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ABSTRACT

The aroma variability arising from the maturation of a Chardomay wine (10 descriptors)

and a Cabernet Sauvþon wine (12 descriptors), each tn 24 new oak barrels for 55 and 93

weeks, reqpectively, was described using sensory ranking, and explained in terms of the

natural and cultural variability to which the oak and the wines had been subjected. These

wines, along with a model wine which was matured in 16 similar barrels and sampled at five

different times over a 93 week period, were anaþsed for 20 oak wood-derived or

associated volatile compounds using gas ohromatography - mass spectrometry. Four

sempounds, cyclotene, maltol, 5-methytturfuryl ethyl ether and vanillyl ethyl ether were

quantified in a barrel aged wine for the first time.

Principal components anaþsis indicated the three main 'directions' of variation in the

composition data. The oak lactones and eugenol were strongly assooiated with one another

and were not associated with either coopering heat or microbial activity products. The

seven coopering heat produots targeted were strongly assooiated with one another except

when affected by microbial activity. This activity yielded degradation products which
constituted a third composition 'direotion.'

Relationships among the composition and sensory data, along with an understanding of the
genesis of the compounds, have suggested which of the natural and cultural variables are

likely to have been involved in eaoh of the aroma variations. Incorporated into these

ex¡llanations are the imposed oak oriein, seasoning location and cooper treatment effects,

and the inferred coopering heat variability and wine microbial activity effects.

A novel data analysis method, involving compound concentration differences in relation to
specific aroma differentiation, was developed. Each result is summarised graphically, as a

specific Lroml'impact-pattern conformity' plot. The analysis tests for a naturaþ occurring
association between compound concentration differences and specific aroma differentiation
which is consistent with the existence of a causal relationship, and it estimates either the

aroma potency of the compound or the concentration difference coinciding with the aroma

impact of one or more unknown compounds.
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2 OakWood Contribution To Wine Aroma

1.1 Introduction

The seasoned heartwood of several speoies of oak is used in the production of some wines,

either as a material for container construction or as added pieoes, to modi$r wine aroma,

flavour and taste. Oak wood barrels have been used, historica,lly, as oontainers for a variety

of produots, including wine, beer, qpirits and oil. Their use as containers has declined,

however, due to the introduotion of lighter, cheaper or more inert alternatives. In the

alcoholic beverage industries, stainless steel containers are now prefered for storage, unless

the flavour and other contributions of oak wood are desired.

The combination of oak and wine, in aroma and flavour terms, has beoome so well accepted

as to be indispensable for some wine styles. The red and white dry table wine styles of

Bordeaux and Burgundy, which have been emulated by many of the so-called new world

wine produsing countries (princþally in North and South America, South Africa and

1\ustralasia), are the best examples.

The contribution that oak wood can make to wine composition and aroma is variable

because the oak wood, the wine, the nature of their contact and the peroeption among

consumers varies in more than a few ways.

1.2 Volatile composition overview

The primary constituents of oak wood are cellulose, hemicellulose, lignin and hydrolysable

tannins (Maga 1989b). However, the substances extracted by wines are of more direct

interest. To oonsider the compositional effects of oak on wines, the headspaoe or solvent

extract of the wine must be analysed, not the wood. Anaþsis of the wood itself may also be

useful, however, since it might heþ to elucidate the mechanisms of wine-soluble compound

formation.

Over two hundred volatile oak wood compounds have been identified (Maga 1989b) but a

much smaller number have also had their flavour or aroma impacts eluoidated. Presently,

substantial composition data and a limited understancting of the flavour impaot of these
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compounds have led to some understanding of the relationship between oak wo

wine oomposition and flavour.

The volatile compounds may be categorised acoording to their biogenetio or chemical odgm

(e.g. Sefton 1991) but, to be consistent with the categorisation used throughout this thesis,

the review considers these compounds with referenoe to their natural or cultural origins.

Compounds present in oakwoodprior to coopering

The cls- and trans- isomers of the so-called oak lactone (þmethyl-y-octalactone) are

currently thought to be some of the most substantial contributors to oak wood aroma in

wine. Mazuda and Nishimura (1971) have established that, in alcoholic beverages, these two

isomers "are derived only from oak'wood." Their formation is thought to be througþ lipid

oxidation (Maga 1989b).

There is some confusion in the earþ literature regarding the isomeric assignment when

authors have discussed various aspects of the cis- and traru-oak lactones. This has resulted

in apparentþ contradictory reports. Masuda and Nishimura (1981) have reported the

correct isomeric configurations and absolute stereochemistry. They oan be distinguished by

gas chromatography in that the trans isomer is eluted before the cis isomer. It is the cls

isomer which is more important in terms of its effect on aroma as it is found in higher

ooncentrations and has a reported arorna threshold in white wine around five times lower

than that of the trans: 92 compared with 460 pglL (Chatonnet et al. 1992c).

Nishimura et al. (1983) have isolated a different lactone from oak - 
y-nonalactone -

which they suggested might contribute to the matured flavour of qpirits.

Eugenot a compound of the volatile phenol group discussed in the following section, is

present prior to coopering (Sefton et al. I993a, Chatonnet et al. I994b). This compound

may arise fromthe degradation of lignin but, unlike compounds of similar origin which arise

most substantiaþ as a result of the heat applied to the wood during coopering, its

concentration is determined largeþ prior to coopering. Thus, an alternative to the genesis

by heat seems to be involved.

j;I

':)
t:

J

\r ¡rly

i:, í
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Terpenes represent another goup of oak woori compounds present prior to coopering.

Monoterpenes, sesquiterpenes and 9- , 11- atrd l3-carbon norisoprenoids have been

identified as oak wood constituents (Nishimura et al. 1983, Nabeta et al. 1986, Sefton et al.

1990b) but their role in oak wood-derived flavour has not been established.

Sefton et al. (I990b) identified 3l norisoprenoids in oak wood extracts, one of whioh, þ
ionone, had previousþ been reported as an oak wood ssmponent (Nishimura et al. 1983).

The norisoprenoids may prove to have some organoleptic importance since they have been

reported as important to the flavour of tobaooo, tea and some fruits (Schreier 1984).

Perhaps a reason for the scarcity of reports regarding this group of comqlorurds in oak wood

might lie in the fact that they are also knovrm to occur in both black and white grnpe

varieties as glyoosidic conjugates (Abbott et al. 1989, Sefton et al. 1989, Winterhalter et al.

1990) and as such may have had their source assþed to grapes.

Hydrolysable tannins, though not directþ contributing to aroma, are present in oak wood,

and may impact on aroma through catalysis of oxidation (Chatonnet et al. 1991). They also

contribute to red wine colour and astringenoy changes (Vivas and Glories 1996).

Hydrolysable tannins are composed of esters of gallio aoid (gallotannins) md/or ellagio aoid

(ellagitannins) with a sugar core, predominantly glucose (Deschamps 1989). Around 5 to 10

%o of oak wood dry weight is made up of the hydrolysable tannins which are unstable at

wine and qpirit pH, breaking down to form gallic acid and, more predominantly, ellagic acid.

This latter compound is sparingly soluble in aqueous alcohol and precþitates from solution

(Pocock et al. 1984).

Chatonnet et al. (1991) have reported that the maturation of a white wine in oak wood

resulted in an increase in po\'phenol content (D280), and it is widely believed that the

reported increases in pol¡phenol content due to oak wood maturation are accompanied by

increases in astringency (Moutounet et al. 1989). However, auinn and Singleton (1985)

have suggested that this may not be so and that the sensory importance of the ellagitannins

require further investigation. Pocock et al. (1994) reported a sensory study that suggested

that the taste inpact of ton-volatile oak wood compounds in wine was likeþ to be subtle,
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at most, at the concentrations commonly for¡nd. Sefton (1991) has suggested the possibility

that non-tannin oomponents of oak wood may affect the perception of astringency in wines.

Compounds arising during the coopering of oakwood

Some oak wood-derived volatile phenols found in wine arise most substantiaþ, if not

entirel¡ as a result of coopering heat, some as a result of the action of microorganisms

during wine maturation (discussed below), and one, eugenol (mentioned above), is present

in oak wood in signifioant conoentration before these processes. Of those arising as a result

of coopering heat, vanillin, guaiacol and 4-methyþaiaool are perhaps the most important.

Boidron et al. (1988) have suggested tlat, while these latter two compounds are t'nlikeþ to

impact, individually, on wine aroma, they are likely to contribute in concert with other

volatile phenols.

Considered the most studied group of volatile oak extractives (Sefton et al. l990a), the

volatile phenols are mainly derived from the degradation of lignin, a complex and

heterogenous struotural po\aner of dihydroooniferyl and dihydrosinapyl alcohols (Leisola

and Fiechter 1985). The volatile phenols are based on the guaiacyl or syringyl nucleus.

Nishimura et al. (1933) suggested that the lignin degradation products are generaþ

developed by two altemate pathways. Oak wood lignin can be degraded by charring, the

products extracted, then oxidised and/or esterified. Altemativeþ, oak wood lignin oan be

extracted through ethanolysis, with the lignin portion of the ethanol-lignin complex

evolving into the aromatic aldeþdes (Reazin et al. 1976). The former pathway is dominant

in qpirits such as bourbon whisky which is stored in charred barrels whereas the latter

pathway is dominant in scotch whisky and cognac (Nishimura et al. 1983) which are stored

in non-charred (only toasted) barrels. Much higher amor¡nts of the aromatia aldehydes are

found in oak aged spirits than in oak aged wines (Dubois 1983), the most abundant being

vanillin, syringaldeþde, coniferaldeþde and sinapaldehyde (Puech and Moutounet 1992).

Carbohydrate degradation products also arise during coopering of oak wood. Cellulose and

hemicellulose undergo therm¿l degradation to form carbohydrate degradation products,

mainly furan and pyran derivatives (Sefton 1991). Relativeþ large quantities of the furan

aldehydes, furfural and 5-methylfurfrra\ are formed in oak wood during heating but these
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are unlikeþ 1s þs important to the aroma ofmost wines because they are readily reduced to

their corresponding alcohols in the presence of microbial activity (Chatonnet et al. 1989).

Maltol and cyolotene are thought to contribute to the sweet and toasty aroma of toasted

oak wood (Nishimura et al. L983). These compounds are pyrolysis produots of sucrose

(Jolnson et al. 1969). Cyclotene oan also arise fromthe acid hydrolysis of glucose.

Protein in wood can serve as the nitroge,n souroe necessary for the formation of thermally

induced nitrogen-containing heterocyclic flavour compounds such as p5nazines (Maga

f989b) which are frequently associated with roasted, nutty, coffee, chocolate flavours and

which may also be produoed by baoterial aotion (Kempler 1983).

Compounds arising during the wood-wine contact period

Many of the compounds arising from coopering are zusceptible to modification by

microorganisms. The aldehydes - furfural 5-methylfurfural and vanillin - are all

susceptible to biochemical reduction (by yeast and/or baoteria in wine) to the correqponding

alcohols. fþs high sensory thresholds of these compounds - furfuryl alcohof 5-

methylfurfuryl alcohol and vanillyl alcohol - relative to the concentrations at which they

are present in wine, indicate that they are unlikeþ to impact upon wine aroma (Boidron el

al. 1988, Chatonnet et al. I992c).

A second group of microbially derived compounds 
- comprising the volatile phenols, 4-

vinyþuaiacot 4-vinylphenol 4-ethyþuaiacol and 4-ethylphenol - arises from the

ptecursors ferulic and p-coumaric acid. Dubois (1983) has zuggested that these are the

most important of the volatile phenols in terms of their effect on alcoholic beverage flavour.

The preoursors are contributed most substantially by the grape component of wines but

Miller et al. (1992) have shown that oak wood is an additional source. Chatonnet et al.

(1992b, 1993, 1995) have explained the sensory importance of these compounds and the

chemical and microbiological factors responsible for their evolution in wines.
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1.3 Compounds selected for studv

A review of the literature, dealing with the occurrence of, or the sensory impact of oak

wood-derived or associated volatile compounds in alcoholic beverages (e.g. Boidron et al.

1988), led to a selection of 17 compounds for study. A further three (the ethyl ethers which

were found to form when furfuryl alcohol 5-methylfurfrrryl aloohol and vanillyl alcohol

were present with ethanol in wine) were selected in the earþ stages of the stu<ly. T\e 20

compounds, along with a selection of their reported ffomr detection thresholds and

likenesses, are shor¡m in Table 1.1, and their molecular structures are shoum in Figure 1.1.

Cyclotene and maltol, compounds extracted from oak wood, are thought to be aroma-

active in whisþ (Nishimura et al. 1983). In this thesis, quantities of these two compounds

in wine are reported, apparently for the first time. No wine-related aroma threshold data

have been reported.

Quantities of 5-methylfurfuryl ethyl ether and vanillyl ethyl ether in wine are reported, also

apparently for the first time in this thesis. Furfrrryl ethyl ether was reported earlier

(Bertuccioli and Viani 1976) and is thought to be assooiated with staling in beer (Harayama

et al. 1995). No wine-related aroma threshold or likeness data have been reported for these

ethyl ethers. These three compounds were identified by comparison with qmthetio samples

by others in this laboratory (Spillman et al. 1998).

Some compounds reported to be commonly present in oak wood-aged wines at

concentrations below their estimated aroma threshold were quanttfred (i.e. particularþ,

furfural, 5-methylfurfural, furÂrryl alcohol and vanillyl alcohol). Nevertheless, these aÍoma

thresholds, determined in wines different from those of this study, do not necessarily mean

that the compounds could not influence the aroma of other wines. Nor do they mean that

they can not have contributed to aroma effects in oombination with other oompounds.
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Table 1.1. A selection of the published aromâ characteristics
for the 2O target-compounds.

Comiti¡räül

Detecüon,tli¡eshold. (pgl.l,)' ln,varior¡s,nredlo, ond'iürscriplf on

Modd \ryffte R€d Â¡om¡'
\il¡úer rùihè dne wine llkene$s Other..efßiêäß6s

c¡s--oak ladcnel
trans--oaklaúcnel
eugenol

guaiacol
zt-mdhylguaiacol

vmillin

cyclotene
maltol

frrrñ.ual
S-mdhylfiufrual

firfrrryl alc-úol
5-mdhylñrrf.alc. *
vanillyl alcchol

Âufrrryl dhyl dher
5-mdhylfrrrf e.e.*
vmillyl dhyl dher

4-vinylguaiacol
4-dhylguaiacol
zt-vinyþhenol
,l-dhylphaol

28
64
7

5.5
l0

105

7100

8000
6000

1000

>50000

32
t<

85
130

25
ll0
l5

15000
16000

65000
s2000

20000
45000

74
320
500

75
65

320

92
460
100

95
65

400

cocmut, oak
cocout, oak

clove

snoke
bumingwood, aú

vanilla

caramel, mErle
fragrot, caramel

almcnd
grilled alnord

pinkpepper, clove
moke, ryice

datrua
ho¡se,hmse Sable

úalcynrd-et al. 1992c
Ø,atqin:ú-eÍ al.l992c

Shigematsu et al. 19'75
Keith md Powers 1968, Hodge 1967

úatøtÉ. et al. 1992c

20
30

65

15000 35000 45000 mouldyhay

>50000 >50000 >50000

440
70

770
1100

130
47
180
440

380
150

1500
1200

1 Oak lad.mes : cis- md trans-þmúhyl-y--odaladcne
* 5-mdhylfrrf.alc :5--máhylfr¡rfrryl alcohol; mcl5-máhylfitf.e.e. = 5-mdhylfrrfirryl dlyl ether
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trans-oak lactone

oo

cls-oak lactone

eugenol:
guaiacol:
4-methylguaiacol:
4-ethylguaiacol:
4-vinylguaiacol:
vanillin:
vanillyl alcohol:
vanillyl ethyl ether:

4-vinylphenol:
4-etþlphenol:

furfiral:
furfrrylalcohol:
turturyletþl ether:

3

R: CHCHz
R: CH2CH3

R: CHO
R: CHzOH
R: CHzOCH2CH3

R:
R_
R_
R_
R_
R_
R_
R_

cH2cHCH2
H
CH¡
cH2cH3
CHCH2
CHO
cH2oH
cH2ocH2cH

OH

cyclotene

ocH3

R

OH

R

H¡C

5-methylfirfural:
5 -methylfurfrrryl alcohol:
5-methylfurfuryl ethyl ether: CH

CHO
cH2oH
cIJ2ocH2

R_
R:
R_ J

OH

CH¡

maltol

Figure 1.1. Molecular structures of the 20target-compounds.
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1.4 Current oak wood usase choices. nerceived consequences and apparent

mechanisms

Oak wood extractive components have been found to vary considerably from one lot of

wood to another, and this has been attributed to variation in tree qpecies and age, growth

conditions, seasoning, coopering heat, prruse conditioning and previous use history for

used barrels. However. much of the research which has led to these conclusions has not

satisfactorily isolated eaoh variable from confounding by other variables.

The considerable variability of wine composition, too, can play a part in the amounts of

compounds extracted and the transformations which they can undergo. Such factors as

alcohol content, pll, redox potential, temperature, and the influence of microorganisms

have been cited as active in this rcgard, and are discussed below. The function of contact

duration, and the effect of barrel structure relative to the structural effeots of non-barrel

oak, e.g. oak chips, are also considered.

Oakwood source

For the puq)ose of cooperage, oak trees are felled and saum into lengths of approximateþ

1.5 metres, corresponding to slightþ more than barrel stave length. The cylinders of wood

are then either qplit or sar¡rm into rough stave shape and dried before the barrel making

process. Non-barrel oak (e.g. ohips) destined for use in winemaking oomes from the same

source but, since it does not need to possess the same structural characteristics, it may differ

frombarrel stave wood in some ways.

Oak wood variability may be defined in terms of structural and compositional differences

but these things are hard to define and measure. More obvious differences, such as the

forest from which the wood originated, have been targeted by coopers and winemakers

when attempting to understand the variability of oak wood influence on wine composition

and flavour. Many winemakers have particular preferences for barrels made of wood from

certain locations, for thefu different wines, but there seefirs to be little consistent evidence

regarding the relative merits of the various souroes, and it seerrc likely that urcontrolled
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variables suoh as seasoning and ooopering conditions have contributed to the inoonsistency

of reports and variability ofpreferences.

Attempts at defining oak wood variability primarily by origin are numerous (¿.9. Onishi ¿/

al. 1977, Rous and Alderson 1983, Marco et al. 1994).Indeed, this is not suryrising giveo

that barrels are constructed from different hybrids and species of the genus Quercus which

grownnder avaiety of environmental conditions (Mosedale 1995, Schahinger and Rankine

1992pp.Io-r2).

The main species used in American cooperage is Q. alba, while those in France are Q.

robur (: O. pedunculata) twhrch predominates in the south-west (e.g. Limousin), and Q.

petraea (: O. sessiliflora : Q. sessilis) which predominates in the centre (e.g. Tronçais,

Nevers, Allier) and north-east of France (e.g. Vosges) (Puech and Moutounet 1990). Little

is knoum of qpecies variability as an influence on wine oomposition or aroma effect.

Miller et al. (1992) isolated species effects (Q. alba arrd, Q. robur) from site effects for

phenolic acids and aldehydes extracted from oak wood which was grown in Michigan,

USA. flowever, oak wood age, a variable now knor¡m to affect some of the compounds

quantified (Viriot et al. 1993), was not constant between species treatments. Of the

compounds quantified, only vanillin is ïkely to oontribute directþ to wine Ltoma, and this

oompound increases substantially with the application of heat during coopering (Chatonnet

et al. 1989), a process which was omitted from the experiment.

Mosedale and Savill (1996) identified an oak wood qpecies effect for the oak lactones in

German forests. With the experimental desþ balanced for site, seed origin and tree age, the

Q. petraeawood yielded more ofboth oak lactone isomers than the Q. robur wood.

Characterisation of oak wood oomposition and sensory effeots acoording to geographical

origm are mote mrmerous than characterisations based on botanical origin. Onshi et al.

(L977\, in anaþsing brandies matured in either French or Amerioan barrels, found that

compounds arising mostly or entirely from oak wood (furfural, 5-methylfürfiraf

diethylsuccinate and cls- and trans-oak lactone) were more abundant in brandies from the

American barrels. Aiken and Noble (19S4), however, found no signifi.cant flavour difference
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between American and Nevers oak wood-aged Cabernet Sauvignon wine in an experiment

that invotved controlied coopering.

There has generally been no distinction made within the USA regarcling the forest from

whioh cooperage wood is sourced; it has been referred to siryly as American oak. On the

otherhand, French oak sources are clearþ defined (Schahinger andRankine L992 pp. 10-

1 1).

Sefton et al. (1993a) measured ooncentrations of eugenol, vanillin and the oak lactones in

oak wood from four origins - 
America, Limousin, Tronçais and Vosge a period

of three years open-¿fu ss¿ssning either in the country of origin or in Australia. The

Tronçais and Vosges samples contained around twice the concentration of eugenol of the

Limousin and American samples and these decreased on average by about two-thirds in the

French woods but only slightly in the American wood over three years. Vanillin ¡¡¿¿g

observed at similar soncentrations in all samples; these origin and seasoning variables

showed little effect. The oak lactones showed increases and decreases, identified by these

authors as being dependent on oak origin and seasoning time and location. The authors

ooncluded that, for the constituents measured, oak origin was a more important source of

variation than length or location of seasoning.

Oak lactone concentrations have often been the subject of attempts at typifying oak wood

according to geographical definitions. Marco et al. (i994) found that most of their

American oak wood samples were richer in the oak lactones than a variety of French

samples, with the exception of those from Nevers which were comp arable to the American

samples. Chatonnet (1989), however, found Nevers samples to be relatively poor in the oak

lactones, and suggested that, like grape quality, both genetic and environmental factors are

important to the development of oak wood quality.

Waterhouse and Towey (1994) arrived at a conclusion using the statistical significance of a

difference in the cls- and trans-oaklactone isomer ratio between American and French oak

wood without consideration of the variance which these authors had acknowledged was

present within at least onc of thcir statistical units. Further, the treatment effects were lot
isolated from oak wood seasoning and coopering differences, each thought to be associated
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with oak lactone concentration variations (Chatonnet et al. 1989, Sefton et al. 1993a).

Ilowever, their conclusion was supported by data reported by Cnriohard, et al. (1995).

Most of the norisoprenoids identified by Sefton et al. (I990b) were noted, by the same

authors, to vary oonsiderably between woods from different origins. The American oak

contained "substantial quantities" of 3-oxonorisoprenoids compared with no detection or

traces only in the Vosges oak. Conversely, a 4-oxonorisoprenoid, and B-ionone, a

compound knorvn to have a pleasant fruity Lrorna and very low sensory threshold, were

found exclusiveþ in the Vosges oak.

Some coopers are of the opinion that the orign of oak wood is a highly overrated factor,

and that Frenoh coopers pay more attention to the general nature of the wood, l.¿. whether

it is course- or fine-grained (Deves 1988).

A large French cooperage company, Tonnellerie Vicard based in Cognac, has oirculated

recommendations (Anon. c.1989) to potential customers regarding the most appropriate

type of oak wood and the corresponding firing level to use for various types of alooholic

beverages and the general characters to ex¡)ect from these wood types. It points out that the

recommendations are only valid for wood which is split, air-dried, and charred exclusively

with an oak fire. The general guide was based on wood grain qpacing. Tighter grain

benefited from less firing and influenced the beverage more slowly and with more 'lnesse,"

and was more appropriate to lighter beverage styles such as dry white wine. Converseþ, the

more open grained wood benefited most from more severe firing and was most

appropriateþ used for qpirits, fortified wines or intenseþ flavoured dry red wines. The open

grained Limousin wood could be expected to 'þerfrrme" and colour wines rapidly and with

little 'finesse," the medium grained Nevers and Bourgogne wood could be expected to give

a vanilla flavour and balance to wines, and the tight grained Tronçais and Allier wood could

be ex¡lected to release their'þerfrrmes" slowly and with'fnesse."

The grain nature of oak wood is correlated with tree growth rate. A faster gfowing tree will

produce wood which has more *idely spaced annual gowth rings and a higher proportion

of summer to spring wood (Singleton 1974). Slowly grorvn oak, which produces less

suÍrmer wood and therefore is made up of a relativeþ high proportion of qpring growth
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wood, was found to be rioher in extractable phenols than rapidly gtown oak (Singleton

1974). The lower densrty wood of qpring grovvth is intrinsically more permeable to liquids

than the wood of summer growth due to larger cell size so this sort of wood may allow

greùtelr wine infiltration and increased extraotion. Further, low density wood, by allowing

greater infiltration of a wine into the wood cell qpaces, may e4pose relativeþ high amounts

of the cellulose and hemicellulose structures of the cell walls and relativeþ low amourts of

tLe lignin structure which binds the cells. These structural components of wood are kno'um

to be the sources of different organolepticaþ irnportant compounds.

To further oomplioate attempts at measuring variability in oak origm effects, there is some

evidence of within-tree variability. Peng et al. (1991) and Viriot et al. (1994) have noted

higher concentrations of soluble ellagitannins in the heartwood nearest the sapwood

compared with that nearer to the pith. Maga (1989b) reported that coopers commonly

select wood from various parts of the tree to make a more or less tannic barrel.

Hemicellulose which provides struotural integdty to wood oan be present in ltigh arnorurts

when the tree is under stress (Maga 1989b). The fact that non-barrel oak (e.g. chips) may

be obtained from tree sections structuraþ unsuitable for the construction of barrels may

account for some ofthe perceived differences in effect between such oak and barrels.

Maga (1989b) stated that the mineral content of wood is dependent on soil conditions.

Therefore and since mineral ions such as copper and iron are well known for their catalytic

ability in oúdation reactions (Chang 1988 p. 915), soil mineral content may indirectly

influence the potential for wine oxidation provided by oak wood. Litchev (1989) has

reported the accumulation of dissolved iron in oak aged brandy over five years.

Finally, wood moisture and acid variability may have some influe,noe on volatile compound

formation during firing. Schmidt and Kemer-Gang (19S6) have reported amacerated wood

solution pH to be around pH 5. Ames (1990) has reported that pyanne formation increases

greatly in cooked foods with pH increases, especiaþ above pH 5, and Baltes (1988) has

suggested that lactic aldehyde, thought to be a precursor of the potently sweet and toasty

cyclotene, is formed when D-fructose is cooked in an alkaline medium. These pH effeots

may be important in oak wood during the heating involvcd in coopcring.
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In addition to influencing the course of pH mediated reactions, wood moisture variability is

likely to influenoe the degree of thermal degradation reatsed for a given quantity of heat

applied. Some energy wilt be diverted from this corrse as the moisture is converted to

steam. Laryely a fi¡nction of seasoning conditions, wood moisture variability may, thus,

influence the potentiú aroma effect of oak wood.

Seasoning

The period of time between oak tree felliog and ooopering involves a drying prooess which

is referred to as seasoning. This drying may be anattlralprocess, involving open-air storage

for a period commonly between one and three years, and/or an artificial process, involving

controlled temperature and humidity conditions. The drying process is important to the

resultant structural integrity of the barrels. It prevents tle wood from shrinking after

construction, thus ensuring a tight container. This aspect is, obviousl¡ not important to

non-barrel oak wood (e.g. chips). A"V aroma and flavour effects of seasoning, however,

shoutd be equally important to all oak wood used in winemaking. The ooncentration of

oak-derived flavour volatiles can change considerably as a res,ult of the drying process

and/or other factors during this period (Sefton et al. 1993a, Vivas 1993, Chatonnet et al.

I994b). Francis et al. (1992) found that seasoning oak wood for 12 months resulted in

arolna changes from'spicy' to those that are 'more distinot and intense.'

Puech (1987) stated that natural wood drying plays an important part n the flavour

influence on the final product but that afüfrctal drying does not. He claimed that natural

drylng affects the variety and concentration of flavour-impact compounds and that artificial

dryl'ng only affects the moisture level. Despite this, the use of artificial drying of oak wood

for cooperage is wide-spread. In the USA, all bourbon barrels are made with such wood,

and much of the cooperage wood in France is at least partiaþ dried artifioiaþ (Schahinger

and Rankine 1992pp. 234\. Hoey and Codrington (1937) have reported the practice of a

cooper from the Mâconais area of France who used hot water dipping (80 'C for 30

minutes) before firing, in combination with a relativeþ short seasoning period (two years).

It was the opinion of Hoey and Codrington (1987) that this dipping may ameliorate any

inadequacies of the ss¿sonin g.
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Marche and Joseph (1975) reported that bioohemical transformations can oocur during oak

wood seasoning. They suggested that enzymes which are nafuraþ present or released from

firngi are aotive catalysts in hydrolytic and oxidative reactions. These enzymes were not

denatured by natural seasoning and were extracted into ethanol solutions. They suggested

that the oxidases are particularþ important to wine aroma, being active in lignin degradation

and in the form¿tion ofvanillin. However, Chatonnet et al. (L994b) have argued that lignin-

degrading frrngi only develop in unusually wet conditions, and that a more important

mechanism involves the hydrolysis and chemical oxidation ofthe terminal units of lignin.

Vivas (1993) also suggested that fungal enzymes can be important to the development of

the flavour potential of seasoning oak wood staves but that their role is limited by the d.yl"g

plocess. Some enzymes were also aotive in the condensation and poþmerisation of wood

tannins but kiln drying and firing during coopering denatured them (Marche and Joseph

1975). Clratomret et al. (1994a) found that the fungal colonisation of s[aves less than five

years old is only significant in the first few millimetres of the wood andthat, as a result, the

enzymatia modification of tannins seeÍN only to be able to affect the extemal parts of the

stave (0 - 4 mm). Further, any impact is minimised by the removal of surface wood by

planing during the coopering process.

Chatonnet et al. (l99ab) found only traces of the oak lactones in green (freshly harvested)

oak, followed by increases during the seasoning period. These results are in agreement with

those ofMaga (1989a) who obsen¿ed steady increases in these compounds in American oak

seasoned under shelter for five years. By contrast, Sefton et al. (1993a) observed an

irregular development, partially dependent on the conditions of seasoning (Australia versus

France or the USA).

Open-air seasoning is an inconsistent treatment. The variability of temperature and

moisture, in particular, probably have significant roles to play in determining oak wood

composition. Sefton et al. (1993a) found that, generally, cis-oak lactone concentrations in

the French woods were significantþ lower in the France seasoned samples compared with

those in the Australia seasoned samples. They also noted differences in seasoning locatiol
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on the loss of eugenol from the French oak. The same wood, seasoned for 12 months,

showed that Australia-seasoning resulted in more intense arom¿s (Francis et al. 1992).

Presumably, zuch an effect can be explained in terms of natural conditions such as

temperature and humidity. Whatever the physioal conditions are that affect this variabiliry

with data showing up to ten-fold differences between oak lactone levels in woods seasoned

in various locations, when the levels at the green stage were similar (Sefton et al. 1993a),

there seems to be no doubt that they are important.

Coopering

Once the barrel staves have been seasoned, they may be processed into barrels by machine-

shaping, bending (usually with the aid of steam) and füing (toasting) to stabilise their bent

shape. These processes result in compositional changes within the wood which can

significantþ influence wine flavour (Chatonnet et al. 1989). Franois et al. (1992) heated oak

wood in an oven at I75 oC for two hours and demonstrated that this enhanced 'arrar¡reU

'nutty' and 'cedar' afolnas in a model wine, while diminishìng a 'raisin' afoma.

Variation of coopering 'toast' level - from 'low' to 'very high' - may be useful in causing

optimal levels of oak lactones and volatile phenols (Chatonnet et al. 1991). The

concentration of many other compounds could also be manipulated during coopering.

Progress in this regard has been impeded by the inconsistent nature of the coopering

process. The eÉent of barrel heating is determined entireþ empirically. Chatonnet and

Boidron (1990) have reported wide differences in the heating conditions used by different

coopers. Furthermore, barrels made by aoy one cooper oan differ in the degree of heating

even if some attempt is made at uniformity of treatment (Schahinger and Rankine 1992 p.

35).

Some researchers have reported oonditions supposedly typical of those experienced by oak

wood during coopering. In one experiment, Chatonnet and Boidron (1990) reported that,

once the heating was complete, the temperature at the wood surface was between 200 and

230 "C. They suggested, however, that it is only with a closed barrel (heating with one head
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in place), regulated by periodic humidification, that sufficient and homogenous

thermodegradation is possible, md that it is only to a depth of 6 mm that the heat is

sufficient for such degradation. Thus, the temperature experienced at the oak wood surface

seeÍß not to be the only variable of interest.

Schahinger and Rankine (1992) have provided a useful manual on the construction,

m¿intenanoe and use of oak banels whioh contains a suggestion that the application of a

'low fire' leads to the best results. Up to eighty or nine¡y minutes of this treatment was

recommended for a 'heavy toast.' The low fire kept in place for an extended period is

thought to cause significant heating below the wood sur{ace, additional to that caused at the

surface.

The carbohydrate-derived oak wood volatiles have been found only in low levels from non-

heated oak but in high levels from toasted oak (Nishimura et al. 1983, ChrfonlnLet et al.

1989, Sefton et al. I990a). Reazin et al. (I976) noted that furfirral increased with increasing

toasting level. Chatonnet et al. (1991), however, reported that highest quantities of furans

resulted from medium to high levels of firing, compared with iow and very high levels.

Although the thermal degradation of carbohydrates creates large amounts of furan

aldeþdes, these compounds are unstable and usually have little sensory impact in wines

(Chatonnet and Boidron 1990) but may have some impact in spirits. This instability is

apparently most notable if fermentation is conducted in the barrel (Chatonnet et al. l99I).

Also derived from carbohydrate degradation during coopering are maltol and cyclotene

(Nishimtrra et al. 1983) but there are no reports on their variability under these oonditions.

Maga (1985) observed pyrazines and pyridines in charred oak, and Sefton (1991) suggested

that they are presumably formed from the thermal reaction of carbohydrates with amino

acids (the Maillard reaction).

Lignin can be degraded by heat and hydrolysis (Puech 1981, Nishimurt et al. 1983), and

Reazin (1981) zuggested that during charring some of the lignin is transformed into a form

which is more reactive with ethanol, learlirg to the encouÍagemcnt of the formation of
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aromatic aldehydes. This degradation process involves the evolution of volatile phenols

based on the guaiaoy' or syringyl nucleus (Sefton et al. I990a).

Nishimura et al. (1983) found that the aromatic aldehydes produced from toasting or

oharring oak chips increased as the heat treatment of the oak wood increased from 100 to

200 'C and then rapidly decreased when charring occurred. Chatonnet et al. (1991),

similarly, found that highest levels of volatile phenols resulted from barrels which were

zubjeoted to high toast levels, compared with those which were subjeoted to low, medium

and very high levels. Volatile phenols, phenyl ketones and phenolic aldehydes varied

according to length ofheating (Chatonnet and Boidron 1990).

Two of the volatile phenols, guaiacol and ,t-methyþaiacol, whioh are likeþ to contribute

to smoþ arolnas (Wittkowski et al. L992), arc only present in trace amounts in non-

toasted oak wood (Sefton et al. I990a) but they increase during coopering from 'low'

through fç 'high' toast (Chatonnet et al. 1989). Sefton et al. (L990a) recorded only tface',

amonnts of these compounds in oven heated (I75 "C,2 hr) oak wood, and inferred that they

are only formed at temperatures higher than I75 oC and that they are likeþ to be also

derived fromthe smoke associated with firing barrels with oak wood off-cuts. Fiddler et al.

(1967\ have shor¡m that gmiacol may be produced by heating ferulio aoid to 240 - 260'C.

Wittkowski et al. (1992) have reported that when abundant oxygen is available, wood

combustion temperatures are generally higher than 400 oC, and that many important flavour

reactions can occur at these temperatures while occurring insignificantþ at the reported

barrel surface temperatures of 200 - 230 "C. At temperatures between 230 and, 260 "C,

guaiacol isopropyþuairco\ eugenol, isoeugenol vanillin, acetovanillone, and methyl- ,

ethyl- , and vinyl-guaiacolwere produced (Wittkowski et al. 1992). The vinylphenols also

originated from guaiacol intermediates around these temperatures, and 4-ethylphenol was a

major product of ,t-ethyþaiacol at 390 - 420'C (Connorc et al. 1980). Thus, it seems

likely that the oombustion of oak wood fires over which barrels are 'toasted' - and,

possibly, the oombustion of the barrel inner-surfaoe, if charring is practiced - may result in

the production of appreciable amounts of these compounds, modifring the flavour potential

of a barrel.
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Vanilin is present in seasoned oak wood in moderate quantities (Chatonnet et al. L994b)

but coopering to 'low' or 'medium' 'toast' resulted in substantiaþ increases (Chatonnet el

al. 1989), and 'high toast' results in lower quantities.

There are conflicting reports regarding the effect of heating oak wood on the amounts of

oak lactones zubsequentþ extraoted. Marsal and Sarre (1987) have reported that

approximateþ half of the level of total oak lactones were extraoted from a maoeration of

toasted oak compared with that extracted from a maoeration of non-toasted oak. $imil¿fly,

Chatonnet et al. (1991), using a white wine stored in barrels for nine months, found that

oak lactone levels decreased by about r hr$ as barrel toast levels increased from 'light,'

through 'medium' and 'high,' to 'very high.' In contrast, Maga (1989a) showed, through a

well oontrolled experiment, thLat a model alooholic beverage extraoted total oak lactones

from charred oak samples at levels around three times those similarþ extracted from non-

charred samples. Further, Chatonnet et al. (1989) demonstratetl in two experirnents - ole

using barrels and the other using oak pieces in an oven - that both oak lactone isomers

were present in higher amounts in either 'medium' or 'high' toasted wood, relative to non-

toasted and 'low' toasted. 'Very high' toasting resulted in complete losses. The results of

Conner et al. (1993), which show that the oharred inside surf¿ce of a new bourbon barrel

contained no oak lactones and that the highest concentrations were found at 5 mm (cls

isomer) and 15 mm (trans isomer) below this surface) LÍe in agreement with these

observations.

Chatonnet and Boidron (1990) reported that heating oak wood resulted in steady reduotions

of the amounts of extractable hydrolysable tennins. This was presumed, by them, to have an

important sensory efieot in that the astringenoy would be reduoed.

Conditioning

Following seasoning and ooopering, conditioning of oak wood is sometimes practiced. This

process can involve steam-, water-, caustic- or acid-washing, sulfirr dioxide treatment or

ilre practice of felrnenting il new barrels, and is intended to nodiS the sensory effeot that

the oak will have on wine. Oak barrel users sometimes fill new barrels with water to check
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for and prevent leaks (Sohahinger and Rankine L992 p. 40). This practice can also be

oonsidered a conditioning process with regard to the alteration of a barrel's potential

influence on wine composition and flavour.

Hoey (1936) reported that it was most common for Californian winem¿kers to condition

new oak barrels by fermentation, for Bordeaux winemakers to use hot water (80 - 90 'C) or

steam for 3 to 6 minutes, and for Australian winemakers to use either of these techniques.

Pe5maud (1981) recommended that, additional to the use of boiling water or steam, soaking

the wood '1or some time" in a weak sulfite solution or storing a medium quality wine in the

new barrel'1or a few days" are techniques which may be suitable for conditioning barrels.

Towey and Waterhouse (1996) have zuggested that gaseous sulfur dioxide, used to sanitise

barrels prior to use ot between uses, may increase the rate of oak laotone extraction from

oak wood.

Tannins, probably the compounds most targeted by conditioning processes, are easily

extracted from plant material with hot water (Deschamps 1989). Along with tannin losses,

wash conditioning can also result in significant losses of desirable aroma compounds (Hoey

and Codrington 1987). The wash temperature and duration that resulted in sufficient

removal of oompounds responsible for exoessive astringency but tlat minimised the loss of

desirable arolna comqlounds, for each barrel t5rpe, were determined by these authors.

German oak required generaþ only half the conditioningtime of Limousin oak.

Preparatory fermentation is sometimes used to condition barrels prior to tLeir use in

premium wine maturation, but this practlce, for practical reasons, is usually not applied to

oak chips. Oak ohips used during fermentation are usuaþ removed fromthe wine after only

days or weeks of contaot because it is convenient to do so, coinoidentaþ with pressing or

lees separation (e.g. racking). These 'used' chips, however, might have been improved by

the process in the same way that afermentation-conditioned barrel might have been.

Chatonnet et al. (1991) have reported that burnt oak wood oontains oonsiderable amounts

of furan aldehydes and that tlese compounds are unstable during fermentation, being

reduced by yeast to furan alcohols. They added that fermentation seemed not to affect the
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extraction of the oak lactones. Thus, while fermentation-esnflilisning seems unlikeþ to

affect the potentiù impact of the oak lactones, it seems likely that suoh conditioning oan

reduce the potential of charred oak wood to contribute compounds such as furfrral and 5-

methylfirrfural to wines. The same is also probably true of vanillin (Wackerbauer et al.

1e78).

The processes invofued in oak wood conditioning during wine fermentation are not well

understood and subject to some disagreement. Chatonnet et al. (1991) have reported the

possibility of limiting the organoleptic impact of oak by fermenting in barrels since it could

be expeoted to res,ult in "transformation and adsorption of the arom¿tic and polyphenolic

compounds on the yeast cell walls and on the glycoproteins resulting from their

degradation." Extracted oak (hydrolysable) tannin oompounds may not, however, be of any

substantial sensory imporlance. Pooock et al. (1994) have reported data that suggest that

the taste effect of oak wood-derived tannins in wine is, at most, only zubtle at the levels

commonly fourd.

The sensory effects of the presence of wood during wine fermentation may have little to do

with the biochemioal and physioal impact of the microorganisms. Alternate influences,

coincidental to the presence of microorganisms, include vigorous CO2 sparging. Various

low molecular weight compounds such as oak wood-derived acetic acid are likely to be

partially removed by this gas flow.

The difference in the composition of the medium during the earþ stages (princþally, the

low ethanol concentration) may also exert an influence. Since ethanol can considerably

inhibit the extraction of tannins from oak wood (Chatonnet et al. I99I), the low ethanol

concentrations present during the earþ stages of fermentation may cause high rates of
tannin extraction.

It would be interesting to test for differences between a fermentation and a water soaking of

similar duration with corresponding increases in ethanol ooncentration and qpareing with

COz. The difference in effect between a water pre-treatment and, a fermentation-

conditioning might depend, primarily, on the difference in the duratiolr of coltac[ between

the oak and the low ethanol solution.
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Wine microbiologtt

Wine microorganisms are thought to play roles in modifying the aroma impact of oak wood

in various ways. As discussed above, fermentation conditioning of barrels is practiced by

some winem¿kers. They use grape juice destined to become wine of a quality category

lower than that of the grape juioe or wine to follow it into the barrel on the assumption that

the process removes some r¡ndesirable components from the wood. On the other hand,

some winemakers use fermentation in new barrels for their best quality wines.

In 1986 there seemed to be strong opinion among some Australian winemakers that

fermentation in barrel as opposed to post-fermentation storage in barre[ resulted in

different and better wines (Anon. 1986). Some of them were quoted as being of the opinion

that fermentation in barrel resulted in a "superior integration of wood and wine," in a 'hore

balanced sweet creamy oak oharacter," in "distinctive arotna and flavour components," and

that malolactic fermentation in barrel resulted in "quite distinctive smoþ, clove-like

characters."

There is evidence (Boidron et al. 1988, Marsal et al. 1988, Chatonnet et al. 1990) of

fermentation in barrel morlifying oak extractives, and of microbial activity after fermentation

- during wine maturation in barrel - leading to further inoreases in compounds of

microbial origin.

Marsal (1987) noted that furfrrryl alcohol was 'hever a genuine oak substance," only being

present after microbial activity, and Marsal et al. (1988) reported that the yeast

Saccharomyces cerevisiae was able to reduce furfural to furfuryl alcohol that this occurred

naturally in new oak barrel wine fermentations, and that the reaction continued to occur

after fermentation at a slower rate by the action of the yeast lees þresumably enrymatrc

activity).

Chatonnet et al. (1991) have measured the reduction in levels of furan aldehydes in a

biomass-present, barrel matured wine and in a biomasrabsent, barrel matured wine. They

noted that concentrations decreased more rapidly in the wine with biomass present, and
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conjeotured that the enrymatic activity reqponsible for the reduction of the firan aldehydes

was largeþ associated with the yeast ceil wails, though some enz5¿nes were probably

released to the exocellular medium They found that the reduction product of 5-

hydro4methylñrrfural was not present after barrel fermentation in their experiments,

although those of frrrfural and 5-methylfrrrfural were present. The furan aldehydes are not

likely to have a major sensory effect sinoe they have high flavour thresholds (Boidrort el al.

1e88).

As mentioned above, with regard to barrel conditioning, Chatonnel" et al. (1991) have

reported that the concentrations of the oak lactones seem not to be affected by

fermentation.

Wines placed in barrels after the completion of fermentation have been found to contain

higher levels ofvanillin than wines fermented in barrels (Chatonnet et al. I99I). Steinke and

Paulson (1964) reported that irr beer the main metabolic product of vanillin is

methyþuaiacol, but Wackerbauer et al. (1978) have reported the total transformation in

beer of vanillin to vanillyl alcohol. Omori et al. (196S) oonfirmed that yeast oan

demethoxylate vanillin to formp-hydroxybenzoic acid, p-hydroxybenzaldeþde and vanillic

acid. Also, ferulic acid was converted to p-hydroxybenzoic acid and vanillic acid. They

zuggested that vanillin might be formed as an intermediate during the degradation of ferulic

acid. The transformation products of vanillin in wine have been studied in detail by

Chatonnet et al. (.I992c).

Chatonnet et al. (1991) have shorvn that the reduction process for the phenolic and the

furan aldehydes can be prevented by heating the medium (autoclaving for 10 minutes at 115

'c).

Chatonnet et al. (1992b, 1993, 1995) have described the mechanisms for the occurrence of

the vinylphenols (4-vinyþuaiacol and ,t-vinylphenol) and the ethylphenols (4-ethyþuaiacol

and 4-ethylphenol) in white, rosé and red wines. As mentioned previousþ, the precursors

for these generally-undesirable compounds are derived from oak wood only in small

quantities relative to those derived from grapes (Miller et al. 1992). Th" two vinylphenols

arise in white wines, in important concentrations, as produots of Saccharomyces cerevisiae
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during alooholic fermentation (Chatonnet et al. 1993). The conoentrations are pafüally

dependent on precrrsoÍ availability and yeast strain (Chatonnet et al. f993). The

vinylphenols are present in red wines in only small ooncentrations due to the presence of

oatechic lannins which inhibit the activity of the erz.qe responsible for decarboxylation of

the precursors (Chatonnet et al. 1993).

The ooourrence of the ethylphenols (4-ethylguaiaool and 4-ethylphenol) requires the

aotivity of particular microorganisms. Chatonnet et al. (1995) have demonstrated that yeast

qpecies belonging to the genus Brettanomyces and to its sporogenous form Dekkera ne

princþally responsible for the qmthesis of these compounds in wine. These microorganisms

are rarely active in white wine. Consequentþ, the ethylphenols are found in significant

concentrations usually only in red wines. Cavin et al. (1993) have shor¡m that some

Lactobacillus and Pediococcus (lactic acid bacteria) species can also transform

hydroxycinnamio acids into ethylphenols but not to the extent achieved by

Brettanomyces/Dekkera (yeast) species (Chatonnet et al. 1995).

Chatonnet et al. (1991) suggested that the greater richness of barrel fermented wines in

soluble polysaccharides, compared with those in taxk fermented I barrel stored wines, was

due to the greater surface for exchange between yeast and medium that fermentation in

barrel allowed. The longer contact time allowed between wine and yeast lees in barrels, due

to the relatively more oxidative conditions in barrels compared with those in tanks (avoitling

the occurrence of reduoed sulfur compound aromas), may also contribute to the difference.

Apart from the possibility that enzyne systems may retain some activþ after cell death and

cause transformations of compounds into less aromatic or less 'woody'products, Chatonnet

et al. (199I) suggested that there may also be bonding between yeast cell wall components,

or mannoproteins released from cells, with some oak wood-derived compounds such as the

volatile phenols or the oak lactones.

Lubbers et at- (1994) investigated the influence of mannoproteins, derived from yeast cell

walls during alooholic fermentation, on the volatility of some aÍollrta substances in a model

wine. They demonstrated that certain volatile compounds, particularþ p-ionone and

ethylhexanoate, were partially fixed to yeast-derived mannoproteins, and suggested that the
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extent of interaction depended on the nature of the volatile compound and on the protein

content of the maoromolecule.

Kinsella (1990) has speculated that the nature of any affinity between proteins and volatile

comqrounds is likeþ to be characterised by hydrogen bonds and hydrophobio interactions,

and Calleja (1987) has argued that the same intermolecular forces are likd to particþate in

yeast cell flocculation.

Lubbers et al. (1994) also noted that sorhe macromolecules can increase the volatility, and

therefore the sensory impact, of some compounds. Sugar monomers or polysaccharides in

aqueous systems were cited as capable of this effect. This might involve a modifi.cation of

the coefficients of aotivity of the volatile ssmpounds or the sugar molecules might compete

for adsorption sites on the oells. Douglas (1987), in a review of yeast adhesion to surfaces,

has cited medical research which demonstrated the inhibitory effect of some sugars on the

atlhesion of some non-wine yeast and bacteria to mammalian epithelial cells.

Calleja (1987) has noted 1fos iîportance of the ionio oomposition of the medium to inter-

cell adhesion. Calcium (Ca'*) ions, in particular, have been implioated in brewer's yeast

flocculation. ft seems that the possibility ofvolatile compound adsorption to microbial cells,

or to macromolecules released from them, might involve an interplay of the ionic and sugar

composition of the medium, as well as, obviousþ, the structure and composition of the

volatile compounds, the exocellular macromoleoules and the cell wall components.

ll/'ine composition and condi tions

Ethanol concentration has been found to affect the extraction of certain oak wood

componnds. Nykänen et ø1. (1985) found that various volatile and non-volatile oak wood

constituents were extracted most efficiently in a 60 o/o aqueous ethanol solution. Total

extract and total phenols were extracted at half this efficiency at 100 Yo and at three-

quarters this efficiency at 10 %o.JÙ{aga (1989a), in testing extraotability of 0, 10, 20,40 and,

60 o/o ethanol solutions, found that oak lactones were extracted most completely in the 40

o/o solution. Chatomret et al. (1991) reported that the extraction of ellagitannins deoreased

with increases in ethanol concentration.
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Little has been reported regarding the effect of pH on oak wood extraction in alcoholic

beverages. Maga (1989a) reported that the extraction of the oak lactones was mole

complete at pH 3.5 than at either a lower value (I,H 2.5) or a higher one ftrH 4.5). Phenol

oxidation in wine is thought to proceed rt î fate around nine times higher at pH 4'0 than at

pH 3.0 (Singleton 1990). Thus the many oúdative reaotions involving wood phenols are

likely to decrease with decreasing wine pH.

The possibility of extracting various groups of flavour compounds from oak wood and/or

variousþ affecting acid hydrolysis reactions under different pH conditions may have

potential in a practical sense. Storing beverages at altercd pH levels with later adjustment,

preparing extracts for addition, or preconditioning oak wood with a solution of a particular

pH are some examples. Indeed,Maga (19S9b) has reported zuch applications in the brandy

industry.

Baldwin et at. (L967) determined that lignin isolated frombourbon was structurally different

to native oak lignin. They called it ethanol-lignin. Their proposition was that, under the

acidic conditions of whisþ, ethanol can react with the lignin of oak to form the ethanol-

soluble form of lignin, and that, through oxidative reactions, many volatile compounds, suoh

as sinapyl alcohol, coniferyl alcohol, syringaldeþde, vanillin and ooniferaldeþde, can then

be produoed. It may be that pH variability can have some effect on the rate of these

reaotions.

The temperature of the medium in which extraction and transformation reactions occur

could, obviousþ, also affect composition. Maga (19S9b) has reviewed numerous articles

that report the use of artificiaþ raised beverage temperatures to accelerate brandy

maturation. Reazin (1981) found that for whisky stored in barrels at 18, 19, and 23 "C,

congener levels generaþ increased with inoreasing storage temperature. Nykänen ø/ a/.

(1985) reported that around 2 to 3 Vo morc of total extraot was released from oak chips at

30 'C than. at"20 oC (n 62 % alcohol over five months).
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Beverage temperature increases will also influence the diffirsion-evaporation of ssmpounds

Aom a barrel as the pafüalpressrrre of these oompounds will rise as the temperature rises

(Onishi et al. 1977).

Wood-wine contact durati on

The accumulation of volatile oak compounds in wine during oak barrel m¿turation can

depend on many factors. These include the size of the pool of volatiles and their precursors

oontained within the matrix of the wood, the rate of release of these compounds from the

wood, the rate at which subsequent transformations take pltce, as well as the temperature

and the duration ofmaturation.

Until reoentþ, data on the rate of aocumulation of oak wood-derived volatiles in wine were

scarce. Puech (1987) has recorded the accumulation of vanillin in four individual barrels of

Cabernet Sauvignon and Merlot. Chatonnet et al. (1990) have reported data (means of

three barrels) for the evolution of several oak wood-derived volatiles in red wine stored in

new oak barrels over a ten month period. They observed concentration increases for some

volatile phenols and for the oak lactones but not for the furan aldeþdes or alcohols.

More recentþ, Towey and Waterhouse (1996) have published a detailed study of the

evolution of ten oak wood-derived volatiles in Chardonnay wines fermented and matured

on lees for eight months in Frenoh, American or Hungarian oak wood barrels over three

zuccessive vintages. Their sfudy focussed on the two oak lactone isomers, furan aldehydes

and alcohols, and a group of volatile phenols, but did not include vanillin. The extraotions

were desoribed as being 'diffirsion-controlled' because the ourves showed an exponential

approach to a limit. The second year extraction rates were lower than the first year rates,

particularþ for the compounds arising most substantially from the coopering process. These

compounds are presumably depleted most rapidly since they are initiaþ concentrated at the

wood zurface. Interestingly, the oak lactones \ iere extracted in higher quantities in the

second year, compared with either years one or three. These authors suggested that this

may have been caused by the action of sulfir dioxide gas, which was used for sanitation

between fills, on preoursots of thc oak lactones.
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In all of the above studies, the wines were subject to microbial activity which can influence

the concentration of some, though not all oak volatiles. Thus, for some of these volatiles at

least, accumulation profiles are not dependent soleþ on extraction rates, but are determined

also by subsequent transformations.

Maga (1989a) reported that extraction of oak lactones from oak wood was nearþ linear

over a period of 32 months. In variousþ toasted barrels, however, there may be differences

in the rate. Chatonnet et al. (1991) in comparing 'low,' 'medium,' 'high' and 'very high'

'toast' barrels, noted that oak lactones were initially extracted most quickly from the

'medium toast' barrels but more quickly from 'light toast' barrels as contact time

progressed to two months. They presumed that higher levels of the oak lactones were

created in a zuperfi.cial layer on the 'medium toast' barrel through the action of greater

intensity and duration of heat, and that these lactones were extracted quickly over the first

four weeks.

This explanation is feasible. Conner et al. (1993) found that oharring the inside surface of a

bourbon barrel resulted in the complete loss of the oak lactones at that surface but also that

conoentration m¿xima for these compounds were found just below the surface. Of the 5 mm

depth intervals tested, to 25 mm, the cis- and. trans-\somers were most concertrated at a

depth of 5 mm and 15 mm, respectiveþ. These regions of high oak lactone concentration

which were apparently createrl by the heat applied for charring would probably be found

closer to the inside surface for a more moderately heated barrel.

Chatonnet et al. (1991) reported that the extraction of oak wood-derived volatile

compounds is continuous throughout the whole wine maturation periotl antl that the

presence of biomass reduces the rate. In the longer maturation time of whisþ, however,

Reazin et al. (1976) found that the ethanol-lignin content increased over the first two years

and then remained constant for the following two.

To achieve an adequate oak arorna efect, oak chips are often used in higher quantities,

relative to that provided by the inner-surface of a barel, and for shorter periods than

barrels. It is convenient, for example, to ferment red wines in contact with loose oak chips
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and then to remove them during pressing. Such practices, however, rnay influence the

relative sensory efêcts of the two systems through differential rates of oompound

extraction.

It is likeþ that the disproportionality in extraotion rates among aroma compounds could be

increased with oak ohip usage. Extraction rates for those compounds requiring action such

as acid hydrolysis for release from barrels are likely to experience only small increases due

to increased area of contact between oak wood and wine. Those compounds that are more

easiþ extracted from barrels (e.9. by simple diflusion) are likeþ to experience more

substantial increases since the most important limiting factor for them is probably the

thorougùness of contact between oak and wine, and not the rate of chemical reaction.

Wine aeration

Singleton (1995) questioned the popular notion that atmospheric gasses pass into wine

through wet barrel staves. While not refuting that dissofued oxygen levels in barrels usually

are higher than those fu11anks, he has speculated that these levels rnay result principally fi'om

aeration during topping or from passage past a loose bung or, if a relativeþ large ullage is

allowed to develop, through the dry staves towards the top of the barrel. Whatever the

mechanism of oxygen introduction to barrel-aeing wine, its presence is certainly important.

Non-coopered oak wood (e.g. chips) does not allow aeration except for the small amount

of gases entrapped within the wood.

The greater oxygenation allowed by barrels has been considered by some winemakers to be

slow or controlled in some way and, therefore, better for wine quatty than any other

method of oxygenation. With the appropiate carc, however, it should be possible for tank

wine to be aerated to the same oxygen concentration as is oommon for barrel matured wine.

In such oases, the effects of oxygen, alone, should be similar to those occurring in barrel.

Ribéreau-Gayon and Glories (1937) suggested that tank-wine maturation could mimic

barrel-wine maturation by dissolving oxygen in the wine during raokings, and Ribéreau-

Gayon et al. (1983) have reported that intense aerations in tank do inducc the same

chemical reactions as the mild aerations associated with banel storage. Hoey and
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Codrington (1987) have reported that aerafed, tank wine \Mas more similar, analytically and

organoleptically, to barrel-matured wine than was non-aerated tank wine.

Where the oxidising effect allowed by oak is different to that allowed in aerated tanks is in

the oxidation cataþsis provided by oak constituents. These catalysts can just as easiþ come

from oak wood chips as from barrels. Evidenoe for the catalytic role of some oak

compounds in oxidation reaotions was provided by Nishimura et al. (1983) in whisþ and by

Chatonnet et at. (1991) in wine. In response to the observation that sulfide odours arise less

commonly and less intenseþ in barrel compared with those in tank fermentations, Chatonnet

et at. (1991) showed that the total removal of selected reduced sulfirr compounds from a

model wine solution required a combination of oxygen with either oak tannin or gallic acid,

an hydrolysis produot of oak tannin. Additionally, Litohev (19S9) has suggested that

inorganic oxidation catalysts, released fromthe wood, may be important.

