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        High vegetative growth of Pinot Noir vine is a common problem in most vineyards 

of Oregon’s Willamette Valley, where sunlight exposure and heat accumulation are 

limited. Consequently, growers in this region commonly use vineyard management 

strategies to regulate vine vigor and improve grape and wine quality. Wine quality is 

greatly correlated with grape volatile composition. However, no study has been done to 

fulfill the knowledge gap of how specific viticultural practice affect Oregon Pinot Noir 

grape and wine volatile composition. Accordingly, three studies were conducted to 

evaluate impacts of viticultural practices (i.e., cover crop, leaf removal, and crop thinning) 

on the volatile composition of Pinot Noir grape and wine in the Willamette Valley of 

Oregon. 

        Pinot Noir grape chemical and volatile composition was investigated over three 

growing seasons (2008, 2009, and 2010) in a commercial vineyard where vines were 

managed using three vineyard floor management practices. The vineyard floor practices 

included different inter-row management: permanent grass (Festuca rubra spp. rubra) 



 
 

cover (Grass), alternating grass cover and tillage (Alternate), and tillage of every 

alleyway (Tilled). Fruit chemical and volatile compositions were analyzed by High 

Performance Liquid Chromatography (HPLC) and Stir Bar Sorptive Extraction-Gas 

Chromatography-Mass Spectrometry (SBSE-GC-MS). Results showed that different 

vineyard floor practices did not affect the grape general ripeness in most of years (2008 

and 2009), but in 2010, Grass treatment caused decreases levels of sugar and organic 

acids in grapes. In addition, Grass treatment reduced levels of berry free amino acids but 

increased levels of quercetin glycosides and anthocyanins. Compositions of grape volatile 

and their precursors were also affected by treatments. Grass treatment increased free-

form terpenoids and decreased free-form C6 compounds (hexanal, trans-2-hexenal and 1-

hexanol) and -damascenone in most of the years. There was a negative correlation 

between vine pruning weight and levels of free-form terpenoids, while, a positive 

correlation between vine pruning weight and free-form C6 compounds and -

damascenone. Furthermore, Alternate treatment had the highest concentrations of bound-

form terpenoids. 

        Wines were made when grapes reached commercial maturity and wine compositions 

were analyzed using HPLC, GC-FID and GC-MS. Results showed that the wine made 

from grapes with vineyard floor management treatments Alternate and Grass had higher 

levels of anthocyanins compared to Tilled treatment. Wine volatile composition was 

affected by treatments as well but in different ways. Cover crop treatments increased 

levels of branched-chain esters, acetates, terpenoids, and phenethyl alcohol in wine; 

meanwhile, they decreased levels of straight-chain ethyl esters, higher alcohols (1-

propanol, isobutyl alcohol, and isoamyl alcohols), -damascenone, ethyl vanillate, 

dimethyl sulfite and methanethiol.  

        A second study was conducted to further investigate the impact of fruit-zone leaf 

removal practice on Pinot Noir grape and wine volatile composition over three growing 

seasons (2010, 2011, and 2012). Grapevines were managed to have four different leaf 

removal treatments, including removing 0% (None), 50% and 100% of leaves from the 



 
 

cluster zone at berry pea-size stage, and a current local industry standard treatment (IS). 

Results revealed that leaf removal practice did not alter vine growth or berry ripening, but 

increased levels of quercetin glycosides and anthocyanins in grapes. Moreover, leaf 

removal increased both free- and bound-form volatile compounds in grapes. The 100% 

leaf removal increased levels of terpenoids (bound-form) and -damascenone (free- and 

bound-form) compared to control. In addition, levels of terpenoids and -damascenone 

were positively correlated with sunlight exposure.  

        Meanwhile, Pinot Noir wine quality was enhanced by leaf removal. The 100% Leaf 

removal treatment had higher levels of anthocyanins and volatile compounds, such as 

linalool, -terpineol, -damascenone and several esters (e.g., ethyl butanoate, ethyl 

octanoate, methyl vanillate, and ethyl vanillate) in final wine. Analyses of potential 

volatile compounds following acid hydrolysis of wine showed that 100% leaf removal 

increased levels of bound-form C13-norisoprenoids (e.g., -damascenone, vitispirane and 

TDN). 

        The third study was conducted to investigate the impact of crop thinning on volatile 

composition of Pinot Noir grape and wine with focus on the severity and timing of crop 

thinning. Crop levels were moderately (35% crop removed) or severely (65% crop 

removed) thinned at pre-bloom, fruit set, lag phase, or véraison, with no crop thinning as 

the control treatment. Our data indicate that crop thinning had limited impact on grape 

and wine volatile compositions with high variation over three seasons (2010, 2011 and 

2012). 
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CHAPTER 1 LITERATURE REVIEW 

        Wine is an alcoholic beverage that is made from fermented grapes. It is one of the 

oldest alcoholic beverages that humans have produced, dating back to 6000 BC with 

written historical records in Egypt and Mesopotamia (Robinson and Harding, 1999) 

During the earlier time, wine was largely used in worship ceremony and religious ritual, 

whereas, in today’s society, it is consumed mainly for personal enjoyment (Jackson, 

2008). Wine is a special beverage in that it not only increases the pleasure of dining and 

provides physiological and psychological satisfactions, but also works as a social 

lubricant and enriches the culture of a society (MacNeil, 2001).  

        Given wine’s significant impacts on economy and human culture, tremendous 

efforts have been made to advance the understanding of winemaking and viticulture on 

wine quality (Jackson, 2008). Making wine requires the close collaboration between 

grape growers and winemakers. While grape growers set the stage of wine’s varietal 

characteristics by selecting grapevine clones and controlling grape quality via vineyard 

management practice, winemakers take over to ensure successful fermentation of the 

grapes. It is generally accepted that grape quality is one of the most important 

determinants of wine quality and premium wine can only be made from high quality 

grapes. Environmental factors and viticultural practices are two major factors that 

influence the quality of grapes from a given vineyard. Major environmental factors 

include climate, soil, geographical feature of the vineyard, etc. Viticultural practices are 

actions performed by grape growers, such as irrigation, canopy management, fertilization, 

etc (Jackson and Lombard, 1993). Although environmental factors are beyond the control 

of grape growers, optimized viticultural practices can diminish the negative impact from 

environmental factors and improve grape quality. Therefore, viticultural practices have 

far-reaching impact on wine quality, and it is of great importance to understand the link 

between viticultural factors and wine quality.  
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        The aroma of wine is considered to be one of the most important factors in the 

acceptance and enjoyment of wine. Wine aroma is attributed to the presence of volatile 

compounds in wine. Volatile compounds are low-molecular weight compounds which 

vaporize readily at room temperature. These compounds can trigger odor sensations after 

they reach the olfactory epithelium, binding to the olfactory receptors (Reineccius, 2004). 

To date, over thousands of volatile compounds have been identified in wine with 

concentrations ranging from a few ng/L to hundreds of mg/L level. These volatile 

compounds in combination construct the characteristics of wine and their concentration 

differences distinguish one wine from another (Ribéreau-Gayon et al., 2006). The aroma 

profile of a wine has been shown to be influenced by different viticultural practices, 

winemaking techniques and regions where grapes are grown (Jackson and Lombard, 

1993; Ribéreau-Gayon and Traduction, 2000).  

1.1. The Origin of Wine Aroma 

        The complexity of wine aroma can be attributed to the diversity of the mechanisms 

involved in its development. Wine aroma can be classified according to its sources, 

which include: 1) varietal aroma originated from grapes, 2) fermentation aroma produced 

by yeast during alcoholic fermentation, and 3) post-fermentation aroma formed during 

the aging process (Ribéreau-Gayon and Traduction, 2000). Furthermore, in barrel-aged 

wine, many odorous compounds are released from oak barrel into wine, generating 

considerable impact on wine aroma (Garde-Cerdán and Ancín-Azpilicueta, 2006).  

        Some wines, e.g., sparkling and fortified wines, are judged based on their sensory 

characteristics, which are largely derived from processing methods. In contrast, table 

wines are often appreciated by their expression of varietal characters, i.e., the extent to 

which the wine reflects the sensory characteristics of its parent grapes. Therefore, even 

though the fermentation aromas produced by yeast during alcoholic fermentation make 

up the largest portion of wine aroma, grape-derived aromas, despite their considerable 

small quantity, play crucial roles in determining wine quality (Ribéreau-Gayon et al., 

2006). 
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1.1.1. Grape-derived volatile compounds 

        Grape-derived volatile compounds are plant secondary metabolites, and they are 

predominantly responsible for wine varietal aromas. In a few cases, the varietal character 

of a particular wine can be determined by a single volatile compound or a family of 

compounds. For example, the bell pepper aroma of Cabernet Sauvignon is due to the 

presence of 2-methoxy-3-isobutylpyrazine (IBMP) (Preston et al., 2008). Box tree, 

tropical, and passion fruit aromas of Sauvignon Blanc wine are related to volatile thiols, 

such as 4-mercapto-4-methylpentan-2-one (4-MMP), 3-mercaptohexan-1-ol (3-MH) and 

3-mercaptohexyl acetate (3-MHA) (Peyrot des Gachons et al., 2000).  The varietal aroma 

of Muscat wine is primarily associated with the presence of monoterpene alcohols, such 

as linalool, geraniol, nerol, and citronellol (Ribéreau-Gayon et al., 1975). However, in 

most cases, a wine’s distinctive aroma characteristics are dictated by the specific ratios of 

key volatile compounds (Rapp and Mandery, 1986).  

