Chocolate A, which were highly positively loaded along
PC1, with Stalky A and P strongly negatively loaded
along PC1. Wines situated in the upper half of Figure 2a
were rated higher in Confection A, Floral A, Red fruit A
and P, as well as Overall fruit A and AT, while those in
the lower half of Figure 2a were rated higher in Cooked
veg A, Drain A, Earthy A and Beef stock A. The separa-
tion along PC3 related to the terms Stalky A and
Earthy P, together with Pepper P and Astringent P, with
wines plotted to the lower half of Figure 2b rated lower
in these attributes and higher in Red fruit P, Fruit AT and
Sweet P. PC4 explained variation of Purple C and
Brown C.

The separation of the wines revealed a general trend of
wines from the cooler regions plotted to the left, while
wines from warmer regions such as McLaren Vale, Barossa
Valley and Heathcote were to the right, being higher in
opacity (colour intensity), viscosity, dark fruit, dried fruit
and oak related attributes. These wines were also generally
higher in hot, bitter and coffee attributes. Also situated to
the left were wines from the Hunter Valley, which has the
highest growing degree days (GDD) value of the regions
studied and would be considered a warm region. The two
vintages studied (2015 and 2016), however, were both wet

vintages (Bureau of Meteorology 2020), which likely would
have led to early harvests.

The four Barossa Valley wines were grouped quite
closely together, indicating a similar sensory profile, namely,
being high in Opacity C, Dark fruit A/P, Viscosity P, Woody
A/P, Dried fruit A, Overall fruit A/P and Fruit AT and rated
low in Stalky A/P and intermediate in Red fruit A/P, Floral
A and Confection A. All four Barossa Valley wines also had
relatively high scores for Sweet P.

Three of the McLaren Vale wines were also grouped rea-
sonably tightly with similar sensory properties to those of
the Barossa Valley wines. The position of MV2 was more
influenced by Earthy A/P and Beef stock A attributes.

The three wines originating from the Heathcote region
were widely separated mainly along PC1, with the wine
HC1 showing a high mean score for the attributes
Opacity C, Dark fruit A/P and Dried fruit A, as well as
Coffee A, Beef stock A, Umami P and Hot P, with particu-
larly low scores for the attributes Red fruit A/P,
Confection A, Floral A and Stalky A/P. The HC2 wine had
higher ratings for Red fruit A/P and Stalky A/P.

The four wines from the Canberra region were also
widely dispersed across Figure 2. Interestingly, the two
wines situated to the left were from the same subregion
(Murrumbateman), with the other two wines from differ-
ent subregions (Lake George and Majura Valley). The two
Murrumbateman wines were both rated highly for the
attributes Red fruit A/P and Stalky A/P and low for the
attributes positively loaded on PC1, with the CB2 wine
notably high in Stalky A/P. The Lake George Canberra
wine CB3 was unusually complex, being rated highly for
the attributes Brown C, Floral A, Dried fruit A, Opacity C,
Viscosity P, Overall fruit A/P, Dark fruit A/P, Spice A,
Woody A, Bitter P, Mint A/P and Pepper P. The Majura
Valley wine CB4 was rated highly for the attributes
Earthy A/P, Cooked veg A, Drain A, Beef stock A, Woody
P and Pepper P.

The four Yarra Valley wines were separated in Figure 2
by a similar distance to the Canberra wines, with all wines
situated to the left of the figure, indicating low ratings for
the attributes heavily positively loaded along PC1 and high
ratings for the Stalky A/P attributes. The wine YV1 was
located close to the origin, which indicates intermediate rat-
ings. Trends among the Yarra Valley wines include high
scores for Stalky A/P for three of the four wines and Mint
A/P, Red fruit A/P, Floral A and Pepper P for two of the four
wines. Three of the four wines also scored low for the attri-
butes Astringency P and Dried fruit A.

The three Hunter Valley wines were all scored highly for
the attributes Red fruit A/P; moderately high for Stalky P
and Mint A/P; and low for the attributes Dark fruit A/P,
Viscosity P, Pepper P and Woody A/P. Of all the regions, the
Hunter Valley wines showed the most similarities between
the wines studied.

The PCA did not clearly distinguish regions, with no
regions being clearly separated and a strong degree of over-
lap between some regions. This is most probably a result of
the selection process from the initial PP assessments. Wines
were purposefully selected from each cluster to represent
the diversity of all the main characters in each region.
Therefore, the wines were deliberately selected to be as var-
ied as possible but still representative of Shiraz from a par-
ticular region.

While the selection process considered the different
sensory profiles, it is acknowledged that some clusters
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had a much smaller number of wines and so may be con-
sidered less typical of the region or from a minority
group. This was most clear for the Yarra Valley wines,
where YV3 was selected from a set of only three similar
wines, while for the Canberra region, CB3 was one of
five wines. Identifying the wines that can be considered
representing the majority of the wines, that is, those from
the largest clusters, the effect of region becomes more
obvious. This is evident in Figure 2, where the majority
of the most ‘typical’ wines (BV3/4, MV1, HC1, CB2/4,
YV4, HV1) are well spread across the biplots, showing
clearly distinct sensory properties.

To specifically pinpoint individual attributes that discrim-
inate between regions, a PLS-DA was conducted. A three-
factor solution was selected based on residual validation var-
iance (minima 0.152), and the results are shown in
Figure 3.

The HV wines were well discriminated from the other
regions (R2 calibration for the model 0.61, R2 validation
0.21), with Purple C positively related to the discrimination,
and the relative absence of Brown C, Dark fruit A, Pepper P,
Woody P, Bitter P and Hot P, as well as most other attributes
(as indicated by the negative regression coefficients), being
important to classify wines from this region from those of
the other five regions. Wines from Canberra were also mod-
erately well discriminated (R2 calibration 0.43, R2 validation
0.03), with Figure 3f showing that higher Brown C,
Stalky A, Pepper P, Mint P, Bitter P and lower Purple C con-
tributed the most in separating Canberra wines from the
other regions. Yarra Valley wines were predicted to a similar
degree (R2 calibration 0.39, R2 validation 0.03), with the
most positively related attributes being Brown C, Stalky
A/P, Pepper P and Cooked veg A and the most negatively
related being Purple C, Vanilla/Choc A, Spice A, Sweet P,
Viscosity P, Astringent P and Fruit AT. The Barossa Valley
classification was less clear (R2 calibration 0.29, R2 validation
0.02), with two Barossa wines not predicted well by the
model (BV1 and BV4). The strongest positively related attri-
butes for the Barossa classification were Vanilla/Choc A,
Spice A, Woody A, Overall fruit P, Sweet P, Viscosity P and
Fruit AT, with the negatively associated attributes being
Cooked veg A, Beef stock A, Earthy P and Stalky
P. McLaren Vale wines were classified poorly (R2 calibration
0.20, R2 validation not calculable). The attributes Opacity C,
Purple C, Vanilla/Choc A and Astringent P were positively
associated with the MV discrimination, while negative attri-
butes included Brown C, Stalky A/P and Mint P. Finally, the
Heathcote region was predicted slightly poorer than that of
Barossa Valley (R2 calibration 0.25, R2 validation not calcu-
lable), with only one wine well classified (HC1), although
no wines from other regions were misclassified as Hea-
thcote. Opacity C and Purple C, Beef stock A, Earthy P,
Umami P and Astringent P were positively associated with
Heathcote regional discrimination, while Red fruit A/P,
Floral A, Stalky A and Mint P were most strongly negatively
related. As a second step in the analysis, the PLS-DA model
was then used to predict each wine’s region based on its
sensory characteristics. Using this model, only CB2 and HC2
were misclassified (both as Yarra Valley wines). These
results from the PLS-DA provide some reinforcing evidence
regarding the key sensory attributes and their relative con-
tributions that were distinctive for each region’s wines, with
several attributes found to be unique for a specific region:
with Mint P for Canberra; Cooked veg A for Yarra Valley;
Overall fruit P, Sweet P and Viscosity P for Barossa Valley;

and Beef stock A, Earthy P, Umami P for Heathcote.
McLaren Vale did not have a unique positive or negative
attribute, while the Hunter Valley region’s model included
the negatively associated distinctive attribute Dark fruit
A. The PLS-DA models, as noted above, were not highly
robust, and a larger number of wines from each region
would be required to be characterised to allow reliable pre-
dictive ability for unknown samples, with higher R2 valida-
tion values.

The descriptive panel described some interesting attri-
butes that were linked to the region of origin. The term
Beef stock A was rated high in wines from Heathcote but
was also noted in some Canberra and Yarra Valley wines.
The Heathcote mean (Table S4) for this attribute, however,
is nearly double that of the next highest regional mean.
The origin of this attribute is unclear. Mint as an attribute
is better understood, often used synonymously with the
term eucalypt (Robinson et al. 2011, 2012a), which can be
associated with Australian red wines in a global context.
The origin of these sensory characters can often be attrib-
uted to nearby eucalypt trees (Capone et al. 2012). In the
present study, this attribute was moderately associated
with Canberra wines. In the PP tastings, the term earthy
was used only by the winemakers assessing Hunter Valley
wines and was associated with herbal and green terms;
however, it was used by the DA panel to describe several
other wines, and the earthy aroma was correlated with
sulfide-related terms Drain A and Cooked veg A. The attri-
bute Pepper has often been associated with Australian Shi-
raz from cooler regions (Parker et al. 2007, Siebert
et al. 2008). Two of the four wines from both the Canberra
and Yarra Valley regions had higher scores for this attri-
bute, which might be expected as they would be consid-
ered the cooler of the regions included in the study. The
term Coffee A was found to be significant across all wines,
P < 0.1; however, upon examination of the mean scores,
the five highest scoring wines came from five different
regions. Regarding the ‘green’ attributes indicated by
winemakers in the PP assessment of each region’s wines,
the DA results provided evidence that the wines of some
regions were more likely to have a ‘stalky’ green character,
while others were described as cooked veg. ‘Cooked veg’
has been previously linked to the sulfur compound
dimethyl sulfide, which may be in turn related to nitrogen
management in both the vineyard and winery through
urea or diammonium phosphate use (Ugliano et al. 2008).
In contrast, stalky has been recently linked to the concen-
tration of 3-isobutyl-2-methoxypyrazine in Shiraz wines
made with rachis included in the fermentation (Capone
et al. 2018), for example, in whole bunch fermentation.
The volatile and non-volatile compounds that relate to the
sensory properties found in this study will be reported in a
separate publication.

The effects of winemaking decisions must be considered
when discussing regionality. There are some production
decisions in Australia that may be considered ‘cultural’,
meaning the technique has a history of usage in the region
and is found in many wines produced therein. An example
of this is the inclusion of small amounts of Viognier in Shi-
raz wines produced in Canberra. Another example would
be the inclusion of whole bunches in Shiraz ferments in the
Yarra Valley, a technique that is more traditionally associ-
ated with wines made from the Pinot Noir grape in that
region. Harvest ripeness or the use of a large proportion of
new oak barrels are also good examples of these cultural
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Figure 3. Regression coefficients from a three-factor partial least squares discriminant analysis model generated to relate sensory attributes to regional
discrimination for (a) Barossa Valley, (b) McLaren Vale, (c) Heathcote, (d) Canberra, (e) Hunter Valley and (f) Yarra Valley. Only attributes with regression
coefficients greater than +0.01 or less than −0.01 are shown.
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influences. From both the PP and the DA data, warmer
regions in the study tended to have less variable sensory
properties than the cooler climate regions. Whether this is
related to grapes harvested at a lower ripeness level being
more sensitive to the effects of site or simply greater vari-
ability in climate requires further investigation. Using the
Heathcote wines as an example, there were two wines with
similar alcohol concentration [14.1 and 14.4% v/v
(Table S2)] and one wine (HC1) with a high alcohol con-
centration (15.9% v/v). The two wines with similar alcohol
concentration were grouped closely together in the DA
biplot, with the high alcohol wine located far away from the
other two wines. King et al. (2013) showed how perception
of sensory attributes changed with alcohol concentration, so
in this instance, it is the perhaps the winemaker’s decision
to harvest at a higher sugar concentration that is influencing
some of this wine’s sensory characteristics and not the site
or region where the grapes were grown. Comparing the
results of the present study with the findings of a similar
investigation of Shiraz wines by Johnson et al. (2013), there
are some similarities, with the earlier study also indicating
McLaren Vale wines were higher in astringency; a Hea-
thcote wine was high in savoury; Barossa Valley wines were
high in dark fruit attributes and lower in astringency; Can-
berra wines were quite variable; and Hunter Valley wines
were relatively low in many attributes. The results of the
current study reinforce and expand on the results of the
earlier work.

As with earlier regional studies involving commercial
wines, the limitations of this study include an inability to
disentangle site-specific effects from viticultural and
winemaking practices. Thus, some differences observed are
likely to be because of winemaking practices, as discussed
above, while others can relate to viticultural practices, such
as the use of rootstocks, clone, vine density, cover crops, the
use of mulch, irrigation decisions, fruit exposure and crop
level, among others. Thus, the regional differences indicated
encompass the term terroir in its broadest sense, involving
the physical environment in which the vines grow and the
management practices because of human factors.

The sensory attributes that were highlighted as distinc-
tive can provide winemakers and viticulturists with targets
for production decisions to attempt to potentially optimise
these attributes. It should be noted that segments of con-
sumers will react strongly to some attributes, such as astrin-
gency, sulfidic flavours or green characters (Francis and
Williamson 2015), so a degree of caution would be
recommended.

Conclusion
This study provides a detailed insight into the range of sen-
sory differences found in Australian Shiraz wines that relate
to the region of origin. The approach of utilising PP assess-
ments of 145 wines provided a robust means of selecting
the wines for the DA comparative study, as well as assessing
the extent of variability of sensory properties within each of
the regions studied.

While there was a degree of overlap in sensory proper-
ties of wines from the different regions, the study showed
that there were region-specific variations among the wines,
with certain attributes identified that can be considered dis-
tinctive for some regions, while for others, it is the overall
pattern of multiple sensory properties that makes those
wines unique.

The study has shown the flavour diversity of Australian
Shiraz wines and the extent to which differences in sensory
properties can be ascribed to region of origin. The insights
from this work will assist winemakers, marketers, wine
trade and consumers to understand which sensory attributes
can be expected from a wine sourced from the regions stud-
ied. The work will provide sensory attribute targets for indi-
vidual producers to optimise so as to align with regional
styles if desired. The approach followed using the PP method
combined with DA can be applied in other wine regions and
countries and also with other products to simplify the collec-
tion of complex sensory data.
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Paper 2: Supplementary Information 

Sample 
The sample is less _______ 

than the reference 

The sample is more 

_______ than the reference

Appearance 

Aroma 

Palate 

SI Figure 1. An example of the Pivot Profile assessment ballot used. 

SI Table 1. The mean descriptive analysis sensory attributes values for the wines and Fisher’s LSD 

values (5%), n.s.: not significant. 

Sample Opacity Purple Brown 
Overall 
Fruit A 

Dark 
Fruit A 

Red 
Fruit A 

Dried 
Fruit A 

Confection 
A 

Floral 
A 

Vanilla/
Choc A 

BV1 7.00 4.85 1.06 5.81 5.35 3.93 1.75 2.05 2.74 2.10 

BV2 6.90 2.93 2.94 5.75 5.63 3.28 2.87 1.78 2.05 3.02 

BV3 7.68 4.71 1.24 6.14 6.02 3.61 1.95 1.76 2.48 2.74 

BV4 6.97 3.59 1.99 5.54 5.38 3.41 2.13 1.44 2.17 1.44 

MV1 7.55 4.28 1.97 5.78 5.70 3.20 2.68 1.67 2.54 2.98 

MV2 7.42 4.58 1.69 5.24 5.00 2.95 2.53 0.84 2.14 1.90 

MV3 7.57 4.07 1.88 5.78 5.54 3.67 1.94 1.98 2.20 1.90 

MV4 6.60 5.23 0.51 6.02 5.14 3.98 1.70 2.49 2.63 2.31 

HC1 7.85 3.75 2.55 5.37 5.29 1.86 2.85 0.80 1.25 2.06 

HC2 6.19 4.10 1.35 5.39 4.95 3.12 1.70 1.33 2.23 1.99 

HC3 7.02 4.04 1.34 5.85 5.61 3.27 2.30 1.73 2.28 2.36 

HV1 4.38 3.39 1.40 5.54 4.44 4.03 1.69 1.88 2.45 1.61 

HV2 4.99 5.05 0.73 5.33 4.65 3.70 1.20 2.06 2.76 2.18 
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HV3 5.79 3.55 1.63 5.54 4.92 3.35 2.22 1.34 2.60 2.17 

CB1 4.64 2.73 2.94 5.85 4.98 4.38 2.58 1.96 2.72 2.27 

CB2 4.75 3.35 1.79 5.64 5.02 3.84 2.06 1.50 2.55 1.63 

CB3 6.98 3.18 3.28 6.13 5.78 3.63 2.50 1.82 3.21 1.75 

CB4 6.02 3.27 1.99 5.31 5.17 2.48 1.38 0.80 1.58 1.44 

YV1 5.90 3.32 2.15 6.08 5.58 4.17 2.15 2.07 2.87 2.34 

YV2 6.40 2.93 2.85 5.41 5.11 2.77 1.94 0.95 2.22 1.48 

YV3 5.17 3.18 1.99 5.79 4.98 3.74 1.32 1.59 2.24 1.38 

YV4 7.05 4.25 1.40 5.53 5.13 3.57 1.34 1.53 2.73 1.50 

LSD (5%) 0.5 0.71 0.65 n.s. 0.70 0.99 0.69 0.74 0.82 0.62 

 

Sample 

Spice 
A 

Pepper 
A 

Woody 
A 

Stalky 
A 

Mint 
A 

Coffee 
A 

Earthy 
A 

Cooked 
Veg A 

Drain 
A 

Beef 
Stock A 

Pungent 
A 

BV1 2.54 1.53 2.32 2.22 1.77 0.41 2.48 1.40 1.03 0.88 4.32 

BV2 2.60 1.37 3.24 2.13 1.50 0.84 2.77 1.63 0.80 0.45 4.47 

BV3 2.67 1.68 2.78 2.47 2.32 0.54 2.61 0.83 0.73 0.48 3.88 

BV4 2.32 1.09 2.00 1.99 1.83 0.28 3.31 2.11 2.00 0.71 4.43 

MV1 2.54 1.35 2.46 2.04 1.29 0.64 2.59 1.72 0.80 0.51 4.44 

MV2 2.28 1.13 2.36 2.10 1.20 0.63 4.23 1.54 1.34 0.71 4.73 

MV3 2.18 0.94 2.45 2.07 1.90 0.39 3.06 1.56 1.18 0.80 4.63 

MV4 2.52 1.23 2.34 2.20 2.35 0.59 2.76 1.37 1.22 0.36 4.40 

HC1 2.38 1.27 2.43 1.84 1.26 1.20 2.98 2.03 1.47 3.37 4.26 

HC2 2.35 1.15 2.21 2.31 2.30 0.43 3.05 1.54 0.94 0.86 4.30 

HC3 1.91 1.31 2.31 2.08 1.18 0.55 3.23 1.65 1.33 0.96 3.72 

HV1 1.84 1.05 1.68 2.46 2.04 0.27 2.75 2.06 1.33 0.48 4.05 

HV2 2.13 1.15 2.14 2.15 1.92 0.53 2.35 1.60 1.17 0.29 3.77 

HV3 3.01 1.32 2.38 2.30 2.35 0.97 2.66 1.04 0.68 0.42 4.38 

CB1 2.54 1.16 2.30 2.30 1.70 0.70 2.73 1.43 1.73 0.29 4.45 

CB2 1.78 0.82 1.97 2.61 1.37 0.48 3.34 2.50 2.11 1.04 4.60 

CB3 2.62 1.55 2.64 2.81 2.62 0.45 2.83 0.99 0.65 0.84 4.47 

CB4 1.92 1.17 2.52 2.42 1.57 0.70 3.67 2.39 2.43 1.18 4.46 

YV1 2.25 1.15 2.60 2.04 1.25 0.41 3.06 2.03 0.93 1.01 4.16 

YV2 1.63 1.45 2.05 2.09 1.29 0.55 3.96 2.70 2.35 1.27 4.10 

YV3 1.59 2.30 1.84 3.20 2.29 0.31 2.73 2.57 1.53 0.82 3.69 

YV4 2.02 1.32 2.18 3.61 2.39 0.41 2.91 1.35 0.81 0.41 4.55 

LSD (5%) 0.70 n.s. 0.65 0.73 0.77 n.s. 0.79 0.89 0.90 0.80 0.54 

 

 

Sample 

Overall 
Fruit P 

Dark 
Fruit P 

Red 
Fruit P 

Woody 
P 

Earthy 
P 

Pepper 
P 

Stalky 
P 

Mint 
P 

Umami 
P 

Sweet 
P 

BV1 5.73 5.54 3.49 3.07 2.73 1.90 2.39 1.18 1.11 1.22 

BV2 5.83 5.75 3.50 3.42 2.60 1.50 2.22 1.43 0.55 1.18 

BV3 6.32 6.04 3.64 3.21 2.62 1.79 2.59 1.65 0.65 1.17 

BV4 6.13 5.67 3.94 2.52 2.73 1.73 2.25 1.37 0.70 1.49 

MV1 6.03 5.86 2.93 3.63 2.93 1.75 2.50 1.13 1.05 1.17 
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MV2 5.66 5.58 2.95 2.91 3.19 1.24 2.49 0.96 0.77 0.95 

MV3 5.70 5.45 3.05 3.16 3.12 1.72 2.39 0.95 0.52 0.62 

MV4 5.90 5.36 3.59 3.12 2.53 1.79 2.28 1.90 0.75 1.13 

HC1 5.75 5.77 2.30 3.18 2.78 1.64 1.73 1.04 1.31 1.42 

HC2 5.55 5.11 3.41 2.82 2.91 1.67 2.72 1.69 0.41 1.05 

HC3 5.77 5.65 3.12 2.88 2.96 1.70 2.55 0.77 0.91 0.71 

HV1 5.57 4.44 3.55 2.50 2.41 1.14 3.32 1.09 0.79 1.08 

HV2 5.34 4.65 3.74 2.22 2.76 1.10 2.78 1.35 0.72 0.73 

HV3 5.84 5.40 3.90 2.53 2.33 1.10 2.79 1.75 0.40 0.79 

CB1 5.93 4.75 4.43 2.70 2.50 1.55 2.54 1.40 0.77 1.11 

CB2 5.72 5.03 3.98 2.43 2.31 1.53 2.98 1.78 0.46 0.92 

CB3 5.88 5.65 2.72 3.18 2.91 2.28 2.74 1.78 0.80 0.82 

CB4 5.75 5.58 2.73 3.30 3.00 2.02 2.68 1.62 0.58 0.89 

YV1 5.79 5.05 4.08 2.89 2.72 1.40 2.57 1.06 0.38 0.89 

YV2 5.35 5.31 2.23 3.10 3.24 1.49 2.84 1.16 1.04 0.56 

YV3 5.68 5.18 3.85 2.51 2.59 2.63 3.55 1.77 0.98 0.89 

YV4 5.28 4.93 2.45 3.18 3.20 1.95 3.41 1.71 0.46 0.51 

LSD (5%) 0.50 0.66 0.82 0.62 0.60 0.71 0.70 0.61 0.54 n.s. 