Further to the prevention or removal of sulfide odours, the oxidation allowed by oak may be

important to the presence of m¡ny oak wood-derived arotnâ and flavour compounds or

their precursors. Maga (19S9b) has suggested that most ofthe oak wood lignin degradation

reactions are oxidative, and he has reviewed various proposals involving the combination of

immersed oak wood and oxygen for accelerated wood aglrtrg of brandy. Maarse and van den

Berg (1989) have attributed the presence of vanillin, syringaldehyde, coniferaldehyde,

sinapaldeþde, and the acids - 
ga7hc, protocatechuic, syringic, vanillic, feruhc, p-

coumaric, p-hydroxybenzo\c, cinnamic and ellagic to oxidative reactions. flowever, the

oxidative generation of these compounds may be limited in the relatively less oxidative

environment of most barrel-aging wines.

Ribéreau-Gayon and Glories (1987) suggested that it was possible to modi$, the oak

wood-derived compound oxidation reactions by either adjusting the dissolved oxygen level

or the sulfite level - decreases in the dissolved oxygen level or increases in the sulfite level

were reported by them to slow the reaotions.

The vinylphenols (,t-vinylguaiacol and 4-vinylphenol), which often arise in white wines

during the course of alcoholio fermentation (Chatonnet et al. 1993), have been shown by

Nicolini et al. (1991) to oxitlativeþ degrade during maturation. This degradation occurred
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more rapidly in barrel-stored wine compared with tank-stored wine. Thus, the greuter

aeration allowed by barrel-storage can more rapidly diminish the 'phenolio' or

'pharmaceutic' odours of these oompounds. Dugelay et al. (1995) have shoum that the

vinylphenols can also be depleted in wine by a slow acid, catalysed addition of ethanot

forming +{ l-ethoxyethy}guaiacol and ¿{ l-ethoxyethyþphenol.

Other banel structure effects

The structure of barrels can influence wine aroma and flavour in ways other than by

aeration. Wine components can be lost to the atmosphere, due to passage through barrel

staves, and some may be entrapped in the wood after oxidative pollnnerisation. The

differential nature of these effects can cause substantial changes in wines - there may be

signifioant losses of some compounds, and concentration of others.

Onishi et al. (1977) have described the oak stave as a diffirsion barrier across which ethanol

water and other oompounds can move. The factors affecting these diffirsions are the partial

pressure differenoes across the barrier and the resistanoe offered by the barrier. The vapour

pressures of ethanol and the other volatile beverage compounds in the atmosphere are

negligible so their movement is not affected by atmospherio humidity. These compounds,

then, are affected only by diffirsion resistance across the barrier. Onishi et al. (1977)

summarised the factors affecting loss by diffirsion-evaporation as temperature, container

size (surface rrea to volume ratio), relative humidiry molecular stze and stave thickness.

The variable natural porosity of wood and the presenoe of impeding layers, are also likely to

influenoe the resistance to diffirsion.

Yoshiz¿1¡¿¿ et al. (1981) have reported wideþ different proporlional losses of flavour

çsmponnds through barrel staves from a whisky model system. After one year,32 %o of the

acetaldeþde but only 13 %o of the ethanol had been lost despite their similarity in molecular

size (their moleoular weights arc 44 and 46, respectiveþ). (It is size rather than weight that

is of most importance but molecular weight is to be used, here, as a rough goide to size.)

The relative polarities of these compounds (acetaldeþde < ethanol) may have been

important. Only I %o of a third compound, acetic aoid, was lost from this systelr, pelhaps

due to the diffirsion resistance caused by the high polarity of this acid when in dissociated
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form Additional diffirsion resistance may have resulted from the glerte.r molecular size of

acetic acid (molecular weight: 60).

Whether any of the oak wood-derived aroma compounds are small enough and lack

polarity suffioielrtly to pass through barrel staves has not been reported. The twenty oak

derived or associated aroma compounds discussed in this thesis range in molecular weights

from 96 to I82 - all higher than acetic acid which was 99 %o rctmed, by barrel staves over

one year. Ilowever, molecular polarity differences may be of some importance in this

comparison.

The nine compounds measured by Yoshizawa et al. (1981) can be grouped according to the

functional groups present in the molecules, conferring some idea of the molecular polarity.

Within each of these groups, the losses were greatest for the compounds of lowest

molecular weight. This is true of the alcohols (four oompounds) and the esters (three

compounds).

ffthe 20 oakwood-derived or associated aroma compounds discussed in this thesis do pass

from wine to atmosphere, those which pass most quickly probably do so at a slower rate

than acetaldehyde which was 68 Yo retatned over one year. All of these compounds contain

only hydrogen, carbon and oxygen atoms ¿1d many contain aldeþde or alcohol frrnotional

groups so the atomic affects on molecular polarity can be expected to be similar among the

compounds. The molecular polarity effects ofthe other firnctional groups listed must also be

considered - some will increase and some will decrease the molecular polariry dependent

on the particular firnctional group and its position within the molecule. Notwithstanding

tlese effects, molecular size is likely to be relativeþ important in determining the rates of

passage through the barrel stave for these compounds. Consequently, losses greater than

around 10 oá over one year are unlikd for most ofthe compounds.

Techniques using oak chips do not incorporate this aspect of differential compound dilution

and ooncentration found to be active during barrel maturation. Consequentþ, acetaldehyde

and possibly some other wine components could be expected to be found in hìgher

concentrations in aerated and oak chip treated tank wine than in barrel-aged wine. There is

another factor to consider, however. Barrels appetr to allow a general concentration of
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arolna compounds caused by the loss of both ethanol and water through the staves. Thus,

the relativity of tank and barrel concentrations will depend, at least partiùly, on the relative

rates of these processes.

Barrels may also influence wine oomposition by entrapping large moleoules within the

matrix of the wood. This could ocour following wine absorption, oontact with the higlr

conoentrations of oxygen found in the wine-atmosphere interface region, and oxidative

po\merisation. Considering that there is a portion ofwood nearest the inside surface of the

barrel which is saturated with wine, Singleton (1995) argues that there must be a region of

contact between wine and atmosphere within the stave at which some oxidation reaotions

may be ex¡lected to occur more substantially than elsewhere in the barrel. This would not be

of any particular interest, here, if all of the oúdation products were returned to the main

body ofthe wine. The occurrence of a broum stain (probably oxidised phenolic oompounds)

in this region, however, suggests that some of the po\aners rezulting from reactions in this

region may be entrapped and do not return. Singleton (1995) reported that examples of this

sort of stain have been seen in wood from old wine casks - 
presumably after cutting the

staves perpendicularþ to the plane of wine movement. This process, if it does ocour, could

contribute to perceived differences of effect between barrels and alternative oak wood such

as chips.

Previous use and reconditioning oÍbarrels

Oak barrels used for wine production oan vary in the above-mentioned ways when new.

When already used for this purpose, however, the additional faotor of the bistory of

previous use (mainly use-duration) contributes to the variability of oak influence.

Compounds of sensory importance are depleted witl use and the surface may become

partially sealed with foreign malter or populated with flavour-altering mioroorganisms.

Hoey (1986) considered that the useful life of a barrel with regard to its potential to

contribute organoleptic qualities to table wines was between four and six years. $imil¿rþ,

but with regard to the contribution of phenolic extractives, Rous and Alderson (1983)

suggested that the useful life of a barrel was foul years. Barrels at Robert Mondavi Winery

in Califonria, however, are reputedly used for seven years but with at least one shaving
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(Hoey 1986). Thus, the effective life of barrels can be extended by removing the 'heads'

(banel ends) and shaving the inner surface of the barrel staves to remove foreign múerial

and expose wood which is less exhausted of flavouring materiaL The 'heads' can be

replaced with new wood at the same time. Various additions such as oak planks or chips

can also be made to tle barrels, as they are to tanks. The use of oak ohips in old barrels, a

technique which may have some merit, is used by some winemakers (Schahinger and

Rankine 1992 p. 101).

In addition to the loss of extractable compounds from the wood it seems that the decline in

useflrlness of barrels may also be due to inoreases in the mioroorganism population in the

wood. Chatonnet et al. (1990) have observed that the levels of 4-ethyþuaiacol and 4-

ethylphenol formed in barrel-stored wines increases with increasing barrel use. As disoussed

above, these compounds, generally regarded as undesirable in wines, are formed by the

microbial conversion of ferulio acid arnd p-coumaric aoid. Chatonnet et al. (1990) suggested

that shaving and scrubbing used barrels can significantþ reduce the levels of these

compounds in wines subsequently matured in such barrels.

Loss of hydrolysable tannins frombarrels with time has been shor¡m to play an important

part in the decline in barrel useflrlness (Chatonnet et al. I99l). It seems that the depletion of

hydrolysable tannins, which act as oxidation cataþsts, slows the course of colour

stabilisation, palate'softening' (tannin pollanerisation), and impacts upon the course of

various flavour-altering reactions that normally proceed during barrel maturation.

Another factor affecting changes in barrel charucte.r over the duration of its use may be that

deposits coming from the beverages can form a barrier between wood and beverage,

impeding the movement of compounds from one to the other. Thus, rejuvenation involving

shaving, scrubbing or similar processes may be effective in removing such a barrie4

removing excessive quantities of absorbed compounds, and ex¡losing a fresh layer of wood

whioh can contribute higher amounts of organolepticaþ important compounds.
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1.5 Experimental desien

The research reported in this thesis forms part of a projeot which was instigated by the wine

industry of Australia. The importance of oak wood as a component of many Australian

wines and the variability in its character and quality have provided the impetus.

Aim

Some aspects of oak selection and handling in the wine industry have been poorþ

understood and controlled. Thus, unintended aroma variations are often found among

barrels. The aim of the project was to characterise some of the variability of oak wood-

derived wine aroma commonly encountered by Australian winemakers. By desoribing this

variability and relating it to natural and cultural variables (the treatment effeots and the

composition variability underlying them), opportunities for improving the wine aroma

outoome of oak wood selection and processing might be identified.

One of the firndamental choices available to winemakers is that of the geographioal origin of

the oak. Ilowever, oak wood selection, based only on orign, bundles numerous natural

variables (genetio and environmental) into one. Such choioes are relativeþ simple but,

unfornurately, they can lead to unreliable results. The identification of oompositional

parameters that may be indicative of the aroma potential of any oak wood, as it has

narurally developed, may allow a more efficient approach.

Trealment imposition

Since the second world war, Australian winemakers have predominantþ used either

American or French oak in the production of red and white table wines (Schahinger and

Rankine L992 p.3). The American oak wood has usuaþ been traded as a generic product

while the French oak wood has usually been traded as a regionaþ identified product. To

reflect this, one American oak source and three French souroes were included in the

experiment. The oak used for the barrels was harvested from Ohio in the USA, and from the

Trongais forest and the Vosges and Limousin regions of France (Appx. A).
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Figure 1.2. Oak wood source, seasoningo coopering and usage.
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The seasoning processes for the Australian wine industry are usually carried out either in

America, France or Australia, so after the wood within each ofthe four lots was mixed, half

of each was seasoned in the oountry of origin while the other half was shipped to and

seasoned in Australia (App*. A). All lots were open-air seasoned for three years (Fig. 1.2).

A 'medium toast' coopering, consisting of 45 minutes of slow toasting over a fire of oak

oÊcuts, was speoified for all barrels. The France- and Australia-seasoned lots were

coopered by a Frenoh and an Australian cooper, respectiveþ. The Austruhan cooper also

coopered the America-seasoned oak.

Since each of the four oak wood orign treatments was subject to two different seasoning

locations, a total of eight treatments resulted. Eight 300 L barrels were constructed from

each ofthese eight oak lots (total of64 barrels), three to be used for a Chardonnay, three

for a Cabernet Sauvignon and two for a model wine (Fig. 1.2). Five other Australian

wineries received a similar set of barrels for evaluation but the resultant wines were not

subject to the detailed anaþsis described in this thesis so they are not discussed.

Barrel-to-barrel coopering 'toast' variability and microbial activity variability were not

intended. Ilowever, during the course of the extrleriment, compounds indioative of the

extent of heating or of the degree of microbial activity in wine varied significantly, and

allowed consideration ofthe aroma impact of these additional prooesses.

The Chardonnay and the Cabernet Sauvignon vinification, and the model.wine concoction,

details are listed in Appendix A. The conventional wine measurement regime, sampling

times, bottling and storage details are also listed there.
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1.6 Conclusion

The project upon whioh his thesis is based comme,nced around a decade ago, and eatly

research focussed m¿inly on changes occurring in the wood during the seasoning period

(Sefton et at. I990b &.1993a, Francis et at. 1992, Pocock et al. 1994). The oak origin and

seasoning location treatments imposed during the first few years were subjected to

commercial winery processes (i.e. banel fermentation, wine t¡pe and storage duration

treatments), and the resultant wines became the focus of the latter stages of the project.

This thesis primarily describes the aroma and volatile composition effects and the underlying

variabilities which arose from these treatments.
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2.1 Introduction

Why e4pend considerable effort quantifying the volatile compounds that arc extraoted from

various oak wood treatments by wine when it is the rroma effect that is of most interest? It

is the high efficacy and precision ofthe volatile composition anaþsis, relative to those of the

sensory analysis, that has recommended its inclusion in the study. Provided that the target-

sompounds either contribute to the aromas ot that they are quantitatively representative of

those that do, composition analysis can yield usefirl data. Once aroma pattems are

associated with compositional paffeflrs, a relativeþ quiok and easy compositional anaþsis of

a partioular oak wood may be able to indicate some likeþ wine aroma consequences of its

use. Thus, cooperage and winery quality assurance progranr could be optimised.

2.2 Volatile composition analvsis

Compositional analysis of the 20 target-compounds in the Chardonnay, Caberret

Sauvignon and model wines was carried out using gas chromatography-mass spectrometry

(GC-MS) after continuous liquid-liquid extraction with Freon Fll (similar to that described

in Wtlson et al. 1984). Details of the analytical materials and methods employed are in

Appendix B. The extraction method chosen was one whioh allowed the quantifioation of all

20 compounds in a single analysis. It was ¿ çompromise from using a variety of anaþses

which may have yielded more accurrte data but would not have allowed the nearly 2V"

thousand quantifi.cations performed in the time available.

Vanillin was initially analysed along with the other 19 compounds using this method. While

the analysis for this compound was acceptably precise for the model wines, it was not so for

the 'real' (Chardonnay and Cabemet Sauvignon) wines. Recoveries of vanillin, relative to

the internal standard, were low (often less than 20 %) and variable. It is possible that losses

occur due to acetal formation with wine glycols during the extraction of wines with organic

solvents anrl during the subsequent concentration of these organio extracts. Such reactions

would not take place with aqueous ethanol extraots which do not contain such glycols.
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Problems in measuring vanillin in wines are implied by ttre omission of data on this

compound from several key studies of oak wood-derived wine volatiles (B,oidron et al.

1988, Chatonnet et al. 1990, Towey and Waterhouse 1996). As a result of the poor

accrracy and preoision experienced, anew method, involving stable isotope dilution anaþsis

and GC-MS, was developed by Pollnitz and others in this laboratory, and then used to

quantify vanillin in the wines (Spillman et al. 1997). Th" advantage of this method is that

the internal standard is virtuaþ identical chemicaþ to the target-compound, and therefore

the accuracy and precision of the analysis are not reduced by inefficiency in isolation or by

analyte decomp o sition.

Raw auantifi cati on dnta

Each wine extract anaþsed by GC-MS resulted from a process including an internal

standard addition to the wine sample prior to liquid/liquid (wineÆreon) extraction,

subsequent evaporation of the Freon and its replacement with methylene chloride, and

concentration of the methylene chloride solution to approximately 1 -L (App*. 8.1). A

seoond internal standard (for the Cabernet Sauvignon wine only) was added to this

concentrated solution when, after the Chardonnay and model wine anaþses were oomplete,

this methodological improvement was identified (Appx. 8.1). A 'standards mix' (methylene

chloride solution ofweighed quantities ofpurified compounds, App*. 8.2) was also zubject

to GC-MS on each day of analysis.

The apparent concentration of most of tkLe 20 target-compounds in each wine extract

(methylene ohloride solution) was calculated with referenoe to four chromatogtam peak

areas of specific fragment ions (Appx. Tab. 8.2): one for each the internal standard (App*.

8.1) and the target-compound in both the wine extract and the correqponding day's

'standards mix.' The ratio of the target-oompound fragment ion peak area to the internal

standard fragment ion peak area in the 'standards mix' yielded an estimate of the relative

responsive,ness of the analytical system to each fragment ion, dqlendent on small GC-MS

system condition variations from day to day. The corresponding ratio in each extract, along
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with the known relative concentrations corresponding to three of the four peaks, allowed

the calculation of the apparcnt concentration associated with the fourth peak. The apparcnt

concentration was later transformed to an actval concentration with reference to standard

recovery exp eriments (desoribed below).

Whenever a oompound was not present in a particular 'standards mix,' the apparent

quantity was calculated with reference to a random selection of the GC-MS responses

achieved for that compound in other 'standards mixes' s1 s¿mples on different occasions,

and then the quantification was completed with reference to the standard recovery data.

Some compounds (cyclotene, maltot furfrua| 5-methylfrrrfural furfuryl alcohol, vanillyl

alcohol and vanìllyl ethyl ether) were not available for the initial sample anaþses but were

later available for the standard recovery experiments.

For the compounds that never appeared in a 'standards mix' (furfuryl ethyl ether, 5-

methylfurfuryl ethyl ether, 5-methylfurfrrryl alcohol, 4-ethylgmiacol and 4-vinylphenol), a

one-to-one response ratio between the total ion area for eaoh compound and the internal

standard was assumed. Thus, although relative concentrations were deteoted, there may

have been systematic over- or r¡nder-estim¿tions of the absolute values.

Data transformation according to standard recoveries

Separate to the process described for the acquisition of the raw (apparent concentration)

data, above, standard tecovery experiments were carried out to determine the recovery

efficiency of each compound, relative to that of the internal standard. Purified compounds

were added to non-oak stored wines, in a range of concentrations (Tabs. 2.1,2.4 e.2.6\.

Since each apparent concentration was determined from the analysis of a pair of extracts,

the standard addition regression analyses were based on means of pairs of standard

additions. Thus, ranges of standard addition pairs of each compound were made to the

stainless steel*stored Chardonnay (control) wine, the stainless steel-stored Cabemet

Sauvignon (control) wine and to a freshly concocted model wine, and these were extracted

and analysed identically to thc cxpcrimcntal samples. A regression line and estimates of

accuracy and precision weÍe caloulated for each, following Miller and Miller (19S8 pp. 109-
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115). Tables 2.1, 2.4 and 2.6 show these details for the Chardonnay, the Cabernet

Sauvþon and the model wines, reqpectiveþ. Each apparent concentration was

transformed to an actual concentration by reference to these equations. Thus, the standard

recovery experiments allowed the accuracy of the quantifications to be optimised. They also

allowed an estimation ofprecision for each oompound (95 o/o confidence intervals, described

below).

Standard recovery experiments were performed for 16 of the 20 target-compounds (5-

methylfrrfuryl aloohol, furfuryl ethyl ether, 5-methylfurfirryl ethyl ether and 4-vinylphenol

were not initially available as purified standards). These experiments were oonducted in all

three wines for 14 of the compounds. A similar experiment was conducted for vanillin

(stable isotope dilution method) only in the Cabernet Sauvignon wine, and for 4-

ethylguaiacol only in the model wine.

The concentrations of some ofthe compounds found in the barrel-stored Chardonnay wines

(i.e. 4-ethyþhenol, Tab.2.1) or model wines (i.e. vanillyl alcoho! vanillyl ethyl ether, 4-

vinyþaiacol and 4-ethylphenot Tab. 2.6) were very low and did not correspond to the

standard addition ranges. Only those compounds found in a rÃnge correqponding

approximately to the range of concentrations used in the standard recovery extrleriments

were quantified with reference to the regression line equations. The rem¿inder were

quantified directþ from the chromatogram peak areas, assuming an equivalent extraction

recovery of target-compound to interral standard. The accuracy of these determinations is

unknovrm but the precision implied by the consistency of the duplicate determinations (data

not shorrrm) suggests that the quantities may be used to compare samples within this study.
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Table 2.!. Chzrdonnay wine stenrlarrl addition reeovery experiment datat
quantification information, confidence intervals and limits of detection.
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Table 2.3. Chardonnay wine volatile composition at 11 weeks.
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quantification information, confidence intervals and limits of detection.
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Table 2.5. Cabernet Sauvignon wine volatile composition at 93 weeks.
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Table 2,6. Mode! wine standard addition recovery experiment data,
quantification information, confïdence intervals and limits of detection.
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Sandard additic¡rs. Eadr of these rmgo-subsds coneçmds, approximateþ, to the loweú. 10 % of the additim rmge for eadr co¡ryormd
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n úr : nrf ddmnined
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Table 2.7.NIod,eI wine volatile composition at five sampling times from 6 to 93 weeks

- (a) to (u): each of tlle 2O compounds and restimated extracted furfural.t

For barrel code meaning, see Appendix Table 4.10.

All figures have been rounded. Zero values do not imply any absolute absence, nor do they imply that no

concentration was detected; they are simply products of rounding. Compounds in the model wine control

were quantified only at 11 weeks. No amounts were detected. The limit of detection has not been

considered, and the precision implied by the units or the number of significant figures chosen is

occasionally exaggerated: The appropriate rounding was petformed only after frirther analysis.

Refer to Table 2.6 for 95 Vo confidence intervals and limits of detection.
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Tsble 2.7 continued
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Table 2.7 continued
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Table 2.7
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Regression line slopes

The slope of the regression line is indicative of the relative recovery of the target-

compound standard, relative to the intemal standard. Thus, it appears that vanillin (Freon

method) and vanillyl alcohol were recovered in very low quantities from the Chardonnay

wine, while guaiacol and 4-methyþuaiacol were recovered in very high quantities, relative

to the recovery of the internal standard, BHT (Tab . 2.1). These recovery efficiencies are

aocounted for in the quantifi.cation calculations (Miller and Miller 1988 pp. 102-104) so

they do not affect the accuraoy of the quantifioations. flowever, vanillin (Freon method)

was quantified with very low precision and the same factors that affected the poor recovery

are likely to have also affeoted the low preoision.

In the Cabemet Sauvignon wine, none of the compounds exhibited a slope substantially

above 1.00 (Tab. 2.4). Thus, the internal standard, DMP, added after liquid/liquid extraction

and conoentration, was more thoroughly reoovered compared with the intemal standard,

BHT, which was added prior to liquidiliquid extraction in the Chardonnay and the model

wines.

In the model wines, the slopes of the regression lines were all grealer than 0.64, indioating

acceptable recovery of all ofthe target compound standards, relative to the internal standard

(Tab. 2.6). Thus, the poor reooveries of vanillin (Freon method) and vanillyl aloohol in the

Chardonnay and Cabemet Sauvignon wines were affected, at least partiaþ, by components

of 'real' wines which were absent fromthe modelwines.

Re gr ess i on line y-inter c epts

For the model wines, any deviation from zero for the y-intercept was ascribed to systematic

influences. This assumption can not be made for the regression anaþses based on standard

additions to the Chardonnay and the Cabernet Sauvignon wines. A y-tntercept value above

zeÍo may have resulted from the presence of the target-compound, prior to any addition, in

these wines. ,+-Vinyþaiacol, for example, is knorarn to be generated from ferulic acid in

hundreds of micrograms per litre during primary fermentation (Chatonnet et al. 1993) and
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then to oxidativeþ degrade (Nicolini et al. L991) or to slowly reaot with ethanol (Dugelay

et al. 1995) during storage so the Chardonnay wine ¡-intercept of 32 ¡rgll- (Tab. 2.L) is

best interpreted as an indicator of the compound's presence, and not of systematio error.

Therefore, the quantification of the compounds that showed a positive y-interoept in the

regression anaþsis, involved the addition of the y-intercept in the oalculation. Thus, the

control wine conoentration was added to the apparent barrel wine concentration in the

calculation. This simplified to taking they--intercept as zero but the variance contributed by

both the control wine and the barrel wine quantifioation was incorporated into the

confidence interval calculations (Miller and Miller 1988 pp. 46-47). Negative y-intercept

values were treated as systematic errors and incorporated into the quantification

calculations. This also applied to the Cabemet Sauvignon wines.

95 % Conlidence intervals

Individual 95 %o aonfrdence intervals were calculated for each concentration value using the

standard error, based on they-residuals fromthe regression anaþsis (Miller and Miller 1988

pp. 112-115). These individual con-fidence intervals were often very similar for each

compound. Therefore, instead of listing each of them, only the mean and range for eaoh are

quoted (Tabs. 2.1,2.4 e.2.6).

The measurement precision for the Chardonnay wine concentrations was generally the

iowest of the three wines (Tab. 2.1) since the model wines required iess preparation and

their ohromatograms were less affected by interfering oompounds, and since the Cabernet

Sauvignon wines were quantified, at a late.r stage, using a better internal standard. This

intemal standard (2,5-dimethylphenot abbreviated to DMP) was included following the

analysis of the Chardonnay and model wines. Results for the Cabemet Sauvþon standard

recovery experiments showed that DMP gave beffer quantifioation precision (Tab. 2.4) than

did the intemal standard used for the Chardonnay and model wines (2,6-dt-tert-butyl-4-

methylphen ol, i. e. butylaterl hydroxytoluene, abbreviated to BIff ).
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The method of calculating confidence intervals as$rmes homoscedasticity (equal variance

over a range of values) (Miller and Miller 1988 p. I04), a quality not uzually met with this

type of experiment. Instead, the variance tends to start smaller than the average variance at

low concentrations, and to increase as the concentration increases. Weighted regtession

anaþsis estimates the variance more realistioaþ but the calculations are more oomplex and

an estimation of the variance at each point along the soale is required (Miller and Miller

1988 pp. I24-I28). The method chosen for this study is adequate but some of the

confidence intervals may be unrealisticaþ high for the lower concentrations, and they may

be unrealistically low for ús higher conoentrations.

Some quantirtcafion by extrapolation olthe regression lines

In some cases, the concentration determined fell outside of the range covered by the

standard recovery experiment so quantification by extrapolation was necessary (Tabs. 2.1,

2.4 &.2.6).Inthe case of ,t-ethylphenol in the Cabemet Sauvignon wines for example (Tab.

2.4), the highest ooncentration was found in the control wine, and since the standard

additions were made to this wine, the range of ooncentrations in the standard recovery

ex¡reriment were all higher than the concentrations in the 24 barrel wines. Since linearity

cannot be guaranteed, and homoscedasticity is unlikely, beyond the range of the standard

additions, the confidence intervals for these extrapolation-based conoentrations must be

considered underestimations. The majority of the ooncentrations, however, have been

determined by interp olation.

Ouafiirtcafion in the 'control'wines

The concentrations in the Chardonnay control wine at 55 weeks and the Cabemet

Sauvþon control wine were determined by the method of standard additions (Miller and

Miller 1988 pp. II7-120) since these wines were used as the bases for the standard

recovery experiments. The Chardonnay control wine at 1l weeks was quantified in the same

way as were the barrel wines.
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Limits of detection

Limits of deteotion (LODs) were determined only where sufficient standard additions had

been made in the range close to the lower concentrations mea$rred. Consequently, for

example, no LOD was calculated for vanillin (stable isotope dilution anaþsis). The standard

recovery e4periment for this compound was conducted in a barrel-stored Cabernet

Sauvignon whioh contained vanillin at a concentration of 248 pgll- before any additions

(Tú. 2.\. Thus, the oonoentrations measured in the standard recovery ex¡leriment were

well above the lowest quantities measured in the wines, and an LOD based on these

standard recovery data would be unrealistically high. The LODs were calculated following

Miller and Miller (1988 pp. 115-l L7) and may be defined as the concentration at which the

probabilities of erroneously reporting either compound presence or absence both eqaalT %o.

2.4 Volatile composition results

The concentrations of the 2O target-aompounds in the 24 Chardonnay barrel wines and the

Chardonnay control wine at 55 weeks are listed in Table 2.2. Ttle corresponiling data for

the subset of nine barrel wines and the control wine that were sampled, at I I weeks (App*.

Tab. A.2) are listed in Table 2.3. Tlhe concentrations for the Cabernet Sauvignon barrel

wines and the Caberret Sauvþon control wine at 93 weeks are listed in Table 2.5, while

those for the 16 model wines at various times (App*. Tab. 4.10) are listed nTable 2.7.

2.5 The multivariate nature of the volatile composition

Many of the volatile compounds quantified in the wines were correlated with one another.

Princþal components anaþsis was used to explore these patterns. It is not surprising that

such associations should exist considering that rnany oak wood-derived volatile comporurds

have common sources (e.g. those arising fromthermal degradation during coopering).

These compositional princþal ssmponents (PCs) are used as summaries of groups of

correlated compounds, in the expectation that they may be indicative of underlying na1;rnal

or culturalvariables. The 'coopering heat products' PC, for s¡smple, is used as an indicator
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of the unmeasr¡1ed heating variability that apparently occurred during the coopering process

(Chapter 6).

Interpretation in the Chardonnaywines (Fig. 2'l.l

Three of the 20 oompognds were excluded from the Chardonnay wine composition

princþal components anaþsis (App*. C.1): ,t-ethylphenol was rareþ detected; vanillyl

alcohol was only found in small quantities alLd, tt these quantities, chromatogram peak

assignment was doubtful; and cyclotene was subject to very low precision (Tabs. 2'l &'

2.2).

74 %o of the Chardonnay wine composition variance could be explained by three PCs (Appx.

Fig. C.1). The first PC describes the 28 %o of the variance that was typified by increasing

eugeno! oak lactones, 4-vinyþaiacol and 4-vinylphenol but deoreasing furfuryl alcohol,

maltol and 5-methylfurfirryl ethyl ether (Fi5.2.1 a & b).

The variable occurrence of m¿lolaotic fermentation (MLF) among the Chardonnay barrel

wines during maturation, resulting in a disproportionate number of Ml-F-affected barrels

among the treatments, should be considered when interpreting the meaning of the PCs. The

American oak barrels were considerably more affected than the French oak barrels (Fig.

7.5). Thus, oak origin and MLF effects may overlap, and the first PC may have been

affected by both of these factors. The PC describes, on one hand, the co-variation among

compounds that were present in the oak wood prior to coopering. These compounds were

shoum to vary according to oak orign in this study (Chapter 5). On the other hand, it also

describes variation, in the opposite direction, among furfuryl alcohol, 5-methylfurfuryl ethyl

ether and maltol. The first two compounds are microbially derived and were present in

higher amounts among the barrels containing low quantities of the oak lactones and eugenol

(the American oak barrels), probably due to the greater extent of MLF among these barrels.

Maltol was also found in significantly hìgher quantities among the American oak barrel

Chardonnay wines. This particular oak origrn trend was not repeated in the model or the

Cabernet Sauvignon wines. fts ooourrence in the Chardonnay wines is probably indioative of

some systematic error.



-oak

5-methylfu rfu ryl ethyl ether

5-methylfurfuryl alcohol

vanillyl ethyl ether
turfury1ethyl ether

alcohol

maltol

vanillin

5-methylfürfuralfurfural
guaiacol

60 Oak Wood Contribution To Il'ine Aroma

1 ('emphasis on natural oak products and oak origin associations

with some microbial products') (28 %)

I

.-oo\
r-
c.l

-ch

c)
!€
o
È
d
6)

äf)
É'tr
c)

o
o

(t
(t
c!

E
c)

N
O
Ê<

lactone

I

1

Figure 2.l.,Projection of the Chardonnay Ìvine
volatile composition on rotated principal com,ponents.

(a); (b),and,(c): FCI versu$ PCz, Pel versus PC3, and PC2 versus,:PC3, respectively
See Ap.pondix C for analysis,detaìls.

(")



Chapter 2 The volatile composition 6I

1

:.oo\
o\

(t)

o
J,ö
o
l-iÈ
p
l-io

o)

Eo(t)

o
.t)
(t)
cÉ

*
t-t(l)

ca
OÀ

-1

1

ethyl ether

maltol

vanillin

4-vinylguaiacol

furfuryl alcohol

5-methylñrrfuryl ethyl ether

vanillyl ethyl ether

5-methylfurfuryl alcohol

(c) PC2 ('emphasis on coopering heat products') (27 %o)
1

1

s
o\
ri

at)

o
€
t<È
d

€
ti()
É
6)
Eo(t)
Éa
at
(t)

o,¿tl
0)

i./
ca
OÀ

-1

(b)
PC

1
1 ('emphasis on natural oak products and oak origin assooiations

with some microbial products') (28 %)
I

vanillyl ethyl ether

4-ethylguaiacol

guaiacol

4-methylguaiacol

vanillin
4-vinylphenol

ethyl ether

eugenol
furfuryIalcohol

maltol

5 -methylñrrfu ryl alcohol

furfuryl ethyl ether

cis-oak
trans



62 OakWood Contribution To Wine Aroma

The seoonti PC desoribes the 27 % of the variance that was ty,.pified by increasing firrfurat

5-methylfrrrfura\ gaa\aaol 4-methyþaiaco\,t-ethyþaiacol and vanillin (Fig. 2.1 a & o).

This variation has arisen from the coopering process. Chatonnet et al. (I992b) have

reported that 4-ethylguaiacol arises most substantially from the actwtty of mioroorganisms

in red wines (0 - 1561 pglL, n: 83), and is usually found only in small quantities in white

wines (0 - 7 tLg/L, n: 54). Its presence among the Chardonnay wines (0 - 5 pglI.) is

oonsistent with these observations but its association with the ooopering heat derived

products suggests that it may also be formed, in small amounts, during coopering. This may

not be so surprising since guaiacol and 4-methyþaiacol, compounds possessing similar

structures to 4-ethyþuniacol, are also formed during coopering.

The third PC describes the 19 o/o of the variance that was typified by inoreasing vanillyl ethyl

ether, 5-methylfrrrfu.yl alcohol, furfuryl ethyl ether, 4-vinyþaiacol and 4-vinylphenol (Fig.

2.Ib &. c). This variation has arisen directly or indireotly from microbial activify.

Three of the 20 compounds were excluded from the Cabernet Sauvignon wine composition

principal components analysis (App*. C.2): 5-methylfurfrrryl ethyl ether was rareþ detected

and, at the low levels found, chromatogram peak assignment is doubtful; vanillyl alcohol

was often not detected and, when deteoted, there was some doubt about chromatogram

peak assignment; and vanillyl ethyl ether was measrred at low quantities and only with low

precision (Tabs. 2.4 &.2.5).

In the Cabemet Sauvignon wines, the vast majority of the extracted furfural and 5-

methylfirrfrral was transformed to other products. Around 98 %o of the furfural was present

as furfuryI alcohol at 93 weeks, and 5-methylfurtral was present at only 5 o/o of the

quantity measured in the model wines after the same 93 week period. 5-Methylfurfuryl

alcohol degrades quickly in wine (work of Sefton, in Spillman et al. 1998) so it cannot be

used to estim¿te the quantity of 5-methylfurfural extracted. Furfrryl alcohol on the other

hand, is suffioiently stable to allow such an estimation (work of Sefton, tn Spillman et al.

1998). The ethyl ethers appear to exist in equilibria with their correqponding furan alcohols
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(work of Sefton, in Spillman et al. 1998). Consequentþ, only furfuryl ethyl ether was found

in any significant quantities. These transformations must be considered when interpreting

the meaning of the PCs. The ohemical behaviour of these firran derivatives were not studied

as part of the work desoribed in this thesis, and therefore, firrther detailed discussion is

omitted here.

72 % of the Cabemet Sauvignon wine composition variance could be explained by three

PCs (Appx. Fig. C.2). The first PC describes the 30 Vo of tlLe variance that was typified by

increasing guaiaco! cyclotene, maltol, ,1-methyþuaiacol, furfuryl alcohol, furfuryl ethyl

ether and furfiral (Flg. 2.2 a & b). This variation has arisen from the coopering process.

Furfuryl alcohol and furfuryl ethyl ether, although derived from microbial activity, are

included probably because their quantities were determined by the initial quantify of frrrfural

present since the biochemical reductions were atnost complete.

The second PC describes the 25 o/o of the variance that was typified by increasing 4-

ethyþaiacol 4-vinylphenof 5-methylfrrfuryl alcohol 4-ethylphenol and 4-vinylguaiacol

but decreasing vanillin (Fig. 2.2 a & o\. This PC describes variation among five of the

compounds arising from microbial activity during barrel maturation and, in the opposite

direction, it describes the variation in vanillin. This bi-directional PC suggests that

mioroorganiffirs rnay have been active in vanillin degradation in the Cabernet Sauvignon

wines (Chapter 7).

The third PC describes the 17 % of the variance that was tlpified by increasing oak

lactones, eugenol and 5-methylfirrfural (Fig. 2.2b &. c). This PC describes variation among

the three compounds that were present in the oak wood prior to coopering (the oak

lactones and eugenol). 5-Methylfirrfural probably accompanies these compounds by chance,

and it was present only at low concentration.
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Figwe 2.2. Projecfion of the Cabernet Sauvignon wine
volatile composition: oÌ rotâted principol components.

(a), (b) and (c): PCl,versus PC2, F'Cl verzus PC3, and,PC2 verCus FC3, respectively.
Soe Appendix C for analysie détails.
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in the model

Seven of the 20 oompounds - vanillyl alcohot vanillyl ethyl ether, S-methylfurfrrryl

alcohof 5-methylfirfüryl ethyl ether, 4-vtnylgtaiacol 4-vinylphenol and 4-ethylphenol -
were excluded from the composition prinoipal comqlonents analysis of the model wines at 93

weeks (App". C.3). All are microbially derived in wine and they were either not detected or

only forrnd in low quantities, partiaþ as a res,ult of the sanitation imposed on the model

wines. At these low quantities, quantification precision was also low. The data for these

compounds were excluded from the analysis because they contained no usefirl information

and because they may have 'clouded' the inform¿tion in the lsmaining data.

Furfuryl alcohol, furfruyl ethyl ether and,l-ethyþaiacol three compounds also microbiaþ

derived in wine, were included because they were mea$red in highsl quantities or with

greater relative precision (Tabs. 2.6 &.2.7 \ o & s). Additionally, since the sum of furfrual

and furfuryl alcohol is likely to be a reasonably good estimate of tle initial amount of

furfirral extraoted from the oak wood (work of Sefton, in Spillman et al. 1998), this

sunornation was also included, and is referred to as 'estimated extracted furfrrral.'

84 %o of the compositional variance could be explained by three PCs (Appx. Fig. C.3). The

fust PC accounted for 44 Yo of the varianoe and was t1,pified by increases in the compounds

knovrm to arise from coopering ('estimated extracted firrfural' maltol, 5-methylfrrrfural,

furfr¡ral, cyclotenc, guaiacol vanillin and 4-methyþaiacol) (Fig. 2.3 a & b).

The second PC acoounted for 24 % of the variance and was tpified by increases in the

compounds knorvn to be present in oak wood prior to coopering (the oak lactones and

eugenol). ,t-Methyþuaiacol and 4-ethyþaiacol also contributed to the second PC (Fig.

2.3 a &. o). The reason for the contribution of these latter two compounds to this PC is

unknor¡m.

The third PC accounted for 16 % of the variance and was typified by increases in two

compounds of microbial derivation (furfuryl alcohol and, consequently, furfuryl ethyl ether)

(Fis.2.3b&c).
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Commonalilv among the wines

Notwithstanding the peculiarities of each wine type, the principal components anaþses have

partitioned the volatile composition variance among the barrel wines into three main groups

of compolnds. These gloups represent variations occurring at three main stages, one

affected mostly by natural variables and two affected mostly by cultural practices. The

natural variability found in oak wood is added to by the variability of heating applied during

coopering and by the variability i" microbial activity allowed to occur during barrel

maturation. Three stages of oak wood handling - procurement, barrel construction and

wine maturation - are implicated, and opportunities for understanding ¿nd manipulating

the majority of volatile oak wood composition is likely to be found in an exploration of

these tlree areas.

2.6 Summarv and conclusion

The methodology applie<l to the volatile composition anaþsis and to the calculation of

raotrrucy and precision measrrres for 20 compounds quantified at various times in 64 barrel-

stored wines is presented in this chapter and in Appendix B. The results are habtíated, and

the variability of each oompound, in relation to the variability of the other compounds from

the same barrels, is explored through PC anaþsis.

Having described the variability of the volatile compounds under study, the next chapter

describes the aroma variability which was found to occur among the same wines, and the

following chapters consider the two sets of data, together. The composition-PCs are used

as summaries of natural or cultural variables in correlation anaþses with the aroma data,

e.g. the 'emphasis on coopering heat products'-PC is used as an estimation of the

unmeasured coopering heat applied to each barrel.

The factors responsible for the variation in the volatile composition are discussed in detail in

Chapters 5,6 md.7.
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3.1 Introduction

Having set a foundation based on the work of others (Chapter 1) and on the volatile

composition results (Chapter 2), the present chapter introduces the sensory data which

become the focus of enquiry throughout the rem¿inder of the thesis.

Within the bountlaries of the experimental treatments and within the limits of the capabilities

of the sensory method, the description of the oak wood contribution to wine Lroml, in this

chapter, is complete. This is probably not so for the volatile composition description given

in Chapter 2 beoause, as previousþ disoussed, it is likeþ that some important compounds

were not quantified. Thus, the sensory data stand as a oomplete pioture of the oak wood

effect in this chapter, and the volatile composition data are used to elucidate the

mechanisms leading to this effeot (Chapters 4 fo 9).

3.2 Wine aroma descrintion bv rankine

Wine sensory analysis is often based on measurement scales that are presumed to be interval

or ratio io tWe. There are definite advantages in working with such data. In particular, they

are amenable to parametric anaþsis. Some of the corresponding non-parametric data

analyses, which can be used on rank data for example, either do not exist or are not

commonly available in statistical software packages. While some researchers may be enticed

'.-- 
tL^^^ ^^^^2j--^tl^-^- Ll^^ -l-l1L -f - 't . .1 I I r. . ruy turrs¡, uursruetatruus, lll€ auurry ur cvgü l.Ilc uìost ¡,norougnry trameo lnorvlcual or pangl

to measure subtle aromâs, typical of those in wine, using a category or ratio scale in an

accurate rnailter is highly questionable. This is particularþ so when each wine is analysed in

isolation to points of reference (e.g.ranges of standards) over numerous occasions. In such

cases, changes in physiological or psychological inclination can cause substantial variation.

Further, some rating scales (i.e. categoric) may fail to resolve subtle sensory variations

between samples due to the fact that each point on the categoric scale can represent a broad

segment ofthe sensory continuum.

A more realistic measurement of the subtle aromas in wine oan be achieved using ranking

because the samples act as their ovrm points of reference and because the task is relativeþ

simple. The adequacy of ranking as an alternative to r. rttng beoomes more apparent with
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increases in the number of samples, taken from a defined population, to be anaþsed. As the

sample number increases, the real intervals to be estimated tend to decrease in size and

vaiance, becoming more rank-like (Appx. D.1), and the simplioity of the ranking prooess is

suited to the resolution of these small intervals.

The wines for which arolna descriptions were performed in this study numbered two sets of

25. Aranking prooedure was recommended by these large sample numbers and by the faot

that subtle aroma differences among the wines were the focus ofthe study.

3.3 A summarv of the sensorv descriptive analvsis method

In general the method used is similar to that described by Meilgaard et al. (1991, pp. 138-

I42, ll7-II9 8L 262-264). Panelist aptitude tests, fiaining, and descriptor- and standard-

generation by a oombination of individual introspeotion and group disoussion were followed

by the use of standards and separate rankings of each descriptor (arranged as a balanced

incomplete block desþ). Significant îroma differentiations were detected using a

Friedman-type statistioal analysis and a non-parametric analogue to Fisher's least

signifi.cant difference (LSD). Although not a requirement ofthe method, the repeatability of

the ranking was tested by Spearman's rank correlation anaþsis. Details of the materials and

methods are shoum in Appendix D.

Further anaþsis of the data was facilitated by Fisher-Yates rank transformations (Fisher and

Yates 1963 pp. 3I, 94) (App*. E). A variety of parametric statistioal methods - 
ps¿lson's

correlation coefficient, anaþsis ofvarianoe, and prinoþal components anaþsis - 1¡is1s 1þea

applied to the transformed data.

T\e 25 Chardonnay arLd 25 Cabernet Sauvignon wines (24 banels plus 1 stainless steel

drunq eaoh) were subject to aroma descriptive anaþsis and to arorna 'preference' anaþsis.

For the Chardonnay wines, seven halÈhour training sessions on seven different days were

followed by 17 quarter-hour individual ranking sessions on 17 different days. A similar

procedure, using flrany of the same panelists, was followed for the Cabernet Sauvignon

wrnes.
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3.4 The Chardonnav wine aroma differentiation

Significant differentiation among the 25 Chardonnay wines was noted for all of the arornas

and for 'preference.' These results, the rank sums and significant differentiations are shovrm

in Table 3.1. Those wines not joined by a vertical line - the LSD (5%) 
- were

significantþ different (p<0. 05 ).

Table 3.2 shows a swnmary of the repeatability estimations derived from repetitions of the

ranking procedure with less-than-full sets (1.e. 16 or 2I of the original25 samples) due to

depletion of stocks (App*. D.5). These tests, being less-than-firll repetitions, rÍe

questionable in their adequacy. Neverlheless, they are included for what information they

provide. Five of the six sensory occasion pairs were positiveþ correlated, indicating

adequate ranking repeatability for 'coconut,' 'vffii7la,,' 'butter,' 'smoþ' and 'green apple.'

The lack of assooiation between the two 'pencil shavings' occasions indicates poor

reliability for that attribute. This lack of association might also introduce some doubt about

the repeatability of the non-repeated attribute rankings, although the five attributes that

were successfully repeated are more supportive of a generally adequate level of repeatability

among these rankings. All arotna lankings were included in the analyses but the relative

precision of each ofthe repeat rankings is bome in mind.

Table 3.2. Chardonnay wine aroma ranking repeatability estimates
for six of the ten descriptors (expressed as the significance of the

Spearmants rank correlation coefficient for the two sensory occasions).

Descrittar'
'coconut'

'pencil shavings'
'vanilla'
'butter'
'smoþ'

'green apple'

0.477
0.099
0.499
0.742
0.79r
0.458

n.s.: not significant.

p<0.05
n.s. þ>0.10)

p<0.05
p<0.001
p<0.001
p<0.05
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Table 3.1. Ch wine aroma rank sums and significant differences.
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The failure to repeat the 'pencil shavings' ranking may have been a function of the

composition of the subset available for the repeat occasion. A signifioant amount of the

differentiation established on the füst occasion may have been due to samples that were

unavailable for the second occasion.

3.5 The Cabernet Sauvienon wine aroma differentiation

Significant differentiation among the 25 Cabernet Sauvþon wines was noted for

'preference' and for all of the aromas except for'earthy'(0.10>p>0.05) and for'mint'

(0.20>p>0.10). These results, the rank sums and significant differences are shown in Table

3.3. No LSD calculations were applied to 'earlhy' and'mint.'Despite the failure of the

panel to differentiate the samples, aocording to 'earthy' and 'mint,' as mea$lred by the

Friedman-type statistic, the daLa for these aromâs were subject to the same analyses as weÍe

the data for the other aromas. However, ffiy discussion of the results for 'earthy' or 'mint'

is presented with the statistical non-signifi.cance of the differentiation in rnind.

Table 3.4 shows a summary of the repeatability estimations. The rankings across occasions

were positiveþ correlated, indicating adequate ranking precision for all of the attributes

tested.

Table 3.4. Cabernet Sauvignon wine aroma ranking repeatability estimates
for five of the twelve descriptors (expressed as the significance of the

Spearman's rank correlation coefficient for the two sensory occasions).

Desc+Ìnto¡ Çotue]øtion øøeffrcie¡t
Inler- oc eøsion runk corre I alí o n

sìjtttiftcønce
'pencil shavings'

'berry'
'smolg¡'
'vanilla'
'coffee'

p<0.05
p<0.001
p<0.05

p<0.001
p<0.01

0.399
0.79t
0.351
0.707
0.570
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3.6 The multivariate nature of the wine aroma descriptions

Many of the descriptors assþed to the wines were correlated with one another. Principal

components analysis was used to explore these pattems (Appx. F). Both the Chardonnay

wine aroma (Fig. 3 l) an<l the Cabernet Sauvignon wine arorna (Fig. 3.2) varied most

substantially in three' directions.'

It is not surprising that associations should exist among some of the aromâs. They may have

arisen from a common process (e.g. coopering heat), md assigning aroma descriptions

involved the oombination of 15 personal peroeptions, each individual bti"gt"g different

arorna and semantic experiences to the task. A single stimulus could be described by

different words, leading to sets of associated desoriptors. Although extensive training was

conducted in an attempt to minimise this effect (App*. D.2), it is unlikely that every discrete

stimulus was neatþ assþed a discrete descriptor. Regardless of the success, sets of

descriptors allow communication of the perceptions of the sometimes difrficult to define

arorna of wine to an audienoe of diverse aroma and semantio experience. The aromâ

principal components were occasionally used, as summaries of the general aroma

perceptions, in the discussion, eqpecially in Chapters 5 and 6.
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3.7 Summarv and conclusion

The sensory descriptive analysis method applied to the Chardonnay and the Cabernet

Sauvignon wines is summarised in this chapter (and detailed in Appendi* D), and the results

are tabulatecl along with the repeatability estimates. Both the Chardonnay wine panel and

the Cabernet Sauvignon wine panel could discriminate differences in ten arorna attributes

and 'preference' among the barrels. Only 'earthy' and 'mint' in the Cabemet Sauvignon

wines were not discriminated with statistical significance. Each panel also demonstrated that

it could reproduce its assessment ofthe attribute intensities.

The variability of each aroma descriptor in relation to tle variability of other arorna

descriptors applied to the same barrel wines is explored through PC analysis.

With both the volatile composition variability (Chapter 2) and the aroma variability now

thoroughly described, the remaining chapters are ooncemed with elucidating the nature of

any relationships which might exist between these two sets of data. The aroma effects of the

treatments are also considered.



81

Chapter 4

A protocol for elucidating the relationships
between aroma and composition

Chapter outline

4.I A limitation to the treatment-based experimentation, and an alternative

approach.....
Aroma correlations with composition-PCs and volatile compounds ...........
Difficulties in estimating the aroma effect of a single comqlound

- Compountl purification and its practical limitation
- Compound desoription and its practicallimitations
- Compound threshold anaþsis and its practioal limitations ...

Potency ofthe overalt oak wood-derived, aroma-effect of selected

individual barrel wines
- 'Natural oak product' potency
- 'Coopering heat product' potency
- 'Malolactic fermentation product' potency
- Conclusion

4.5 A novel data anaþsis method, involving the interpretation ofpattems
arising from specific arorna differentiations in relation to compound
concentration differences

- Specifi.c aroma 'impaot-pattem conformity' (PC) test ..............
- A naturally occurring, specific aroma 'differentiation potency or

accompaniment' (DPA)
4.6 Summary and conclusion

4.2
4.3

4.4

82

83

86

86

87

88

88
90
92
92
94

94
96

98
99



82 Oak Ilood Contribution To Wine Aroma

approach

Now that the aroma and the comqlosition variabilities among tle wines have been illustrated

(Chapters 2 &.3), the remainder of the thesis deals with an exploration of their natural or

cultural causes. Chapters 5 and 6 are most particularþ concemed with this. Chapter 5 deals

with the treatment effects and the underlying variabilities that were apparentþ established

most zubstantiaþ in the oak wood prior to the coopering process. Chapter 6 deals with the

effects and variabilities that were apparently established most substîntirlly during the

coopering process.

Treatment-based ex¡leriments are suited to studies where a successfirl experimental

treatment can be retably repeated on a large scale. However, the treatments imposed in the

main exf¡eriment ofthis study (Section 1.5) can not be reliably repeated. The oak trees were

not selected randomly from eaoh defined looation; they were harvested from relatively small

areas within these locations. Therefore, a winemaker who orders barrels made from Ohio

oak for a current vintage, rn¿y or may not receive barrels similar in aroma potential to the

American oak barrels of this study. This is dependent on the variation in aroma potential

within the population of Ohio oak trees, a parameter that could not be reliably estimated

fromthe sample.

Wine aroma can be tiescribed, thoroughly, oniy with the use of sensory anaiysis. Flowever,

it is unlealistic for most oak wood suppliers and winemakers to use sensory desoriptive

analysis as a routine quality assurance tool due to the hìgh human resource costs invofued.

Composition anaþsis, on the other hand, does not provide a complete aroma 'picfure'

because the aroma properties of many individual compounds and their interactions are not

well understood and because some oak wood compounds of sensory importance are

probably yet to be identified. Nevertheless, composition analysis is generaþ more precise

than sensory descriptive anaþsis and it might provide an adequate suÍrmary of the arorru.-

effect. Consequently, exploring the underlþg oompositional cause of each aroma-effect

arising from the barrels may be more valuable than exploring treatment effects.
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Associations between compounds and aromas can suggest possible causal relationships or

the possibility that both compound and aroma arose independentþ from the same sorrroe.

Furthermore, ohemical structure can suggest the probable genesis of the comqround and,

consequently, the pogsible genesis of the aromâ. Once a cause or an indicator were

identified, and it could be quantified with a relativeþ simple or affordable method, that

method could be adopted to assure quality during oak wood selection and processing.

In each ofthe two foltowing chapters, the aroma and then the composition treatment effects

are considered separateþ for each of the experimental levels (e.g. oak origin). Then

correlations between the aromas and the oomposition prinoþal components (PCs) are

considered. These treatments antl PCs can reflect, generally, underlying natural or cultural

variables. The significant differentiations for each ffoma to have exhibited a trettment

ef[ect, or a significant oorrelation with tle appropriate composition PC, were then allocated

a likely, and generat natural or cultural genesis (e.g. coopering heat).

The possible compositional causes of these aroln¿s are explored using the correlation data

for the individual compounds. A novel múytical method was also used in the Cabernet

Sauvignon wines for this pu{pose. This mettrod involved the interpretation of patterns

arising from specific arotna differentiations, in relation to compound concentration

differences among the wines. Reported compound aroma-likenesses were also used in these

considerations.

An interpretation of the volatile compound correlation and composition-PC anaþses led to

the conclusion that the main natural and cultural variables, reflected in the variance of the

volatile compounds, were likely to number only a few, and that these variables could be

summarised by the composition-PCs (Chapter 2). Two of these PCs were particularþ

useful. For eaoh wine, the PCs that showed an 'emphasis on natural oak products' ol an

'emphasis on cooperingheatproducts' were used to help identify rrry ùÍorna that could have

owed its genesis, at least partially, to 'natural oak product' variation (Chapter 5) or to

' co op ering heat pro duot' variation (Chapter 6 ).
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An aroma that was correlated with a composition-PC or that exhibited a teatment effect,

associating it with a particular natural or cultural variable, was subject to further anaþses,

including correlation analysis with the individual volatile compounds, h n attempt to

identify the likeþ compositional oauses or indicators of each arorna (App*. G & H). Some

compounds may have directly caused or oontributed to some of the arornas, and some may

have only been related by having arisen from a common source or by having arisen due to

chance.

The associations between arornas and composition-PCs or compounds were ex¡llored by

both Spearman's rank order correlation, after ranking the composition values, and by

Pearson's product-moment correlation, after converting the sensory lankings to Fisher-

Yates rank transformations. Since the latter method preserved more information, it is the

method referred to during discussions and it was used to generate the Figures (Appx. Figs.

G.1 to G.IZ for the Chardonnaywines, and Appx. Figs. H.l to H.14 for the Cabemet

Sauvignon wines).

Compositional discrepancies between'composition' and'sensory' samples

Since the sensory (aroma) data and the volatile compound data were to be compared for

possible associations, it was important to ensure that tle two different sets of samples

remaineti compositionaliy as close as possibie, between barrel-sampiing and anaiysis.

However, while all of the'composition' samples were stored at approxinately -10'C in
lmge, incompleteþ filled containers until analysis, the 'sensory' samples were stored at

higher temperatures to prevent the sma[ near-frrll containers from exploding. This has led

to some compositional discrepancies.

The Chardonnay wine 'sensory' samples were stored at approximately 2 "C prior to anaþsis

(App*. 4.3) so the composition, at the time of the sensory analysis, is likeþ to have been

similar to the composition of the different set of samples at the time of the composition

analysis. However, the Cabernet Sauvþon wine 'sensory' samples were stored at

approximately 20 'C (Appx. 4.4) due to laok of freezer qpace. This approximately 30 'C
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temperature-discrepanoy, over a storage period of two years, has oaused some

oompositional discrepancies between the two sets of Cabernet Sauvignon wine samples.
{

An analysis (carried out by others in this laboratory, using altemative anaþsis methods) of

seven ofthe 20 volatile compounds in the Cabernet Sauvþon wine 'sensory' samples2 one

year after the sensory anaþsis, indicated that some concentration changes had oocurred,

relative to the 'composition' samples. Five of the seven oompounds (cls- arid trara-oak

lactone, 4-methyþuaiaco\ furfiual and 4-ethylphenol) ohanged little over the storage

period (Sefton, unpublished data). Smalt decreases in the oak lactones and small increases in

,l-methyþaiacol are likely to have resulted from methodological differences.

One oompound, furfurylalcohol, was degraded by approximately 75 %o, over the three years

cellar-storage period, and the degradation was consistent among the samples (Sefton,

nnpublished data). When estimating the concentration of furfuryl alcohol that was

associated with significant aroma differentiations (explained in Section 4.5), an estimate of

the concentration was made, based on a linear interpolation of the degradation-rate line.

The concentrations likely to have been present at the time of the sensory analysis - after

two years of cellar-storage approximateþ half those found in the freezer-stored

samples (Tab. 2.5).

The concentrations of furfüryl ethyl ether, a compound that apparentþ exists in equilibrium

with furfuryl alcohol, at consistent proportions (work of Sefton, in Spillman et al. 1998),

were similarþ estimated for this pu{pose.

Concentration sfuanges, provided that they were consistent among the samples, would not

have affected the correlation-based rezults. However, for one oompound whioh was

degraded inconsistently among the samples (vanillin, approximately 30 to 50 Yo degradation;

Tab. 2.5), all of the anaþses involving comparisons between the original oomposition data

(from the freezer-stored samples) and the sensory data arc dubious. To mitigate this

problem, anaþsis of the (excess) cellar-stored samples was performed approximateþ one

year after these samples were subjected to sensory anaþsis (Tab. 2.5). These composition

data arc likely to most closely resemble those at the time of the sensory anaþsis. Therefore,

these vanillin datt arc used when exploring aroma associations with this compound.
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The inconsistency ofthe degradation ofvanüün among these Cabernet Sauvignon samples is

likely to have resulted at least in part from microbial activity. Each ten-litre 'sensory'

sample was stored in two five-litre containers for 41 weeks at approximately 20 "C prior to

sterilisation, md vanillin may have been subject to microbial reduction in these wines

(Chapter 7).