        Terpenoids: Terpenoids are the most intensively studied grape-derived volatile 

compounds that are associated with wine aroma (Rapp and Mandery, 1986). Based on the 

number of carbons in the molecule, they can be classified into subgroups, including 

hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20). 

Among these groups, monoterpenes are considered the most important terpenoids 

influencing the grape and wine aromatic composition. Monoterpenes are biologically 

synthesized from isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). 

These precursors are formed through two alternative biosynthetic pathways localized in 

different subcellular compartments: cytosolic mevalonic-acid (MVA) pathway from three 

molecules of acetyl-CoA or plastidial 2-C-methylerythritol-4-phosphate (MEP) pathway 

from pyruvate and glyceraldehyde-3-phosphate (Nagegowda, 2010) (Figure 1.1). 

However, there is evidence suggesting that the MEP pathway is the predominant route for 

terpenoids biosynthesis in grapes (Luan and Wüst, 2002). Monoterpenes are subsequently 

formed from 2(E)-geranyl diphosphate (GPP) through the action of terpene synthases 

(TPS) (Figure 1.1). 
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Figure 1.1 Terpenoid biosynthetic pathways and their compartmentalization in plants (Nagegowda, 2010) 

        Approximately 70 monoterpenes have been identified in grapes and wine, with 

various forms, including hydrocarbons, alcohols, aldehydes, ketones, esters, etc (Mateo 

and Jiménez, 2000). Monoterpene alcohols are primarily responsible for wine fruity 

(citric) and floral aromas. Among them, linalool, geraniol, α-terpineol, nerol, and 

citronellol are the most frequently found monoterpene alcohols in grapes and have the 

greatest sensory impacts to the resultant wine (Figure 2.1) (Ribéreau-Gayon et al., 2006; 

Styger et al., 2011). They are key odorants in Vitis.Vinifera cultivars of Gewürztraminer, 

Riesling, and the Muscat family (Ribéreau-Gayon et al., 1975; Skinkis et al., 2008). 

These compounds also play roles in floral note found in Pinot Gris, Viognier, Muscadelle 

and Muller-Thurgau (Mateo and Jiménez, 2000; Rapp, 1995). Several neutral cultivars, 

including Cabernet Sauvignon, Pinot Noir, and Merlot, also contain monoterpene 

alcohols, but generally at levels below the sensory thresholds (Canuti et al., 2009; Fang 

and Qian, 2005; Kotseridis et al., 1999). Nevertheless, these compounds may still play a 

role in a synergic effect with other compounds affecting wine aroma (Loscos et al., 2007; 

Ribéreau-Gayon et al., 2006; Strauss et al., 1986). 
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Figure 1.2 Chemical structures of important monoterpene alcohols in grapes 

        Only a small portion of monoterpene alcohols in grapes are present in free, volatile 

forms, and most of them are bound to sugars in the form of glycosides (Maicas and 

Mateo, 2005). The main form of glycoside is the monoglucoside (i.e. β-D-

glucopyranoside), however, three diglycosides have also been found: 6-O-α-L-

arabinofuranosyl-β-D-glucopyranoside, 6-O-α-L-rhamnosyl-β-D-glucopyranoside and 6-

O-β-apiofuranosyl-β-D-glucopyranoside) (Ribéreau-Gayon et al., 2006) (Figure 1.3). The 

aglycones can be released from the non-volatile precursors through either enzymatic or 

acidic hydrolysis during wine making and ageing processes. Therefore, these 

glycosidically-bound compounds constitute a potential source of wine aroma (Fernandez-

Gonzalez et al., 2003; Maicas and Mateo, 2005). 

 

Figure 1.3 Various forms of monoterpene glycosides identified in grapes (Ribéreau-Gayon et al., 2006) 
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        In recent years, our knowledge about the factors that influence the composition of 

monoterpene alcohols in grapes has increased considerably. Grape varieties differ greatly 

in their ability to produce monoterpene alcohols in regard to the type and amount (Mateo 

and Jiménez, 2000; Skinkis et al., 2008). Vitis.Vinifera cultivars of Gewürztraminer, 

Riesling, and the Muscat family produce much higher amounts of monoterpene alcohols 

than neutral varieties such as Cabernet Sauvignon, Pinot Noir, and Merlot (Mateo and 

Jiménez, 2000). Climate also greatly impacts grape volatile composition, and previous 

studies demonstrated that monoterpene alcohol concentrations are positively associated 

with the temperature of the vineyard site (Corino and Di Stefano, 1988; Ji and Dami, 

2008; Reynolds et al., 1996a). Furthermore, viticultural practices such as training system, 

deficit irrigation, cluster-zone leaf removal suggest a link between high sunlight exposure 

and increased monoterpene alcohols in grapes (Ji and Dami, 2008; Skinkis et al., 2010; 

Song et al., 2012; Zoecklein et al., 1998). 

        Norisoprenoids: The norisoprenoids are a group of compounds derived from the 

degradation of carotenoids, a group of tetraterprenoid pigments widely existing in plants. 

The degradation of carotenoids produces norisoprenoids with 9, 10, 11 or 13 carbon 

atoms (Mendes-Pinto et al., 2005) (Figure 1.4). Many C13-norisoprenoids have interesting 

odorous properties and extremely low sensory thresholds. The most common C13-

norisoprenoids are -damascenone, -ionone, 1,1,6-trimethyl-1,2-dihydronaphthalene 

(TDN), vitispirane, and (E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene (TPB) (Figure 1.5). 

-Damascenone and -ionone were first identified in Riesling grapes by Schreier et al., 

(1976). These two C13-norisoprenoids were found to be associated with complex aromas 

of honey, baked apple, violet, and raspberry, with the sensory thresholds of 0.05g/L and 

0.09g/L in wine, respectively (Ferreira et al., 2000; Guth, 1997). They are commonly 

exist at levels above their sensory thresholds, and therefore thought to be important 

contributors to the aroma of many wine varieties, such as Merlot, Cabernet Sauvignon 

and Pinot Noir (Fang and Qian, 2005a; Francis et al., 1999; Gürbüz et al., 2006; Pineau et 

al., 2007). Moreover, it has also been suggested that -damascenone and -ionone in 

wines not only directly contribute to the wine fruity aroma, but also play indirect roles in 
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enhancing fruity notes of esters and masking the herbaceous aroma of IBMP (Escudero et 

al., 2007; Pineau et al., 2007).  

 

Figure 1.4 Breakdown of carotenoids leading to the formation of C9, C10, C11, and C13-norisoprenoids in 

grapes (Ribéreau-Gayon et al., 2006) 

 

 

Figure 1.5 Chemical structures of important C13-norisoprenoids in grapes 

TDN and vitispirane have kerosene and camphoraceous aromas with sensory 

thresholds of 20 g/L and 80 g/L in model wine, respectively (Beliz and Grosch, 1992). 

Although these two compounds have been detected in many wine varieties, their 

concentrations are commonly below the sensory threshold, and consequently have no 

sensory impact (Eggers et al., 2006). However, as the wine undergoes bottle aging, TDN 

and vitispirane concentrations increase and reach the level above their sensory thresholds, 

giving the characteristic aroma of aged wine (Marais et al., 1992; Winterhalter and 

Rouseff, 2002). Meanwhile, excessive TDN and vitispirane are considered to be 

detrimental to the wine quality (Sacks et al., 2012). More recently, a new compound in 

C13-norisoprenoid family has been identified in wine, i.e., 4-(2,3,6-trimethylphenyl)buta-

1,3-diene (TPB) (Janusz et al., 2003). It has a pleasant floral aroma at low concentrations 

but pungent or chemical odor at high concentrations (Cox et al., 2005). It has been found 
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in several white wine varieties, (e.g., Semillon, Chardonnay, and Riesling wines) at levels 

above its sensory threshold (0.04 g/L in wine) but not in red wines (Cox et al., 2005). 