 

Sample 

Viscosity 
P Acid P Hot P 

Astringent 
P Bitter P 

Fruit 
Aftertaste 

BV1 4.36 4.63 4.38 5.98 3.37 4.69 

BV2 4.29 5.00 4.58 5.29 3.84 4.58 

BV3 4.55 4.77 4.73 5.64 3.86 4.94 

BV4 4.32 5.38 4.86 5.05 3.24 4.63 

MV1 4.62 4.88 4.86 6.68 3.49 4.72 

MV2 4.55 4.94 4.43 5.53 3.38 4.39 

MV3 3.98 5.03 4.75 6.37 3.65 4.36 

MV4 4.55 4.80 4.72 5.28 2.90 4.67 

HC1 4.44 4.79 5.17 6.23 3.38 4.32 

HC2 3.65 5.18 4.26 5.87 3.30 4.62 

HC3 4.48 5.03 4.42 5.00 3.55 4.51 

HV1 3.63 5.17 4.17 5.65 2.79 4.43 

HV2 3.85 4.92 3.88 5.42 3.19 4.09 

HV3 3.65 5.27 4.60 5.74 3.01 4.83 

CB1 3.96 4.95 4.93 5.17 3.80 4.61 

CB2 3.87 5.23 4.62 5.09 3.20 4.50 

CB3 4.30 4.69 4.67 5.37 3.88 4.41 

CB4 4.20 4.96 4.71 5.14 3.68 4.38 

YV1 3.93 5.19 4.10 4.97 3.08 4.50 

YV2 3.92 5.25 4.60 4.83 3.44 3.95 

YV3 3.71 5.05 4.40 5.14 2.72 4.35 

YV4 3.76 4.82 5.05 6.78 3.86 3.86 

LSD (5%) 0.54 n.s. 0.63 0.62 0.69 0.51 

 

SI Table 2. Basic chemical composition of the wines used for descriptive analysis. 
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Wine Alcohol 
(%v/v) 

G & F (g/L) pH SO2 free 
(mg/L) 

SO2 total 
(mg/L) 

TA (g/L) VA (g/L) 

BV1 13.9 1.5 3.74 9 28 5.2 0.52 

BV2 13.9 0.7 3.69 9 42 5.5 0.68 

BV3 14.9 1.2 3.70 20 56 5.7 0.69 

BV4 14.8 1.0 3.57 13 41 6.5 0.71 

MV1 14.8 1.2 3.60 12 38 6.6 0.86 

MV2 14.3 0.8 3.64 8 46 6.1 0.64 

MV3 14.7 1.0 3.61 19 43 5.8 0.62 

MV4 14.5 1.1 3.52 13 69 6.4 0.61 

HC1 15.8 0.8 3.72 7 63 5.9 0.69 

HC2 14.1 0.7 3.65 10 27 5.4 0.56 

HC3 14.4 1.1 3.67 15 62 5.9 0.72 

HV1 13.8 1.1 3.50 22 87 6.5 0.62 

HV2 13.8 1.3 3.48 15 49 6.1 0.63 

HV3 13.8 1.6 3.45 14 56 6.9 0.74 

CB1 14.4 1.1 3.84 32 104 5.6 0.79 

CB2 14.0 <0.3 3.70 21 70 6.1 0.72 

CB3 14.6 1.3 4.04 18 62 5.2 0.62 

CB4 14.2 0.7 3.72 15 51 5.8 0.65 

YV1 13.1 0.8 3.51 17 77 6.2 0.49 

YV2 14.1 1.1 3.70 14 77 5.9 0.51 

YV3 13.8 0.9 3.47 10 30 6.0 0.52 

YV4 13.9 1.1 3.63 20 56 5.8 0.77 

 

SI Table 3. ANOVA p values for all attributes.  

Attribute Wine Judge Rep Region Wine*Judge Wine*Rep Judge*Rep 

Opacity C <0.001*** <0.001*** 0.518 <0.001*** <0.001*** 0.265 <0.001*** 

Purple C <0.001*** <0.001*** 0.415 <0.001*** <0.001*** 0.843 0.105 

Brown C <0.001*** <0.001*** 0.421 <0.001*** <0.001*** 0.711 0.020* 

Overall Fruit A 0.093† <0.001*** 0.787 0.256 <0.001*** 0.024* 0.041* 

Dark Fruit A 0.001** <0.001*** 0.072† <0.001*** <0.001*** 0.175 0.264 

Red Fruit A <0.001*** <0.001*** 0.204 0.01* 0.021* 0.013* 0.643 

Dried Fruit A <0.001*** <0.001*** 0.014* 0.004** 0.816 0.700 0.637 

Confection A <0.001*** <0.001*** 0.422 0.177 0.276 0.013* 0.019* 

Floral A 0.004** <0.001*** 0.311 0.046* 0.007** 0.023* 0.020* 

Vanilla/Choc A <0.001*** <0.001*** 0.316 <0.001*** 0.343 0.658 0.002** 

Spice A 0.003** <0.001*** 0.927 0.008** 0.086† 0.273 0.017* 

Pepper A 0.280 <0.001*** 0.572 0.151 <0.001*** 0.629 0.562 

Woody A 0.005** <0.001*** 0.320 0.047* 0.151 0.684 0.177 

Stalky A 0.001** <0.001*** 0.237 <0.001*** <0.001*** 0.236 0.008** 

Mint A <0.001*** <0.001*** 0.726 0.299 0.152 0.009** 0.601 

Coffee 0.081† 0.010 0.098† 0.451 0.860 0.634 0.965 

Earthy A <0.001*** <0.001*** 0.670 0.03* 0.226 0.529 0.782 

Cooked Veg A <0.001*** <0.001*** 0.863 0.015* <0.001*** 0.660 0.297 

Drain A <0.001*** <0.001*** 0.024* 0.022* <0.001*** 0.090† 0.957 

Beef Stock A <0.001*** 0.004** 0.918 <0.001*** <0.001*** 0.098† 0.039* 

Pungent A 0.001** <0.001*** 0.133 0.001** 0.145 0.865 0.014* 

Overall Fruit P 0.012* <0.001*** 0.176 0.002** 0.172 0.159 0.662 

53



Dark Fruit P <0.001*** <0.001*** 0.618 <0.001*** 0.001** 0.707 0.789 

Red Fruit P <0.001*** <0.001*** 0.971 0.003** 0.151 0.224 0.008** 

Woody P <0.001*** <0.001*** 0.702 <0.001*** 0.044* 0.539 0.026* 

Earthy P 0.039* <0.001*** 0.856 0.014* <0.001*** 0.186 <0.001*** 

Pepper P 0.004** <0.001*** 0.172 <0.001*** <0.001*** 0.359 <0.001*** 

Stalky P <0.001*** <0.001*** 0.032* <0.001*** 0.004** 0.779 0.039* 

Mint P 0.001** <0.001*** 0.152 0.077† 0.418 0.017* 0.538 

Umami P 0.028* <0.001*** 0.399 0.64 0.066† 0.022* 0.032* 

Sweet P 0.010* <0.001*** 0.303 0.003** 0.433 0.809 <0.001*** 

Viscosity P <0.001*** 0.001** 0.987 <0.001*** 0.245 0.022* <0.001*** 

Acid P 0.408 <0.001*** 0.199 0.649 0.008** 0.488 0.007** 

Hot P 0.011* <0.001*** 0.234 0.04* 0.022* 0.591 0.012* 

Astringent P <0.001*** <0.001*** 0.008 <0.001*** 0.347 0.009** 0.032* 

Bitter P 0.007** <0.001*** 0.515 0.014* 0.431 0.514 0.174 

Fruit AT 0.006** <0.001*** 0.271 0.002** 0.094† 0.045* 0.037* 

Significance levels as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; † p < 0.10. Rep = tasting replicate 

SI Table 4. Regional means for all sensory attributes. BV: Barossa Valley; MV: McLaren Vale; HC: 

Heathcote; HV: Hunter Valley; CB: Canberra; YV Yarra Valley. 

Attribute BV MV HC HV CB YV 

Opacity C 7.1 7.3 7.0 5.1 5.6 6.1 

Purple C 4.0 4.5 4.0 4.0 3.1 3.4 

Brown C 1.8 1.5 1.8 1.3 2.5 2.1 

Overall Fruit A 5.8 5.7 5.5 5.5 5.7 5.7 

Dark Fruit A 5.6 5.4 5.3 4.7 5.2 5.2 

Red Fruit A 3.6 3.5 2.8 3.7 3.6 3.6 

Dried Fruit A 2.2 2.2 2.3 1.7 2.1 1.7 

Confection A 1.8 1.7 1.3 1.8 1.5 1.5 

Floral A 2.4 2.4 1.9 2.6 2.5 2.5 

Vanilla/ Chocolate A 2.3 2.3 2.1 2.0 1.8 1.7 

Spice A 2.5 2.4 2.2 2.3 2.2 1.9 

Pepper A 1.4 1.2 1.2 1.2 1.2 1.6 

Woody A 2.6 2.4 2.3 2.1 2.4 2.2 

Stalky A 2.2 2.1 2.1 2.3 2.5 2.7 

Mint A 1.9 1.7 1.6 2.1 1.8 1.8 

Coffee A 0.5 0.6 0.7 0.6 0.6 0.4 

Earthy A 2.8 3.2 3.1 2.6 3.1 3.2 

Cooked Veg A 1.5 1.6 1.7 1.6 1.8 2.2 

Drain A 1.1 1.1 1.3 1.1 1.7 1.4 

Beef Stock A 0.6 0.6 1.7 0.4 0.8 0.9 

Pungent A 4.3 4.6 4.1 4.1 4.5 4.1 

Overall Fruit P 6.0 5.8 5.7 5.6 5.8 5.5 

Dark Fruit P 5.8 5.6 5.5 4.8 5.3 5.1 

Red Fruit P 3.6 3.1 2.9 3.7 3.5 3.2 

Woody P 3.1 3.2 3.0 2.4 2.9 2.9 

Earthy P 2.7 2.9 2.9 2.5 2.7 2.9 

Pepper P 1.7 1.6 1.7 1.1 1.8 1.9 

Stalky P 2.4 2.4 2.3 3.0 2.7 3.1 

Mint P 1.4 1.2 1.2 1.4 1.6 1.4 
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Umami P 0.8 0.8 0.9 0.6 0.7 0.7 

Sweet P 1.3 1.0 1.1 0.9 0.9 0.7 

Viscosity P 4.4 4.4 4.2 3.7 4.1 3.8 

Acid P 5.0 4.9 5.0 5.1 5.0 5.1 

Hot P 4.6 4.7 4.6 4.2 4.7 4.5 

Astringent P 5.5 6.0 5.7 5.6 5.2 5.4 

Bitter P 3.6 3.4 3.4 3.0 3.6 3.3 

Fruit Aftertaste 4.7 4.5 4.5 4.5 4.5 4.2 
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CHAPTER IV 

Paper 3: Regionality in Australian Shiraz: compositional and climate measures that relate to key 

sensory attributes 

IV.I. Introduction  

This chapter focuses on the chemical and climatic profiles of the regional Shiraz wines from the 

previously selected sample set, of which a sensory profile was established in paper II. It also 

investigates the relationships between the chemistry and climate indices and their effectiveness at 

predicting sensory attributes.  

The chemical profile of an individual wine might contain as many as 1000 unique compounds (Styger 

et al. 2011). How many of these compounds are a product of the variety, the climate, the soil, 

winemaking inputs, etc. is not well understood. By examining an extensive number of chemical 

parameters in a set of regional Shiraz wines, it can be established if the regional influences on a wine 

result in chemical profiles with common underlying themes for each region. Furthermore, those 

influential chemical compounds can then be examined to see if they are drivers of sensory attributes 

and allow for a prediction of a regional sensory profile of a wine, based on the chemistry.  

The list of factors affecting the terroir of a particular vineyard is a long one. One of the more obvious 

factors might be climate. It is not difficult to imagine the extent of a particular climate on a specific 

location. Climate indices such as heat, sunlight, rainfall, humidity, min and max temperatures, and 

growing season length are a few of the factors that would directly affect the suitability of a particular 

place to produce a particular agricultural product. In the context of wine, it could be argued that 

climate has been the most influential factor in the selection of wine producing regions around the 

world. Prior to the use of irrigation in vineyards, annual rainfall combined with enough heat and 

sunshine to both hydrate and ripen grapes for wine would have been the first consideration for where 

a vineyard might be planted, and furthermore what variety might be panted there.  

The goal of this study was to evaluate the chemical profile of each regional Shiraz wine, examining 

for any regional themes in the underlying chemical characteristics. Then key climate indicators from 
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the vineyards where the grapes for that wine were grown were also evaluated, and then using both the 

climate and chemical data sets, a model to predict sensory attributes was then developed using Partial 

Least-Squares Regression.  

IV.II. References 

Styger, G., Prior, B., Bauer, F. F. (2011) Wine flavor and aroma. Journal of Industrial Microbiology 

& Biotechnology 38, 1145-1159.  
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Abstract
Background and Aims: Regional characters or the ‘terroir’ aspects of Shiraz are not well understood. This study aimed to
characterise the chemical composition of wines from sites within six important Australian regions, and the climate profiles
of the sites, and to determine how they relate to sensory differences.
Methods and Results: For 22 commercially produced wines 70 chemical measures and 17 site- and season-specific climate
indices were determined. Wines with stalky/cooked vegetal sensory properties had a higher concentration of cinnamate
esters and dimethylsulfide, which through multivariate analyses was related to later budburst and time of harvest. Wines
with a higher concentration of monoterpenes were associated with floral aroma. High radiation measures were linked to
higher tannin, colour density, norisoprenoid compounds and phenylethyl acetate and to stronger dark fruit/dried fruit and
tannin/colour attributes. High rainfall indices were generally related to low sensory attribute ratings and compositional
measures. From cluster analysis of compositional data, wines were well grouped by region of origin.
Conclusions: Distinctive chemical fingerprints exist for the regions studied, and their climatic profiles were strongly associ-
ated with wine composition, with key compounds influencing sensory differences.
Significance of the Study: The approach of applying multiple site- and season-specific climate measures and relating these
to chemical composition and the characteristic sensory attributes of regional Australian Shiraz wines can help producers
better understand and influence the effect of place on their wines.

Keywords: chemical composition, climate, partial least squares regression, sensory, Shiraz

Introduction
The concept of ‘terroir’, or more precisely, the effect that
place of origin has on the smell or taste of an agricultural
product, has been discussed for centuries (Trubek 2008).
History records John Adams and Thomas Jefferson, the sec-
ond and third presidents of the USA, speaking of the terroirs
of the first growths of Bordeaux as early as 1778
(Anson 2017). There are many products that have adopted
and promoted terroir, but few embrace it with the fervour
of the wine industry. Interestingly, this idea has been slower
to develop in Australia. The ‘taste of place’ has not been at
the heart of some of the most historically relevant, presti-
gious and expensive wines that Australia produces. Grange,
the well-known Penfold’s brand, one of Australia’s most
expensive wines, is a multi-regional, and occasionally a
multi-varietal blend, and does not involve the concept of
terroir in a traditional way. Henschke Wines in Eden Valley,
South Australia, bottled the first-documented single vine-
yard origin wine—a Shiraz, from the Mount Edelstone
vineyard in 1952 (Halliday 1991). Compared to the age of
some of the Grand Cru vineyards of Burgundy—Clos
Vougeot was enclosed as a single vineyard in 1336— or the
Bordeaux classification of 1855, which classified 57 of the
greatest Chateaux in the Bordeaux area based on their
terroir (Johnson and Robinson 2019), Australia has a much
more recent and much less documented history of terroir.

Australia produces the third largest volume of Shiraz
grapes in the world (Robinson et al. 2012b). The cultivar

has considerable plantings in most if not all wine producing
regions in the country. It could be said, however, that the
concept of regional sensory characters or the ‘terroir’ of
Australian Shiraz regions is not well understood. Previous
studies, such as Abbott et al. (1991), Riovantro et al. (2011),
Johnson et al. (2013) and Pearson et al. (2020), have evalu-
ated to some degree the effect of regionality in the flavour
of Australian Shiraz wines.

Wine chemical analysis has evolved over the years from
simple pH measurements to complex metabolomic
approaches mapping thousands of compounds in large sam-
ple sets. This evolution has also meant that the way data are
analysed has also changed. The development of multivariate
statistical techniques, such as principal component analysis
(PCA), generalised procrustes analysis (GPA), partial least
squares regression (PLS-R) and ANOVA multiblock-PLS, has
helped to understand and model complex data sets (Noble
and Ebeler 2002, Schmidtke et al. 2013, 2020). These meth-
odologies can help relate sensory data and chemical mea-
sures, in order to better understand causative links between
wine chemical composition and the intensity of aroma and
flavour attributes. Clementi et al. (1986) proposed the use
of PLS-R using chemical data sets and Williams et al. (1988)
utilised PLS-R and GPA to relate wine sensory and chemical
data for the first time.

The history of evaluating wine composition in a regional
context dates back to Rankine et al. (1971), with an inter-
esting progression regarding chemical measures. An early
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inclusion of region as a consideration was reported by Frank
and Kowalski (1984), with several subsequent attempts
from Fornia et al. (1986), Maarse et al. (1987), Noble and
Shannon (1987) and Ohkubo et al. (1987), performing con-
current sensory and chemical analysis of varietal wine sets.
Fischer et al. (1999) progressed sensory profiling in a
regional context with a comprehensive evaluation of the
Riesling cultivar in the Rheingau region in Germany. Green
et al. (2011), Robinson et al. (2012a) and King et al. (2014)
are more recent studies that have investigated sensory and
chemical markers particular to the region of origin.

How chemical measures relate to sensory attributes, and
whether chemical measures can be used to predict sensory
attributes, has long been a goal of wine researchers. Few
studies have investigated Shiraz wines. Mayr et al. (2014)
and Kustos et al. (2020) examined the relationship between
the detailed chemical composition and sensory properties of
Shiraz wines; however, the main chemical compounds, and
especially the volatile compounds that are linked to specific
sensory attributes of Shiraz wines, are not well understood.
The opportunity for researchers and winemakers to evaluate
and use chemical measures to help understand the sensory
properties of wines has the potential to aid in amplifying
particular characters or styles. Increasing desirable sensory
attributes, which can be determined by chemical analyses,
may help produce a wine that is preferred or recognised by
consumers.

The effect of climate on an agricultural product is a
reasonably obvious consideration (Jones and Davis 2000,
Santos et al. 2012) when considering regional differences.
The appropriateness of a particular crop for a particular
climate is paramount for the success of that crop. The
intricacies, however, between macro- and micro-climate
regarding wine production and the climatic effects on
something as small as an individual vineyard to as large as
an entire region are difficult to measure. These differences
can also be confounded by local cultural adaptive prac-
tices and short-term temporal variability in climate, which
can easily exceed within-region spatial variability in cli-
mate (Hall and Blackman 2019). While there is much lit-
erature considering terroir (Fischer et al. 1999, van
Leeuwen 2010) and indeed describing the climatic aspects
of terroir (Hall and Jones 2010), the effect of specific cli-
mate indices on particular sensory attributes associated
with regional characters has proven difficult to investigate
because of the high number of terroir-related cofactors.

This study was conducted following an initial investiga-
tion of the sensory properties of 22 commercially produced
Shiraz wines carefully selected from six Australian regions
(Pearson et al. 2020). The main aims of the present study
were to determine the chemical compounds that were asso-
ciated with the sensory attributes of these 22 wines, and to
evaluate whether there were climate and phenology mea-
sures from the vineyards where the wines were produced
that related to the key chemical compounds. The identifica-
tion of specific compounds that differentiated the regions
was also an aim of the study.

Materials and methods

Wines
The wines studied were as detailed in Pearson et al. (2020).
Briefly, 22 commercially produced Shiraz wines from six
regions were selected from sets of between 20 to 30 wines
from each region, using the results from the Pivot Profile

rapid sensory method (Thuillier et al. 2015). The regions
selected were Barossa Valley (BV), McLaren Vale (MV),
Canberra District (CB), Yarra Valley (YV), Heathcote
(HC) and Hunter Valley (HV). Three or four wines per
region were chosen for further study from the 2015 or 2016
vintage, representing the range of sensory properties of
wines from each region.

The wines were profiled using quantitative sensory
descriptive analysis, details of which can be found in Pear-
son et al. (2020). Determination of all analytes was com-
pleted in triplicate on separate bottles and was completed
within approximately 1 month of sensory analysis.

Basic chemical composition
The pH was measured and TA determined by sodium
hydroxide titration to an end point pH of 8.2 (Iland
et al. 2013) with a Metrohm fully automatic 59 Place
Titrando System (Herisau, Switzerland). The concentration
of glucose, fructose, glycerol as well as succinic, acetic and
gluconic acids was measured with ThermoFisher Scientific
enzymatic kits (Waltham, MA, USA), on an Arena Discrete
Analyser (ThermoFisher Scientific). Alcohol concentration
was measured with an Anton Paar (Graz, Austria) Alcolyser
interfaced to a DMA 4500 density meter.

Wine volatiles
Thirty-eight volatile compounds, including esters, C6 com-
pounds, lactones, monoterpenes and C13-norisoprenoids,
were analysed according to validated methods based on
headspace solid phase microextraction (HS-SPME) coupled
with GC/MS (Antalick et al. 2010, Šuklje et al. 2014, 2016),
with slight modifications.

For quantification of esters, C6 compounds and lactones,
5 mL of wine was mixed with 5 mL of milli-Q water and 3 g
NaCl in 20 mL HS vials. Mixed internal standard
(IS) solution (10 μL), consisting of 20 mg/L of [2H3]-ethyl
butyrate, 20 mg/L of [2H11]-ethyl hexanoate, 20 mg/L of
[2H15]-ethyl octanoate, 5 mg/L of [2H5]-ethyl cinnamate
and 5 mg/L of 2-octanol, was added. After IS addition, the
vial was immediately sealed with a PTFE-lined cap, vortexed
and analysed on an Agilent 7890A gas chromatograph
(Agilent Technologies, Mulgrave, Vic., Australia) equipped
with a Gerstel MPS autosampler (Gerstel, Mülheim an der
Ruhr, Germany), and coupled to an Agilent 5975C mass
spectrometer. Volatile compounds were extracted with a
Polydimethylsiloxane/Carboxen/Divinylbenzene SPME fibre
(Supelco, Bellefonte, CA, USA) from the samples and
desorbed into the GC inlet. The compounds were separated
on a DB-WAXetr capillary column (60 m � 0.25 mm,
0.25 μm film thickness; J&W Scientific, Folsom, CA, USA);
the MS was operated in electron ionisation mode using
selective ion monitoring (SIM) and scan modes simulta-
neously. The conditions of SPME and chromatography and
MS parameters were as reported previously (Antalick
et al. 2010).

For quantification of monoterpenes and C13-
norisoprenoids, 5 mL of wine, 5 mL of milliQ water and 3 g
of NaCl were mixed in 20 mL HS vials. The samples were
then spiked with 10 μL of mixed IS solution consisting of
octan-2-ol, [2H3]-linalool and [2H5]-ethyl cinnamate, all at
5 mg/L. The GC/MS instrumentation and setup were identi-
cal to those reported earlier. Sample extraction, chromatog-
raphy conditions and MS parameters were reported
previously (Šuklje et al. 2016).
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For all compounds, the ions used for quantification and
their calibration ranges were reported previously (Antalick
et al. 2010, Šuklje et al. 2014, 2016). The compounds where
different ions were monitored were as follows: m/z 88 for
ethyl hexanoate, m/z 57 for ethyl octanoate, m/z 164 for ethyl
phenylacetate, m/z 104 for ethyl dihydrocinnamate, m/z
67 for cis-2-hexenol, m/z 69 for citronellol and m/z 136 for
trans-geranylacetone. Agilent MassHunter Quantitative Anal-
ysis software (version 8.0) was used to integrate ion peaks
and construct calibration curves. All compounds showed lin-
ear response within the calibration range and the correlation
coefficients were all above 0.99. Analysis of rotundone was
based on the method developed by Siebert et al. (2008) and
as described in Geffroy et al. (2014).