While correlation analysis can be usefrrl in identifying arornas assooiated with individual

compounds or, more generally, with natural or cultural variability in oak wood, it is

preferable to identify the actual compositional cause of each arolna. Methods involving

compound purification and sensory description or sensory threshold analysis are applied for

this pu4rose. This area of study produoes unreliable results unless a good deal of care and

effort is invested in the process.

Compound purity ¡s ¿¡r important consideration when determining thresholds. Meiþaard

(1989) suggested using successive purification steps with the threshold and character

determined after each. Then, like constant melting point in chemical purification, sensory

puriiy may be considereti once successive steps cause no change in sensory tlpe and

threshold. However, this is seldom carried out due to the substantial effort required.

Some compounds are very difficult and/or e4pensive to extract from natural produots in

suffioient quantities or to qmthesise from more readily available oompounds for the pu4)ose

of sensory studies. In such oases, an estimation of the compound's aroma effect is either

impossible, rnlikeþ to be attempted, or a sample of questionable purity might be used.

An example of this sort of problem which is important to this study involves the isomers of

the oak lactones. While there is only one naturaþ ocourring cls- and one naturaþ

occurring traru-enantiomer, samples of these enantiomers are difficult to obtain. The

sample used in this study (Allied Flavours, whiskey lactone, isomeric mix of B-methyll-
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octalactone) was a racemic mixture of the two enantiomers of cls- and the two enantiomers

of trans-þ-methyll-octalaotone. Most of the sensory analyses reported for this oompound

in a beverage (e.g.Boidron et al. 1988) have used a racemic mixture similar to this sample

so the description and the threshokl data resulting from these studies rnay be deficient in

some ways. While Boidron et al. (1988) described a racemio mixture of the oak lactones as

coconut- and oak-like, Gtinther and Mosandl (1936) desoribed eaoh of the naturally

occurring enantiomers in more detail. The naturally occurring cls-enantiomer (3S, 45)

possessed a "ooconut, slightly musty and earthy'' aroma with a '\Ly" note, while the

naturaþ occurring trans-enantiomer (3S, 4R) possessed a "ftagtant" celery" note, with a

'fueak coconut" arorna and some'þeen walnut" character.

Compound description and its practical limitations

The concentration at which a compound is presented for aÍolma description can impaot upon

the result. Description of a compound's sensory effect must be performed at a conoentration

or over a range of ooncentrations typical of those found in the product of interest, and in a

medium similar to the product. Chatonnet et al. (1991) presented two figures which

describe the descriptive anaþsis of racemic þmethyl-y-octalactone (cis/trara : 1) at

various concentrations in a white wine. They generated descriptions of the isomeric mixture

at concentrations of 50, 150, 300, 500, 800 and 1600 ¡rgll using the terms, 'intensity,'

'finesse,' 'fruity,' 'woody,' 'coconut,' 'varnish' and 'resin.' They found that 'intensiry'

'cocorrut' and 'vamish' increased over the range whilst 'finessg,' 'fruity,' 'woody' and

'resin' increased to a concentration around 500 pgll- and then decreased.

Unfortunately, even when care is taken with the oompound ooncentration and the medium,

the data may still be misleading since the effect of the purified compound in a natural

product may depend on a variety of compounds acting in oombination. Reazin (1981) has

observed that oak lactones on their own appear to have a coconut-like arorna but when

mixed with furfuralthis seems to be modified to a 'woody,' 'curumel' or vanilla-like arorna.

This observation recommends the incorporation of mixtures of oompounds into intlivitlual

compound character sfudies.



The potency of a compound is olassically determined through threshold testing. Altner

(1986) suggested thatit is usefrrl to consider two different thresholds, the detection- and

the recognition-threshold. The detection threshold is the minimum concentration at which a

certain substance oan be perceived 50 % of the time, while the recognition threshold

(usually higher) is the minimum concentration at which a substance can be identified 50 o/o

of the time. Another usefirl threshold measurement is that knor¡m as the difference

threshold. This is the minimum concentration difference, either higher or lower, from a

given concentration above the detection threshold, at which a difference is perceived 50 %

ofthe time.

The practical limitations, discussed above with reference to compound descriptions, also

apply to threshold determinations. Even if the anaþses of the individual compounds become

comprehensive, they will never be really usefirl without a good understanding of the

interactions among comp ounds.

Since eaoh oak wood-derived volatile compound does not ooour in isolation from the

others in wine, and since their quantities tend to vary in groups, aocording to natural or

cultural influences (e.g. ooopering), the study of the Lrolma impact of the individual

compounds is of limited use. The estimation of the impact of the correlated groups of

compounds, in the presence of reiativeþ iow quantities of other oak wood-derived

compounds, recognises the possible substantial contribution of unknovrm compounds and

the possibility of interaotive effects.

To overcome some of the limitations discussed above, the experiments described in

Sections 4.4 and 4.5 were performed.

barrel wines

88 Oak Wood Contribution To Wine Aroma

Where it is desired to estimate the overall effect of compounds at knor¡m concentrations

within an 'ingredient' of a food product, the threshold ofthe 'ingredient' may be determined
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by mixing it with the food product in varying proportions. Ilowever, for this 'ingredient

potency' to be of use in the area of oak wood research or wine quality assurance, the

quantities of the compounds of interest must be correlated with one another across a wide

range of oak wood samples, and other oompounds within the 'ingredient' which are

suqpected to be arom¿-active must be limited in their quantities.

This anaþsis oan provide an estimate of the potency of the targeted compounds, in

combination, limited to the point at which the most potent knovrm or unknoum compound

or gïoup of compounds, acting in concert, is perceived. Anaþses of this type were

performed on some of the Chardonnay barrel wines.

Three different barrel-stored Chardonnay wines were selected, each one to emphasise one

of the three main 'directions' of compositional variability (Fig. 2.1). The stainless steel

drum-stored Chardonnay (control) wine was used to dilute each one of the wines to varying

degrees before presentation to a panel of 20 persons for 3-Alternative Forced Choice (3-

AFC) difference testing against the oontrol (App*. I). In other words, each of these barrel-

stored wines was diluted with the same but stainless steel-stored wine to determine the

proportion of barrel wine required in the blend for the panel to just notice a difference.

Ilr the main experiment of the study, the Chardonnay oontrol wine differed to the barrel-

stored Chardonnay wines according to the barrel-matwation stage. The control wine lacked

the oak wood compounds absorbed by the latter (Tab. 2.2).There are likely to have been

other compositional difference, due to the possible permeability of barrel staves to wine

components and to an, tndto the probable impact of oak wood-derived oxidation cataþsts

on the barrel-stored wines. Nevertheless, the control wine was considered to be a suitable

base, to which selected individual barrel wines could be added, to estimate the overall

aroma impact of partioular aroma compound groups. Figure 4.1 illustrates the relative

quantities of the oak wood-derived compounds for the three selected barrel wines.
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' Nlatural oak product' potenc)t

The first barrel rvine (VA39), possessing the highest oomposition-PCl soore (l.e. an

'emphasis on natural oak products and oak origin associations with some microbial

produots') and the lowest PC2 score (i.e. a lack of 'emphasis on coopering heat products'),

was used to estim¿te the aroma impact of the 'nafural oak products' (i.e. cls- and trans-

oak lactone and eugenol). This wine is a useful selection for the puq)ose of the experiment

except that ,l-vinyþaiacol and 4-vinylphenol were also associated with the 'natural oak

products.' These two volatile phenols were only present in very small quantities in the

Cabernet Sauvignon and model wines (< 6 þglL) and were not correlated with the oak

lactone or eugenol concentrations so they are not considered an integral part of the PCI

group. Since these compounds are knor¡m to be present in large quantities directly after

primary fermentation and then to degrade during storage (Nicolini et al. 1991, Dugelay et

al. 1995), they may have been coincidentally associated with the oak lactones and eugenol

due to variable degrees of oxidation catalysis provided by the different oak woods.

flowever, the fwo compounds may not have substantially influenced the thleshold

estimations since they were present at less than one-tenth of their reported thresholds in a

white wine (Tabs. 1.1 & 2.2). Indeed, the ssmpounds were present at less than one half of

one percent of their reported thresholds after VA39 was diluted to the group 'best estimate

threshold' (BET, Meilgaard et al. l99l pp. I}a-12S).

Appendix I details the anaþsis and the results, and Table 4.I shows the group BETs, i.e. the

estimated group detection thresholds, each as a percentage of barrel tvine VA39 in the

control wine. It also shows the ooncentration of the 'featured' compounds when diluted to

this level and the degree to which the published individual oompound thresholds differ from

these concentrations. The results suggest that the concentrations at which the compounds,

acting as groups, begin to have a significant impact on aroma differentiation among wines is

much lower than that indicated by the published individual compound thresholds.

Consequently, compounds present at concentrations below their published threshold cannot

be overlooked when exploring the possible causes of aroma variation.
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Figure 4.1. Relative composition (as e-scores) of the three

Chardonnay barrel wines selected for the 'ingredient potencyr tests.
Three compounds (cyclotene, vanillyl alcohol and 4-ethylphenol) have been omitted

due to imprecision of measurement, etc. , as discussed in Chapter 2.

cisoak ladme

vmillyl dhyl 4 trms<laklad.me

furñuyl dhyl dher eugerrol

5-mdhylfrrfuryl alcchol 4-vinylgrraiacol

5-mdhylñuturyI elhyl dher 4-vinyþherol

ñrrfrryl alcchol guaiacol

5-mdJrylfrrfrral 4-mdhylguaiacol

ñr¡fural 4-dhylguaiacol

Ñ barrel wine VA39 (sele.detlto featwe hahual oakproduds')

-barrel 

wine AAI I (seleded to feahre 'cocpering heat produds')

barrel wine AIJ4 (seleded to featrue MlF-associated prochrds)

_ miñimum (of 24 barrels)

-ñe¿m 

(of 24barlels)
_ maximum (of 24 barrels)
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The cis-oak lactone was present at a conoentration closest to its threshold conoentration,

but with a disagteement faotor of four, it would need to have been present at four times its

concentration to have reached the published threshold concentration of 92 ¡tglL (Chatonnet

et al. I992c).

'Coopering heat product' potency

A second barrel wne (AAI1), possessing the second highest oomposition-PC2 score (1.e.

an 'emphasis on coopering heat products') and the second lowest PCl score (i.e. t lack of

'emphasis on natural oak products and oak origin assooiations with some microbial

products') was used to estimate the aroma impact of the 'coopering heat products.' This

barrel was probably most suited to the anaþsis. All seven of the 'coopering heat produots'

were strongly correlated with one another, and they were present at relativeþ high

concentrations, against a relativeþ low baokground of the other coryounds (Fig. a.1).

Despite this, none of the seven compound concentrations at the BETs were near the

published thresholds (Tab. 4.1). Perhaps these compounds are particularþ inclined to

impress themselves on tle olfactory senses in a ooncerted manner.

' Malo lacti c fermentation product' potency

A third'oarrei vtne (AU4) was inciutied since ii had experienced near compiete MLF (SS 7ó

malate consumption) and since it possessed a medium composition-PC2 scorc (i.e. r
moderate 'emphasis on coopering heat products') and the lowest PCI score (i.e. a lack of

'emphasis on natural oak products and oak origin associations with some microbial

products'). Despite an almost complete MLF, however, the compounds knorvn to arise

from microbial activity were not all conelated. Some constituted PC3 (i.e. 'emphasis on

some microbial products') and some were incorporaterl negativeþ into pCl. T\us, AU4

contained relatively high quantities of only two of the ten compounds known to arise from

microbial activity (Fig a.1) and it was, perhaps, not particularþ usefirl in this analysis.

Nevertheless, it is included for the information it provides.
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Table 4.1 The extent of disagreement between published detection thresholds
and the concentrations at which the concerted oak wood aroma-effect

in a Chardonnay wine reached detection threshold.

Group BETTÌ of,
selected 'Índividu¡l

barrel wines

barreltvine VA39
(selected to feature

'natural oak
products')

diluted to 6.4%o

products')
diluted,to 6.4 o/o

banelwineAU4
(selected to feature
MLF-associated

products)
diluted to7.4%o

Pub.lished
detecfion
,threshold,

CoEc. ,:

,..at
Grouþ

Disagreement factol for the

.....

barrellfiXe,, A,l1'
(selected..to..féaturo

'coopÈring,heat:

cls--oak lactone
trans--oak lactone

eugenol
4-vinylguaiacol
4-vinylphenol

guaiacol
4-methyþaiacol
zt-ethyþaiacol

vanillin" ,,,,

maltol
furfirr¿I*

S-methylfurÂnal*

furfrrryl alcohol*
5-methylfrrrfuryl ethyl ether

BE.T

ftls/-.I,n)

,,,, ,'1

0.3.,.,'

0.I,
25
I

,0,,42*''
0,,04*

0.62*
4

92
460
100
440
770

35*
unknown

t5.5

1300

associâ'ted ,

56

unknown

4
58

100
220
t92

23

8

1

2
4

,,,,,' 95
,,,,',' 65

7,4

9:5

217

7,O0

L6

unknorvn
400

unknow¡
,es+

52*

tt BET: Best estimate threshold.
* Furfural, 5-methylhrfural andfurfuryl alcohol concentration values are inmglL.
r Boidron et al. (1988); Chatonnet et al. (1992c). Determined in a white wine. See Table 1.1 for more

information.
r Disagreement factor: published threshold I grotp BET for 'featured' compounds, e.g. the cls--oak lactone

concentration in barrel wine VA39, diluted to the group BET of 6.4 o/o, was 4 times lower than the published

threshold. The disagreement factor for those compounds not 'featured' in each selected barrel wine was at

least 20.
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Conclusion

The fact that úlofthe compound concentrations at the group BETs are lower (at least four

times lower) tlan the published threshold values zuggests that additivity of aroma effect, at

least, is likely to have occurred in the system- Guadagni et al. (1963), by experimenting with

mixtures of sub-threshold concentrations of odorous materials, demonstrated that arotna

compounds were capable of this effect. For example. odour was perceived for a mix of ten

componnds, eaoh at l0 %o of its inúividual tlueshold. Keith and Powers (1968), however,

concluded from experimentation that sub-threshold additive effects are not common. In

support, Salo øl al. (1972) concluded that, rn a whisþ model systeq the aromas perceived

were more charaoterised by suppression and synergism than additivity. The aoid fraction

was typified by suppression (antagonistic effect), while some of the carbonyl and ester

mixes were typified by apparent qmergism. Additivity seemed to be typical only of mixtures

composed of few components.

There aÍe some alternative explanations inclucting the possibility that an undetected

compound may have been present at a concentration above its detection threshold. It is also

possible that the dilution process could have caused some chemical changes (e.g. slight

oxidation) which have not been detected.

Whatever might have been the case in the Chardonnay wines, it seems very unlikd thatthe

compounds exerted influences on the atoml, independently. Consequently, a more hoìistic

approach would seem to be appropriate, and the approach taken in this thesis may be more

valuable than a study of compounds in isolation.

differences

This method makes use of the same raw data as those used in the aroma-composition

correlation analyses (Section 4.2, Appx. G & H). Thus, it is limited to the illustration of

pattems of association and, like correlation analysis, a pattem of association generated by

this method may or may not have arisen from a oausal relationship. Nevertheless, sinçs 1þs



Chapter 4 A protocolfor elucidnting the aroma and composition relatioruhips 95

method uses only the statistically significant aroma differences and since it applies novel

tests to the data, it oan be a usefrrl additiornl tool in studies which attempt to elucidate the

relationship among arolnås and compounds. This novel data anaþsis method was applied in

this thesis to the Cabernet Sauvignon wines only.

The metlod first required the calculation of the concentration differences for each

componnd among the 24 barrel wines. TlrLe 276 concentration differences (among 24) werc

ranked from smallest to largest and then ten roughly equal sized groups (deciles) of 28 were

formed (App". Tab. J.1). For each of the arorn¿s, the proportion of the 28-odd

comparisons in each decile, that was significantly different (Tab. 3.3) in the same direction

as the compound concentration, was determined. Similarly, the proportion that was

significantþ different in the opposite direotion as the compound concentration was

determined. The pattem that emerged was a reflection of the association between the

statisticaþ significant differentiations for a qpecific aroma and the compound concentration

differences within samples of a product which are concrurentþ subjeot to many other

compound conce,ntration variations, as are typical of a real product.

One of the 276 concentration differences for each of the compounds was present before a

panelist when he or she oonsidered a qpeoific aroma difference between two glasses of wine,

and attempted to rank one higher or lower than the other (Chapter 3). If a compound were

active in affecting any specific arorna differentiation between the two glasses, two aspeots of

the result are likeþ. The panel is likeþ to have successfirlly differentiated between the two

wines, accordirg to the specified aroma', and the direction of the alorna difference (e.9.

A>B) is likeþ to have been the same as the direction of the concentration difference (i.e.

A>B). Altemativeþ, the direction of the concentration difference may have been opposite

(1.e. B>A) to the direction of the arorna differenoe, in whioh case the relationship may have

been characterised by masking. A test, discussed below, was developed to allow these

considerations to be applied to the data with some degree of formality.
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Specirtc aroma 'impact-pattern conÍormilv' (IPC) test

There werc 2 x 276 ways (given no nil concentration differences) of a successful arotna

differentiation to be consistent with the possibility lhat t coryound had been aroma-rcIiwe;

the contribution may have been a positive one or a negative one (e.g. masking). A pattern

was overlayed on this background by tallying the number of significant aroma

differentiations to have been achieved in each ofthe bi-directional composition deciles. The

percentage of comparisons found to be significantþ different in each was calculated for each

aromrì (App*. Figs. J.1 - J.1l). As an example, Figure 4.2 (same as Appx. Fig. I.2a) shows

the pattern for 'coconut' and the c¡s-oak lactone.

I1[ a compound had contributed positiveþ to an aromâ differentiation, a sigmoidal ptttern,

whioh passes from low at the negative-decile (left-hand) side of the Figure to high at the

positive-decile (right-hand) side, should be present. Figure 4.2 is consistent with this

pattem except that it failed to approach IOO o/o significant differentiation. However, given

higher concentration differences, the curve would presumably 'flatten out' near I00 %o and,

cornplete a sigmoidal pattern. The inflection of the aurve should be on the side to which the

c,rrrve is rising (i.e. the positive side in Figure 4.2). Fwther, the crrve should be relativeþ

'smooth,' at least 50 % of the oomparisons in one or more of the deciles should be

signifioantþ different, and deciles of larger concentration difference should also exceed the

50 o/o line. If a compound had contributed negativeþ to an aroma differentiation (ø.g. by

masking). a reverse of tiús pattem sirouiri 'be present. Non-collonml.¡i to suoh a shape

suggests that the compound is likeþ to have had no significant effect on the rromr;

conformity provides evidence to suggests thtt it may have.

The specific aroma 'impact-pattem oonformity' (IPC) test is so-named beoause it deals

with the premise fhat, tf the variation in the concentration of a compound were to have

impacted upon the significant differentiation of a specified arorÍta (or other sensory sþal),

the pattem involving a comparison of the compound ooncentration differences and the

proportion of significant LÍofra differentiation should conformto that described, above.
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Figure 4.2.' Coconut' aroma'impact-pattern conformity' (IPC) test
for cis -oak lactone in the Cabernet Sauvignon wines.

Table 4.2. Naturally occurring specific aroma 'differentiation potencies
or accompanimentsf (DPAs) in a Cabernet Sauvignon wine.

Each is the approximate concentration above which at least 50 Yo of every decile of comparisons
(n-28 per decile) was differentiated according to the specified aroma (p <0.05). 276 Comparisons
among 24barels of a93 week barrel-stored Coonawarra Cabernet Sauvignon wine were involved.

Each value is the minimum, in the range of absolute values, of the first decile to exceed 50 % significant
differentiation. Deciles of larger concentration differences had to also exceed 50 %o, and a 'smooth' curve

was required. See Appendix Figures J. 1 to J. 1 1. 'Earthy' & 'mint' were excluded since no significant
differentiation was achieved Qab. 3.3).

DPAs (expressed,to I significant Jigure, in mg/L)

'Naluøl'oak proilirels' 'Cooperingheatprodiuels! 'M[crobìalaclivit! Bradaetì.I
,Aroma c¡'s lruns eug guaiac 4ng,..uøn-ct cyc malt føtc sæløtc fTe 4eg 4ep

preference

coconut

pencil shavings

allspice

berry

smoþ

caramel

vanilla

coffee

dark chocolate

Band-aid

0.4 0.2 0.o2

05 0.03

o02 4* 0.03*

0.01 0l 4* 0.03*

o4 0.o2 0.ol 0.08

0.01 0.05 3* 0.02*

ci,=c¡s oak ladcne, traxF /øt r -oak ladcne, eupeugorol, guaiac=guaiacol, 4mg:4-mdhylguaiacol, vm:vmillin, cyecyclotore,

malt:maltol, falefirrfirryl alcoleol, Smfale5-mdlylfrrrfi.ryl alcohol, fee=frufuryl dhyl dher, 4e54 dhylgua'acol, 4ç=4-dhyþhmol
H van-c :vmiffinf¡om cellar-Sored saryles (-20 degC fcn 1 year from barrel saryling, thor S.erilised with DMDC md

úoredfcr a fir¡ther 2 yeas at-2o degC). The sosory analysis was performed m the cellar-Sored saryles approximatd

1 year after DMDC úerilisatim. The væillin data f¡orn the freezer-úored saryles have besr omiúed since the d¿ta f¡om

the c¿llar-S.ored sanples more closeþ approxinate the vmil'lin corcsrtraticns at the time of the sasory aralysis

*: Values fo¡ firrfrrryl alcchol md firrfrrryl dhyl dher have beer adjuSed to accormt for discrepmcies bdwesr the 'ssrsory'

saryles md the 'coryositicn' sarqles (1.ø. cmcatraticn úmges occurred during cellar-sorage of 'sorsøy' sanryle bottles,

relative to the f¡eezer-ú.cred - 'coryositic¡r' - sa¡ryle bottles). See Section 4.2 for ddails.

Three corryounds (vmillyl alcohol, 5-mdhylñrfrrryl dhyl dher ard varillyl dhyl dher) have been mitted, as discussed in Sedim 2 4

Esimated extraded frrrfrr¡al' has been omitted since it does not exiS as a unit in the wine. 4-Vinylguaiacol ard 4-vinyþhenol have besr

omitted since the repetitively low ccncsrtraticns made rouchly equal decile groupings iryradical. Furfrral ard 5-mdJrylfùrfiual

have besr omitted since they were present in very low quartities ¡elative to theh ddecticn th¡e$olcls (labs. 1.1 &,2 5)
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For each compognd that did oonform to the IPC test, for a particultÍ arofrn) an estimation

of the concentration difference associated with the panel's 50 % recognition of the qpecifi-o

arorna difference could be obtained (Tab. a.2\. The point at which the curve crosses the 50

%iolne (e.g. Fig. 4.2)was estim¿ted as the minimum concentration difference value within

the first decile to exceed the 50 Yo lne (provided that the ourve remained above the line

once it had been orossed). This concentration differenoe value was rounded to one

significant figure (but not below 0.01 mglI-), git"o the questionable usefulness of precise

componnd potenoy data (Altner 1986), and is referred to as the qpecific arorna (e.g. the

'ooconut'-) 'differentiation potency or accompaniment' (DPA) for the compound. The

'ooconut'-DPA for the cls-oak lactone was 0.4 mglL (Tab. a.\. Thus, within this

experiment and among all of the variation expressed by the other compounds, the cis-oak

lactone concentration difference above whioh the 'coconut' aromt was differentiated in the

correct direction and with statistical significance on more than half of the occasions it was

presented was 0.4 mglL. The DPA is similar, in very general terms, to a difference threshold

value but there are some important differences.

Whilst a difference threshold is based on tle variation of a single purified compound,

isolated from any other compound variation, the DPA is based on the variation of a single

pure compound among alarge variety of compound variations tlpical of those to be found

in rhe naturai sysrem oi interest. Thercforc, an arorna cffcst suggested by u DFz^r vuiue

might have arisen from a known or unknown associated compound or from a combination

of compounds. This is why the concentration difference value is referred to as being either t
potency for causing aroma differentiation or as being mereþ an accompaniment of the

arorna difierentiation which was caused by another agent.

Another point of differenoe is that the aroma differentiations used in these analyses were

based on differentiation of specific arornas, whereas classical threshold values are usually

based on non-qpecific differentiation.

Nevertheless, these differences may be improvements, for some practical purposes, olt

olassical threshold determinations. The method considers a specific aroma and. a pure
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comqronnd in a whole natural system, and the conoentration difference that might cause or

accompany a qpecific arorna differentiation is estimated.

The DPAs estimated for those compounds that passed the IPC tests (Tab. 4.2) are

incorporated into discussions throughout the following chapters.

4.6 Summarv and conclusion

Given the limitations of the treatment-based experime,ntation, an alternalive approaoh was

required to extract the maximum information from the raw data described in Chapters 2 and,

3. This approach, involving the exploration of associations between arolna and composition

data and the development of a novel data analysis method, was explained in the current

chapter. The intention of this approach was to elucidate possible causal relationships

between specific compounds and aromas.

The limitations of classical purified oompound charaoterisation techniques (e.g. threshold

determination) was discussed with zupportng data from a novel ('ingredient potency') test.

Another novel data analysis method was developed to further ex¡llore the possibility of

causal relationships between volatile compound oonoentration variation and a specific

aroma effect: The IPC test and the associated DPA (which is similar, in very general terms,

to a difference threshold value) have been described.

Having, thus, developed a protocol for elucidating the relationships between aroma and

composition, a filll discussion of the experimental treatment effects and the underlying

variations can proceed.
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5.1 The boundaries of the variation under consideration

This chapter focuses on the wine aroma treatment effects that are likely to have arisen, at

least partiaþ, from the oak oompounds known to be present in wood in significant

quantities prior to coopering. The treatment effects for these oompounds - cis- and trans-

oak lactone and eugenol - were also explored. The experimental levels imposed at this

stage were oak origin and seasoning location. There may have also been significant arotna

variation independent of any treatment or eÌror, so the aroma data for the Chardonnay and

the Cabernet Sauvignon wine were explored by correlation analysis with the 'natural oak

products'princrpal components (PCs). Any aroma that showed a significant treatment effect

or correlation from these analyses was explored, fuither, by correlation analysis with

individual compounds and (for the Cabemet Sauvignon wine only) by the 'impact-pattem

conformity' test (Section 4.5).

The oak wood was obtained from four geographical locations (Section 1.5), and is referred

to as American, Limousin, Trongais and Vosges. The selection of these four sources was

not random - they were selected beoause they are commercially important. Further, the

selection of trees within each location was not random (1.e. trees from specific areas within

each location were harvested). Consequently, conclusions are draum with reference only to

the samples, and their predictive quality is limited to the extent that the samples were

representative of the oak tree populations of the defined locations (something which was
:--.-.-- -. . :t t r lr . f ta 1 \ trrtrrussrurc ro csruns[c rrom urc samprcsr. rne Íesrms oI lunre ex?errments, mvolvrng

samples from the same broadly desþated regions, may not be the same as those found in

this study.

The American oak wood sample, in particular, is least likely to have estimated the variability

within the population of American oak trees sinoe it was restrioted to one area of one state

in the USA. Indeed, many researchers have for¡nd American oak to oontain higher quantities

of the oak lactones than French oak (e.g. Marco et al. 1994, Masson et al. 1995), a trend

opposite to that found in this study. Waterhouse and Towey (1994) concluded that, due to

the large variance among their American oak samples, oak lactone quantities would be a

poor indicator of wood source. Obviousþ, the term'American oak' is not specific enough
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to be of any descriptive value in terms of many of the apparentþ aroma-imqlortant volatile

compounds.

Even the relativeþ well defined and small oak wood sorrces of France show large variances

in oak lactone quantities (e.g. Masson et al. 1995). It seems likely that the sampling

protocols for many oak wood origrn experiments rnay have been inadequate to allow an

accurate estimation of the volatile compound variance to be found within these populations.

The French oak seasoning location treatments were subject to coopering by different

coopering companies (tonnelleries). Therefore, Lny of the (apparent) seasoning location

effects may have been confounded by a cooper effect. A 'medium toast' level was specified

for all barrels but some of the oompounds derived from coopering heat varied according to

whether the French oak barrels were coopered in France or in Australia. Thus, different

heating conditions may have been inadvertentþ applied by the different coopers and/or the

ss¿sgning conditions may have had an impact on the response of the wood to the heating

conditions. The moisture content of the wood, for example, could absorb some of the heat

applied, therefore reducing the overall impact of the heating. The overall variation among

the barrels, regardless of the coopering company, is discussed in Chapter 6.

Deqpite the concurrence of both the seasoning and oooper treatments for the French oak -
and to facilitate the discussion - effects for the oak lactones and eugenot whioh were

present in substantial amounts prior to coopering, are discussed as seasoning effeots, while

those for the 'coopering heat products' are discussed as coopering heat effects (Chapter 6).

Chatonnet et al. (1989) have reported that the oak lactones and eugenol can be affeoted by

coopering heat variation but the range of heating involved in their experiments was

apparentþ much greater than the range imfosed in this study. Within the coopering heat

variation encountered in this study, the oak lactones and eugenol were apparentþ not

affected (l.ø. there was no association between the 'natural oak products' and the

'coopering heat products' - Figs. 2. I,2.2 &.2.3;App*. Tabs. C' l, C.6 & C.11).

The Amerioan oak was seasoned in two different looations before being coopered by one

cooper. Thus, seasoning location effects were isolated from cooper effects for this oak.
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5.2 Oak orisin effects

The data for the French oak barrels made in both France and Australia were analysed in

fully crossed, faotorial anaþses of varianoe (ANOVAs) (fixed faotors). However, when

comparing the American oak with each of the French oaks, only half of all of the barrels

could be included, nameþ those that had been subjected to the same seasoning and

coop ering treatment (in Australia) (Fig. 1. 2).

The wines (Chardonnay and Cabemet Sauvignon for aroma - Chardonnay, Cabemet

Sauvignon and model wine for composition) were tested for treatment effects together,

before any of the wines were tested singly. Only those aromâs or compounds showing a

signifioant interaotion in the combined wines ANOVAs were considered in the separate

wine analyses. This rule was overlooked once (for 'vanilla') when, deqpite the absence of

any significant analytical interaction, an effect seems to have differed between the wines

(App*. Tabs. K.I,K.z & I(3). Full details of all of the ANOVAs are shown in Appendix I!
and these should be consulted when considering the treatment effect Figures.

In Figures 5.1 to 5.7 the combined wines anaþses are shoum in sub-Figure (a). Those

aromas or esmpounds excluded from this sub-Figure (due to signifioant analTttîcal

interaction) are shoum for the different wine analyses in the other sub-Figures. Treatment

efects for tire PCs are aiso üiustrateti in tirese Fþures, and are disousseti when they otlêr a

usefirl surrunary ofthe individual aromâ or composition effeots.

Differences among the French oakwoods

No significant aroma differences in either individual aromas or aroma-PCs were found

among the three French oak wood origm treatments for the Chardonnay wine (Fig. 5.1 a, b

& c). By contrast, for the Cabemet Sauvþon wine, 'coconut' and 'vanilla' were higher in

the Vosges and Tronçais barrels than in the Limousin (Fig. 5.1d).

/
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Figure 5.1. The French oak origin
aroma-effects in the Chardonnay

and the Cabernet Sauvignon wines.
PCs:principal components; n. s.:not significant;

L,T&V:Limousin, Troncais & Vosges, respectively

The scales in each figure represent the

approximate ranges of the individual values

as Fisher-Yates rank transformations or PC scores.

ANOVA details are in Appendix Tables

K.r,K.2 &,K.3.
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Two of the Cabernet Sauvignon wine PCs showed significant differences that were

oonsistent with the 'coconut' and 'vanilla' differences. The aroma-PCl, involving an

emphasis on 'rich aromas' (including 'oooonut' and 'vanilla') versus 'eüIhy,' was higher in

the Vosges and Trongais barrel wines than in the Limousin (Fig. 5.1e). Aroma-PC2,

involving an emphasis on 'smoþ,' 'Band-aid' (medicinal), 'coffee' and 'earthy,' was highsl

in the Limousin barrel wines than in the Vosges and Tronçais (Fig. 5.1e).

Numerous composition effects were also found among the treatmcnts. For thc combined

wines analysis, guaiacol was found to be higher in the Tronçais barrel wines than in the

Limousin (Fig. 5.2a). Since this compound arises most substantially from the influence of

coopering heat, this oak origin effeot is curious.

The oompositional effects for the sqrarate wines are illustrated in Figure 5.2 (b, d & f) but

the effects for the composition-PCs (Fig. 5.2 c, e &. g) offer useful summaries. In each of

the three wines, the PC involving an 'emphasis on natural oak products' was higher for the

Vosges barrels than it was for the Limousin. There was a consistent trend for the c¡s-oak

lactone and eugenol among all three wines - Vosges was higher than Tronçais, which was

hisher than Limousin - although not all of the differences were statistically significant.

This trend is consistent with that found in samples of the same oak wood taken prior to

coopering (Sefton et al. I993a). The trans-oak lactone did not vary signifioantly, according

to oak origin treatment.

There was also ¿ significant effect, in the Chardonnay wine, for the PC involving an

'emphasis on some miorobial products,' the Vosges and Limousin barrels being higher than

the Tronçais (Fig. 5.2c). No explanation is apparent for this effect.

An explanation for the lack of any significant arorna effect in the Chardonnay wine,

according to the orign of the French oak, deqpite the fact that significant composition

effects were found among all three wines, may involve confounding from coopering heat

and malolactic fermentation (MLF) variation. The Chardoilmy wine barrel-storage period,

which was around half ofthe duration of that for the Cabernet Sauvignon wine, resulting in

lower compound concentrations, rnay also be a faotor.
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Figure 5.2. The French oak origin
wine composition effects.

PCslrincipal components; n. s.:not signifi cant;

L,T&V:Limousin, Troncais & Vosges, respectively

The scales in figures (a), (b), (d) & (Ð are z-scores.

ANOVA details are in Appendix Tables

K.4, K.5, K.6 &,K.7.
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The Limousin barrel Cabemet Sauvignon wines did not contain significantþ higher

ooncentrations of any of the volatile compounds; they contained significantly lower

concentrations of the cis-oak lactone and eugenol (Fig. 5.2d). Consequently, the

significantly hìgher aromt-PC2, involving an emphasis on 'smoþ,' 'Band-aid' (medicinal),

'coffee' and 'earthy' for these Limousin barrel wines, might have arisen due to compounds

not quantified. Altemately or additionally, it might have arisen due to a relative lack of

masking which may result fromhigh concentrations ofthe cis-oak lactone and/or eugenol.

The American oak corutparedwith each of the French oaks

For the analyses involving data from both the Chardonnay and the Cabemet Sauvignon

wines, the American barrel wines were lower in 'pencil shavings' than the French, and they

were lower in 'oooonut' than the Tronçais and Vosges (Fig. 5.3a). For the Chardonnay

analyses, the Amerioan barrel wines were higher in 'caramel' than the French, and they were

lower in 'green apple' than the Limousin (Fig 5 3b).

The 'caramel' effect in the Chardonnay wine may have res,ulted ftom the fact that a

disproportionate number of the American barrel wines had been affected by MLF iluring

barrel-storage (Fi9.7.5). 'Caramel' was associated with malate consumption (Fig. 7.4b),

and, being similar in some ways to the aroma character of 'butter,' it may have been a

descriptor applied to some of the stimuli also giving rise to 'butter' variation (these

desr"riptors varied in simiiar ways among thc Chardonnay wines, Fig.3. i). Furihermore, the

oak origin treatment trend for 'oaramel' in the Cabemet Sauvignon wine (Fig. 5.3d),

although not significant, was opposite to that in the Chardonnay.

Consistent with the effects for 'coconut' and 'pencil shavings' shorvn in Figure 5.3a, the

Cabernet Sauvignon wine aroma-PCl, involving an emphasis on 'rich aromas' versus

'earthy,' and the aroma-PC3, involving an emphasis on 'pencil shavings' and 'mint,' were

lower in the American barrel wines than in the French (Fig. 5.3e).

These results ¿1s similar to those obtained by Francis et ø1. (1992) for a model wine extract

of the same wood, two years prior to coopering: The American oak treatment resulted in

generally less intense wine aromas than the French oak treatments.
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Numerous composition effects were also found between the American and tle Fre,nch oak

treatments. For the oombined anaþsis ofthe three wines, the oak lactones and eugenol were

lower in the American barrel wines than in the Tronçais and Vosges (Fig. 5.aa). T\e trara-

oak lactone was also lower in the American barrel wines than in tle Limousin. These res,ults

are consistent with those obtained from samples of the same oak wood taken prior to

coopering (Sefton et al. I993a). The composition-PCs, involving emphases on 'natural oak

products' (i.e. fhc oak laotoncs and cugcnol), rcflccted the effects found, individually, for

the oak lactones and eugenol (Fig. 5.4 c & e).

Figure 5.4b shows that the Amerioan oak-stored Chardoûray wines contained higher

amounts of cyclotene and 5-methylfurfuryl ethyl ether and lower amounts of 4-

vinyþaiacol and ,l-vinylphenol than one or more of the French oak treatments containing

the same wine. Cyclotene was measured with low precision in the Chardonnay wine (Tab.

2.1) so this treatment effect may not 6s aeaningfrrl. The diqproportionate occurrence of

MLF in the Amerioan barel wines (Fig. 7.5) may have been responsible for the treatment

effect for 5-methylfirrfrrryl ethyl ether since this compound forms an equilibrium with 5-

methylfurfrryl alcohol which is a product of MLF (Chapter 7). The low quantity of 5-

methylfurfrral in the American barrel wines (Fig. 5.aa) is consistent with this conclusion.

The effeot for the two volatile phenols may involve variable degrees of oxidation allowed by

the different oaks. Oxidative degradation has been suggested as a possible mechanism for

thc ioss ofihese compounds tiuring $orage (Nicoüni ei ai. i997¡.

The Cabemet Sauvignon composition-PC2, involving an 'emphasis on some microbial

products,' showed an oak origin effect (Fig. 5.ae). It was higher in the American barrel

wines than in those of the Vosges and Tronçais barrels. Of the miorobial products

constituting this PC, ,1--ethylphenol which was higher in the American barrel wines than in

any of the three Frenoh oak treatme,nt wines (Fig. 5.ad), may be the most important, both

for its arorna contribution and since it suggests the activity of Brettanomyces/Dekkera

species (Chatonnet et al. I992b).
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Among the American oak Cabemet Sauvignon wines, the low ooncentrations of furfrrral and

5-methylfurfiral relative to some of the French oak origin treatments (App*. Tab. I(13),

may have resulted from higher microbial activity occurring in the American oak barrel wines

(Chapter 7). It is interesting that microbial activity of different fypes (MLF in the

Chardonnay wine and Brettanomyces/Dekkera activity in tle Cabemet Sauvignon wine)

occurred to a greater degree in the American oak barrels for both of the wines.

Explanations for these observations include the possibility that there may have been more

rapid deplefion of sulfite in the Anerican oak barrel-stored wines, and the possibility that

lower quantities of a microbial inhibitor may have been extracted from the American oak.

5.3 Seasonine location effects

Contrary to the approach taken elsewhere in this thesis, the oomposition effects in this

section are considered before the aroma effects for the French oak wood seasoning/cooper

treatments. This has been necessary since the effects of these dual treatments are discussed

in different chapters, and it is only the composition effects that can be easiþ assigned to one

ohapter or the other, i.e. fo the discussion of seasoning effects (here) or oooper effects

(Chapter 6).

The oak lactones and eugenol were present in substantial amounts prior to coopering

(Sefton et al. 1993a) and were not associated with the 'coopering heat products' (Appx.

Tabs. C.i, C.6 & C.tt). Consequentþ, these oompounds are considered, here, tbrpossible

seasoning location effects. Following this, the arornas that were most strongly associated

with the oak lactones and eugenol are also considered for possible seasoning location

effects. These arorn¿ effects are likely to have depended, at least partially, on seasoning

variables.

Since the 'coopering heat product' effects were more numerous than the 'natural oak

product' effects, firll illustrations of the aÍorna and composition effects of the French oak

seasoning location / cooper treatments are presented in Chapter 6 (Figs. 6.1 &" 6.2). Only

the effects likeb¿ to have been impacted upon by seasoning influences are shown, here.
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The French oak seasoning location / cooper effects were explored concurrently with the

French oak origin effect ex¡llorations, discussed above (same ANOVAs, App*. Tabs. I(1 to

K.7). Details of all ofthe ANOVAs are in Appendix K.

French oakwood

Highly significant differences were found for eugenol and tle cls-oak laotone, aooording to

seasoning location of the French oak (Fig. 5.5a). The cl's-oak lactone was higher in the

Australia seasoned and coopered French oak (p:0.001). Conversely, eugenol was higher in

the oak that was seasoned and ooopered in France (p:0.000). These results ooncur with

those found for the wood prior to ooopering (Sefton et ø1. 1993a).

The substantial variation in effect between these two compounds is surprising considering

their strong association aoross the wider ex¡leriment (App*. Tabs. C.l, C.6 & C.11).

However, variation attributable to an oak origin effeot appears to have overshadowed the

variation attributable to a seasoning location / cooper effect.

Discussion of the aroma effects of the French oak seasoning location treatments are

restricted to 'coconut' ¿1d '¡¡anilla.' The c¡s-oak lactone was most strongly associated with

'coconut' (12<0.001) in the Chardonnay wine (Fig. 5.5b, Appx. Tab. G.2), and with

'uosonui' (p<O.ûûi) anti 'vaniiia' þ<0.û0i) in thc Cabcmct Sauvþon wine (Fig. 5.5 c &

d, Appx. Tab. H.2). Eugenol did not show any strong association with any aromâ descrþtor

in the Chardonnay wine, and it was most strongly associated with 'coconut' (p<0.001) and

'yanilla' (p<0.001) in the Cabernet Sauvignon wine (Appx. Tab. H.2).

'Coconut' in the Chardonnay wine was higher in the Australia treatment wines than in the

France treatment wines (Fig. 5.5e), and a group of aromas, most of whioh pafürlly

constituted the Cabemet Sauvignon wine aroma-PCl, invofuing an emphasis on 'rioh

aromas'versus 'earthy,'were also higher in the Australia treatment wines (Fig. 5.5e).
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Figure 5.6. The American oak

seasoning location aroma-
effects in the Chardonnay and the

Cabernet Sauvignon wines.
PCs:principal components ; n. s.:not signifi cant.
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as Fisher-Yates rank transformations or PC scores.

ANOVA details are in Appendix Table K.14.
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Fianois et al. (1992) found that a'vanilla' aromå in model wines reaohed higher intensities

using Australia-seasoned French oak than when using the same oak whioh was seasoned in

France. Their observation is consistent with the apparent ss¿ssning looation effeot in the

Cabemet Sauvignon wine.

Some of the arotnas constituting the Cabemet Sauvignon wine aroma-PCl may have been

influenoed by both the 'natural oak produots' and the 'coopering heat products.' 'Vanilla' in

the Cabernet Sauvignon wine, for example, was associated with both product gtoups

(App*. Tab. H.2).

To determine whether the effects were more likely res,ults of seasoning conditions,

coopering or a combination of these variables, a new experiment, involving tighter oontrol

over coopering conditions, is required.

American oakwood

Of all of the afomas in both of the wines, only 'butter,' in the Chardonnay wine, showed a

significant American oak seasoning location effect (Fig. 5.6) but this is likeþ to have been a

result of the diqproportionate extent of MLF e4perienced by the two treatments (Fig.7.5).

Francis et al. (1992) found that the Australia-seasoned American oak, when sampled after
t^ ,-.-.-.--r1-- - C : I I' I ¿ rl1rz rrrurruls ur setrsoilrng, rmpalTeo nrgncf 'vanlila, -aarameï ano -splcy' afomas to a mocel

wine than did the oorreqponding America-seasoned oak. At this time, the oak lactone

concentration differences between the two samples were at their greatest. However, after

three years seasoning, Le. just prior to coopering, seasoning effects had evened out these

differences (Sefton et al. 1993a), and this may well be the reason for the disagreement

between these authors' findings and those in Figure 5.6a.

The American oak seasoning location composition effects are shoum in Figure 5.7. T\e

combined wines effect for 4-methyþaiacol (Fig. 5.7a) was significant but invofued only a

very small difference (t púD between treatment means (App*. Tab. K.15).

/
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Most of the composition effects for the Chardonnay wine (Fig. 5.7b) can be summ¿rised by

the oomposition-PC3, invofuing an 'emphasis on some microbial produots' (Fig. 5.7c). The

Australia treatment experienced less complete malate consumption yet showed higher

composition-PC3 values. However, most of the compounds that were affected are not

associated with MLF but arise most substantiaþ due to yeast activity (Chapter 7).

There were no significant differences among the American oak barrel wines for eugenol or

the oak laotones (Fig. 5.7a). This is oonsistent with the composition of the wood prior to

coopering (Sefton et al. I993a). These authors found that, although 1þs ss¿soning location

had a notable affect on how oak lactone concentrations changed during the seasoning

period, the levels in the wood atthe end of this period were similar. It is interesting that the

French oak barrel wines showed seasoning treatment effects for these compounds while the

Amerioan oak did not. Perhaps the difference in the seasoning oonditions between France

and Australia is important, or perhaps the French oak wood may have been predisposed,

chemically, to reqpond to seasoning influences in a different way.

The preceding seotions have shovrm that oak wood selection and handling, prior to

coopering, can result in substantial aroma and composition effects. The unpredictability of
t1^^-^ r,-- -f--r- l-- - -,- /õ--tl-- ! l\ I f I ' 1 .' 

^,1 
a I .

LrrtisE Lfii¿rrltlrr Erlgu[¡i, IrowEvgr (ùcutroll J.Ir, fltts rcu [0 gxprorauons oI Lnc unocilyrng

arorna variations and the possible compositional causes of these aroma variations.

As discussed earlier (Chapter 2), both the Chardonnay wine and the Cabernet Sauvignon

wine composition prinoþal oomponents analysis (PCA) identified the compositional

variance of the 'natutal oak products,' the oak lactones and eugenol, along with the

variance of some coincidentaþ associated oompounds, as one of the three most substantial

variance 'directions' (princþal components) within the composition data (Appx. C).

The 'natural oak product' PC variations (PC1 for the Chardonnay and PC3 for the Cabernet

Sauvignon *ioe) were compared with the wine aromas by correlation analysis (Appx. Tabs.

G.2 &. H.2). This allowed the identification of aromas that may have been, at least partially,
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affected by 'natural oak product' variability. Following this discussion, assooiations and

pattems among afolnas and individual compounds are explored (Section 5.5).

Chardonnqtwine

For the 17 compounds submitted to PCA for the Chardonnay wines, 28 % of the variance

(PCl) was accounted for by the 'natural oak products,' i.e. the oak lactones and eugenol

(along with 4-vinyþuaiacol antl 4-vinylphenol in the same direction, and furfuryl alcohot

5-methylfurfirryl ethyl ether and maltol in the opposite tlirection) (Appx. C).

This PC has been most affeoted by oak origin variables. The emphasis is on high

concentrations of the oak lactones and eugenot compounds found to differ significantþ

among the oak origin treatments (Figs. 5.2 &.5.4). The contributions of 4-vinylguaiacol and

,1--vinylphenol probably arose from differential rates of oxidative degradation associated

with the different oak woods. These compounds arise most substantially from the aotion of

microorganislns on hydroxycinnamic acids during primary fermentation, and concentrations

decrease substantially during barrel storage (Nicolini et al. L99I).

The Chardonnay composition-PCl was also affected by the spontaneous and variable MLF

which ocourred among the barrels. Four of the six American oak barrels but only one of the

18 French oak barrels experienced more than 50 % depletion of malic acid (Fig.7.5). The

coincidence of low oak lactones, eugenol, 4-vinyþaiacol and 4-vinylphenol with high

MlF-associated products caused PCI to be affected by compound variations in two

directions. Maltol also particþated in the negative direction due to a possible oak origin

effect (App*. Tab. I( 12). However, this is unlikeþ to have been a robust oak origin effect

since a similar trend was not observed among the Cabernet Sauvignon (App*. Tab. K.13) or

model wines (Tab.2.7h). At least two variables have contributed to the composition-PCl,

making the assignment of some of the probable arorna assooiations to one or more of these

variables diffioult. Nevertheless, the associations have been identifi.ed, and are discussed in

the next section.

The Chardoruxay wine composition-PCl, with an 'emphasis on natural oak products and

oak origin associations with some microbial products,' was associated positiveþ with



120 Oak Wood Contribution To ll'ine Aroma

'pencil shavings,' 'coconut' and 'gteen apple' (p<0.05), and negatively with 'caramel' and

'butter' (p<0.001 andp<0.05, reqpectively) (Appx. Tab. G.2 & Appx. Fig. G.12). Possible

causes or indicators of these effeots are disoussed below.

Cabernet Sauvi gnon wine

For the 17 compounds submitted to PCA for the Cabernet Sauvignon wines, 17 %o of the

variance (PC3) was acoounted for by the 'natural oak produots,' i.e. the oak laotones and

eugenol (along with 5-methylfirrfrral which was present in low quantities and was,

therefore, of little interest) (Appx. C).

The Cabernet Sauvignon wine composition-PC3, with an 'emphasis on natural oak

products,' was associated positiveþ with 'coconut,' 'vmilla,' 'dark chocolate,' 'coffee,'

'berrlr' and 'catrmrel' (12<0.001, p<0.001, p<0.0I, p<0.0I, p<0.0I, and p<0.05,

respectiveþ), and negatively with 'earthy' (p<0.05) (App*. Ta;b. H.2 & Appx. Fig. H.1a).

auses or indicators of these aroma effects and variations

Having identified the aromas that varied according to oak origin s1 ss¿ssning location

treatment or, more generally, aocording to the 'natural oak products' principal component

for each ofthe two wines, this section considers the relationships between tlese aromas and

t'-^ --^1^tl1- l- d-:- 1 | I /. ir .
LrrE vuraL|re uurpuuru¡j. llrs wtrs trrreûuy gonsroerco, p'òftlalJy, rn ùeouon ).J to raoilltale

the discussion there. It is now pursued more fuIly. Conelation anaþsis (and the qpecifi.c

aroma 'impact-pattern conformity' tests for the Cabemet Sauvignon wine only; Chapter 4)

are used for this purpose.

The five Chardonnay wine aromas identified as being associated with 'natural oak product'

variation, in the prececling seotion (5.4), were the same as those exhibiting oak origin or

seasoning location treatment effects (Sections 5.2 &. 5.3). Of these five, the negative

correlations invofuing 'butter' and 'oaramel' are likeþ to have arisen due to the variable

MLF (Section 7.5). Consequently, the 'natural oak product' associations with 'pencil

shavings,' 'coconut' and'green apple,' only, are discussedhere.
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The seven Cabernet Sauvignon wine aromas identified as being assooiated with 'natural oak

product' variation, in the preceding section (5.4), and 'pencil shavings,' which exhibited an

oak origin treatment effect (Fig. 5.3a) are also discussed here.

The compounds responsible for these Chardonnay or Cabernet Sauvignon wine aromas rnay

owe their genesis principaþ to natural processes that occur in the wood prior to coopering.

By considering each compound's aroma associations individually it may be possible to

identify those compounds which are more likely than the others to have impacted upon each

aromâ. These oompounds may cause or contribute to an arolna or they may indicate the

pïesence of another callse. Alternativeþ, they may inhibit or contribute to the inhibition of

an aroma or they may indicate the presenoe of another inhibitor. Whatever the case, the

associations may be useful as indicators of likeþ arolnâ effeots in wine.

The specific arotna 'impact-pattern conformity' test for the Cabemet Sauvignon wines

(App*. J) was used to test for any association between compound and arotna variation

which is oonsistent with the eústence of a causal relationship (Section 4.5). The

Chardonnay wine data were not subject to this anaþsis.

Compounds other than the oak lactones and eugenol were present in possibly significant

quantities prior to coopering. For example, Sefton et al. (1990b) have identified 31 volatile

norisoprenoid compounds in a model wine extract of non-heated oak wood. While

aoknowledging the possibility of aroma effects of other oompounds, only the oak laotones

and eugenol are oonsidered, here.

Chardonnaywine

'Coconut,' 'pencil shavings' and 'green apple' may have arisen in the Chardonnay wine, at

least partiaþ, as a res,ult of 'natural oak product' variation. What specific compounds could

have contributed to each ofthese aromas?

'Coconut' was associated only with the cls-oak lactone (p<0.001) in the Chardonnay wine

(App*. Tab. G.2 & Fig. 5.5b). Ginther and Mosandl (1986) have described an opticaþ



122 OakWood Contribution To Wine Aroma

pure sample of this compound as possessing a "coconut, slightly musty and earthy" aroma

with a '\a,y" note. Therefore the assooiation between 'coconut' and the cis-oak laotone is

not zurprising and it is possiblc that a causal rclationship may have been active.

Gänther and Mosandl (1986) have described an opticaþ pure sample of the naturally

occurring trans-oak lactone as possessing a "ftagrant celery" note, with a 'fueak ooconut"

aroma and some 'þeen walnut" charaoter. This compound, along with eugenol, showed a

significant positivc corrclation only with 'pcncil shavings' (p<0.05). Eugcnol posscsscs a

clove-like aromâ (Boidron et al. 1988). Th" perception of 'pencil shavings' may have arisen

from a combination ofthese two compounds.

'Pencil shavings' was also assooiated with some of the 'coopering heat products' (4-

methyþuaiacol, furfiral and 5-methylfurfural; p<0.01,p<0.05 andp<0.05, reqpectiveþ) but

it was negativeþ correlated with 5-methylfrrrfuryl ethyl ether and furfrrryl alcohol (p<0.01

andp<0.05, respectiveþ) (App*. Tab. G.2). Consequently, relativeþ high concentrations of

'coopering heat products' and/or relativeþ low concentrations of MlF-associated products

may have also contributed to this aroma.

The assooiation between the 'natural oak products' composition-PC and 'green apple' was

not accompanied by associations with the oak lactones or eugenol. Instead, 'green apple'

may have been most affected by inhibition by 'coopering heat products' (comqrosition-PC2)

(App*.Tab. G.2).

Cabernet Sauvimonwine

What specific compounds could have contributed to 'pencil shavings,' 'cocorlut,' 'vanilla,'

'dark chocolate,' 'coffee,' 'betry,' 'carffiel'and'earthy'inthe Cabemet Sauvignonwine?

In this wine, none of the 'natural oak products,' i.e. the oak lactones and eugenol, was

associated with 'pencil shavings' or 'caramel,' and the trara-oak lactone was the only one

of these compounds to be correlated with 'coffee' þ<0.05) (App*. Tab. H.2). 'Coffee'

seeÍrs to have been affeoted mostly by 'coopering heat products' and is discussed in Section

6.4.
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The qpecific trolorn 'impact-pattern conformity' (PC) tests (Appx. J) show that, of the frve

Cabemet Sauvþon wine aromas remaining for discussion, here, 'cooonut,' 'berry' and

'vanilla' have exhibited pattems which are consistent with the possibility of the existence of

causal relationships with the oak lactones and/or eugenol ('vanilla' in combination with

some 'coopering heat products'). Consequently, these three arolnas are discussed most

firlly, below.

'Coconut' was associated with both isomers of the oak lactone and eugenol þ<0.001)

(App*. Ttb. H.2 & Appx. Fig. H.2), and the 'coconut' IPC tests (Fig 5.8) support the

possibility that one or more of these compounds could have been active in contributing to

the aroma. The 'differentiation potency or accompaniment' (DPA) values shown in Figure

5.8 show that the cls-oak lactone at 0.4 mElL, the trans-oak lactone at 0.2 mglL and

eugenol at 0.02 mgtL were estimated as the conoentration differences, within the range of

the samples in this experiment, above which at least 50 yo of every decile of comparisons

(n-28 per deoile) was differentiated acoording to 'cooonut' (p<0.05) (Tab. a.\.

In view of the knovrm sensory properties of the oak lactones and eugenol (Ginther and

Mosandl 1986, Boidron et al. 1988), it is most likely that the cls-oak lactone has

contributed most zubstantially to the differentiation of 'coconut' among these wines. As

previousþ discussed, conformity to the IPC test may have resulted from the comporurd

impacting upon the rroma or from the compound being associated with one that did. Thus,

in the case of 'coconut,' eugenol may have exhibitetl conformity simply beoause of its

strong association with the cls-oak lactone.

'Ber4r' was associated most strongly with the c¡s-oak lactone and eugenol (p<0.01) (App".

Tab.H.2 & Appx. Fig. H.5), and the 'berry' IPC tests (Fig. 5.9) support the possibility that

one or both of these compounds could have been active in contributing to the aroma. The

'berry'-DPAs for the cls-oak lactone and eugenol were estimated to be 0.5 mgtL and 0.03

mg/L, respectively (Tab. a.\.

Given that lactones similar to the oak lactones are knor¡m to be aroma-active in many fiuits

(Gatfield and Sommer 1993), the cis-oak lactone association with 'berry' is not surprising.
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Further, girreo the knoum clove-like aroma of eugenol (Boidron et al. 1988), it is most

likely that the cls-oak lactone has contributed most substantiaþ to the differentiation of

'berr5r' among these wines.

'Vanilla' was associated most strongly with the cls-oak lactone and eugenol (p<0.001)

(App*. Tab. H.2 & Appx. Fig. H.8) but it was also associated with some 'coopering heat

products,' including vanillin (lp<0.01). It is likely that this Ltom has been influenced by both

'natural oak products' and 'coopering heat produots.' The oontribution of the 'coopering

heat products' is disoussed in Section 6.4.

The'vanìlla'IPC tests for the cls-oak lactone and eugenol (Fig. 5.10) support the

possibility that one or both of these 'naltral oak products' could have been active in

contributing to the 'vanilla' aroma. This was also the case for the 'ooopering heat products,'

4-methylguaiacol and vanillin. The 'vanilla'-DPAs for the cls-oak laotone, eugenol, 4-

methyþuaiacol and vanillin were estim¿ted to be 0.4 mgll-, 0.02 mgll-,0.01 mg/L and 0,08

mB/L, reqpectivd (Tab. a.\.

In view of the kno'r¡m sensory properties ofthe oak lactones, eugenol aiaool and

vanillin (Gänther and Mosandl 1986, Boidron et al. 1988), it would seem that vanillin has

contributed most substantially to the differentiation of 'vanilla' among these wines. There is,

however, some disagreement in the literature regarding the importance of vanillin to wine

íiuvour. Ch¿ionnct ei aí. (199í, i992c\ have oonciutied that vanüün piays a significant roie

in the flavour of barrel-aged wines, although this role is much diminished when wines are

fermented in barrel and stored on yeast lees. On the other hand, Dubois (1989) citing lower

amonnts of vanillin in barrel-aged red and white wines and a higher sensory threshold,

concluded that venillin plays no role in the flavour of barrel-aged wines. flubois considered

the perception ofthe so-called 'vanill¿-s¿¡' character in wines to be due to the influence of

oak oomponents other than vanillin. Indeed, the evidence from this study (Appx. Tab. H.2

& Fig. 5.10) is more strongly in favour of a 'vanilla' effect from the cls-oak lactone or

eugenol than from vanillin. It seems most likely that a'vanilla' effeot should arise from a

oombination of these compounds, particularþ the cls-oak lactone and vanillin.