        The formation of C13-norisoprenoids is believed to occur from the biodegradation of 

the carotenoids, followed by enzymatic conversion to non-volatile precursors (e.g., 

glycosylated or other polar intermediates), and then acid-catalyzed conversion to the 

odor-active compounds (Baumes et al., 2002; Winterhalter et al., 1990) (Figure 1.6). 

Once formed, these compounds are then subject to further acidic reactions during wine 

aging (Loscos et al., 2010). The generation of C13-norisoprenoids is considered through 

the biodegradation and oxidative cleavage of carotenoids in grapes. Mathieu et al., (2005) 

has discovered the carotenoid cleavage dioxygenase gene in grapes and characterized its 

key role in the biosynthesis of C13-norisoprenoids in grapes. 

 

Figure 1.6 Formation of C13-norisoprenoids either via direct carotenoid degradation or via degradation of 

glycosylated intermediates (Mendes-Pinto, 2009) 

        As the formation of C13-norisoprenoids occurs via biodegradation of carotenoids, 

factors that influence the composition of carotenoids will eventually affect the 

concentration of C13-norisoprenoids in grapes. The composition of carotenoids in grapes 

is related to the metabolic processes of grapes, which are markedly dependent on grape 
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variety, climatic conditions, and stage of grape maturity (Oliveira et al., 2004). Razungles 

et al., (1987) studied the carotenoid profiles in 13 different French grape varieties. They 

discovered that the levels of carotenoids in matured grapes range between 0.8 and 2.5 

mg/kg with the highest level of carotenoids found in Chenin Blanc, followed by 

Sauvignon Blanc, Syrah, and Pinot Noir, while the lowest level found in Grenache Noir 

grapes. Climate conditions, such as temperature and sunlight have also been found as the 

major determinants of the biosynthesis of carotenoids in grapes. It has been reported 

warm viticultural regions produce grapes with high level of carotenoids (Crupi et al., 

2010; Marais et al., 1991). Moreover, studies have shown that sunlight promotes 

carotenoid synthesis in the unripe grapes (Kwasniewski et al., 2010; Winterhalter and 

Rouseff, 2002).  

        Phenylpropanoids and benzenoids: Phenylpropanoids and benzenoids are a family 

of volatile molecules with the structure of a planar, cyclic delocalized π-electron system 

(Dudareva et al., 2006; Dunlevy et al., 2009). Some important and commonly found 

phenylpropanoids and benzenoids are listed in Table 1.1 along with their corresponding 

odor descriptions and sensory thresholds. Among them, ethyl vanillate and methyl 

vanillate have been identified as potential odor-active compounds in Pinot Noir wine 

(Miranda-Lopez et al., 1992). Ethyl cinnamate and methyl anthranilate are reported as 

minor constituents in Pinot Noir wine, contributing to fruity, cherry, and cinnamon-like 

odors (Moio and Etievant, 1995). Fang and Qian (2005a) further point out that 2-

phenylethanol, 2-phenylethyl acetate, and methyl anthranilate are potentially important in 

Pinot Noir wine. Guaiacol, eugenol, 4-ethyl phenol, 4-vinyl-guaiacol, and 4-vinyl phenol 

are found to contribute to smoky, spicy, woody, animal and medicinal aroma 

characteristics in Pinot Noir wine (Fang and Qian, 2005a). At lower concentrations they 

can contribute to the complexity of wine aroma, but higher concentrations (> 4 mg/L) of 

these compounds may lead to a negative sensory perception of a wine aroma (Suárez et 

al., 2007). 
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Table 1.1 Odors of some important aromatic volatile compounds in grapes. 

Compound  Odor description  Sensory threshold (g/L)* 

2-phenylethanol  honey, rose, lilac  14000 [1] 

2-phenylethyl acetate  rose, honey, tobacco  250 [2] 

vanillin  vanilla  60 [3] 

ethyl vanillate  vanilla  990 [6] 

methyl vanillate  vanilla  3000 [6] 

ethyl cinnamate  cinnamon  1.1 [1] 

methyl anthranilate  grape juice  3 [4] 

guaiacol  smoky, medicine  9.5 [5] 

4-ethyl guaiacol  leather, phenolic  33 [1] 

4-vinyl guaiacol  clove, spice  40 [2] 

eugenol  clove  5 [2] 

4-ethyl phenol  medicine, Band-Aids  440 [5] 

4-vineyl phenol  barnyard, medicine  180 [5] 

[1] Ferreira et al. (2000), [2] Guth (1997), [3] Gómez-Míguez et al. (2007), [4] Aubry et al. (1997), [5] 

Boidron et al. (1988), [6] Lopez et al. (2002). 

Asterisk (*): reference from which the value has been taken is given in parentheses.  

 

        In grapes, phenylpropanoids and benzenoids exist predominantly as non-volatile 

precursors which can be converted to the odor-active compounds through enzyme or 

acid hydrolysis during fermentation (Chatonnet et al., 1993; Laforgue and Lonvaud-

Funel, 2012). Levels of these aromatic volatile compounds in wine are affected by 

multiple factors. First, levels of their precursors in grapes are influenced by a number of 

elements, including grape variety (López et al., 2004; Sefton, 1998), grape maturity 

(Fang and Qian, 2006; Garcia et al., 2003), variations in water and nutrient availability 

(Bell and Henschke, 2005; Koundouras et al., 2006), and sunlight and temperature 

conditions (Bureau et al., 2000). Second, winemaking practices, such as yeast strains 

and fermentation conditions, also have significant impacts on the release of free-form 

compounds from their precursors during fermentation (Fischer et al., 2000; Heresztyn, 

1986).  

        C6 compounds: The C6 aldehydes and alcohols are characterized in grapes by their 

grassy and leafy aromas (Ferreira et al., 2000). They are primarily derived from 

polyunsaturated fatty acids through the action of lipoxygenase and alcohol 
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dehydrogenase in grape tissues (Dudareva et al., 2006). The most important compounds 

include 1-hexanol, cis-3-hexenol, trans-3-hexenol, cis-2-hexenol, trans-2-hexenol, 

hexanal, and trans-2-hexenal. 

        During fermentation, grape-derived C6 aldehydes are converted to their respective 

alcohols, while some C6 alcohols can be transformed directly to wine (Joslin and Ough, 

1978; Kotseridis and Baumes, 2000).  For instance, 1-hexanol in wine arises from the 1-

hexanol present in the grapes as well as from the reduction of hexanal and trans-2-

hexenal by yeast during alcoholic fermentation (Joslin and Ough, 1978). Meanwhile, 

compounds such as trans-3-hexenol and cis-3-hexenol are transferred directly from 

grapes to wine because they cannot be metabolized by yeast (Herraiz et al., 1990). 

Furthermore, C6 compounds such as 1-hexanol and trans-2-hexenol have been reported 

as precursors of esters (e.g., hexyl acetate) in the final wine (Dennis et al., 2012). 

        In recent years, C6 compounds have received increasing attention in wine production 

because of their herbaceous odors in wine, which can cause unpleasant perception when 

present at excessive levels (Mendez-Costabel et al., 2014; Song et al., 2014). Efforts have 

been made to investigate factors that affect the accumulation of C6 compounds in grapes 

(Chkaiban et al., 2007; Coelho et al., 2007; Garcia et al., 2003; Joslin and Ough, 1978). 

Viticultural practices such as deficit irrigation, fertilization, and shoot thinning are shown 

to reduce levels of C6 compounds in grapes, leading to less herbaceous aroma in final 

wine (Mendez-Costabel et al., 2014; Song et al., 2012; Sun et al., 2012). Moreover, the 

concentrations of C6 compounds in grapes are related to grape variety and maturity (Fang 

and Qian, 2012; Oliveira et al., 2006). Fang and Qian (2012) have reported that in Pinot 

Noir grapes, accumulated C6 alcohols are detected during véraison but their levels 

continuously decrease during berry ripening. On the other hand, levels of C6 aldehydes 

continue to increase after véraison until grapes reach harvest maturity and then start to 

decrease. Because of such a relationship between C6 compound concentrations and grape 

maturity, it would be plausible to use levels of C6 compounds in grapes as indicators of 

grape maturity. 



12 
 

        Methoxypyrazines: 3-Alkyl-2-methoxypyrazines (MPs) are grape-derived 

compounds that exhibit distinctive green pepper, herbaceous aromas. When present at 

concentrations near sensory thresholds, MPs may contribute positively to wine quality by 

adding aroma complexity and varietal characteristics in wines, such as Cabernet 

Sauvignon, Semillon, and Sauvignon Blanc wines (Allen and Lacey, 1998; Allen et al., 

1991; Noble et al., 1995). However, excessive MPs can result in extravagant 

herbaceousness and suppressed fruitiness in wines (Allen et al., 1991). Some of the most 

extensively studied MPs are 2-methoxy-3-isobutylpyrazine (IBMP), 2-methoxy-3-sec-

butylpyrazine (sBMP), and 2-methoxy-3-isopropylpyrazine (IPMP) (Figure 1.7). Among 

them, IBMP is the most abundant MP in grapes and wines with a sensory threshold 

ranging from 0.5 to 2 ng/L in water and from 10 to 15 ng/L in red wine (Allen and Lacey, 

1998). 