Oak volatiles
Oak volatiles were determined by liquid–liquid extraction
and analysed with an Agilent GC (6890)/MS (5973) in SIM
mode. Standard isotope dilution techniques, using deuter-
ated analogues of furfural, guaiacol, 4-methylguaiacol, cis-
and trans-oak lactone, vanillin and 4-ethylphenol were per-
formed as described (Pollnitz et al. 2004).

Colour/tannin
Colour and tannin were measured by The Australian Wine
Research Institute Commercial Services laboratory using
standard methods (Iland et al. 2013). Tannin measurements
were derived from a calibration developed from the methyl
cellulose precipitable tannin assay (Sarneckis et al. 2006).

Low molecular mass sulfur compounds
Volatile sulfur compounds were analysed according to
Siebert et al. (2010) utilising static HS�GC�sulfur chemilu-
minescence detection.

Viticultural climate metrics
Climatological typicity at the vineyard site is the base point
for phenological and viticulturally important climate met-
rics. For each year at each site, climate metrics described in
Table 1 were calculated, and then the average and SD of
each of the climate metrics at each site was calculated for
the 20 year period.

At each vineyard site, maximum and minimum temper-
ature, rainfall, evaporation, radiation and vapour pressure
(VP) (at 0900), for the period 1 July 1999 to 20 June 2019
were acquired from the SILO climate database (Jeffrey
et al. 2001) using the Data Drill tool, which produces daily
time series of variables for specified point locations from
spatially interpolated climate maps covering Australia at a
0.05 decimal degree resolution. For each growing season in
the 20 year period, the timing of the phenological events of
budburst and maturity (assumed harvest date) were esti-
mated based on the method described by Hall et al. (2016)
(Figure 1).

Budburst Day was estimated using heat accumulation
based on parameters given by Moncur et al. (1989). For the
Shiraz cultivar, Moncur et al. (1989) suggested using a
threshold of 4.5 C� to model early heat accumulation for the
purposes of predicting budburst. The adjusted growing
degree days (GDD) calculation is given by Equation (1).

GDD4:5 ¼max TmaxþTminð Þ=2�4:5,0½ � ð1Þ

Series of daily cumulative GDD4.5 were calculated for each
year of the 20 year reference period at each site starting

with 1 July. The first day in each series for which the
threshold of 450 C� days was reached was recorded as bud-
burst date. Heat accumulation series for each day following

Table 1. Viticultural climate metrics calculated for each vineyard site of the
study wines.

Metric
code Metric description

GDD Total growing degree days from 1 September to 31
May for 20 year period up to 30 June 2019

GDDph Growing degree days (phenological), total GDD
between estimated budburst and estimated
maturity

Budburst
Day

Estimated budburst, days after 30 June

Harvest
Day

Estimate maturity (harvest) date, days after 30 June

GSTt Growing season temperature (traditional), i.e.
average temperature between 1 October and 30
April

GSTp Growing season temperature (phenological), i.e.
average temperature between estimated budburst
and estimated maturity

CNIt Cool night index (traditional), i.e. average minimum
temperature of March

CNIp Cool night index (phenological), i.e. average
minimum temperature of 15 days preceding
estimated maturity

RPTp Ripening period temperature (phenological), i.e.
average temperature of 30 days preceding
estimated maturity

RainGS Total rain during growing season (mm)
RainRP Total rain during ripening period (mm)
EvapGS Total evaporation during growing season (mm)
EvapRP Total evaporation during ripening period (mm)
RadnRP Average solar radiation during ripening period

(MJ/m2)
VPRP Average vapour pressure during ripening period

(hPa)
RHmaxTRP Average daily RH at the day’s maximum

temperature during ripening period (%)
RHminTRP Average daily RH at the day’s minimum temperature

during ripening period (%)

Growing season is the period between estimated budburst and estimated
maturity. Ripening period is the period from 30 days prior to estimated matu-
rity date to maturity date. Note that cool night index was calculated using a
15 day period preceding estimated harvest date, as preliminary analyses indi-
cated this produced a stronger predictor than if using a 30 day period.

Figure 1. Example of estimation of phenological events (budburst and
harvest) and heat unit accumulation for the Southern Hemisphere. To
estimate budburst date, GDD4.5 is summed until the 450 C�days threshold
is met commencing from 1 July (Julian day = 1), which for this
hypothetical location occurs on Julian day 97 or 5 October. To estimate
harvest date, starting on Julian day 97, GDD10 is summed until the target
heat accumulation (for this hypothetical case, 1407 C�days) is met, which
(in this case) occurs on Julian day 267 (24 March). Timings of estimated
budburst and harvest vary from example shown.
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budburst in the form of GDD (GDD10) (Winkler et al. 1974),
that is (Equation 2),

GDD10 ¼max TmaxþTminð Þ=2�10,0½ � ð2Þ

where Tmax and Tmin are the maximum and minimum tem-
perature, were then produced at each location for the vin-
tage year of the wines used in the study. The cumulative
total GDD10 at the recorded harvest date of the vintage year
of the samples served as a target heat accumulation to esti-
mate maturity (assumed harvest date) of all remaining
20 years at each site. Subsequently, phenological data in the
form of estimated budburst and estimated harvest date were
modelled for each year and each site. Using these phenolog-
ical data, weather conditions for key periods were averaged
for each site in each of the 20 years. This produced data that
described average (mean) and typical variability (SD) in cli-
mate conditions at the time of estimated phenological events
at each vineyard study site.

Data analysis
A one-way ANOVA with wine as the explanatory factor
using XLSTAT (version 2020.3.1, Addinsoft, New York, NY,
USA) and then a two-way ANOVA with wine and region as
explanatory factors were completed. Principal component
analysis was completed on the mean data using the correla-
tion matrix, along with agglomerative hierarchical clustering
(AHC) (Ward’s method, standardised data) using XLSTAT.
Partial least-squares regression was completed with chemi-
cal measures and climate data as x-data and mean sensory
attributes (Pearson et al. 2020) as y-data, using Unscrambler
Version 11.0 (Camo Analytics, Oslo, Norway), with the
NIPALS algorithm, and leave one out cross-validation, with

variables weighted by 1/SD, and an uncertainty test using
jack-knifing.

Results and discussion

Region of origin differences in chemical composition
The 22 wines studied comprised four each from the BV,
MV, CB and YV, and three each from HC and HV [detailed
in Pearson et al. (2020)]. Most wines were from the 2015
vintage, with some examples from the 2016 vintage also
included, and were selected following detailed preliminary
sensory evaluation to ensure examples of wines rep-
resenting the range of sensory properties of each region
were included (Pearson et al. 2020). The wines were com-
prehensively analysed, including basic chemical measures,
yeast-derived volatiles, monoterpenes, oak volatiles, sulfur
compounds, norisoprenoids and non-volatiles. All measures
differed significantly across the 22 wines, except for cis-
2-hexenol and butyl acetate, and consequently these two
compounds were excluded from further analysis. An
ANOVA with region as a factor was performed on all the
chemical data and showed that 18 of the 70 measures were
significantly different (P < 0.05) across regions, while
another eight measures showed a trend (P < 0.1). Mean
values of the chemical measures for each region can be
found in Tables 2 and 3, with results for each of the wines
provided in Table S2.

The wines from the HV region had the lowest pH values,
with MV wines also relatively low, while CB, BV and HC
wines all had higher pH values compared to the overall
group mean. As expected, these pH values correlate nega-
tively with TA. Both the HV and YV wines had the lowest
alcohol concentration, with both regions having wines with

Table 2. Non-volatile composition of the wines from the Barossa Valley, McLaren Vale, Heathcote, Hunter Valley, Canberra District and Yarra Valley regions.

Measure

Barossa
Valley
(n = 4)

McLaren
Vale (n = 4)

Heathcote
(n = 3)

Hunter
Valley
(n = 3)

Canberra
District (n = 4)

Yarra
Valley
(n = 4)

P-
value LSD

Alcohol (%
v/v)

14.4 � 0.6 14.6 � 0.2 14.8 � 0.9 13.8 � 0 14.3 � 0.3 13.7 � 0.4 0.055† 0.70

pH 3.68 � 0.07 3.59 � 0.05 3.68 � 0.04 3.48 � 0.03 3.83 � 0.16 3.58 � 0.11 0.003 0.14
Free SO2

(mg/L)
12 � 5 13 � 4 11 � 4 17 � 4 22 � 7 15 � 4 0.13 –

Total SO2

(mg/L)
42 � 11 49 � 14 51 � 20 64 � 0 72 � 23 60 � 22 0.31 –

TA (g/L) 5.73 � 0.56 6.23 � 0.35 5.73 � 0.29 6.50 � 0.40 5.68 � 0.38 5.98 � 0.17 0.067† 0.57
Volatile acidity
(mg/L)

0.65 � 0.09 0.68 � 0.12 0.66 � 0.09 0.66 � 0.07 0.70 � 0.08 0.57 � 0.13 0.60 –

Pigmented
tannin (%)

21.5 � 4.1 24.3 � 4.1 25.7 � 9.8 23.8 � 8.7 16.8 � 4.0 21.5 � 2.1 0.38 –

Chemical age 0.50 � 0.06 0.53 � 0.04 0.54 � 0.10 0.51 � 0.09 0.46 � 0.06 0.51 � 0.03 0.62 –
Colour density
(a.u.)

11.1 � 1.3 12.4 � 1.9 12.2 � 2.7 8.3 � 0.4 8.8 � 1.3 10.3 � 1.6 0.019 2.4

Free
anthocyanins
(mg/L)

191 � 54 183 � 35 176 � 66 134 � 51 207 � 43 181 � 36 0.532 –

Hue 0.81 � 0.06 0.78 � 0.04 0.74 � 0.03 0.73 � 0.05 0.74 � 0.03 0.76 � 0.03 0.163 –
Pigmented
tannin (a.u.)

3.08 � 0.40 3.71 � 0.67 3.91 � 1.58 2.46 � 0.42 2.36 � 0.51 2.99 � 0.45 0.066† 1.1

Total phenolics
(a.u.)

54.2 � 5.6 58.6 � 8.7 59.3 � 8.4 54.0 � 2.0 50.8 � 8.6 56.0 � 11.7 0.745 –

Total pigment
(a.u.)

14.7 � 2.9 15.3 � 1.9 15.3 � 2.8 10.8 � 1.9 14.3 � 1.9 14.0 � 2.3 0.211 –

Total tannin
(g/L)

1.60 � 0.28 1.85 � 0.44 1.87 � 0.48 1.54 � 0.14 1.40 � 0.39 1.64 � 0.66 0.681 –

P values from ANOVA with region as a factor and Fishers’ least significant difference (LSD) values (P = 0.1) are shown; LSD value with ’-’ signifies the measure
was not significant P < 0.1 values in bold are significant P < 0.05. † Indicates the compound was significant by region P < 0.1.
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alcohol values below the overall group mean (14.25%),
while MV, BV and HC were above the overall group mean,
although the SD range was larger for BV and HC.

Analysis of the non-volatiles provided measures relating
to colour/pigment, phenolic substances and tannin. These
variables were generally not significantly different across
regions, although colour density and pigmented tannin dif-
fered, with the MV and HC regions having higher values for
these measures, and the CB region notably lower. The HV
wines also have values for this group of analyses that tend
to be lower than the remaining regions, with CB and HV
samples found to be significantly different from the MV and
HC samples for both measures.

The volatile compounds, 4-methylguaiacol, 5-methylfurfural,
cis-oak lactone, trans-oak lactone, eugenol, guaiacol and
vanillin, are indicative of oak maturation, with these com-
pounds originating from the oak barrels used in production
(Boidron et al. 1988). The use of oak barrels varied
between producers, but also between regions. The com-
pounds, cis- and trans-oak lactone, eugenol, guaiacol and
vanillin, were present near or above their sensory detec-
tion threshold in many of the wines studied, although
were found to be not significantly different by region.
Three of the four BV wines, however, had a higher con-
centration of these compounds (Table S1), suggesting a
possible trend of greater new oak barrel use in this region.
Only one wine (MV2) had an above threshold concentration
of 4-ethylguaiacol and 4-ethylphenol, the compounds associ-
ated with Brettanomyces/Dekkera spoilage; these compounds
were either not detected or present at low concentration in
all other wines.

The concentration of dimethyl sulfide (DMS, significant
by region P < 0.05) was well above the reported sensory
threshold for all wines, with three of the YV samples having
the highest values for this compound (Table S1), which is
implicated in blackcurrant or vegetal aromas (van Leeuwen
et al. 2020). Methanethiol was also significantly different
among regions, with CB higher in this generally undesirable
rubber/sewage-like compound.

The ester component of the analysis was comprehensive,
with 19 compounds quantified. Significant regional differences
were observed for the yeast-derived esters ethyl propanoate,
ethyl isobutyrate, ethyl hexanoate and ethyl decanoate, as well
as ethyl cinnamate and ethyl dihydrocinnamate, while there
was a trend for differences in ethyl 2-methylbutyrate, ethyl
3-methylbutyrate and phenylethyl acetate. The BV wines were
higher in ethyl propanoate and ethyl hexanoate, and lower in
ethyl isobutyrate, ethyl 2-methylbutyrate and ethyl 3-met-
hylbutyrate. McLaren Vale wines were also higher in ethyl
propanoate and ethyl isobutyrate, as well as ethyl
2-methylbutyrate, ethyl 3-methylbutyrate and phenylethyl
acetate. These two regions tended to have contrasting ester
profiles. The CB and YV regions generally had lower values
for most ester compounds. The YV wines, however, had a
higher concentration of ethyl dihydrocinnamate and ethyl
cinnamate (both significant by region, P < 0.05), with
mean values above their reported sensory threshold. These
compounds were also notably low in the HV and MV
samples.

Of the three C6 hexenol derivatives that were measured,
there were no major regional differences, and the concentra-
tion of each was well below the reported aroma detection
threshold. Consequently, it is unlikely that these compounds
have a strong influence on the regional sensory characters of
these wines.

Both MV and BV wines had a higher concentration of
γ-nonalactone (significant by region P < 0.05), while HC and
YV wines trended to lower concentration. The concentration
observed in all samples, however, was below the aroma
threshold value. This compound has been implicated in dried
fruit aroma (Pons et al. 2008). Dried fruit aroma has also been
linked to the compounds 3-methyl-2,4-nonanedione, massoia
lactone, furaneol and homofuraneol (Allamy et al. 2018)
among others, but as none of these compounds were mea-
sured in this study, confirmation of these findings was not pos-
sible. The compound 1,4-cineole was also significant (P < 0.05)
and was higher in MV and HV samples and lower in HC and
CB, but still well below the sensory detection threshold.

Eight monoterpenes were analysed, with five of the
eight significant by region (P < 0.1). The CB wines generally
had higher values for these floral, citrus-like compounds,
while HC and YV had lower values. McLaren Vale wines
also tended to be lower in these compounds, with the
exception of 4-terpineol, where three of the four wines had
high values compared to the remaining sample set. CB
had a higher concentration of γ-terpinene, terpinolene, lin-
alool, citronellol and trans-geraniol, although all were below
their aroma detection threshold concentration.

The concentration of rotundone, the potent ‘black pep-
per’ sesquiterpene, in the sample set was generally low, with
no significant regional differences; however, YV3 contained
six times higher concentration than the group mean
(Table S1). One other YV wine and two CB wines also had a
moderately high concentration of rotundone, which has been
reported to be related to a cooler growing season temperature
and higher solar radiation (van Leeuwen et al. 2020).

Measured grape-derived norisoprenoids involved in fru-
ity aroma, β-damascenone, α- and β-ionone, were all lower
in the wines from YV and HV. The lower mean β-ionone
concentration in the YV and HV wines was significantly
below the reported sensory detection concentration, while
none of the α-ionone values were above the sensory detec-
tion threshold.

Only one wine had detectable 3-isobutyl-2-methoxypyrazine
(IBMP), the highly potent ‘green pepper’ compound—a YV
wine with 5 ng/L. While Shiraz berries do not have detectable
IBMP, recent reports have indicated that inclusion of the
bunch rachis (stem) in fermentation can have appreciable
influence on this compound (Day et al. 2020).

In order to investigate the regional differences, PCA was
completed on the chemical data for the compounds that
were significant by region (P < 0.1). The mean sensory attri-
bute rating data for each wine from Pearson et al. (2020)
was then overlaid as supplementary data. The results for
these significant compounds were then also subjected to
cluster analysis. The biplot for principal component (PC)1
and PC2 and the cluster analysis dendrogram are shown in
Figure 2a,b.

The PCA biplot in Figure 2a explained 47.7% of the
variance and highlights the compounds that differed signifi-
cantly across the regions. The wines from each of the
regions tended to be closely grouped. The CB samples, and
especially CB1, CB2 and CB3 have a higher overall concen-
tration of the monoterpene compounds and methanethiol,
as well as higher pH, being well separated from wines of the
other regions, plotted to the left of Figure 2a. The sensory
attributes brown colour, pepper flavour, drain aroma, floral
and red fruit aroma were related to the positioning of the
CB wines. The YV wines as noted above had a higher con-
centration of ethyl dihydrocinnamate, ethyl cinnamate and

© 2021 Australian Society of Viticulture and Oenology Inc.
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DMS, especially YV1 and YV3, which were relatively low in
concentration of alcohol and norisoprenoids. The YV wines
were also rated highly in stalky and cooked vegetal attri-
butes. These characters could be related to whole bunch
inclusion during primary ferment—a practice that anecdot-
ally tends to be employed by YV winemakers and increases
the ethyl cinnamate concentration in wines (Casassa
et al. 2021). The MV wines were well separated from the
other wines and were the most tightly grouped region, with
higher colour density and pigmented tannin values, as well
as being higher in multiple esters, norisoprenoids,
4-terpineol, 1,4-cineole and γ-nonalactone. The BV wines
were also closely grouped and had a similar but somewhat
lower concentration of the same compounds as the MV
wines. The sensory attributes that were most associated with
the compounds present in the MV and BV wines included
viscosity, opacity (colour intensity), hot, purple colour,
astringency, dark fruit, dried fruit, sweet, woody, spice and
to a lesser extent bitterness. A higher concentration of
norisoprenoids has been reported to increase fruity aromas
and flavours, and they have been found at higher concen-
tration in wines made from vines exposed to increased solar
radiation (Mendes-Pinto 2009). The HV wines were notably
high in ethyl 2-methyl butyrate, ethyl 3-methylbutyrate,
ethyl isobutyrate and 1,4 cineole, but no sensory attributes
were positively related to these compounds. Principal com-
ponent 3 (13.8% of the variance, not shown) separated the
HV wines from the other regions, showing a higher concen-
tration of the esters ethyl decanoate, ethyl propanoate and
ethyl hexanoate, and these were linked to the sensory attri-
butes red fruit aroma and flavour, and confection aroma.
Principal component 3 also highlighted the low values for
pigmented tannin and colour density in the HV wines. The
HC wines were positioned to the centre of Figure 2a being
generally intermediate in all compounds measured and
were not linked to specific sensory attributes.

Agglomerative hierarchical clustering was also com-
pleted on the wines using the chemical compounds found to
be significant by region (Figure 2b). The AHC results high-
light the trends seen in the PCA biplot, with the CB, BV and
MV wines clustered together. The wine HC3 was included
in the same cluster as the four BV samples, while the other
two HC samples were found in the cluster containing the
four MV samples. This cluster also contained two YV wines
(YV2 and YV4). Sample HV3 was found to be unique in the
clustering, while the HV1 and HV2 samples were also found
to be unlike any of the other samples and were clustered by
themselves. Samples YV1 and YV3 were also found to be
sufficiently dissimilar to any of the other samples and were
clustered separately.

Climate data
The climate data (Table S2) involved multiple detailed indi-
ces to describe the characteristics of the regions. Some
parameters, such as rainfall and GDD, are well known for
broadly distinguishing viticultural regions. The multiple cli-
matic indices for each specific site utilised in the present
study provided insight into more subtle differences between
the regions. The use of wines from two vintages also
allowed some seasonal variations to be investigated.

Figure 3 shows a PCA of the climate data, to visualise
the characteristics of the 22 vineyards. This biplot illustrates
the relationships among the climatic indices and also dis-
plays differences and similarities between each vineyard siteTa
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Figure 2. (a) Biplot of principal components 1 and 2 of the chemical measures ( ) that significantly differed across the Barossa Valley (BV) ( ); McLaren
Vale (MV) ( ); Heathcote (HC) ( ); Yarra Valley (YV) ( ); Hunter Valley (HV) ( ); and Canberra (CB) ( ) (P < 0.1) for the 22 wines, with sensory attribute
rating mean scores ( ) included as supplementary information. Components 1 and 2 explained 29.6 and 18.1% of the variance, respectively. Wines are
colour coded based on region. (b) Agglomerative hierarchical clustering (AHC) of the same chemical measures, where clusters are denoted by black bars and
samples are colour coded by region as in (a).
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and their most defining climatic indices, with 73.2% of the
variance explained by the first two factors.

The largest separation of the vineyards was along PC1,
with temperature related indices GDD, GDDph and GSTt
highly positively correlated and responsible for most of the
separation of vineyards along PC1, together with the nega-
tively correlated metrics Harvest Day and Budburst Day.
The HV vineyards, plotted to the far right of Figure 2 were
tightly grouped and had the highest values for GDD, GDDph
and GSTt, and also high rainfall and related measures
RainRP, VPRP, RainGS and RHmaxTRP, with low Harvest
Day and Budburst day values. Conversely, the YV and CB
wines were to the far left of Figure 2, with high Harvest Day
and Budburst Day metrics. Vineyards from these regions
were not so tightly grouped, with CB1 and CB2 clearly sep-
arated from CB3 and CB4. This shows some of the climate
variation within the CB region, as CB1 and CB2 were both
from the Murrumbateman subregion, while CB3 and CB4
were located approximately 30 km to the east at Lake
George. Wine YV4 is approximately 40 km from the other
YV vineyards and the separation along PC1 again demon-
strates later Harvest Day and Budburst Day values.

The two HC samples, HC1 and HC2, were positioned
close to the YV and CB sites, while HC3 was situated close
to the MV and BV vineyards. This highlights the climatic
diversity in the HC region. It also follows the same pattern
as the clustering of significant chemical compounds of wines
from the BV and the HC3 sites into one cluster in the AHC
analysis (Figure 2b) as described earlier. Barossa Valley and
MV lie towards the middle of PC1, with temperature-related
measures higher than for CB and YV, while not as high as
the HV vineyards; and the MV wines were slightly higher
than those of BV. Factor 2 separates these vineyards with
high values for solar radiation and evaporation measures
(EvapRP, EvapGS and RadnRP), and low rainfall measures.
The rainfall values for BV (Table S2) highlight the lack of

rainfall in the region for the two growing seasons and show
little differentiation between MV when comparing both GST
designations.

The vineyards from HV have the most distinctly different
rainfall and associated indices; 2015 and 2016 were high
rainfall seasons in HV (Table S2). Even if the HV vineyard
which had the lowest rainfall is considered, it is still more
than double that of the majority of other samples. The high
VP and low solar radiation (Radn) figures also reflect the
higher rainfall in the HV.