,
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Figure 5.8. 'Coconutf aroma 'impact-pattern conformityf (IPC) test

for those compounds that passed the test (Cabernet Sauvignon wines).
The specific aroma'differentiation potencies or accompaniments' @PAs) are also shown.

See Section 4.5 and Appendix J for details.

Figure 5.9.'Berry' aroma 'impact-pattern conformityr (IPC) test

for those compounds that pâssed the test (Cabernet Sauvignon wines).
The specific aroma'differentiation potencies or accompaniments' @PAÐ are also shown.

See Section 4.5 and Appendix J for details.
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'Dark chooolate' was associated with the oak lactones but the IPC tests do not support the

possibility that these compounds were active in contributing to the variation in this LÍornr

(App*.Fig. J.10). Associationsbetween'dark chocolate'and some of thenatural oak and

coopering heat products (Appx. Tab. H.2) zuggest a possible combined effect.

'Earthy' was not correlated with any coopering heat or microbial products; it was

negativeþ correlated with the cls-oak lactone and eugenol (p<0.05 and p<0.01,

reqpectiveþ). Consequently, this Lrolm is likeþ to have arisen from unknown compounds.

However, the cls-oak lactone and eugenol may have contributed to the inhibition of

'eurlhy,' allowing it to be perceived more when the compounds were at low concentration.

5.6 Summarv and conclusion

Notwithstancling the limitations ofthe sampling protocol (discussed in Section 5.1), some of

the strongest oak orign treatment effects are summarised: The crs-oak lactone and eugenol

concentrations wefe highsst in the Vosges oak, next highest in that from Trongais, and

lowest in the Limousin and American oak. T\e trans-oak lactone concentrations were

similar among the French oaks but lower in the American oak.

The cls-oak lactone and eugenol also showed strong seasoning location effects in the

French oak but it is also possible that these effects were due to the cooper treatment

/:--^^^Ã ^^-^---^-¿1--\ A--^t-^12^ -- - ---^:--^ ^-^l - - - ,- - ,-2,-- a,t n I I a, 1.
\rrrr+'rrnvrr Lrulruurrt,|rLly.r. frusn4rr¿ ¡it,¡r¡iurrlllB ilu uoupcrug ol ulg rrgnutr oaK rgsulf,co rn

higher cls-oak lactone and lower eugenol concentrations. The American oak, on the other

hand, showed n6 ss¿soning location effects.

Greater microbial activity appears to have occurred in the American oak-stored wines,

leading to oak ori$n effects for some miorobial activity products and aroma descriptors.

This occurred for both the Chardonnay and the Cabemet Sauvþon wines and, therefore,

appears to have been a somewhat robust effect, at least within the sanitation regime

imposed in this study.

Treatment effeots were also for¡nd for some of the aroma descrþtors. Possible

compositional causes for these effects were explored.
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There is evidence that most of the potential of the oak wood to affect 'coconut,' 'vanilla,'

'berry' and 'pencil shavings' in one or both of the wines was establishetl before coopering.

The oak lactones and eugenol exhibited oompositional pattems whioh are consistent with

tLe possibility that these oompounds could have been active in contributing to these aromas.

Since it has been demonstrated that the oak lactones and eugenol can vary significantly

according to some oak wood origin and seasoning variables, the results oonfirm the

importance of the selection and seasoning stages. Further, and since the oak lactones and

eugenol were highly correlated with one another, the results suggest that estim¿ting the

richness of oak wood in the cr's-oak lactone, which was present in the largest quantities and

may be the most important of the three oompounds, could aid quality assurance in the

selection prooess.
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6.1 The boundaries of the variation under consideration

As previousþ discussed, seven ofthe 20 volatile compounds under study are knou¡n to arisc

most zubstantially from the heat imposed during coopering, and another six arise from the

degradation of some of these compounds (Sections 1.2 8L 1.3). Thus, 13 of the 20

compounds owe their existence in wine, originaþ, to the need for setting the barrel stave

curves after bending (the heat of a fire rapidly dries the staves and sets the bent shape), and

not to any need for wine arorna effects. Ilowever, the perpetuation and development of the

'toasting' process in coopering would have been partiaþ dependent on recognition of the

positive sensory outcomes ofthe process.

It is interesting to note that ftmy of the produots of ooopering heat can be derived from

other souroes. Thus, part of the wine aroma that is currently described as 'oak ¿1sma' by

many consumers could, conceivably, be derived from a sorrce other than oak. Grape marc

(the solid residue of grapes left after pressing), for example, is capable of yielding at least

five of the seven 'coopering heat products' when subjected to heating conditions typical of

those imposed during coopering (Appx. L).

Within this study, a 'medium toast,' consisting of heating each barrel over a fire of oak

wood oFcuts for approximately 45 minutes was speoified. However, the ooncentration of

compounds knovrm to arise in ditrering amounts according to the extent of heating was

found to vary su'ostantiaüy (e.g. Fig. ó.4). Furrireruore. correiations among uonrpounds

knorvn to arise from the thermal degradation of unrelated precursors (lignin and

carbohydrate), suggest that the concentrations for each of these compounds were affected

most substantially by coopering heat. These observations suggest that, despite the

specification, ooopering heat was not a constant in the e4periment, and also that coopering

toast level consistency is ditrcult to achieve.

As discussed in the preceding chapteq the concurrent imposition of seasoning location and

cooper treatments on the Frenoh oak wood has meant that the seasoning and coopering

effects could not be separated. Nevertheless, the lack of association between the 'coopering

heat products' and each of the oak lactones and eugenol (Appx. Tabs. C.1, C.6 & C.11) has

suggested the participation of seasoning influences on the effects for these latter
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compounds. Consequently, the effects for these three 'natural oak products' and the

associated arolna effects were disoussed in Chapter 5. The remaining seasoning location

and/or cooper effects, involving coopering heat-derivsfl ssmpounds and some microbial

activity-derived comp ounds, are discussed here.

Most of the reported coopering heat experimentation has involved the imposition of

categoric treatments - e.g. 'ligût,' 'medium' and 'heavy' 'toast' levels (Chatonnet et al.

l9S9) - and tle precision of these treatment impositions, in many cases, is likeþ to have

been low. When determining 'toast' levels, coopers often base their decisions on a

combination of the perceived intensity of the fire, tle estimâted duration of the firing and

the appearance (shade of brown or black) of the inside surface of the barrel. Obtaining

optimal results from this sort of experimentation requires exercising tight oontrol over the

firing prooess. An altemative, however, is to estimate the heating experienced by eaoh barrel

by quantifying compounds knovrm to vary with heating.

For the barrels in this Sdy, the relative coopering heat levels were estimated by

oonsidering some or all of seven comqlounds guaiaool 4-methyþuataaol, 5-

methylfirrfura! cyclotene, maltol venillin and furfural (or 'estimated extracted firrfural':

furfiral plus its degradation product, furfuryl alcohol). These compounds are knoum to

arise most substantially, if not entirely, from coopering heat, and their quantities are

dependent on the level of coopering heat applied. Also, apart from occasional interferences

by microbial activity or measurement imprecision, they were correlated with one another.

Consequentþ, the principal component describing their variation in each set of wines has

been a conve,lrient de facto estimate of the relative degree of coopering heat imposed on

each barrel.

imposed bv an Australian and a French cooper

The oak wood used for the eight Limousin, eight Tronçais and eight Vosges barrels

coopered in France was open-air seasoned for three years in France and then coopered to

'medium toast' by a French cooper. Randomly sampled portions from the same lots of
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wood were shipped to Australia to be open-air seasoned for the same period and then

coopered to 'mediumtoast' by an Australian cooper.

The data were analysed as desoribed in Section 5.2. Full details of all of the ANOVAs are

shor¡m in Appendix K and these should be consulted when considering the treatment effect

Figures.

Wine aroma

Ofthe aromas shared by the two wines, 'vanilla' was the only one to show an effect without

interaction between treatment levels (App*. Tab. K.1). The Australia-treatment barrel

wines were higher in 'vanilla' than the France-treatment barrel wines but the effect was

stronger in the Cabernet Sauvignon wine than in the Chardonnay wine (Appx. Tabs. K.2 &"

K.3). Since the effect was not signifioant in the Chardonnay wine, the effect for 'vanilla' is

considered individually for each of the wines (Fig. 6.1 b & d).

The only Chardonnay wine aroma that was differentiated according to the seasoning/cooper

treatment was 'cooonut.' The Australia-treatment was highsl than the France-treatment

(p:0.007) (Fig. 6.1b). However, since this aroma was associated only with the cis-oak

lactone (p<0.001), a compound associated mostly with natural oak wood variability, the

effect was discussed in Chapter 5.

Four of the twelve Cabemet Sauvignon wine aromas were differentiated according to the

seasoning/cooper treatment. The Australia-treatment was higher than the France-treatment

in 'smoþ,' 'cofFee,' 'vanill¿' and 'allspiae' (p:9.903, p:0.003, p:0.015 and p:0.030,

respectiveþ) (Fig 6.1d). 'Vanilla' was associated with the oak lactones and eugenot as

well as with some of the 'coopering heat products' (Appx. Tab. H.2). Thus, the effect may

have arisen due to a combination of seasoning and cooper influences. The three other

arotnas, 'smoþ,' 'coffee' and 'allqpice,' however, were associated mostly with the

'coopering heat products.'The possible compositional causes of these four aromas are

discussed in Section 6.4.

o
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Figure 6.1. The French oak

seasoning location / cooper âroma

effects in the Chardonnay and the

Cabernet Sauvignon wines.
PCs:principal components ; n. s. :not signifi cant.

The scales in each figure represent the

approximate ranges of the individual values as

Fisher-Yates rank transformations or PC scores.

ANOVA details are in Appendix Tables
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Iline composition

Treatment efficts

Figure 6.2 shows the composition effects of the French oak seasoning/cooper treatments.

Twelve of the 21 compounds (including'estimated extracted firrfiral') are presented as a

combination of the three wines (Fig. 6.2a) because there were no relevant significant

interaotions in the ANOVAs (App*. Tab. I(4). Thc rcmaining oompounds are presented on

some of the Figures (Fig. 6.2 b, d & f), dependent upon acceptable meazurement precision

and an absence of relevant signifioant interaction for each of the wines (App*. Tabs. K.5,

r(6 & K.7).

Of the 12 comqlounds presented in Figure 6.2r,three were significantly different according

to the location of seasoning and cooper. The eugenol and cis-oak lactone effects were

discussed in Chapter 5 since seasoning influences are likeþ. However, the effect for

'estimated extraoted furfüral' (highest in the Australia-treatment) is likely to have invohed

coopering influences so is discussed below.

In the Cabemet Sauvignon wines, over 95 o/o of the 'estimated extracted firrfirral' was

present as furfuryl alcohol, i.e. neaiy all of the fuiflral had been reduced. Consequentþ, the

quantities of furfrrryl alcohol were determined more by the initial quantity of furfrral present
,alrnan oy tne Íuluence or feoucrng agents, ¿.8'. mrcfoofganl$ns. lnus, tne coopef ellect Ìof

furfuryl aloohol (Fig. 6.2d) can be oonsidered equivalent to the effect for 'estimated

extracted furfural' in Fþre 6.2a.

The significant effect for venillin seen in the Cabemet Sauvignon and model wines (Fig. 6.2

d & Ð was a robust effect, only absent from the Chardonnay wine (Fig. 6.2b) due to the

nullifying effect exerted by the alcoholic fermentation which took place in barrel for this

wine (Chapter 7). Figure 6.3 shows that the effect was established within the first six weeks

of maturation in the model wine. Thus, the yeast activity in the Chardonnay wine during

these first weeks could erase any vanillin effect that may have been present due to cooper

variation. The implications of the apparent cooper effect for vanillin in the Cabernet

Sauvignon and model wines are discussed below.
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4-Ethylphenol was only present in appreoiable quantities in the Cabernet Sauvignon wine so

it was only possible to see an effect in that wine. The reason for the higher conoentration in

the Franoe-treatment barrel wines (a mean of 0.89 mglL versus a mean of 0.70 mgtL in the

Australia-treatment barrel wines) is r¡nknorvn. The compound uzually arises from the

actwrty of Brettanomyces/Dekkerø qpeoies (Chatonnet et al. I992b) so it seeÍrs likeþ that

this activity varied between the treatments (discussed in Chapter 7). It may be that

coopering oaused variation in ooryounds that can encorrage (e.g. by transforming sulfite)

or inhibit yeast activity. Or it may be that environmental conditions during shipping

encouraged the development of populations of these yeast in the France-treatment barrels

prior to wine storage.

The reason for the significant effeot for 5-methylfrrrfirryl alcohol in the Chardonnay wine

(Fig 6.2b) is unhor¡rm. However, the treatment mean difference of 5 pglL may be

insubstantial in relation to the precision of the quantification (not determined; Trb. 2.1).

Further, the effect was not seen in the Cabernet Sauvignon or the model wines (Fig. 6.2 d e,

Ð

Apparent relative quantities of surface and sub-surface heat absorbed by the oakwood

It is interesting that effects were observed for 'estimated extraoted furfrrral' and vanillin but

not for any ofthe other 'coopering heat products.' What do these results indicate about the

,---^---2 ^r^-- l:-ôC^----- ^-- 1- -r------ t1- ^ t--^ ^ - -,- -,--npruprr¡rr¡ily ulI|grtirlutis utiLwtitill LU.ti twu guul,grsI

Chatonnet et al. (1989) have reported that, for 'medium' and 'heavy' toasted barrels,

furfrral was formed in higher quantities beyond approximateþ one millimetre below the

wood zurface than at the surface. Therefore, the quantity of furftral extracted from each

barrel by wine, determined as furfural plus its degradation product furftryl alcohol

('estimated extraoted furfrral'), may indicate the extent of thermal degradation which has

occurred below the wood surface. Guaiacot on the other hand, has been found to be most

concentrated at the surface (Chatonnet et al. 1989) so the amor¡nt extracted from each

barrel by wine may indicate the extent to which the inside surfaoe of the barrel (to

approximateþ one millimetre) had been thermally degraded.

u
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It is interesting to consider the relationship between these compounds, and to speculate

about the ooopering heat variables which may influence it. Figure 6.4 illustrates the

association bctwccn thcm for all of the Frcnch oak barrel wines. When tle data were

grouped, accorcling to which of the two coopers had made the barrels, r pnttern emerged,

most of the barrels from each cooper falling on different sides of the line of best fit. There

was no difference between coopers according to guaiacol concentration (estimate of surface

heat degradation) but, at various levels of guaiacol the concentration of 'estim¿ted

cxtractcd furfrral' differed oonsistently between the ooopers. This zuggests that, for any

given level of surfaoe heat applied, the Australian cooper aohieved more substantialheat

pe,netration of the wood.

The heat absorbed at two and three millimetres below the wood zurtàoe depends, among

other things, on the heat absorbed tt the surface. Any deviation in sub-zurface heat

absorption from that tlpical of the surface heat absorption (estimated by the line of best fit)

should reflect, princþally, variations in the heat conductivity of the wood. Tmportant

associated variables include the temperature and duration of heating. These deviations

appear to ofFer some measure of the depth of heat penetration, relative to the amount of

heat absorbed at the wood surface. Points faling on the positive (upper-left) side of the line

of best fit have higher than e>ipected values. Consequently, they have been desþated, as a

group, as more deeply heated than the average.

'iirc cicvratrons shoum in Figure 6.4 may not 'oe simpiy due to differences il proprietar;v

coopering technique. The location of open-air seasoning also differed. Thus, the moisture

content of the wood may have influenoed its ability to absorb heat. The France seasoned and

coopered wood is likeþ to have been moister and, therefore, more able to absorb heat

before significant thermal degradation occurred.

Compound accumulati on curve effe cts

The first- and second-year compound accumulation rates in the model wines, stored in the

France and Austraha treated French oak barrels, were also compared. An r¡nbiased

comparison required that the concentrations be standardised by conversion to a percentage

of the maximum concentration reached for each compound in each barrel wine (limited to
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the 55 and 93 week sampling times). This was required because the absolute quantities of

each comqror¡nd available for extraction differed among the barrels. A comparison of

accumulation curve shapes among the barrels, requiring a standardisation of the relatwe size

of each ofthe curues, is discussed more fully in Section 8.2.

Acoumulation rates, accorcling to compourd concentration, were also compared. Table 6.1

shows the accumulation rates, both as percentages and as ooncentrations. Details of the

ANOVAs are in Appen<lix Tables I(16 and K.17. Of the seven compounds which arise

most zubstantiaþ from the coopering process, five showed a significant seasoning location /

cooper treatment effect. The oak lactones and eugenol compounds arising most

substantiaþ prior to coopering, showed no effect.

An effect between the Australia- and the Francrseasoned and coopered French oak

barrels, denoted by significant F-ratios for the mean accumulation rates of both periods (as

a percentage of the maximum concentration reached), can be visualised as two

accumulation lines commencing at 0 o/o, rising at different rates in the first year, then

reversing the direction of the difference in the second year to finish at or near 100 %. The

effect is, thus, an accumulation 'ourve shape' differerce between the two treatments. These

standardised curve shapes are not shown;the concentration aocumulation curves are shoum

in Figure 6.5. Two different effects were observed and explanations are ptoposed below.

Effect A (for guaiacol, 4-methylguaiaco|estimated extraoted furfural' and 5-

methylfurfural): The curve shape difference between the two treatments, for these

compounds, has resulted from a second year extraction rate diffetence, in concentration

terms. The accumulation rate occurring in the France-treatment dropped, relative to that in

the Australia-treatment. The Australia-treatment barrels were less rapidly depleted of the

compounds, perhaps due to deeper heating.

Effect B (for vanillin): The curve shape difference between the two treatments, for vanillin,

has resulted from a first year extraction rate difference, in concentration terms. The

Australia-treatment barrels yielded vanillin at a higher rate in the first year than did the

France-treatment barrels, but thereafter the rates were similar.
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Whatever has been responsible for the Australia-treatment's greater aocumulation of

vanillin during thc first ycrr tnnay also be implicatcd in thc lowcr sccond-ycar depletion rates

for the other compounds, marked 'Effect A,' fo these barrels. Perhaps vanillin is formed

more thoroughly at the moderate temperatures likeþ to be applied for long, cleep heating.

Alternativeþ, drier wood (as is likeþ for the Australia-treatment) may result in both greater

vanillin production and more thorough heat penetration into the wood. Compound

accumulation ratcs, indcpcndcnt of coopcr trcatmcnt, are discussed in Chapter 8.

Table 6.1. Seasoning location / cooper effects on oak wood-derived
volatile compound accumulation rcurve shapes' arising from a model wine

stored in 12 new 'medium toastt French oak barrels for 93 weeks.

crs-oak lactonet
trøins--oak lactone*
eugenol

guaiacol
4-metþlguaiacol

,,.-iil:-

cyclotene
maltol

' est extract ñrrfi¡ral' I
5-methvlñufuralT

(*)
(*)

5.4 (0.77)
3.r 10.04)

3.4 (0.34)
1.6 (0.02)

n.s. (n.s.)
n.s. (n.s.)
n.s.(*)

* (tt.r.)
** (n.s.)

* (n.s.)
n.s.(**)

* (n.s.)
* (n.s.)

7.0 (25)
6.7 (12)
7.2 (r.e)

5.e (1.5)
6.4 (0.e)

4.2 (s.r)
7.7 (8.7)

4.0 (0.55)
5.6 (0.08)

6.e (22)
6.ó (e.1)
ó.8 (2.3)

6.6 (r.5)
7.6 (r.2)

5.7 (5.e)
7.7 (6.6)

s.4 (0.44)
6.ó (0.06)

n.s. (n.s.)
n.s. (n,s.)
n.s. (n.s.)

* (o.r.$)
r.** (***)

* (*)
n.s. (n.s.)

1.1 (4.4)
1.5 (2.8)
0.e (0.2)

1.2 (3.3)
1.7 (2.5)
1.4 (0.5)

1.6 (0.4)
-0.8 (-0.2)

2.5 (3.0)
-0.e (-0.8)

No effeota

No effect
No effeot

Effect A
mectA4

No effect5
No effect

Effect A
Effect A

2.7 (0.7)
2.0 (0.3)

'ftl*t<\ <11Á<\ ,,lO¡/1o\ ,k/-^\ 1ôl1t\ ,t/..\ ræ^^¿Dw J. t \1J ' 
r.u \¿o,, \¡¡.Ð.rr L.7 \LJ) a.J \LJ) Utltrlt I)

s.2 (6.e)
-1.5 (-1.5)

,t

,1. tt

I Results are from data expressed as the percentage ofthe maximum concentration reached for each
compound in each barrel, and also (in parentheses) from data expressed as concentration values.
Significance of F-ratios: n.s. : not significant; *, {<'rc, 'F{'* : significant at p<0.05, p<0.01, p<0.001.
See Appendix Tables K.I6 &, K.17 for ANOVA details.
t'Mean accumulation rate (per month, Le. 30 days) expressed as a percentage of the maximum
concentration reached, and also (in parentheses) expressed as a concentration value (VúLt)
3 Two effects are described in the text: Effect A and B.
o 

Some significant interaction (p<0.05) but not important to the conclusion.
5 No effect, due to significant interaction (p<0.05).
t Oak lactones : cls- and trans-þ-methyll--octalactone.
t Concentrations in mglL for'estimated extracted furfural' (furfural + firrfuryl alcohol)
and 5-methylfurfural.
s Significance of guaiacol's seconêyear concentration accumulation rate difference: ¡10.081.
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Figure 6.5. Accumulation curves for
model wines stored in French oak

barrels which vvere seasoned and

coopered either in Australia or in France.
Only those compounds which showed

significantly different rates between the

two treatments are shown.
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princinal componentì

The preoeding seotion has shor¡rm that proprietary coopering pectrliarities can result in

significant wine aroma and composition effects. Also of interest are the underlying aroma

and oomp o sition variations.

Both the Chardomray wine and the Cabemet Sauviglon wine composition princþal

oomponents anaþses (App*. C) showed that a substantial quantity of the variance among

the compounds (27 Y" for the Chardonnay wine PC2, and30 o/o for the Cabemet Sauvignon

wine PCI) could be explained by the PC describing the variation in 'ooopering heat

products.' Some aromas were associated with this PC and, therefore, may have arisen as a

result of coopering heat variation.

Chardonnav wine

Composition-PC2, with rL 'emphasis on coopering heat products,' was associated

positiveþ with 'smoþ' and 'allqpice' (p<0.001 and p<0.05, reqpectiveþ), and negatively

with'green apple'and'butter'(lr<0.001 andp<0.05, reqpectiveþ) (App*.Tab. G.2). The

two stÍongest associations, occurrìng in opposite tür'ections to ore atolirer, arc sirowrr in

Figure 6.6. The smokiness generated by higher coopering heats may have obscured the fruit

aroma of the Chardonnay wine.

C ab erne t Sauv i gnon wine

The aroma most strongly associated with the 'emphasis on coopering heat products' PC in

the Caberret Sauvignon wines was 'coffee' (Fig. 6.7) but 'caramel' (lr<0.01) and 'vanilla'

úr<0. 05 ) exhibited similar associations (Appx. T ab. H.2).
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a

x
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É
6)
E
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I
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-r,

-1
composition-PC2

('emphasis on coopering heat products')
1

o 'smoÇ (p<0.001)

o 'green apple' (p<0.001)

Figure 6.6. The'smokyr and the'green appler associations

with composition-PC2 ('emphasis on coopering heat productsr)

in the Chardonnay wine.

a

(l)
-û)
üio()

a

-1 composition-PC1
('emphasis on coopering heat products')

1

Figure 6.7. The 'coffee' âromâ association with
composition-PC1 ('emphasis on coopering heat products')

in the Cabernet Sauvignon wine (p <0.01).
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auses or indicators of these aroma effects and variations

Having identified the aromas that varied according to cooper treatment or, more generall¡

according to the 'coopering heat products' PC for each of the two wines, this section

oonsiders the relationships between these arornas and the volatile compounds. Correlation

analysis (and the qpecifio aroma 'impact-pattern conformity' tests for the Cabemet

Sauvignon wine only; Chapter 4) re used for this purpose.

The four Chardonnay wine aromas and the three Cabemet Sauvþon wine aromas

identified as being associated with 'coopering heat product' variation, in the preceding

section, are discussed here. 'Smoþ' and 'allspice,' in the Cabernet Sauvignon wines, which

also exhibited a seasoning location / cooper effect (Fig. 6.1d), are also discussed.

'Coconut,' in the Chardonnay wines, which exhibited a seasoning location / cooper effect

(Fig. 6.1b) was discussed in Chapter 5.

The oompounds reqponsible for these Chardonnay or Cabemet Sauvignon wine aromas may

owe their genesis princþally to the coopering heat absorbed by the oak wood during

coopering. By considering each compound's aroma associations individually, in the same

Ínnner as that discussed in the preceding chapter, it may be possible to identfi those

componnds that arc more likeþ than the others to have impaoted upon each arorna.

-ijslrrnuisd cxtraotcti Íirrf,rrai' may be a usefiri esiimate oi the initiai quandry of furfiu'ai

extracted and it may, therefore, be indicative of some coopering heat variables, but it does

not exist as a disorete unit in the wines so it cannot impact directly upon the arorna.

Consequently, it has been omitted fromthe following discussion.

Chardonnqvwine

'Smoþ,' 'allspice,' 'gteen apple' and 'butter' each may have been influenced by 'coopering

heat product' variation in the Chardonnay wine. What specific compounds are likeþ to have

impacted upon each ofthese aromas?
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The compounds most strongly assooiated with 'smoþ' were guaiacol, 4-methyþaiacof

4-ethyþaiacot furfural and 5-methylfurfrrral (p<0.001) (Appx. Tab. G.2). Those most

strongly correlated (negativeþ) witn 'gleen apple' were guaiacol and 4-ethyþuaiacol

úr<0.001). Guaiacol and ,t-methyþaiacot known to possess smoke-like arornas

(Wittkowski et al. 1992), are most likely to have been, at least partially, responsible for the

'smoþ' variation. Whether they have been directþ active in this rnanner ot not, it is likeþ

that 'smoþ' arose from' and 'green apple' was inhibited by, the application of relativeþ

high 'medium toast' coopering heat.

'Allspice' was associated with furfiral and 5-methylfirrfural (p<0.05). Thus, the variation in

this aroma may have arisen due to variation in coopering heat. However, these compounds

are known to possess almond- or grilled almond-like aromas (Boidron et al. 1988).

'Butter' was positiveþ oonelated with furfuryl alcohol úr<0.05), a product associated with

microbial actMty, including malolactic fermentation (lfl-F). This is not surprising given the

association of MLF with butter-like arornas (Heniok-Kling et al. 1993). There may have

been other influences on 'butter,' however, sinoe there were other associations. A negative

correlation existed between 'butter' and the trans-oak lactone (12<0.05), probably due to

the higher occrürence of MLF in the American oak barrel Chardonnay wines (Fig. 7.5)

along with the coincidentally lower concentration of oak lactones (Chapter 5).

The other negative correlations all involved coopering heat produots - 4-ethyþuaiacol

(considered a coopering heat product only in small amounts relative to that which can be

present due to microbial degradation of ferulic acid) (p<0.01), 4-methyþaiacol, furfrual

and 5-methylfirrÂral (p<0.05) it may be that 'butter' was inhibited to some degree by

relativeþ high 'medium toast' coopering heat. It is, however, more likely that 'butter'

varied only according to MLF, and that the negative correlations with furfural and 5-

methylfrrrfural merely reflect the fact that these compounds are reduced as oonsequences of

the MLF (Chapter 7). It is also possible that compounds extracted from the relativeþ

heavily 'toasted' barrels could have inhibited the MLF.



146 OakWood Contribution To Wine Aroma

Other Chardonnay wine aromas possibly affected by the 'coopering heat products'

'Pencil shavings,' 'cnrrmel' and 'cinnamon' in the Chardonnay wine also showed some

associations with the 'coopering heat products.' Of these compounds, 4-methylgtaiacol

was the most strongly associated with 'pencil shavings' (p<0.01), and furfrral and 5-

methylfurfural were also conelated with it (p<0.05). 'Penoil shavings' was also assooiated

with two 'natural oak products,' eugenol and trans-oak lactone þ<0.05), and was

negatively correlated with two 'microbial activity products,' 5-methylfiu'fruyl ethyl ether

(p<0.01) and furfuryl alcohol (p<0.05). Consequentþ, 'pencil shavings' may have been

affected by a combination ofthe three main processes.

'Caramel' was associated with maltol (p<0.05) but also with two microbial activity

products, 5-methylfrrrfuryl ethyl ether and furfuryl alcohol (lr<0.01), and was negativeþ

correlated with the oak lactones (cls: p<0.05, and trara: p<0.01), 4-vinyþaiacol and 4-

vinylphenol (p<0.01). As discussed in Section 5.2, this aroma has probably varied most

substantially due to MLF influenoes, especiaþ if 'caramel' was used to describe some of

the same stimuli which gave rise to 'butter,' an arorna which oan often result from MLF

(Henick-Kling et al. 1993) and which may be considered similar in character, in some ways,

to 'caramel.' These two aromas varied in similar ways in the Chardonnay wine (Fig. 3. 1).

Vanillin, a product of coopering heat and zubject to microbial degradation, was the only

compound associated with 'cinnamon' (p<0.01) but, surprisingly, it was not associated with

the aroma, 'vanìlla' (App*. Tab. G.2 & Appx. Fig. G.5f). Thus, if there has been an aroma

impact caused by this compound in the Chardonnay wine, it seems that ît may have been

restricted 1e 'sinnamon.' It should be noted, however, that due to barrel fermentation, the

range of vanillin concentrations was restricted (198 - 388 ¡rgll, Tab.2.2). This compound

might have contributed more to the differentiation of 'vanilla' if barrel fermentation had not

been carried out.
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Cabernet Sauvi gnon wine

What specific compounds are likely to have contributed to 'coffee,' 'aalùmel,' 'valnillÐ,'

'smoþ' and 'allqpioe' in the Cabernet Sauvignon wine?

Two different sets of vanillin concentration values arc avatlable for use in considering the

sompound's possible aromfl effects. The freezer-stored sample values are most indicative of

the values at the completion of the barrel storage period, while the cellar-stored sample

values are lower. Neither set is preciseþ representative of that which was in the samples

used for the aroma ranking but, as previousþ discussed (Section 4.2), the cellar-stored

sample values are likely to best approximate them. Consequently, the cellar-stored sample

values are used in the discussion.

Since furfüra\ n the Cabernet Sauvignon wines, was more than 95 7o transfonned to

furfuryl alcohof and since furftryl ethyl ether existed in equilibrium with furfuryl alcohol

(work of Sefton, in Spillman et al. 1998), the quantities of both of these transformation

products were determined mostly by the initial quantity of furfural present, rather than by

any agent associated with the transformations. Consequentþ, they reflect coopering heat

influences rather than microbial activity influences. Both ofthese compounds are implicated,

below, aspossible contributorsto'coffee,' 'cunîme\' 'smoþ' and'dark chocolate.'

'Coffee,' the aroma most strongly assooiated with the 'emphasis on ooopering heat

products' princrpal component, may have been moderateþ influenced by compounds other

than those arising from coopering. For this aroma, there was an association with the trans-

oak lactone þ<0.05) and negative correlations with two 'microbial activity products,' 4-

vinylphenol and 4-ethylphenol. Nevertheless, the strongest assooiations were with the

'coopering heat products' or assooiated compounds: firrfuryl alcohol ú?<0.001), vanillin,

furfiral furfuryl ethyl ether and 4-methylguaiacol (p<0.01).
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The 'coffee' 'impact-pattem conformity' (PC) tests (Fig. 6.8) support the possibitty that

one or more of these compounds oould have been active in contributing to the aroma. The

'differentiation potenoy e1 ¿çssmpaniment' (DPA) values shown in Figure 6.8 show that 4-

methyþuaiacol at 0.01 mgll, vanillin at 0.05 mElL, furfuryl alcohol at3 mg[L and furfuryl

ethyl ether at O.O2 mglL were estimated as the concentration differences, within the range of

tle samples in the e>çeriment, above which at least 5O o/o of every deoile of oomparisons

(n-28 per decile) was differentiated according to 'coffee' (p<0.05) (Tab. a.\.

In view of the aroma likenesses of the compounds found to be associated with 'cofiee,' it

seenrs most likeþ that 4-metlyþuaiacol (musty-, smoke- and caramel-like, Wittkowski et

al. 1992) and venillin (vanilla-like, Boidron et al. 1988) could have contributed to the

differentiation of this aroma among these wines. The føict that'coffee' was not chosen to

differentiate among the Chardonnay wines suggests that Cabemet Sauvignon grape-derived

sompounds are also likely to participate in tlis aromâ.

'Caramel' was not correlated with any 'nafural oak products' or 'microbial activity

produots.' It was most strongly associated with furfuryl alcohol and vanillin (p<0.01) but

was also associated with guaiacol, 4-methyþaiacol, furfural and fur{uryl ethyl ether

úr<0.05). The 'caramel' IPC tests for 4-methyþaiacol, maltol, furfrrryl aloohol and

-ô---'X- '-.. I -tl- 1 -tl li' / 
^\ 

, ,1rurruryr ctryr eurcr (rrg. o.v, supporT Inc possrDilrty tnat one or mofe or urese conu)orrrrds

may have been active in oontributing to the aromâ. The 'oaramel'-DPAs for 4-
methylguaiacol, maltol, furfuryl alcohol and furfrrryl ethyl ether were estimated to be 0.01

mg/L,0.I mgll-, 4 múL and 0.03 mglL, reqpectively (Tab. a.\.

Neither cyclotene nor maltol were associated with any aroma in the Cabemet Sauvignon

wines (App*. Tab. H.2), but the 'cffamel' IPC test for maltol supports the possibility that

this compound, possessing a 'fragrant, cur:amel' aroma (Hodge 1967), may have also

contributed to' caramel.'
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'Vanilla' was also assooiated with some of the 'coopering heat products' but was more

strongly associated with the 'natural oak products' (cls-oak lactone and eugenol:p<0.001,

and trans-oak lactone:p<0.01). It may be that oompounds from eaoh of these gtoups could

have impacted upon 'vanilla' in these wines (Seotion 5.5). Vanillin (lt<0.01), 5-

methylfrrrfurat furfrral and furfuryl aloohol (p<0.05) were each associated with 'vanilla.'

The 'vanilla' IPC tests for aiacol and vanillin (Fig. 5.10) support the possibility

that one or both of these 'coopering heat products' may have been active, in combination

with the cis-oak lactone and eugenol (Chapter 5), in contributing to thc aroma. Thc

'vanill¿'¡¡P4s for 4-methyþaiacol and vanillin were estimated to be 0.01 mg/L and 0.08

lnglL, respeotiveþ (Tab. a.\.

In view of the well-knoum vanilla-like îromî of the compound, vanillin (B,oidron et al.

1988), it was thought most likd that this compound would have largeþ caused the

'vanilla' aroma. As disoussed in Section 5.5, however, the evidence from this study (App*.

Tab. H.2 & Fig. 5.10) is more strongly in favour of a 'vanilla' effect from the cls-oak

lactone.

'Smoþ' was only associated yiilþ yanillin and furfirryl alcohol (lr<0.05). The 'smoþ' IPC

tests for guaiacof furfuryIalcohol and fufrryl ethyl ether, however (Fig 6.10), support the

possibility that one or more of these compounds may have been active in contributing to the

aronn. The 'smoþ'-DPAs for guaiaeol, furfrrryl alcohol and furfrrryl ethyl ether were

esiimated to be û.02 mgrL, 4 ngl-r and 0.03 rngfL. respectiveiy (Tai:. a.2\. Ttrc fact tirat

guaiacol has been identified as one of the domin¡1 smoke flavour compounds of smoked

foods (Wittkowski et al. 1992) supports the possibility that this compound could have

contributed to 'smoþ' among the wines, yet there was no significant conelation.

Figure 6.10a shows that 'smoþ' differentiation among tle wines was significant 50 %o of

the time only when the samples were separated by the largest concentration differences.

Perhaps the IPC test is sensitive to detecting a paltern between an aroma md a compound

in a situation where only those samples with the largest concentration differences might be

identified as possessing different aromâs, while correlation anaþsis might reveal no

association.
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'AllElice' was associated with one of the 'coopering heat products,' vanillin, but the

'allqpice' IPC tests do not support the possibility that vanillin or any of the other

oomponnds oould have been active in contributing to the 'allqpice' Lromn variation (App*.

Fig. J.a) It is reasonable to conclude that vanillin concentration differences are unlikeþ to

have contributed to the 'allqpice' aroma differences since less than half of the samples that

were separated by tle largest vanillin concentration differences were identified as

significantþ different in 'allqpice.' The association with vanillin (lr<0.05), and the negative

correlations with three 'microbial activity products,' 4-vinylphenot 4-ethylphenol and 4-

ethyþaiacol þ<0.01, 0.01 and 0.05, respectiveþ), suggest that miorobial activity may have

contributed to the variation of 'allspice' in these wines (Chapter 7).

Other Cabernet Sauvignonwine aromas possibly affected by the 'coopering heat products'

'Coconut,' 'berry' and 'dark chocolate' were associated with some of the 'coopering heat

produots' but the IPC tests do not support the possibility that these compounds could have

been active in contributing to the variation within each of these aromas. 'Coconut' and

'ber4r' were most strongly associated with the 'natural oak products,' and the IPC tests

(App*. Figs. J.2 & J.5) support the possibility that these compounds could have been active

in contributing to the variation within these aromas (Chapter 5).

The 'dark chocolate' IPC tests do not suggest the partioþation of any of the compounds

(App*. Fig. J.10). Associations between 'dark chocolate' and the oak laotones (cis: p<0.01,

and traru: p<0.05), vanillin, furfuryl alcohol and furfrrryl ethyl ether (p<0.05) suggest that

the cause ofthe arotna might involve a combination of 'natural oak products' and coopering

heat or associated produots.

6.5 Summarv and conclusion

For the French oak, vanillin and 'estimated extracted furfirral' were found in higher

concentrations in those barrels coopered in Australia. It appears that, for any given level of

surface heat applied, the Australian cooper achieved more substantial heat pe,netration of

the wood. gs¿ssning location (treatment imposed concurrently) may also have impacted on



152 Oak[lood Contribution To lIline Aroma

this effect, e.g.by variation in the wood's moisture content which could absorb some of the

heat applied.

The vanillin effeot was established within the first couple of months of storage; thereafter

this compound oontinued to accumulate but the rates for each treatment were similar. The

accnmulation profile for 'estimated extracted fuifiual,' on the other hand, suggests that a

treatment effect for this compound may change with the duration of storage.

Guaiacot 4-rnethylguaiacol and 5-methylfurlìrral exhibitetl similar patterns to that of

'estimåted extracted firrfrual' among the model wines. The accumulation rate occurring in

the France-treatment barrels (seasoned and coopered in France) dropped in the seoond year

of storage, relative to that in the Australia-treatment barrels. These latter barrels were less

rapidly depleted ofthe compounds, perhaps due to deeper heating.

Greater 4-ethylphenol concentrations found in the Franoe-treatment Cabernet Sauvþon

wines suggest that shipping conditions oould have impacted on microbial populations within

the barrols, or that the ooopering applied to the treatments oould have affected oompounds

within the wood that can either encoruage or inhibit yeast activity.

There is evidence that some of the aroma descriptors applied to the Chardonnay wine,

particularþ 'smoþ' and 'green apple' (negatively), were affeøed by coopering heat

vanation. This is also ti'¿e of some of the Cabei:iet Saüvignon wjüe aro¡ira descrþiors,

particularþ 'coffee,' 'carame\' 'vani7la,' and 'smoþ.' Suggestions regarcling likely

compositional contributors to these aromas are made.

The aroma impact of coopering technique variations within and between ooopering

companiss was significant. Thus, there appears to be considerable scope for the

optimisation of this prooess in relation to wine aromâ outcomes.

I
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7.1 The boundaries of the variation under consideration

This chapter reptesents a minor part of the study. The experiments were e>çloratory and

were often based on extreme treatments (e.g. Ihe effects of fermentation relative to no

fermentation). Nevertheless, they have yielded some results worthy of inclusion.

'Natural oak products' and 'coopering heat products' determine a barrel's aroma potential,

but yeast and lactic acid bacteria (LAB) aotivities during wine fennentation and maturation

can transform some ofthese products, leading to a modification ofthe arom¿-effeot.

The effects of alcoholic (primary) fermentation on the oak wood-derived compounds were

explored via a comparison of a selection of the Chardonnay and the model wines taken at

11 weeks (corresponding to the time of racking the Chardonnay wines offtheir yeast lees).

The effects of malolactic fermentation (MLF) were explored in two ways. Malate

degradation ocourred qpontaneously in some of the Chardonnay barrel wines between

weeks 11 and 55, resulting in a 0 to 95 o/o consumption of the 2.0 gllmaltte originally

present. Correlations between the extent of the observed malate consumption and other

compositional or aroma variations could zuggest possible MLF effects. Subsequently, a

newly vinified Pinot Noir wine was zubjeoted to various treatments in order to better

understand these effects.

The physical effects (i.e. non-enzym:e activity related effects) of microbial cells were also

ex¡llored in a separate ex¡leriment. A wine was autoolaved to sterilise it and to denature any

residual gape or microbial enzymes. The possibility of physical removal of volatile

compounds by boncling to settling microbial cells was tested using activated and denatured

yeast and LAB cells.

The Cabemet Sauvignon wine was transferred to barrels after both the alcoholic and the

malolactic fermentations were completed. Nevertheless, this wine was apparentþ subject to

further miorobial activity during maturation in barrel as evidenced by the near-complete

reduction of furfural to furfuryl alcohol. The variable final concentration of the microbial

product, 4-ethylphenol (0.63 to 1.04 mglL), among the 24 barrel wines is indicative of
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variation in the aotivity of Brettanomyces/Deklæra species (Chatonnet et al. I992b) or,

possibly, of Lactobacillus or Pediococcus (LAE) species (Cavin et al. L993). Correlations

between this oompound and other oompounds or arornas oould suggest possible effects for

these speoies.

7.2 Alcoholic fermentation effects

The alcoholic fermentation experiment was a part of the main e4periment. It involved a

comparison between a selection of the Chardonnay barrel wines (alcoholic fermentation in

banel) and the corespontting replicate barrels of the model wine (same period in barrels but

without any ferment ation).

The Chardonnay wine was transferred to barrels half way through pÅmary fermentation (at

6 'Baumé). The model wines were concocted and placed in barrel atthe same time. After 11

weeks the wines were sampled. No malate degradation had occurred at this stage (Appx.

Tab.4.1).

Three of the eight main experiment treatments (Fig. 1.2) - the Australia seasoned and

coopered American oak barrels and the France seasoned and coopered Limousin and

Tronçais oak barrels - were examined. This comp¡ssfl nine Chardonnay wine barrels

(three of each treatment) and six model wine barrels (two of each treatment). The volatile

composition data were e4plored for treatment effects (App*. Tab. M.1).

Barrel tvine AAi4, previousþ identified as an outlier for the coopering heat-derived

compounds (Chapter 6), was involved in the experime,nt so a second set of anaþses was

performed for these compounds after the outlier had been removed. This second set is

referred to throughout the following discussion.

Figure 7.1 shows the relative concentrations of the 20 tnget-compounds for the two

treatments. 'Estimated extracted furfuraf is excluded since it is of little interest in this case

and since the analysis showed significant interaction.



156 Oak Wood Contribution To Wine Aroma

The three aldehydes, vanifin, furfural and 5-methylfrrrfrua! were all found in higher

quantities in the model wine, and the correqponcling alcohols and etlyl ethers were found in

higher quantities in the Chardonnay wine. These differences were alt highly significant

(l'r:0.000 or 0.001) and consistent with what has been reported by others (e.g. Chatonnet et

al. 1992c and references therein).

The signifi,cantly higher quantities of a vinyþuaiaool and 4-vinylphenol were also found in

the Chardonnay wine (p:0.000) but tle precrrrsors seem to have been mostly grape- rather

than oak-derived. The stainless steel-stored Chardonnay (control) wine contained even

higher quantities of these sompounds than did the barrel-stored Chardonnay wines (App*.

Tab. M.1). Ferulic md p-cotmaric acid are knoum to be zubject to decarboxylation by the

activity of many microorganisms, inoluding yeast, to form 4-vinyþaiacol and 4-

vinylpheno! reqpectiveþ (e.g. Chatonnet et al. 1993 and references therein). The

subsequent transformations to ,l-ethyþaiacol and 4-ethylphenol uzually proceed only in

red wines (Chatonnet et al. 1995).

There were three other signifioant differenoes. The quantification of cyclotene in the

Chardonnay wines was problematic since the GC peak appeared to be affected (broadened)

by a wine component in the Chardonnay wine extract. The model wine was not affected in

this way so a oomparison between the wines may be invalid.

The signifioant differences for trans-oak lactone and 4-methyþaiacol are difficult to

explain. Chatonnet et al. (L992c)have suggested that zl-methyþaiacol may be a microbial

degradation product of vanillin. For the data to support this, however, the direction of the

difference would have to have been opposite to that observed, i.e. 4-methylgaaiacol would

have to have been in higher quantities in the Chardonnay wine.

ID
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Figure 7.1. Alcoholic fermentation effects: Differences between

the Chardonnay and the model wine at 11 weeks.
Furfuryl ethyl ether showed significant interaction (p:0.049) but is included

since the interaction does not seem to have been important to the conclusion.

No other compounds showed significant interaction (p<0.05)

Table 7.1. Malolactic fermentation experiment treatment summary.

cis+akladme (n.s.)

4dhyþhorol
4-vinyþhorol þ:0 000)

,)
ladcne (p{.031)

(o." )

4dhylguaiacol (n.s.) (n." )*

4-vinylguaiacol þ:0. 000) 4-mdhylgrraiacol (P:0.0 I 5)*

vmillyl dhyl dher (p:0.000) vanillin (p:6.666¡*

5-mdhylfirfi¡al dlyl dher (p=0.000) cyclcf.ore (P=0.039)*

firfrryI dhyl dher (p=0.000) (n.s.)*

vmillyl alc¡hol (p=0.01 (r:o.ooo¡'*
5-mdhylñrfrrryl alcdrol (n:o.oot¡'r'

fiufruyl alcnhol þ=0. 000)

modelwine (n:6)

-ChardomaY 

wine (n=9)

Scale = z -scores ofthe saoqrle of 15 wines.

*: One model wine o,úher (AA 3 4 ) omitted (n :5)

,No,tredruent

Yes

Yes

4.2 0.1 4-2

4567W3T 12

'Starda¡ds mix' added? :

MLF induced?:

Final malate (gll-)*:

Yes

4.1 4.3

Yes Yes

Yes Yes

0.0 0.1

Yes Yes Yes

Yes

0.1

Yes

Yes

0.14.9 4.4 4.5

*: Malatepricrrto MLF: No treatmqÍ:4 4 g1L; Sterilised (DMDC)= 4 e gL; Denatwed (boneÃ¡= 4.6 E7'

DMDC : dimdhyldicarbmate
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7.3 Malolactic fermentation effects

A separate experiment was conducted to explore the compositional effects of MLF using a

Pinot Noir wine which had been variousþ treated to isolate any possible effects of induced

MLF from those of coincidental microbial metabolism or residual exocellular grape or

miorobial enzymes. Table 7.1 shows a representation of this experimental soheme, and

Appendix M.2 details the materials and methods.

The three treatments imposed on the wine prior to any addition of the oak compounds

('standards mix,' Tab. 7.2) or LAB cells were (1) non-treated wine, (2)

dimethyldicarbonate (DMDC) sterilised wine and (3) boiled (enz5ane denatured) wine (Tab.

7.I). Trcatment (1) was sanitised with 100 mg/L of SOz but was not sterilised so it allowed

the possibility of microbial metabolism and activity from residual exooellulrr grupe or

microbial enz5mres in the wine. Treatment (2) did not allow the possibility of any microbial

metabolism because it was sterilised but it allowed the possibility of activity from residual

exocellular grape or microbial enrymes. None of these possibilities was aliowed by

treatment (3) which was boiled to sterilise and to denature the medium. Consequently,

treatment (3) isolated any MLF effects most thoroughly.

The three samples not to have received any 'standards mix' and not to have undergone

lvll-F (sanpie nun'Ders i, 4 8L 8; Ta'll. 7.1) werc nolutletl as controls tbr these three

treatments. Only cyolotene and 5-methylfurfuryl alcohol may have been affected differently

by one of the treatments (App*. Tab. M.2). The heat-treatment may have caused an

increase in the concentrations, presumably from non-oak derived wine components.

The sample not to havc rcceived any sterilisation-treatment or 'standards mix' addition but

to have undergone induced MLF (sample number 2;Tab.7.1) was included to check for the

possibility that some of the compounds may have been produced from grape-derived

precnrsors during MLF. This was found not to be the case (Appx. Tab. M.2\. The

precnrsors of 4-vinyþaiacol and ,t-vinylphenol (ferulic and, p-coumaric acid,

respectiveþ), knoum to be degraded by yeast during alcoholic fermentation in white wine
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(Chatonnet et al. 1993), appear to have been unaffected by the lactio acid bacteria activity in

the Pinot Noir wine. This is consistent with the observations of Chatonnet et al. (1995).

Table 7.2 shows the effects of the three MLF experiment treatments, relative to their

control wines. The data are expressed as percentage variations from each control wine and

also as absolute concentration variations (in parentheses). A possible effect v¿5 highlighted

(in Tab. 7 .2) wherever a compound had varied from the control wine concentration by more

than the 95 Vo confrdence interval of the quantification (mean of the 12 confidence intervals

calculated for this experiment). However, it is important to note that this experiment has not

been sufficientþ replicated to conclude any effect unless a variation was very large.

The possible effects for cls-oak lactone, eugenol and maltol (Tab. 7.2) are all smnll (within

20 %o vanat\on from each control) so they are not discussed. Ilowever, the possible effects

for furfura! 5-methyllurfrral and the correspondìng alcohols and ethers are worthy of

discussion.

The MLF effects on furfiral and 5-methylfrrrfrrral for tle sterilised wine were similar to

those for the denatured wine: both of these furan aldeþdes were 100 % degradetl with

MLF (Tab. 7.2). Thus, residual exocellular grape or microbial enz5ãnes do not seem to have

been important to these effeots; lactic acid bacteria (LAB) metabolism appears to have been

the agent.

Furfr¡al and 5-methylfurfiral were affected similarþ during alcoholic fermentation (Fig.

7.1). Vanillin, on the other hand, while behaving similarþ to the furan aldehytles during

alcoholic fermentation, seemed not to be affected by LAB metabolism. However, this

compound, along with vanillyl alcohol, was subject to very low quantification preoision

(Freon extraction, Tab.2.4), so a treatment effeot below the sensitMty of the quantification

method may have existed. The presence of a possible MLF effect for vanillyl ethyl ether

(Tab.7.2), is curious because the direction of the effect is opposite to that which would

i-ply any MLF affected vanillin reduotion.
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The paffems in the transform¿tion products of furfural antl 5-methylfurfural (Tab. 7.2) werc

not entireþ consistent with those found to accompany the alcoholic fermentation (1.e.,

increases in both of the alcohols and the ethyl ethers were not found). Furfriryl alcohol

quantities were higher in the MlF-affected wines but there appears to have been little

differenoe in furfrrryl ethyl ether quantities. On the other hand, 5-methylfirrfuryl alcohol

appears to have shown little difference between treatments while 5-methylfurfrrryl ethyl

ether was found in higher quantities in the MlF-affected wines.

'lhese observations are explained by the kinetic studies of Selìon (Spillman et al. 1998).

Thus, fiufuryl ethyl ether is formed slowly from furfrrryl aloohol so the MLF effeot on

furfuryl alcohol (Tab. 7.2) was preserved. Given longer storage time, however, an effect is

tikely to have been seen for furfuryl ethyl ether, also.

On the other hand, 5-methylfirrfirryl ethyl ether is formed very rapidly from its alcohol and

is then degraded rapidly (work of Sefton, in Spillman et al. 1998). The MLF effect for 5-

methylfirrfirryl ethyl ether disoussed in this chapter suggests, therefore, that most of the 5-

methylfinfüryl aloohol that was formed by the reduction of 5-methylfurfural had been

transformed to 5-methylfrrrfuryl ethyl ether by the time ofthe anaþsis. Given longer storage

time, however, it is likely that the effect seen for 5-methylfurfuryl ethyl ether would have

disappeared, too.

The reiativeþ siow tiegradatiol of furfulyi aicoirt¡i iras aüowed an estimation of the ettèet ot

MLF on furfiral in the Chardonnay wines (-uio experiment). Any effects on 5-

methylftrrfrral was not well illustrated in these wines due to the rapid degradation of the

alcohol. This was also true of vanillin because vanillyl alcohot despite being stable in model

wine (work of Sefton, in Spillman et al. 1998), was apparentþ rapidly degraded in the

Chardonnay wine.

Figure 7 .2 t7llttsftates the association befween the consumption of malate and the reduction

of furfural, independent of the original furfural concentration, which was determined by

coopering heat. MLF was accompanied by firrfrual reduction, the first half of which

occurred even with limited MLF (l.e. less than 25 o/o malate consumption).
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Table 7.2.It/Lalolactic fermentation effects on oak wood-derived

or associated volatile compounds in a Pinot Noir wine.

%

lltrean of,the

95% eonfidenee,

intaruals,(agll*)
Addílion Non steritrísed,

,''''''::::,::Slefilised, Þenaiured,

Campound *) nan llfLFtt¡í*e,!; MLFwine2 IlILFwineÍ

vanillin (Freon extract)* 0.392

crs -oak lactone

trans -oak lactone

eugenol

guaiacol

4-metþlguaiacol

cyclotene

maltol

ñrfrual*
5-methylñnfrual

fuftryl alcohol*

5 -methyf-urfu ry I ateohol

vanillyl alcohol

furfinyl ethyl ether

5.rnethylñrfrrryI'ethyl etlrer

vanillyl ethyl ether

4-vinylguaiacol

4.ethylgusiaçol

i4rv,iny,l eno,l

4-etþþenol*

0 (0.0) 0 (0.0)

-'t ('t) +1(1)

-16 (17) +1e (21)

391**

10

11

+2 (s)

+1(2)

0 (0)

-8 (l)
-2 (0.1)

-3'.t (l'.ts)

-es (3.s8)

+2e (2.5)

0 (0)

+84 (27)

-18:(3)

+? (x),

+8 (11)

0 (0)

? (0)

+2,,(1,)

+2 (0.01)

+16 (32)

+e (13)

+r7 (2)

4(l)
-2 (0.1)

-100 (478)

-too (3'17"

+15 (1.3)

+25,(1)

+3 (l)

+1,8,,(3i

+? (16)

+20 (1)

? (0)

+?,(,1),'

-13 (0.06)

+7 (rs)
+4 (6)

+4 (1)

+10 (1)

+8 (0 4)

-33 (0.1)

+1

-100 (347)

-100 (2.70)

+65 (4.1)

-8'(l)
-e (4)

+f,6(2)

+33 (2)

? (o).

+?.,0)

+5 (0.02)

l6
16

1

5 08

o2

9l
80

27

76

1.3

n,dn

52

4.OO2

484

8.434

95

226

r44

o.34

70

0.509

trldn:

n.&r

t7

7

rr-ù.

nrùr.

0.11

+16 (18)

-16 Q7)-26 (3s)

*: mgll for vanillin (Freon extraction method), frrrfrral, furfuryl alcohol and 4-ethyþenol.
**: One addition QgluglL) of a raoemio mixture ofthe oak laotones was made.
1: Sample 3 relative to sample 5; Tab. 7.1.
2: Mean of samples 6 &.7 relativeto sample 5; Tab. 7.1.
3: Mean of samples ll 8. 12 relativeto mean of samples 9 & l0; Tab, 7.1.

Variation from the relevant control was greater than that which could be explained

by quantification error (i.e. greater than the mean ofthe 95 %o confidence intervals).

' : No compormd added due to non-availability.

n.dn. : not determined.

?: Variation according to o/o could not be calculated because the denominator equalled zero.
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The non-sterilised, non-MLF Pinot Noir wine (sample numbcr 3; Tab. 7.1) had received

100 mgll- SOz immediately prior to croum sealing so the activity of microorganisms was

likely to have been minimal. Nevertheless, firrfural and 5-methylfirrfrral to a lesser extent,

decreased while furfuryl alcohol inoreased in concentration relative to the sterilised wine

control (sample number 5, Tab. 7.1) (Tab. 7.2). T\e reduction is not likely to have been

chemically induoed since the sterilised wine control was not affected. Conscqucntly, it

seems that furfural is particularþ susceptible to microbial reduction, requiring only very

limited activity for its degradation (ß\9. 7.2), while 5+rethylfirrfrual seems to be less readily

reduoed. Figure 7.3 illustrates the variation in the extent of furfrual reduction experienced

for the three wines of the ffidy, and it suggests that a winemaker could aotiveþ enoourage

either the preservation or the reduction ofthis compound.

7.4 Denafil.red microbial cell effects

To explore the possibility that the volatile compounds could be removed by adsorption to

settling miorobial oells, a separate experiment was conducted. Compounds ('standards mix,'

similar to that shown in Tab. 7.2 for the MLF experiment) were added to the stainless steel-

stored Chardonnay (control) wine, and a suspension of either activated ('aotivated cells'

treatment) or denatured (autoclaved) ('denatured cells' treatment) yeast or lactic acid

bacteria (LAD) (one strain oieacir¡ was inrposed for five days'oefore separatior of tire oeüs

by centrifugation (Spillman 1995). See Appendix M.3 for the materials and methods and

Appenrlix Table M.3 for details ofthe results.

Any intermolecular interactions among compounds and macromolecules, not separable by

centrifugation, have not been addressed. Neither has the suggestion, by Chatonnet et al.

(1991), that phenolic compounds may be affected.
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Figure 7.2.Tlrre preservation of furfural relative to the extent of MLF
(as malate consumption) which proceeded in the Chardonnay wines.
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It was necessary to inolude an enz5me-denaturing treatment, such as autoclaving, to

separate the effects of enzSme aotivity from those of non-enzymic molecular interaction. I{

for example, an effect was observed for an 'actwated oells' treatment but not for a

'denatured cells' treatment, the cause could be ascribed to biochemioal actwity. flowever, if
an effect was observed for both treatments, it is likely to have been caused by chemical

rather than biochemioal interactions.