 

                          Figure 1.7 Chemical structures of methoxypyrazines in grapes. 

        It has been shown that levels of MPs in wine are strongly associated with their 

concentrations in grapes (Ryona et al., 2009). The accumulation of MPs in grapes greatly 

depends on grape variety and vine growing conditions. Koch et al., (2010) compared 

levels of IBMP from 29 different grape cultivars, and found relative high levels of IBMP 

in Cabernet Sauvignon, Cabernet Franc, Merlot, Semillon, and Sauvignon Blanc grapes, 

whereas, no detectable IBMP was found in Pinot Noir, Syrah, and Chardonnay at any 

stage of berry development. Previous studies have demonstrated disappointing inefficacy 

of reducing MPs via winemaking practices (Pickering et al., 2006). Consequently, the 

research focus has been switched to the reduction of MPs in grapes by various viticultural 

practices. Viticultural practices aiming at increase sunlight exposure and water stress (e.g., 
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basal leaf removal and deficit irrigation) have shown promising outcomes in reducing 

levels of MPs in grapes and have been considered effective ways to control MPs quantity 

in final wine (Dunlevy et al., 2013; Gregan et al., 2012; Mendez-Costabel et al., 2014; 

Scheiner et al., 2012; Scheiner et al., 2010). 

        Polyfunctional thiols: Polyfunctional thiol compounds are a family of thiol 

compounds with additional functional groups such as ketones, alcohols, and esters. 

Compounds of primary importance in this family include 4-mercapto-4-methylpentan-2-

one (4MMP), 3-mercaptohexan-1-ol (3MH) and 3-mercaptohexyl acetate (3MHA). It has 

been repeatedly reported that the presence of 4MMP, 3MH, and 3MHA is responsible for 

Sauvignon Blanc wine’s varietal aroma, characterized by odor of box tree, passion fruit, 

and grapefruit (Darriet et al., 1995; Murat et al., 2001; Peyrot des Gachons et al., 2002; 

Tominaga et al., 1998). These compounds have also been detected in wines made from 

Riesling, Semillon, Cabernet Sauvignon, and Merlot grapes, and potentially impact the 

aroma quality of these wines (Bouchilloux et al., 1998; Tominaga et al., 2000). 

Interestingly, to date, no free-form polyfunctional thiols have been found in grapes, rather, 

they are found as cysteinylated and glutathionylated precursor forms (Peyrot des Gachons 

et al., 2002; Tominaga et al., 1998). During alcoholic fermentation, enzymes in yeast are 

able to release those volatile thiol compounds from their precursors (Roncoroni et al., 

2011).  

        Considerable studies have shown that levels of cysteinylated and glutathionylated 

precursors of volatile thiol compounds in grapes are greatly affected by environmental 

and viticultural factors. Yamanashi et al., (2011) reported that the formation of Cys-3MH 

and Glut-3MH in grape berries increased under various environmental stresses (e.g., cold 

shock, heat shock, UV radiation, and biochemical stimulation) through mechanisms 

involving up-regulated glutathione-S-transferase activity and synthesis of Glut-3MH 

from glutathione and hexenal. Choné et al., (2006) investigated the influence of vine 

nitrogen status on S-cysteine conjugate precursors of volatile thiols, and they found that 

the increase of nitrogen supply in the vine led to higher levels of cysteine precursor in 
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grape juice. Furthermore, increased production of Cys-3MH was found in Sauvignon 

Blanc and Semillon grapes exposed to noble rot (Botrytis cinerea), causing notable 

higher levels of 3MH in botrytized wines (Thibon et al., 2009). 

1.1.2. Fermentation-derived volatile compounds 

        Fermentation is the process of transforming grape musts (freshly pressed fruit juice 

that contains the skins, seeds, and stems of the fruit) into wine by yeasts in the absence of 

oxygen (Amerine et al., 1980). During fermentation, yeasts convert sugar to carbon 

dioxide (CO2) and ethanol, producing a variety of by-products such as higher alcohols, 

acids, esters, phenols, and volatile sulfurs that contribute to wine aroma (Figure 2.9) 

(Rapp and Mandery, 1986; Styger et al., 2011). Moreover, yeasts can interact with a 

variety of grape secondary metabolites, such as glycoside conjugates and cysteine-

conjugates, which play important roles in giving rise to the varietal characteristics of 

wine aroma (Pérez et al., 2011; Roncoroni et al., 2011; Sabel et al., 2013).  

        Higher alcohols: Higher alcohols are a group of alcohols that possess more than 

two carbon atoms with a higher molecular weight and boiling point than ethanol. They 

are quantitatively the greatest aroma compounds in wine (Etievant, 1991). They have 

strong pungent smell with significant effects on the sensorial quality and characteristics 

of wine (Rapp and Mandery, 1986). Higher alcohols are composed of aliphatic and 

aromatic alcohols. Examples of the most abundant aliphatic alcohols found in wine are 1-

propanol, 2-methyl-1-propanol (isobutyl alcohol), 2-methyl-1-butanol (active isoamyl 

alcohol), 3-methyl-1-butanol (isoamyl alcohol) and 2-phenylethanol (Lilly et al., 2006). 

Among them, 3-methyl-1-butanol is considered the most intense odorant in many wines, 

including Pinot Noir, Merlot, and Cabernet Sauvignon wines (Fang and Qian, 2005a; 

Gürbüz et al., 2006; Kotseridis and Baumes, 2000). Phenylethyl alcohol is considered to 

be one of the most important aromatic alcohols contributing to positive characteristics 

such as sweet and dry rose to wine aroma (Fang and Qian, 2005a; Ferreira et al., 2000). 

        Higher alcohols are synthesized by yeast from branched-chain amino acids (valine, 

leucine, isoleucine, threonine and phenylalanine) through a multi-step catabolic reaction, 
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known as Ehrlich pathway (Ehrlich, 1904). For example, L-phenylalanine, L-leucine, and 

L-isoleucine could be transformed into 2-phenylethanol, 3-methyl-1-butanol, and 2-

methyl-1-butanol, respectively (Dickinson et al., 2000; Dickinson et al., 1997; Dickinson 

et al., 2003). Therefore, amino acids present in musts are the important source of higher 

alcohols, and there exists a link between the amino acid profile of must and the aroma 

profile of wine (Hernández-Orte et al., 2002). Moreover, amino acids together with 

ammonium constitute the yeast assimilable nitrogen (YAN), which is particular important 

for yeast growth, successful fermentation, and the formation of wine aroma compounds 

(Bell and Henschke, 2005). The effect of must YAN content on the formation of yeast 

derived higher alcohols is complex and depends on the initial concentration of YAN and 

the type of yeast strain. It has been found that when the nitrogen concentration of must is 

low, a positive correlation between nitrogen concentration and the total concentration of 

higher alcohols exists, whereas at higher level of must nitrogen, an inverse correlation 

with higher alcohols prevails (ÄYrápáá, 1971; Bell and Henschke, 2005; Carrau et al., 

2008; Vilanova et al., 2007). It is worth mentioning that viticultural practices such as 

nitrogen fertilization, trellis style, and soil management techniques are important 

determinants of grape amino acid composition and concentration (Bell and Henschke, 

2005; Schreiner et al., 2013). This subsequently suggests that the production of yeast-

derived higher alcohols can be modulated by viticulture practices.  

        Esters: Esters are the second most abundant fermentation-derived volatile 

compounds in wine and they are mainly responsible for fruity aromas in wine (Gürbüz et 

al., 2006). The majority of esters are enzymatically produced through lipid and acetyl-

CoA metabolism during alcoholic fermentation (Saerens et al., 2010). Some ester 

production is also the result of enzyme-free equilibrium reaction between alcohols and 

acids at low pH during wine aging (Saerens et al., 2008). 

        Two important groups of esters in wine are acetate and ethyl esters, both of which 

are products of enzymatic reactions during alcoholic fermentation. Ethyl esters are 

structurally comprised of an alcohol group (ethanol) and an acid group (medium-chain 
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fatty acid).  Important ethyl esters contributing to wine aroma include ethyl butanoate, 

ethyl hexanoate, ethyl octanoate, and ethyl decanoate. The acetate esters are structurally 

comprised of an acid group (acetate) and an alcohol group (either ethanol or a complex 

alcohol derived from amino acid metabolism). Examples of acetate esters that have 

significant aroma contributions are ethyl acetate, isoamyl acetate, isobutyl acetate, and 2-

phenylethyl acetate (Ferreira et al., 2000). 