When examining the SDs from the 20 year means of the
climate data (Table S2), there are a few trends worth
highlighting. The indicator Harvest Day has a negative SD
from the mean for all samples in the set, meaning that in
2015 and 2016, every site had a Harvest Day (estimated)
earlier than the 20 year mean. Heathcote appears to be the
most affected, with two of the three sites �2.0 SDs from
the mean, and the third �1.8 SD. The metric GSTp also has
all positive SDs away from the 20 year mean for all sites but
one, signifying an increase in growing season temperature
in all regions. The measures GDDph and RadnRP also con-
firm this trend, with positive SDs from the mean in 20 of
the 22 sites. This agrees with Australian Bureau of Meteo-
rology data that indicates that September, October and
November (Spring designation) in 2014 and 2015 were the
third and first hottest springs over a 20 year period for
South Eastern Australia (Australian Bureau of
Meteorology 2021). Similarly, rainfall totals were the third
and second lowest recorded.

Relating sensory attributes to chemical composition and
climate measures
One of the aims of the present work was to determine the
chemical compounds that relate to specific sensory attributes
in the wines, and especially those sensory attributes that

Figure 3. Biplot of principal components 1 and 2 of the climate indices for the sites of the 22 wines from the Barossa Valley (BV) ( ); McLaren Vale (MV)
( ); Heathcote (HC) ( ); Yarra Valley (YV) ( ); Hunter Valley (HV) ( ); and Canberra (CB) ( ) regions, explaining 73.1% of the variance. Factor 3 (not
shown) explained a further 11.5%.
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related to region specific differences among the wines
(Pearson et al. 2020). In order to assess this, PLS-R was
applied, incorporating all sensory attributes in one model,
and including all chemical compounds measured that dif-
fered among the 22 wines, rather than simply those that
were significantly different between regions. The climate
indices were also included, to investigate potential causative
links related to the vineyard.

From the PLS-R it was found that four factors were
sufficient, based on the size of the residual validation
variance and assessment of R2 validation (also known as
Q2) values. Figure 4 shows the biplot of factors 1 and 2 of
the PLS, which provides a visualisation of the main rela-
tionships in the data sets. Factors 3 and 4 are provided in
Figure S1. Regression coefficients from the analysis are

Figure 4. Factors 1 and 2 of the partial least squares regression biplot: (a) loadings and (b) wine scores from a four-factor model for sensory attributes (y variables, red
text) and chemical compounds and climate measures (x variables, blue text). Measures in bold italics ( ) signify significant variables as indicated by the uncertainty test. The
proportion of the x-variance explained by the factors is denoted by the first value in parentheses and the proportion of y-variance by the second value. Samples scores shows
wines coloured by region: Barossa Valley (BV) ( ); McLaren Vale (MV) ( ); Heathcote (HC) ( ); Yarra Valley (YV) ( ); Hunter Valley (HV) ( ); and Canberra (CB) ( ).
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provided in Table S3 and were used below to assess the
associations of the measures to the sensory attributes.

The first four factors of the PLS-R analysis modelled
48% of the variance of the sensory data. Those sensory
attributes that were well modelled are situated within the
two ellipses, which represent 50 and 100% of the explained
variance, respectively. The x-variables that relate signifi-
cantly to the sensory data are highlighted in Figure 4a,
although other measures are also likely to be important,
notably those with strong loadings and situated close to specific
sensory attributes.

The stalky aroma and flavour attributes were moderately
well modelled (R2 calibration predicted vs measured values of
0.57 and 0.67, respectively). Those wines with higher ratings
for stalky aroma and flavour, mainly YV and CB wines, were
situated in the upper left quadrant of Figure 4. The stalky attri-
butes were positively associated with the climate index
RHminTRP, as well as late Budburst Day and Harvest Day,
and the compounds ethyl cinnamate, ethyl dihydrocinnamate
and rotundone. They were negatively associated with the solar
radiation index RadnRP, and γ-nonalactone, ethyl propanoate
and the oak-related compounds cis-oak lactone and eugenol.
3-Isobutyl-2-methoxypyrazine was also indicated as contribut-
ing to these stalky attributes, even though IBMP was found in
only one wine (YV4, 5 ng/L) (Table S1). This wine also had
the highest concentration of the two cinnamate esters.
The pepper flavour attribute, highest for two YV and two CB
wines, was also relatively well modelled (R2 calibration 0.61),
and was positively associated with ethyl cinnamate, ethyl dihy-
drocinnamate and rotundone, together with Harvest Day and
Budburst Day, citronellol, IBMP and pH. Conversely,
rotundone had a negative association with the group of cli-
mate indices at the lower section of Figure 4a, including GDD,
GDDph, GSTt, GSTp, CNIt and CNIp. The indication of late
Budburst Day and Harvest Day leading to higher rotundone
concentration is of interest, providing guidance for potential
means of enhancing the level of this potent compound
through vineyard establishment or management decisions.

The wines with strong colour, high woody flavour, high
dark fruit aroma and flavour, dried fruit aroma, high viscosity,
hotness and bitterness, to the right of Figure 4, were predomi-
nantly BV and MV wines, along with the one HC wine, HC1.
Each of these attributes was reasonably well modelled (R2 cali-
bration values of 0.48–0.72), with largely the same x-variables
positively related, notably colour density, pigmented tannin,
total tannin, pH, total pigments, alcohol, phenylethyl acetate,
cis-2-hexenol, γ-nonalactone, β-damascenone, α- and
β-ionone, with the climate indices RadnRP, EvapRP and
EvapGS also significantly positively associated with these attri-
butes and RainGS, RainRP, VPRP and RHmaxTRP strongly
negatively associated. The relationship between RadnRP and
β-damascenone and α-ionone agrees with previous research
that has correlated solar radiation with higher production of
norisoprenoids (Mendes-Pinto 2009). Factor four (Figure S1b)
highlighted dried fruit aroma and its relationship with
β-ionone and EvapRP. γ-Nonalactone has previously been
implicated in dried fruit aroma (Pons et al. 2008) and a posi-
tive association with the attribute can been seen in Figure 4a.
The oak related compounds cis-oak lactone and eugenol were
stronger contributors to woody and spice attributes as would
be expected (Boidron et al. 1988).

Astringency was reasonably modelled (R2 calibration
value of 0.51), with a positive association for total tannin
and total phenolic substances.

The red fruit attributes, which were relatively high for
the HV wines, were reasonably well modelled by the x-
variables (R2 calibration values of 0.66 and 0.56). The com-
pounds 5-methyl furfural (caramel-like) and furfural (nutty)
were positively related to these attributes, together with
propyl acetate, ethyl decanoate, cis-3-hexenol and cis-3-
hexenyl acetate, with colour density, pigmented tannin,
tannin, phenylethyl acetate and alcohol negatively associ-
ated. The climate indices Rain RP, Rain GS, RHmaxTRP and
VPRP were all positively related to the red fruit attributes. In
addition, GDD and GDDph were also associated with the
red fruit attributes.

Floral aroma, which was a feature of the CB wines, was
not particularly well modelled (R2 calibration 0.49),
although there was some evidence that the monoterpenes
α-terpineol, terpinolene and linalool were contributing to
this aroma (Figure S1a).

Sweetness (R2 calibration 0.42) was positively related to
several ‘sweet’ smelling volatiles, including cis-and trans-oak
lactone, vanillin and α- and β-ionone.

The HC wines were rated highly in dark fruit and opacity
attributes, as well as coffee and beef stock aroma, attributes
which were distinctive for this region. The latter two attri-
butes were not well modelled by the chemical compounds
or the climate metrics measured in this study. Of all wines
HC1 had the highest alcohol concentration, signifying har-
vest at a higher level of ripeness than the other HC wines.
The important influence of alcohol on multiple wine sen-
sory characteristics is well documented (Gawel et al. 2007,
Runnebaum et al. 2011, King et al. 2013). It is difficult to
discern if these are regional characters because of climate or
other vineyard specific metrics or alternatively products of
winemaking decisions.

Several other attributes were not well modelled, notably
drain, mint, umami and earthy.

Overall, for the wines and vintages studied, it was appar-
ent that the climate indices played a large role in separating
the wines, with most of the indices relating to the sensory
variation.

Conclusions
This study has highlighted that many of the sensory attri-
butes important to Shiraz, and especially to specific region-
ally distinctive sensory attributes, could be related to a
relatively small set of chemical compounds. Floral attributes
of CB wines were linked to monoterpenes; stalky and
cooked vegetal characters of YV wines to two cinnamate
compounds, plus DMS; pepper to rotundone; dark fruit and
dried fruit attributes of BV and MV wines to several potent
fruity norisoprenoids and phenylethyl acetate; and red fruit
characters of HV wines to 5-methylfurfural and furfural,
and several esters. Most of these associations are logical
given previous studies, but confirmation with reconstitu-
tion/omission studies would be desirable. Other important
sensory attributes, such as colour, astringency and viscosity,
were also well associated with straightforward non-volatile
measures.

The chemical compounds identified can be used as
targets in viticultural or winemaking studies or as key
markers for mapping spatial variation in vineyards, within
or between regions, such as has been done with rotundone
(Bramley et al. 2017). The inclusion in the study of detailed
site- and season-specific climatic indices, including pheno-
logical measures, gave great insight into likely causative
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influences on wine chemical composition and hence sensory
properties. These measures are readily available and
straightforward to calculate, and give a finer ability to assess
temperature, rainfall and other effects on vines and hence
wine composition and sensory outcomes. While utilised in
previous studies to some extent (King et al. 2014), the
incorporation of these separate data sets provides a model
for answering research questions for other grape cultivars
and regions. Inclusion of soil, aspect or management
variables on a fine scale would be valuable in future studies.

Understanding regional characteristics in Australian
Shiraz wines, whether chemical, climatic or sensory charac-
teristics, will lead to a more complete appreciation of what it
means for a wine to come from a particular place. Evaluat-
ing the comprehensive chemical profile of a large, diverse
and representative sample set of wines from specific regions
allowed understanding of the important compositional char-
acteristics of wines from a particular region and also the
implications of those characteristics on the resulting sensory
profile. These parameters can assist regional wine producers
identify and potentially enhance sensory characteristics
identified as regionally specific, and better understand the
climate influences that promote them.
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Table S1. Chemical analysis of 22 wines selected from the Barossa Valley, Canberra District, Heathcote, Hunter 
Valley, McLaren Vale and Yarra Valley regions. .  

 Concentration (μg/L) unless otherwise indicated 

Sample 5-Methyl 
furfural 

Carbon 
disulfide 

cis-Oak 
lactone Dimethysulfide Eugenol Furfural 

Methyl 
thioacetat

e 

trans-Oak 
lactone Vanillin 

BV1 16.0 5.8 62 86 14.7 222 5.8 37 67 
BV2 24.7 3.3 200 59 18.0 286 6.7 101 349 
BV3 42.0 5.3 195 135 33.0 215 5.8 144 150 
BV4 36.3 15.3 177 130 25.3 191 9.2 125 118 
CB1 90.7 13.3 110 70 11.0 298 nd 52 223 
CB2 73.3 2.1 175 38 22.0 475 3.8 109 229 
CB3 26.0 4.7 92 137 14.0 357 13.7 55 142 
CB4 20.7 3.6 112 132 17.0 301 6.0 73 142 
HC1 48.3 7.3 177 88 27.0 157 6.3 128 163 
HC2 111.0 14.0 102 52 17.3 180 7.9 82 130 
HC3 20.7 2.8 66 82 12.0 180 8.0 44 138 
HV1 61.3 2.8 88 40 18.0 200 0.0 77 96 
HV2 162.3 3.4 99 44 20.7 377 6.6 65 177 
HV3 52.7 2.6 170 50 29.0 355 0.0 90 78 
MV1 69.3 3.0 160 80 24.0 244 7.2 56 143 
MV2 nd 3.3 103 90 16.7 106 1.9 60 118 
MV3 0.0 2.2 29 44 nd 221 12.0 nd 29 
MV4 28.3 2.6 227 62 23.3 221 6.3 43 196 
YV1 62.7 23.7 177 356 25.3 184 7.6 141 134 
YV2 22.0 5.6 159 160 24.0 123 8.7 123 166 
YV3 nd 7.6 22 275 nd 136 nd nd 33 
YV4 nd 4.3 49 54 nd 145 nd 31 48 

 

Sample 4-Ethyl 
guaiacol 

4-Ethyl 
phenol 

4-Methyl 
guaiacol Guaiacol H2S Methanethiol Free SO2 

(mg/L) 
Total SO2 

(mg/L) 
TA (8.2) 

(g/L) 

BV1 nd 3.3 2.7 24.3 2.77 2.70 9 28 5.2 
BV2 10.0 52.7 14.0 28.3 2.53 2.97 9 42 5.5 
BV3 nd nd 5.0 33.0 2.83 1.83 20 56 5.7 
BV4 nd nd 5.0 22.3 2.37 3.67 13 41 6.5 
CB1 nd nd 3.0 26.0 2.50 2.90 32 104 5.6 
CB2 nd nd 5.0 25.7 2.40 4.33 21 70 6.1 
CB3 nd nd 4.0 31.0 2.63 3.33 18 62 5.2 
CB4 nd nd 4.0 28.0 2.77 3.07 15 51 5.8 
HC1 nd nd 4.0 16.7 3.23 2.40 7 63 5.9 
HC2 nd nd 7.0 25.3 2.50 2.20 10 27 5.4 
HC3 nd nd 4.7 19.0 2.87 2.57 15 62 5.9 
HV1 16.7 11.0 4.0 20.0 2.80 2.37 22 87 6.5 
HV2 22.0 16.0 7.0 36.7 2.57 1.77 15 49 6.1 
HV3 15.3 nd 4.0 26.0 2.23 1.77 14 56 6.9 
MV1 nd 43.7 5.0 27.3 2.37 2.13 12 38 6.6 
MV2 74.7 576.0 3.0 23.7 2.30 2.10 8 46 6.1 
MV3 nd nd 1.0 17.7 2.30 1.67 19 43 5.8 
MV4 nd nd 2.0 16.0 2.30 1.53 13 69 6.4 
YV1 nd 15.3 5.3 14.0 5.33 2.63 17 77 6.2 
YV2 nd 76.3 4.0 25.3 2.83 2.67 14 77 5.9 
YV3 nd nd 1.3 21.3 2.50 2.33 10 30 6.0 
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YV4 nd nd 1.3 17.3 3.03 1.80 20 56 5.8 
 

Sample Pigmented 
tannin (%) 

Chemical 
age 

Colour 
density 

(a.u) 

Free 
anthocyanins 

(mg/L) 
Hue Pigmented 

tannin (a.u) 

Total 
phenolics 

(a.u) 

Total 
pigment 

(a.u) 

Total 
tannin 
(g/L) 

BV1 17.0 0.44 10.6 226 0.76 2.67 53 15.8 1.58 
BV2 24.3 0.54 9.8 138 0.89 2.82 51 11.6 1.50 
BV3 19.2 0.48 12.9 247 0.76 3.49 62 18.2 1.99 
BV4 25.5 0.56 10.9 150 0.82 3.34 51 13.1 1.34 
CB1 11.0 0.37 8.2 264 0.73 1.78 49 16.2 1.26 
CB2 17.4 0.48 7.5 175 0.69 2.14 42 12.3 1.01 
CB3 18.8 0.49 10.5 215 0.77 2.94 62 15.7 1.92 
CB4 20.1 0.50 9.0 172 0.75 2.59 50 12.9 1.41 
HC1 36.8 0.66 14.8 119 0.72 5.68 68 15.4 2.42 
HC2 21.2 0.50 9.4 161 0.78 2.64 52 12.4 1.56 
HC3 18.9 0.47 12.5 249 0.73 3.42 58 18.1 1.61 
HV1 18.5 0.46 7.9 159 0.70 2.13 55 11.5 1.57 
HV2 19.0 0.46 8.6 168 0.69 2.33 52 12.3 1.39 
HV3 33.8 0.62 8.4 76 0.79 2.93 55 8.7 1.66 
MV1 28.3 0.57 14.2 166 0.80 4.46 68 15.8 2.39 
MV2 27.4 0.56 12.1 151 0.80 3.79 56 13.9 1.74 
MV3 21.1 0.50 13.4 232 0.78 3.77 62 17.9 1.95 
MV4 20.4 0.49 9.9 183 0.72 2.83 48 13.9 1.33 
YV1 24.3 0.53 11.0 164 0.76 3.34 55 13.8 1.44 
YV2 21.2 0.52 10.2 182 0.78 2.99 49 14.1 1.26 
YV3 21.0 0.52 8.1 147 0.77 2.37 47 11.3 1.24 
YV4 19.3 0.48 11.8 229 0.72 3.27 73 16.9 2.62 

 

Sample Alc. 
(%/vol) pH Volatile acidity 

(mg/L) 
Rotundone 

(ng/L) 
IBMP 
(ng/L) 

Ethyl 
propanoate 

Ethyl 
isobutyrate 

Propyl 
acetate 

BV1 14.03 3.74 0.52 6.7 nd 210 137 28.5 
BV2 14.01 3.69 0.68 3.0 nd 278 190 27.2 
BV3 14.86 3.70 0.69 6.0 nd 296 195 37.6 
BV4 14.72 3.57 0.71 4.2 nd 318 179 48.6 
CB1 14.34 3.84 0.79 4.2 nd 206 131 58.0 
CB2 13.88 3.70 0.72 7.4 nd 204 135 25.7 
CB3 14.60 4.04 0.62 11.6 nd 155 145 20.0 
CB4 14.04 3.72 0.65 14.2 nd 178 249 16.9 
HC1 15.84 3.72 0.69 1.9 nd 227 276 18.0 
HC2 14.13 3.65 0.56 3.1 nd 196 343 15.0 
HC3 14.40 3.67 0.72 3.7 nd 176 207 21.7 
HV1 13.80 3.50 0.62 5.4 nd 277 169 29.8 
HV2 13.73 3.48 0.63 7.3 nd 270 275 42.7 
HV3 13.70 3.45 0.74 8.2 nd 245 541 24.8 
MV1 14.89 3.60 0.86 3.5 nd 281 339 30.1 
MV2 14.21 3.64 0.64 4.4 nd 285 261 36.9 
MV3 14.62 3.61 0.62 5.9 nd 198 301 14.8 
MV4 14.32 3.52 0.61 5.0 nd 247 318 22.0 
YV1 13.00 3.51 0.49 5.2 nd 221 205 25.7 
YV2 14.21 3.70 0.51 4.8 nd 206 208 15.4 
YV3 13.66 3.47 0.52 52.8 nd 180 196 22.1 
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YV4 14.01 3.63 0.77 10.5 5.0 145 200 17.1 

Sample Isobutyl 
acetate 

Ethyl 
butyrate 

Ethyl 2-
methyl 

butyrate 

Ethyl 3-
methyl 

butyrate 

Butyl 
acetate 

3 Methylbutyl 
acetate 

Ethyl 
hexanoate 

Hexyl 
acetate 

cis-3-Hexenyl 
acetate 

BV1 66 291 21 33 2.03 698 450 5.2 0.21 
BV2 67 196 42 56 2.64 491 365 4.2 0.40 
BV3 80 339 41 59 3.24 639 454 5.0 0.32 
BV4 65 219 33 50 2.90 584 487 16.0 0.35 
CB1 119 199 15 19 2.25 608 282 6.6 0.82 
CB2 64 151 19 28 1.91 333 312 2.9 0.19 
CB3 83 187 20 29 1.83 568 339 2.4 0.14 
CB4 91 139 45 61 1.90 481 266 2.5 0.18 
HC1 84 183 36 54 2.18 393 276 3.6 0.13 
HC2 67 225 52 71 1.34 436 425 2.6 0.25 
HC3 111 210 28 38 2.24 581 392 4.0 0.20 
HV1 42 258 33 50 2.05 384 504 5.8 0.29 
HV2 70 293 47 51 2.12 628 481 9.0 0.36 
HV3 103 161 126 141 12.11 502 287 4.2 0.41 
MV1 93 177 63 88 2.05 527 301 6.4 0.37 
MV2 77 202 47 70 2.55 566 376 7.7 0.33 
MV3 62 185 68 81 2.05 640 264 7.1 0.45 
MV4 67 193 76 84 1.87 617 316 3.4 0.26 
YV1 43 199 51 64 2.14 423 294 1.7 0.16 
YV2 61 244 61 78 2.64 574 292 2.9 0.19 
YV3 90 290 36 48 1.59 426 319 1.8 0.14 
YV4 79 155 42 57 1.69 549 288 4.1 0.21 

 

Sample Ethyl 
octanoate 

Ethyl 
decanoate 

Ethyl 
phenyl 
acetate 

Phenyl 
ethyl 

acetate 

Ethyl 
dodecanoate 

Ethyl 
dihydro 

cinnamate 

Ethyl 
cinnamate 

trans-2-
Hexenol 

BV1 458 89 2.35 34.1 3.7 0.60 1.7 31 
BV2 372 98 4.25 38.1 7.5 0.77 2.7 49 
BV3 414 76 4.50 41.2 6.3 1.01 3.2 41 
BV4 460 124 3.50 41.3 13.6 0.73 1.4 23 
CB1 279 86 3.92 45.5 6.7 0.86 2.7 45 
CB2 298 79 2.64 21.8 9.5 0.89 2.7 61 
CB3 430 123 3.37 42.2 18.1 0.88 1.8 41 
CB4 268 70 5.13 36.1 9.3 1.35 4.1 36 
HC1 268 68 3.64 38.3 2.0 0.70 1.5 29 
HC2 412 91 3.95 24.3 7.4 1.07 4.5 43 
HC3 425 101 2.89 35.6 13.6 0.95 3.4 30 
HV1 520 252 3.72 19.0 9.0 0.33 1.2 15 
HV2 572 198 3.50 18.3 12.2 0.47 1.8 50 
HV3 258 88 10.48 34.7 5.3 0.38 1.1 23 
MV1 323 79 5.43 52.2 3.0 0.48 1.3 15 
MV2 363 79 5.37 39.0 5.7 0.45 1.1 22 
MV3 323 84 4.97 72.4 2.4 0.88 1.1 26 
MV4 271 54 9.68 45.4 4.5 0.37 1.2 23 
YV1 356 74 4.29 26.9 5.1 0.76 4.5 13 
YV2 509 96 4.51 51.9 4.8 1.51 4.2 49 
YV3 301 41 2.11 20.0 2.9 2.73 14.5 37 
YV4 392 89 4.57 49.7 5.2 1.57 8.2 12 
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Sample cis-3-
Hexenol 

cis-2-
Hexenol 

trans-3-
Hexenol 

γ-
Nonalactone 

1,4-Cineole 
(ng/L) Eucalyptol α- 

Terpinene 
γ- 

Terpinene 

BV1 130 11.4 31.5 13.0 0.033 0.92 0.12 0.079 
BV2 305 11.2 43.5 14.9 0.047 3.26 0.13 0.075 
BV3 234 12.5 50.5 25.4 0.051 6.29 0.15 0.076 
BV4 165 9.7 72.7 17.1 0.058 3.91 0.14 0.073 
CB1 588 12.9 48.3 20.0 0.015 3.12 0.09 0.077 
CB2 238 9.2 57.6 8.4 0.021 2.47 0.11 0.087 
CB3 110 10.4 48.9 12.7 0.018 1.08 0.16 0.102 
CB4 195 10.4 30.5 9.3 0.017 3.66 0.10 0.051 
HC1 114 11.8 35.6 10.5 0.038 2.75 0.08 0.054 
HC2 330 12.1 42.1 10.3 0.034 8.10 0.10 0.054 
HC3 149 10.1 44.5 9.1 0.023 0.45 0.11 0.072 
HV1 260 11.0 42.6 9.8 0.053 2.18 0.12 0.089 
HV2 161 9.3 25.1 15.4 0.053 0.40 0.08 0.058 
HV3 395 11.2 51.2 13.5 0.068 0.49 0.11 0.048 
MV1 274 12.4 61.3 22.5 0.050 2.25 0.12 0.055 
MV2 184 11.8 55.4 20.4 0.072 1.93 0.09 0.053 
MV3 245 12.6 47.8 12.8 0.068 1.05 0.13 0.072 
MV4 186 14.0 35.8 28.9 0.049 1.55 0.08 0.047 
YV1 95 11.9 14.0 7.7 0.052 0.29 0.08 0.029 
YV2 192 11.7 40.3 7.5 0.036 2.93 0.15 0.081 
YV3 180 8.8 22.7 5.9 0.054 0.52 0.09 0.057 
YV4 135 12.9 25.7 12.2 0.036 0.39 0.14 0.081 