Yeast cell wall characteristios, such as thickness, are knor¡rm to change in response to

ohanges in environmental conditions (Calleja 1987), and yeast continuousþ release

maoromolecules during fermentation (Lubbers et al. 1994). Thus, the inoculation of a

finished wine with yeast would not provide cells with identical characteristics to those which

have recentþ finished a fermentation, and it would not provide the medium with the same

levels of exocellular macromolecules as might have been encountered in a wine matured on

lees. Nevertheless, yeast cells do not lose their negative charge during fermentation (Calleja

1987) so any potential for adsorbing oak wood-derived compounds should have been

adequateþ modelled by the imposed treatments.

Another thing to consider is that autoclaving can substantially alter the ohemistry of many

macromolecules either incorporated in or released from oell walls. Ilowever, the

combination of the 'aotivated cells' treatment with the 'denatured cells' treatment allowed

for this consideration. If a treatment effect was exhibited by the 'denatured cells' treatment

'uut not'uy tire 'activateci ceüs' treattrell, lire autoolavmg coukl have been responsible tbr it.

The treatments appear to have shor¡m no significant variation from the oontrol outside of

that which may be accounted for by measurement imprecision, for any of the compounds

(App*. Tab. M.3). flowever, the precision of quantifioation for some of the compounds was

low. Furfrral 5-methylfirrfrual, furfrrryl alcohol and, particularly, vanillin, have been

imprecisely determined. Further, ,l-ethyþaiacol was only present in very small amounts.

The zuggestion by Chatonnet et al. (1991), that the oak lactones may be susceptible to

removal by adsorption to yeast cells is not supported by the data. The variations in oak

lactone concentration according to the ssmparisons of barrel-fermentation/barrel-storage

with 'vat'-fermentation/barrel-storage, and of storage on fine lees with storage on total

,
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lees, reported by these authors, are likely to be due to differences in barrel contact time and

to natural barrel-to-barrel variations. Further, the depletions of ,f-vinyþuaiacol and 4-

vinylphenol during banel maturation on lees over nine months, noted by the same authors,

are not supported by the data and are likely to be due to oxidation reactions (Nicolini el a/.

1991) or to a slow, acid catalysed reaction with ethanol (Dugelay et al. 1995).

Of the oompounds under oonsideration, the furan- and phenolio-aldehydes (firrfrrat 5-

methylfurfrrral and vanillin) appear to be most affected during barrel maturation, even in the

presence of small residues of mioroorganisms (Sections 7.2 &. 7.3), and the data arc

consistent with the beliefthat depletions ofthese compounds arc aharucterised by molecular

conversions rather than physical sep arations.

No¡ruithstanding the limitations of the experiment, the data suggest that the oak wood-

derived volatile compounds are not likely to be subjeot to physical removal from wine by

settling yeast or lactic acid bacteria cells.

An exploration of the aroma effects of microbial actwity in the Chardonnay and the

Cabernet Sauvignon wines is difficult since no microbial treatments were imqlosed on these

wines. The only possibility is to base an exploration on the anaþsis of correlations between

wine aromas and the compounds knovrm to arise from miorobial activity. However, this can

be problematic since the samples were affected by various natural and cultural treatments,

and some of these compounds were affecterl by more than just microbial activity. Furfuraf

for example, was affected by microbial activity and aoopering heat. However, sensory

anaþses were performed only on the wines of the main study so the correlation anaþses

have been explored for what information tley provide and the discussion should be

considered with the limitations in mind.

Alcoholic fermentation arorna effects could not be considered with the available data. The

MLF aroma effects, however, could be explored by correlation with the extent of m¿late

oonsumption.
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The Chardonnay wine composition-PC3, with an 'emphasis on some microbial products'

(vanillyl ethyl ether, 5-methylfirrfrrryl aloohot furfuryl ethyl ether, 4-vinylguaiacol and 4-

vinylphenol) might have also bee,n used as an indioator of microbial activity but some of the

compounds arose from yeast and some arose from LAB activity. In any oase, there were no

associations between this PC and any of the arornas (App*. Tab. G.2). $imilarþ, most of

the compounds incorporated in PC3, with the exoeption of 4-vinyþaiaool and 4-

vinylphenol (whioh also contributcd to composition PCI), were not assooiated individuaþ

with any of the arornas. It seems that this unidentified microbial activity in the Chardonnay

wine has had little arolna effect and, therefore, is not discussed further.

Microbial activity variation in the Cabernet Sauvignon wines is explored using the

composition-PC2 which inoorporates emphases on the hydroxyoinnamio acid degradation

produots, ,1-vinyþuaiaool, 4-ethyþaiaool, 4-vinylphenol and 4-ethylphenol. Also

incorporated were 5-methylfirrfrrryl alcohol and vanillin (negatively). Th. activity indicated

by this PC does not necessarily involve microorganisms associated with the alooholic- or

the malolactic--fermentation since these processes \ilere completed in a stainless steel tank

prior to barrel maturation. The activity, therefore, could have invofued any microorganisms

that could fi¡nction in a zugar- and malatc-depleted, low SO2, moderate pH and moderate

alcohol red wine (App*. Tab. 4.3). In particular, yeast speoies belonging to the genus

Brettanomyces and to its E)orogenous form Dekkera are ükeþ to have particþated since

zuch yeast are impücated in 4-erhyiphenoi protiuction (Chatonnet ei ai. i992b\. Some

Lactobacillus or Pediococczs species (LAB) may also have been invohved (Cavn et al.

1ee3).

Chardonnsy wine

Four aromas were correlated with malate consumption in the Chardonnay wine (Fig. 7.4),

'butter' and 'caramet'positively (p<0.01 andp<0.001, reqpectiveþ), and 'pencil shavings'

and 'allspice,' negatively (p<0.01 andp<0.05, reqpectiveþ). Appendix M.4 illustrates all of

the aroma associations with malate consumption among the 24 Chardonnay wines.
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It has been diffi.cult to determine the likd causes of the four aroma variations shovrm in

Figure 7.4 since a diqproportionate number of American-barrel Chardonnay wines were

affected by LAB activity (Fig 7 5) Were the aroma variations affected by LAB activity or

oak origin influences? In Figure 7.4, theFrench and American oak wood barrel wines were

separateþ identified sinoe the American barrel wines experienced a disproportionate amor¡nt

of malate consumption, and may have influenced the correlation in some unknorvn, oak

origin-relatetl way.

The association of 'butter' with MLF is not surprising (Henick-Kling et al. 1993), and

'cararre| being similar in some ways to the aroma cha¡¿'ctejr of 'butter,' may have been a

descriptor applied to some of the same stimuli glving rise to 'butter' variation (these

descriptors varied in similar ways among the Chardormay wines, Fig. 3.1).

The negative correlation involving 'penoil shavings' may have been caused by oak origin

effects. 'Penoil sþ¿yings' was significantly lower in the American oak barrel wines than in

the three French oak barrel treatment wines (Fig. 5.3a). The oak origin means for 'allspice'

followed a similar trend, without being significantly different.

Çqbe¡'net Sauv¡Sn

The Cabernet Sauvignon wine composition-PC2, with an 'emphasis on some microbial

products' (i.u., emphases on 4-vinyþuaiacol 4-ethyþuaiacol 4-vinylphenol, 4-

ethylphenol and 5-methylfirrfuryl alcohol ... versus yanillin) was negatively correlated with

'allspice' and 'coffee' (p<0.01) (Fig 7.6). If indeed, microbial activity has affected these

arornas, it is not clear whether tle products of microbial activity have acted to mask them or

ifthe microbial activity caused changes to compounds reqponsible for causing 1þs ¿1smas.
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There was only one positive association between 'allspice' and the wine compounds

measured (vanillin, cellar s¿mple, p<0.05); negative associations were stronger and more

nrrmerous. In addition to the PC2 association, 'allqpice' was negativeþ correlated with 4-

ethyþaiacol, 4-vinylphenol and ,l-ethylphenol (p<0.05, 0.01 and 0.01, reqpectively)

(App*. Tab. H.2). Thus, if 'allspice' was indeed, affectcd by microbial activity, it seems

likely that these aroma variations were caused by the masking effeots of these microbial

activity products. f{owever, this possibility was not supported by the 'allqpice' 'impact-

pattem conformity' (PC) tests (Appx. Fig. J.4 p, q & r). The pattems were not inconsistent

with the suggested masking effect but they were not strong enough to support it.

The source of variation in 'coffee' appears to be complicated. In addition to being

negativeþ oorrelated with composition-PC2, 'coffee' was positively associaterl with

composition-PCs I and 3, with emphases on 'ooopering heat produots' and 'natural oak

products,' reqpectiveþ (p<0.01) (Fig. 7.7).Individuaþ, the 'coopering heat products' or

their degradation products, especially vanillin (cellar sample, p<0.01) and furfuryl alcohol

úr<0.001), were most strongly and positively associated with 'coffee.' Indeed, 'coopering

heat products' are probably the most likely candidates for causing 'coffee,' an aroma from a

product partially produced by roasting. As discussed in Chapter 6, the'coffee' IPC tests for

vaniiiin (ceüar sampie), 4-methyiguaiacoi, furfrrrvi aicohoi anti firriur_vi etiryi etirer were

consistent with the possibility that one or more of these compounds could have been rctwe

in contributing to the variation in 'coffee' (Fig. 6.8).

If 'coffee' was affected mostly by 'coopering heat products,' at least one of which (vanìllìn)

is zusceptible to degradation by microbial actwity, it is not surprising that 'coffee' was seen

to diminish along with apparent increases in microbial aotivity.
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7.6 Summarv and conclusion

Deqpite the exploratory nature of the experiments described in this chapter, it is clear that

the activity of some microorgani$ns can have significant oak wood-derived or associated

composition effects in wine. Alcoholic fermentation was accompanied by the near-complete

transform¿tion of three oak-derived aldeþdes - vanillin, furfrral and 5-methylfrrrfural -
to the corresponding aloohols whioh exist in equiübrium with their ethyl ethers. These

products are variousþ susoeptible to chemical degradation during storage.

The effect of MLF on furfrral and 5-methylfirrfrral were similar to those of the alcoholic

fermentation but vanillin appears to have been unaffected by MLF. Furfural appears to be

most readily reduoed.

None of the volatile compounds tested appeared to be removed by adsorption to settling

yeast or LAB oells.

Deqpite the various aromâ effects of the other influences (e.g. oak origin), there may have

been some microbial influences on the arolnas, partioularþ a negative effect for 'allspice'

and 'coffee' among the Cabernet Sauvignon barrel wines. A study focussing on the

microbial effects on oak wood-derived wine aromas, while holding all the other variables

identified in this thesis constant, would be usefirl in extending this enquiry.
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8.1 The boundaries of the variation under consideration

In Australia, premium oak-affeoted white wines are commonly barrel-matured for between

three and twelve months, and premium red wines for between one and two years. These

maturation practices are intended to fulfil more than one objective. In addition to provicling

oak wood-derived îtornz (andlor flavour) compounds, the wood may provide taste or

tactile compounds and it may enoourage gape- or microorganism-derived compound

çþanges, and these considerations probably contribute to the maturation duration decided

upon for each wine. This ohapter deals only with volatile oompound effeots.

Does the aromâ effect evolve due to a general increase in all of the oak wood-derived

arolna compounds or is there some change in the relative quantities of each which occurs

under various conditions? If accumulation rates, at various stages, differ among these

componnds, it may be that, dependent on the duration of banel maturation, different

arome-effeots could be expected.

Dufug barrel maturation, some winemakers encourage the activity of microorganisms,

activeþ (barrel fermentation and malolaotic fermentation) or coincidentalTy (e.g. minimal

SOz concentrations for perceived taste development or consumer health benefits). These

activities can alter the accumulation profile for some of the çsmpounds and, therefore, the

relative proportions among the compounds may vary in the final product. Thus, the

contri'oution oithe duration oi contact between oak wooti antÍ wine to tire aronra profüe oi
the product is intimateþ connected with sanitation practices, some of the consequences of

which were disoussed in Chapter 7.

wine. over two years

This section describes the accumulation profiles, in the periodicaþ sterilised model wine, of

ten oak wood-derived volatile comporurds extracted from four American and four Limousin

barrels.
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Accumulation prorths

The absolute quantity of each oompound that was apparentþ available for extraction varied

substantially among the barrels, and of most interest were the charaoteristics of the curve

profiles independent of the absolute quantities available. Therefore, each concentration

value was standardised by adjusting it to a percentage of the maximum conoentration

reached for each compound in each barrel. The mean of these percentage points at each

sampling time was plotted.

The percentage points were also used to calculate the 95 o/o confi.dence intervals (CIs)

around each mean. The error-estimate applied to each concentration value (95 % CIs)

(Tab.2.6) is different to those appliedto the curve profiles (Figs. 8.1to 8.5). The crnve-

profile error (95 % CIs) represents, principally, the sampling error among the eight barrels

and, importantly, it is affected by the 'anchoring' of the eight curve profiles (to a point at

which the compound reached m¿ximum ooncentration, i.e. the 100 % pont) and by the

subsequent adjustment of eaoh point in the curve to a peroentage of that maximum-

Therefore, the CIs around each curve refer to the curve profile as a whole, and not directly

to the quantification precision of each point.

To consider when the accumulation in compound concentration between sampling times

v¡¿s þsssming statistically insignificant, the absolute conoentration data were analysed (Tab.

8.1). Details ofthese analyses are in Appendix N.

Eugenol and the oak lactones (Fig. 8.1)

With the exception of the six-week point, the accumulation profiles of eugenol and cls- and

trans-oak lactone were essentially identicail anld asymptotic, i.e. each curve rose most

steeply initially and then gradually approached a maximum as the curve became flatter with

increasing x-values (equivalent to a first-order reaction curve in chemistry) (Snedecor and

Cochran 1967 p.448). Approximateþ 30 to 40 o/o of the final (93 week) concentration of

these compounds was extracted during the first six weeks of storage. Compared with most
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of the other oak volatiles (Figs. 8.2 to 8.5), eugenol and the oak lactones were extraoted

slowly during this six-week period. The ratio of the mean concentration of the cis- and

trans-oak lactones was2.I2 at stx weeks storage, and thereafter, from 11 to 93 weeks,

remained constant at 2.40 +l- 0.02. The final ooncentration of the sensoriaþ important cls-

isomer ranged from 80 FglL (in an American oak barrel) to 304 pglL (n a Limousin oak

barrel). The ooncentration of eugenol ranged from 12 to 23 pglL after the 93 weeks of

storage.

Guaiacol and 4-methylguaiacol (Fig. 8.2)

Guaiacol and ,l-methyþaiacol ¿1s lignin decomposition products formed during barrel

toasting. 'Ihey are formed in wood at higher concentration with increasing toast levels and

accumulate mainly in the first two millimetres of the inner surface of the barrel (Chatonnet

et al. 1989). The m¿ximum concentration of guaiacol in the model wines ranged from 6 to

33 þElL, while that of ,l-metlyþaiacol ranged from I to 16 pglL. Variation in

concentration among the barrels is presumed to reflect variation in toast levels (Chatonnet

eî al. 1989).

Given that these oompounds are largeþ located on, or close to, the innermost surface of the

barrel, it *ight be ex¡lected that they would acoumulate in wines relativd quickly in

comparison with other volatile oak components. 4-Methyþaiacol was rapidly extracted

tiuring the first six weeks, urd no siguifioant sirange occurred il tire ilrcar uoncentration

beyond week 32 (Tab. 8.1). The failure of Towey and Waterhouse (1996) to detect any 4-

methyþuaiacol in wines in seoond-fill barrels is consistent with total extraction during the

first fill over eight months duration.

Guaiacol was also rapidly extraoted during the first six weeks but, in contrast to the 4-

methyl analogue, the concentration then continued to increase in a near-linear fashion.

rO
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Figure 8.1. The âccumulation of eugenol and the oak lactones in a
periodically sterilised, American and Limousin barrel-stored model wine (n = 8).

Figure 8.2. The accumulation of guaiacol and 4-methylguaiacol in a
periodicatly sterilised, American and Limousin barrel-stored model wine (z = 8).
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Vanillin (Fig. 8.3)

The aooumulation profile for vanillin shovrm in Figure 8.3 indioates that the ooncentration

increased asymptoticaþ during the first 32 weeks of storage; thereafter it increased in a

linear mânner, doubling between weeks 32 and,93. The acoumulation rate for vanillin in the

second yeat was higher than the rates for most of the other compounds, and the

conoentration differences between suooessive sampling times oontinued to be significant up

to 93 weeks (Tab. 8.1). The final concentration of vanillin in the model wines varied from

237 pglLto 803 pglL.

Cyclotene and maltol (Fig. 8.a)

Cyolotene and maltol were found, each at a concentration of up to 138 pglL. The mean

concentration of maltolincreasedup to the 55 week sampling, but not during the second

year of storage (Tab. 8.1). The accumulation of oyclotene, on the other hand, was

essentially linear throughout the storage period. Thus, the accumulation rate for cyclotene

was the lowest of all of the oak volatiles in the first six weeks, and the highest towards the

end ofthe storage period.

Furfural (as 'estimated extractedfurfural') and S-methylfurfural @ig. I 5)

rrrr; ¡rplr¡r.ualue rr ilio$ ûalTeis or lrrrirrul-l aioohoi, a 'oioiogicli rcduuíior produot of

furfural, indicated that there was microbial activity in these barrels for at least part of the

storage period. Up to half of the furfrual was reduced in two barrels between weeks 11 and

32, and in a third barrel between weeks 55 and 93. A coryarison of the data for those

model wines with little or no furfural reduotion and those with significant reduction (data

not shor¡rm) indicated that this microbial aotiviry occurring despite the sanitation imposed

on the model wines, was not sufficient to have had any obvious effect on the accumulation

rates of compounds other than furfural and furfuryl alcohol. In particular, there was no

evidence of any significant transformation of vanillin in the model wines (Spillman et al.

1997). Furftral appears to be the most zusoeptible of the various oak wood volatile

compounds to miorobial transformations, being almost totally transformed during alcoholic

and malolaotic ferme,lrtation and during red wine maturation (Chapter 7).
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Figure 8.3. The accumulation of vanillin in a
periodically sterilised, American and Limousin barrel-stored model wine (z = 8).

Figure 8.4. The accumulation of cyclotene and maltol in a
periodically sterilised, American and Limousin barrel-stored model wine (n = 8).
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While the model wines were therefore not free of miorobial activity, the degree of the

observed transformations of oak wood volatiles, together with the yeast and bacteria counts

(App*. Tab. 4.9), indicate that this microbial activity was much less than normally ocours in

barrel storage oftable wines.

Since compound extraction, and not any subsequent transformation, is of primary interest in

this chapter, the extracted furfiral has been estimated as 'firrfrral plus furfirryl alcohol' and

is referred to as 'estimated extracted furfrual.' However, furfuryl aloohol is subject to slow

chemical degradation in wine (work of Sefton, in Spillman et al. 1998), and therefore this

summation may still be an r¡nderestim¿tion of the total furfural extracted from the wood. 5

Methylfurfural may be slightly less susceptible to microbial degradation but its reduction

product, 5-methylfurfuryl alcohof is quiokly degraded in wine (work of Sefton, in Spillman

et al. 1998) so it has not been possible to estimate the extent of any degradation.

Given tlese considerations, it is not possible to determine from the data in Figure 8.5

whether the levelling-off in the aocumulation curves at around the 6-11 week point for

'estimated extracted furfural' and 5-methylfurfural was due to a cessation of extraction

fromthe wood. Consequently, the furan aldeþdes are not discussed further.

Discussion

ine acûi¡ilrr¡iauoü profiles oi c¿s uttú írans ouk iuuiono, ougcnoi, guaiacoi anó, 4-

methyþuaiacol are broadly similar to those observed by Towey and Waterhouse (1996)

during maturation of a Chardormay wine in French and American oak barrels, except that

these authors reported that the concentration of eugenol in wine aged in new oak wood

barrels decreased between week 2I and bottling at week 30. Towey and Waterhouse did

not observe eugenol in wines in second-fill barrels. It has been postulated (Chatonnet et al.

1989 & 1990, Towey and Waterhouse 1996) that yeast lees are capable of fixing some

volatile phenols extracted from oak wood, and that this may limit the accumulation of these

compounds in some barrel aged wines. However, the data discussed in Section 7.4 suggest

that this probably does not occur.

ID
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Figure 8.5. The accumulation of 'estimated extracted furfuralr
and S-methylfwfural in a periodically sterilisedt

American and Limousin barrel-stored model wine (n = 8).
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Tlre accumulation data for cls- and tratw-oak lactone, guaiacol and aiacol

obtained by Chatonnet et al. (1990) for red wines aged in new oak wood barrels for 10

months are limited in that only three replicates were studied, not all compounds were

anaþsed at each sampling, and apparently no statistioal anaþses were performed. Their data

for guaiacol and 4-methyþuaiacol are compatible with those presented here, but their data

for the oak lactones contrasts with those shovrm in Figure 8.1 and with those obtained by

Towey and Waterhouse (1996). OntV a small proportion of the final concentration of oak

lactones were shown by Chatonnet et al. (1990) to be extracted within the first six weeks of

maturation (< 10 %). These authors also observed a steady increase in the cis/trans oak

lactone ratio during maturation. The reasons for these differences are unclear.

Apart from the observations of Pueoh (1987), accumulation profiles of vanillin, cyclotene

and maltol in wines or model wines have not been determined previousþ. Puech recorded

considerable differences in vanillin accumulation between red wines in four barrels, with one

showing a linear increase in venillin concentration over a 24 monlh period, while in the

others, the concentration ofvanillin reached a maximum at m early stage. The acoumulation

of vanìllin in barrel agrg wines is greatþ dependent on miorobial processes within the wine

(Chapter 7\, and. these may well have varied between the barrels. Similarly, accumulation

data for furan aldeþdes and alcohols recorded previousþ (Chatonnet et al. 1990, Towey

and -Waterirouse i99ó) were o'uviousþ su'ustantiaüy aifeuteti 
-t¡y 

wine miorobioiog.v.

It is evident that some structurally related oak oomponents thought to be formed in oak

wood in similar manners (e.g. cyclotene and maltol) apparentþ had different accumulation

profiles in the model wines (Fig. 8.4), suggesting either that they were actualty formed in

different ways, in different parts of the wood, or that they zuffered different fates once

extracted into the wine. Conversel¡ some structurally unrelated compounds gave similar

curves, e.g. engeîol compared with the oak lactones.
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Table 8.1. Accumulation duration:
Oak wood-derived volatile compound concentrations over 93 weeks

of maturation for a model wine stored in eight new tmedium toast' barrels.

Two barrels from each of four treatments, involving American and Limousin oak wood were used

(Appx.Tab. 4.10).
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The profiles of the cuwes for eugenol and c¡s- and trans-oak lactone are entireþ consistent

with diffi¡sion kinsfiçs, i.e. once a portion of wood is wetted, dissolution of the compounds

occrrrs rapidly, and then tle accumulation rates (in the wine) are dqrendent on diffirsion

whioh is mediated by wood structure, compound structure, wine composition, temperature

and physical agitation. Once the compounds dissolved fromthe wetted portion of the wood

have difrrsed evenly tlroughout the wine (in the wine contained by the barret and in the

wine within the wood spaces), the only new source of the oompound is from newly wetted

portions of the wood as the wine progresses more deeply into it. This progression is likeþ

to be accompanied by inoreases in diffiision resistance as more of the wood matrix fills the

distance between dissolution point and the wine contained by the barrel. Thus, the

accumulation rate would slow gradually to a point of exhaustion.

Maltol, and possibly also 4-methyþaiaco\ appear to have reached a m¿ximum

concentration before the end of the storage period, although given the quantification

precision for 4-methyþaiacol - the final concentrations were around 9 pdL with 95 o/o

confidence intervals of 5 pglL (+/-) (Tab. 2.6) - no finn conclusion oan be draum about

this compound. The ourves of these two compounds are oonsistent with their generation by

toasting, their greater accumulation on the inner surf¿ce of the banef and hence their

relativeþ rapid extraction. The failwe of Towey and Waterhouse (1996) to detect any 4-

methylguaiacol in wines in second-fill barrels is consistent with total extraction during the

first fill (lasting eight months).

Guaiacof on the other hand, aocumulated over the whole storage period, with signifio¡1

increases in concentration between 6 and 32, and, then betwe en 32 and 93 weeks (Tab. 8. 1).

This compound was not observed in extracts of non-heated oak wood, nor in those which

were heatedto tlS oC or less (Sefton et al. 1990a). It might therefore be expected to be

found only in the first few millimetres of toasted barrel-stavcs (Chatonnet et al. 1989) and,

to be extracted quickly into wine, yet the profile for guaiacol shows that this was not the

case. Guaiacol was extracted rt a rate similar to the oak lactones, which are distributed

evenly throughout barrel staves (Chatonnet et al. I994b). Guaiacol might be more tightly

bound to the oak matrix and therefore extracted more slowly than, for example, the oak

lactones. Another possibility is that guaiacol is formed, at least in parl, by acid hydrolysis of
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lignin or lignin-like precrrrsors. The near-linear profile of the accumulation curve beyond

week 11 is consistent with either interpretation.

In a preliminary discussion of some ofthe data presented in this thesis (Sefton et ø1. I993b),

the concentration of guaiacol in the Chardonnay wine, after 55 weeks maturation, was

reported to be essentiaþ the same as that recorded following the first 11 weeks of the

maturation period. This contrasts witl the presentþ discussed data, obtúned for the model

wine. It is possible that guaiacol formation by acid hydrolysis took place faster in the model

wines (mean pH of 3.12 at 55 weeks) than in the Chardonnay wines (mean pH3.32 at the

same time). It may be significant that, in their study of the evolution of oak wood-derived

volatiles in Chardonnay wines fermented and matured on lees for eight months over three

successive vintages, Towey and Waterhouse (1996) reported only a slight increase in mean

guaiacol concentration (7 þglL, equivalent to 13 %" of concentration at three months)

between the third and eighth month of the maturation period for the first-fill when the mean

pH of the finished wines was 3.34, but observed a higher rate of increase over the same

period (three and eight months) for the seoond-fill (tS pgll-) when the mean wine pH was

3.22. Nevertheless, the reason for these apparent discrepancies remains a matter of

conjecture.

Two other oak volatiles, vanillin and cyclotene, which are normally associated with the

heating process, also showed accumulation profiles which are consistent with their partial or

total generation by hydrolytic mechanisms.

The acoumulation profile for cyclotene was essentially linear throughout the storage period

(Fig. 8 a). This suggests that, unlike maltof cyclotene is formed in oak at only low

concentration during toasting, but is then generated slowly by acid hydrolysis following the

filling of the barrels. This is consistent with the findings of Johnson et al. (1969) who

compared products of the pyrolysis of zucrose with those formed from sucrose by acid

hydrolysis under reducing conditions. While maltol was formed from sucrose by pyrolysis

only, cyclotene was formed from sucrose by both processes. Cyolotene was also formed

fromglucose as a major acid hydrolysis product.
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Although the final stql to cyolotene formation is probably hydrolytic, coopering heat also

appears to be important to the generation of the intermediates between oak carbohydrates

and this compound. The final concentration of cyclotene in the 16 barrel-stored model

wines was strongly correlated with other products of toasting, regardless of their

accumulation profiles (guaiacot 4-methyþuaiacol yanillin, maltot 'estimated extracted

firrfirral' and 5-methylfrrrfural; p<0.0I,0.01, 0.01, 0.001, 0.001 and 0.001; Appx. Tab.

C.ll). Furlhermore, the barrel with the lowest apparcnt toast level as judged by the final

concentration oftlese compounds, also had the slowest rate of accumulation of cyclotene.

The accumulation profile for valillin (Fig. 8.3) indicates that this compourd is probably

formed by two meohanisms. T ìgnin pyrolysis during coopering could yield vanillin,

extraoted relativeþ quickly, while acid hydrolysis andlor oxidation of lignin might also

generate vanillin, but more slowly. Unlike cyclotene, initial coopering heat appears to have

had little or no influence on the rate of aocumulation of vanillin between weeks 32 and,93.

With the exoeption of the least strongly toasted barref all barrels showed similar rates of

acoumulation of vanillin, in pglweek, during this latter period of storage, regardless of the

concentration ofvanillin at week 32 (daanot shoram).

8.3 Summarv and conclusion

The accumulation curves for c¡s- and trans-oak laotone and eugenol were as¡alptotic and

vinuaüy i<ienticai in sirape. Guaiacoi was extracteci rnore rapitüy in the first six weeks, anci

then continued to acoumulate in a near-linear fashion. 4-Methyþuaiacol and maltol did not

inorease significantþ in concentration beyond the first year of storage. The accumulation

curve for vanillin was aEmptotic dwing the first 32 weeks and linear thereafter, indicating

more than one mechanism for generating this compound in oak. The extraction curve for

oyclotene was linear throughout the maturation period and was consistent with a generation

by slow acid hydrolysis ofprecursors formed during coopering.

Oak wood-derived volatiles are of diverse origrn, are formed in different ways and

accumulate at different rates. Not only will the absolute concentration of these volatiles in

wines be determined by barrel maturation times, but the relative proportions, and hence

their impact on wine Lfomî, will also depend on this factor.
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g.L Shiftine the focus from description to spreferencet

The panels described the aroma variability among eaoh set of wines, without consideration

oftheir like or dislike of each arorna. Late4 each set of wines was ranked according to their

general liking of the overall alofrq without qpecific consideration of individual arom.as.

Thus, the 'preference' differentiations achieved by the panels required a process of

integrating the various aromas under the banner of personal 'preference' and then, of

analytically, integrating the various personal 'preferences' into a group 'preference.'

Consensus, according to wine aromâ 'preferurce,' caî be difficult to reach because differert

individuals may put different emphases on their personal impression of the quality-impact of

particular arolnas. Descriptive profiles are probably less subjeot to disagreement.

The differentiation achieved among the Chardonnay wines, according to 'preference' is

illustrated in Table 3.1, and fuIl 'preference'rank and Fisher-Yates rank transform¿tion

details are in Appendix E. Similar results for the Cabernet Sauvignon wines are in Table 3.3

and Appendix E.

These results have defined the 'preference' of each panel for the wines; they are not meant

to be indicative of any absolute quality or as an estimation of 'preference' among a given

population. Nevertheless, the results may be usefirl as case studies. Each of the panels were

cornpriseci of .30 predor¡rftrantiv experienoeú antl regular wme appfectators, some ot'which

were familiar with the wines in this study, having particþated in the 'descriptive' panels

fuanel demographios shor¡m in Appx. D.2).

9.2 Treatment effects accordine to ópreference'

Significant oak origin treatment effects were found for 'preference' among the combined

Chardonnay and Cabernet Sauvignon wine data. Figure 9.1a, shows that, among the French

oak woods, the Vosges and Tronçais barrel wines were preferred over the wines from the

Limousin barrels (lt<0.05), and Figure 9.lb shows that, for the Australia seasoned and

coopered oak wood, the Vosges and Trongais barrel wines were preferred over the wines

fromthe American barrels út<0.05). ANOVA details are in Appendix Tables K.1 and K.8.
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Figure 9.1. Oak origin effects, according to 'preference'
âmong the Chardonnay and the Cabernet Sauvignon wines.

(a): French oak(n:12). Limousin < Troncais & Vosges,p<0.05. No interaction (Appx. Tab. K.1).
(b): American oak, relative to the French oaks (all Australia seasoned and coopered) (n:6).

American < Troncais & Vosges,p<0.05. No interaction (App*.Tab. K.8).
LSD (5%) bars are shown.

The scale in each figure represents the approximate range

of the individual Fisher-Yates rank transformation values.

Figure 9.2. Seasoning location and/or cooper effects, according to

'preferencef among the Chardonnay and the Cabernet Sauvignon wines.
(a): French oak seasoning and cooper location. No interaction (Appx. Tabs. K.1, K.2 &,K.3).

(b): American oak seasoning location. No interaction (Appx. Tab. K.14).
The scale in each figure represents the approximate range

of the individual Fisher-Yates rank transformation values.
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There was little evidenoe of a seasoning location andlot cooper treatment effect on

'preference.' The nine Australia seasoned and coopered French oak barrel Cabernet

Sauvignon wines were preferred over the corresponditg wines from the Franoe seasoned

and coopered barrels @:0.049\ (Fig.9.2a) but no effect was forurd among the Chardonnay

wines. There was no seasoning location effect for the American oak (Fig. 9.2b). ANOVA

details are in Appendix Tables K.I,K.2, K.3 and K.14.

9.3 Aromas associated with dpreference'

Correlation analysis between 'preferenoe' and the aroma princþal components can indicate

whioh of the arorna groups (PCs) are likely to have oontributed to the 'preference'

expressed by the panels. Individual arornas were similarþ tested for association with

'preferenoe' but, since the combined 'preferenoe' judgement is likeþ to involve r

combination of aromas, the associations with the PCs have been ofprimary interest.

ChardonnaJ¡wíne

'Preference' among the Chardonnay wines was associated with aroma-PC2, involving an

emphasis on 'vanilla,' 'allspice' & 'cinnamon' (p<0.01); it was not associated with either

PC1 or PC3 (Appx. Tab. F.5). Thus, it seems likely that 'preference' has been affected more

b¡r the vanüia- anti qpice-üke arornas than by variations among the other Chartionnay wine

arolnas.

C ab e rne t Sauv i gnon w i ne

'Preference' among the Cabernet Sauvignon wines was associated with aroma-PCl,

involving an emphasis on 'vanillr,' 'berry,' 'coconut,' 'catame\' 'dark chooolafe,' 'coffee'

and 'allspice' ('rich aromas') versus 'earthy' (p<0.01);it was not associated with either PC2

or PC3 (App*. Tab. F.10). Thus, it seems likely that 'preference' has been affected more by

the 'rich aromas' than by variations among the other Cabernet Sauvignon wine aromas.



variations

Chapter 9 'Preference,' and recommendntionsfor fficiency and quality 191

Single compositional causes of 'preference' îre rnlikeþ. Consequentl¡ individual

oomponnd correlations (and the qpecific Ðroma 'imprct-pattern conformity' test for tle

Cabemet Sauvignon wines; Chapter 4) whioh indicate the possible impact of an individual

compound, are of secondary interest to the composition-PCs in this consideration.

Chardonnqvwine

None of the Chardonnay wine composition-PCs were associated with 'preference.' The

differentiation of 'preference' in this wine is, therefore, not likeþ to have resulted from any

one of the main com¡rositional variation 'directions' (PCs, Fig. 2.1). There was also no

association between malate consumption and 'preferenoe' (App*. Tab. M.4 & Appx. Fig.

M.la). Any compositional cause or indicator of 'preference' among these wines is,

therefore, likely to involve either more or less complexity than tle variations summarised by

the PC anaþsis, or to involve compounds not quantified. The cls-oak lactone was the only

individual compound (apart from 4-vinylphenol which was present in insubstantial

quantities) to be associated with 'preferenoe' (Fig. 9.3a) (Appx. Tab. G.2).

C ab erne t Sauv i enon wine

The cls-oak laotone was also positiveþ associated with 'preference' in the Cabernet

Sauvignon wines (Fig. 9.3b) (App*. Tab. H.2) but there were Írany other associations,

inclucting those for the composition-PCs. Nevertheless, the cls-oak lactone was the only

oompound associated with 'preference' in both of the wines.

The many correlations found between 'preference' and the individual compounds in the

Cabemet Sauvignon wines are adequateþ summarised by the correlations found between

'preference' and the composition-PCs (Appx. Tab. H.2). 'Preference' among these

Cabernet Sauvignon wines was positively associated with the 'natural oak products' and the

'coopering heat products,' and was negativeþ correlated with 'some microbial products'

(Fig. 9 a) The most 'preferred' wines in the Cabemet Sauvignon study came from barrels
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made from oak wood containing relativeþ high quantities of the oak lactones and eugeno!

from barrels which had been subjected to relativeþ high 'medium toast' levels, and from

barrels in which relativeþ low levels of microbial activity (especiaþ from Brettanomyces/

Dekkpra qpecies) had occurred during barrel maturation.

9.5 Recommendations

Each wine processirrg choice should be made based on reliable estim¿tions of the arorn¿

consequences. However, ounent oak selection processes and coopering treatments provide

poor estimations, and r,nirrtelded microbial activity can provide further interference. Three

recommendations are made, below, with the aim of improving the predictability of oak

wood and wine processing choices.

The term 'quality' is used, below, to mean the general acceptability of wine from tle

perspective of winemakers, wine judges or other wine 'experts.' It is acknowledged that

many of the panelists may not necessarily fall into one of these groups (although some did)

and that the 'preferenoe' rankings do not neeessarily equate to this definition of 'quality.'

Oak selection based on cis-oak lactone quantifrcation

Oak wood selection based on an estim¿tion of the mean and variance of the cis-oak lactone

colcertration in eacir oak wooti iot prior to usage in winernaking (anti preierabiy prior to

coopering) may constitute an improved strategy over the current reliance on oak origin for

wood selection. If oak selection processes were to be based on c¡s-oak laotone estimations,

the probable aroma potential of an oak lot could be estimated, possibly manipulated or, if
beyond remedy, the wood oould be diverted to another use. This could generaþ raise oak

wood-affectcd winc quality. Further quality improvements could follow when the aroma

consequence of each lot of wood could be relied upon and appropriateþ matched to a

knoum batch of grapes or wine. The commercial trading of lots could also be facilitated.
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Based on association, the quantification of this compound in a batch of oak wood may

indioate the aroma potential of the batch to positiveþ influence 'coconut' in a white wine,

and 'ooCOnut,' 'v1n:l/lø.,' 'berry,' 'dark ChooOlute' And 'Coffee' in a red wine (Chapter 5).

Coopering or other treatments may also be customised to zuit various batches. Acoortling to

various autlors (Marsal and Sarre 1987, Chatonnet et al. 1989 &' 1991, Maga 1989a),

heating variation might modify the cls-oak lactone concentration (although no such

modifi.cation was observed in this study). Heating variation oould also substantially augment

any aroma provided by this oompound, or it oould partialTy compensate for a lack of any

such aroma in the case of a batch of low concentration, by the addition of other important

arolnå compounds. Altemativeþ, there may be other techniques available to modify oak

wood potentiat relative to cis-oak lactone richness. Towey and Waterhouse (1996), fot

example, have suggested that SO2 gas can increase the yield of oak lactones from oak

wood. If this is true, poor batches rnay be zubjeoted to remedial action prior to deplol'ment

in winemaking, unless the pool ofprecursors is also poor in these oak woods.

Quantification ofthe cls-oak lactone in batches of oak wood using gas chromatography is a

quality assurance activity within the reach of all Austratan wineries, coopers and other

suppliers, either through their internal resources or through those provided by external

laboratories zuch as that of The Australian Wine Research Institute.

LO'W

The identification of heating variation during coopering as a substantial oontributor to oak

aroma variation, suggests that advanoes in quality assurance can be found by tightening the

controls on this process.

The clearþ antagonistio behaviour of 'smoþ' and 'green apple' in the Chardonnay wine,

according to the 'emphasis on coopering heat products'-Pc (Fig 6.6) and the strong

positive association between the corresponding PC and 'coffee' in the Cabemet Sauvignon

wine (Fig. 6.7) represent just some of the arolna variability that can arise from unintended

variation around 'medium toast' coopcring. Improvements in the thermal control of this

process are, therefore, likeþ to be usefrrl.
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Chapter 7 illustrated how some oak wood-derived compounds oould be readily transformed

during alcoholio- and malolactio-fermentations or simply during the microbial actrtnty that

can occur in a sugar- and malate-depleted and sanitised wine. While the aÍomfl

consequences of these transformations have not been oonfirmed, it may be that the use of

sterilisation in combination with the t"ning of the oak wood contact period could provide

opportunities for creating different rrorna effects in wine, perhaps similar to those founrl in

brandy, a sterile beverage stored in oak wood barrels.

If one were to make use of oak wood that contained low quantities of cls-oak lactone, and

then compensate by ensuring that it were subjeot to relatively high 'medium toast' levels,

qpecial attention should be paid to any potential for microbial activity during wine storage.

This is important because some of the 'coopering heat products' (furfuraf 5-methylfirrfrral

and vanillin) are zusceptible to biochemical reduotion, while the 'natural oak products,' cl.s-

and. trarß-aak lactone and eugeno\ appen to be stable.

Microbial affects on oak wood-derived aromas in the Caberret Sauvignon wine, considered

to be deleterious by the 'preference' panel in this study (Fig. 9.ab), were identified and are

of practical importance. With increases in ,t-ethylphenot a product of miorobial activity

þarticularþ fromBrettanomyces/Dekkera species), 'allqpice' and'coffee' decreased (App".

Tab. H.2). Thus, sanitation processes may be important to the maintenanoe of oak wood-

derived aromas in red wine.

The yeast qpecies implicated in ,t-ethylphenol production are resistant to sulfite (Romano

and Suzzi 1993), and the maintenanoe of total SOz oonoentrations around 100 mg/L

(Sponholz 1993) or free SOz concentrations of at least 3O mgtL (Chatonnet et al. 1992a)

have been recommended for red wines exposed to these microorganisms. Current Australian

industry practice of red wine'maturation at concentrations below this level (Anon. 1995)

and its perceived benefit should be viewed in relation to any possible deleterious effect on

oak wood-derived aroma. Alterratively, other sanitation practices rnay be employed to

avoid the possibly deleterious consequences of this microbial activity.
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9.6 Summarv and conclusion

The Vosges and Tronçais oak-stored wines were preferred by the experienced panel over

those stored in the Limousin and American oak. This trend was consistent with the positive

association between cis-oak lactone concentrations and the 'preferenoe' indications for

both the Chardonnay and the Cabemet Sauvignon wines. The Caberret Sauvignon wine

panel in this study also showed 'preference' for wines from barrels which had been

subjeoted to relativeþ high 'medium toast' levels and fiom barrels in which relativeþ low

levels of microbial activity had oocurred during banel m¿turation.

The results of this study have shown that barrel-effects on wine aroma cîln be

unpredictable. This is reflected in the practices of some Australian winemakers who, despite

attempting to pair appropriate wines with appropriate barrels, wait until the end of the

barrel maturation period before finally deciding which particular barrel wines are to be used

for each of the commercial wines to be produced.

It should be noted that only two wines, both from Coonî'waÍÍr (South Australia), were

involved in the study, and that tle applicability of the oonclusions to other wines is

unknoram. Nevertheless, the illustration of patterrs among the arotnas and volatile

compounds in this Chardonnay and this Cabernet Sauvignon wine has suggested the

possrble nature of some of the aroÍu vanatrons. These üiustrations may, therefore, aüow

the development ofprocesses desþed to improve the predictability ofthe aroma-outoomes

following oak wood selection, processing and deplo¡ment choices, as suggested.

Once winemakers are able to seleot and deploy oak wood, confidently aware of the arotna

consequenoes oftheir ohoioes, the blend of arom¿-effects may be more substantially oreated

at the beginning of the barrel maturation process. This may be preferable to the practice of

reqponding to the sometimes unexpected aroma-effects, by re-assigning individual barrel

wines to difFerent products, at the end of the prooess.
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Appendix outline

Oak origin
Seasoning ...

Chardonnay vinification, conventional wine measurements and sampling ....

Cabemet Sauvignon vinification, conventional wine measurements and
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sampling
4.5 Model wine concoction, conventional wine measurements and sampling ....

An overview of the ex¡lerimental desþ is given in Chapter 1; further details are given,

below.

,4..1 Oak oriein lfrom Sefton ef øf 1993a)

The American wood was harvested from a2}heatare mixed species stand (qpecies were not

determined), halfivay between Columbus and Cincinnati, Ohio. Approximately two hundred

100 - L20 yeau. old trees, gtown on flat to rolling tenrin, were logged for the sample. The

wood from the Vosges region was sorrced from the Darrey forest, approximately 40 km
south east of Epinal in the Department of Mame. These trees were approximately 180 - 220

years old. The wood from the Limousin region was taken from an area approximateþ 10

km south of Cruéret, in the department of Haute-Vienne. The trees were approximately 100

- 150 years old. The fourth lot of wood was fromthe Trongais forest of central France.

.4'.2 Seasonine (from Sefton ¿f ø/. L993a)

Wood was stacked to allow free circulation of air. The Amerioan wood seasoned in its
country of origin was kept at Waverly, Ohio. The climate at this looation is temperate, with
a mean July (summer) temperature of 2l oC and a mean January (winter) temperature

between 0 and 5 'C. The annual precipitation mean is close to 1000 mm, and is evenly

spread throughout the year (Weil, personal communication). The wood seasoned in
Australia was kept on the premises of C.A. Schahinger Pty. Ltd., Adelaide, where the mean

January (summer) temperature is 22.6 oC and tle mean July (winter) temperature, 11.1 oC.

The average annual rainfall at this location is 530 mm, with aî Lver:rge of 67 mm in July and

2O mm in January (Adelaide Bureau of Meteorology). The French oak seasoned in Franoe

was kept on the premises of Tonnellerie Ludonnaise, Ludon, Médoc" The mean July

(summer) temperature at this location is 20.5 "C, while the mean winter temperature

(November to March) is 7.4 oC. The mean annual rainfall is 833 mm and is evenly

distributed throughout the year, witl a mean July rainfall of 52 mm (Gladstones 1992 p.

200).
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Appendix Table 4.1. Some conventional wine analysis results for the 1991
Chardonnay vinified at Rouge Homme winery, Coonawarra, South Australia.
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For meaning of barrel code, see Appendix Table 4.2.

Blank cells indicate missing values.

* It is reasonable to conclude, using these malic acid values, that no Chardonnay wine had undergone
appreciable MLF at the time of racking, i.e. all MLFs occurred between racking and the final sampling
(between Il & 55 weeks).

** Added at bottling: SOz (to estimated 25 mglL free) & dimethyldicarbonate (DMDC) (0.15 mL/L\For 10
L of wine, 1.5 mL DMDC was mixed in 10 mL of ethanol, then stirred into wine, and bottled and sealed
within 15 minutes. Also, additions of malic acid were made to counter the deacidifring effect of MLF. A
400 glL aqueous solution of Dl-malic acid (Unilab 236I,99% pure) was used.

alcúol

(o/6Yli> @Lf

#: Titratable acidity in úL, as tartaric acid equivalents.
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A 1991 Coonawarra (South Australia) Chardonnay was fermented to 6 oBaumé in stainless

steel tank and then transferred, Lt Lpproximately 8 oC, to tlree of eaoh of tle eight
treatment barrels (24 barrels) aod a 200 L stainless steel drum ('control'). 1.0 g/L of
bentonite was added during transfer. The wines reached fermentation 'd4mess' five weeks
after being transferred to barrel. After 11 weeks, eaoh of the barrels and the control was

separatd racked to remove bentonite and yeast lees, rinsed, and refilled with the same

wine. The wines were stored in a temperature-controlled room at approximately 15 'C.
Malolactic fermentation was discouraged - no inoculation was performed and free SOz

was maintained at around 30 mglL - but it ocourred to varying degrees in some of the
barrels during the following 44 weeks maturation. After 55 weeks in barrel or drum, the
wines were sampled prior to commercial blending and bottling.

Alcohol concentratio[ malls acid concentration, pH, titratrble acidity, and free and total
SOz were determined for all of the barrel wines and the stainless steel drum-stored control
wine at the end of the m¿turation period, as shor¡m in Appendix Table 4.1. Mato acid

determinations were made on some of the 11 week samples to identify the period in which
malolactic fermentation (MLF) prooeeded. Apafi from the malic acid determinations, no
indicators of post-fermentation microbial activity were recorded.

Samples for volatile compound analysis were taken at 11 and 55 weeks. All eight treatments
were sampled at 55 weeks but only three of them - the Australia seasoned and coopered
American oak, and the France seasoned and coopered Limousin and Tronçais oaks
takenat ll weeks. The controlwinewas also sampled at 11 and 55 weeks. These samples

were stored under a COz atmoqphere in crou¡r-sealed 750 mT bottles at -10 oC until
anaþsis. Appendix Table A.2 ndicates the barrel oodes applicable to the treatments, and the
pattem of sampling for the Chardonnay wine.

Appendix Table 4.2. Oak source, seasoning and coopering locations,
barrel codes and sampling times for the Chardonnay wines.

4 definedr,,lofs tocation of Location,,,of ,,,,:'

of.oak wood :sçasqni[sr 'tôäpçrihd

American

,,,$hup,ling::fiqps
,1,!',,, 55 . ,

weets ryeckç

controll

AU4, AU6, AUTO
AAIO, AAl ], AA22

FL3, FL4, FLs
LA27, U34, LA4I

FT3, FT4, FT5
TA23, TA3], TA46

Limousin

Tronçais

Vosges

USA
Australia

France
Australia

France
Australia

Australia
Australia

France
Australia

France
Australia

France France w3, w4, w5
Australia Australia VA32 VA38 VA39

Open-air seasoning for three years.
2 Coopering: Three 300 L barrels, fired to 'medium toast,' for each of the eight treatments.
3 Control wine stored in 200 L stainless steel drum.
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Separate samples were taken for sensory analysis. Ten litres were taken from each banet
and 60 L were taken from the oontrol. All were stored in five litre glass 'Winchester' bottles

witl screw-caps, under a COz atmosphere at approx. 2 "C for 30 weeks, before sterilisation
and bottling to crown-seaÍed375 mT. glass bottles.

Since some of the barrel-wines had undergone MLF, the pH and trtraøble acidity (TA)
values varied between 3.26 and 3.48, and between 4.9 md 6.4 g[L, reqpectiveþ (App*.
Tab" 4.1). Consequently, additions of Dl-malic acid (Unilab 236I,99.0Vo pure, as a 400

g/L aqueous solution) were made in varying amounts to bring these values to between 3.24

and3.36, andbetween 5.8 and 6.5 E/L. Those samplesinAppendix Table 4.1 with differe,nt
pH and TA values after bottling, were subject to these acid additions (0.2 to 1.2 gtL).
Dimethyldicarbonate (DMDC), at 0.15 mT in 1mL of ethanol lL of wine, was added,

along with varying amounts of a 15 %o aqueous SOz solution (as sodium metabisulfite)
bringng the free SOz concentration to between 20 md 34 mgtL (Appx. Tab. 4.1), to
sterilise each of the wines. The bottling of each 10 L batch, under an atmosphere of COz,

was complete within 15 minutes of the DMDC addition. The wines were the,n stored for
110 weeks at approximately 2 "C followed by 12 weeks at approximately 20 oC before
sensory anaþsis.

A 1991 Coonawarra (South Australia) Cabemet Sauvþon underwe,nt alcoholic and
malolactic fermentation in a stainless steel tank before being transferred to three of each of
the eight treatment barrels (24 banels) and r 2OO L stainless steel drum ('oontrol'). The
wines were stored in a temperature-controlled room at approximately 15 "C. After 93
weeks in banel or drum, the wines were sampled prior to oommercial blending and bottling.

Alcohol concentration, pH, titratable acidity, and free and total SOz were determined for all
of the barrel wines and the stainless steel drum-stored control wine at 93 weeks, as shown
in Appendix Table 4.3. No indicators of microbial activity during barrel storage were
recorded.

All eight treatments and the control wine were sampled for volatile compound anaþsis at 93
weeks. These samples were stored under a COz atmoqphere in cror¡rn-sealed 750 mI-
bottles at -10 oC until analysis. Appendix Table 4.4 indicates the barrel codes applicable to
the treatments, and the pattem of sampling for the Cabemet Sauvignon wine.

Se,parate samples were taken for sensory analysis. Ten litres were taken from each barrel
and 30 L were taken from the control. All were stored in five litre glass 'Winchester' bottles
with screw-caps, under a COz atmosphere at approx. 20 oC for 41 weeks. The wines were
then sterilised with DMDC, they received SOz additions and were bottled in the same
mânnet as the Chardonnay wines, except that no CO2 cover was used. The resultant total
SOz concentrations ranged from 63 to 84 mgtL (App*. Tab. 4.3). The wines were then
stored for 59 weeks at approximately 20 oC before serisory anaþsis.
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Appendix Table 4.3. Some conventional wine analysis results for the 1991

Cabernet Sauvignon vinified at Rouge Homme winery, Coonawarra, South Australia.
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For meaning of barrel code, see Appendix Table 4.4.

* SOz determined, after 41 weeks storage in 5 L glass bottles, prior to final adjustment preceding bottling.
50 mglL SOz was added 41 weeks earlier, at barrel sampling.

** Approximately 40 møL SO2 was added at bottling (to reach around 75 mgtL total SQ & probably

around 2O mglL free SOz, after a few days of equilibration). Dimethyldicarbonate (DI/DC) (0.15 mL/L) was

also added. For 10 L of wine, 1.5 mL DMDC was mixed in 10 mL of ethanol, then stirred into the wine,

and bottled and sealed within 15 minutes.

#: Titratable acidity in glL, as tartaric acid equivalents.
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Appendix Table 4.4. Oak source, seasoning and coopering locations,
barrel codes and sampling times for the Cabernet Sauvignon wines.

4 dêffueal:.lots

ofo*k woud

American

I-imousin

Tronçais

Vosges

Locafiou,,,of
::õq4sf¡-n¡4g1,

tocation,:of
eaoD€,fi*n : '.',.,,.,Bâürtl:, code

Sampling,tÍmc;
't ''Ygwre,ks

USA
Australia

France
Australia

France
Australia

France

Australia
Australia

France
Australia

France
Australia

France

controll

AU7, AUg, AUg
4436, AA4O, AA48

NL6, NL7, NLg
u123, r"4i0, LAiS

NT6, NT7, NTq
TA8, T425, TA39

NV6, NV7, NV&
Australia Australia VAl V421, VA27

Open-air seasoning for three years.
2 Coopering: Three 300 L barrels, fired to 'medium toast,' for each of the eight treatments.
3 Control wine stored in 200 L stainless steel drum.

A 12 % aqueous ethanol solution, saturated with potassium hydrogen tartrate, pH adjusted
to 3.45 by addition of tartaric acid and containing 2S mglL SOz was concocted as a model
of a real wine, and stored in two of each of tle eight treatment barrels (16 barrels) and a
200 L stainless steel drum ('control') for 93 weeks. The model wines were storerl in tlre
same temperafure-controlled room as the Chardonnay and the Cabernet Sauvignon wines.

Alcohol concentration, pH, titratable acidiry and free and total SOz were determined for
some or all of the barrel wines at various times tlroughout tle maturation period, as shoum
in Appendix Tables 4.5 to 4.8. Additionally, the model wines were screened on seven
occasions during the 93 week storage period for the presence of yeast and bacteria. Fifty
mT samples were filtered through sterile 0.45 micron membranes (Gelman Sciences Inc. 47
mm GN-6 Grid S-Pack) which were then plated on WL Nutrient media ('Oxoid') for yeast,
and MRS Broth ('Oxoid'), supplemented with 20 o/o clarified apple juice and 10 mgtL
cyoloheximide, for bacteia. The plates were incubated aL 25 oC for two weeks. When
'significant' numbers of yeast or bacteria colony forming units (cfu) were detected, the
contents of the barrel were sterilised by the addition of 0.15 mL DMDC in I mL of ethanol i
L of model wine, together with maintenance of free SOz concentrations around 30 mgtL.
One barrel at one sampling showed 36 yeast cft/ml but all otlers showed less tlan 7
(usually zero) yeast or bacteria cfii/ml-. These results are shoum in Appendix Table 4.9.
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Appendix Table 4.5. Total SOz (mg/L) of the model wines barrel-aged,
from 1991, at Rouge Homme winery, Coonawarra, South Australia.
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6t
47

57

52
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28
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Grqnd mean 40

For meaning of barrel code, see Appendix Table .A'.10.

Appendix Table 4.6. trYee SOz (mg/L) of model wines barrel-aged'
from 1991, at Rouge Homme winery, Coonawarra, South Australia.
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0
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For meaning of barrel code, see Appendix Table 4.10.
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Appendix Table 4.7. Alcohol (o/o v/v) of the model wines barrel-aged'
from 1991, at Rouge Homme winery, Coonawarra, South Australia.

1t, .,

AU2
AU3
AA34
AA47

12.0

12.O

t2.0
t2.0

t2.7
12.7

12.7

t2.8

t2.7
t2.5
'12.s

t2.6

12.4

t2.3
t2.4
12.3

t2.3
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12.4
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t2.6
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12.7

12.6
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t2.5
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t2.5
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t2.0
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12.0

t2.0

t2.r
t2.l
t2.2
t3.4
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11.9
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12.4

11.5

lt.7
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12.4

11.5

tL.7
12.2

12.4

tt.9
12.t
t2.5
12.6

11.6
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11.6

11.8

12.2

t2.4

12.0

12.2

t2.5
12.8

11.8

11.9
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12.6

NL]*
NL2*
LA33**
LA42

NT]
NT2
TA9

TAlO

W]
NV2
VA2

VA28

12.6

t2.3
t2.3
t2.4
12.4

t2.5
t2.4
12.4

t2.4
t2.4
12.3

t2.4

t2.4
t2.4
t2.4
12.4

12.0

12.0

t2.0
12.a

t2.6
12.6

12.8

t2.8

12.6

12.5

t2.6
t2.7

12.3

12.3

12.3

t2.4

t2.9
t2.9
t2.8
t2.6

12.3

12.4

12.4

12.4

12.3

12.4

t2.4
12.4

12.7

12.9

12.7

t2.6

12.s

12.s

t2.5
t2.5

12.0

t2.0
12.0

12.0

12.8

12.6

t2.7
12.7

t2.5
t2.4
t2.5
t2.6

t2.4
t2,3
12.4

t2.3

12.9

13.5

13.2

12.7

t2.7
t2.7
t2.6
t2.8

12.6

t2.6
t2.6
12.5

Grand mean 12.4

For meaning of barrel code, see Appendix Table A. 10
* NLI &, NL2 were not completely filled on the first day; they were 80 % filled then topped the following
day with a different concoction (but the same recipe) of model wine. A slightly difrerent alcohol
concentration in the second batch may account for the low values.
** L4:t3 was the f-trst barrel fiiied. The low values may, therefore, be a result of dilution of the model wine
by water in the lines, e/c,

Appendix Table 4.8. Dissolved oxygen and acidity of the model wines barrel-aged,
from 1991, at Rouge Homme winery, Coonawarra, South Australia.

Barrel (meltr,)

control

pH
O rxtks 5 5 u¡ks 9î,.rilc¡

3.40

3.25

3,27

3.26

3.24

3.20

For meaning ofbarrel code,

see Appendix Table 4.10.

cells indicate missing values.

* NLI &, NL2 werenot completely
on the first day; they were

80 % filled then topped the following
with a different concoction

the same recipe) of model wine.
A slightly different tartaric acid

in the second batch
may account for the slightly low
final pH values and the slightly
high final titratable acidity values.

#: Titratable acidity in e/L,
as tartaric acid equivalents.