        The formation of esters during fermentation is a dynamic process with interactions 

of numerous variables. Some variables affecting ester productions include the levels of 

ester precursors in grapes, yeast strains, and must nutrients. Fang and Qian (2006) 

reported that the levels of esters in Pinot Noir wine varied depending on grape maturity 

under controlled fermentation conditions. Dennis et al., (2012) has shown that grape-

derived aliphatic alcohols and aldehydes (e.g., 1-hexanol, 1-hexanal, trans-2-hexenal, 1-

octanol, and benzyl alcohol) are precursors of some acetate esters (e.g., hexyl acetate, 

octyl acetate, and benzyl acetate) in wine. Grape amino acids may serve as direct 

precursors of esters or may play an indirect role in supporting yeast cellular metabolic 

activities (Bell and Henschke, 2005). A recent study performed by Garde-Cerdán and 

Ancín-Azpilicueta (2008) revealed that in the nitrogen-deficient must, the increase of 

amino acid contents stimulated the production of acetates and total esters. However, 

Miller et al., (2007) showed that amino acid supplementation did not always result in 

higher ester concentrations. Therefore, they suggested an alternative biological pathway 

for the formation of esters has to exist. 

        Volatile fatty acids: Aliphatic saturated fatty acids are the most common fatty acids 

found in wine. Among them, short (< 6 carbons) and medium (6-12 carbons) fatty acids 

comprise volatile fatty acids. Miranda-Lopez et al., (1992) reported the presence of 

isovaleric, hexanoic, octanoic, and decanoic acids in Pinot Noir wine. Studies have also 

shown the influences of these volatile fatty acids on the aroma profile of different wine 

varieties. For instance, in an quantitative investigation of odorants in 52 young Spanish 

monovarietal red wines made from a variety of grapes (e.g., Grenache, Tempranillo, 
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Cabernet Sauvignon, and Merlot grapes), Ferreira et al., (2000) detected high levels of 

isovaleric acid and isobutyric acid in the wines, with cheesy, sweaty, and vinegar-like 

odors. Because the levels of these two volatile fatty acids in the wine were above their 

respective sensory thresholds, the authors proposed them as potent aroma contributors. 

Aznar et al., (2001) confirmed the contribution of these volatile fatty acids to the wine 

aroma using GC-Olfactometry (GC-O) and reconstitution methods.  Further investigation 

of wine aroma profile by Fang and Qian (2005a) indicated that 2-methylpropanoic, 2-

methylbutanoic, and 3-methylbutanoic acids were also potential important volatile 

compounds in Pinot Noir wines, as reflected by their high flavor dilution values (FD).  

Research has shown that levels of volatile fatty acids in wine are associated with multiple 

factors, such as grape varieties, must compositions, yeast strain, and winemaking 

practices (Bell and Henschke, 2005; Rapp and Mandery, 1986; Torija et al., 2003; 

Ugliano and Moio, 2005).  

        Volatile sulfur compounds: Hydrogen sulfide (H2S) is the most extensively studied 

volatile sulfur compound in wine, because of its off-flavor of rotten egg. It is well 

accepted that majority of H2S emerges as an intermediate product in the biosynthesis of 

sulfur-containing amino acids by yeast during fermentation (Jiranek et al., 1995). Other 

low-molecular-weight volatile sulfur compounds have been also identified in wines, 

including mercaptans, sulfides, and disulfides. Among them, methylmercaptan (MeSH), 

ethylmercaptan (EtSH), dimethyl sulfide (DMS), and diethyl disulfide (DEDS) have been 

reported as potential contributors to wine aroma (He et al., 2013; Herszage and Ebeler, 

2011). These low-molecular-weight volatile sulfur compounds typically have very low 

sensory threshold and their aromas are described as rotten egg, cabbage, and onion-like 

(Herszage and Ebeler, 2011). However, at very low levels, these volatile sulfur 

compounds can act as odor enhancers of fruity aromas in wine (Escudero et al., 2007; 

Segurel et al., 2004). Several recent studies have further revealed that the levels of low-

molecular-weight volatile sulfur compounds in wine are influenced by elements of 

fermentation, such as yeast strain, levels of fermentation YAN, and oxygen availability 

(He et al., 2013; Ugliano et al., 2009; Winter et al., 2011).  
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1.2. Analytical Techniques for Analyses of Grape and Wine Volatile Compounds 

        The volatile composition of a wine presents an extremely complex chemical pattern 

both qualitatively and quantitatively, which results in significant analytical challenges in 

characterizing the volatile composition involved in wine aroma (Rapp and Mandery, 

1986). The development of chromatographic techniques in the early 1900s and later 

development of gas chromatography in the 1950s ushered in a new era of discovery for 

analytical chemists (Ebeler, 2001). Consequently, the knowledge of wine aroma has 

increased dramatically, paralleling the development in analytical chemistry. Currently, 

more than 1000 volatile compounds have been identified in wine and new compounds are 

continually being discovered (Robinson et al., 2013; Styger et al., 2011).  

        Most volatile aroma compounds are present in wine with low concentrations, and 

therefore an additional step of extraction and enrichment is required before 

chromatographic separation and detection of these compounds. Various extraction 

methods have been widely used for the analyses of volatile components of wines. 

Traditional techniques include distillation and solvent extraction methods, but these 

techniques are less frequently used in routine analysis due to the difficulty of automation 

and the use of hazardous solvents (Ebeler, 2001; Ortega-Heras et al., 2002). Since the 

beginning of the 21st century, increasing interest has been put into the development of 

rapid, readily automated techniques that can be used to analyze volatile compounds in 

wine to investigate viticultural practices on wine quality (Fang and Qian, 2006; Mendez-

Costabel et al., 2014; Ryona et al., 2008; Ryona et al., 2009; Skinkis et al., 2010; Song et 

al., 2014). 

1.2.1. Volatile compounds extraction methods 

        Solid Phase Microextraction (SPME): Solid phase microextraction technique 

(SPME) was first introduced in 1990s by Arthur and Pawliszyn as a quick and solventless 

technique for the isolation of analytes in a sample matrix (Arthur and Pawliszyn, 1990). 

The technique combines extraction, concentration, and chromatographic injection into 

one step, dramatically reducing labor, materials, and waste disposal costs. The typical 
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SPME fiber is housed within a small-diameter stainless steel tubing and coated with 

different materials that can absorb and thermally release volatile compounds (Figure 1.8). 

Extracted by the SPME fiber, the volatile compounds are directly concentrated and can 

be immediately injected onto a GC column for analysis. Currently, commercially 

available SPME fibers include polymethylsiloxane (PDMS), polyacrylates, copolymers 

of PDMS with divinylbenzene (DVB), copolymer of polyethylene glycol (Carbowax, 

CW) with DVB, and mixture of carboxen (an inorganic adsorbent) with PDMS or DVB. 

The SPME coupled with gas chromatography (GC) or GC-mass spectrometry (GC-MS) 

has rapidly grown in popularity as a quick and reliable analysis of wine aroma 

compounds (Sánchez-Palomo et al., 2005; Setkova et al., 2007; Whiton and Zoecklein, 

2000).  

 

Figure 1.8 Design of the commercial SPME device made by Supelco (www.sigmaaldrich.com) 

        SPME can be used to extract volatile compounds from liquid samples by immersion 

of a fused silica fiber coated with sorbent material in the sample, followed by desorption 

of the analytes in the injection port of a GC (Arthur and Pawliszyn, 1990). However, 

when the fiber is used this way its lifetime decreases (Pawliszyn, 1999). SPME technique 

can also be used for headspace extraction, which is important for routine SPME-GC 

http://www.sigmaaldrich.com/
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analyses of wine, grape musts, and grape juice (Canuti et al., 2009; Mestres et al., 1998; 

Rocha et al., 2001; Vianna and Ebeler, 2001; Zhang and Pawliszyn, 1993). Headspace 

SPME extraction efficiency is based on the equilibrium of analytes among the three 

phases: the coated fiber, the headspace, and the sample solution. Furthermore, the 

partition equilibrium of the volatile compounds between the headspace of the sample and 

the SPME fiber depends on the exposure time, temperature, sample volume and 

concentration, and type and uniformity of the matrix (Wardencki et al., 2004). However, 

due to the fact that the amount of analyte extracted in SPME is proportional to the 

volume of the extraction phase (typically less than 0.5 μL), the sensitivity of the SPME is 

very limited. 