 

Sample Terpin-
olene Linalool 4-

Terpineol 
α- 

Terpineol Citronellol trans- 
Geraniol 

trans- 
Geranyl 
acetone 

α- 
Ionone 
(ng/L) 

β- 
Damascenone 

β- 
Ionone 
(ng/L) 

BV1 0.31 20.2 0.67 1.5 6.4 11.6 0.045 0.025 1.89 0.059 
BV2 0.22 6.4 0.39 1.2 3.1 2.7 0.058 0.018 1.31 0.086 
BV3 0.24 13.2 0.83 1.3 5.9 6.0 0.057 0.019 1.25 0.087 
BV4 0.19 4.8 0.49 1.0 3.4 1.9 0.096 0.019 1.52 0.127 
CB1 0.26 15.5 0.19 0.8 8.2 20.6 0.108 0.021 1.87 0.114 
CB2 0.35 21.1 0.23 1.4 6.4 10.4 0.059 0.016 0.92 0.129 
CB3 0.36 27.6 0.37 1.4 10.5 27.9 0.058 0.015 1.42 0.060 
CB4 0.18 9.5 0.19 1.0 8.0 6.0 0.050 0.017 0.75 0.079 
HC1 0.12 5.7 0.22 0.6 3.1 2.4 0.094 0.015 0.76 0.097 
HC2 0.16 6.1 0.25 0.9 4.4 2.4 0.054 0.016 1.22 0.093 
HC3 0.24 13.1 0.19 1.0 6.1 6.8 0.068 0.019 1.72 0.095 
HV1 0.21 5.4 0.54 1.1 3.6 3.3 0.078 0.011 0.53 0.035 
HV2 0.21 8.0 0.53 1.3 3.0 5.3 0.059 0.018 1.60 0.042 
HV3 0.21 3.4 0.40 1.6 1.1 3.5 0.064 0.015 0.71 0.053 
MV1 0.18 8.3 0.51 1.4 3.7 4.6 0.080 0.026 1.12 0.146 
MV2 0.14 7.3 0.96 1.1 2.5 3.7 0.031 0.020 1.82 0.116 
MV3 0.20 9.2 0.95 1.2 6.3 3.8 0.083 0.018 1.47 0.059 
MV4 0.17 6.6 0.80 1.2 3.3 3.1 0.105 0.019 1.62 0.091 
YV1 0.09 2.4 0.24 0.9 0.7 2.3 0.072 0.012 0.66 0.026 
YV2 0.22 9.8 0.41 1.2 7.2 3.9 0.053 0.018 0.84 0.065 
YV3 0.17 7.3 0.60 1.2 2.9 3.6 0.083 0.013 0.88 0.072 
YV4 0.23 11.1 0.47 1.2 6.3 3.5 0.073 0.018 0.54 0.049 

n.d., not detected. All compounds were significant across all samples P < 0.05 except the compounds butyl acetate and cis-2-
hexenol. 
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Table S2. Climate metrics for the vineyards of the Barossa Valley, Canberra District, Heathcote, Hunter Valley, 
McLaren Vale and Yarra Valley regions from the 2015 and 2016 growing seasons, and the number of SDs (positive 
or negative) from the mean of the 20-year period at the same location. No SD value signifies equivalent to the 20-
year mean. 

Sample CNIp CNIt GSTt GSTp RainGS RainRP RadnRP VPRP 

BV1 13.1 -0.7 14.8 +1.6 20.4 +1.9 20.6 +2.0 65.9 -1.3 31.1 +0.1 24.4 +0.9 14.3 +1.4 

BV2 16.8 +0.9 11.8 -1.0 19.5 -0.4 19.9 +0.4 106.1 -0.7 0.1 -0.8 25.9 +1.7 12.7 -0.7 

BV3 15.9 +1.1 11.4 -1.0 19.2 -0.3 19.8 +0.6 98.0 -0.8 0.4 -0.8 24.4 +1.3 12.6 -0.4 

BV4 16.1 +0.9 11.0 -1.1 18.6 -0.4 19.3 +0.5 112.0 -0.7 0.1 -0.8 25.5 +1.8 12.0 -0.8 

MV1 14.3 -1.1 13.8 -0.9 19.3 -0.4 18.8 +0.2 286.3 -1.2 21.8 -0.1 24.3 +0.5 16.0 -1.5 

MV2 14.3 -1.1 13.8 -0.9 19.3 -0.4 18.8 +0.2 284.0 -1.2 21.8 -0.1 24.1 +0.5 16.1 -1.5 

MV3 15.2 -0.3 15.7 +1.0 20.3 +1.5 19.7 +1.9 275.8 -0.8 69.0 +1.7 23.9 +0.6 14.7 +0.7 

MV4 15.2 -0.3 15.7 +1.0 20.3 +1.5 19.7 +1.9 272.4 -0.8 69.0 +1.7 20.5 +0.6 14.6 +0.7 

HC1 11.1 +1.2 9.2 +2.2 18.2 +2.4 19.5 +1.5 167.3 -0.5 18.6 -0.3 21.0 +1.1 14.0 +0.3 

HC2 10.5 +2.0 9.5 +2.3 18.4 +2.6 19.4 +2.0 147.7 -0.7 23.8 -0.7 20.3 +1.6 13.9 +0.4 

HC3 15.7 +1.9 15.2 +2.1 20.9 +2.2 21.7 +2.1 143.4 -0.6 1.4 -0.7 22.6 +1.7 13.7 +0.4 

HV1 17.9 15.8 +0.2 21.7 +0.7 20.2 629.5 +2.7 289.2 +2.7 20.3 -1.1 20.6 +0.4 

HV2 16.3 -0.6 15.7 +0.2 21.6 +0.9 20.4 -0.1 638.9 +0.1 114.5 +0.1 21.3 -0.1 20.6 +0.2 

HV3 18.0 +0.1 15.1 -0.5 21.6 +0.5 20.7 +0.8 504.8 +1.7 208.7 +1.7 22.2 20.6 +0.4 

CB1 15.2 +1.7 13.5 +1.3 19.4 +1.5 20.4 +0.9 79.4 -0.6 28.6 -0.6 24.7 +1.8 12.6 +1.0 

CB2 15.0 +1.8 13.3 +1.3 19.3 +1.6 20.3 +1.0 79.4 -0.4 34.7 -0.4 24.7 +2.0 12.6 +1.3 

CB3 13.6 +0.1 11.9 +2.2 17.6 +0.2 18.5 +1.0 121.4 -0.5 32.5 -0.5 24.7 -0.5 14.3 -0.8 

CB4 12.2 +1.8 8.7 +1.7 16.8 +1.4 18.8 +0.2 121.4 -0.6 13.3 -0.6 24.7 +2.2 14.3 +0.5 

YV1 15.0 +1.7 10.2 -1.0 17.2 -0.1 17.9 +0.5 291.3 -0.2 44.3 -0.2 20.1 +0.6 15.4 +0.7 

YV2 14.8 +1.1 10.6 -0.8 17.9 18.3 +0.4 276.3 +0.3 52.4 +0.3 19.7 +0.5 16.0 +0.9 

YV3 13.5 +0.7 10.5 -0.9 17.2 -0.1 17.7 +0.3 421.2 +1.6 97.2 +1.6 18.7 +0.4 15.7 +0.8 

YV4 13.1 +1.0 8.7 -1.4 16.4 -0.3 17.4 +0.4 166.1 29.8 20.5 +0.5 13.7 +0.3 

 
Sample RHmax 

TRP 
RHmin 

TRP GDD GDDph Budburst 
Day 

Harvest 
Day RPTp EvapGS EvapRP 

BV1 38.2 +1.0 86.6 +1.4 1487 686 +2.1 87 +1.2 233 -1.5 21.5 -0.1 1152 +0.5 236 +0.3 

BV2 29.7 -1.0 70.1 -7.1 1567 570 +0.1 77 +0.5 236 -1.2 22.8 +0.1 1146 -0.3 268 +1.0 

BV3 27.8 -1.6 75.2 -1.1 1539 466 +0.1 78 +0.2 245 -1.2 23.4 +1.1 1207 +0.1 265 +1.6 

BV4 30.6 -1.2 77.9 -0.5 1476 496+ 0.1 83 +0.4 236 -1.3 21.7 +0.2 1081 -0.2 259 +1.3 

MV1 34.1 +0.4 73.5 -0.2 1613 755 64 +0.4 225 -1.2 23.1 -1.3 978 -1.0 214 -0.6 

MV2 34.3 +0.4 73.5 -0.2 1613 755 64 +0.4 225 -1.2 23.1 -1.3 978 -1.0 214 -0.6 

MV3 38.0 +0.6 77.5 +0.4 1575 859 +1.7 71 +1.6 227 -1.0 20.7 -0.2 1066 +0.9 232 +0.2 

MV4 42.4 +0.6 77.5 +0.4 1575 859 +1.7 71 +1.6 227 -1.0 19.5 -0.2 1066 +0.9 232 +0.2 

HC1 33.7 -0.5 89.1 -0.9 1383 291 +2.9 98 -0.2 254 -1.8 21.5 +1.0 991 -1.3 187+1.2 

HC2 34.9 -1.2 90.4 -1.6 1411 291 +3.2 94 +0.2 257 -2.0 21.0 +1.6 1025 -1.1 182 +1.7 

HC3 29.3 -1.2 79.2 -1.4 1501 518 +2.5 95 +0.6 249 -2.0 23.5 -0.9 1042 -0.6 221 +1.7 

HV1 54.3 +1.4 97.9 +1.9 1778 1089 +2.0 66 +0.9 214 -0.2 22.9 -0.7 789 -0.1 173 -0.6 

HV2 52.5 +0.6 98.1 +1.5 1767 945 +2.1 67 +0.8 229 -0.1 22.9 -0.2 874 173 -0.2 

HV3 52.4 +1.1 94.8 +0.4 1778 971 +0.2 63 -0.1 214 -0.2 23.9 +2.1 835 +0.4 182 -0.3 

CB1 40.3 -1.3 94.5 -0.1 1452 425 +2.2 105 252 -1.5 20.2 +2.2 877 -0.2 200 +1.7 

CB2 40.3 -1.4 95.0 -0.1 1436 412 +2.2 106 -0.1 253 -1.5 20.2 +0.2 877 -0.3 201 +1.8 

CB3 41.7 -1.0 95.2 -1.3 1225 355 -0.1 114 +0.5 250 -0.3 21.6 +1.4 737 -0.5 178 +0.3 

CB4 41.7 -1.3 95.7 -0.1 1287 247 +1.6 118 -0.8 249 -0.8 21.6 +0.6 682 -0.1 152 +1.3 

YV1 42.6 -0.2 93.8 +0.1 1315 387 +0.3 86 -0.2 242 -1.0 20.6 +0.8 816 175 +0.7 

YV2 41.0 -0.1 93.5 +0.2 1398 407 +0.5 80 -0.4 246 -1.1 21.6 +0.8 882 177 +0.6 

YV3 43.9 -0.1 94.2 1335 349 +0.4 80 -0.5 250 -0.9 20.7 +0.7 864 +0.1 169 +0.7 

YV4 37.9 -0.6 90.3 -0.7 1211 291 -0.1 93 -0.1 245 -0.9 20.3 +0.7 903 -0.3 196 +0.6 
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Explanation of the climate metrics and associated codes are given in Table 1.  

  

 

Figure S1. Partial least squares regression biplots of factors (a) 1 and 3 and (b)1 and 4. Sensory attributes (y 
variables) are displayed in red text and chemical compounds and climate measures (x variables) in blue text. 
Measures in bold italics (   ) signify significant variables as indicated by the uncertainty test.   

 

(a) 

(b) 
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Table S3. Regression coefficients from the partial least squares regression model.  

Chemical measure Opacity Purple Brown Overall fruit intensity Dark fruit A Red fruit A Dried fruit 
4-Ethylguaiacol 0.002 0.002 -0.006 -0.024 -0.014 -0.023 0.004 

4-Ethylphenol 0.020- -0.007 0.011 -0.027 0.002 -0.047 0.019 

4-Methylguaiacol -0.005 -0.014 0.016 -0.004 0.006 -0.011 0.036 

5-Methylfurfural -0.041 -0.004 -0.013 -0.004 -0.030 0.026 -0.003 

Carbon disulfide -0.025 -0.019 0.012 0.005 -0.005 0.012 0.010 

cis-Oak lactone 0.004 -0.015 0.022 -0.004 0.015 -0.018 0.053 

Dimethyl sulfide  -0.014 -0.020 0.015 0.003 -0.001 0.003 -0.002 

Eugenol 0.001 -0.013 0.016 -0.014 0.005 -0.024 0.048 

Furfural -0.033 -0.008 0.000 0.016 -0.008 0.036 0.005 

Guaiacol -0.006 0.003 -0.002 0.011 0.003 0.016 0.005 

H2S -0.005 -0.006 0.004 0.001 -0.001 0.002 0.000 

IBMP 0.024 0.035 -0.028 0.016 0.005 0.019 -0.048 

Methanethiol -0.036 -0.065 0.051 -0.013 -0.004 -0.022 0.032 

Methyl thioacetate 0.040 0.010 0.010 0.011 0.035 -0.015 0.023 

trans-Oak lactone -0.008 -0.036 0.033 -0.023 0.002 -0.038 0.047 

Vanillin -0.011 -0.031 0.032 -0.004 0.010 -0.015 0.049 

Pigmented tannin (%) 0.039 -0.006 0.017 -0.037 0.012 -0.070 0.041 

Chemical age 0.036 -0.015 0.024 -0.039 0.012 -0.075 0.040 

Colour density 0.084 0.034 0.002 0.003 0.053 -0.043 0.031 

Free anthocyanins 0.015 0.030 -0.017 0.046 0.025 0.050 -0.021 

Hue 0.033 0.001 0.017 0.005 0.033 -0.023 0.038 

Pigmented tannin 0.074 0.014 0.015 -0.019 0.041 -0.069 0.042 

Total phenolics 0.073 0.052 -0.021 0.016 0.041 -0.011 -0.004 

Total pigment 0.056 0.036 -0.007 0.032 0.047 0.007 0.005 

Total tannin 0.077 0.051 -0.019 0.012 0.042 -0.018 -0.001 

Alcohol 0.060 0.001 0.025 -0.009 0.044 -0.056 0.048 

pH 0.028 -0.013 0.030 0.016 0.040 -0.014 0.029 

SO2 (free) -0.038 -0.002 -0.008 0.030 -0.010 0.058 -0.022 
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SO2 (total) -0.038 -0.031 0.017 -0.004 -0.016 0.008 0.008 

TA (8.2) -0.022 -0.004 -0.008 -0.021 -0.027 -0.006 -0.001 

Volatile acidity 0.023 0.011 0.003 0.010 0.023 -0.003 0.024 

Rotundone -0.027 -0.012 -0.003 0.003 -0.020 0.019 -0.039 

Ethyl propanoate 0.000 0.006 -0.003 -0.006 0.000 -0.004 0.034 

Ethyl isobutyrate 0.022 0.026 -0.020 -0.014 -0.003 -0.016 0.003 

Propyl acetate -0.031 -0.005 -0.001 0.016 -0.006 0.035 0.018 

Isobutyl acetate 0.015 -0.003 0.013 0.007 0.020 -0.007 0.020 

Ethyl butyrate -0.015 0.020 -0.025 0.016 -0.012 0.039 -0.021 

Ethyl 2-methylbutyrate 0.016 0.027 -0.023 -0.007 -0.004 -0.004 -0.005 

Ethyl 3-methylbutyrate 0.024 0.026 -0.019 -0.012 0.000 -0.016 0.001 

Butyl acetate -0.006 0.006 -0.007 -0.004 -0.007 0.003 0.012 

3-Methylbutyl acetate 0.037 0.052 -0.029 0.038 0.030 0.037 -0.007 

Ethyl hexanoate -0.020 0.019 -0.025 0.009 -0.017 0.035 -0.014 

Hexyl acetate 0.000 0.005 -0.004 -0.002 -0.001 0.001 0.012 

cis-3-Hexenyl acetate -0.015 0.006 -0.005 0.018 0.003 0.031 0.017 

Ethyl octanoate -0.013 0.014 -0.022 0.001 -0.019 0.020 -0.031 

Ethyl decanoate -0.035 0.002 -0.020 -0.008 -0.035 0.022 -0.026 

Ethyl phenylacetate 0.018 0.030 -0.020 0.006 0.006 0.008 0.005 

Phenylethyl acetate 0.063 0.027 0.003 0.017 0.047 -0.018 0.017 

Ethyl dodecanoate -0.023 -0.011 0.005 0.012 -0.005 0.023 -0.004 

Ethyl dihydrocinnamate -0.012 -0.024 0.014 -0.004 -0.008 -0.007 -0.032 

Ethyl cinnamate -0.020 -0.010 -0.002 0.003 -0.017 0.015 -0.044 

trans-2-Hexenol -0.032 -0.041 0.028 -0.008 -0.010 -0.007 0.014 

cis-3-Hexenol -0.030 -0.013 0.005 0.008 -0.008 0.022 0.016 

cis-2-Hexenol 0.048 0.045 -0.021 0.024 0.033 0.012 0.007 

trans-3-Hexenol 0.013 -0.009 0.018 0.001 0.020 -0.015 0.040 

Gamma-nonalactone 0.034 0.050 -0.025 0.038 0.033 0.036 0.018 

1,4-Cineole 0.011 0.032 -0.029 -0.005 -0.008 0.005 -0.008 

Eucalyptol 0.006 -0.017 0.021 -0.007 0.011 -0.022 0.030 
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α-Terpinene 0.028 0.020 -0.005 0.026 0.027 0.015 -0.010 

ℽ-Terpinene -0.005 -0.003 0.003 0.019 0.007 0.021 -0.014 

Terpinolene -0.014 0.005 -0.005 0.034 0.008 0.047 -0.013 

Linalool 0.005 0.006 0.002 0.034 0.022 0.032 -0.007 

4-Terpineol 0.031 0.054 -0.039 0.022 0.013 0.028 -0.022 

α-Terpineol 0.005 0.042 -0.036 0.032 0.004 0.052 -0.030 

Citronellol 0.012 -0.008 0.015 0.019 0.022 0.005 -0.006 

trans-Geraniol -0.008 -0.001 0.006 0.036 0.018 0.039 0.002 

trans-Geranylacetone -0.012 -0.003 0.001 0.012 0.001 0.019 0.005 

α-Ionone 0.045 0.031 -0.006 0.021 0.037 0.001 0.022 

β-Damascenone 0.013 0.023 -0.009 0.027 0.022 0.027 0.019 

β-Ionone 0.017 -0.024 0.034 -0.009 0.024 -0.037 0.050 

GSTp -0.018 0.001 -0.005 0.002 -0.007 0.015 0.025 

CNIp -0.034 0.009 -0.018 0.015 -0.017 0.045 -0.003 

CNIt -0.016 0.032 -0.034 0.018 -0.012 0.047 -0.009 

GSTt -0.019 0.024 -0.029 0.004 -0.018 0.031 0.003 

RainRP -0.047 0.004 -0.028 -0.012 -0.048 0.029 -0.038 

RadnRP 0.031 0.026 -0.001 0.035 0.042 0.022 0.041 

VPRP -0.062 -0.011 -0.020 -0.016 -0.055 0.028 -0.036 

RHmaxTRP -0.035 0.009 -0.031 -0.017 -0.046 0.018 -0.045 

RHminTRP -0.062 -0.038 0.006 -0.020 -0.048 0.009 -0.034 

GDD -0.015 0.021 -0.027 -0.006 -0.021 0.017 0.005 

Budburst Day -0.007 -0.040 0.038 0.000 0.012 -0.018 0.013 

Harvest Day -0.003 -0.038 0.037 -0.004 0.012 -0.024 0.011 

RPTp 0.019 0.012 -0.005 -0.011 0.006 -0.020 0.022 

RainGS -0.035 0.011 -0.033 -0.019 -0.047 0.017 -0.040 

EvapGS 0.018 -0.013 0.026 0.011 0.031 -0.012 0.036 

EvapRP 0.023 -0.006 0.024 0.021 0.039 -0.003 0.042 

GDDph -0.010 0.037 -0.041 0.005 -0.019 0.034 -0.014 
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Chemical Measure Confection Floral Vanilla/Choc Spice Woody A Stalky A Mint A 

4-Ethylguaiacol -0.020 -0.023 0.001 0.000 -0.004 -0.017 -0.012 

4-Ethylphenol -0.041 -0.042 0.000 0.000 0.008 -0.020 -0.024 

4-Methylguaiacol -0.010 -0.015 0.024 0.023 0.018 -0.038 -0.024 

5-Methylfurfural 0.019 0.015 0.009 0.007 -0.013 -0.017 0.001 

Carbon disulfide 0.006 0.006 0.004 0.003 0.001 -0.009 -0.007 

cis-Oak lactone -0.014 -0.022 0.036 0.035 0.029 -0.052 -0.033 

Dimethyl sulfide  -0.004 0.000 -0.012 -0.013 -0.003 0.010 -0.002 

Eugenol -0.020 -0.027 0.033 0.032 0.023 -0.055 -0.034 

Furfural 0.029 0.027 0.014 0.013 -0.001 -0.010 0.004 

Guaiacol 0.016 0.014 0.011 0.011 0.004 -0.006 0.003 

H2S 0.000 0.001 -0.002 -0.003 -0.001 0.002 -0.001 

IBMP 0.023 0.028 -0.024 -0.022 -0.017 0.054 0.040 

Methanethiol -0.036 -0.031 -0.009 -0.012 0.007 -0.019 -0.037 

Methyl thioacetate -0.006 -0.008 0.016 0.018 0.025 -0.008 -0.007 

trans-Oak lactone -0.040 -0.042 0.015 0.013 0.018 -0.046 -0.043 

Vanillin -0.017 -0.021 0.025 0.024 0.024 -0.045 -0.035 

Pigmented tannin (%) -0.058 -0.062 0.013 0.013 0.022 -0.042 -0.040 

Chemical age -0.065 -0.067 0.006 0.006 0.021 -0.037 -0.042 

Colour density -0.021 -0.026 0.025 0.029 0.038 -0.015 -0.010 

Free anthocyanins 0.052 0.052 0.006 0.009 0.004 0.034 0.037 

Hue -0.014 -0.018 0.024 0.025 0.031 -0.025 -0.019 

Pigmented tannin -0.049 -0.053 0.019 0.022 0.036 -0.029 -0.029 

Total phenolics 0.008 0.005 0.013 0.017 0.020 0.015 0.019 

Total pigment 0.020 0.018 0.017 0.021 0.025 0.015 0.017 

Total tannin 0.002 -0.001 0.013 0.017 0.021 0.012 0.015 

Alcohol -0.041 -0.045 0.022 0.023 0.039 -0.030 -0.031 

pH -0.011 -0.010 0.009 0.011 0.028 -0.003 -0.013 

SO2 (free) 0.047 0.049 -0.003 -0.004 -0.014 0.022 0.025 
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SO2 (total) -0.003 -0.001 -0.004 -0.006 -0.006 -0.010 -0.012 