AU2
AU3
AA34
AA47

5 .7 i 3.45

2.s i 3.45

3.15

3.t4
2.r
1.9

3.45

3.45

3.t3
3.09
3.t4
3.09

3.r7 i

3.25 i

318 i

2.t
1.9

2.2

2.0

2.1

3.4

1.8

1.2

0.8

0.8

0.8

0.8

3.45

3.45 3.t3

2.4

2.3

2.3

2.5

2.6

2.7

2.4

2.5

NL]*
NL2*
LA33
LA42

NT]
NT2
TA9

TA]O

3.45

3.45

3.45

3.45

3,20
3.20
3.23

3.21

2.4

2.3

2.4
2.4

3.11

3.t2

NVl
NV2
VA2

VA28

3.45

3.45

3.45

3.45

3.23

3.22

3.23

3.22

311

3.t4
3.08

1.8

aCitlitv:lsÃìI '

55,r¡ftr. .g?,,ii;li.:

Titratable

2.0 2.4

1.9 2.3

2.4

2.4

2.4

2.0

2.0

mean

2.7

1.5

1.4

0.8

3.45 3.12 3.22

1.9

2.0
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Appendix Table 4.9. Yeast and bacteria counts (cfu/ml) made of the model wines
barrel-aged, from 1991, at Rouge Homme winery, Coonawarra, South Australia.

AU2
AU3
AA34

AA47

0.10

36.00

1.50

1.30

0.90

0.02

0.15

36.00

0.02

NLl
NL2
LA33

LA42

4.00

r.40
0.50

0.40

5.00

6.00

0.50

4.00

0.10

NTl
NT2

TA9

TAlO

1.50

0.02

1.30

0.90

0.40

3.00

0.10

3.20

0.40

3.00

0.10

3.20

NVl
NV2

VA2

VA28

For barrel code meaning, see Appendix Table 4.10.
Blank cells indicate that no cfu were detected.
* Not specified.
*+ Plated for bacteria but bacteria cfu were not detected at weeks 32, 48 &, 55.

i..... ....i DMDCtreatments: NLI,NL2&,LA42received0.15-0.20nrLlL,2-3weeksfollowingthell
or 32 week sampling. Additionally, all barrels received 0.12 mL DMDC/L model wine approximately one

week prior to the 22 week sampling. DMDC additions always made with addition of 30 - 50 mglI. Soz.

Samples for volatile oompound analysis were taken rt 6, LI,32,55 and 93 weeks. All eight

treatments were sampled at 55 and 93 weeks but only four of them - the two American

oak and the two Limousin oak treatments (Fig. 1.2) - were taken at the earlier three

samplings. The control wine was also sampled at week 11. These samples were stored

under a COz atmosphere in crorvn sealed 750 mL bottles at -10 'C until analysis. Appendix
Table 4.10 indicates the barrel codes applicable to the treatments, and the pattem of
sampling for the model wine.

0.01

0.01

0.03

0.01

0.02

0.03

0.02

4:00

0.04

6iCI0

0.01

0.01

0.02

0.01

0.01

0.01

0.01

0.01

0.02

0.15

0.01

0.02

0.03

0.01

0.r7
0.06 0.02

0.02

4.02

0.08

baú.e¡iù

"11 .'

YeaS or,'
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Appendix Table 4.10. Oak source, seasoning and coopering locations,
barrel codes and sampling times for the model wines.

controf

American

Limousin

Tronçais

Vosges

USA
Australia

France
Australia

France
Australia

France
Australia

Australia
Australia

France
Australia

France
Australia

France
Australia

AU2, AU3
4A34, AA47

NLI, NL2
aß, LA42

NT], NT2
TA9, TALO

W|, NV2
VA2, VA28

t Open-air seasoning for three years.
2 Coopering: Two 300 L barrels, fired to 'medium toast,' for each of the eight treatments.
3 Control model wine stored in 200 L stainless steel drum.
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Appendix B

Volatile compound quantification materials and methods

Appendix outline

B.l
8.2
8.3
8.4
8.5
8.6

Preparation of samples for chromatography
Standards
Gas chromatography - mass qpectrometry conditions .............
C omp ound identification (mass sp eotrometry and coinj ection)
Effeots of sulfite variation on standard recovery
Data analysis ............

207
208
208
208
2t0
210

8.L. Prenaration of samnles for chromatographv

All solvents were analyticalgrade and distilletl prior to use. Methylene chloride was used as

the solvent for all standards subjeot to direct injeotion to the gas chromatograph (GC), and

96 % ethanol was used for all standards to be added to the wine saryles prior to
liquid/liquid extraotion. Whenever water was used as a solvent, e.g. for the saturated

aqueous solution of sodiumbicarbonate, it was distilled and membrane (MilliQ) filtered.

Vanillin was extracted from the wines and quantified by stable isotope dilution anaþsis, as

described in Spillman et al. (1997). The 19 other target-compounds were extracted and

analysed in the following Íranner. An intemal standard (2,6-dr-terl-butyl-4-methylphenol
i.e. butylated hydroxytoluene, abbreviated to BHT) was added (0.30 mL of 200 mglL 96 o/o

ethanol solution) to each 200 ml aliquot of Chardonnay or model wine saryle (Vteldiog

approx. 300 ¡rg of internal standard per litre of sample) prior to continuous liquid/liquid
extraction with Freon Fll for three days (waterbath at approx. 38 oC and condenser at

approx. 2 'C) as described by Wilson et al. (1984).

The Cabemet Sauvþon wines were extracted in the same mânner but a second internal

standard (2,5-dimethylphenol, abbreviated to DMP), added just prior to GC injection (0.20

mT of 305 mg/L methylene chloride solution to - I mI sample, correspontling to an initial
concentration of 305 þglLlr-the 200 mr wine sample), was used because it allowed grcater

precision (determined from standard recovery experiments). This methodological
improvement was made after the Chardonnay and model wine anaþses had bee,n completed.

DMP is recommended for future research. No endogenous BIIT or DMP was found in the

wines.
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The Freon extracts (approx. 400 mL) were evaporated, through a Vigreux column packed
with Fenske's helices, over a water bath at approximately 38 oC. The solvent was replaced
with metlylene chloride (approx. 10 mL) and reduced to approximately I mL (waterbath at
approx. 70 "C). Methylene chloride (approx. 50 mL) was again added, the sample dried
over MgSOa, rîdthen fiuther reduced to approximately I mL. The samples were stored at -
20 "C prior to analysis by gas chromatography - mass qpectrometry (GC-MS).

For extracts of the Chardonnay and the Cabemet Sauvignon wines, methylene chloride
solutions (at approx. 90 mL) were subject to 'washing' with 2 x LO mT. of saturated
aqueous bioarbonate solution to remove chromatography-interfering faffy acids, derived
from primary fermentation. This was followed by a 'washing' with I x 10 mT of saturated
aqueous sodium chloride to aid phase separation. The samples were then dried and
concentrated, as described above.

8.2. Standards

C)n each day of analyses, a 'standards mix' (weighed quantities of l=5 of the 20 target
compounds, along with the intemal standard, in methylene chloride) was subjeot to GC-MS
analysis in the same manner as the experimental samples. The standards and the
approximate concentrations used are listed at Appendix Table 8.1. The standards and the
standards mixes were stored in a freeze.r (-20 'C), and the standards mixes were renewed
within one to two months in most oases. The stability of the compounds in these mixes was
determined, occasionally, and found to be adequate over this time frame.

Extracts were analysed with a Varian 3400 gas chromatograph coupled with a Finnigan
MAT TSQ70 mass spectrometer. The gas chromatograph was fitted with a 30 m x 0.25 mm
J&W fused silica capillary column DB-1701, 0.25 pm film thiolness. This column had
proved adequate for the separation of a variety of compounds in past research conducted in
our laboratory. The oven temperature was started at 60 oC, held at this temperature for I
minute then increased to 200 "C at 4 "Clmtn, then to 250'C at 50 "C/min, and held at this
temperature for 20 mfurutes. The injector was held at 22A "C, the transfer line ai 250 "C and
the detector at 200 oC. The sample volume injected was 3 ¡rL. The splitter, at I:12, wars
opened after l8 seconds. Positive ion electron impact spectra at 70 eY were recorded in the
range m/z 35 - 350 for scan runs. Mass fragments were scanned every 0.5 seconds.

Sixteen of the 20 comporrntl irlentifications were initially based on comparisons of GC
retention time and mass spectra between purified compounds and banel samples (App*.
Tab. 8.2). Fifteen of these identifications were later confrmed by coinjection (,1-
ethyþaiacol was not confrmed in this manner due to depletion of the purified sample).
Three of the compound identities were later con-firmed by comparison to synthetic samples
(the three ethyl ethers, work of Sefton, in Spillman et al. 1998). Two compound identities
(5-methylfirfuryl alcohol and 4-vinylphenol) were based only on comparisons of the mass

qpectra with published spectra in the MS computer data base.
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Appendix Table 8.1. Purified compounds used as standards.

Approximate
concentr¡tion
,,iñ,,st¡ndards,,,' 
;,¡r f,FÆ \ìÌ,,',',',,,''

furfural / turaldehyde 1000 Fluk4 Switzerland, 100 mL, > 99 %opure

5-methylfurfi,rral /
5-

s9191919
guaiacol

500 Fluka, Switzedand, 100 mL

Fluk4 Switzerland, 25 rrrL,> 97 Topure

Aldrich Chem Milwaukee, Wis. 53233 USA
Department of Chemistry, University of Adelaide

10 Aldrich Chem Co, Milwaukee, Wis. 53233 USA

Oxford Organic Chemicals Ltd, Brackley,

100 of Chemistry, of Adelaide

200 Fluka Switzerland, 25O g,> 97 Yopure

alcohol

maltol /

l:þ.y9t.orv--?:r-e1þv-1-4-....p.v..T.9r9
4-methylguaiacol 5

...................?.,1 :*-'r:tt'/nþ.çl gl

4-ethylphenol
4-ethylguaiacol 5 Oxford Organic Chemicals Ltd
4-vinylguaiacol 50 Oxford Organic Chemicals Ltd, Brackley,

Northamptonshire, UK, L0 g

cis- & trans-aak lactone 100 Allied Flavours, 100 g (whiskey lactone)

mix of
Eugenol BPC Clove Oil Trpnless 10 Bush Boake Allen Aust Ltd,6O-8969,2184 sample

2,6- di- t e r t-brrtyl-4-methylphenol
(butylated hydroxy toluene) 100

-o.gp_e$Lçt'1._o_t.9_îd't,v,._u_y.yglti-ry__"f +.9S1?19.9
synthesised in our laboratoryvanillyl

vanillin 200 Oxford Organic Chemicals Ltd, Brackley,
UK

vanillyl alcohol 100 Department of Chemistry, University of Adelaide
Ì: 'standards mixes' for direct injection to GC were made-up in methylene chloride; 'standards mixes' for
standard recovery experiments were made-up in96%o ethanol; each in an A grade 250 rrlL volumetric
flask. Masses less than 5 mg were usually made-up, in a separate volumetric flasþ to ten times the required
quantity, then one tenth was volumetrically transferred.
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8.5. Effects of sulfite variation on standard recoverv

Since sulfite can bind easiþ with aldehyde firnotional groups (Pepautl 1981 pp. 269-270),

some of which are present in the target-compounds, the small sulfite concentration

variability among the samples (Appx. Tabs. 4.1, A.3, 4.5 & ,{.6) was identified as a
potential interference to measurement acctuacy and precision.

800 mI model wine, 0.8 mI BHT (200 mgtL 96 % ethanol solution), and 4.0 mT of a

'standards mix' (96 %o ethxnol solution) were mixed thoroughly and split into two portions.

The sulfir dioxide in one ofthe portions was adjusted to 5O lrrglLusing an aqueous solution

of sodium metabisulfite. Each of the two portions was split into two, then extraoted, and the

oompounds quantified as normal. Approximateþ I hour lapsed between adding the sodium
metabisulfite solution and initiating the extraction which proceeded for 3 days. Any effect
for a reaction which had not proceeded within this time frame would not have been

detected.

Sulfite effect on furtrrryl ethyl ether, 5-methylfurfuryl ethyl ether, 5-methylfrrfirryl alcohof
4-vinylphenol and vanillyl alcohol were not determined. Within the kinetic limitations ofthe
experiment, the 15 other compounds varied within +/- l0 o/o v,ttth addition of sulfite, and

were within the 95 7o confidence interval deviations from the no SOz treatment.

This experiment indicates that, unless a reaction was too slow to have been detected, none

of the 15 added compounds, including all of those with aldehyde firnctional groups, were
significantly affected by a variation in SOz conoentration of 50 mglL.

8.6. Data analvsis

The concentration data were analysed by various parametric data anaþsis methods. They
were also ranked and used in Spearman's rank correlation anaþsis with the renked sensory
data.

Treatment differences were investigated by analysis of variance (ANOVA). Single factor
ANOVAs (Microsoft Excel V5.0) were performed occasionally but most of the anaþses
were factorial, using fixed factors. When more than one of the wines was included, the
analysis was one of tlu'ee factors (oak origin x seasoning location x wine). Otherwise they
were of two factors, and factorial ANOVAs, with interaction, were performed using Excel
or SYSTAT V5.0 statistical software. When missing cells were encountered, due to the
omission of an outlier or due to the anaþsis of the model wines (replioated twice) with the
Chardonnay and/or the Cabemet Sauvignon wines (replicated three times), an unweighted
means model (Kirby 1993 pp. 318-323) was used.

The repeated-measures aspect of some of the analyses, e.g. the compound accumulation
anaþses discussed in Chapter 8, was accommodated by two factor, repeated-measures,
ANOVAs, without replication (Microsoft Excel V5.0).

When a multþle comparison was required, following any ofthe ANOVA desþs, a two-
tailed Fisher's least significant difference (LSD) (p<0.05) was performed to separate the
means.



Appendix B Volatile compound quantification materials and methods 211

Appendix Table 8.2. Compound identification data.

Retent.
time
r,elat.

Gompound

furfural
furfuryl ethyl ether
furftrryl alcohoi
5-methylfuif.e.e.*
5-methylfurfi.rral
5-methylfurf.alc.*

ryclotene
guaiacol
maltol
4-methylguaiacol
2,5-dimethylphenol#
4-ethylphenol
4-ethylguaiacol
4-vinylguaiacol
4-vinylphenol
trans--oak lactonel
eugenol
cr'.ç-oak lactonel
BI{T##
vanillyl ethyl ether
vanillin
vanillyl alcohol

96,95 (95Yo)

8r,126 (2s%)
e8,81(s0%)
es, r40 (2s%)
110, 10e (e5%)
95,ll2 (40Yo)

I12
r24, r0e (90%)

t26
r38, r23 (80%)
r22, ro7 (70%)
107, r22 (3s%)
137, ts2 (40%)
150,135 (70Yo)

r20,er (60%)
99

t64,149 (45%>

99
2os,22o (30%)
r37, t82 (4s%)
LsL, rs2 (8s%)
Is4,I37 (50%)

yes

yes

yes

yes

yes

*
yes

yes

yes

yes

not applicable
yes

yes

yes

yes

yes

yes
yes

not applicable
yes

yes

yes

yes

yes

not applicable
yes

yes
yes

0.337
0.34r
0.407
0.49r
0.547
0.669
0.678
0.767
0.874
0.967
1.000
1.084
1.131

r.234
1.252
r.266
t.276
t.332
t.440
t.496
1.505
r.626

96
r26
98

140

110

TT2

t12
t24
r26
138

r23
122

t52
150

t20
99
164
99
220
t82
t52
154

yes

yes

yes

yes

yes

yes

yes

yes

not applicable
yes

yes

Yes

* 5-methylfurf.e.e. :5-methylfurfuryl ethyl ether; and 5-methylfurf.alc.:5-methylfurfuryl alcohol.
# Internal standard (I.S.) used for the Cabernet Sauvignon wines.
Ï Oak lactones : cis- and trans-þ-methyl-y--octalactone.
## Internal standard (butylated hydroxytoluefle, i.e. 2,6-di-tert-bltyl-4methylphenol) used for the model

and Chardonnay wines.

$ A space indicates that the purified compound was not available for mass spectrum comparison or
coinjection.
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Appendix C

Composition principal components analysis results

Appendix outline

c.1
c.2
c.3

Chardonnay wine

Cabernet Sauvignon wine .

Modelwine

2t3
2r6
2t9

PC analysis was performed using SYSTAT, V5.0 (SYSTAT, Inc.) statistical software. The analysis

was based on a Pearson's product-moment correlation matrix, three PCs were retained and a varimax

rotation was performed.

C.l Chardonnav wine

Raw data were the Chardonnay wine composition data listed inTable 2.2.

Table C.1. Pearson's product-moment correlation coefficient matrix.

ß
trM

eug 0.5u10o.6u

0.581

guøioc 4.214 4.210 4.137

4mg -0.153 0.078 0.220

vm 4.2Y2 4.316 -0.224

mqlt

Jurf

""f
5nÍ

.falc 0.52504E5{4894.654-0.591

0.7010.9100.376o.5970.7370.653

0.7780.7090.6220.5730.E01

0.4700.538o.7350.841

o.5470.575-0.4E4.6714.472

-0.053 -0.019 -0.081

4.377

{.072 -0.015 -0.û20

0.128 4.096 0.:245 4.125

o.722

0.34

-0.171

0.429

{.107

4.2E9

I
0.395

0.L76

{.120

0.0E7

4.269

0.093

-0.010

o.253

0.286

-0.218

0.163

{.165

0.t57

0.463

5mJalc 0.310 0.303 0.065

1"" {.166 4.018 -0.270

5mfee 4.459 4.q2 4.389

vee 0.328 0.3'U 0.267

4.tm

0.207

0322

{.288

I

4.12¿+

0.û25 4.105 4.033 -0.213 I
0.rE4 0.320 0.195 0:U9

4.27E 0.219 4.265

0.097 4.131 0.212 4.350

{.116 -0.386 0.019

0.m9 0.L42 I
4.217 I

0.2t3 4.352 0.7994vg

4eg

4vp

-0.163 0.011 0.126 0.282 -0.011 -0.282 -0.il1 -0.148 -0.296 -0.231

0.39E 4.323 0.109 -0.06r {.291 0.087 -0.3E3 0.19E -0.290

sipificmt correlatim, p <0.05 m srcnger.

Critical values for 2{ailed teS of c<r¡relatim. r = 24. d,f, = n -2 =24 -2:22
If r is greaterthæ m equalto 0.404, signifrcant cmrelatim,p <0.05.*

If r is greaterthm or equalto 0.515, significmt coneldim,p<0.01.*

If r is greater thæ or eçal to 0.6524, signifiç61 ç6¡¡"1aticn, p <0.001.+*

*: from Snedecor and Coúrm (1967),22 ¡U **: from OMahmy (1986),20 d-f.

Coryound abbreviatims: si-Fcrs oak lad'cne,ftarri=trans 4ak ladme, eug=eugerol, guaiaeguaiacol, 4mg=4--6htt*u*t,
væ:varillin, maltaaftol, furf=ñ¡¡Â¡¡al, eeÈ'esimded extraded fiufi¡¡al' (ñrÂrral + fixftryl alcchol), SmÈ5-mdhylfi¡rÂr¡al,

falcá¡rî¡ryl alc¡hol, 5mfale5-mdhylñufrryl alcohol, fee=fr¡rfr¡¡yl ahyl dher, 5mfeeS-mdhylfrrfuryl úhyl düer,

veæ=vmillyl dhyl dher,4vg=z{-viaylguaiacol,4eg-4dhylguaiacol, 4rp4-vinyþhorol.

I
-0.089

4.4304.422

o.5250.455 0.¿1054.4r2 0.9670.730

0.571o.6750.8070.850 0.556

0.4uo.4600.53 I 0.5084460-0.5544.406

0.5250.700

0.719

0.652
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Scree plot
number eiqenvalue

I 5.598

2 4.261

-1 2.792
4 0.986

5 0.792
6 0.734
7 0.604
I 0.375

9 0.316
10 0.20r
11 0.126
t2 0.083

13 0.048
t4 0.040
15 0.026
16 0.016
i7 0.003

6

5

4
d)

(Ë

É
G)
bI)
c)

J

I

0

2

0 5 10
component number

l5 20

Appendix Figure C.1. Scree plot of Chardonnay composition-PCA.

Conclusion: The scree test suggests retaining the first three PCs.

Appendix Table C.2. PC characteristics.

Appendix Table C.3. Rotated component loadings.

I alcr¡hol

euganol

-oak lactone

-oak lactone

maltol
5 -metþlftrfrryl ethyl ether

4-vinylguaiacol

4-vinyþenol
fi¡rñual
5-methylfirrfiral
guaiacol

4-methylguaiacol

4-ethylguaiacol

vanillin

vanillyl ethyl ether

5-metþlftrturyl alcohol

ethyl ether

-0.026

0.014

-0.200

0. 14l
0.061

-0.471

0.353

0.t23
-0.3 11

0.01 I
-0.104

0.1 18

Component loadings were converted to eigenvectors to determine sample locations in PC space

[eigenvector: component loading / sqrt(eigenvalue)]. See following page.

'double scree' lines es.imatetl visually

o

PCs description: PCl: 'emphasis on natural oak products and
oak origin associations with some microbial products'

PC2: 'emphasis on coopering heat products'

PC3: 'emphasis on some microbial products'

Proportion of variance explained by each PC PCl PA PC3
variance explained:
cumulative variance

28.340/0 26.9t% t9.r7%
28.34% 5s.25% 74.4t%

0.805

0.819

0.888

0.525

0.824

0.883

0.887

0.889

0.948

0.5730.625

0.6200.663

-0.704

-0.718

0.765

0.769

0.779

-0.820

PC,,loaü,1

compounds excluded due to

imprecision of measurement, ¿fc.

cyclotene

vanillyl alcohol

4-etþþenol

Loadings with
absolute values > 0.5 are

highlilhted. They contribute

most to the corresponding PC.

0.113

0.207

-0.221

0.009

-0.3t7

0.440

('estimated exhacted fi¡¡fr¡ral'

was also excluded)

-0.093

0.036

-0.040

-0.t25
0.452

-0.283

-0.159

-0.062

-0.043

-0.008

0.128

0.128

-0.025

0.067
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Appendix Table C.4. Rotated component loadings and corresponding eigenvectors.

Appendix Table C.5. Chardonnay wine samples in rotated PCA space.

-0.820

0.779

0.769

0.765

-0.718

-0.704

0.663

0.62s

-0.026

0.014

-0.200

0.141

0.061

-0.471

0.353

0.t23
-0.311

5.598

-0.347

0.329

0.325

0.323

-0.303

-0.298

0.280

0.264

-0.011

0.006

-0.085

0.060

0.026

-0.199

0.149

0.052

-0. l3 I

-0.093

0.036

-0.040

-0.t25
0.452

-0.283

-0.159

-0.062

0.948

0.889

0.887

0.883

0.824

0.525

0.011

-0.104

0.1 18

4.261

-0.045

0.017

-0.019

-0.061

0.2r9

-0.137

-0.077

-0.030

0.459

0.431

0.430

0.428

0.399

0.254

0.005

-0.050

0.057

-0.043

-0.008

0.128

0.128

-0.025

0.067

0.620

0.573

0.113

0.207

-0.221

0.009

-0.3r7

0.440

0.888

0.819

0.805

2.792

-0.026

-0.005

0.077

0.077

-0.015

0.040

0.371

0.343

0.068

0.t24
-0.132

0.005

-0.190

0.263

0.531

0.490

0.482

alcohol

CorÍpnt,,load

ethyl ether

cls -oak lactone

-oak lactone

5 -methylfrrfrrryl ethyl ether

4-vinylguaiacol

4-vinyþhenol

5-methylfrrfural
guaiacol

4-methylguaiacol

4-ethylguaiacol

vanillin

vani-llyl ethyl ether

5-methylfrrfuryl alcohol

Sample locations in PC space were calculated as follows. The raw data for each compound were converted

to z -scores. The PCI eigenvector for the first compound was multiplied, separately,'by each of the

z-scores of that compound. The PCl axis value for each sample was, then, the sum of these 17 products

(one for each compound). The other PC axis values for each sample were obtained in a similar manner.

Finally, the coordinates (axis values) were arbitrarily divided by 6. 8 to restrict the range to - I to 1

rc+ !'ffi reg ,,,rug,," P,c?lût PC3/é.8,,

AU4
AU6

AUTO

AAlO
AA] 1

AA22
FL3
FL4
FL5
LA27
ul34
LA41

FT3
FT4

FT5
TA23

TA3]
TA46

FV3
W4
W5
VA32

VA38

VA39

-4.437

-2.735
-2.506
-3.280
-3.511

-1.405

-r.620
-0.880
-1.323

-0.036

4.201
-2.039

-2.507
-1.985
-2.604
0.186

0,1 19

-0.514

-0.652

-o.402

-0.368

-0.482
-0.516
-0.207

-0.238
-o.r29
-0.195
-0.005

0.618

-0.300

-0.369

-0.292
-0.383

0.027

0.017

-0.076

1.170

0.069
0.308

0.986
-0.279

0.416

-0.728
2.039
1.339

-2.303

1.T49

-1.850

-2.483
t.8t2
1.297

1.860

1.326

3.626

0.r72
0.010
0.045

0.145

-0.041
0.061

-0.107

0.300
0.197
-0.339

0.169
-0.272

-0.365
0.266
0.191

o.274

0.195

0.533

0.303

r.444
0.577

-1.654
o.745

0.160

0.664
0.668

-t.763
6.72s

-2.020
t.822

-2.3r1
-0.093

-1.882
-2.254

-r.322
-0.611

0.045

0.2r2
0.085

-0.243

0.1 10

0.o24

0.098

0.098

-0.259

0.989
-0.297

0.268

-0.340
-0.014
-0.277

-0.331

-0.r94
-0.090

0.983

2.433
2.033

2.437

2.637
3.105

-0.347

-0.091

1.151

-1.090

-0.180

-3.489

-0.1 14

0.979
0.2t2
5.023

2.398
-0.159

0.145

0.358

0.299

0.358

0.388

0.4s7

-0.051
-0.013

0.169
-0.160
-0.027

-0.513

-0.017

0.t44
0.031

0.739
0.353

-0.023
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C.2 Cabernet Sauvisnon wine

Raw data were the Cabernet Sauvignon wine composition data listed in Table 2.5

Appendix Table C.6. Pearson's product-moment correlation coefficient matrix.

¿ie tn:tir. eug,g1täIac 17ng tdi:: .$.è,,', nält þ¡t St¡d,,',:ttne 1nÍeIi Jeø :;,'ltS: 4Ig 4elt 4sp

cß

trM
eug

guaiac O.l0O

4mg 0.122

vM 0317

cyc -0.033

mall 0.207

Í"ú 0.355

0.593

0.¿106

0.778o.727

0.6()4

0 354

0.197

0.¿103

0.272

o.323

0.263

0.077

0.386

-0.004

0.179

4.0E3

0.016

I

0.254

0.265

I

o324

0.391

0.r71

0.093

0.322

0.193

4.423

0.ó18o.6230.5t70.5530.5770.570

4.414

0.5050.E200.o00.6Ø0.737o.6210.72E

0.6500.158 0.t320A44o344o.449o.434

0.4590.4510.574o.5520.655

0.7t2o.Ø60.741

0.6250.760

0.5680.409

O.E2E

0.150

{.09r

0.075

0.045

-0.018

4.004

0.067

4.370

4.212

4.2v2

0.0r1

4.367

4.116

-0.366

o.t27

-0.288

4.139

4.145

0.t42

0.298

4.211

{.389

4.395

4-22'2

I
4.133

0.033

4.172

{.309

4.163 4.107 4.301 -0.312 -0.388 I
0.o72

4.29E 4.354

{.126 4.3E9

4.128 4.426

4.llJ {.2E9

1

snf

.falc 0.269

Smfalc O.007

fe" 0.256

4vg 0.175

4eg 0.019

4np 4.051

4ep {.188

o.436

4.208 4.180

4.292

0.278

significant correlatior,p <0.05 m úrmger.

Critical values for 2{ailed tesf of curelatim. n = 24. d.f, : 11 - 2 = 24 - 2 = 22.

ff r is greater thm m equal to 0.404, signifrcmt curelatiø, p <0.05.*

If r is greaterthm or equalto 0.515, significat curelatior,p <0.01.*

ffr is greøterthm or equalto 0.6524, significæt cmreldim,¿ <0.001.**

*: frm Snedecor md Coúrm (196'l),22 dl
**: fiom OM¿hmy (1986),20 ¿lf

Coryormd abb'reviatios: cisc¡ls oak ladøe,tn-trans oak lad.oe, eugaugorol, guaiaeguaiacol,

4mg=4--4¡t1*aiacol, vm=værìllin, cyc=cyclotene, malt=naltol, frufdufi¡ral, SmÈ5-mdhylñuñral,

falc=frrfuryl alcohol,5mfale5-mdhylfiuÂuyl alcchol, feedrÂrryl dhyl dher,4v54-vinylguaiacol,

4ep4dhyl guaiacol, 4vp=4-vinyþhenol, 4-dhyþheaol.

0.óll0.5ó90.4E{.4064.542

0.7970.5680.6964.424(47
0.5510.8874.4314.419

o.4u

0.795
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Appendix C Composition principal components analysis results 2I7

Scree plot
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Appendix Figure C.2. Scree plot of Cab. Sauv. composition-PCA.
Conclusion: The scree test suggests retaining the first three PCs.

Appendix Table C.7. PC characteristics.

PC2, describing microbial actMty products, v¡as altered after the Systat PCA: the signs were

changed on all of the rotated component loadings to make the efrect positive (i.e. to make

a positive value indicative of more microbial activity products). This change was carried

through all ofthe calculations.

Appendix Table C.8. Rotated component loadings.

eis,envalue

6.863

3.21t
2.161
1.330

0.867

0.737

0.563

0.319
0.249
0.201

0.158

0.098

0.088

0.075

0.061

0.012
0.008

1

2

4

5

6

7

8

9

10

11

T2

13

t4
15

l6
I7

PCl:
PC2:
PC3:

'emphasis on coopering heat products'

'emphasis on some microbial products'

'emphasis on natural oak products'

variance explained:
cumulative variance

PCl PCz
29.58% 25.09%

29.58o/o 54.68Yo

PC3

I7.29yo
7l.97Yo

0.534

0.79t
0.855

0.900

0.578

-0.606

0.738

0.838

0.883

0.922

0.625

0.748

0.768

0.819

0.839

0.887

0.895

4-ethylguaiacol

4-vinyþhørol

5-metþlfrrfiryl alcohol

4-ethyþenol
vanillin
4-vinylguaiacol

crs -oak lactone

eugenol

trans -oak lactone

5-methylftrfiral

-0.055

-0.156

-0.057

0.062

0.401

-0.358

0.015

0.141

0.355

0.243

I ethyl ether

alcohol

-0.055

0.046

0.121

-0.451

guaiacol

oyolotene

0.145

-0.L25

0.t26
0.257

0.191

0.229

0.288

0.090

-0.038

0.048

-0.125

0.344

0.227

compormds excluded due to

impreoision of measurement. efc.

vanillyl alcohol

5-methylñuturyI ethyl ether

vanillyl ethyl ether

('estimated extracted fürftral'
was also excluded)

Component loadings were converted to

eigørvectors to determine sample

locations in PC space [eigenvector:
component loading /

Loadings with
absohfe values > 0.5 are

hi$lighted. They contribute

most to the corresponding PC

-0.138

-0.003

-0.010

-0.128

-0.467

-0.06ó

-0.454
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Appendix Tabte C.9. Rotated component loadings and corresponding eigenvectors.

Appendix Table C.10. Cab. Sauv. wine samples in rotated PCA space.

guaiacol

cyclotene

maltol
4-methylguaiacol

firrfuyl alcohol

furfr¡ryl ethyl ether

furftral
4-ethylguaiacol

4-vinylphenol

5 -methylftrfuryl a lcohol

4-ethyþanol
vanillin
4-vinylguiacol
crs -oak lactone

euge,nol

trans -oak lactone

5-methylñufiral
eigenvalue:

r,,, c¡mpnt,:lo¡d
0.895

0.887

0.839

0.819

0.768

0.748

0.625

-0.055

-0.156

-0.057

0.062

0.401

-0.358

0.015

0.141

0.355

0.243

6.8ó3

0.342

0.339

0.320

0.313

4.293

0.286

0.239

-0.021

-0.060

-0.022

0.024

0.153

-0.t37

0.006

0.054

0.136

0.093

-0.138

-0.003

-0.010

-0.128

-0.467

-0.066

-0.454

0.922

0.883

0.838

0.738

-0.606

0.578

-0.055

0.046

0.12t
-0.451

3.2TT

-0.077

-0.002

-0.00ó

-0.071

-0.26r
-0.037

-0.253

0.515

0.493

0.468

0.412

-0.338

0.323

-0.031

0.026

0.068

-0.252

0.145

-0.125

0.126

0.257

0.191

0.229

0.288

0.090

-0.038

0.048

-0.125

0.344

0.227

0.900

0.855

0.79r
0.534

2.t61

0.099

-0.085

0.08ó

0.175

0.130

0. l5ó
0.196

0.061

-0.026

0.033

-0.085

0.234

0.154

0.612

0.582

0.538

0.3ó3

Sample locations in PC space were calculated as follows. The raw data for each compound were converted
to z -scores. The PC I eigenvector for the first compound was multiplied, separately, by each of the

z-seores of that eompounel. The PCI axis value for each sample was, then, the sum of these 17 products
(one for each compound). The other PC axis values for each sample were obtained in a similar manner.

Finally, the co-ordinates (axis values) were arbitrarily dividedby 6.0 to restrict the range to -1 to 1.

4ç1 W Bçf Pclrrtg pÇzt6i0 pc3ló.ig

AU7
AU8
AU9
AA36
AA4O

AA4IJ

NL6
NL7
NL8
LA23

IA3O
LA38
NT6
NT7
NT8
TA8

TA25

TA39

W6
W7
W8
VA12

VA21

VA27

-0.607
-3.t75
-3.340
-3.278

-1.348
-o.576

-0.101

-0.529

-0.557

-0.546
-0.225

-0.096

-0.824

5.089
0.403

4.628
1.348

-0.r76

-1.240
-4.134
-3.935
-2.651

-1.903
-2.590

-0.137

0.848

0.067

0.771

0.225

-0.029

-0.207

-0.689
-0.656

-0.442

-0.3t7
-0.432

-0.709
0.450

1.655

-r.772
-0.190

-0.136

-1.584

-0.688

-0.956

0.1 89

0.543

-2.845

-1.529
-2.r43
-1.248
-0.755

0.030

-1.410

-0. I 18

0.075

0.276

-0.295

-0.032
-0.023

-0.264
-0.1 l5
-0.159

0.032
0.091

-0.474

-4.255
-0.357

-0.208

-0.t26
0.005

-0.235
0.772

-0.228

1.386

0.399
0.900
4.224

2.047
-0.47r
0.648

-2.384
-3.619
-3.772

0.129
-0.038

0.231

0.066

0.150

0.704

0,341
-0.079
0.108

-0.397

-0.603

-0.629

1.991

0.927

1.001

2.745
3.059

1.489

0.332

0.154
0.167
0.457

0.510

0.248
-t.465
0.852
0.404
5.910
0.102
-0.23t

5.346
-1.300

3.t62
-3.083
-0.801

-0.901

t.206
2.3t3
t.074
3.433
2.457

1.813

-0.244

0.t42
0.067

0.985

0.017

-0.038

0.891

-0.2t7
0.527

-0.514
-0.134
-0.150

0.201

0.386

0.r79
0.572
0.409

0.302
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C.3 Model wine

Raw data were the 93 week model wine composition data listed inTable 2.7

Appendix Table C.11. Pearson's product-moment correlation coefficient matrix.

Æ

trM
eug

8UøAC

4mg

VM

c!c

malt

fuú

""Í
snÍ

.Íalc

f"*
4eg

0.¿109

0323

0.110

0.219

0.299

o.371

0.195

4.083

o.v3

0.161

0.480

0.366

0.127

{.165

0.0E2

0.116

0.181

0.076

0.û28

I
0.4t2

0.1E4

0.33E

0.074

0.279

0.2N

0422

{.153

4.337

I

4.051

4.256

0.535o.692

0.608

0.405

0.6E3

0.9430.v230.8900.E50o.756o.7320.878

0.y20.8790.E330.7460.6480.837

O.E6E0.7890.ø50.5ø0.788

0.7450.66304830.760

0.7370.6370.653

o.5730.538

0.E590.698

0.049

-0.191

0.t62

4.017

0,21E

0.117

0.368

0.035

4.074

0.35E

4.0æ

4.292

0.396

4.275

-0.¿160

o.67

o.0Ø

4.170

0.400 4.262 4.257 I

sipificørt correlatior,p <0.05 ú srcng€f,

CÉicalvaluesfor2{ailedtestof correlatiø,n:16,¿l.l =n -2=16-2:l4,fromOl\Áahmy(f986).

If r is greater thæ cr equal to 0.4973, sigrifrcmt cørelatior, p <0.05.

If r is greater thm m equal to 0.6226, simificmt correlaticn, p <0.01.

If r is greaterthm or eryaltoO.'7420, signiñcmt correlatim,p <0.001.

Coqrormd abbreviatims: cisc¡s oaklaúøejtæçtrøns <ak ladme, eu5+ugaol, guaiaeguaiacol,

4mg4-mdhylguaiacol, vm=vanillin, oyecyclotoe, maftaraltol, fiufd¡rÂ¡¡al, e#'e$imated extraded firfi¡ral'

(fiuñral + ñrÂrryl alcrchol), smÈ5-mdhylfrufrual, falc=frxfrrryl alc¡hol, f¡H¡rñ¡ryl dhyl dher, 4eg4dhylquaiacol.

0.5Ø 0.5810.6120.5840.577

0.a74
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Scree plot
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Appendix Figure C.3. Scree plot of 93 week model wine composition-PCA.

Conclusion: The scree test suggests retaining the first three PCs.

Appendix Table C.12. Rotated component loadings and PC characteristics.

PClo¿il3
-0.005

-0.108
-0.1 19

-0.329
0.044
-0.070

o.279
0.105

-0.257

0.099
0.134
-0.303

compounds excluded due to
imÞrecision of measurement. efc.

S-methyl furfuryl alcohol
vanillyl alcohol

5-metþ|ftrfu ryl ethyl ether

vanill"vl ethyl ether

4-vinylguaiacol
4-vinylphenol
4-ethylphenol

PC2: 'emphasis on
PC3: 'emphasis on

PronoÉion ofvariance explained by each PC

0.945

0.962

0.630
0.821

0"849

0.850

o 7040.603

0.818
0.761

0.8ól
0.916

0.943
0.953

0.965

PCl: 'emphasis on

PC3
15.94Yo

83.87Yo

0.r29
-0.099

0.274

0.102
0. l8ó
0.366
0.266

'e$imated extraded frrrfirral'

maltol
5-methyl furfural
frrrfural
cyclotene
guaiacol

Loadings with
absolute values > 0.5 are

highlighted. They contribute
most to the corresponding PC.

0.048

-0.090

0.150
-0 040

0.186
0.378

0.039
-0.128

4-methylguaiacol

eugenol

trqns -oak lactone
cls-oak lactone

4-ethylguaiacol

alcohol
ethyl ether

coopering heat products'

natural oak products'

microbial products'

PC1 PCz
43.8s% 24.08yo
43.85% 67.93%

variance explained:
cumulative variance
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Component loadings were converted to eigenvectors to determine sample locations in PC space

[eigenvector : component loading / sqrt(eigenvalue)].

.A,ppendix Table C.13. Rotated component loadings ând corresponding eigenvectors.

Appendix Table C.14.93 week model wine samples in rotated PCA space.

0.965

0.953

0.943
0.916
0.861

0.818

0.76t
0.603

0.150
-0.040
0.186
0.378

0.039
-0.128

7.2tt

0.359
0.355

0.351

0.34r
0.32r
0.305

0.283

0.22s
0.056
-0.015
0.069
0.141

0.015

-0.048

çomÐnl,,losd

0.r29
-0.099

0.274
0.102

0.186
0.366
0.266

0.704
0.850
0.849
0.821

0.630

0.048

-0.090

2.372

0.084
-0.064
0.178

0.066

0.t2r
0.238
0.r73
0.4s7
0.552
0.551

0.533

0.409
0.031

-0.058

-0.005
-0.108
-0. I 19

-0.329
0.044
-0.070
o.279

0.105

-0.257

0.099
0.t34
-0.303

0.962
0.945
2.t59

Comp-ntload Ejse,rv€çtþr

-0.003
-0.074
-0.081

-0.224

0.030
-0.048
0.190

0.071

-0.r75
o.067

0.091

-0.206
0.655

0.643

'edimated extradd fuñral'
maltol
5-methyl furfural
furfural
cyclotene

guaiacol

vanillin
4-methylguaiacol

eugenol

trans -oak lactone
cis -oak lactone

4-ethylguaiacol

furfuryl alcohol
furfuryl ethyl ether
eigørvalue:

Sample locations in PC space were calculated as follows. The raw data for each compound were converted

to z -scores. The PCl eigenvector for the first compound was multiplied, separately, by each of the

z-scores of that compound. The PCl axis value for each sample was, then, the sum of these 14 products

(one for each compound). The other PC axis values for each sample were obtained in a similar manner.

Finally, the coordinates (axis values) were arbitrarily dMded by 5.4 to restrict the range to - 1 to 1.

AU2
AU3
AA34
AA47
NLl
NL2
LA33
LA42
NT]
NT2

TA9
TA]O
NV]
NV2

VA2

VA28

P€1.
-0.802
r.826
-5.357

1.591

ffi
-3.012
-1.165

-5.253
-r.254

PÇ3
-0.853
-r.444
-0.199
-1.405

Pç3/54
-0.158
-0.267

-0.037

-0.260

,PW PG2J5i4

-0.149 -0.558

0.338 -0.216

-0.992 -0.973

0.295 -0.232

-1.849
-2.797

-0.536
-r.394

- 1.886

-2.473

-0.672

-t.t79

t.449
T,261

4.777
0.t52

-0.342

-0.518

-0.099
-0.258

-0.349
-0.458

-0.t24
-0.218

0.268
0.234
0.885

0.028

0.961

-1.691

r.567
0.979

1.959

1.805

0.402
2.9s7

-0.15 1

-0.919

-0.t29
-0.773

0.178

-0.313

0.290
0.18 1

0.363
0.334

0.074
0.548

-0.028
-0.170

-0.024
-o.r43

0.15 1

r.136
5.391

0.825

1.155

2.993

4.099

t.524
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on consecutive concentration interval statistics

As disoussed in Chapter 3, rn experiment was conducted to test the effect of inoreasing the

size of a sample of barrel wines on the size and variance of the volatile compound

concentration intervals between each consecutive unit of the sample. Compound

concentration data were employed but the results were used to make inferences about the

nature of the sensory (aroma) measurements. If the mean stze of the consecutive

concentration intervals were to decrease, then it could be inferred that increasing the sample

size would result in increasing the difficuþ of the sensory measurement of the intervals. If
the variance of the consecutive concentration intervals were to deorease, then the data

would become more rank-like (the variance of the consecutive intervals in rank data equals

zero). These two results could indicate the suitability of a sensory ranking procedure,

relative to a rating procedure, when relatively large sample sizes are involved.
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A selection of the volatile compound concentration data for the 93 week barrel-stored
Cabenret Sauvignon wines was used. T\e 24 concentration values for the oak laotones,

eugenol, guaiaool, 4-methyþuaiacol, and 4-ethylphenol were subjeoted to random

sampling, as follows. The order in which the compounds were to be tested was randomly

determined. For the first t:ompound, a random sarnple af 6, 12 and then 18 concentration

values was taken. The sampling of 24 for this compound consisted of the whole population.

This process was repeated for each ofthe other five compounds.

The units within each sampling for each compound were arranged in order of ascending

concentration, and the mean and variance for the intervals between each consecutive unit
were determined. Each of these statistics was expressed, in percentage terms, relative to the
corresponding 'n:6' sample which was desþated a value of 100 % (Appx. Fig. D.1).

There were three sample-size increases for each of the six compounds. Thus, there were 18

sample-size increase in the ex¡leriment. The mean of the consecutive concentration intervals
decreased over 17 of these 18 sample-size increases; and the variance decreased over 14 of
them. The implications ofthese results are discussed in Section3.2.

I).2 Preparations

Mate r ia ls and e nv i ronmenta I c ondi ti oru

The wine samples to be used at each stage of each experiment were stored in the sensory
analysis room for convenience and to ensure that the s¿mples, on any one occasion, were of
the same temperature. Throughout the sensory analyses, wines and standards were served in
the standard, tulip-shaped, international wine tasting glass (XL5). Approximately 20 mT of
each sample was poured into eaoh glass as close as possible, in time, to the beginning of the
session but commonly around one hour prior to it. A plastio petri dish was used to cover the
glass to minimise the contamination ofthe sensory analysis environment with wine aromas.

Clean glasses were individually smelled by the experimenter to isolate any aroma-
contaminated (e.g. 'dusty') glass. Each of the glasses used was marked with a random
three-disit numher on its base.

The sensory analysis environment was mede as free as possible of interferences such as

noise, odours, colours and large temperafure variations, and the room was ventilated to
allow the removal of sample aromas. Group sessions and discussions were held in a Iarge,
quiet meeting room, free of aromas. All of the individual rankings (and triangle difference
tests) were performed in individual, white coloured, relatively noise-free sensory anaþsis
booths, under a combination of red artifioial lighting and diffrse natural lighting
Temperatures were usuaþ close to 20 "C (all aroma ranking sessions were between 18 and
23 "C) but were occasionaþ up to 29 "C (for some triangle difference tests). A positive
atmospheric ptessure was established in the booths by fan, and a vent in each booth allowed
for adequate air flow.

All ofthe ranking sessions and most of the training sessions were performed between 10 am
and I pnq but usuaþ before 11 am. Beyond breakfast each day, panelists were asked to
refi'ain fi'om the consuntption of food, beverages and tobacco until after their session.
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Similarþ, they were asked to refrain from wearing aîy personal odorant beyond a simple

antiperspirant.

Could glasses oÍ the samples be shared b)t different panelists?

As preliminaries to the sensory descriptive analysis, this and the two questions on the

following page were considered.

If it were possible to share glasses, it would minimise the preparation time and sample

volume requirements. Two of the Chardonnay wine samples - LA41 md TA46 - 
were

selected. Approximately 20 mI. of each was poured to a separate batch of glasses and

covered with lids around an hour prior to the difference testing. Each of the two batches

was split into two portions, one to be 'used' and the other to be 'non-used.' The 'non-
used' treatment of each batch was left to stand whfe the 'used' treatment for each was

subjected to simulated use. This involved six of the following applications over 30 minutes

for each glass. The wine was caused to vortex three times in the glass, over three seconds,

by three quick, circular and horizontal hand movements, the lid was lifted and the air in the

glass was drawn through the nose with moderate force. Each of the two pairs of treatments

was presented twice to 15 panelists for triangle difference testing (Meilgaard et al. l99I pp.

60_62) during the among-replicate difference test sessions (Appx. Tab. D.1). The simulated

use (sniffing) imposed on sample TA46 resulted in a significant aroma difference from the

same but 'non-used' sample (p<0.001). Thus, it was apparent that glasses of at least one of
the samples could not be shared. Consequently, each panelist was served separate samples

throughout all ofthe sensory anaþses.

Appendix Figure D.1. Sample size effects on
consecutive concentration interval statistics.
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.Lil:,,--O
wtrtes uiler tnetr urufltus!

Ten of the 24 Chardonnay barrel wines, having experienced malic acid deggadation of more

than 10 o/o, recefued Dl--malic acid additions (AR grade, 40 yo aqueous solution) (App*.
Tab. 4.1) at bottling, to t\tatable acidity and pH values approximateþ equal to the initial
values. This was a preaaution against any possible variability in pH-mediated aroma

transformations during bottle storage. Some non-acidified samples were bottled at the same

time, and kept for later comparison. Two of tlem - AU6 and AA22 - were subjected to
l"riarrgle differeuce tesling, by srnellitg olly, agaitst theil acidilied courterparts during the
among-replicate difference test sessions (Appx. Tab. D.1). No significant aroma difference
was found to result from the practice of acidifying some of the samples (p>0.10). Thus, the
possibility ofvariability in pH-mediated aroma transformations during bottle storage needed
no finther consideration.

requiring the inclusion of each replicate in the sensory descriptive analysis?

If the replioate samples were not significantly different, it may have been appropriate to
reduce the number of samples requiring description.

Each of the three replicate barrel wines within each treatment were compared. Thus, three
triangle difference tests for aroma only were performed among the replioates of each
treatment. This meant 24 tests for the Chardonnay wine (App*. Tab. D.1) and 24 tests for
the Cabernet Sauvignon wine (App*. Tab. D.2).

The order of the sample-comparisons was determined randomly. The panels were similar to
those described below. All were instructed in the triangle difference test procedure, and a
practic.e daypreceded the'real' sessions. Each of the 15 participating panelist was served
four triangle difference tests in an isolation booth, one comparison in tray positions one and
three, and another in tray positions two and four. The panelists were not aware of this
pattem. The allocation of comparison to tray position and the order of glasses within a set
were made randomly. This method resulted in 30 triangle tests for each comparison.

Thirteen and fourteen of the 24 Chardonnay and 24 Cabernet Sauvignon wine comparisons,
respectively, were found to be significantly different (App*. Tabs. D.l &.D.2), resulting in
the possibility of excluding seven of the 24 wines from each of the sensory descriptive
analyses. However, since there were numerous differences among replicates which required
descrþtion, and sinoe retaining equal replicate numbers was desirable, ns s¿mples were
excluded from the analyses.
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Appendix Table D.1. Chardonnây wine triangte difference test results

with corresponding tpreferencet and aroma differences determined by ranking.

If ,sa, nù¡Ch,Þarrd,t'!as h¡ùer?Date

8/t1/94 p<0 001

9 t11194

70t77194

11/tr/94

74/77/94

15/rt/94

t6177194

7/94

78/77/94

21111/94

22177/94

23117/94

2nd&,4tJt )(\ p<0 001

24111194

25177/94

28/rr/94

* Saryle had acidity adjuúed to pre-MLF Dl-malic asid
** Saryle was subjedto simulated use, i.e. swirling md mifflrg.

t Number coned was out of 30 except for the first sessicn whidr was out of 40.

n.s.:not siqrificæt.
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noky, p<O.OS,4411

pørcilúavings,p<O.Os,LA34 smoky,p<O.07,1L134
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allqice, p<O O5, FL4
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Panels may be made up of untrained or inexperienced personnel - these are often used in
consumer preference tests - but in the present case, training and experience were

considered advantages since discrimination based on sometimes very zubtle diÊlerences was

required.

Fifteen panelists were used for the descriptive tests but a pool of 20 was required to
account for absenteeism. These panelists were staff or postgraduate students of The

Australian Wine Research Institute or of the Department of Horticulture, Viticulture and

Oenology, The University of Adelaide. The candidates had participated in the triangle
difference tests so they were familiar with the wines, the experimenter's general methods

and the sensoly anaþsis facilities and envilolr.relt of the laboratory. Most of the 20

panelists comprising the Chardonnay panel (App*. Tab. D.3) and the Cabernet Sauvþon
panel (App*. Tab. D.4) considered themselves to be moderutely to very well accustomed to
pafug more than very brief attention to wine aroma during consumption, most of them
consumed wine more frequently than weekly, and the largest proportion were aged 3l to 40

years. There was an equal proportion of males and females in the Chardonnay wine aroma
panel, and 13 of 20 were males in the Cabemet Sauvþon wine aroma panel. Health and

medication consumption responses were aoceptable, and each panelist considered their
sense of smell to be at least 'average.'

Each candidate was invited to partioipate in aptitude tests after ascertaining that they were
available, that they possessed sufficient interest and an amenable and co-operative nature.
Further to the aptitude testing, day one involved a general verbal introduction to the scope,
aims and methods of the ex¡leriment. Each panelist completed a questionnaire requesting
some personal information, an indication of availability and commitment, and a self-
assessment of generalwine experience and state of health relevant to the task (Appx. Fig.
D.2).

Also on day one, each panelist completed aroma matching and identification tests as

described in Meilgaard et al. (1991 pp. 138-140), and on days two and three, aroma
rnnkino tesfs rvere nerÊnrrned âc ner Meiloccrd al nl ( IQQ I nn I ?R- l4O\ The rcsrrhc nf +he'-^-r*.(-.--*-.\...1.1...-"
four tests for the Chardonnay wine panel are summarised in Appendix Table D.5, while
those for the Cabernet Sauvþon wine panel are summarised in Appendix Table D.6.
Meilgaard et al. (1991 pp. 140-141) recommend rejecting those candidates who score less
than75 o/o corÍect matohes, less than 60 % correct identifications, or those who rank any
more than one adjacent pair incorrectly. As a result of the generally adequate results of
these tests, of the questionnaire responses, of an informal estimation of candidate zuitability,
and of a consideration of the available resources, only one candidate (mrmber 9) was
exoluded from the Chardonnay wine aroma panef and no candidate was excluded from the
Cabemet Sauvþon wine aroma panel. Thus, the tests are referred to as aptitude - rather
than screening - tests.

Panelists are often selected on the basis of their sensitivity using these or similar tests.
Interestingly, however, recent work by Lesschaeve and Issanchou (1996) has shor¡rm that
"aninitial olfactive culture" and a good memory for odours were importanf anteria for good
descriptive analysis performance, while sensitivity and 'lverbal orealivity" were not.
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A pool of 20 panelists was available to supply the 15 required aI each session. The first 15

to attend were used.

Training sessions two to six-or-seven involved arotna ranking practioe md, a process of
descriptor- and standard-generation (discussed below). The focus of each of the training

sessions is listed in Appendix Tables D.7 and D.8.

The final training occasion, immediateþ prior to 1þs ssmmencement of the formal ranking

occasions for each experiment, involved an isolation booth praotice session. The intention

was to initiate the process as a routine for the panelists and the experimenter.

Appendix Table D.2. Cabernet Sauvignon wine triangle difference test results

with corresponding 'preferencet and aroma differences determined by ranking.

Datc If ,,so. rlhich.b4tiel was,hiriherl

6/12/94 ta preferøce, p<O.Os, LA38 Bmd-aid, p<0.0 5, LA38

snoky,p<O O5,LA38 vmilla,p<O OO7,LA30

p<0.01 beny,p<0 01,TA25 snoky,p<0 05,TA39
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8n2194 22

9l12/94
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p<0.001 preferorce, p<0 07, LA38

p<0 001 i dark drocolate, p<O.OS, VA21 percil úavings, p<O OI,UA27
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l4

,7
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Appendix Table D.3. Wine evaluation experience, eonsumption frequency and age of
the 20 used for the wine aroma des
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Appendix Table D.4. Wine evaluation experience, consumption frequency and age of
the 20 nelists used for the Cabernet Sau wine aroma des
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4

The 'pre-ference' panels - selection and demographics

Each 'descriptive'panel consisted of 15 persons, each of which ranked two trays of three
sets of five wines. The 'preference'panels, selected fromthe same population, consisted of
twice the number ofpersons, each of which ranked only one tray of three sets of five wines.
The panelist number was increased in this manner for the two 'preference' occasions
because the subjectivity of the 'preference' ranking procedure recommended the canvassing
of wider opinion. The panels were not constituted of random samples of persons so no
estimation of population parameters is possible. Nevertheless, the panels' demographics are
provided il Appendix Tables Ð.9 and D.10.
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P aneli st que stionnaire

ndme:

ase (tick one): <2Wrs

wrne exDerrcnce:

(a): I consider myself (tick one) ...

ti): i . iunaccustomed to paying anything more than

20-25yrs 3l-40yrs26-3tyrs 41-6Oyrs

(ii):
(iii):
(iv):

(b): I consume wine (tick one)

(i):
(ii):
(iii):
(iv):

very brief attention to wine aroma during consumption.

Moderately accustomed (e.g. l-2 years of paying this attention).

Well accustomed(e.g. 2-5 years of paying this attention).

Very well accustomed (e.g. >5 years of paying this attention).

Weekly or more frequently.

Less than weekly but more than monthly

Less than monthly but more than yearly.

Less frequently than yeady.

availabiliU:
Are there any weekdays (M-F) that you will not be available on a regular

basis over the next month?

health:
(a): Do you have any of the following? (tick those which apply)

(i):
(ii):

Oral, gum or nasal disease.

Frequent nasal congestion, hay fever or colds. Ifso, how often?

(b): Do you take any medications which affect your senses, especially smell?

general:
(a): Is your sense ofsrnell (tick one)

(i):

(ii):
(iii)

Worse thanaverage?

Average?

than average?

Members of the trained panel should not use heavy perfumes/colognes

on evaluation days. They should not smoke an hour before the panel meets.

Nor should they consume coffee, tea or chocolate drinks or food (especially

strongly flavoured items such as chocolate or cakes) an hour before the

panel meets. If food or drink is inadvertently consumed, the panelist should

rinse his/her mouth with water and wait at least 15 minutes before attending

the session. Are you willing to follow these rules?

Yes

iNo

(b)

(i):
(ii):

Appendix Figure D.2. Panelist questionnaire.



232 OakWood Contribution To Wine Aroma

Appendix Table D.5. Candidate aptitude test results summâry -Chardonnay aroma údescription' panel.
Cand- Matching tcst I4e¡lif¡cqliqn úe.!t tGoconut' ranliing tes! i$mqkvl rq¡ld¡g t€s! ,

ldat¿ Va recom. % reçoln re€.om. recom,

N'. coÍect aúìm.t cmecl adion' têsult acficitl result aaion'
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100
0

20
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60
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Appendix Table D.6. Candidate aptitude test results summary -

idate o/o reci)n o/o fecor¡ fecôm, rffi
N.
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8
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100
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Appendix Table D.7. Chardonnay Ìvine aroma údescriptive' panel training summary.

Focus, of trainitrg,session
Training
session

I
2

J

4
5

6

7

Introduction, questionnaire and aroma matching and identification tests
Aroma descriptor generation and aroma ranking test

Aroma descriptor refinement, aroma ranking test and aroma ranking practice
Arorna standard generation
Aroma standard reflnement

Aroma ranking practice and final instruction
Aroma ranking practice in isolation booths
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Appendix Table D.8. Cabernet Sauvignon wine aroma 'descriptive' panel training

Training
session Focus of trainins session

Introduction, questionnaire and aroma matching test

Aroma descriptor generation, aroma ranking practice and aroma ranking test

Aroma descriptor refinement and aroma ranking practice

Aroma descrìptor refinement and aroma ranking practice

Aroma standard generation
Aroma standard refinement

Confirmation of adequacy of aroma standards

Aroma rankins. practice in isolation booths

Appendix Table D.9. Wine evaluation experience, consumption frequency and age

of the 30 anelists used for the wrne aroma

1
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Appendix Table D.10. Wine evaluation experience, consumption frequency and age

of the 30 used for the Cabernet wine aroma ' r
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The questionnaire results for the Chardonnay and the Cabernet Sauvþon wine 'preferenoe'
panels indicate that most of the panelists considered themselves to be at least moderateþ
accustomed to paying more than very brief attention to wine aromÃ during consumption,
that most of them consumed wine more frequently than weekly, and that the largest

proportion were aged 31 to 40 years. Health and medication consumption responses were
acceptable.