        Stir Bar Sorptive Extraction (SBSE): SBSE was developed based on the similar 

principle of SPME (Baltussen et al., 1999). The SBSE uses a stir bar which is composed 

of a piece of magnet enclosed in a glass tube coated with a thick film of polymers such as 

polydimethylsiloxane (PDMS) (Figure 1.9). Upon stirring in a liquid sample matrix, the 

analytes are partitioned between the matrix and the PDMS phase on the stir bar according 

to their partitioning coefficients. Subsequently, the stir bar is transferred from the sample 

to a compact thermal desorption unit (TDU) mounted on a gas chromatograph (GC). The 

analytes are thermally desorbed in the TDU and delivered to a GC column (Figure 2.8). 

The substantial advantage of SBSE over SPME is the significantly higher content of 

PDMS sorbent available for extraction of analytes, making it about 50 to 250 times more 

sensitive than SPME (David and Sandra, 2007). 

        This novel sample treatment technique has been successfully used for analytical 

extraction of volatile compounds from many food samples, e.g. fruits, vinegar, coffee, tea, 

beer, and wine (Bicchi et al., 2002; Callejón et al., 2008; Horák et al., 2008; Malowicki et 

al., 2008; Tredoux et al., 2008). Fang and Qian (2006) used the SBSE-GC-MS method to 

investigate the impacts of grape maturity on Pinot Noir wine volatile composition. Using 

the SBSE GC-MS technique, 28 key aroma compounds, including terpene alcohols, 

phenols, C13-norisoprenoids, short chain fatty acids, and aromatic esters were quantified 
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in the wine. The results indicated that the concentration of most grape-derived volatile 

compounds increased with grape maturity, except for esters, and support the notion that 

SBSE coupled with GC-MS enables the accurate and rapid quantitation of many key 

aroma compounds present at low levels in Pinot Noir wines. Similarly, Song et al., (2012) 

used the SBSE-GC-MS method to study the changes of free-form and glycosidically-

bound volatile composition in Merlot grapes as a consequence of deficit irrigation. They 

found that deficit irrigation decreased the concentration of negative aroma compound 

(e.g., free-form C6 alcohols and aldehydes), and increased the concentration of positive 

aroma compounds (e.g., bound-form terpene alcohols and C13-norisoprenoids). These 

applications indicate that SBSE-GC-MS can be a reliable method used to optimize 

viticultural practices. 

 

Figure 1.9 Design of the commercial SBSE device made by Gerstel (www.gerstel.com) 

        For years, the only commercially available sorbent for SBSE was the non-polar 

polymer polydimethylsiloxane (PDMS), means that SBSE was largely unsuitable for the 

extraction of compounds with polar character, e.g., volatile phenols. There has been 

increasing demand for a stir bar with a more polar phase. Two new types of stir bars with 

more polar phases are now available from Gerstel: the Polyacrylate (PA) stir bar and the 

Ethylene Glycol (EG)-Silicone stir bar. These new techniques extract polar compounds 

more efficiently than the PDMS due to their polar nature. In addition, the EG-Silicone 

can efficiently extract non-polar compounds due to the properties of silicone materials. 

http://www.gerstel.com/
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The use of new phase stir bars has been applied to different analytical fields: odor-active 

compounds in beverages (Nie and Kleine-Benne, 2011), bisphenols in personal care 

products (Cacho et al., 2013), and pharmaceuticals and personal care products (PPCPs) in 

environmental waters (Gilart et al., 2013). However, to the author’s knowledge, very few 

studies have utilized the new stir bars for analyzing wine aroma compounds. Cacho et al., 

(2014) evaluated the extraction efficiency of these two poplar phase (i.e., EG-Silicone 

and PA) on 14 chlorophenols (CPs) and chloroanisoles (CAs), which are related to the 

corky, musty or earthy taints in wines. They reported that the EG–Silicone extraction 

phase provided the best result due to its bi-polar nature, and verified that the use of new 

phase SBSE coupled with GC-MS is an efficient method for the detection of CPs and 

CAs with good precision and recovery. 

 1.2.2. Separation and detection methods 

        After volatile compounds are extracted, analytical instruments are used to separate 

and identify these volatile compounds in a sample. The most common instrument for 

compound separation is gas chromatograph (GC). With GC, the mobile phase or carrier 

phase is an inert gas (e.g., helium and nitrogen) and the stationary phase is a very thin 

layer of liquid on an inert solid support inside a column. The volatile analytes interact 

with the stationary phase of the column, and are eluted according to the temperature of 

the column at specific retention times. The eluted compounds are identified with 

detectors, which measure signal intensity for each separated compound allowing 

quantification of different compounds. As reviewed by Ebeler (2010), the early 

technology only allowed the separation and identification of higher alcohols and some 

esters, but the development of high-resolution columns and utilization of sensitive 

detectors have expanded the list of quantified wine aroma compounds to over 1000. 

        At present, capillary columns are commonly used in wine aroma research. Both non-

polar and polar capillary columns have been widely used, depending on the characteristic 

of target compounds (Versini et al., 2008). Flame ionization detector (FID) and mass 

spectrometry (MS) are the most generally applicable and most widely used detectors for 
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analysis of wine aroma compounds. When coupled with a flame ionization detector (FID), 

the detection limit of compounds can reach as low as ng/L level. Compound 

identification can then be achieved through the use of an internal standard and 

comparison of the Kovats retention index of target compounds with the internal standard 

(Kovats, 1965). GC-FID and retention index comparison are still used extensively for the 

identification of a small numbers of compounds with clearly separated peaks (Versini et 

al., 2008).  

        Mass spectrometry has become the most important detection method for wine 

volatile analysis via GC (Ebeler 2001, Versini et al., 2008). In GC-MS method, 

compounds separated by GC enter the MS in the effluent stream and are bombarded with 

electrons, producing fragmented ions. These charged ions are then separated according to 

their mass-to-charge ratio and can be detected by a detector with the intensity measured 

(Pomeranz and Meloan, 1994). The detection limit of compounds can reach to ng/L level 

(Frederich and Acree, 2000). Comparison of ion fractions to data libraries allows 

unambiguous identification of compounds present at even trace levels (Versini et al., 

2008). In both GC-FID and GC-MS analysis, internal standards of known concentration 

can be used to quantify compounds of interest. 

        Due to trace levels of some volatile compounds in wine, the detection of these 

compounds is commonly achieved by GC coupled with more sensitive and selective 

detectors. For example, flame photometric detector (FPD) (Mestres et al., 2002; Moreira 

et al., 2004), sulfur chemiluminescent detector (SCD) (Siebert et al., 2010), and pulsed 

flame photometric detector (PFPD) (Fang and Qian, 2005b; López et al., 2007) are used 

for analysis of volatile sulfur compound analysis in wine. Among them, PFPD has been 

proven to be very sensitive for sulfur compound analysis, and thus widely used to analyze 

trace sulfur compounds in wine. The PFPD technique uses a pulsed flame, rather than a 

continuous flame as with traditional FPD, to achieve the generation of flame 

chemiluminescence. With PFPD technique, light emissions induced by hydrocarbons and 

the flame background can be screened during each pulse of the flame by electronically 

gating the emission wavelength. This allows for the integrating of only the sulfur portion 
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of the spectrum, thereby greatly increasing the selectivity and sensitivity of the technique 

(Fang and Qian, 2005b; López et al., 2007). 

1.3. Impact of Viticultural Practices on Grape and Wine Volatile Composition 

1.3.1. Cover crop practice  

        Cover crop practice is the vineyard floor management strategy of planting cover 

crops between vine rows. It decreases soil erosion (Novara et al., 2011), improves soil 

structure and nutrition (Klik et al., 1998; Reicosky and Forcella, 1998), and suppresses 

weed growth (Steinmaus et al., 2008). However, planting cover crops in vineyards also 

has potential drawbacks, such as decreased vine vigor and the subsequent reduction in 

grape yield and must nitrogen contents (Celette et al., 2009; Ingels, 1998; Lee and 

Steenwerth, 2011; Lopes et al., 2011). However, some of these drawbacks of cover crop 

planting may lead to beneficial effects in some vine growing regions. For example, in 

some cool-climate viticultural regions, deep soil with high soil moisture and nutrient 

availabilities commonly leads to significant vine vegetative growth. Excessive vine vigor 

will induce a dense canopy, creating unfavorable cluster-zone microclimate that can be 

deleterious for vine health and grape quality (Austin et al., 2011; Chorti et al., 2010; Cruz 

et al., 2012; Dokoozlian and Kliewer, 1996; Jackson and Lombard, 1993). Furthermore, 

those high-vigor vines need more intensive canopy management (e.g., shoot trimming 

and leaf removal), and hence increase vineyard management cost. Therefore, the use of 

cover crop practice to control excessive vine vigor could become an effective agronomic 

tool for improving grape quality.  