TA (8.2) -0.008 -0.011 0.001 -0.001 -0.012 -0.018 -0.008 

Volatile acidity 0.004 0.000 0.024 0.025 0.021 -0.018 -0.006 

Rotundone 0.008 0.017 -0.035 -0.036 -0.027 0.041 0.020 

Ethyl propanoate 0.002 -0.008 0.036 0.036 0.017 -0.048 -0.019 

Ethyl isobutyrate -0.006 -0.012 0.013 0.014 0.003 -0.017 -0.002 

Propyl acetate 0.030 0.024 0.027 0.026 0.007 -0.027 -0.003 

Isobutyl acetate -0.004 -0.005 0.012 0.012 0.017 -0.010 -0.009 

Ethyl butyrate 0.037 0.035 0.004 0.004 -0.012 0.012 0.024 

Ethyl 2-methylbutyrate 0.004 -0.001 0.010 0.010 -0.001 -0.008 0.006 

Ethyl 3-methylbutyrate -0.006 -0.010 0.010 0.011 0.003 -0.011 0.000 

Butyl acetate 0.005 0.000 0.017 0.017 0.003 -0.023 -0.006 

3-Methylbutyl acetate 0.049 0.043 0.026 0.030 0.015 0.011 0.031 

Ethyl hexanoate 0.034 0.030 0.011 0.011 -0.010 -0.002 0.017 

Hexyl acetate 0.003 -0.001 0.016 0.016 0.006 -0.019 -0.006 

cis-3-Hexenyl acetate 0.030 0.024 0.029 0.029 0.011 -0.023 0.001 

Ethyl octanoate 0.018 0.019 -0.013 -0.013 -0.021 0.022 0.021 

Ethyl decanoate 0.015 0.015 -0.011 -0.012 -0.025 0.007 0.013 

Ethyl phenylacetate 0.017 0.010 0.023 0.024 0.008 -0.014 0.007 

Phenylethyl acetate -0.003 -0.005 0.016 0.019 0.029 0.003 0.002 

Ethyl dodecanoate 0.016 0.017 -0.002 -0.003 -0.004 0.006 0.005 

Ethyl dihydrocinnamate -0.017 -0.005 -0.045 -0.046 -0.021 0.046 0.009 

Ethyl cinnamate 0.004 0.014 -0.042 -0.042 -0.028 0.050 0.022 

trans-2-Hexenol -0.017 -0.014 -0.008 -0.010 -0.001 -0.010 -0.020 

cis-3-Hexenol 0.017 0.013 0.018 0.016 0.004 -0.022 -0.007 

cis-2-Hexenol 0.027 0.020 0.028 0.032 0.022 -0.002 0.016 

trans-3-Hexenol -0.011 -0.016 0.026 0.026 0.026 -0.034 -0.023 

ℽ-Nonalactone 0.051 0.039 0.049 0.052 0.028 -0.018 0.018 

1,4-Cineole 0.013 0.007 0.012 0.013 -0.004 -0.008 0.010 

Eucalyptol -0.021 -0.022 0.011 0.011 0.016 -0.024 -0.023 
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α-Terpinene 0.020 0.022 0.000 0.002 0.008 0.026 0.020 

ℽ-Terpinene 0.017 0.021 -0.011 -0.010 -0.004 0.026 0.015 

Terpinolene 0.041 0.043 0.002 0.003 -0.001 0.021 0.023 

Linalool 0.031 0.033 0.002 0.003 0.006 0.023 0.019 

4-Terpineol 0.040 0.035 0.014 0.017 0.001 0.017 0.033 

α-Terpineol 0.056 0.053 0.009 0.011 -0.007 0.025 0.040 

Citronellol 0.003 0.009 -0.013 -0.012 0.005 0.027 0.008 

trans-Geraniol 0.035 0.036 0.009 0.010 0.009 0.012 0.014 

trans-Geranylacetone 0.017 0.015 0.010 0.009 0.003 -0.005 0.002 

α-Ionone 0.015 0.008 0.032 0.034 0.029 -0.014 0.003 

β-Damascenone 0.034 0.027 0.035 0.036 0.021 -0.017 0.007 

β-Ionone -0.033 -0.036 0.021 0.021 0.030 -0.039 -0.037 

GSTp 0.015 0.007 0.032 0.031 0.010 -0.039 -0.011 

CNIp 0.041 0.035 0.019 0.018 -0.006 -0.013 0.012 

CNIt 0.049 0.041 0.025 0.026 -0.005 -0.010 0.021 

GSTt 0.034 0.024 0.029 0.028 -0.003 -0.026 0.008 

RainRP 0.020 0.021 -0.017 -0.019 -0.036 0.013 0.019 

RadnRP 0.033 0.023 0.053 0.055 0.039 -0.033 -0.002 

VPRP 0.014 0.016 -0.021 -0.025 -0.040 0.010 0.012 

RHmaxTRP 0.011 0.013 -0.025 -0.026 -0.038 0.021 0.020 

RHminTRP -0.010 -0.001 -0.042 -0.045 -0.039 0.024 0.002 

GDD 0.020 0.011 0.026 0.025 -0.003 -0.031 0.001 

Budburst Day -0.026 -0.018 -0.016 -0.017 0.007 0.007 -0.017 

Harvest Day -0.031 -0.023 -0.019 -0.020 0.006 0.009 -0.018 

RPTp -0.011 -0.017 0.021 0.022 0.014 -0.030 -0.014 

RainGS 0.011 0.012 -0.019 -0.021 -0.037 0.013 0.018 

EvapGS -0.009 -0.011 0.019 0.020 0.028 -0.019 -0.018 

EvapRP 0.002 -0.001 0.029 0.030 0.035 -0.023 -0.016 

GDDph 0.038 0.030 0.020 0.021 -0.010 -0.010 0.020 
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Chemical Measure Coffee Earthy A Cooked Veg Drain Beef Stock Pungent Overall Fruit Flavour 

4-Ethylguaiacol 0.019 0.009 0.013 -0.001 0.017 -0.003 -0.007 

4-Ethylphenol 0.032 0.024 0.022 0.006 0.040 0.006 -0.001 

4-Methylguaiacol 0.028 0.006 0.003 0.013 0.007 0.010 0.031 

5-Methylfurfural -0.001 -0.015 0.000 0.005 -0.025 -0.011 0.005 

Carbon disulfide 0.002 -0.002 0.006 0.016 -0.006 -0.001 0.014 

cis-Oak lactone 0.040 0.009 -0.001 0.013 0.012 0.017 0.045 

Dimethyl sulfide  -0.005 0.005 0.013 0.015 0.006 -0.003 -0.002 

Eugenol 0.043 0.011 0.005 0.012 0.015 0.013 0.038 

Furfural -0.009 -0.018 -0.011 0.007 -0.031 -0.003 0.019 

Guaiacol -0.003 -0.010 -0.012 -0.002 -0.016 0.002 0.013 

H2S -0.001 0.001 0.003 0.004 0.001 -0.001 0.000 

IBMP -0.043 -0.014 -0.022 -0.030 -0.019 -0.007 -0.038 

Methanethiol 0.026 0.027 0.048 0.051 0.038 0.001 0.019 

Methyl thioacetate 0.011 0.006 -0.017 -0.009 0.009 0.018 0.020 

trans-Oak lactone 0.046 0.025 0.030 0.030 0.037 0.009 0.029 

Vanillin 0.035 0.012 0.012 0.026 0.016 0.013 0.042 

Pigmented tannin (%) 0.054 0.034 0.023 0.005 0.056 0.015 0.012 

Chemical age 0.055 0.039 0.031 0.012 0.064 0.014 0.009 

Colour density 0.025 0.013 -0.029 -0.028 0.024 0.029 0.020 

Free anthocyanins -0.042 -0.029 -0.048 -0.025 -0.047 0.005 0.005 

Hue 0.025 0.010 -0.011 0.000 0.015 0.020 0.031 

Pigmented tannin 0.045 0.030 -0.001 -0.012 0.051 0.027 0.017 

Total phenolics -0.008 -0.005 -0.043 -0.043 -0.005 0.017 -0.002 

Total pigment -0.013 -0.010 -0.045 -0.030 -0.015 0.019 0.014 

Total tannin -0.003 -0.002 -0.041 -0.042 0.001 0.019 -0.002 

Alcohol 0.042 0.027 -0.001 -0.001 0.044 0.027 0.029 

pH 0.010 0.012 -0.005 0.009 0.017 0.019 0.027 

SO2 (free) -0.037 -0.027 -0.017 0.002 -0.046 -0.010 0.001 
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SO2 (total) 0.005 0.003 0.021 0.025 0.002 -0.006 0.008 

TA (8.2) 0.013 0.002 0.015 0.005 0.003 -0.009 -0.006 

Volatile acidity 0.011 -0.002 -0.020 -0.008 -0.004 0.014 0.025 

Rotundone -0.031 -0.003 0.017 0.008 -0.006 -0.017 -0.033 

Ethyl propanoate 0.029 -0.004 -0.012 -0.003 -0.007 0.009 0.032 

Ethyl isobutyrate 0.014 -0.001 -0.010 -0.020 0.002 0.003 -0.003 

Propyl acetate 0.001 -0.019 -0.017 0.006 -0.034 0.001 0.032 

Isobutyl acetate 0.010 0.004 -0.006 0.002 0.006 0.011 0.019 

Ethyl butyrate -0.025 -0.025 -0.023 -0.016 -0.039 -0.008 -0.005 

Ethyl 2-methylbutyrate 0.004 -0.006 -0.014 -0.021 -0.007 0.000 -0.006 

Ethyl 3-methylbutyrate 0.010 0.000 -0.011 -0.020 0.003 0.003 -0.005 

Butyl acetate 0.011 -0.006 -0.007 -0.003 -0.009 0.001 0.012 

3-Methylbutyl acetate -0.026 -0.031 -0.062 -0.041 -0.048 0.012 0.014 

Ethyl hexanoate -0.016 -0.024 -0.021 -0.014 -0.038 -0.008 0.000 

Hexyl acetate 0.010 -0.004 -0.007 -0.003 -0.006 0.003 0.013 

cis-3-Hexenyl acetate 0.000 -0.019 -0.025 -0.003 -0.033 0.005 0.031 

Ethyl octanoate -0.023 -0.013 -0.005 -0.012 -0.019 -0.013 -0.024 

Ethyl decanoate -0.014 -0.013 0.006 -0.001 -0.019 -0.018 -0.020 

Ethyl phenylacetate 0.002 -0.013 -0.028 -0.023 -0.020 0.006 0.011 

Phenylethyl acetate 0.005 0.004 -0.030 -0.023 0.008 0.022 0.015 

Ethyl dodecanoate -0.012 -0.008 0.000 0.009 -0.015 -0.004 0.005 

Ethyl dihydrocinnamate -0.022 0.014 0.032 0.017 0.023 -0.012 -0.037 

Ethyl cinnamate -0.035 -0.001 0.018 0.007 0.000 -0.017 -0.040 

trans-2-Hexenol 0.012 0.013 0.031 0.032 0.018 -0.003 0.009 

cis-3-Hexenol 0.005 -0.010 -0.004 0.012 -0.020 -0.001 0.024 

cis-2-Hexenol -0.007 -0.017 -0.050 -0.036 -0.026 0.016 0.017 

trans-3-hexenol 0.028 0.008 -0.004 0.008 0.011 0.015 0.035 

ℽ-Nonalactone -0.008 -0.033 -0.068 -0.038 -0.052 0.019 0.039 

1,4-Cineole 0.000 -0.012 -0.020 -0.024 -0.017 -0.002 -0.005 

Eucalyptol 0.025 0.014 0.010 0.014 0.021 0.010 0.021 
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α-Terpinene -0.022 -0.010 -0.027 -0.017 -0.015 0.008 0.000 

ℽ-Terpinene -0.023 -0.007 -0.007 0.001 -0.013 -0.002 -0.005 

Terpinolene -0.032 -0.023 -0.025 -0.005 -0.039 -0.001 0.008 

Linalool -0.027 -0.015 -0.025 -0.006 -0.026 0.005 0.009 

4-Terpineol -0.026 -0.027 -0.050 -0.043 -0.040 0.003 -0.006 

α-Terpineol -0.040 -0.036 -0.048 -0.033 -0.056 -0.004 -0.005 

Citronellol -0.017 0.003 -0.003 0.004 0.003 0.005 -0.002 

trans-Geraniol -0.023 -0.018 -0.025 0.000 -0.032 0.005 0.020 

trans-Geranylacetone -0.005 -0.010 -0.010 0.002 -0.017 0.001 0.013 

α-Ionone 0.006 -0.009 -0.041 -0.024 -0.014 0.020 0.028 

β-Damascenone -0.003 -0.021 -0.042 -0.017 -0.035 0.013 0.033 

β-Ionone 0.041 0.023 0.012 0.019 0.034 0.019 0.036 

GSTp 0.017 -0.012 -0.013 0.001 -0.021 0.003 0.031 

CNIp -0.013 -0.027 -0.022 -0.005 -0.045 -0.007 0.014 

CNIt -0.017 -0.034 -0.039 -0.024 -0.054 -0.005 0.011 

GSTt 0.000 -0.026 -0.027 -0.016 -0.041 -0.004 0.015 

RainRP -0.021 -0.017 0.010 -0.002 -0.025 -0.025 -0.031 

RadnRP 0.009 -0.020 -0.054 -0.019 -0.033 0.025 0.055 

VPRP -0.018 -0.013 0.022 0.010 -0.020 -0.028 -0.030 

RHmaxTRP -0.022 -0.011 0.013 -0.006 -0.016 -0.025 -0.041 

RHminTRP -0.016 0.006 0.048 0.030 0.009 -0.027 -0.037 

GDD 0.009 -0.018 -0.018 -0.014 -0.028 -0.004 0.011 

Budburst Day 0.007 0.021 0.029 0.031 0.031 0.004 0.006 

Harvest Day 0.008 0.024 0.032 0.029 0.036 0.004 0.001 

RPTp 0.024 0.004 -0.007 -0.009 0.008 0.009 0.015 

RainGS -0.017 -0.013 0.010 -0.008 -0.017 -0.024 -0.038 

EvapGS 0.018 0.009 -0.005 0.010 0.012 0.018 0.034 

EvapRP 0.016 0.002 -0.019 0.005 0.001 0.022 0.044 

GDDph -0.012 -0.029 -0.033 -0.028 -0.045 -0.007 0.000 
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Chemical Measure Dark Fruit F Red Fruit F Woody F Earthy F Pepper F Stalky F Mint F 

4-Ethylguaiacol 0.002 -0.005 -0.006 -0.002 -0.021 -0.007 -0.009 

4-Ethylphenol 0.022 -0.022 0.012 0.010 -0.008 -0.021 -0.011 

4-Methylguaiacol 0.015 0.022 -0.006 -0.027 -0.026 -0.034 -0.001 

5-Methylfurfural -0.028 0.042 -0.039 -0.041 -0.037 0.005 0.004 

Carbon disulfide -0.009 0.027 -0.018 -0.027 -0.010 -0.005 0.009 

cis-Oak lactone 0.029 0.024 0.000 -0.031 -0.033 -0.051 -0.004 

Dimethyl sulfide  -0.007 0.004 -0.005 -0.004 0.012 0.008 0.009 

Eugenol 0.024 0.023 -0.006 -0.032 -0.040 -0.048 -0.007 

Furfural -0.018 0.042 -0.026 -0.037 -0.019 -0.001 0.010 

Guaiacol -0.001 0.015 -0.004 -0.012 -0.007 -0.005 0.002 

H2S -0.002 0.003 -0.003 -0.003 0.002 0.001 0.003 

IBMP -0.011 -0.038 0.023 0.049 0.042 0.042 -0.002 

Methanethiol 0.000 0.025 -0.021 -0.036 -0.003 -0.018 0.017 

Methyl thioacetate 0.035 -0.020 0.034 0.021 0.015 -0.026 -0.007 

trans-Oak lactone 0.021 0.016 -0.008 -0.030 -0.028 -0.041 -0.001 

Vanillin 0.020 0.030 -0.009 -0.038 -0.026 -0.044 0.003 

Pigmented tannin (%) 0.043 -0.029 0.023 0.012 -0.018 -0.045 -0.019 

Chemical age 0.043 -0.032 0.024 0.014 -0.011 -0.042 -0.016 

Colour density 0.064 -0.053 0.065 0.052 0.019 -0.043 -0.023 

Free anthocyanins -0.002 -0.002 0.020 0.020 0.032 0.017 0.005 

Hue 0.039 -0.009 0.028 0.007 0.000 -0.040 -0.007 

Pigmented tannin 0.065 -0.053 0.056 0.042 0.007 -0.050 -0.023 

Total phenolics 0.039 -0.053 0.058 0.060 0.030 -0.010 -0.019 

Total pigment 0.035 -0.032 0.050 0.043 0.034 -0.013 -0.008 

Total tannin 0.043 -0.057 0.060 0.062 0.030 -0.013 -0.021 

Alcohol 0.061 -0.036 0.048 0.028 0.009 -0.052 -0.015 

pH 0.034 -0.013 0.031 0.014 0.026 -0.027 0.003 

SO2 (free) -0.034 0.036 -0.025 -0.023 0.005 0.027 0.017 
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SO2 (total) -0.017 0.031 -0.028 -0.034 -0.014 0.000 0.012 

TA (8.2) -0.015 0.016 -0.025 -0.022 -0.031 0.001 -0.003 

Volatile acidity 0.025 0.000 0.018 0.002 -0.004 -0.027 -0.006 

Rotundone -0.034 -0.003 -0.016 0.006 0.024 0.044 0.013 

Ethyl propanoate 0.014 0.027 -0.008 -0.030 -0.044 -0.037 -0.009 

Ethyl isobutyrate 0.011 -0.013 0.008 0.010 -0.019 -0.011 -0.016 

Propyl acetate -0.011 0.051 -0.027 -0.047 -0.033 -0.015 0.007 

Isobutyl acetate 0.020 -0.003 0.015 0.003 0.005 -0.020 -0.001 

Ethyl butyrate -0.022 0.018 -0.014 -0.009 -0.007 0.019 0.002 

Ethyl 2-methylbutyrate 0.004 -0.009 0.005 0.009 -0.014 -0.002 -0.012 

Ethyl 3-methylbutyrate 0.012 -0.017 0.012 0.015 -0.012 -0.008 -0.015 

Butyl acetate 0.000 0.018 -0.011 -0.019 -0.027 -0.013 -0.004 

3-Methylbutyl acetate 0.015 -0.008 0.030 0.024 0.012 -0.003 -0.008 

Ethyl hexanoate -0.022 0.026 -0.021 -0.019 -0.022 0.011 0.000 

Hexyl acetate 0.005 0.012 -0.004 -0.012 -0.019 -0.014 -0.004 

cis-3-Hexenyl acetate -0.002 0.038 -0.013 -0.032 -0.025 -0.017 0.002 

Ethyl octanoate -0.025 0.000 -0.012 0.005 0.002 0.030 0.001 

Ethyl decanoate -0.036 0.021 -0.033 -0.019 -0.019 0.027 0.004 

Ethyl phenylacetate 0.010 0.002 0.008 0.002 -0.016 -0.012 -0.011 

Phenylethyl acetate 0.046 -0.040 0.054 0.044 0.029 -0.024 -0.012 

Ethyl dodecanoate -0.015 0.021 -0.015 -0.017 0.001 0.008 0.010 

Ethyl dihydrocinnamate -0.019 -0.025 0.000 0.023 0.043 0.039 0.013 

Ethyl cinnamate -0.032 -0.014 -0.009 0.017 0.035 0.049 0.013 

trans-2-Hexenol -0.008 0.022 -0.021 -0.028 -0.006 -0.005 0.012 

cis-3-Hexenol -0.010 0.042 -0.025 -0.040 -0.026 -0.012 0.007 

cis-2-Hexenol 0.029 -0.017 0.036 0.027 0.007 -0.018 -0.013 

trans-3-hexenol 0.028 0.010 0.010 -0.014 -0.015 -0.039 -0.004 

ℽ-Nonalactone 0.025 0.012 0.024 0.002 -0.012 -0.028 -0.011 

1,4-Cineole -0.001 -0.003 0.000 0.005 -0.019 0.000 -0.012 

Eucalyptol 0.020 0.003 0.005 -0.010 -0.008 -0.028 -0.001 
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α-Terpinene 0.012 -0.020 0.029 0.030 0.033 0.007 0.000 

ℽ-Terpinene -0.008 -0.001 0.004 0.008 0.025 0.017 0.009 

Terpinolene -0.015 0.019 -0.004 -0.007 0.015 0.015 0.012 

Linalool 0.000 0.003 0.012 0.009 0.028 0.008 0.009 

4-Terpineol 0.003 -0.015 0.021 0.028 0.007 0.010 -0.011 

α-Terpineol -0.016 0.006 0.003 0.010 0.008 0.023 -0.001 

Citronellol 0.007 -0.017 0.020 0.022 0.039 0.009 0.008 

trans-Geraniol -0.003 0.020 0.002 -0.009 0.016 0.001 0.012 

trans-Geranylacetone -0.005 0.020 -0.009 -0.017 -0.007 -0.004 0.005 

α-Ionone 0.036 -0.012 0.035 0.018 0.004 -0.030 -0.012 

β-Damascenone 0.015 0.019 0.010 -0.010 -0.011 -0.023 -0.004 

β-Ionone 0.037 0.002 0.015 -0.011 -0.011 -0.048 -0.004 

GSTp -0.001 0.041 -0.021 -0.041 -0.043 -0.026 -0.002 

CNIp -0.025 0.046 -0.031 -0.039 -0.031 0.003 0.005 

CNIt -0.019 0.034 -0.019 -0.024 -0.031 0.004 -0.003 

GSTt -0.015 0.038 -0.025 -0.033 -0.045 -0.007 -0.006 

RainRP -0.050 0.025 -0.044 -0.024 -0.024 0.039 0.005 

RadnRP 0.036 0.019 0.024 -0.010 -0.013 -0.046 -0.007 

VPRP -0.056 0.035 -0.055 -0.035 -0.028 0.040 0.010 

RHmaxTRP -0.046 0.008 -0.035 -0.007 -0.014 0.044 0.002 

RHminTRP -0.051 0.020 -0.048 -0.024 -0.001 0.045 0.018 

GDD -0.011 0.031 -0.024 -0.030 -0.048 -0.010 -0.009 

Budburst Day 0.008 -0.004 0.004 0.000 0.025 -0.005 0.012 

Harvest Day 0.009 -0.011 0.008 0.006 0.027 -0.003 0.011 

RPTp 0.020 -0.003 0.008 -0.002 -0.023 -0.027 -0.013 

RainGS -0.044 0.011 -0.036 -0.011 -0.022 0.039 -0.001 

EvapGS 0.031 0.002 0.019 -0.003 0.006 -0.034 0.001 

EvapRP 0.036 0.007 0.024 -0.005 0.005 -0.041 0.000 

GDDph -0.019 0.023 -0.018 -0.016 -0.034 0.007 -0.008 
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Chemical Measure Umami Sweet Viscosity Hot Astringent Bitter Fruit AT 