The Chardonnay and the Cabemet Sauvignon wine 'preference' panels contained 16 and Il
males (of 30 panelists), respectively. All but one panelist, who was on the Cabemet

Sauvignon wine 'preference' panel, considered their sense of smell to be at least 'average.'

Ar oma des cr ip tor- and s tandar d-gene rati on

The initial generation of a list of descriptive terms to be considered and refined comes from
introspection and depends on the experiences ofthe panelists. Little can be done to optimise
this process except, perhaps, to incorporate an adequate number of individuals for the
variety of experience they provide. The use of 15 to 20 panelists for these experiments is
adequate in this regard (Ki"g et al. 1995).

The aroma descriptor refinement and standard generation and refinement processes should
allow a combination of individual introspection and group discussion. In this way, the
imporlance of the individual sensory response and the translation of the sensory req)onses
by the group, f,or sharing with a wider audience, is respected.

Following an initial occasion of descriptor generation using a representative selection of the
experimental samples, the descriptors were compiled into a list together with the frequency
of their use by the panelists. At the following one or two occasions, panelists were able to
consider the suitability of the descriptors on the list with reference to other e4perimental
samples. This process allowed and encouraged consideration of the popularity and
groupings of the descriptors. For example, a number of descriptors representing the same
sensory stimulus may have been individually unpopular but then adequately popular .,1'hen

combined under a single descriptor which was more suitable.

The first batoh of standards was prepared following the first couple of descriptor
generation/refinement sessions. They were presented to the panelists, along with a selection
of experimental samples, for consideration. A process of standard modification,
reconsideration and discussion followed, leading to agreements among the panelists and the
experimenter for ten and twelve standards for the Chardonnay (App*. Tab. D.11) and the
Cabemet Sauvþon wines (App*. Tab. D.l2), respectivd.

Where possible, natural or commonly available products were preferred for use as standards
because the names of these products are more likely to invoke the aroma, in the memories
of a large proporlion of the audience, than are the names of purified compounds or obscure
natural products.
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Appendix Table D.l1. Chardonnav wine aroma descriptive analysis standards.

DesçriPtor
'preference'

'coconut'
'pencil shavings'

'caramel'
'vanilla'
'butter'

'allspice'
'smoþ'

'cashew nut'
'green apple'
'cinnamon'

not applicable
le teaspoon desiccated coconut (Anchor Foods Pty. Ltd', Australia)

15 turns of A.W.FABER-CASTEL Goldfaber I22lIIB in pencil shaver

% teaspoon Golden Syrup (CSR Ltd., Srmont, Australia)

20 mglLvanillin (BDH Laboratory Supplies AnalaR) in water (20 mL)
approx. Y" cm3 piece of butter in a glass placed in hot tap water to melt

% teaspoon allspice powder @faster Foods of Australia)
I freshly halÈburnt match (Redhead matches, Australia)

1 roasted cashew nut, cut to small pieces and placed in approx. 20 mL water

approx. 1 cm3 freshly cut Granny Smith apple

l, cm cinnamon stick (Ward McKenzie PW. Ltd.. Australia), cut to small pieces

All standards were presented in an XL5 wine tasting glass and covered with a lid.

Appendix Table [t.lz. Cabernet Sauvignon wine aroma descriptive analysis
standards.

Descripto¡i
'preference'

'coconut'
'pencil shavings'

'allspice'
'berry'
'smoþ'

'caramel'
'vanilla'
'coffee'

'dark chocolate'
'Band-aid'

'earthy'
'mint'

Standard of:,the aromal
not applicable

% teaspoon desiccated coconut (Anchor Foods Pty. Ltd., Australia)
15 turns of A.W.FABER-CASTEL Goldfaber l22lIß in pencil shaver

% teaspoon allspice powder (N4aster Foods ofAustralia)
% teaspoon Cottee's Fruit of the forest Conserve jam (Cottee's Foods, Liverpool, Australia)*

I freshly half-burnt match @edhead matches, Australia)
% teaspoon Golden Syrup (CSR Ltd,, þrmont, Australia)

20 mglL vanillin @DH Laboratory Supplies AnalaR) in water (20 mL)

lz teaspoon Moccona freeze dried coffee, wetted wrth a couple of drops of water

square of Cadbury Old Gold (dark) chocolate (Cadbury Confectionary, Tasmania, Australia)

I Band-aid brand plastic strip (Johnson & Johnson Australia Pty Ltd ), paper wrapper torn
garden soil with a few drops of water

Y"teasooon dried mint ( General Foods. Perth. Western Australia)

All standards were presented in an XL5 wine tasting glass, and covered with a lid.
* (containing boysenberries, strarryberries & blueberries).

Appendix Table D.13. BIB design for 25 treatments: 30 blocks of 5 (6 fold)
ates 1970 194

Block number

2:5

26

28

z:917

l6

15

13

14

bglqv
chmrw
dinsx
ej oty
agmsy
bhntu

8

I

abcde
lsh¡j
klmno
pqrst
uvwxy

I

3

4

uka

dfm tv
egnpw
ailtw
bjmpx
cfnqy
dgoru

ctopv
d.ikqw
eflrx
ahoqx
bikry
c.i I s u

ehksv
qJntv
bfosw
cgktx
dhlpy
etmqu

Dfrblockblock lB#i block blockB# i block

For each occasion, each of the 25 wines was randomly assigned a lower-case letter, from a to y.
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D.3. Descriptions

Experimental design - Balanced Incomplete Block (BIB.I

Meilgaard et aí. (799i p. iû7) suggested that a person is unlikeþ to effeotiveþ rank more
than around four to six items at a single sitting. For an experiment involving alarge number
of samples, a balanoed inoomplete block (BB) design, whioh allows the ranking of subsets

of the samples in a way that does not bias the outcome, carr be used. An advantage of this
type of desþ, according to McDaniel et al. (1987), is that it allows for the ranking of a
small number of samples over a large number of occasions which can lead to more
discriminatory results than if the number of samples was increased to reduce the occasion
number.

The design chosen (Yates 1970 p. 194) allowed the samples to be ranked in blocks of five
(App*. Tab. D.13). When the desþ was triplicated, each sample was ranked with each of
the other samples three times, and each was ranked a total of 18 times. Ninety subsets
(blocks) of five were taken from the 25 wines (24 banels plus I stainless steel drum) for
each aroma ranking. Each of 15 panelist received two sets of five wines from each of the
three repetitions, at random. The order of presentation within each set (120 permutations)
was also determined randomly.

One 375 mI cror¡m sealedbottle of each ofthe 25 wineswasused. Eighteen glasseswere
required for each wine. Thus, 25 groups of 18 (450) glasses were assembled on a bench.
The trays were made-up from these batches, with reference to a worksheet, and the
identifying glass numbers were entered on the worksheet.

The rankins procedure

A standard was prepared freshly each day. Before entering an isolation booth, each panelist
smelled the standard, and committed it to memory. The booth could be left Lt ary time to
re-smell the standard. Eaoh panelist ranked six sets of five wines, according to a single
aroma attribute, at each sitting. It is important that the ranking process not be overþ
demanding of the panelists' time, senses or concentration capacity. Limiting each session tc
the consideration of only one aroma heþed to minimise these demands.

The panelists were provided with a tray containing three sets of five wines, and a glass of
odourless water for refreshment. They were instructed to smell (not taste) the first set of
five wines, and to rank them from lowest to higlrest, according to the standard smelled
outside of the booth. They were, further, advised that the sniffing and ranking procedure
may require numerous repetitions before each could be confident in their response. On
completion of the first set, the second and then the third set were similarþ ranked. On
completion of the first tray, it was removed by the experimenter and a second tray of three
sets of five wines was presented for ranking in the same manner. When samples were
difEcult to separate, the panelists were required to make a best guess; ties were not allowed.

D e t e r mi ni ns wha t s i mi lì c ant di ffe r e nt i at i on w as ac hi ev e d

To test whether significant differentiation among the wines was achieved for each aroma, a

Friedman-type statistic (Meilgaard et al. l99I p. 26\ was calculated using the rank sums.
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When significant differentiation was achieved, the samples were separated according to a

multiple comparison procedure. The non-parametric analogue to Fisher's least significant

difference (LSD) for rank sums from a BIB desþ, as described in Meilgaard et aL (1991p.
264\, was performed. For these experiments, the parameters appropriate to the analyses

were as follows.

l: number of samples in the experiment : 25

k: number of samples in each block: 5

r: number oftimes each sample was evaluated in a single repetition ofthe desþ: 6

l, : number of times each pair was evaluated in a single repetition of the desþ : I
b : number ofblocks required to complete a single repetition ofthe desþ: 30

p : number of repetitions of the desþ: 3

The ranking r epeatab i Ii6¡

No absolute reference-anchored scale is used in ranking; perceived intensity is only

measured relative to the other samples. For confidence to be assigned to the data, one must

test for the repeatability of the ranking for each sample relative to the other samples. This

sort of test is intrinsic to a method generating rank sums. Eaoh wine is ranked numerous

times so, for difierentiation to be significant, some ofthe samples must be repeatedly ranked

lowly or highly. To further test the repeatability of some ofthe rankings, however, some full
repetitions may be performed, and each pair of ranks sompared by Spearman's tank

correlation calculation.

Although not a requirement of the method, six of the ten Chardonnay wine ranking

occasions and five of the twelve Cabernet Sauvþon wine ranking occasions were repeated

so that an estimation of ranking repeatability could be made via inter-occasion correlation.

It was appropriate to use a one-tailed test since the direction of the correlation þositive)
was predicted. Some of the Chardonnay wine sample stocks had become depleted so

smaller sets (21 or 16 of the 25) were ranked for these wines. See Appendix D.5 for details.

The repeat occasion Cabemet Sauvignon wine rankings were of full sets of the samples, so

they were incorporated into the Friedman-type statistic calculations. The rank sums for the

two occasions were simply zummed, and p, the number of repeats of the fl¡ndamental

design, was changed from 3 to 6 for the calculation. The ranks and, therefore, the rank

transformations were also based on the combined set of data for the five repeated

descriptors. The repeat occasion Chardonnay rankings, however, being subsets of the

samples, were not incorporated into these calculations as doing so would leave the desþ
unbalanced.

D.4. Data analvsis

When using non-parametic data such as ranks, some forms of data analysis either do not
eúst or are not commonly available in the form of statistical software packages. A
transformation of the data, using the Fisher-Yates rank transformation, may heþ to
overcome this problem by making them amenable to parametric anaþsis. The

transformation aszumes that the rank sums can be considered percentage points along a

standard normal distribution (Fisher and Yates 1963 p.9a).
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The rank sunm were unsuitable for anaþsis beyond that used to generate the data in Tables

3.1 and 3.3. Consequentþ, they were transformed to ranks and to Fisher-Yates rank

transformations. Separate transformations were required for each subset of samples to be

analysed. Thus, they were obtained for the data for (1) the set of 6 American oak barrel

wines, (2\ the set of 12 Australia seasoned./coopered barrel w'ines, (3) the set of 18 French

oak barrel wines, and (a) the full set of 24 banrel wines (App*. E). The ranks were used in

Spearman's rank correlation oalculations, and the Fisher-Yates rank transformations were

used in a variety of parametrio data analyses, particularþ analysis of variance and principal

components analysis (PCA).

The singlr and two-factor analyses of variance (ANOVAs) were performed using

Microsoft Excel V5.0 spreadsheet software. The three-factor ANOVAs were performed
using SYSTAT V5.0 (SYSTAT, Inc.) statistical software. The variables were treated as

'fixed' and factorial ANOVAs were performed (Kirby 1993 pp. 279-323). 95 %
Confidence intervals were oalculated using individual cell variances (Kirby 1993 pp. 269-
270). T\e PCAs were also performed using SYSTAT V5.0 software, using the Pearson's
product-moment oorrelation matrix and varimax rotation. The scree test, described by
Cattell (L966), was used to determine the number of faotors to retain in each PCA. Then,

the PCA output was adapted according to Broschat (1979) and Federer et al. (1987).

D.5. Oddities

wtne

AA10 and FV3 samples were not available for testing the 'green apple' and 'cinnamon'
descriptors due to depletion of stocks. AA22 md FV4 were of the same treatment as AAl0
and FV3, respectively, and neither pair was significantly different, according to triangle
difference test (p<0.05) (Appx. Tab. D.1). Consequently, two AA22 samples and two FV4
samples were used. The mean rank sum obtained for the two AA22 samples was applied to
both AA22 and AA10. Similarþ, the mean rank sum obtained for the two FV4 samples was
applied to both FV4 and FV3. T\ese schemes are detailed in Appendix Table D.14.

While the BIB desþ had to be changed to accommodate 2I or 16 wines (Appx. Tabs.
D.15 & D.16), the sensory protocol remained virtually unchanged. Appendix Table D.17
details the samples omitted from the repeat occasion rankings due to depletion of the
Chardonnay wine stocks. The matching wines from the fust occasion were assþed new
tanks, using only those s¿mples in the new subset and then tested for Spearman's
correlation with the repeat set rankings. 'Coconut' was repeated a second time.

For the 21 sample desþ (App*. Tab. D.l5), 14 panelists ranked 6 sets of 5 wines each,
giving a total of 84 sets of 5 wines. Thus, each of the 21 wines (4 omitted) was ranked 20
times. For the 16 sample desþ (App*. Tab. D.16), 16 panelists ranked 5 sets of 4 wines
each, giving a total of 80 sets of 4 wines. Thus, eaoh of the 16 wines (9 omitted) was
ranked 20 times.
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It is possible to calculate the signifioance of any differences for these new desþs but this

was not done since only the rankings were of interest. The firll designs (all25 wines) were

used to calculate any significance of difference; the new desþ results were used only to

check the repeatability of ranking (by correlation between ocoasions). Appendix Table D.18

details these correlation anaþsis results.

Appendix Table D.14. 'Green applet and 'cinnamon' rank sums'
See text D.s) for an

Appendix Table D.15. BIB design lor 2l treatments: 21 blocks of 5 (5 fotd)
1970

Block number

Appendix Table D.16. BIB design for 16 treatments: 20 blocks of 4 (5 fold)
ates r970
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51.5AAlO

FV455AA22
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73
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69
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AU70 51

vA38 54 vA38 54
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4l
4t
39
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TA23
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4I
4l
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FT3
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FL4
TA23

57

55

55
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VA32

FL5
TA3]
TA46

control
LA27
VA39

FL3
LA4]
LA34

AU6
FT5
VA32

FL5
TA3 ]
TA46

control
LA27
VA39

FL3
LA41

LA34
AU6
FT5

AA22 47

52.5AA22
AA]O 52.5

54FV4

W4 56

56FV3

AA22 58

58.FV4

rank sums'used

TA46 65

AU6 6I
LA34 60

LA41 60

AA11 60

FL4 59

FT4 59

vA32 59

FL5 58

FTS 58

FL3 57

TA23 57

AU4 57

44
JJ

25

55

53

57

57

57
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25

LA27
TA31

control
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FV5
trT3
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TA3]
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52
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FV5
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VA38
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FL3
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VA38

65

61
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l0 t4
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6
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9
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1,1
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8

7

6

I

3
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c eJ p
dfk m
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18

19
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afkp
bglm
chin
d e j o
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bekp
cflm
dgin16i
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"n'! block I 

8,,,: block block l,H i block block

Block number
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Appendix Table Ir.l7. Samples omitted (X) from the Chardonnay wine repeat
occasion rankings due to depletion of stocks.

conlrol
AU4
AU6

AUTO

AAlO
AA]]
ÀÀ22

X
X

X

X
X
X
X
X
X

X

X
X
X

X
X

X X X

FL3
FL4
FL5
LA27
LA34
TA41 X X X

X
XX X x

FT3
FT4
FT5
TA23

TA3]
TA46

X
X
X

X
X X

X

rvJ
FV4
W5
VA32

VA38

VA39 X

X

X

X
XX

X
X

,,(

X
X X

2t l6 l6 l6 2t

Appendix Table D.18. Chardonnay wine aroma ranking inter-occasion correlations.

Comparison n rlro Sisnifieancer
coconut #1 coconut #2 21 0.346
coconut #1 coconut #3 16 0.510 p<0.051
coconut#2 coconut#3 16 0.575
vanilla #1 vanllla#2 16 0.499 p<0.05

penc shavs #1 penc shavs #2 16 0.099 n.s. (p>0.10)
butter #1 butter #2 16 0.742 p<0,001

grnapple#l grnapple#2 21 0,458 p<0.05
smoþ #1 smoþ #2 21 0.79I p<0.001

le in O'Mahony (1986 p. a58).
/: Mean of rho (0.477) used.
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Appendix E

V/ine aroma ranks and

Fisher-Yates rank transformations

For both the Chardonnay and the Cabernet Sauvignon wines, analyses were performed separately on

(1): the set of 6 American oakbarrel wines
(2): the set of 12 Australia seasoned/cooperedbarrel wines

(3): the set of 18 French oakbarrel wines
(4): the full set of 24 barrel wines

... so ranks and Fisher-Yates rank transformations for these subsets were prepared separately.

Rank sums were converted to ranks and ties were given mean ranks.

These ranks were used in Spearman's rank correlation calculations.

The Fisher-Yates rank transformations were used in Pearson's correlation calculations,

ANOVAs, and PC analyses.

Higher rank number or transformation indicates higher intensity

The Fisher-Yates rank transformations used for these subsets are listed in Appendix Table E.1

Ties were allocated means.

Appendix Table 8.1. Fisher-Yates rank transformation values.

-1.95
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-r.24
-1.04

-0.88
-0.73

-0.6
-0.48
-0.37

-0.26
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-0.05
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0.16

0.26
0.37

0.48

0.6

0.73

0.88

1.04

r.24
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1.95

-1.82

-1.35
-1.07
-0.85

-0.67

-0.5

-0.35
-0.21

-0.07

0.07

o.2l
0.35

0.5

0.67

0.85

t.07
1.35

r.82

-1.63

-r.t2
-0.79

-0.54

-0.31

-0.1

0.1

0.31

0.54
0.79

I,I2
r.63

-1.27

-0.64
-0.2

0.2

0.64
r.2'1

Reference:

Fisher R.4., Yates F. 1963 Statistical

Tables for Biological, Agricultural
and Medical Research.

Longman, Edinburgh, U.K. p. 94.
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Table 8.2. American oak-barrel wine aroma ranks.
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Table 8.3. American oak-barrel âroma rank transformations.
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Appendix Table 8.4. Australia seasoned and coopered barrel
Chardonnay wine aroma ranks.
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Appendix Table 8.5. Australia seasoned and coopered barrel
Chardonnay aroma rank transformations.
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Table 8.6. French oak barrel Ch wine aroma ranks.
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Table 8.7. French oak barrel aroma rank transformations.
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Appendix Table 8.8. All oak barrel Chardonnay wine aroma ranks.
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Appendix Table 8.9. Att oak barrel aroma rank transformations.
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Appendix Table 8.10. American oak barrel Cabernet Sauvignon
wine aroma ranks.
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Appendix Table 8.11. American oak barrel Cabernet Sauvignon

wine aroma rank transformations.
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Appendix Table nJ2. Australia seâsoned and coopered barrel
Cabernet Sauvignon wine aroma ranks.
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Appendix Table 8.13. Australia seasoned and coopered barrel
Cabernet Sauvignon aroma rank transformations.
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Appendix Table 8.15.
French oak barrel Cabernet Sau aroma rank transformations.
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Table 8.16. All oak barrel Cabernet wine aroma ranks.
ilint
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Appendix Table 8.17.
All oak barrel Cabernet Sauvignon aroma rank transformations.
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F.1

F.2

Appendix F

V/ine aroma principal components analysis results

Appendix outline

Chardonnay wine ...

Cabemet Sauvignon-il .....' ..' ..'

249

252

PC analysis was performed using SYSTAT V5.0 (SYSTAT, Inc.) statistical software. The

analysis was based on a Pearson's product-moment correlation matrix, three PCs were retained,

and a varimax rotation was performed. The Spearman's rank correlation matrix is also shown.

F.l Chardonnav wine
Raw data were the Fisher-Yates rank transformations of the Chardonnay wine aroma ranks (excluding

'preference') (Appx. Tab. E.9). 'Preference' is included in Appendix Tables F.l &,F.2 only coincidentally

Tabte F.1. Spearman's rank correlation matrix.
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carmel

vmilla

butter

alltpice

ffiob'
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C.itical values fo¡ 2{ailed te$ of correlatio. n : 24. fr om OMahmv ( I 986) I I' signifrcøt correlatior,p <0.05 or srmger

If rho is greater thm or equal to 0.407, significmt correlatim, p<0.05.

If rho is greater thør or equal to 0.521, significæt correlaticn, p <0.01.

If úo is greaterthar or equal to 0.608, significmt correlatim,p <0.002.

porc úavs = þencil úavings'

Appendix Table F.2. Pearson's product-moment correlation coefnicient matrix.
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If r is greater than or equal to 0.6524, sienificmt ccrelaticn, p <0.001.** **: from OMahcny (1986),20 d.f

penc shavs = þorci1 Savings'

sisdficmt co¡relatim, p <0.05 or Srmger.

4.406o.423
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Scree plot
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Appendix Figure F.1. Scree plot of Chardonnay aroma PCA.

Conclusion: The scree test suggests retaining the first four PCs but this is not clear
Interpretability suggests retaining the first th¡ee so three were retained.

N.B. PCs were re-orderedfollowing rotation because the proportion ofvariance changed
sfficiently to alter their order. The originøl PCs I, 2 & 3 were changed to PCs 1, 3 & 2.

Appendix Table F.3. Rotated component loadings and PC characteristics.

Component loadings were converted to eigenvectors to determine sample locqtions in PC space

[eigenvector : component loading / sqrt(eigenvalue)]. See following page.

number eiqenvalue
2.744

1.889

1.841

t.209
0.698
0.682
0.342
0.268
0.228
0.098

1

2

J

4
5

6

7

8

9

10

0.523

-0.701
-0.784
0.863penc shavs

caramel
butter
cashew nut
green apple
srnoky
coconut

vanilla
allspice
cinnamon

PC load 2 PC load 3

-0.024 0.174
0.08 0.135

-0.05 -0.178
0.456 -0.358
-o.24
o.4rl
0.34r

-0.068

0.055

0.158

0.017
tJ.346

-0.002

-0.26
o.334
-0.032

Loadings
with absolute values > 0.5 are
highlighted. They contribute

most to the corresponding PC.

penc shavs : rpencil shavings'

PCs description: PCl: emphasis on'pencil shavings' &'cashew nut'versus 'caramel & 'butter.'
PC2 : emphasis on'vanilla,"allspice' &'cinnamon.'
PC3: emphasis on'smoky' versus'green apple' &'coconut.'

lbyeachPC PCl PA PC3
variance explained: 24,24% 20.34% 20.t6%
cumulative variance explained: 24.24% 44.55% 64.74yo

0.569
0.676
0.829

-0.75

o.762

-0.795
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Appendix Table F.4. Rotated component loadings and corresponding eigenvectors.

Appendix Tabte F.5. Chardonnay wine samples in rotated PCA space.

(Fisher-Yates rank transforms of ranks, and correlation analysis also included.

shavs 0.863

-0.784
-0.701
o.523
0.017

0.346
-0.002
-0.260

o.334
-0.032

2.744

0.521

-0.473

-o.423

0.316
0.010
0.209
-0.001
-0.157

0.202
-0.019

-0.024
0.080
-0.050
0.456

-0.240
0.4r7
0.34r
0.829
0.676

0.569
1.841

-0.018
0.059
-0.037

0.336

-0.t77
0.307

0.2sr
0.611

0.498

0.4r9

0.r74
0.135

-0.178
-0.358
-0.795

0.762
-0.750

-0.068

0.055

0.158

1.889

0.127
0.098
-0.130
-0.260
-0.578

0.554
-0.546
-0.049
0.040

0.1 15

caramel

cashew nut
green apple

smoþ
coconut

vanilla
allspice
clnnamon
eigenvalue:

Sample locations in PC space were calculated as follows. The raw data for each aroma were converted

to z -scores. The PCl eigenvector for the first aroma was multiplied, separately, by each of the z -scores

of that aroma. The PCl axis value for each sample was, then, the sum of these 10 products (one for
each aroma). The other PC axis values for each sample were obtained in a similar manner. Finally,

the coordinates (axis values) were arbitrarily divided by 3.6 to restrict the range to -1 to 1.

AU4
AU6

AUTO

AA]O
AAl]
AA22
FL3
FL4
FL5
LA27
LA34
LA41

FT3

FT4
FT5
TA23

TA3]
TA46
W3
W4
FV5
VA32

VA38

VA39

Pc1
-1,"768

-2.274
-2.805

-r.020
-0.613
-3.046

PC3/3,6
0.272
-0.003
0.070
0.059
0.641
-0.354

0.48

-1.95

-0.48
0.16

0.05

-0.805

-1.04

1.24

-r.37
-1,.37

0.6

-0.805

-0.6
-0.315

-0.16

-0.315

0.805

0.805

0.315

1.95

-0.05

0.315

1.5

1.04

PCz PC3..

0.885 0.980
-1.305 -0.009
-2.r7r 0.252
-0.229 0.213
1.415 2.309
-t.203 -r.273

Pc1l3.ó ,,', PCllS;6
-0.491 0.246

-0.632 -0.362

-0.779 -0.603

-0.283 -0.064

-0.170 0.393

-0.846 -0.334

0.471
t.396
, )oa

0.r77
0.286
-1.188

-0.050

3.2r2
-1.830
-/, ?/ro

1.480

0.568

-2.038
1.464
r.255
-2.209
0.1 18

-1.308

0.13 1

0.388

0.637

0.049
0"o79
-0.330

-0.014

0.892
-0.508
-0.647

0.411

0 158

-0"566

0.407
0.349
-0.613
0.033

-0.363

1,3T9

-0.454
0.503

r.72s
-1.148

1.t62

-r.399
-r.r52
-1.191

t.046
-0.672

3.588

2.474

0.883

0.482
2.277

-1.161

0.172

0.367

-0.t26
0.140
0.479

-0.319

0.323

-0.388

-0.320
-0.331

0.29r
-0.1 87

0.997

0.687
0.245

0.r34
0.632
-0.322

0.048

0.3r4
0.530
1.620
0.548

r.937

0.035

0.890

0.540
-0.402

0.727

-0.040
-0.379

-t.235
0.156
1.348

-0.974
-r.223
-2.953

0.087

0.r47
0.450
0.t52
0.538

0.010

0.247

0.150

-0.1t2
0.202
-0.011
-0.105

-0.343
0.043
0.374

-0.27r
-0.340

-0.820

Pearson's correlation coeffTcients for aroma-PC comparisons with 'preference.'

,,.i,i rcI ,,t Æ2 iqdS

preference 0.275 0.582 -0.025



252 Oak Wood Contribution To Wine Aroma

F.2. Cabernet Sauvignon wine

tl^..,,¡^+^.,,^-^ +l^^ Þ:^L^- \,¡^+^^ -^-t- +-^¡^f^*^+i^-^ ^f +l.^ ar^L e^,,,, .,;-^ ^r^róô r^6Lõ /^-^1,,.7¿6ntvw wø w9t9 tttg I tÞttçt- ¡ 4L9Ð ¡4ñ lr4rlÐrvrrrr4trv¡¡Ð vI trrv v@. u44v. wr¡19 4vrtrq r4rlN l.w^wrug¡r¡å

'preference') (Appx. Tab. E.17). 'Preference' is included in Appx. Tab. F.6 & F.7 only coincidentally.

Appendix Table F.6. Spearmanrs rank correlation matrix.
smoþ

poJ

coconul

penc shv

allspice

b"ry

smoþ

camel

vøilla

coffee

dk choc

Bøùaid

eoitþ

m¡nt

0.598 I

-0.196

o.317

0.060

0 476

I

0.u7

4-287

0.296

-0.300

0.(D0

0.tvl.

4.052

0.161

c.094.

0.278

I
0.380

0.278

1

-0.2050.135 -0.187

0 5610 544

o472

0,7850 574

0.5950.511

0.39E

4.039 -0.363

-c.5394.451

0 056 0_085

4.677

0.5364.427

0.5890.6290.5140.2170.6060.¡108

0.++70.5060 5530.3340.466

0.545o 679

0.5700.415

0.374

-0.351

4.667

0.194. 0.vl.t

4.058

-0.011

0.253

0.289

0.207

4.374

{.351

0 063

0.301

-0.189

0219

I
4.22t

-0.372

0.080

I
0.370

0.151

I

-0.089

I

0.t22

0.ù>7

o.7530.536

i I' sisriñcmt co¡relatior,p <0.05 or srmger.

Critical values fm 2lailed te$. of curelaticn. z : 24. f¡om O'Mahorv ( t 986).

If rho is greater thm or equal to 0.407, sipifrcmt correlatio, p <0.05.

ärho is greaterthm m equai to û 521, significant correiatim, p <û.ûi.

If rho is geater than or eEral to 0.608, significmt correlatiur, p <0.002.

pref= þrefererce'

penc shv = þorcil úavings'

rik choc :'dark chocoiate

Á.ppendix Table F.7. Pearson's
êtiêonùl

correlation co efficient matrix.
mìLt

PreÍ

cocottul

penc shv

allspice

b"rry

1

-0.328

0.293

I

0.011

-0.361

0.352

-0.352

0.054

0.135

4.099

0. l8l
0.032

0259

ffiohy A:124 4.212

carmel

vøilla

cofree

dk choc

Bmd-a¡d

earlhy

rtñnt 0.025

,0.ù27

o.7u0.t66

0:40

0.360

-0.371

I

0.336

o.274

0.327

1

-0.003

0.016

I

4.243

0.587

-0.625

0.5230.6090.4y20.1930.5

0.4510.5000.550

0.5300 6740.417

0.573

o.312

-0.3El. 4.317

4.Ø5

0.19 1 0.250

O.3EE

o.3Ø

-0.043

-0.008

0.186

0.333

0.157

4.43

-0.367

0 0û2

0.357

-0.163

0.1E6

I
0.366

0.126

I

4.2t0

-0.353

0.031

Critical values for 2{ailed tesf. of correlatior. n = 24. d.f, = n -a-a+-L-24.

If r is greater thm or equal to 0.404, si gnifi qm1 correlatim, p <0.05. *

If r is greater thæ or equal to 0.515, significmt conelatiø, p <0.01.*

If r is greatø'than o' equal to 0.6524, sipifrcæt correlaticn, p <0.001.**

-0.107

pref: þreferercel

porc úv: þencil úavings'

dk óoc ='da¡k åocolate'
*: f¡om Snedecot md Coú¡ar (1967),22 d.f.

**: f¡on OMahmy (1986),20 d.f.

corelatim coefficients fcn þ¡eference' are included in the Table but they were nct included in the PCA

signifrcmt cc'rrelaticn, p <0.05 or lrcnger

vûúllaffiò|y

o.553.

0.7070:510

0.ø60:474

4.517

0.5050;510
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Scree plot
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Appendix Figure F.2. Scree plot of Cabernet Sauvignon aroma PCA.

Conclusion: Retain first three PCs.

Appendix Table F.8. Rotated component loadings and PC characteristics.

Component loadings were converted to eigenvectors to determine sample locations in PC space

[eigenvector : component loading / sqrt(eigenvalue)]. See following page.

0.7t6
0.781

0.7s4
0.886

0.541

0.539-0.555
o.652 0.606
0.77V

0.792
0.825
0.829
0.829

coconut

caramel

dark choe

coffee

earthy
allspice

smoþ
Band-aid
penc shavs

mint

PC load 2
-0.t75
-0.349
-0.283

-0.027

0.1 l3

0.319

0.231
0.049

PC load 3
0.343
-0.006

-0.r2r
-0.269
-0.004

0.t47
-o.298
0.079
0.206

0.1t2

Loadings

with absolute values > 0.5 are

higruighted. They contribute
most to the corresponding PC.

dark choc :'dark chocolate'

penc shavs :'pencil shavings'
0.087

-0.270
-0.232

o.146

Principal comnonents descrintion
emphasis on'vanilla,' 'b"try,' 'coconut,' 'caramel,' 'dark chocolate,' 'coffee' &'allspice'

('rich aromas') versus'earlhy.'

emphasis on'smoþ,"Band-aid' (medicinal),'coffee' &'earthy.'
PC3: emphasis on'pencil shavings' &'mint.'
Pronortion ofvariance explained by each PC

variance explained:

cumulative variance

PCl PC2 PC3

37.22% 20.12% 12.49%

37.22% 57.34% 69.82yo
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Appendix Table F.9. Rotated component loadings and corresponding eigenvectors.

Appendix Table F.10. Cabernet Sauvignon wine samples in rotated PCA space.
Yates rank transforms of ranks, and correlation analysis also included.)

.P€I
:öomontlqå{ eis€nvsûtÒ¡

0.829 0.387

^ 
o^^ 

^ 
aoav-o¿> v.Jõ,

0.825 0.385

0.792 0.370
0.777 0363
0.652 0.304
-0.555 -0.2s9
0.541 0.253
0.087 0.041

-0.270 -0.126
-0.232 -0.108

0.146 0.068

4.586

vanilla
berry
coconut
caramel
dark choc

coffee

earthy
allspice
smoþ
Band-aid
penc shavs

mint
eigenvalue:

-0.175

-u.J+>
-0.283

-0.027

0.1 13

0.606

0.539
0.319
0.886
0.754
0.23r
0.049

2.498

-0.111

-v,zz I
-0.t79
-0.017
0.071

0.383

0.341

0.202
0.561

0.477

0.146
0.031

0.343
-0.006
-0.12r
-0.269
-0.004

0.147

-0.298

0.o79

0.206
0.1t2
0.781

0.716

1.295

0.301

-rJ. L,UJ

-0.106

-0.236

-0.004

0.r29
-0.262

0.069
0.181

0.098

0.686

0.629

Sample locations in PC space were calculated as follows. The raw datafor each aroma were converted
to z-scores. The PC1 eigenvector for the first aroma was multiplied, separately, by each of the z-scores

of that aroma. The PCl axis value for each sample was, then, the sum of these 12 products (one for
each aroma). The other PC axis values for each sample were obtained in a similar manner. Finally,

the ceordinates (axis values) were arbitrarily divided by 4 to restrict the range to -1 to l.
Eçt PÆ Pçg p'$-vl:' P.c2t4 P,c3t4

AU7
A LJ¿'

AU9
AA36
AA40
AA48
NL6
NL7
NL8
r 1a2

4/J

LA3O

LA38
NT6
NT7
NT8
TA8

TA25

TA39

NV6
W7
NVg
VA12

VA2]
VA27

0.534
-i.586
-2.803
-3.932
-L214
-0.896

-2.567
-0.543
-0.850

1.0t2
-0.936
0.086

-0.955

-0.749
- 1.83 8

- 1.75 8

-1.352
-0.995

0.133

-0.396
-0.70r
-0.983

-0.304

-0.224

-0.642

-0.136

-0.2r2
o.253
-0.234

0.021

-0.239
-0. i87
-0.459

-0.440
-0.338

-0.249

0.26

-0.805

-0.54

-t.37
-0.54

0.16

-1.04

-1.95

-0.16

-t-Jt
-0.3 1 5

1.95

-0.315

0.425

0.05

1.5

1.24

0.805

-0.05

1.04

-0.805

0.42s

0.805

0.6

-3.t52
-3.018

-r.570
^ 

aîô

1.819

0.286

0.646
0.93 1

2.1r8
a ala
J.J IJ

-0.266
2.282

r.756
l 418

-0,275

v.voo
1.128

t.268

-0.788
-0.754

-0.393

-\.,,UJô

0.455

0.071

0.162
o.233

0.530
u.ò/o
-0.066

0.570

0.439
0.355

-0.069

v.v¿¿

0.282
0.3r7

0.029
2382
-2.37r
r.t64
3.436

0.886

-0"094
-3.092
o.527
-0.t76
-0.819

1.606

0.628
-2.2rr
0.708

0.385

1.384

-0.741

0.007

0.595

-0.593

0.291

0.859

0.221

-0.024
-0.773

0.132

-0.044
-0.205

0.402

0.r57
-0.553

0.177

0.096
0.346
-0. 1 85

-0.099 -1.812 0.099 -0.025 -0.453 0.025
1.981 -0.781 -1.492 0.495 -0.195 -0.373
2.298 -2.459 -1.624 0.575 -0.615 -0.406
2.219 I.224 0.650 0.555 0.306 0.163
2.765 0.439 1.516 0.691 0.110 0.379
1.076 0.010 2.963 0.269 0.003 0.741

Pearsonrs correlation coefficients for aroma-PC comparisons with 'preference.r

preference 0.646 -0.081 0.176
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Appendix G

Compound and composition-PC correlations with aromas -

Chardonnay barrel wine

Three compounds (cyclotene, vanillyl alcohol and 4-ethylphenol) have been omitted

due to imprecision of measurement, etc. , as discussed in Section 2.4.

Appendix Table G.1. Spearman's rank-order correlation matrix -
24 barrel wines at 55 weeks - sensory &

preJerence

coconu¡

pencil shavings

carmel

vmilla

butter

øllspice

mohy

c6hw nut

green apt'e

ønnMoh

pncshv 0.293

!ñillo o.l5o

butter -o2oo

ollspc 0 153

øoþ -o.ztt

0.354

04380 801o,162

0036 0 335 0070 0282

o 342

0 607

02ffi

-0tr
0tæ

0 319

-0 061

o?%

o.432

-04 l3-04æ

0 169

-0 177 0337

0 348

-o217

0 280

-o398

0303

0 094

-ol6t

o 196

-0 286

o 329

0 340

-o.224

o 029

-o058

0 140

0 300

o0l 7

-0 059

-0 3?4

-0 075

0 013

0306

0,tt4

o o32

0 303

o lo5

0057

-0 349

0 305

oo

0 021

-0 032

0 095

o365

0 099

o 234

-0 0æ

0 092

-0 058

o.344

-0 t25

0117

-0 356

0 158

o2l0

o200

0 048

0 l?9

0 125

0280

0 009

-0 lm

0023

-ùtt0

o 144

-0 078

03ll

0.t58

o0l0

-oul

-0 l0l

-0.034

o078

0 14l

0 06t

or20

o.o12

o.203

0 055

0368

0 176

0 235

0 079

-0 lm

o.o32

-0,t81

019

0 258

o.242

0.289

-0 330

o 231

-0164

ol87

0 020

o 329

0 29t

o.273

0 065

-o.233

offi4

-ot74

o2t1

0 349

-o054

0 082

-0 355

0 283

-o046

-0 æ5 ùffi

-0304

0 078

-o,w

0 l7l

ût 52

-ù130

o o27

o,324

o359

0.329

0 381

0 l0t

-0.321

-0 028

-0 320

-o149

o2a

-0æ5

0.256 -OO29

-0 t58 -0 235

0.067 -o.223

-0104

o 342

0 349

o383

-0 556

o.362

o 232

o 325o.21r

0 571

-0 4t70 549

0 t65

o507

-058

-o567

o374

0 658

tl89

-o678

0ß7

-0 507-0 345

-0 047

-0 332

ol ?9

-0 309

o 1900 l3?

-o.423 -o536 -0 618

-o 122

o t62

-0.091

Critical valuesfo¡ 2lailetltest of cor¡elatio. z = 24. f¡om OMahmv (1986).

Ifdro is greater thæ m equal to 0.407, significørt corelaticn, p <0.05.

If úo is greater thar or equal to 0.521, sigrifrcørt correlaticn, p <0.01.

If úo is greater thæ or equal to 0.608, significat ccrelatim, p <0.002.

siqrificant correlatim,p <0.05 or Srmger.

#: Coqormd abbreviatims: ci=c¡'s ¡ah ladcn e,ttæ*trans +ak ladme, eu5-eugorol, guaiaeguaiacol, 4m54-mdhylguaiacol,

var=varillin, malt=naltol, ñufdrrfiual, eeÈ'e$imated extraded furñ¡ral' (furñual + furfuryl alcohol), 5mÈ-5-mdhylfruñual,

falefr¡rñ¡ryl alc¡hol, 5mfale5-mdhylñuñrryl alcchol, feráufi:ryl áJryl ether, 5mfee5-methylñufuryl ethyl dher,

ver=vmillyl dhyl dher, 4vg=4-vinylguaiacol, 4eg4-dhylguaiacol, 4vp4-vinyþherol.

Appendix Table G.2. Pearson's product-moment correlation coefficient matrix -
24 Chardonnay barrel wines at 55 weeks - sensory & composition. wpoitition'

0 300 0.340 OM

0 606

-0439o.496

o 296 o314

pr"/ 0 l8l
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Appendix H

Compound and composition-PC correlations with aromas -

Cabernet Sauvignon barrel wine
Three comryomds (vmillyl alc.úol, 5-mdhylfiufirryl dhyl dher md vmillyl dhyl dher) have beer omiúed due to inqrrecisicn of

meåsuremstt, efc. , as discussed in Sedior 2.4. Esirnated ext¡aded ñrrñual' has beer omiüed since it is very similar to frufirryl alcdrol.
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'Preference,' 'coconut,' 'pencil shavings,' 'allspice,' 'berry' and'smoky' on this page;

'caramel,' 'vanilla,' 'coffee,' 'dark chocolate,' 'Band-aid,' 'earthy' and'mint' on the followingpage.
For details of principal components analysis, see Appendix C.

PCI (30% of the variance): 'emphasis on coopering heat products.'

PC2 (25% of the variance): 'emphasis on some microbial products.'

PC3 (17% of the variance): 'emphasis on natural oak products.'
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Appendix I

Potency of the overall, oak wood-derived, atoma-effect of
selected individualbarcel wrnes -materials, methods and results

Appendix outline

I.1
r.2

Materials and methods
Results

285
286

An introduction and a discussion ofthe results of this experiment may be found in Section

4.4. Further details are shoum below.

L1. Materials and methods

The relative compositions of the three seleoted barrel-stored wines were shor¡m in Figure

4.r.

The ASTM (American Society of Testing and Materials) rapid method (8679), as described

in Meilgaard et al. (1991 pp. I24-I28), was used. This is based on the Asce,nding Method

of Limits and on a method of sample presentation knornm as the 3-Alternative Foroed

Choice (3-AFC) in which 3 samples are present ed;2 arc controls and one contains the test

substance. Se-called Best Estimate Thresholils (BETs) were determined using this metlod.
This gives a very approximate 'best estimate" determination of each panelist's tlreshold -
but more panelists can be tested, using a given amount of effort, leading to a more reliable

group tlreshold and distribution.

Twenty panelists (16 male; other demographics in Appx. Tab. I.1), familiar with the barrel-
stored Chardonnay wines and triangle difference testing from the difference testing

described in Appendix D (15 days of tests within the month preoeding this experiment),

were used. Each reoeived six 3-AFC tests containing ascending conoentrations of a barel-
stored Chardonnay wine mixed with the stainless steel-stored Chardonnay (control) wine.

They were not told that the sets were presented in an ascending order.
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The proportion ofbarrel-aged wine presented was from 50 yoto 1.56 o/o, spîced by a factor
of 2 m 5 steps. Those panelists correct at the lowest level and those who failed at the
highest level were retested, e11ss. fffailing at the 50 o/oIeve\ they were retested atthe 50 %o

and 100 oá levels; if correct atthe L.56 o/o level they were retested at the 1.56 yo, the 0.78
%o mdthe 0.39 o/o levels. On one occasion, a panelist was correct at the 0.39 o/o level so was
retested at the 0.39 yo, the 0.20 o/o and the 0.10 % levels.

The position of the different wine in each set was determined randomly. Bottles of control
wine were first homogenised in a 10 L conical flask. Then the greatest dilution to the
smallest dilution was prepared in a 2L conical flask, and poured (approx. 18 mL) into each
glass.

f.2. Results

A summary of the results, in relation to published thresholds, is presented in Table 4.1.
More detail is shoum in Appendix Table 1.2 and Appendix Figure I.1 which show the
concentration f,ânges correqponding to the individual BETs, and the distribution of the
individual BETs, respeotiveþ. Details of the results for wines VA39, AA11 and AU4 are
shown in Appendix Tables L3,1.4 and L5, reqpectively.

The BET for each subject is the geometrio mean ofthe highest concentration missed and the
next higher concentration. The goup BET is the geometric mean of the individual BETs.
When retesting extreme res,ults, if there was no discreet E)ace between the hiehest
concentration incorrectly identified and the next higher (i.e. therc was an overlap), the
concentration served which was correotly identified once and incorrectly identified once was
quoted as the BET.

Meiþaard et al. (1991 p. 127) suggest repeating the test series with the same subjects on at
least one other day, and to continue repeating the test until the group BET decreases by less
than 20 Vo. T\e threshold will often decrease as the subjects become familiar with the
procedure and the substance. Given limited wine stooks and that the panelists had just
ex¡lerienced weeks of difference testing with the same wines, only one of tle three tests
(V439) was repeated (Appx. Tab. I.6). This showed a decrease in the group BET from 6.01
o/o to 4.84 o/o, tL improvement of 19 %o, below the 20 o/olevelrecommended as tle minimum
for discontinuation of retesting. Thus, no more retesting was performed. The final res,ult for
I/439 was obtained by averaging the performances of the 16 panetists who particþated in
both sessions, and taking the results of the other 4 panelists from whichever session they
had attended (Appx. Tab. I.3).
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Appendix Table I.1. Wine evaluation experience, consumption frequency and age of

tñã ZO panelists who participated in the 6potency of the overall, oak wood-derived'
aroma-effect of selected individual barrel winest experiment.

287

moderately
accustomed

well
accustomed

very well
accustomed

...........!!!!.9.c-1.y-sl-o-!!!..e.!............

1 4

morefrequenþ
than weekly

more frequentþ more frequentlY
than monthly thøn YearlY

but less.frequently but less frequenþ
than weekly than

less frequenþ
than yearly

015 5

)oï; tl;;;:;;_--_.-----.:...........-.--..(,,........

4

26 to 30
3

3l to 40 years
9

Appendix Table I.2 Compound concentration ranges (20 panelists)

corresponding to best estimate thresholds (BETs) for the 6potency of the
overall, oak wood-derived, aroma-effect of selected individual barrel winest

exPerims¡f.

lli$es
initiviril¿rl

c¡,s--oak ladcne
fran¡-oak ladcne
eugerol
4-vinylguaiacol

124
45
6
9

23

guaiacol
4-mdhylguaiacol
4-dhylguaiacol
vmillin
maftol
firrfrrral*

...L--lu..v-$*Êxeli..
Íìrñrryl alcúol*

dher

6
a

0.3
0.4
I

23
8

1
.,

4
1

0.3
0.1
25
9

o.42*
0.04*

0.1
0.03
0.01
,
I

0.04*
0.004*

8
3

1.0
194
70

3.3*
0.31*

0.62* 0.03* 4.2*
294

*: Corceirtraticn mgll- fm ñufrual, 5-mdhylñuñual md firfruyl
o2
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Possible p opulatim-bimodality

rs aclcrowledged but ncf. purzued

because it is probably nd
prtiorlæly inqrortæt to the

result's practical qplicatims.

I
7

6

5

4
3

2

1

0.4 0,6 0.8 1.1 1.6 2.2 3.1 4.4 6.2 8.8 t2 18 2s 3s 50 71 100

nr¡mber of

scale)wlnesteelin oontrolVA39% of barrel wine

8

7

6

5
ll

3
a

I
0.4 0.6 0.8 1.1 I.6 2.2 3.1 4.4 6.2 8.8 12 18 25 35 50 7r 100

wine (ascending logarithmic scale%o of barrel wine

nurnber of

steelin controlI

8
,|

6

5

4
J

2
1

0.4 0.6 0.8 1.1 1.6 2.2 3.1 4.4 6.2 8.8 L2 18 25 35 50 7l 100

%o of barrel wine

number of

wlnesteelin control

Appendix Figure I.1. Histograms of individual Best Dstimate Thresholds.
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Appendix Table L4. Potency of AAIl (featuring 'coopering heat products').

Procedure: ASTM E679 Ascending Concentration Series Method of Limits.

@ef. Meilgaardet al. 1991pp. 125-128).

Equipment: approx. 18 mL wine in each XL5 wine tasting glass, with petri dish lid.
Sample: Chardonnay wine from barrelAAl I in satne, but stainless steel drum-stored, wine.

1 occasion (& 2ndfor some) presented.

Temperature (degrees C): 22 &.29
Number of subjects: 20

Number of scale steps: 6

Concentration factor per step: 2
rrHidlrr & "low" results confirmed: Yes

50

1

2

3

4

5

6

7

0.6

1.6

1.1

4.4
aa

50

4.4

^^
r7.7
Lt.t
4.4

4.4

4.4
17.7

8.8

r7.7
4.4
8.8

17.7

I
9

l0
!l
II

t2
13

l4
l5
16

I7
18

19

20

ìi,oræ,B-ET"g€ofrîetric,mean,o/o,af barr:elwitein,:drumw
+++ +0+
++++ 0+
+++00+
+++ 0+0
+++0 0+
+0000+
+++++0
++00++
++++0

-r1T UU

+
U

++++ 0+
+++0++
+++00+

0
+ +

+ +000
+++++0

++++0+

+
++ 0

+++++

+
0+0

+++++

0+000 0
+ +

+
++0

++++
,so 1,00o.,t a'.2

+: correct; 0: incorrect.
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Appendix Table L5. Potency of AU4 (featuring MlF-associated products).

Procedure: ASTM E679 Ascending Concentration Series Method of Limits.

@ef. Meilgaard et al. 199r pp. 125-128).

Equipment approx. 18 mL wine in each XL5 wine tasting glass, with petri dish lid.

Sample: Chardonnay wine from barrel AU4 in same, but stainless steel drum-stored wine

1 occasion (& 2ndfor some) presented.

Temperature (degrees C): 20 &,29
Number of subjects: 20

Number of scale steps: 6

Concentration factor per step: 2

"I{igh" & "low" results confirmed: Yes

1

J

2

4
5

6

7

8

8.8

35.4

4.4
8.8

4.4
8.8

354

1.1

8.8

8.8

8.8

t7.7

0.4

17.7

4.4

8.8

1.1

4.4

17.7

9

10

11

t2
13

I4

15

l6
I7
18

19

50

+++ +00
+++00+

+

00+
+++++

+ ++0 0+
+++ ++0

++00+0

+
00+

+
++++ ++

+

0000+ 0

+ +

++++ +0
+ ++0 0+

++++00
++000+

+
++ 0

+ ++++
0 +000+

++ ++0+
++++00

0 0++ ++
++ +++0

++ 0+0+
++ ++0+

+: correct; 0: incorrect.
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Appendix Table I.6. Repeatability of the potency determinations (ag. VA39) .

Procednre: ASTM E679 Ascending Concentration Series Method of Limits (Meilgaard et ql. l99l pp. 125-128).

Equipment: approx. 18 mL wine in each XL5 wine tasting glass, with petri dish lid.

Sample: Chardonnay wine from barrel VA39 in same, but stainless steel drum-stored wine.

<2.2 (say 1.6)
<2.2 (say 1.6)

1

6

J

4

5

7

o

I2

t3

t7.7
17.7
))

<)) 1.6)
>35.4 (say 50)

4.4

8.8

4.4
8.8

35.4

t7.7
8.8

I /, 1

4.4

4.4

ð.ð

10

i4

15

T6

t7

i8

+: correct; 0: incorrect.

<2.2 (say L6)
4.4
))
l7.7

<2.2 (say 1.6)
)J

>35.4 (say 50)
¿.¿

4.4
<2.2 (

panelists to

35.4

8.8

<2.2 (say 1.6)
¿1 n

on both occasions.

I

I

I
J

4

5

6

7

8

9

10

t.6
r7.7
))
50

8.8

8.8

t7,7
2.2

4.4

of occasions

r.6
17.7

1.6

4.4
4.4
35.4
8.8

4.4
8.8

was based on only those 16

,Panelist Occ. #1 Ae;cl#2,

12 1.6 4.4
13 2.2 17.7

t4 t.6 2.2

15 50 2.2

t6 4.4 r.6
r7 35.4 8.8

t8 t.6 1.6

Product: 3E+12 9E+10

ulligþu & ulowu results not ccnfirmed; 50 & l 6 usedNumûrer of scale Seps: 6Temperature (degrees C): 22 &,23

Cmcent¡aticn fad,rr per úqr: 2Numbcr of srbjeds: 162 occasicnspresoted.
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+
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+
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+
I

0

T

00

T

+

+
+

+
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+
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+
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a

+
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+
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+
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+
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+
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+
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+
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+
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+
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+
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Appendix J

Patterns arising from specific atoma differentiations

in relation to compound concentration differences
[incorpmating the ryecific aroma 'inryadaattern cmfonnity' (IPC) tesl See Sedim 4.5 for m e>çlaraticn of the malysis md

Table 4.2 for thenaturally occurring'differotiaticnpoteroy or acco'rymimorts' (DPAs) mdfor m eqlmaticn ofthe cmissims.

Appendix Table J.1. The Cabernet Sauvignon wine volatile compound

concentration ranges and the approximate deciles for the concentration differences

Q76 comparisons dividedr where possible, into 10 roughly equal-sized ).
,Ca4pounds: cis :lrans eug guøiac vøn-cr c¡ts nølt furf" ímf følc smfølc fee 4qg 4e.p

from: 20

381

94

793lo:

17

52

0.8

15.5

121

369

80

212

80

295

004

o.22

9

277

1.8

r4.9

0.63

104

'7 2

5944

732 a1

88t9 228

C ijn centrdl ion4iîlerence rønges ønd ft equent:i'ès,within eøch' ûecil¿

I f'om: 0

lo: 32

f'equency: 28

0 0

2

3l

0

1A

00

o.7

26

1000
12627
29 30 32 29

0.00

000

24

00.0000
7 05 0 5 2

26 29 34 34 32

0.00

0.02

26

19

2a

2 from: 34

to: 66

f'equency: 28

20

34

27

3

4

36

08

15

13

2l
26

7

t4

28 26

8

t4

28

0.01

0.01

na

12

29

06

1.1

25

003

004
t)

3

5

t

3

8 163
185
60 24 2539

3 from: 67

to: ll2
fr.equency: 27

35

56

2A

1.6

25

30

l5

20

28

6

8

31

o02

o.o2

22

1.2

1.6

28

9

13

28

0.05

0.06

28

15

2t

28

64

4

5

6

l3
20

30

,),

32

27

AS

above

252625

4 from: 113

to: 147

frequency: 2'7

57752.633
85863.244
27 24 29 26 28

2t

27

25

74

16

30

2l
26

t{

9

1l

30

003

0.03

25

1.7

2.0

25

007

0.08

24

aa

28

30

9a

2 13

3037

5 from: 148

to: 181

frequency: 28

86

116

28

9

12

28

3.3

4.3

28

0.04

0.04

33

2.1

2.4

to

009

011

28

7

32

t4

16

2'.7

29

40

28

45

54

28

28

33

27

l2

l4
25

28

34

28

t7
aa

a1

as

above

6 from: 182

to: 22I

frequency: 2a

ll9
143

2A

9

l0
26

44
52

28

34

47

28

005

0.05

37

l3

15

26

15

18

28

4t

51

28

35

45

a1

23

24

1',7

o1

28

3

3

32

2.9

3.4

2a

55

66

28

o.t2

0.14

29

1 fron:
298

27

to

144

168

27

0.06

0.08

34

4

4

3l

015

018

29

t6

18

31

11

t2

25

42

51

26

53

62

3.5

4.3

29

46

66

28

52

68

27

19

aa

23

()/

'79

28

to

35

28

23

26

29frequency:

8 from: 302

to: 365

frequency: 28

169

194

28

13

16

28

6.3

73

26

0.09

0.09

26

a1

37

a1

0.19

0.23

33

54467l9

2t

20

80 52 23 69

103 63 29 8l

2'Ì 30 29 26

97 5.2 5

28 29 31

36

43

26

9 from: 366

10: 491

f'equency: 27

t99

232

a1

t'l
23

25

'7.4

9.1

29

83

113

26

0.10

0.13

29

99

153

4.7

53

7.1

28

o.24

o.29

30

30

36

at

t<

29

104 64

132 8l

6

8

44

65

38

42

28 27 25 25 2',1 27

10 from: 495

to: 699

.ft'equency: 28

26 24

35 3',7

26 24

237

361

2A

9.2

147
to

734

248

82

132
,''7

116

21s

26

0.14

018

24

155

208

2a

'7.3

13 1

26

9

72

26

68

796

28

0.30

041

43

66

26

37

5',7

Coryouud abbreviaticns: ci=cis ¡ak ladcne, trm=frars oak ladcne, eug=euger.ol, guaiaæguaiacol, 4m54-mdhylgrraiacol,

vm:vanillin, cyecyclotore, malt=naltol, ñrrf=ñ.ufrual,5mÈ5-mdhylfurfrr¡al, falefilfirryl alcohol, 5mfale5-mdhylñufrryl alcchol,

feeárrfrryl dhyl dher, 4eg-4-dhylga' acol, 4ç:4-dhyþerol
# van-f:væilltttfromfreezer-Sored saryles (10 degC fcrr 3 years sincebanel sanqrling); von-s=vmìllì¡f1m cella¡-Scned

sarryles (-20 degC fm 1 year from barrel saqrling, thor úerilised with DMDC md sored fcn a ñrlher 2 years at -20 degO).
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Appendix Figure J.1. 'Preferencer aromâ rimpact-pattern
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conformity' (PC) test in the Cabernet Sauvignon wines.
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Appendix Figure J.9. 'Coffeer aroma rimpact-pattern

conformity' (PC) test in the Cabernet Sauvignon vyines.
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Appendix Figure J.11. 'Band-aid' (medicinal) aroma 'impact-pattern
conformity' (PC) test in the Cabernet Sauvignon wines.
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Software

SYSTAT V5.0 statistical software (SYSTAT, Inc.) was used for the three-factor
ANOVAs, and Microsoft Excel V5.0 qpreadsheet software was used for the single- and the
two-factor ANO!As. \t1hen a mean separation procedure was required, a two-tailed
Fisher's least significant difference (LSD) was calculated.

French oak origin and seasoning location sensory (aroma) effects were explored using the
36 French oak barrel-stored Chardonnay and Cabernet Sauvignon wines (Fig. 1.2). The
effects for 'preference' and the six aromas common to both of the wines were explored
using tll'erfaotor ANOVAs (3 x oak origins, 2 x seasoning looation / cooper &" 2 x wines)
(App*. Tab. I( 1). The same data, along with the aromas peculiar to one of the wines were
anaþsed in m¡o-faotor ANOVAs (3 x oak origins & 2 x seasoning location / cooper)
(App*. Tabs. I(2 & I(3).