        Monteiro and Lopes (2007) conducted a 3-year study on the impact of different soil 

management practices (i.e., soil tillage, permanent resident vegetation, and permanent 

sown cover crop) on Cabernet Sauvignon grapevine yield, vigor, and fruit quality. Their 

results showed that decreased vine vigor by cover crop treatment did not reduce grape 

yield but improved grape quality through the reduction of must acidity and increase of 

total phenols and anthocyanins in berry skins. Moreover, the impacts of cover crop 
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practices on vine growth and grape quality also depend on the climate of a vineyard site. 

Tesic at al., (2007) studied the influence of cover crop practice on Chardonnay 

grapevines in two vineyards with different climates (one in a hot dry climate and the 

other in a mild climate). They found that the response of vine toward cover crop 

treatment was less pronounced in the vineyard with mild climatic condition compared to 

the vineyard with hot and dry climate. They also found that cover crop is a powerful tool 

for controlling vegetative growth of grapevines and increase grape ripeness.  

        Previous studies have reported that the competition between the cover crop and vine 

for soil water and nutrients appears to be the principal mechanism behind the reduction in 

vine vigor (Celette et al., 2009; Monteiro and Lopes, 2007; Tesic et al., 2007). Water is 

essential for normal vine growth and berry development, however, studies have shown 

that moderate water stress during vine growth reduces vine vigor and increases the levels 

of sugar, total anthocyanins and phenolics in grapes (Kennedy et al., 2002; Koundouras et 

al., 2009; Shellie, 2006; Song et al., 2012). Additionally, increased vine water stress has 

been reported to increase levels of positive volatile compounds (e.g., bound-form 

monoterpenes and C13-norisoprenoids) and decrease negative volatile compounds (C6 

compounds and methoxypyrazine) in Cabernet Sauvignon and Merlot grapes, leading to 

increased wine quality with less vegetative and more fruity aromas (Ou et al., 2010; Qian 

et al., 2009; Sala et al., 2005; Song et al., 2012). Among nutrients that vines absorb from 

the soil, nitrogen is the element which has a key impact on vine vigor and grape quality. 

Increased nitrogen stress has been shown to reduce vine vigor, grape yield, berry size, 

and nitrogen levels in grapes, but increase levels of sugar, tannin, and anthocyanin in 

grapes (Baiano et al., 2011; Lee and Steenwerth, 2013; Schreiner et al., 2013). On the 

other hand, it has also been shown that increasing vine nitrogen level can increase levels 

of Cysteine-conjugated precursors of volatile thiols in Sauvignon Blanc grapes, and 

therefore improve wine varietal aromas (des Gachons et al., 2005). Similarly, a study on 

soil that was subjected to long-term nitrogen fertilization revealed that the increase of 

vine nitrogen level improved Riesling wine quality through the increased -damascenone 

concentration (Linsenmeier and Löhnertz, 2007). However, Mendez-Costabel et al., 
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(2014) reported that increased nitrogen fertilization led to a higher level of IBMP in 

Merlot grapes, which is detrimental to final wine quality. Besides the direct impact of 

water and nitrogen on vine growth and berry development, cover crop may influence 

grape quality indirectly through the modification of canopy microclimate, which will be 

discussed in section 1.3.2.  

        Research has been carried out aiming at improving wine aroma profile through the 

cover crop management. However, results obtained from these studies are quite 

inconsistent. Xi et al., (2011) examined the influence of different cover crops (white 

clover, alfalfa, and tall fescue) with clean tillage on aroma composition of Cabernet 

Sauvignon wine. They reported that compared to clean tillage, wines made from grapes 

grown with various cover crops had higher levels of aroma compounds such as ethyl 

esters, acetates, higher alcohols, terpenoids and norisoprenoids, thus potentially 

improving wine quality. Similarly, Wheeler et al., (2005) found that a permanent chicory 

cover crop improved overall Cabernet Sauvignon wine quality by enhancing color and 

fruity aromas. However, a recent study investigating the impact of cover crops on the 

Negroamaro wine aroma showed that aroma composition of Negroamaro wine was 

enhanced affected by soil tillage. Higher levels of esters, carboxylic acids, alcohols, and 

phenolics together with lower levels of sulfurs compounds were found in wine associated 

with soil tillage treatment. Cover crop practice has also been found to be linked with off-

flavor development in white wines in Germany (Schultz and Lohnertz, 2003).  

        One aspect worth mentioning is that all above-mentioned studies only examined the 

impacts of cover crop on wine aroma composition, and there was little information 

available on the direct impact of cover crop on volatile composition in grapes. The 

observed impacts on wine aroma composition by cover crop in these studies can be 

complicated by fermentation process, which is also affected by cover crop management 

via decreased nitrogen levels in grapes. Further study on the impacts of cover crop on 

grape volatile composition is needed to better understand the linkage between cover crop 

practice and grape and wine quality.  
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1.3.2. Leaf removal practice 

        Canopy management is a term to describe both proactive and remedial methods that 

are applied to the grapevine canopy to improve canopy characteristics (e.g., canopy 

microclimate) (Smart et al., 1990). The canopy can be managed either directly or 

indirectly through vineyard practices. Indirect methods of vine canopy management 

include irrigation, fertilization, and cover crop practice, which can indirectly alter vine 

growth and canopy size through regulation of nutrient and water availability. Direct 

practices such as shoot thinning, leaf removal, and crop thinning are used to modify the 

canopy to reach a specific level of shoot density, crop level, or cluster exposure (Vance 

and Skinkis, 2013). Canopy microclimate refers to the climate within the canopy, 

including temperature, humidity, wind speed, and intensity of sunlight (Smart, 1985). 

Considerable efforts have been made in investigating how a grapevine canopy creates 

different microclimates that, in turn, affect vine and fruit physiology. Poor canopy 

microclimate with over-shading reduces bud fruitfulness and leads to reduced yield due 

to the increased shading within the canopy (Sánchez and Dokoozlian, 2005). Increased 

disease incidence can also be caused by a high density canopy found in vigorous vines, 

which is associated with decreased air flow and increased humidity (English et al., 1989; 

Zoecklein et al., 1992).  

        Leaf removal is a canopy management practice that deliberately removes selected 

leaves around the cluster zones. It has been widely used in cool-climate viticultural 

regions to improve air circulation and sunlight exposure (English et al., 1989; Jackson 

and Lombard, 1993; Kliewer and Bledsoe, 1986; Percival et al., 1994; Reynolds et al., 

1996; Smart et al., 1990; Zoecklein et al., 1992). Vine growth and berry development is 

mainly dependent on leaf photosynthesis, which in turn is markedly affected by sunlight 

exposure. Sunlight provides energy for photosynthesis and regulates other light-

stimulated metabolic processes (Crippen and Morrison, 1986). Research has been carried 

out to study the effect of sunlight exposure on grape quality. It has been reported that 

grapes from vines grown under low sunlight exposure have delayed ripening, lower 

soluble solids, lower pH, higher titratable acidity, and higher malic acid levels than 



28 
 

grapes from unshaded vines (Dokoozlian and Kliewer, 1996; Keller et al., 1998; 

Reynolds et al., 1986; Reynolds and Wardle, 1989).  

        There have been mixed results regarding leaf removal on grape and wine quality, all 

confounded by varying experimental settings and other factors. Climate plays a crucial 

role in affecting the outcome of leaf removal practice. In cool climates, where sunlight 

and temperature are limiting factors, increasing berry sunlight exposure through leaf 

removal practice is typically positive. For example, for red winegrape cultivars, sunlight-

exposed fruits are generally associated with higher levels of anthocyanins, flavonols, and 

monoterpene alcohols compared to shaded fruits (Chorti et al., 2010; Spayd et al., 2002). 

It has been proposed that sunlight exposure may up-regulating the activity of flavonol 

synthase (Downey et al., 2004; Matus et al., 2009) and stimulate the activity of 

deoxyxylulose-5-phosphate (DXP) pathway that produces monoterpenes and other 

isoprenoid compounds (Estevez et al., 2001). However, in hot climates, sunlight exposure 

often concomitant with increased berry temperature (Spayd et al., 2002), which 

potentially lead to fruit sunburn and can be detrimental to grape quality (Chorti et al., 

2010). It has been reported that excessive fruit sunlight exposure leads to inhibition of 

anthocyanin synthesis or anthocyanin degradation (Bergqvist et al., 2001; Mori et al., 

2007), as well as results in volatilization of free-form monoterpene alcohols (Belancic et 

al., 1997; Bureau et al., 2000; Reynolds and Wardle, 1989; Skinkis et al., 2010). 

        Differences in grape variety and timing of the practice further complicate the 

impacts of leaf removal on grape and wine volatile composition. It has been reported that 

in Gewürztraminer grapes, leaf removal increased both free- and bound-form 

monoterpene alcohol concentrations (Reynolds et al., 1996). However, in Riesling grapes, 

leaf removal only increased the bound-form monoterpene alcohol concentrations. 