4-Ethylguaiacol 0.000 0.006 -0.006 -0.008 0.004 -0.027 -0.001 

4-Ethylphenol 0.006 0.015 0.007 0.010 0.005 -0.014 -0.003 

4-Methylguaiacol -0.003 0.037 0.018 0.005 -0.024 0.002 0.032 

5-Methylfurfural -0.014 0.010 -0.018 -0.030 -0.025 -0.027 0.019 

Carbon disulfide -0.007 0.015 -0.003 -0.006 -0.029 0.002 0.015 

cis-Oak lactone -0.001 0.052 0.032 0.012 -0.026 0.009 0.044 

Dimethyl sulfide  -0.002 -0.001 -0.008 0.000 -0.017 0.006 -0.006 

Eugenol -0.002 0.049 0.024 0.005 -0.024 -0.005 0.041 

Furfural -0.011 0.013 -0.003 -0.015 -0.029 0.003 0.025 

Guaiacol -0.003 0.007 0.006 -0.001 -0.006 0.008 0.014 

H2S -0.001 0.001 -0.002 -0.001 -0.006 0.001 0.000 

IBMP 0.007 -0.055 -0.012 0.003 0.049 0.011 -0.042 

Methanethiol -0.006 0.037 -0.007 0.002 -0.062 0.000 0.013 

Methyl thioacetate 0.010 0.011 0.034 0.030 0.017 0.032 0.009 

trans-Oak lactone -0.002 0.048 0.013 0.007 -0.038 -0.008 0.028 

Vanillin -0.004 0.051 0.022 0.009 -0.042 0.009 0.040 

Pigmented tannin (%) 0.011 0.033 0.024 0.021 0.009 -0.013 0.008 

Chemical age 0.011 0.032 0.021 0.023 0.005 -0.012 0.003 

Colour density 0.022 0.010 0.055 0.049 0.053 0.037 0.005 

Free anthocyanins 0.003 -0.026 0.014 0.011 0.024 0.043 -0.002 

Hue 0.008 0.028 0.038 0.029 0.004 0.028 0.022 

Pigmented tannin 0.020 0.023 0.047 0.045 0.037 0.018 0.004 

Total phenolics 0.018 -0.022 0.036 0.034 0.067 0.034 -0.013 

Total pigment 0.014 -0.011 0.040 0.036 0.044 0.051 0.000 

Total tannin 0.020 -0.020 0.038 0.037 0.069 0.033 -0.013 

Alcohol 0.017 0.031 0.048 0.045 0.018 0.029 0.014 

pH 0.009 0.018 0.032 0.035 -0.004 0.044 0.010 

SO2 (free) -0.011 -0.014 -0.016 -0.018 -0.020 0.011 0.005 
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SO2 (total) -0.009 0.016 -0.014 -0.014 -0.040 -0.010 0.011 

TA (8.2) -0.007 0.008 -0.016 -0.022 -0.011 -0.035 0.005 

Volatile acidity 0.005 0.017 0.029 0.017 0.007 0.021 0.021 

Rotundone -0.005 -0.033 -0.035 -0.016 -0.006 -0.010 -0.032 

Ethyl propanoate -0.004 0.037 0.021 -0.003 -0.011 -0.008 0.040 

Ethyl isobutyrate 0.004 0.001 0.008 -0.001 0.026 -0.016 0.003 

Propyl acetate -0.012 0.027 0.007 -0.014 -0.032 0.003 0.039 

Isobutyl acetate 0.004 0.015 0.020 0.017 -0.002 0.020 0.012 

Ethyl butyrate -0.006 -0.016 -0.010 -0.017 0.006 -0.003 0.002 

Ethyl 2-methylbutyrate 0.002 -0.006 0.004 -0.004 0.025 -0.013 0.000 

Ethyl 3-methylbutyrate 0.005 -0.003 0.008 0.001 0.028 -0.012 -0.001 

Butyl acetate -0.004 0.015 0.005 -0.008 -0.006 -0.011 0.019 

3-Methylbutyl acetate 0.006 -0.016 0.031 0.016 0.043 0.038 0.011 

Ethyl hexanoate -0.008 -0.006 -0.009 -0.021 0.000 -0.012 0.011 

Hexyl acetate -0.002 0.014 0.008 -0.002 -0.003 -0.004 0.017 

cis-3-Hexenyl acetate -0.007 0.021 0.014 -0.006 -0.017 0.010 0.035 

Ethyl octanoate -0.004 -0.027 -0.022 -0.018 0.012 -0.016 -0.017 

Ethyl decanoate -0.010 -0.015 -0.031 -0.032 -0.008 -0.033 -0.007 

Ethyl phenylacetate 0.002 0.003 0.016 0.001 0.021 0.002 0.015 

Phenylethyl acetate 0.017 -0.001 0.043 0.041 0.041 0.043 0.000 

Ethyl dodecanoate -0.006 0.001 -0.007 -0.008 -0.020 0.006 0.006 

Ethyl dihydrocinnamate 0.002 -0.032 -0.030 -0.001 -0.003 -0.002 -0.044 

Ethyl cinnamate -0.002 -0.041 -0.036 -0.012 0.002 -0.007 -0.041 

trans-2-Hexenol -0.007 0.021 -0.011 -0.006 -0.043 -0.006 0.008 

cis-3-Hexenol -0.010 0.024 0.001 -0.012 -0.033 -0.001 0.030 

cis-2-Hexenol 0.010 -0.004 0.037 0.023 0.042 0.033 0.012 

trans-3-hexenol 0.002 0.036 0.029 0.017 -0.013 0.016 0.030 

ℽ-Nonalactone 0.003 0.010 0.046 0.016 0.029 0.039 0.038 

1,4-Cineole 0.000 -0.008 0.002 -0.009 0.025 -0.016 0.003 

Eucalyptol 0.002 0.027 0.016 0.012 -0.016 0.007 0.017 
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α-Terpinene 0.008 -0.019 0.016 0.020 0.026 0.035 -0.010

ℽ-Terpinene 0.000 -0.016 -0.004 0.004 -0.001 0.019 -0.010

Terpinolene -0.005 -0.012 0.001 -0.002 -0.006 0.026 0.005

Linalool 0.001 -0.011 0.011 0.012 0.003 0.037 0.001

4-Terpineol 0.005 -0.028 0.014 0.004 0.049 0.014 -0.004

α-Terpineol -0.002 -0.030 0.002 -0.008 0.029 0.015 -0.001

Citronellol 0.006 -0.013 0.006 0.019 0.004 0.032 -0.014

trans-Geraniol -0.003 0.001 0.012 0.008 -0.012 0.036 0.014

trans-Geranylacetone -0.004 0.008 0.004 -0.003 -0.013 0.008 0.015

α-Ionone 0.009 0.011 0.042 0.027 0.028 0.036 0.021

β-Damascenone 0.000 0.015 0.031 0.010 0.006 0.028 0.033

β-Ionone 0.005 0.045 0.031 0.025 -0.020 0.016 0.028

GSTp -0.009 0.032 0.011 -0.012 -0.022 -0.008 0.040

CNIp -0.013 0.007 -0.006 -0.024 -0.018 -0.008 0.027 

CNIt -0.009 -0.002 0.001 -0.021 0.006 -0.006 0.024 

GSTt -0.010 0.011 0.001 -0.024 -0.003 -0.018 0.030 
RainRP -0.014 -0.023 -0.044 -0.044 -0.009 -0.046 -0.013
RadnRP 0.004 0.032 0.054 0.026 0.007 0.047 0.050
VPRP -0.017 -0.017 -0.052 -0.049 -0.025 -0.052 -0.011
RHmaxTRP -0.010 -0.032 -0.046 -0.040 0.004 -0.048 -0.026
RHminTRP -0.013 -0.018 -0.057 -0.037 -0.038 -0.041 -0.027
GDD -0.009 0.013 -0.001 -0.023 -0.001 -0.027 0.027
Budburst Day 0.002 0.011 0.000 0.015 -0.028 0.018 -0.006
Harvest Day 0.004 0.008 -0.001 0.016 -0.023 0.015 -0.011
RPTp 0.003 0.019 0.018 0.006 0.010 -0.006 0.017
RainGS -0.010 -0.028 -0.043 -0.041 0.004 -0.051 -0.020
EvapGS 0.005 0.029 0.032 0.026 -0.012 0.033 0.023 
EvapRP 0.005 0.033 0.042 0.031 -0.010 0.044 0.032 
GDDph -0.007 -0.008 -0.004 -0.024 0.016 -0.020 0.015 
Values in red are positively correlated and values in green are negatively correlated. 
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CHAPTER V 

General Discussion, Conclusions and Future Work 

V.I. General Discussion

V.I.I. Chapter II: Paper I - An investigation of the Pivot© Profile sensory analysis method using

wine experts: Comparison with descriptive analysis and results from two expert panels 

This paper evaluated the effectiveness of the Pivot© Profile (PP) method using a multi-faceted 

approach. Firstly, the results from two sets of wine professionals with different backgrounds, 

sommeliers and winemakers, were compared. The evaluation of the same wines under almost 

identical conditions showed that the method yielded repeatable results. The robustness of PP was 

compared to the industry standard sensory analysis method, sensory descriptive analysis (DA) and the 

method performed admirably, with the comparison of the two methods returning an RV coefficient of 

0.69 (P < 0.001). Prior to this paper, only one study had reported on the validity of the methodology 

(Lelièvre-Desmas et al. 2017) outside of the original methodology paper by Thuillier et al. (2015).  

The PP method was used to effectively characterise group of premium Australian Shiraz wines. This 

paper evaluated the PP method in a manner which had not previously been examined. It demonstrated 

that it is appropriate to use experts as judges and that it is a useful, cost and time effective sensory 

methodology.   

V.I.II. Industry Relevance/Ramifications

As this method is relatively new, and not particularly well explored or developed, this paper further 

elaborated on its effectiveness and robustness as a rapid sensory method. Rapid sensory methods are 

highly valued in industry, as they generally use judges that need no training, provide quick results and 

can be used in multiple types of sensory evaluations (Varela & Ares 2012). The development of these 

kinds of methodologies can allow smaller businesses the opportunity to use proper sensory analysis 

techniques without the associated costs of screening, training, and maintaining a descriptive analysis 

sensory panel, which can be very expensive and labour intensive. For example, Treasury Wine 

Estates, one of the world’s largest wine companies, with an annual revenue of 2.5 billion AUD in 
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2017 (Treasury Wine Estates 2020), does not currently maintain a sensory panel. Whether this is a 

fiscal decision or a lack of trust in the methodology cannot be known, but it demonstrates the potential 

value of these rapid sensory methods. Many industries (not only wine) can benefit from using sound 

sensory methodology and incorporate them into their quality control or product development systems 

to aid in making appropriate business decisions.  

V.I.III. Chapter III: Paper II - Characterising inter- and intra-regional variation in sensory 

profiles of Australian Shiraz wines from six regions 

This paper focused on the regional sensory profiles of Shiraz in Australia. Six high profile, Shiraz 

producing regions were selected for evaluation. Samples were collected from those regions through 

commercial avenues with the goal of obtaining as many regional examples as possible. Between 22 

and 28 wines were selected from each region, and then taken to the regions themselves and evaluated 

using the PP method by local winemakers. This allowed for local vernacular or sensitivities to be 

captured in the sensory profile. The results from these PP evaluations were then analysed using 

Correspondence Analysis (CA), and then the samples grouped using Agglomerative Hierarchical 

Clustering (AHC). The overall sensory maps from the PP evaluations provided the sensory fingerprint 

of the regions while the AHC results gave the groupings of the wines within that fingerprint. These 

groups were then used to select samples for a sub-set of wines to represent each region. By selecting 

wines from each group or cluster, the diversity of the sensory profile of each region was able to be 

represented.  

Once the sub-set of twenty-two samples was selected, a descriptive analysis study was completed. 

Descriptive analysis is a more comprehensive and robust form of sensory analysis, requiring screened, 

trained, and experienced judges, and can involve weeks or even months of training and evaluation. 

The descriptive analysis separated the wines by region, with some overlap occurring between regional 

groups. The cause of both the separation and overlap was examined in the subsequent chapter of the 

investigation.    

V.I.IV. Industry Relevance/Ramifications  
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This is the first time that multiple Shiraz producing regions in Australia have been profiled using large 

sample sets, which truly capture the range of sensory identifiers or fingerprints of the regions. 

Understanding regional characters has benefits for grapegrowers and winemakers in these regions, as 

they can then better understand and promote these characters as markers or identifiers of Shiraz wines 

that come from their regions. Furthermore, wine critics can identify these characters in wines they 

assess, and pass that on to wine consumers, who in turn can begin to identify these regional markers 

and potentially align them with quality designations. This has been done in some of the ultra-premium 

wine producing regions around the world, such as the ‘floral’ aromas in wines Bordeaux sub-region of 

Margaux (Robinson 2006), or ‘Flint’ aroma characters in wines from the commune of Meursault in 

Burgundy (Hanson 1995).  

V.I.V. Chapter IV: Paper III - Regionality in Australian Shiraz: compositional and climate 

measures that relate to key sensory attributes  

The next part of this project was to undertake an extensive chemical profiling of the Australian Shiraz 

sample set that was selected in the previous paper. The sample wines already had a comprehensive 

and rigorous sensory profile completed, and the goal of this work was to compare this sensory profile 

to the chemical profile and investigate potential chemical drivers to the sensory attributes. In addition, 

multiple climate indices were collected from the vineyards from which the grapes used for the sample 

wines were harvested, allowing for their incorporation into the potential modelling of the sensory 

attributes. To this author’s knowledge this has never before been completed in any capacity using the 

Shiraz grape variety or any other, – in Australia or elsewhere. Using the previously detailed selection 

method for the samples allowed for the most comprehensive and complete sensory, compositional and 

climatic characterisation of regional wines completed to date. 

The compositional profile consisted of 70 compounds: non-volatiles, oak volatiles, esters, 

norisoprenoids, mono and sesquiterpenes, low molecular weight sulfur compounds, and basic wine 

chemical measures. The climate data consisted of 126 measures, from 22 sites, correlating with the 

locations of the vineyards. However, only 18 measures were used for the analysis, as they were 

deemed the highest impact parameters. 

95

wes.pearson
Sticky Note

wes.pearson
Inserted Text
in wines from the Bordeaux sub-region of Margaux



Multivariate analyses showed that wines with stalky/cooked vegetal sensory properties had higher 

cinnamate esters and dimethylsulfide, relating to later budbreak and harvest day; wines with higher 

monoterpenes were associated with floral aroma; high radiation measures were linked to higher 

tannin, colour density, norisoprenoid and phenylethyl acetate compounds and stronger dark fruit/dried 

fruit and tannin/colour attributes; while high rainfall indices were related to generally low intensity of 

most sensory attributes and most compositional measures. From cluster analysis of compositional data 

wines were well grouped by region of origin. Distinctive chemical fingerprints exist for the regions 

studied, and the climatic profiles were strongly associated with key compounds influencing sensory 

differences.  

V.I.VI. Industry Relevance/Ramifications  

Understanding the impact of region on the chemical and sensory profile of Australian Shiraz wines 

can lead to a more complete understanding of what it means for a wine to come from a particular 

place. Evaluating the comprehensive chemical profile of a large, diverse and representative sample set 

of wines from specific regions can allow researchers to understand the unique chemical fingerprint of 

a particular region and also begin to understand the implications of that chemical fingerprint on the 

resulting sensory attributes. Recognising the relationships between these parameters can help regional 

wine producers identify and potentially enhance sensory characteristics identified as regionally 

specific and better understand the potential chemical and climate parameters that can lead to their 

promotion.     

V.II. Future Work 

The use of the Pivot© Profile method is still limited. To this point there have been only eleven papers 

published using the method, highlighting the opportunity for more work to be done. Examining panel 

size, variations in the pivot (control), randomisation of samples, and even hybrid type methods using 

the PP method and CATA-like attribute lists are all possible areas of exploration. 

The world of wine has always been fascinated with the idea of terroir. The industry’s most expensive 

and rare wines are all well-established examples of unique terroirs, and that uniqueness, scarcity and 
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pedigree has transformed many of these wines into luxury products, as opposed to simple alcoholic 

beverages. However, even modest examples of terroir can have a positive impact on a nation, region, 

or sub-region’s reputation as a quality producer of wine. The evolution of the Priorat region in Spain 

is a good example. Thirty years ago, it was a forgotten region in the hills outside of Barcelona, 

producing unremarkable wines with little to no fanfare. Today, thanks to the efforts of some forward-

thinking wine producers and a focus on quality wine production, along with some astute marketing, 

this region has been transformed to a highly regarded and prestigious region, producing wines that 

command in some cases hundreds of dollars (Robinson 2014). Low production levels (scarcity), high 

quality wines and extensive media coverage have all built the ‘story’ of Priorat’s terroir. 

Consequently, this region has evolved in a very short period of time from being neglected and 

forgotten, to high profile and in-demand - all attributed to the unique terroir of Priorat.  

The example of Priorat highlights the effects of understanding and showcasing terroir. By recognising 

unique terroirs, wine producers can help grow the grapes and produce and market the wines with 

increased prestige, pedigree, and scarcity in their premium wines. This can be applicable in a micro or 

macro sense. For instance, a small producer may make wines from a small, unique vineyard, leading 

to a wine with distinctive sensory attributes and limited availability. Conversely, a wine producing 

region can exploit the fact that the wines that come from within it have a shared but unique sensory 

profile in a more global context. Together, all the producers in that region can benefit from the 

increased awareness and knowledge of wine consumers relating to that region, potentially leading to 

increased prices that consumers are willing to pay.  

This leads to how regions can use this terroir model, to evaluate and characterise their unique sensory 

fingerprint, and then use that to help grow the profile of said region. This type of work has not been 

done in Australia to any great extent, and the benefit to regions across the country could be profound 

in a global wine context. International benchmark wines with excellent reputations that command 

high prices do not always perform well in blind preference evaluations. It is the history, region and 

scarcity that can often drive these reputations. The quality of Australian wine has never been higher, 
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but as reported by Williamson et al. (2016), reputation of region or country often influences consumer 

choice and not the quality or preference of the wine itself.   

This type of work could be completed using different varieties that are abundant across Australian 

wine producing regions (Cabernet Sauvignon, Pinot Noir, Chardonnay) or more regional heroes such 

as Semillon in the Hunter Valley, Riesling in the Clare Valley or Grenache in McLaren Vale. Better 

understanding of Australia’s regional terroirs has the potential to increase Australia’s image across the 

globe as a fine wine producer, thereby benefiting producers across the country through increased sales 

and higher value for their products.  

V.III. Summary of Conclusions 

Paper 1 has shown that PP is a method that is sufficiently robust to produce similar and valuable 

results with different groups of expert panellists, even when the background, descriptive language and 

number of panellists differed. As had been previously reported, PP was shown to be valuable way to 

assess cross-cultural differences in responses between groups of panellists. The method was found to 

give useful data on the sensory properties of wines, with relatively similar outcomes to that of 

descriptive analysis. PP could be a potential replacement in situations where time and cost are factors 

that preclude the use of DA, and where information on the largest, most discriminating aspects of the 

sample set are required.  

PP may be less useful if information on attributes responsible for small differences among samples are 

needed. Obtaining expert viewpoints without the need to achieve consensus, and allowing insight into 

more complex attributes, is another advantage of the method. The use of PP with a relatively small 

number of technical experts with an established vocabulary allows meaningful sensory differences 

among samples to be ascertained, even with a relatively large sample set. Overall, the method was 

found to be suitable for rapid assessment of a complex product such as red wine. 

Some drawbacks to the method include cumbersome and labour-intensive data entry and analysis, and 

potential bias in interpretation of the raw data. There has also to this date not been a way to monitor 

judge performance regarding this method. Future work or development could be focused on creating a 
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way to monitor judge performance, as well as facilitate the collating of raw data to decrease the time 

and effort involved in data analysis.    

Paper 2 provided a detailed insight into the range of sensory differences found in Australian Shiraz 

that relate to region of origin. The approach of utilising PP assessments involving 145 wines provided 

a robust means of selecting the wines for the DA comparative study, as well as giving a means of 

assessing the extent of variability of sensory properties within each region studied.  

While there was a degree of overlap in sensory properties of wines from the different regions, the 

study showed that there were region-specific variations.  Particular sensory attributes that can be 

considered distinctive for some regions were identified, while for others it was the overall pattern of 

multiple sensory properties that defined these wines.  

The study has shown the flavour diversity of Australian Shiraz and the extent to which differences in 

sensory properties can be ascribed to region of origin. The insights from this work will assist 

winemakers, marketers, wine trade and consumers understand the sensory attributes that can be 

expected from a wine sourced from one of the regions studied here. The work will provide sensory 

attribute targets for individual producers in order to optimise an alignment to a desired regional style. 

The approach followed using the PP method combined with DA can be applied in other wine regions 

and countries and also with other products to help simplify the collection of complex sensory data.  

Paper 3 examined the compositional and climate interactions with the sensory profile developed in 

paper 2. For these harvest years (2015 and 2016), the climate parameters were shown to have a very 

strong influence on the separation of samples. Examining the climate indices and their associated 

compositional markers, reveals potential causative effects of climate on the chemical composition, 

which extrapolates further to associated sensory attributes. This can give grapegrowers and 

winemakers a more holistic picture of the dynamics of their own terroirs and help them to better 

understand and potentially target a particular sensory profile.  
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This work has also highlighted the potential drivers of sensory attributes in regional Shiraz wines. 

Understanding these drivers is important to wine producers who hope to capture these regional 

sensory characters in their wines in order to better represent their terroirs.  
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UNDERSTANDING THE ROLE OF REGIONALITY IN SHIRAZ 

Understanding the role of regionality in Shiraz 
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Abstract 
Terroir can be broadly considered to be the contributions and interactions of environmental, human and cultural factors that impart unique 

characteristics to a product. In this study regional differences in sensory characteristics of Shiraz wines were explored in an Australian context, 

evaluating the sensory profiles of premium wines from six well-regarded Shiraz-producing regions. Initially, /arge sets of regionally produced 

wines were evaluated by groups of winemakers from each specific region, using a newly described, rapid sensory method called Pivot© Profile, 

in order to obtain an overall regional sensory snapshot of the wines produced in that region. A subset of wines from each region was then 

carefully selected using the Pivot" Profile data and further evaluated using traditional sensory descriptive analysis along with comprehen

sive chemical analysis. This work has given detailed quantitative information of the sensory properties that can be expected from each of 

the regions, along with their associated chemical pattern, and provided links between regional sensory attributes and chemical profiles. The 

sensory fingerprints that differentiate the regions can help winemakers, wine trade and consumers to appreciate what sensory attributes can 

be expected when producing/selling/purchasing a wine from one of the regions studied here, and points of difference compared to other wines. 

lntroduction 
Terroir (from the French for land - terre) is an idea that connects an 
agricultural product to a particular region or site. Tue unique charac
teristics of a product associated with a region or area can be influ
enced by factors such as dimate, topography, geology, geography and 

human interactions. In simpler terms, it is the impact of place on the 
appearance and flavour of a product. 

Between 22 and 28 wines were chosen from each region, with all 
wines being commercially available and selected to represent the 
diversity of wine styles within the region. Wines which exhibited an 
obvious fault were exduded. Wines from the 2015 and 2016 vintages 
were chosen to incorporate some vintage variation. 

Australia has the world's second largest area of Shiraz vineyards 
(Robinson et al. 2012), with Shiraz vines accounting for nearly 30% 

of all vineyard area in Australia (Wine Australia 2019). There have 
been very few studies focusing on sensory differences related to the 
regionality of Shiraz, with a relatively recent investigation (Johnson 
et al. 2013) providing data on several wines selected from each of 10 

Australian regions. A challenge for research studies is the ability to 
assess large enough numbers of wines to make meaningful compari
sons across regions, given the variability within a region and the 
complexity of premium Shiraz sensory profiles. With advances in 

rapid sensory descriptive methods (Varela and Ares 2012), 
evaluating many wines to assess sensory differences between 
regions is now a reasonable proposition. 

Tue aim in the present study was to evaluate the sensory 
profile of Shiraz wines from well-known Shiraz-producing 
regions in Australia to determine in detail which sensory 

properties could be related to the places the wines came from. 