The Frenoh oak oomposition efFects were explored using all 48 French oak wood barrel-
stored Chardonnay, Cabemet Sauvignon and model wines (Fig. 1.2). Three-factor (3 x oak
origins, ! ¡ ss¿soning looation / cooper & 3 x wines) unweighted means model ANOVAs
(Kirby 1993 pp. 318-323) were used to accommodate the unequal cell sizes (n:2 for the
model wines and n:3 for the other wines) (Appx. Tab. I(4). Each wine was also analysed in
two-factor ANOVAs (3 x oak origins &"2x seasoning location / oooper) (App*. Tabs. K.5,
K.6 & K.7).

Appx. Tabs.ICS to Ií13 American oak oriein effects

The American oak wood differences, relative to the French oak woods, were anaþsed
similarþ but using two-factor or single-factor ANOVAs. Only the Australia seasoned and
coopered treatments were included. The sensory (aroma) anaþsis results are shor¡rm in
Appendix Tables K-8, K-9 and K.10, and the composition anaþsis results are shoum in
Appendix Tables K.11, Kl2 xnd,IC13. Unweighted means model ANOVAs (Kirby 1993
pp. 318--123) were used to acconnmodate the unequal cell sizes involved in the combined
wines composition analyses (SYSTAT V5.0), and an alternate LSD formula (O'Mahony
1986, p. 164) was used when comparing means from unequal sample stzes (i.e. for 5-
methylfürfrral in Appx. Tab. K.11). The model wines were not anaþsed separateþ for the
American oak origin effect eryrloration because the replicate numbers were small (":2).

The American oak wood seasoning location sensory (aroma) and composition effects are
shown in Appendix Tables K.14 and I( 15.

Barrel AA34 was zubjectto a light toasting, relative to the other barrels, resulting in some
very low 'coopering heat product' values. The seven compounds arising most zubstantiaþ
from coopering heat - 

guaiaool 4-methyþaiaco\ vanillin, cyclotene, maltol furfrral and
5-methylflurfural - arc referred to as the 'coopering heat products.' The concentration
values for some of these compounds, found in the model wine that was stored in this barret
were clearly outliers. Thus, these data were excluded from the ANOVAs. Further, grven
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that the oallse of the low values for all seven of these compounds n AA34 was identified

(low coopering heat), the data were excluded for each of the seven compounds even when

the datum was not'clearþ an outlier, but mereþ the lowest value. ANOVAs were also

performed on the frrll data sets. AIl ANOVA details are shorryn in Appen<lix Tables K.14 and

k. f S. This approach was also taken for the 'barrel fermentation effect exploration,' detailed

in Appen¿iriable M.1. In all of these cases, the ANOVAs that were perfonned without

AA3i are discussed in the text, and in most cases the results of the two data set are similar.

seasoned and coopered either in France or in Australia

The comparisons of the compound accumulation rates arising from the French oak wood

."u.oo.d uod coopered either in France or in Australia, were explored using two-factor

ANOVAs, with replication (3 x oak origins and 2 x seasoning location / cooper). The

comparisons were made for the periods 0 to 55 weeks and 55 to 93 weeks, and the data

,r."d *"r. either percentage values relative to the maximum concentration reac'hed for each

compolnd in each barrel (App*. Tab. K.16) or, simply, the concentration data (Appx. Tab.

r(17).

Appendix Table I(1. Oak origin and seasoning location / cooper treatment

means and AIIOVA¡values for French oak barrel wine aromas (SYSTAT

V5.0, fully-crossed, fixed factors, Ffactor ANOVA: 3 x oak originsr 2 x
seasoning location / cooper & 2 xwines)

rsÞ LsD

(5eô

prnler

smoþ

pncshvs

coconut

caramel

vanilla

allspice

0.025

0.440

0.887

0 070

o.lt'7

0.701

0.998

1.000

1.000

1.000

1.000

1.000

0.998

o.647

0.886

0.238

0.924

0.160

0.840

0.339

0.154

0.643

o.794

0.407

0.989

0.064

0.958

o.730

o.252

4.276

4.23',1

0.068

-0.297

4.112

-0.341

-0.313

0.2't6

0.237

-0.068

0.297

o.1.12

0.341

0.313

-0.585

0 143

0.1 14

-0.620

0.012

-0.413

0.058

0.161

0.127

-0.020

0.059

-0.025

o.o97

-o.203

o.425

-0.269

-0.094

0 561

0.013

0.317

0.145

0.7350.268

0.018

0;189

0.042o.o22

0.994

0.150

o.577

0.485 0.081

0.191

o 946

0.509

0.447

0.t49

i..............ir'o'ot
preferyreferace; pncshvsatacil úavings; seascning=eascning looatim / cocper; origin=oak origin;

Au$=Auú¡alia; Lim=Limousin; Trø=Trmcais; Vo=Vosges.

* Using Fiúer-Yates rmk t¡æformatims.

All winet)pe meæs:0.

0.0200.034

0.033

0.0140.001
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Appendix Table K.2. Oak origin and seasoning location / cooper
treatment means and ANOVAp-values for French oak barrel
Chardonnay wine aromâs (Excel V5.0, ANOVA: 2-factor with
replication: 3 x oak origins & 2 xseasoning location / cooper).

Atoma

,Tiedt ì'en:l:r^èAri t

: P ''vcl¡]ç" ¡'.¡" 
"

sèæ origin íäte¡¿ct f,'rance Àu1 [,ih Troti Vm

preference

coconut

pencil shavings

caranrcl

ranilla

buÍter

allspice

sntoþ

cøsheyt nut

grecn apple

crnnamon

aroma-PCl

aroma-PC2

at'ona-PC3

o.607

0.007

0.713

0.195

o.439

0.302

o.722

0922

0.012

0.648

o 979

o.394

o.o74

0.573

0.591

o.7t3

0.1 90

0.808

0.316

0.451

0.070

0.071

0.111

0.871

0.281

0.988

0.950

0.698

o.346

0.1 82

a.t6e,

0.593

0 849

o.979

0.145

0.849

o.213

o.971

0.277

0.230

0.846

-0.1l1

4.538

0.1 l5

{.006
-o.224

-0.453

-0.r05

0.133

4 079

-0.064

o.247

{.043

0.148

0.11I

0.538

4.115

0.006

0.224

0.453

0.105

4.133

o.079

0.064

0.109

o.123

-0.224

4.612

4.197

4.089

0.431

-o.045

0.013

4.004

4.183

o.344

o.33'l

0 159

o.049

4.126

4.093

-0.340

0.1 85

0.043

0.052

0.084

-0.1 89

0.513

{.589

-0.019

o.144

0.010

o.237

0 705

o.537

-0.096

-0.474

-0.007

4.O97

0.193

-0.330

0.245

-0.318

o23t
o.062

4.226

I l, p <o.oso * Using Fi$er-Yates ræk trarformatims.

sea=seasming locatim / coqler; interadinte.tadior; Au.s.=Àusralia; Lim=Limousin; Trcn=Trorcais; Vo=Vosgcs.

Appendix Table I(3. Oak origin and seasoning location / cooper freatment
means and A¡tOVAp -values for French oak barrel Cabernet Sauvignon

wine aromas (Excel V5.0, ANOVA: 2-factor with replication: 3 x oak origins
& 2 xseasoning location / cooper).

T,r¿aM;azit m¿øil*

Origiit'iìèdlment

LSD

0.799 1.120

0.866

o.444

o.427

Arusirt

Lim Tióri Vo¡Aramø,

prøference

coconut

pencil thavings

allspice

berry

smoþ

caranrcl

vanilla

coffee

dark chocolate

Band-aid

eorthy

mint

aroma PCI

aronn PC2

aroma PC3

se8

o.712

0.935

0.030

0.1 85

0.003

0.354

0.166

0.661

o.'777

0.1 1ó

0.173

0.287

0.816

o379

0.158

o.t34

0 388

o.727

o.329

0 538

o.662

0.140

0.306

0.510

o.969

o.954

o.756

0 536

o 717

o.428

0.320

0.571

0.122

4.441

4.057

0.021

4.521

-0.269

-0.608

-0.218

-0.458

-0.680

-0.34s

4.219

0.161

-0.252

-0.098

4.112

-0.028

o.441

0.057

4.O21

0.521

o.269

0.608

0.218

0.458

0.680

0.345

o2t9

-0.161

o.252

0.373

0.217

0.240

4.559

-1.043

0.316

0.12 1

-0.600

0.468

4.407

4.',l82

4.045

4-42'l

0.562

0.683

o.337

-o.244

0.384

o.224

0.415

0.458

4.224

4.218

0.1 82

4.260

-0.093

o.142

0.160

0.058

4.O32

4.370

4 437

o.230

-0.085

0.006

o.144

0.585

4.092

o.o97

0.418

-0.208

0.500

0.640

4.115

0.369

4.530

4.313

0.100

o.427

-0.141

0.088

Aist

0.003

0.0120.015

0.152

0.328

o.4a2

o.286

0.036

0.0180.015

0.059

0.069 0.433

0.001

0.o49

p <0.050 + Usirg Fiúer-Yates ræk trm$ormatims.

sea=seøsming locatior / coqrer; interad:interad.ior; Aud.:Audralia; Lim=Limousin; Tror=Trcncais; Vo=Vosges.
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Appendix Table trL4. Oak origin and seasoning location / cooper treatment

means and ANOVAp -values for tr?ench oak barrel wine composition

(SYSTAT V5.0' unweighted means model ANOVA: 3 x oak origins,

2 x seasoning location / cooper & 3 x wines).

cIs

trans

eu8

0.301

0.305

o.266

0.718

0.30s

0.314

o.64t

0.764

2',t1

t66

30

369

166

26

429

8l
108

4.0

9.0

0.48

5.0

l6
t

8

t4

l7
o.26

191

125

2t

2.1

6.3

0.31

4.2

t6

4

331

195

31

45

ll0

438

177

33

80

lls

39

8.0

0.50

0.0010.0000.0000.000

0.0340.0150.000o.7940.002

0.0370.0000.0010.000 0.411

o-476

20

9

13

8

guaiac

IJ

ot

0.034

0.09r

0.843

0.334

0.000

0.000

o.733

o.'762

0.390

0.187

o.829

0.594

17 11

9

l8
l0

6

84ng

vûn

cyc

o.992 0.0000.000 0.986 0.171 0.000 0.462 348 391 389 386

0.000

0.0000.0000.001

mab 0.109 0.466

0.0000.0150.001

0.0000.001

0.0000.0180.006

0.060

0.444 0.s02 0.425

50

103

o.447

0.096

4.0

8.3

o.47

fu,f

"nf
snf

75

4

8

63

6

90

5

9

a7

3

8

66

4

7

8510
t6 15 20

t7 l0 26

0.28 0.30 0.31

o.694

o.521

0.495

0.0480.002

0.103 0.111

0.0230.000

0.831

0.659

0.891

2.6

6.1

o.37

falc
5mfalc

valc

o.943

0.205

o.'l'13 0.002

0.000

0.0000.019

o 196

0.067 0.040

0.034

0.0380.557

o.229

0.586

0.450

o.326

0.563

0.403

o.428

0.687

4.4

t4

5

4.1

t'l
,|

3.5

l5

îee O.O77

Smfee 0.576

0.000

0.070

0.000

0.160

0.335

o.ol70.016

0.081

o 945

o.295

o.947

o.740

0.659

0.701

0.55s

o.162

o.921

0.813

0.869vee

4vg

4"9

4up

0.001

o.357

0.608

0.'t31

0.104

0.550

0.372

0.1 85

0.579

0.861

0.000

0.328

0.693

o.877

0.118

0.'t69

0.399

0.101

0.653

0.961

7

20

t9

0.33

p <0.050

*: mgll- for fiufiral, 'esfimated ef¡adedfurfi¡ral,' 5-mdhylfirrfiral, frrrfruyl alcchol md 4ãhyþherol.

cory:coryormd; seø-seascning locaticn / cocper; orig=o¿k origin; Aud.=Audralia; Lim=Limousin;

T¡ø=Trmcais; VosVosges.

ci=cr.y -oak ladúe;frerrr=trûns +ak ladme; eug=ugerol; guaiaeguaiacol; 4myJ-mdhylguaiacol; væ=vmillin;

oyecyclotore; mahaaftol; firfdrrftral; e#:eS.imded ext¡aded fr¡rñual' (l'. e. frrfural plus ñufirryl alcohol);

5mÈ5-mdûylfrrÂual; falcárfi¡¡yl alcohol; Smfalc=5-mdhylfrrfrryl alcchol; valc=vmillyl alcchol;

fe.e=firfityl ahyl dher; Smfee=5-mdüynufruyl ahyl dher; vee=vmillyl ethyl düer; 4v5-4-vinylgrr 'acol'

4eg=44¡t1*"tacol; 4r,p=4-vinyþherol; 4ç=4dhyþhool.

0.0000.0000.000

0.0000.0000.002

0.0000.002 0.000

0.000

0.000
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Appendix Table K.5. Oak origin and seasoning location / cooper treatment
meåns and ANOVAp-values for trYench oak barrel Chardonnay wine

composition @xcel V5.0, AI\IOVA: 2-factor with replication: 3 x oak origins
& 2 xseasoning location / cooper).

0.00r0.006c/s -oak ladme

frøn¡ oak lad.ane

eugorol

guaiacol

4-mdhylguaiacol

vmillin

cyclotorc

maltol

0.845 0.947

0.0230.040

t29

275

126

t7

278 297

106

55

2.1

{t

o.25

2.4

5.8

0.26

2.9

30

0.152 0.140

0.048 4.020

4.042 0.162

230 315

124130

1l

-5

284 211

59 83 tt7

69

2t 29

o.260

o.442

0.180 4

201

20

7

4

8

4

8

5

4

8

12

a

24

19

I

44

19

169

129

l6

7

5

0 935

o.o91

o.371

o.797

0.365

o.326

0 391 0.419 0.411

0.633 0323 0.653

38

51

307

106

49

2.3

5.4

o.25

30
29

118

1n

15

18

62

9t

47

t.'l
4.5

ñn)

firrfrrral 0.444

'€stimat€d extractedfrufu¡l' 0.606

5-mdhylfiufrual 0.850

0.3't7

0.399

0.580

o.245

o.376

o.231

3.3

6.5

0.31

ñufuryl alechol

5-mdhylfrufuryl alcohol

o.422

0.045

o.755

0.143

o.964

0.1 82

106

4

14

79

I
43

3.0

25

87
,|

11

t8
a

47

32

24

2.8

29

tufiryl dhyl dher

5 -mcthylfiufruyl cthy! clher

vmillyl etJryl dher

o.23'7

o 522

0.143

0.131

o 441

0.018

o.744

o 90R

o.625

17

5

94

3

l5

26

1

67

4-vinylguaiacol

4ãhylguaiacol

4-vinyþhorol

conryositim-PC1

coryositim-PO2

coryositim-PC3

0.002

0.639

0.003

0.687

0.083

0.540

o.292

o.255

o.474

o t2t
o.220

0.485

0.813

o.670

o.o97

0.001

o.444

0.065 0.039 0.334 0.138 0.193 0.273

4.009 0.149 4.099

0.182 4.208 0.204 0.302

0.0080.00r0.001

p <0.050

*: mgll- for ñufrual, 'ed.imated extraded frufi.¡¡al' (l'.e. frufrrral + firrfrrryl aloohol), 5-máhylfi:rfi.ual md fi¡¡ft¡yl alcohol

sea=seasming locatim /cocper; interadinteradim; Aud=Au.úralia; Lim=Limousin; Trm:Trmcais; Vo=Vosges.
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Appendix Tabte tr(.6. Oak origin and seasoning location / cooper treatment

means and AI\IOVAp-values for Xlench oak barrel Cabernet Sauvignon

wine composition ([xcel V5.0, AIIOVA: 2-lsctor with replication: 3 x oak

origins & 2 xseasoning location / cooper).

0.000

0.002 0.019

0.0010.025cl'¡oakladme

frans oak ladme

eugorol

guaiacol

4aethylguaiacol

vmi'llin

cyolotore

maltol

fr¡rÂ¡ral

5-mdhylfrufrual

fi¡rfrryl alcúol

0.690 0.743

0.380

o.232

0.422

0.336

o.3t7

0.856

0.873

0.519

0.665

0.898

316

220

38

to.2

t7
8.8

186 425 562 156 218 309

128 257 243

2542437913

466

198

35

o.669

o.794

o.669

0.304

o.364

o.173

2t

8.6

0.14

94

8.7

22

146

30

175

2l
10.0

29

188

26

9.4

22

0.007 266 325

2a 25

r72 t67

0.10

68

5.3

ll

7t 102

44

22
49 35

22
0.89 0.70

304 298 285

o.126

0.015

o.492

0.570

o.467

0.261

o.434

0.ll 0.13 0.r2

51 120 72

7.7

5-mdhylfuturyl aloúol 0.264 9

6.1

10

't7

4

I
39

I
o.75

9

7.1

11

frrÂryl dhyl dher

vaillyl ethyl áher

4-vinylguaiacol

4dhylguaiaool

4-vinyþhorol

4-dhyþhorol

o.137

o.337

o.602

0.783

0.833

0.783

82

4

2

36
.,

100

4

1.000

0.094

o.122

0.002

0.215

o.259

o.o97

0.509

0.148

0.110

0.519

o.823

2

5l
3

0.82

4.019 0.207 0.155

4.148 4.210 0.067

4.196 0.311 0.342 0.146 0.204 0.289

081

coryositim-POl

coryositim-PC2

ooryositior-PC3

0.454 0.439

o.274

o.342

0.087

o.971

0.058 0.170

0.115 4.309

0.067 0.238

0.0020.010

o.o470.033

p <0.050

*: mgll fm ñrfiral, furÂryl alcúol md 4ãbyþhorol.

seaseesminglocdim / oooper; interadjnteradio; AuS:Audralia; Lim=Limousin; Trm=Trmoais; VoeVosges.
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Appendix Table I(7. Oak origin and seasoning location / cooper treatment
means and AI\OVAp -values for trYench oak barrel 93 week model wine

composition (Excel V5.0, AIïOVA: 2-facfnr with replication: 3 x oak origins
& 2 xseasoning location / cooper).

c/s -oak ladme

trans -oaklaúr;r^e

zugorol

guaiacol

4-mdhylguaiacol

0.198

o.4t7

0.016

0.340

0.0000.003

364

177

26

t{

l5

578 785

0.665

0.829

0.1 89

o.732

o.6't8

o.714

233

116

21

l6

650

98

74

4.6

7.7

o.79

30

18

139

t07

o.212

0.540

0.208

340 434 tt7
20r 159

34365

26

15ll

308

140

34

23

t4

7lt

vmillin

cyclcfere o.062

o.07lmaltol

furfi¡ral 0.139

'estimt€d extractedfr.dual' 0.081

5-mdhylfurfi:ral 0 108

0.000 0.181 0.582 685 1tO

0.081

0.161

0.045

o.979

0.908

0.996

108

84

10.7

11.8

1.23

12.9

r4.5

1.56 0.58

0.056

0.084

0.109

o.294

702

77

7.3

4.7

1.01

t28

99

I1.5

13.9

1.37

2.4

6

0

0.21I

0.220

o.129

frufi¡¡yl alc<fiol 0.454

s-mdhylfi:rÂryl alcrhol 0.356

vmillyl alcohol 0.356

firturyI ah,vl dher 0.6,91

5-methytrruâryl ethyl ether 0.565

vmillyl dhyl dher 0.822

0.508

0.280

o 125

o 773

o.921

o.422

t.4

5

I

1.2

6

I

11

a

5

t6
6

0

0.085

o.394

0.418

0.970

0.533

0.909

27

4

6

3.0

4

1

68

4

tl

10

5

3-s

6

6

0

3

I

0

4

0

I
a

I

0

3

¿,

0

3

0

7

4-vinylguaiacol

4€hylgraiacol

4ãhyþhorol

conryositiar-PCl

c-oryositim-PC2

c¡nryositim-PC3

0.055

0.007

0.099

1.000

o.826

o.263

0.098

o.209

o.745

o.296

o.949

0.517

o.o97

o.421

0.413

0.882

0.699

o.462

4.126

0.1 10

-0.009

4.304 0.084 0.347

4.288 0.330 0.452 0.383 0.581

0.354 4.091 4.082

p <0.050

*: mgll-forfirrfrral, 'eS.imated extradedfiufrral' (l'.e. , frrrñual + fruñrryl alcchol), S-mdhylfruÂual ædñuî¡ryl alcchol.

se¿sseasoritg locatim / cocper; ìnteradjnteradim; AuS=Aulralia; Lim=Limousin; Tro:Trmcais; Vo=Vosges.
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Appendix Table K.8. Oak origin treatment means and AIrIOVAp -values

for Australia seasoned and coopered oak barrel wine aromas (Excel V5.0t

ANOVA: 2-factor with replication: 4 x oak origins & 2 x wines).

' Otigitt rreattil¿nt,,,

,neøn,sryøtslion*
.LSD LSE

0.981

1.002

0.750 1.033 1.420

Vos

preference

smoþ

pencil shavings

coconilt

caramel

vanilla

allspice

o.532

0.000

0.025

1.000

1.000

r.000

1.000

1 000

1.000

1.000

0.354

0.1 l9

0.812

0.352

0.01s

0.347

o.265

-0.640

4.451

4-990

-0.898

0.248

4.533

-0.658

4.427

o.286

0.208

4.438

0.1 58

4.111

0.015

o.521

0.083

o.256

o.376

0.099

0.363

0.558

o.546

0.082

o.52',1

0.960

-0.505

0.282

0.086

0.339

0.340

0.148

0.036

p <0.050

* Using Fidrer-Yates ¡ark t¡msfo¡maticns

interadjnteradim; Amer:Americæ; Lim:Limousin; Tro=Trcrcais; Vo=Vosges'

Äppendix Table K.9. Oak origin treatment means and ANOVAp -values

for Australia seasoned and coopered oak barrel Chardonnây wine aromas

@xcel V5.0' ANIOVA: single factor: 4 x oak origins).

Oiigin'rÍanitn(itlt

r.tr¿øn sei!ørúiont

LSD L,SD L,SD.

(Svq) (L.e/o) (Vjl%)

Ttealmt¿nl meønr '

A,tnor Liitr,, TfÐq VoFp jvalue,A¡omø,,:'

preference

coconut

pencil shavings

caramel

vonilla

butter

allspice

smoþ

cashew nut

green apple

crnnamon

aroma-PCl

aroma-PC2

aroma-PC3

0 089

0.032

o.o77

0.001

o.90'l

0.990

0 558

0.6'70

0.695

0.037

0.984

0.136

0.693

o.25',1

-0.455

4.737

-1.o9'l

1.180

4.101

-0.020

-0.136

4.075

-o.620

-0.817

4.171

4.433

-0.002

0.1 l6

4.758

-0.438

0.000

0.103

0.012

0.095

4.409

4.312

0.1 93

o.987

0.171

-o.06'7

4.026

-0 315

o.263

-0.005

0.450

-0.103

o.352

0.085

o.703

o.623

o.235

4.543

0.033

0.161

o.367

0.1 19

0.950

1.180

o.647

-1.180

4.263

-0.160

4.159

4.237

o.192

o.373

-0.033

o 233

o.o29

4.477

1.238

0.794 1.155

1.261

p <0.050

* Using Fiúer-Yates ræk trm$ormatio.s.

Amer-American; Lim=Limousin; Trcn=Trmcais; Vo=Vosges.
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Appendix Table IC10. Oak origin treatment means and Al\tOVAp-values
for Australia seasoned and coopered oak barrel Cabernet Sauvignon wine

aromas @xcel V5.0, AIìIOVA: single factor: 4 x oak origins).

preference

coconut

pencil shøtings

allspice

berry

smoþ

catømel

vanilla

cofee

darkchocolûe

Band-aid

earthy

mint

aromø-PCl

aroma-PC2

aroma-PC3

0.308

o.065

o.167

o.o'76

0.608

o.o79

0.065

0.r35

0.870

0.306

0.305

o.220

0.010

4.825

-1.058

4.883

-1.180

-r.o42

4.827

4.685

4.965

-1.180

-r.o42

0.r03

0.6r3

4.742

4.504

0.013

4.342

4,095

4.438

0.415

0.438

o.367

0.883

0.213

4.235

o.467

o.o77

o.373

0.450

o.215

0.156

o.46t

o.207

o.778

o.757

o.062

o.412

o.225

4.457

0.302

o.373

o.477

o.422

4.228

4.543

4.r78
o.457

0.051

0.086

o.L42

0.740

0.407

0.330

0.450

0.400

0.170

o.827

0.237

0.543

4.249

4.520

0.705

0.505

0.139

o.427

1.061 1.544

0.606

0.41I

0.017

0.370

p<0.050
* Using Fi$er-Ydes ræk trædormdiors.

Amer-America; Lim=Limousin;'I'ro=Trcncais; VosVosgBs.
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Appendix Table IL1l. Oak origin treatment means and ANOVAp-values
for Australia seasoned and coopered oak barrel wine composition (SYSTAT

v5.0, unweighted means model AltlovA: 4 x oak origins & 3 x wines).

", 
Otigift ,rrcaf.rn;etil

|' ûtèiins q øløti,flta *

LsrD [,SD I-j$Ep,rvaltie '
.ræ

ori¡üij uii¡e i¡tonotCompound 45eÁ) (r%) {t.tvi}','

ci oakladme

frar¡¡ oak ladme

eugenol

guaiacol

gtraiacol**

4-múhylguaiacol

4-mdhylguaiacol**

vmillin

vmillin*¡'

cyclotoe

cyclotene**

maltol

maftol**

furÂ¡¡al

furÂrral**

'estimated ex1¡aded frIrfrrral'

'eúimated extraded furfi.rral'*x

5-mdhylfrufiral

5-mdhylfruÂual**

0.0000.000

0.0100.000

0.0020.000 o.286

0.366

o.t47

158

39

18

l3
t4

4

5

229

r56

t9

4.5

18

3

368

168

28

510

174

31

134

59

6

182

80

9

99

43

5

0.164

0.182

0 000

0.0000.014

0.001

0.005 0.583

0.383

o.230

0.285

72 2t

78

l9

10

42a

92

130

4.5

9.8

0.53

0.084

0.000

0.0460.0000.050

0.565 0 140

4

o-20#

0.14'7

0.136

0.163

0.091 0.000

0.000

0.0010.000

0.0010.000

0.290

o.296

344 428 432

359

76 97 54

82

120 8l 113

132

2.4

6.9

0,33

2.9

3.2

6.6

o.32

0.36

3.6

l6
77

0.221

o.162

0.104

0.197

0.109

0.0000.034

0.000

0.001

0.006

0.000

0.000 0.316

o.227

o.327

0.364

0.198

0.055

5.1

to.2

0.57

5.2

t4

7t

I
6

firfirryl alcohol

5-mdhylñufrrryl alc.ohol

varillyl alcchoi

furfrryl dhyl áher

5-mdhylfrrfrrryl ethyl dher

vmillyl dhyl dher

4-vinylguaiacol

4dhylguaiacol

4-vinyþhorol

4dlyþhorol

0.190

o.299

0.1 49

0.0000.037

0.0060.01 I

0.001

0.053

0.406

o.479

o.241

0.215

0.000

0.000 0.100

o.237

0.720

5.3

t7

3

3

88

4

9

o 492

5

l9
l0

0.31

69

11

7

101

4

9

0.189

p <0.050

*: mglI- for fiuñral, 'esimated ext¡aded ñufiual' (i. e. fiufiral + fiufrrryl alcchol),

5-mdhylfurfrral, fi¡rfr¡¡yl alcohol mtl 4dhyþhenol.
**: One outlier (,4,4 34 ) omrtled,

interadjnteradim; AmeF-Americm; Lim=Limousin; Trm=Trcncais; VosVosges.
#: LSD calculatimbased m rmequal saryle sizes so m afternateformulawasused(OMahøy,1986,p.164)

md the LSD is mly valid vrher coryaring the 'Amer' meæ with æy of the othetr means.

8

t7

16

o.25

4

11

7

o.26

ll
15

0.270.0010.0000.008

0.0000.000 0.000

0.000

0.000 0.0000.000
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Appendix Table K.l2. Oak origin treatment means and AITIOVAp -values
for Australia seasoned and coopered oak barrel Chardonnay wine composition

(Excel V5.0: AI\OVA: single factor: 4 x oak origins).

:

.:::. j ::.:.:: Trcøhenl mean (us/L)r LSD .'. LSD .,LSD

QoälÍ)ound.

c¡s -oak lactcnc

trans -oaklaúøe

eugeeol

guaiacol

4-mdhylgraiacol

vmillin

cyclotore

maftol

ñ¡rfrÍal
restimated ext¡ad.ed furfr¡ral'

5-mdhylñrrfrral

ñ¡rfuryl alcohol

5-mdhylfrufrrryl alcohol

frrfuryl dhyl dher

5-mdhylfrrfluyl dhyl dher

vmillyl dhyl dhcr

4-vinylguaiacol

4dhylguaiacol

4-vinyþhorol

ccryositior-PCl

comqlositim-PC2

coryositim-PC3

0.050

0.014

0.003

0.466

0.641

0.508

0.030

0.008

0.489

o.434

o 524

o.079

o.135

o.237

0.041

0.021

0.000

0.500

0.000

0.001

0.451

ñ^ß¡

t79

133

14

348 301

100

57

6

133

36

l4

75

43

275

ll4
16

l4

3',n

l3l
aa

146

109

5

35

6

3

9

3

131

lll

277313

22

69

3.2

24

82

ì

3.0

33

4.4

28

109

2A

10

179

47

776

48

2.8

7.2

0.30

2.O

5.1

o.2t

4.8

7.9

0.40

1.6

4.3

019

136

t0

t7

l0
I

24

4.402 0.055 4.037 0.401

o.lo4 4.t47 0.320 4.233

4.010 0.334 -0.205 0.356

7

6872

14 20 30

2.6

32

99

I
l6

28

0

'tt

t7

9

a

t6

20

0

47

0.256 0.372 0.559

0.415

p <0.050

*: mgll-fmfirrÂral,'eSimatedextrad.edfiufrrral'(r'.e. frrfiral+firfruylalcúol),5-mdhylñrrfirralandñufrrrylalcohol.

Amer=Americæ; Lim=Limousin; Trcn=Trorcais; VosVosges.
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Appendix Table IL13. Oak origin treatment means and AI\OVAp -values

for Australia seasoned and coopered oak barrel Cabernet Sauvignon wine

composition (Excel V5.0r AI\TOVA: single factor: 4 x oak origins).

cis-oakladoe

frø¡t¡ -oak ladoe

argorol

guaiacol

4-mdhylguaiacol

vmillin

cyclctore

maftol

furfr¡ral

5-mdhylfirfrual

frufr¡¡yl alcchol

5-mdhylfiuftryl alcchol

fruftryldhyldher
vmillyl dhyl dher

4-vinylguaiaool

4<hylS¡aiacol

4-vinyþhorol
,táybhorol

0.006

0.013

0.008

o.297

0.198

0.055

0.687

0.309

0.000

0.005

0.163

o.557

0.638

0.441

o.264

0.210

0.01I

0.040

o.174

t4

tt7

0.09

29

t72

0.17

183

212

5t

22

t4

7.7

252 328 322

244 355

96

l0 15

243 498 657

169 196 228

25 39 40

27

8.3

l3
3.2

2l
9.7

22

152

68

324

33

2tt

0.r6

63

9.8

9

t22
4

9.9

8

98

4

34

85

4

0.05

20

5.0

lt

73

4

-0.289 4.117 0.307 0.321

0.322 4.117 4.543 4.266

4.397 4.119 0.405 0.428

0.06

47

0.09

103

0.07

0.538

0.224 0.327 0.491

6.4

ll

22t2
49 44 25 37

3l12
0.81 0.68 0.69 0.72

corycsitio-PCl

coryositim-PO2

coqrositicn-PO3

p <0.050

*: mgll for ftrÂral, firfirryl alcúol æd 4dhyþhenol.

Amer--America; Lim:Limousin; Trm:Trmcais; VoeVosges.
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Appendix Table K.14. Seasoning location treatment means and AIIOVA
p-values for American oak barrel wine aromas (Excel V5.0r AITIOVA:

2-factor with replication: 2 x seasoning locations & 2 x wines; then for
each wine, ANOVA: single factor: 2 x seasoning locations).

preþrence

smoþ

pencil shavings

coconut

carsmel

vanilla

allspice

cashew nut

green apple

butter

clnnamon

cofee

dark chocolate

berry

mint

earthy

Band-aid

aroma-PCl

arona-PC2

aroma-PC3

:¡9¡8

0.809

o.424

0.ó06

o.670

0.900

0.940

o.471

1.000

1.000

1.000

1.000

1.000

1.000

1.000

o.642

1.000

o.3t'7

o;t66

0.550

0.300

#

o.o72

4.067

4.142

4.126

o.o37

4.021

4.213

-o.o72

o.067

o.t42

o.126

4.O37

0.021

o.2t3

c.88C

0.8?8

o.746

o.929

0.619

0.435

o.623

0.518

0.928

0.033

0.878

o.422

0.510

0.994

-0.o6't

4.067

0.140

4.038

o.213

4.318

4.213

4.277

0.038

0.703

o.067

0.067

o.067

-0.140

0.038

4.213

0.318

0.213

0.277

4.038

4.703

-o.067

o.625

0.880

0.281

o.623

0;t46

0.518

0.619

0,301

0.686

0.301

0.490

0.301

0 301

o.623

0.179

o.663

0.210

4.O6'.1

4.423

4.273

-0.140

o.277

4.213

-0.210

0.06'7

0.423

0.2t3

0.140

4.277

o.213

4.634 4.433

4.240 4.OO2

0.113 0.116

4.423

o.t'72

0.423

0.281

4.423

4.423

4.321

4.330

4.295

o.423

4.172

4.423

4.28r

0.423

o.423

{ 504

0.013

4.342

p <0.050

* Treatment meas using Fi$er-Yates ræk træsfømatims.

#: No interadim term was calcrrlated fc 'aLLpice': All mean values are tbe same. Therefore, no effed.ive interad.icn.

treat{reatmeet; sea-seasming locatim; interad=interadim; Amø--America; Au$=Aulralia.

Allwinemeas= 0.
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Appendix Table K.15. Seasoning location treatment meâns and ANOVA
p -values for American oak barrel wine composition (firsfi SYSTAT V5.0'

unweighted means model ANOVA: 2 x seasoning locations & 3 x wines;

then for each wine: Excel V5.0, ANOVA: single factor: 2 x seasoning locations).

cis -oak ladme

trans -oaklaúcne

eugerol

guaiacol

guaiacol**

4-mdhylguaiacol

4-mdhylguaiacol**

værillìn

vmillin*x

cyclotene

cyclotore**

maltol

mahol**

frufrual

firrfrrral**

'slimate¡l qhacted ft 6{al'

'slimated qtræted fuñr¡al'+*

5-mdhylfirrfrral

5-mdhylfrufrual**

furÂuyl alcnhol

5-methyhufìuyl alcohol

vanillyl alcnhol

4-vinylguaiacol

4dhylguaiacol

4-vinyþhool

4dhyþherol

o 394

o.457

o.706

127

33

l8

12

158

39

l8

0.053

0.1 96

0.012

o.702

0.368

0.606

0.505

o.7'14

o.792

0.557

0.598

0.230

0.801

1.000

0 801

o.621

o.87',I

o.495

177 212

0.670 8 9

0.338

o.577

0.501

0.725 3

0.075

80

30

t2

5l
22

36

23

133

36

t4

0.765

0.056

0.839

0.136

0.002

0.109

0.993

0.190

o.912

0.140

0.181

0.870

4

13

t4

4

5

0.715 11 13

0.801 t7 22

3

348

13l

111

2.8

7.2

0.500 2 2 3.2

0.294 194 252o.676

0.070 0.000

0.002 274

26

359

45

346 344

'76

82

120

132

0.0120.0010.025

0.0090.0060.1 87 0.009

0.504

o.122

o.144

0.083

0.2't8 103

0.864

3.5

't.4

0.38

to

3.2

6.6

7.2

o.32

0.36

4.0

1.4

a

3.6

t6

t7

69

11

7

45
18 19

710
0.000 0.000

0.089 76

0.252 0.2

0.955 1.1.

0.237 0.07 0.30

0.316 I 18 ts2

0.345 007 005

0.714 0.026 0.020

0.536

o.443

0.485

o.733

0.568

o.254

0 000

0.002

0.o79

0.000

0.003

0.006

0.204

0.554

o.3't7

o.932

0.309

0.585

o.759

0.333

o.220

0.0360.000

0.002 0.191

0.360 0.529

0.006

0.035 6.9

2t

4.4

2A

109

2a

l0

10

I
24

-o-474 4.402

-0.187 0.104

4.348 4.010

3-7 5.0

9 11

furñryl dhyl dher 0.298

5-methylfufuryl ethyl ether 0.882

vanillyl dhyl dher

0.626

0.990

56

10

5

0.615

0.900

0.008

0.057

1.000

0.019

o.614

o.344

97

26

6

8

1

l5

0.165 48 73

0.230 4 4

0.070

0.843

o.824

0.056

0.940

0.945

aa

44 49

33
0.84 0.81

4.396 -0289

0.259 0.322

4.51',t 4.397

coryositim-PCl

coryositim-PC2

coryositicn-PO3

*: mglt, fø frrrñral, 'edimated extraded firfrral' (r.¿. ñ¡¡fr¡¡al + fi:¡ñrryl alcchol), 5-mdhylfirrfrual, firfirryl alcohol md 4dhyþhenol.

** : wùlh AA3 4 outlier mitteú

Chard-=Chardønay; Cab. Sauv.{abernd Sauvignm; treat{reatmot;

seaseascning locøticn; interad:interadim; Amø--America; Au$=Australia.

AñÈ,fAu$tA¿;¡r Aust

0.0000.028

0.0010.0000.026

0.011

0.000

0.000

0.0000.016 0.005

0.000

0.000

p <0.050
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Appendix Table K.16. p -Values for compound accumulation rate comparisons

(data as the o/o ol tbie marimum concentration reached in each barrel) for the
French oak barrel-stored model wines @xcel V5.0 ANOVA: 2-factor with

replication: 3 x oak origin treatmentsr 2 x seasoning/cooper treatments; n--2).
The maximum for each barrel was determined from two sampling times - 55 and 93 weeks.

cis -oak ladcne

trans <aklad.cne

eugorol

guaiacol

4-mdhylguaiacol

vmillin

cycldere

maltol

ñuñ¡ral
resimated ext¡aded firrñrral'

o;778

0.636

0.141

0.002

0.040

0.o21

0.021

o.679

o.228

0.259

0.343

0-028

o.944

o.752

0.001

0.088

0.008

o.235

0.334

0.318

0.459

o.664

0.400

0.049

o.937

0.595

0.085

0.242

0.076

0.017

0.075

0.028

o.352

0.004

o.215

0.128

0.961

0.006

0.052

0.133

0.380

0.089

0.093

0.481

o.221

o.2'75

o.373

0.531

0.032

0.833

0.632

0.078

0.419

0.228

0.430

o.317

0.607

0.312

0 503

0.233

0.289

0.829

0.814

0.986

o;778

0.636

0.141

0.000

0.040

0.1 19

0.785

0.070

0.081

0.000

0.666

0.044

o.478

0.459

0.664

0.400

0.093

0.481

o.221

o.275

0.016

0.531

0.015

o.441

0.756

0.078

o.4L9

0.039

0.914

0.354

0.350

0.00s

o.62',1

o.09'l

o.567

o.879

o.954

0.991

0.049

0.088

0.021 0.595

0.012 0.034

0.548 o.663

o.342 0.094

L@
0.075

p <0.050

Appendix Table K.17. p -Values for compound accumulation rate comparisons
(concentration data) for the Flench oak barrel-stored model wines

(Excel V5.0 ANOVA: 2-factor with replication: 3 x oak origin treatments,
2 x seasoning/cooper treatments; n-¿).

¿i¡ oak lad.me

trans -oaklaúcne

zugenol

guaiacol

4-mdhylguaiacol

vmillin

cyclotore

maftol

ñ¡rñlral
restimated extrad.ed fi¡rfural'

0.008

o.332

o.o92

o.o24

0.041

0.263

0.301

0.798

0.092

0.060

o.o22o.o22

0.01I0.011

0.0320.039

0.030

p <0.050

0.165
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Appendix L

Baked grape marc -
a source of 'coopering heat products'

When subjected to a temperattxe of 240 "C for 30 minutes, a post-fermentation, 1994 Clare

Valley (South Australia) Shiraz grape rnarc was reduced 11 mass by two-thirds, from 150 g

to 47 g. The baked rn¿ro appeared dry and dark in colour and smelled similar to coffee. It
was steeped in wine made from the same grapes. The proportion of liquid and solid was

equivalent to that initiaþ in the gtapes. The bottle was Nz gas E)arged for 30 seconds, 50

mElL of SOz was added, and the bottle was sealed, mixed and stored at room temperature
(approx. 20 "C). After 11 days, the solids were separated by sieving, pressing, oentrifuging

and decanting, and a further 50 mgtL of SOz was added.

After this treatment, guaiacol, cyclotene, maltot furfural and 5-metlylfrrrfrrral were found
in concentrations higher than the mean concentrations found in the 93 week new oak

barrel-stored Cabemet Sauvignon wines (App*. Tab. L.1). Vanillin and 4-methyþaiacol
did not seem to be produced by the treafment, although vanillin was quantified with low
precision (Freon extraction method, Tab. 2.4) and a treatment effect for it, if one existed,

was not detected.

A personal informal sensory evaluation indicated that the wine possessed a baked bread
crust aroma, a bunrt toast flavour and a moderateþ bitter taste. The arorna was acceptable

in general wine character terms but the palate was unpleasant. Consequently, the process

may have no potential as a wine production technique, although better results may be

obtained by varying the treatment.
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Appendix Table L.1.
Oak wood-derived compounds yielded by baked Shiraz grape marc.

lttrte4:o!,:
rhe 95%

'C.owpaund

,Np 6oqq l0:iú,i Cottfr.úançe
ciiäEcil heat riso"de t40ec ìntefl,tüls (ug/L),*

c¡s oak ladme

trans -oaklaú¡ne

eugøol

guaiacol

4-mdhylguaiaool

ymillin @re<rr extradim)*

cyclcfere

maltol

fi¡rfi¡¡al*
re$imated o<t¡aded ñÍñ¡ral'*

5-mdhylfrrrñual

fi¡rfuryl alcchol*

5-methylñrfrrryl alcchol

vmillyl alcchol

furfuryl dhyl dher

s-mdhylfirfuryl áhyl dher

varillyl dhyl dher

4-vinylguaiacol

4dhylguaiacol

4-vinyþherol

4dhyþhenol*

'l to

1.5 2.3

31 5

0.0 0.0 0.r 0.1

0

I

2

0

I

I

0

I

0

I

0.00

0.0

I

0

0

0

0

3

17

t6

I

0.34

1.7

7t

1.3

5l

l8

7

0.11

342

168

33

277#

25

t6l

3

0.8

o.2

2t

2l501512

6.3

10

l4

80

0

4

n

43

u

0.80

9 t79 19

7.7

0.r0

6.4

66

o.7 0.0

707

10340

0.00

0.0

0

0.0

I
l3

o

0

t

0.00

0.0

0

o.t7

1.7

122

0

0.0 0.0 1.6

3

t756to2

3

0 0

0.00 0.00 0.00 0.02

6

99108

4385

Cmcsrt¡aticn exceeds meo ccncsrtraticn in the 93 week brrel úored Cabernd Sauvignm wines.

*: mgll- fm vmìllin, fruñual, 'eSimated extraded frufural,' ñ'fruyl alcúol md 4ãhyþhorol.
r: Mean vmillin cmcqltratiø amcngthe Cabernd Sauvigno wines expressed in ug/L.
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Appendix M

Microbiological experiment
materials, methods and results

M.1
M.2
M.3
M.4

Appendix outline

Alcoholic fermentation effects ...
Malolactio fennentation effects ..

Denatured microbial cell effects
Chardonnay wine aroma associations with Nfl-F

323
323
324
324

M.1 Alcoholic fermentation effects

The treatment means and the ANOVAp-values for this comparison are shown in Appendix

Table M.1.

M.2 Malolactic fermentation effects

1994 Adelaide Hills (South Australia) Pinot Noir grapes were crushed, fermented, pressed

after 6 days, fermented to dryness and oold settled before being subjected to the following
preparative treatments and then to m¿lolactic fermentation (MLF). The results are discussed

in Chapter 7.

Pr epar ativ e tr e atments
(1) No treatment: 30 mgtL of SOz was added to the wine.
(2) Sterilised (DMDC): 0.15 mT of dimethyldicarbonate (DMDC) in f.5 mT of ethanolper

L ofwine was added, along with 30 md of SOz.

(3) Denatured (boiled): The wine was brought to boiling (92 "C) and then cooled. During

this treatment, the wine volume dropped by S % and the alcohol conoentration dropped

from 12.5 % to 10.0 o/o. Consequently, 95 o/o aqueous ethanol was added to correot the

concentration, and 30 mglL of SOz was added after cooling.

Treatments (1), (2) and (3) were poured to three, four and five sterilised 750 mI boffles,

respeotively. Appendix Table M.2 illustrates the scheme. An ethanol solution (1.5 mL) of 15

purified oak wood-derived or associated oompounds (l.e., the 20 compounds except for 5-
methylfurfuryl alcohol, furfirryl ethyl ether, 5-methylfurfuryl ethyl ether, 4-ethyþaiacol
and 4-vinylphenol) ('standards mix') was added to some of the bottles; the other bottles

received an equivalent amount of ethanol without the compounds. All of the wines were

sparged with COz gas. The wines not to undergo MLF received 100 mg[- of SOz and were

crown sealed. The other wines were inoculated with the manufacfuret's recommended
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dosage of a dry culture of Leuconostoc oenos (Viniflora Oenos, Chr. Hansen's Laboratory,
Denmark) for MLF'. 'Ihe bottles were mixed and covered with aluminium foil. The free and

total SOz concentrations in the inoculated wines were approximateþ I and L5 mglL,
reqpectiveþ, immediatd prior to the inoculation. All 12 bottles were kept at 25 "C for
approximately fbur weeks, over which time MLF had proceeded to completion (Appx. Tab.

M.2).

The samples were kept at 2 "C until volatile compound quantification by GC-MS, as

described for the Cabemet Sauvignon wines in the main experiment (Chapter 2). There was
approximateþ one month between MLF and extraction/quantification. The anaþical
precision was comparable to that for the Cabernet Sauvignon wines (Tab. 2.\. The

treatments were not replicated sufficiently to warrant analyses of variance of the oompound
concentrations. 'Ihe data arc shovrm in Appendix 'l'able M.2, and a summary of these data is

shor¡m nTable 7.2.

M.3 Denatured microbial cell effects

Aliquots (440 mL) of the Chardonnay control wine were measured to ten 750 mT. bottles.
The two 'denatured yeast' and two 'denatured lactic acid bacteria' treatment replicates
received inocula to densities of 108 cells/ml. An active dried wine yeast, Maurivin AWRI
796 stratn (Saccharomyces cerevisiae), was reþdrated according to the manufacturer's
specifications (in 10 times the yeasts' mass of 40'C water for 15 minutes) before addition
to the wine. A lactic acid bacteria strain, Viniflora Oenos (Leuconostoc oenos\ was added
without reactivation, as is specified by the manufacturer.

All bottles were then autoclaved (42 m:rnrtfie cycle peaking at l2l'C). After cooling to 15
oC, 50 mE/L of SOz was added to each bottle, and the two 'activated yeast' and two
'activated lactic acid btctena' treatment replicates received inocula to densities of 108

cells/ml. All ten lots were then transferred to 375 mT bottles and equal amounts of the
'standards mix' (similar to that used in the MLF experiment) were delivered to each.

Alcohol lost during autoclaving (4 %\ was added, the bottles were sparged with COz for
one minute, crown sealed, thoroughly mixed, and stored for five days at 15 "C with daiþ
mixing to resuspend the cells. After the last mixing, the samples were poured to 500 mT

centrifuge tubes with 20 mElL of SO2, centrifuged at 10,000 rpm and 4 oC for 10 minutes,
and the supernatant carefirlly decanted fromthe sediment.

The samples were kept at 2 'C until volatile compound quantification by GC-MS, as

described for the Chardonnay wines in the main study (Chapter 2). The anúyticalprecision
may be comparable to that for the Chardonnay wines (Tab. 2.1) except that each replicate
was quantified using only one sample instead of the two used in the main study. The
treatments were not replicated sufficiently to warrant analyses of variance of the compound
concentrations. The data arc shor¡rm in Appendix Table M.3.

M.4 Chardonnav wine aroma associations with MLF

Appendix Table M.4 and Appendix Figure M.l show the associations between malate
consumption and the Chardonnay wine aroma.
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Appendix Table M.1. Barrel fermentation effects: Chardonnay and model

wine composition means and ANIOVAp -values for selected treatments

at racking (11 weeks) (SYSTAT V5.0' unweighted means model ANOVA:
2 x wines & 3 x treatments).

cls oak lactme

trsns-c,zklad.úe

eugorol

guaiacol

guaiacol**

4-mdJrylguaiacol

4-mdhylguaiacol**

vmillìn

vmillin**

cyolotore

cyclotore**

mahol

maftol**

furfr¡ral

f,rrfr.¡ral**

'e$imated ext¡aded firrfr¡ral'

'e$imated ext¡aded frrrfrrral'**

5-mdhylfrlfual

5-mdhylfirrfirral**

fufuryl alc¡hol

5-mdhylfrrÂrryl alcrhol

vanillyl alcúol

fruñryl dhyl dher

5-mdhylñufirryl dhyl dher

vmiJlyl dhyl dher

0.586

0.002

0.0020.031

0.004

0.390

o.232

0.810

0.319

102

40

t2

1l

13

9

11

110

68

ll

a

2t

4

I

o.229

0.065

o.122

0.385

0.361

0.701

0.102

0.329

09

06

0.015

0.010o.o32

0.063

0.0350.000

0.000

o.265

0.718 0.743 5186229

252

0.039

0.012

0.549

o.792

0.331

0.44
o.795

o.679

0.768

0.888

0.233

o.424

1l

12

45

52

a

4

0.0

0.0

0.00

0.0

6

I

0

0

1

aa

59

1.4

I1.0

0.37

9.6

24

78

42

34

10

100

0.380

0.006

0.003

o.o240.000

0.003

0.1 13

0.467

0.099

0.129

0.046

0.313

0.1 08

0.139

0.883

0.896

0.780

0.793

o.233

5.4

6.3

5.7

6.6

0.55

0.65

0.3

a

00.01o

0.000

0.000 o.290

o.464

0.896

0.000

0.000

0.000 o.271

o.r47 0.147

0.885 0.885

0.049 5

0

0

0

a

0

o

4-vinylguaiacol

4ãhylguaiacol

4-vinyþorol

4dhyþhorol

o.757

0.458

0.603

0.1 80

0.569

0.593

0.225

0.1 80

0.569

610

188

0

992

0

o.0260.001

0.000

0.009

0.000

p <0.050

*: mgll- for frufiral, 'eSimated extraded fr¡rÂr¡al' (furfr¡ral + frxft¡yl alcohol), 5-mdhylfruñual ard fufuryl alcnhol.

**: One orflier (,41 34 ) omfierf

teat = t¡eatmút; interad = interad.icn.
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Appendix Table M.2. Malolactic fermentation experiment results.

.1..1 T,rcatmeill õammorl

sryÍe¡¡¡mber: ,tr 2 3,,, 5: 6 :l 8,', ,9 l0 11 12

Ibirialksrnqrr: "' ",'[r[s,,t¡¿qtntent , ,. Sterilíieil:l(D]þfÛC) Dendured (b¿íle¡I)

'Starrtard*,mix' a¿ld¡tl?:

lvfLF,,iqfuced?: Y.es , 'Yies Y,çs Ycs Yes

'Ëinal'malate'(gå-)+f;' 4.2 0;l 4,2 4il 4:t ,0,0 0.1 4:9 4:4 4,5 0.1 ,,0i,1 MeAn

Compound'
,(ug/Lt)

Addítîon
(ng4L,*¡ Íntenals

crs oak ladøe
Írar¡s -oak lad.cnc

eugorol

guaiacol

4-mdhylguaiacol

391^ 206
1^1

t2

88

92

o1

80

o2
li

33

I

3

1

I
3

I

0.0

20t 223 243

141 145 
"62t2 t4 t4

2lo

12

228

151

13

2lo 222

1^O I <i

t2 t2

16

1

5

l0

11

00
1

0.0

11

4.6

t12
0.0 4.7

12 ll
4.5 4.7

ll t0 t2 11

4.6 4.2 4.8 4.7 0.8

vmillin (Frecn extrad)* 0.392 0.0 0 0 0.1 0.0 0.1 0.1 0.1 0.0 0-2 0.1 0 I 0.1 o2

cyclotore

maltol

frrrfrrral*

5-mdhylfirrfrual

ñuf¡ryl alcohol*

5'máliylfutfüryIalcúol

væillyl alcchol

ftÉ¡r-yl,dhyl dher

5:mdhylfi rfr uyf dhyl qher

vmillyl dhyl dher 226

10

0.01 0.00 0.20

01303

0 0 0.0 11.0

,l 2,2
49 L9 59

0.02 378 0.01 0,01

747800

0.0 a.'7 10.8

3

46

01720,200
0 0 t5 l'6' 0

3 137 89 ll5 4

0.03 3.16 2.25 0.01 0.01

t 406289 I 1

10.6 10.2

65
26 48

13 12

0:0
163 165

5 la

18

0,, ,0

00
33

3 95 91 100

19 109 124 135

146

121

126

105

131 r44

130 r32

a1

76

39

18

0.34

'70

1.3

nidä.

52

0.0 6 8 5.8

666
27 47 34

85
aû^

26 32 20

4.OO2

484

a.434

95

i5 ",1t1

16 l,5,

t27 148

4-vinylguaiacol

+.anylg,r*àøi:,

,4.viuyþenol'

4dhyþhool*

148

575
0 0. ,,0

t21
0.00 0.00 0.43

144

0.509

5 6

0

I

55 7

ndll-

n din.

0.11

6

0

4

0

0 I

*: ng/L for vmillin (Frem extradim mdhod), ñuñral, frrfl:ryI alc-chol and 4-dhyþhorol.
**: MalatepricrrtoMLF: Not¡eatmat=4.4 g/L; Sterilised (Dlfr)C)=4.6 gL: Denatured @oilA)= a.6 úL.

^: One ad<litim (391 ug/L) of a racemicmixtwe of the oak ladmes was made.

DMDC : dimdhyldicarbøate; n.dn. = not ddermined-

: Coqormdnot included in the '$ædârds mix.'
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Appendix Table M.3. Denatured microbial cell effects.

cl'¡oakladoe
fr¿z¡oakladme

eugerol

guaiacol

4-mdleylguaiacol

vmillin @rem o<hadim)*

cycldeae

maltol

ñrrfrrral*

5-mdhylfilfral*

fi¡¡furyIalcúol*

vmillyl alcchol

vmillyl dhyl dher

4-vinylguaiaool

9

5

223

175

t2

1.7

o.22

23

200

158

220

t77

t2

148

7A

1.2

0.19

256

197

l4

119

66

2.7

0.18

221

t74
t2

222

179

12

l0
5

9

4

t2

5

t2

6

106

't9

6

4

2

0.5

r01

35

0.04

168

75

2.O

0.05

136

a2

30

5.63.6

0.o2 0.05 0.02

178

89

o.20 0.29

5.5 4.6 2.1

4t

I.6

o.29

16

15 21 16 t2

190 206

ts't r79

187

153 t46 27

4dhyþherol* 0.45 0.44 0.52 o.47 0.47 n.dn.

t¡edmút meã gred€r thm me 95 % cmfidorce interval from the omt¡ol.

*: mgll, for Vmillin @rem extradim mdhod), ñrfural, S-mdhylfiuñral, filfuryI alcúol æd 4dhyþhorol.
**: 95 7o ccnúilorce intervals fiom Table 2.1.

LAB = ladic acidbaderia; adiv. = adivded; dord. = dendr¡¡e4 CIs: coúd€nce intervals; n.dn. =nct d,úeonined

. : ::, : Co'ryormdnotincludedinthe'Smdåralsmix.'
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Appendix Table M.4. Associations between âromas and malate

consumption for 24 Chardonnay barrel wines at 55 weeks

(Spearman's rank-order and Pearson's product-moment correlation coefftcients).
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Appendix Figure M.1. Scatter plots of the Chardonnay wine Fisher-Yates
aroma rank trânsformations versus the extent of malate consumption.
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Appendix N

Compound accumulation ANOVAs

Eight American and Limousin barrel-stored model wines were sampled for volatile

compound quantification at 6, !I, 32, 55 and 93 weeks. Two replicates each of four
treatments were invofued (Appx. Tab. 4.10). Microbial activity was kept 16 ¿ minimum

(App*. Tab. 4.9). Compound quantifications were as described for the model wines in
Chapter 2, md accrraoy and precision estimates are swnrnarised in Table 2.6.

Two different analysis of variance (ANOVA) models were used in the data anaþses. The

repeated measures aspect of the design, involving the comparison of conoentrations at

different times in the same barrel, \ilas accommodated by two-factor ANOVAs, without
replication (repeated measures). Accompanying these anaþses were two-faotor ANOVAs,
with replication, to test for interaction effects. The p-values for these anaþses are listed in
Appendix Table N.1.

When a multþle oomparison was required, a two-tailed Fisher's least significant differenoe
(LSD) (p<0.05) was performed to separate the means. Microsoft Excel V5.0 qpreadsheet

software was used for all statistical analyses.
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Appendix Table N.1. ANOYAp-values for a comparison of compound
concentrations in the barrel-stored model wine at different sanpling times
(Two Microsoft Excel V5.0 ANOVA models were used: a2-factorrrepeated
measures ANOVA, without replication, 5 sampling times x I barrels; and a

2-lactor AltOVA, with replication; 5 sampling times x 4 treatments, z =2).

p.vøInesfar AÌ{OU{ wìlhout rep.lìcù!ìon ,p.i.lilaiis-fø,*DIOVA, rtìlktqplicalim, : :
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Americ¿n/Awtralia (2 trls)

Limowi¡/Frmcs (2 btls)

Limouin/Autralia (2 brls)

eugorol

0.004

0.000

0.000

0.073

0.000

0.000

0.016

0.007

0.015

0.000

0.000

0.209

0.000

0.007

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.077

o.247

0.000

0.018

0.000

o.194

0.843

0.000

0.000

0.007

o.979

0.016

0.000

0.131

o.214

0.054

0.1 12

o.067

0.000

0.796

0.993

0.859

o.992

0.980

o.977

0.891

o.975

guaiacol

4-mdleylguaiacol

vmi'llin

cycldere

maftol

'esfimated ext¡add fr.rrfi¡ral'

0.025

0.000

0.000

0.000

0.000

0.015

0.388

p <0.050

These data are used in Table 8. l.
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