In order to achieve this, a large number of samples from each of 
<> 

An example of the Pivot" Profile results is shown in Figure 1 for 
the 23 Yarra Valley wines assessed by the winemaker panel. Tue 
results are displayed as a correspondence analysis map to visualise the 
sensory differences between the samples and the attributes that were 
most related to the groups of wines. 

This biplot represents a sensory 'fingerprint' of the region. Statistical 

duster analysis was completed to separate the samples into groups 
based on their sensory attributes. Tue method separated the Yarra 
Valley wines into four dusters, with the largest duster comprising 11 

wines: this duster thus represents the more common Shiraz wines 
found from this region. Generally, the sensory characteristics of the 
Yarra Valley dusters ranged from higher tannin, high purple colour, 

4 • 

(1:.;.;J <> 

We,g1 P Tannin P 

Volatile Ac1d1ty 1 <> i ntense p Purple C 

Dark Fru?t P C8 ncentraß~~/Fruit A +1 
R' Camp/ex/. Fruit A 

six regions were characterised using the rapid sensory method
ology Pivot" Profile (Thuillier et al. 2015) using groups oflocal 

winemakers. 
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Regional Pivot® Profile evaluations 
Winemakers from each of the six regions (Hunter Valley, 

Heathcote, Yarra Valley, Canberra District, Barossa Valley and 

McLaren Vale) were used as judges, as they are very familiar 

with the wine characteristics and styles of their regions and 

would be expected to be able to describe and discern small 
differences. These assessments were conducted to show the 
sensory differences within each region, and to provide infor
mation that could be used to select representative wines from 

each region for a subsequent formal descriptive analysis study. 
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Figure 1. Results of the Pivot" Profile assessment summarising the sensory properties for the 23 
Yarra Valley wines. The four clusters identified are shown in different colours. Wines with solid 
symbols were chosen for the multi-regional descriptive analysis evaluation. C - Colour; A -
Aroma; P - Palate 
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concentrated and 'darkfruit' driven (the largest duster 1) to more 'red 
fruit' and 'dark frui( 'spiee' and 'pepper' aromas, with more palate 

weight and some slightly faulty wines (duster 2, five wines), 'red frui( 
'green' and 'spicy' wines (duster 3, three wines), and 'oak-driven: 
'brown: 'developed' and 'complex' wines (duster 4, four wines). A 

similar approach was used for each of the six regions to identify wines 
that represented the range of sensory properties of the regions. 

Quantitative sensory descriptive analysis: comparing 
wines across regions 
After the Pivot" Profile evaluations, wines carefully selected from 
the dusters identified from each region were induded in a compara

tive sensory descriptive analysis study using a trained AWRI panel. 
Twenty-two wines were selected, with four from each ofYarra Valley, 

Canberra District, McLaren Vale and Barossa Valley, and three wines 
from the Hunter Valley (upper and lower) and Heathcote. These 
wines ranged in price from $27 to $92 (median $35), with alcohol 
levels from 13.1 to 15.8% viv (median 14.1 %). All wines except two 
were from single vineyards. 

Figure 2 shows the results of the quantitative sensory descriptive 
analysis study in the form of a Principal Component Analysis (PCA) 

map. Tue separation of the wines shows that along PCl from left to 

right there is a general tendency of warm regions to cool regions. 
However, situated to the right are the Hunter Valley wines, which 
would certainly be considered a warm region (Iland et al. 

2017). This is likely a result of the fact that the two years 
chosen for this study (2015 and 2016) were both high rainfall 
vintages which led to earlier harvests. 

Tue four Barossa Valley wines located along PCl were 
grouped fairly tightly together, indieating a comparable 
sensory profile for the attributes best defined along PCl. 
These were high in 'opacity' C, 'dark fruit' A/P, 'viscosity' 

Tue four Yarra Valley wines were separated by a comparable 
distance to the Canberra wines along PCl, with two wines located 

near the centre of the biplot, while the other two are spread out along 
the right side of PCl. Trends among the Yarra wines indude high 
means for 'stalky' A/P for three of the four wines, and 'mint' A/P, 'red 

fruit' A/P, 'floral' A and 'pepper' P for two of the four wines. Three of 

the four wines also scored low for the attributes 'astringency' P and 
'dried fruit' A. 

Tue three Hunter Valley wines can all be found right of the origin 
along PCl. All three wines scored high for the attribute 'red fruit' A/P, 
and low for the attributes 'dark fruit' A/P, 'viscosity' P, 'pepper' P and 

'woody' A/P. Of all the regions, the Hunter Valley wines were most 

similar. 

Links between chemical composition and distinctive 
regional sensory characteristics 
Tue 22 regional Shiraz wines were analysed for 69 different chemieal 

measures. An analysis of variance was completed, to assess which 
compounds differed across the regions. A PCA analysis of the 

chemical data is shown in Figure 3, with the sensory attributes 

overlaid on the plot. 
Tue Canberra Distriet wines were rated relatively highly for the 

attribute 'floral' and were high in the monoterpene compounds 
citronellol, trans-geraniol, linalool and terpinolene, compounds 
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'stalky' A/P, 'red fruit' A/P, 'floral' A and 'confection' A. 
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Three of the McLaren Vale wines also show a relatively tight 
grouping, slightly to the left of the Barossa samples. One wine 

is to the right of Figure 2, relating more to the attributes 'red 
fruit' A/P, 'mint' A/P, overall 'fruit' P, 'floral' A and 'confec-

tion' A. 

Tue three wines originating from Heathcote exhibited 
some of the greatest separation along PCl, with the wine HCl 

- from the largest duster of wines from this region - having 
especially high scores for the attributes 'opacity' C, 'dark fruit' 
A/P, 'dried fruit' A, 'beef stock' A, 'umami' P and 'hot' P, and 

very low scores for the attributes 'red fruit' A/P, 'confection' 
A, 'floral' A and 'stalky' A/P. This wine varied quite consider

ably from the other two wines from the region, and therefore 

indicates a broad regional sensory profile. 

Tue four wines from the Canberra District were also spread 

out along PCl, with two samples at the far right and the other 
two situated dose to the origin. Interestingly, the two far right 

wines were from the same subregion (Murrumbateman) with 
the other two wines from different subregions (Lake George 

and Majura Valley). Tue two Murrumbateman wines were 

rated highly for the attributes 'red fruit' A/P and 'stalky' A/P, 

and low for the attributes 'opacity' C, 'dark fruit' A/P and 

'woody' A/P. Tue two other wines were separated along PC2. 

Tue Lake George Canberra wine CB3 was rated high for the 
attributes 'dark fruit' A/P, 'brown' C, 'floral' A, 'dried fruit' A, 

'spiee' A, 'woody' A, 'mint' A/P and 'pepper' P. Tue Majura 

Valley wine CB4 was rated high for the attributes 'earthy' A/P, 
'cooked veg' A, 'drain' A, 'beef stock' A, 'woody' P, 'brown' C, 

'floral' A, 'dried fruit' A and 'pepper' P. 
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Figure 2. Sensory properties of wines from each of the six regions from the sensory descriptive 
analysis study. HC: Heathcote; YV: Yarra Valley, HV: Hunter Valley; CB: Canberra; BV: Barossa Valley; 
MV: Mclaren Vale. The letter C alter an attribute - Colour, A - Aroma, P - Palate and AT - Aftertaste 
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Figure 3. PCA biplot of the chemical measures for the 22 wines with the sensory attributes overlaid. 
HC: Heathcote; YV: Yarra Valley, HV: Hunter Valley, CB: Canberra; BV: Barossa Valley; MV: Mclaren 
Vale. The letter C alter an attribute - Colour, A - Aroma, P - Palate and AT - Aftertaste 
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noted for their floral aromas. Tue Yarra Valley wines were higher in 

ethyl cinnamate, ethyl dihydrocinnamate and dimethyl sulfide, which 

were related to the 'stalky' and 'cooked veg' attributes. Tue Barossa 

Valley wines were separated from wines from the other regions with 

higher concentrations ofbeta-damascenone, alpha- and beta-ionone, 

gamma-decalactone and phenyl ethyl acetate, which were linked 

to the 'dark fruit'/'fruity' sensory attributes. McLaren Vale wines 

were also higher in these compounds, together with colour density, 

pigmented tannin and several fermentation-derived esters, and were 

also high in the measures pigmented tannin and colour density. 

Tue chemical compounds that were found to be associated with 

distinctive characteristics, once confirmed, will provide avenues to 

enhance or otherwise control sensory properties that give rise to 

regional differences. Viticultural or winemaking techniques are avail

able that alter the concentration of many of the compounds identified, 

and the compounds can be used as targets for experimental trials. 

Conclusion 
Tue investigation allowed an understanding of the range of sensory 

properties of Australian Shiraz, and what sensory characteristics are 

related to region of origin. Tue study showed that Australian Shiraz 

wines can exhibit sensory profiles that represent the place they come 

from. Understanding these regional sensory characters assists grape

growers, winemakers and wine marketers in knowing what sensory 

attributes are expected from a wine from these regions. Reliable 

sensory descriptions help in aligning the different sectors of the 

wine industry to be able to communicate clearly, including between 

growers and winemakers; within wine companies; amongst wineries 

within a region; and for websites, retail sales personnel and customers. 

With a knowledge of an established sensory profile, and with causa

tive chemical compounds known, grapegrowers and winemakers 

can strive to maintain or enhance the regional characters found in 

their grapes. Wine marketers and sales professionals can also use the 

sensory information to help teil the stories of their regional wines to 

their customers. 
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Provenance, preference and Pivot: exploring 
premium Shiraz with international 
sommeliers and Australian winemakers using 
a new rapid sensory method
By Wes Pearson1,2, Leigh Schmidtke2, Leigh Francis1 and John Blackman2

A rapid sensory method called Pivot© profile has been used to assess the sensory properties of 
super-premium Shiraz wines from regions across Australia to assess the differences in the use of 
descriptors by professional tasters.

INTRODUCTION
The idea that a wine from a particular 

place tastes different to a wine from 
another place has long captivated wine 
lovers around the world. Wine drinkers 
are becoming increasingly well-informed 
that certain regions produce wines 
with distinctive flavours that appeal 
to them, and may be prepared to pay 
more for these wines. From a research 
point of view, the topic of regional and 
sub-regional differences in the sensory 
properties of Australian Shiraz wines 
is one that has recently been given 
greater attention. If it is possible to 
better explain what causes, for example, 
a Shiraz from the Barossa Valley to be 
different from a Heathcote Shiraz, this 
could improve Australia’s position in the 
international marketplace, as consumers 
of premium wines cherish these regional 
characters and the stories that go 
along with them. This goal has been 
developed into a project covering one 
aspect of a larger program of research, 
undertaken jointly by researchers at 
the National Wine and Grape Industry 
Centre at Charles Sturt University, and 
the Australian Wine Research Institute, 
funded by Wine Australia.

PIVOT PROFILE: A RAPID METHOD FOR 
CHARACTERISING A SET OF WINES

A rapid sensory methodology called 
Pivot© profile has been applied in this 
project to allow sensory information 
to be obtained on a large number 
of regionally-sourced wines. Pivot 
profile (PP) is a relatively new sensory 

method that has potential for general 
application in the Australian wine 
industry, and was first applied to 
characterise a set of sparkling wines in 
France (Thuillier et al. 2015). It is a free 
description method that can use the 
well-developed lexicon of professional 
judges (winemakers, sommeliers, wine 
writers, wine buyers, etc.) as an asset 
but also removes the bias that can 
occur in groups of this type. The judges 
use a ‘pivot’ wine as a reference for 
assessing the samples. Judges assess 
each coded sample, compare it with 
the pivot wine, and write descriptors 
based on how the coded sample differs 
from the reference. An example of the 
assessment sheet for one wine is given 
in Figure 1. Judges can use any term 
to describe the wine; however, the 
degree modifier ‘less’ or ‘more’ is used 
in conjunction with the descriptor. By 
using only these degree modifiers, the 
scope of the descriptors is moderated, 
so only the main differences between 
the pivot wine and a specific sample 
are recorded. For example, if writing 
free choice notes about a wine, judges 
when using the term sweet to describe a 
wine could add on the degree modifiers 
‘moderately’, ‘very’, ‘not so’, ‘highly’, 
‘a little’, ‘a bit’, ‘slightly’, etc. By having 
to use either ‘less x than the pivot’ or 
‘more y than the pivot’ (e.g. less sweet, 
more astringent), the judge must fit the 
term into one of two categories but is 
still free to use creativity and personal 
interpretation to describe the sample. 
This format also makes the results much 

easier to analyse and interpret, with 
simple counts regarding the number of 
judges using particular terms used to 
differentiate wines. 

The terms are tabulated by noting 
whether they were perceived as ‘more 
than the pivot’ or ‘less than the pivot’. 
Once all the attributes are counted, 
the results are summarised in an 
attributes x wines frequency table. The 
statistical technique of correspondence 
analysis is then performed to obtain 
a straightforward ‘map’ of the wines, 
showing both attributes and products, 
and allowing a simple way of picturing 
the degree of sensory differences 
among the set of wines.

This method shows promise for use in 
industry tastings as it is easy to perform 

1The Australian Wine Research Institute.
2National Wine and Grape Industry Centre, School of Agricultural and Wine Science, Charles Sturt University, Wagga Wagga, New South Wales

Figure 1. An example of a Pivot profile 
assessment sheet for a single wine.

Figure 1. An example of a completed Pivot Profile assessment sheet for one wine.
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in one session, and judges need no training. The sensory 
characterisation provided by the method has been previously 
shown to be reliable and could be employed in multiple 
applications when sensory evaluation is required. 

The goal in this project was to use the method to 
assess sensory properties of super-premium Shiraz wines 
from regions across Australia, using judges with varying 
backgrounds, to assess differences in use of descriptors. In 
addition, the method was compared with the much more 
time-consuming but well-established method of quantitative 
sensory descriptive analysis to test its reliability and validity for 
generating robust sensory characterisations.

WINEMAKERS’ AND SOMMELIERS’ PERCEPTIONS OF 
SHIRAZ WINES

In conjunction with the ‘World’s Top 100 Restaurants’ 
event held in April 2017, Wine Australia coordinated a visit 
of 50 eminent sommeliers from some of the participating 
restaurants for an extensive tour of Australian wine regions. 
This event provided an opportunity to investigate the 
descriptive language used by international wine professionals 
for Shiraz wines. In addition, it was an excellent chance to 
measure the preferences of this influential group, and their 
impressions of Australian Shiraz. For the visiting sommeliers it 
was an opportunity to taste a broad cross-section of regional, 
ultra-premium Australian Shiraz and be exposed to Australian 
wine research activities.  

Wines for the exercise were selected based on ‘icon’ 
status (having a long-standing reputation) and included wines 
deemed to exhibit regional characters. Fourteen current 
vintage wines were carefully selected from 11 regions: Hunter 
Valley, Barossa Valley, Eden Valley, McLaren Vale, Adelaide 
Hills, Yarra Valley, Canberra, Beechworth, Heathcote, Clare 
Valley, Geelong and the Grampians, ranging in retail price 
from $45 to $250. One wine from New Zealand (Trinity Hill 
Homage Syrah 2013, A$120) and two wines from the Rhone 
Valley in France (Auguste Clape Cornas 2013, A$200 and 
Domaine Alain Graillot Crozes Hermitage rouge 2015, A$70) 
were also included in the tasting as international benchmarks. 
The ‘pivot’ reference Shiraz wine was selected based on it 
having varietal characters, but lacking distinctively regional 
characters. It was produced in high volumes, and had been 
awarded a gold medal at a recent Australian capital city wine 
show. The tasting was conducted at a hotel function room in 
Melbourne, with the sommeliers asked to assess the pivot 
wine and then each coded sample wine, writing comments 
as to how it was different from the pivot wine, using the 
previously described format of ‘more than’ or ‘less than’. The 
sommeliers were also asked to rate how much they liked each 
wine, using a line scale at the bottom of the page, anchored by 
the terms ‘dislike extremely’ and ‘like extremely’. Following the 
session, the wines were revealed and discussed.

The PP results can be summarised in a ‘map’ illustrating 
the main similarities and differences among the wines (Figure 
2a). In this figure the wines from the warmer regions (Barossa, 
McLaren Vale and Heathcote) are plotted in the upper right, 
while wines from the cooler regions (including Yarra Valley, 
Adelaide Hills and Canberra) are farthest to the left. The warmer 
region wines were most associated by the sommeliers with 
the attributes ‘deep colour’, ‘body’, ‘fruit’, ‘dark fruit’, ‘alcohol’, 

‘intense’ and ‘oak’. The wines on the left half of the figure were 
associated with the attributes ‘acid’, ‘floral’, ‘fresh’, ‘red fruit 
aroma’ and ‘herbal’ and were described more often with the 
terms ‘drinkable’, ‘elegant’, ‘bright’, ‘balanced’ and ‘fresh’.

The two Rhone Valley wines had similar sensory properties 
and were associated with ‘deep colour’, ‘high tannin’, and a 
character the sommeliers referred to as ‘medicinal’, ‘dirty’ 
or ‘barnyard’. It was interesting that once the Rhone Valley 
wines were revealed there was some surprise and disbelief 
from many of the sommeliers. As the wines were from highly 
regarded producers, comments as to the integrity of the 
bottles poured or other excuses were given by some of the 
participants as to the general poor quality of these wines. 
However, this in itself is an interesting observation regarding 
Old World vs New World producers, where trade influencers 
can be biased towards prestigious Old World producers due to 
the history, pedigree and scarcity of the wines, regardless of 
the presence of arguably undesirable flavours.

Overall, the results of the pivot profile assessment by the 
sommeliers provided a valuable insight into their perceptions 
of Australian Shiraz compared with international benchmarks. 
The group found the tasting an interesting experience and 
found the process of assessing the wines by comparison with a 
reference a straightforward task.

This tasting was replicated a few weeks later with a group 
of 11 Australian winemakers to examine how the background 
and experience of the expert judges might change the way 
that wines are characterised, and to examine the preferences 
and language used by both groups. This tasting was completed 
at the AWRI, and all aspects of the sommelier tasting were 
repeated, with identical wines. 

When comparing the sommeliers’ results (Figure 2a) to the 
winemakers’ (Figure 2b), there are many similarities. Wines 
from the Barossa, McLaren Vale and Heathcote were again 
plotted to the upper right, and the associated attributes were 
similar to those used by the international sommeliers, with 
the winemakers using the terms ‘opaque’, ‘body’, ‘dark fruit’, 
‘tannin’, ‘oak’ and ‘intensity’ to describe these wines. Some 
notable differences between the two groups included the 
positioning of the Beechworth wine, which was much closer 
in sensory properties to the McLaren Vale wine 1 according 
to the winemaker group, and the use of the terms ‘brown’ 
and ‘developed’, which were not used by the sommeliers. The 
cooler climate wines to the left of Figure 3b were described by 
the terms ‘floral’, ‘red fruit’, ‘lifted’, ‘vibrant’, ‘acid’ and ‘green’. 
The French wines were characterised by the terms ‘purple 
colour’, ‘opaque’, ‘tannin’, ‘VA’, ‘reductive’ and ‘Brett’. Overall 
the Australian winemakers used somewhat more technical 
terms and fewer terms related to quality compared with the 
sommeliers. However, it is striking how similar the two maps 

“...the development of alternative rapid methods offers 
the potential to generate good sensory data without the 

costs and labour required for descriptive analysis.”
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are, and how similar terms were generally employed. The two 
data sets were also compared using a multivariate statistical 
technique which provides a measure of how similar two 
data sets are to each other. The similarity is measured by a 
coefficient between 0 and 1, with 0 showing no resemblance 
and 1 being perfectly correlated. The similarity coefficient 
between these two data sets was 0.79, which shows a high 
level of similarity. 

DO INTERNATIONAL SOMMELIERS AND AUSTRALIAN 
WINEMAKERS HAVE SIMILAR PREFERENCES FOR SHIRAZ?

Another point of comparison between the two groups of 
assessors was the liking scores for the wines. Figure 3 shows 
the relationship between the two groups’ liking scores. The 
sommeliers’ most liked wine was the Eden Valley wine, 
followed by the Geelong and Grampians wines. The least liked 
wines were Rhone 2 and Rhone 1, followed by the Clare Valley 
and the New Zealand wines. The winemakers also gave low 
liking scores for the French wines, this time with Rhone 1 the 
least liked wine, followed by Rhone 2. McLaren Vale 1 and 
the Clare Valley wines were the next least liked. Interestingly, 
the Eden Valley wine was the fifth least liked sample for the 
winemakers, while it was the most liked for the sommeliers. 
The winemakers’ most liked wine was from Canberra, which 
was also well liked by the sommeliers, followed by McLaren 
Vale 2 and Yarra 2. Overall, there was only a fairly weak 
correlation between the two groups’ preference scores. 

In assessing the individual sommeliers’ liking responses in 
more detail, it was found that most sommeliers had similar 
preferences, with good correlation of each judge with the group 
mean. However, there was a small group of judges who more 
strongly appreciated the relatively lighter, ‘red fruit’, ‘herbal’, 
‘floral’ wines from Canberra, Adelaide Hills and Yarra Valley.

HOW DOES PIVOT PROFILE COMPARE WITH 
CONVENTIONAL SENSORY ANALYSIS? 

A detailed sensory profile on the same wines was completed 
by the AWRI’s trained panel using descriptive analysis (DA). 
The DA method is the gold standard for sensory profiling as it 
produces reliable, detailed and repeatable quantitative sensory 
data that can be analysed using robust statistical tests. However, 
the costs involved in recruiting, training and maintaining such 
a panel are prohibitively expensive for all but the largest wine 
producers. Therefore, the development of alternative rapid 
methods offers the potential to generate good sensory data 
without the costs and labour required for DA. A comparison 
between the sensory profile generated by the AWRI’s trained 
panel and that generated by the winemakers using the PP 
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“The recognition that the international sommelier group 
appreciated premium Australian Shiraz wines of a range 

of styles, and that the international benchmark wines 
were not so well liked, provides useful insight into sensory 

descriptors used and preferences of this influential 
group.”
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method was completed using multiple 
factor analysis. The similarity coefficient 
between the two data sets was 0.69, 
slightly less than that between the 
sommelier and winemaker PP tastings, 
but nevertheless quite high, showing that 
the different panels gave broadly similar 
results. These results indicate that while 
the Pivot profile is easy and quick to 
perform, it may not be as comprehensive 
as conventional descriptive analysis. It is, 
however, appropriate to use in certain 
situations when a less detailed sensory 
profile is acceptable.

CONCLUSION
Overall, the experience with the PP 

method has been a positive one, with 

the data it yields being both reliable and 
repeatable. That, combined with the 
ease of administering the tests and the 
lack of training needed for judges, leads 
to the assessment that Pivot profile is an 
excellent option when choosing a rapid 
method to perform sensory analysis. 
The main drawback with the method 
from an industry application point of 
view is the data entry and subsequent 
statistical analysis, which are quite 
time-consuming and require relatively 
sophisticated data analysis skills. The 
method has recently been applied to 
a much larger number of single site 
wines from the Barossa Valley, Canberra, 
Heathcote, Hunter Valley, McLaren Vale 
and Yarra using winemaker panels to 

relate the sensory properties of the 
wines from these regions to other data. 

The recognition that the international 
sommelier group appreciated premium 
Australian Shiraz wines of a range 
of styles, and that the international 
benchmark wines were not so well liked, 
provides useful insight into sensory 
descriptors used and preferences of this 
influential group. It was notable how 
diverse the flavour descriptions were for 
the wines produced from different sites 
across the country, and that wines from 
both warmer and cooler climates were 
equally preferred by the sommeliers. 
The results highlight the value in 
studying Shiraz sensory profiles and how 
they relate to regions and sites and, 
ultimately, the site-specific influences on 
these characteristics.  
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