Similarly, Kozina et al., (2008) reported that in Sauvignon Blanc wines, leaf removal 

practice elevated monoterpene alcohol levels, while in Riesling wine, no such impact was 

observed. Moreover, influence of leaf removal on grape and wine volatile composition 

depends on timing of the practice.  Post-bloom leaf removal practice has been reported 
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significantly increased levels of bound-form monoterpene alcohols (e.g., geraniol, nerol, 

and linalool) and bound-form aromatic compounds (e.g., benzyl alcohol and 2-

phenylethanol) in Riesling, Chardonnay, and Gewürztraminer grapes. Meanwhile, pre-

bloom leaf removal has been proved either decrease or has no impact on monoterpene 

alcohol concentrations (Bubola et al., 2009; Vilanova et al., 2012). 

        Few studies have been done aiming to characterize impacts of leaf removal on C13-

norisoprenoids in grapes and wine. Lee et al., (2007) have compared treatments of no leaf 

removal to selected leaf removals with focus on the levels of C13-norisoprenoids in 

Cabernet Sauvignon grapes. They found that the level of C13-norisoprenoid was not only 

positively correlated to the degree of leaf removal, but also strongly associated with the 

number of leaf layers. In addition, their data suggests that individual C13-norisoprenoid 

responds differently to leaf removal. The highest degree of leaf removal was associated 

with the highest levels of TDN and vitispirane, while no leaf removal treatment 

demonstrated the highest -damascenone level in grapes. Furthermore, the timing of leaf 

removal also affects the level of C13-norisoprenoids in grapes. It has been shown that leaf 

removal at 33-day past berry set (PBS) significantly elevated levels of total (free- and 

bound-form) TDN and vitispirane in Riesling grapes compared to the control and other 

leaf removal treatments (2-day and 68-day PBS). However, the lowest level of total -

damascenone was found in grapes with 68-day PBS leaf removal treatment 

(Kwasniewski et al., 2010).  

        In Oregon, leaf removal is normally performed between fruit set and véraison to 

increase fruit-zone sunlight exposure (Lee and Skinkis, 2013). It has been reported to 

reduce disease incidence without causing fruit sunburn (Vance and Skinkis, 2013). 

However, to the author’s knowledge, no systematic study has been done to evaluate the 

impact of leaf removal on Oregon Pinot Noir grape and wine quality, especially volatile 

composition.  
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1.3.3. Crop thinning practice 

        Crop level (yield) is an important criterion for vineyard management as more grapes 

will produce more wine. On the other hand, it is also well accepted that grapes from low-

yield grapevine produce higher quality wine. As guided by this concept, historically 

important Pinot Noir production regions such as Burgundy, France, restrictions on 

grapevine yield have been codified in law for wine quality control (Pomerol, 1989).  

        Crop thinning is an effective yield management practice used to achieve a desirable 

crop level (Kliewer and Dokoozlian, 2005). Considerable studies have shown that crop 

thinning reduces fruit yield and increases the berry weight and soluble solids of grapes 

(Gil et al., 2013; Sun et al., 2012). Grape phenolic and volatile compounds have also been 

found to be increased by crop thinning. Bureau et al., (2000) showed that crop thinning 

decreased levels of free-form C6 compounds and increased levels of bound-form 

monoterpenes and volatile phenols in Syrah grapes. Gil et al., (2013) reported that crop 

thinning enhanced Syrah wine quality by elevating anthocyanin and polysaccharide levels. 

Similarly, Reynolds et al., (1996) found that crop thinning improved color, currant aroma, 

and astringency of Pinot Noir wine.  

        In addition, previous studies have shown that the timing of cluster thinning have 

impacts on berry development. Currently, most crop thinning practices in vineyards occur 

at either lag phase (when harvest yields can be more accurately estimated) or at véraison 

(to remove clusters that are visibly green and lagging in development) (Vance, 2012). 

However, Dokoozlian (1995) reported that crop thinning before bloom were more 

effective to improve grape quality through increased total soluble solids and enhanced 

color. However, they further mentioned that pre-bloom crop thinning is risky, because 

berry set and cluster shape were unknown at the time thinning was performed. On the 

contrary, Reynolds et al., (2007) measured the impact of different crop thinning timings 

from bloom to véraison on grape and wine composition of Chardonnay Musqué. They 

found that total soluble solids, free-form and bound-form monoterpene alcohols tended to 

increase with increased delay in thinning time. They further stated that crop thinning at 
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later stages prevented berry size compensation. Since small berry size is considered a 

characteristic of high-quality grapes, berry size compensation is an important 

consideration for growers when making crop thinning decisions. 

        However, low crop levels are not always associated with high wine quality. For 

example, Chapman et al., (2004a) have studied the sensory attributes of Cabernet 

Sauvignon wine made from grapes of different crop levels. Their results showed that crop 

levels were positively correlated with the intensity of fruity attribute but negatively 

correlated with the intensity of vegetative attribute. This observation is in agreement with 

the notion that high-yield Cabernet Sauvignon grapevines produce grapes featured with 

lower levels of IBMP, an extremely potent volatile compound contributing to the 

vegetative attribute in Cabernet Sauvignon wine (Chapman et al., 2004b).  

        The Willamette Valley in Oregon is a well-recognized production region for 

premium Pinot Noir grapes and wine. Vineyard practices such as crop thinning are 

commonly used to obtain high quality fruit without considering the specific vine status. 

Most commercial vineyard managers in this region currently perform 2 to 3 crop 

thinnings across the season, removing 25 to 50% of the vine’s total fruit each year (Vance, 

2012). Given the inconsistent data on the impacts of crop thinning on grape and wine 

composition, there emerges the notion that response of vine growth and berry 

development to crop thinning may vary differently depending on specific region and 

grape cultivar. This further necessitates region- and cultivar- specific research to 

understand how to manage crop levels that can balance production economics and fruit 

quality. Furthermore, crop thinning is one of the most expensive management practices in 

vineyards for Pinot Noir produced in Oregon. The potential benefits of research on vine 

balance and fruit quality are twofold. First, study can provide tangible guideline to 

optimize crop thinning for increasing berry yield while maintaining the grape quality. 

Second, study can offer an effective means for reducing vineyard management cost by 

decreasing unnecessary crop thinning. Meanwhile, further study is needed not only on the 

effect of cluster thinning on basic physiological and chemical parameters, but also on the 

volatile composition in grapes and wine.  
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1.4. Justification of Research 

        As previously mentioned, the fact that volatile compounds are important parameters 

of wine quality has increased the interest of grape growers to manipulate their levels in 

grapes, especially in higher-quality wines for which demand has been increasing. The 

Pinot Noir (Vitis vinifera L. Cv. Pinot Noir) is one of the earliest varieties of grape 

cultivated with the purpose of making wine. Recently, Pinot Noir wine becomes more 

and more popular in the United States. Oregon’s Willamette Valley is considered one of 

the best places in the New World for producing high-quality Pinot Noir grapes and wine. 

Depending on where grapes are grown and who is growing them, Pinot Noir wine will 

demonstrate huge differences regarding to wine style. Therefore, to ensure optimum 

grape and wine quality, it is very important to understand how grapes respond to different 

environmental and viticultural factors in western Oregon. Furthermore, it is necessary to 

investigate the efficacy of specific vineyard management practices in the local region, 

and thus determine if current practices can be improved to reduce vineyard costs without 

sacrificing grape quality.  

        The overall hypothesis of this dissertation is that grape-derived volatile compounds 

are plant secondary metabolites, and their levels can be regulated by grapevines and 

growing conditions, consequently affecting the final wine volatile compositions. 

Therefore, viticultural practices can modulate the levels of volatile compounds through 

the changes of vine growth and canopy microclimate. This hypothesis will be tested 

herein through three independent studies: 

1) Determine whether there exists a correlation between vine vigor and the levels of 

volatile compounds in Pinot Noir grapes and final wine through different vineyard 

floor management practices.  

 

2) Determine effects of sunlight exposure on the volatile composition of Pinot Noir 

grapes and wine through selected leaf removal practices.  
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3) Determine whether there exists a correlation between crop level and the volatile 

compositions in Pinot Noir grapes and final wine through crop thinning practice.  

        In summary, the overall goal of this study is to evaluate the effectiveness of 

commonly employed viticultural practices as means of improving Pinot Noir grape 

and wine quality, especially volatile composition in the western Oregon region. 
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2.1. Abstract 

Pinot Noir grape chemical and volatile composition was investigated over three growing 

seasons (2008, 2009, and 2010) in a western Oregon vineyard where vines were managed 

to achieve different vigor levels using three vineyard floor management practices. The 

vineyard floor practices included different inter-row managements: peremmial grass 

(Festuca rubra spp. rubra) cover (Grass), alternating grass cover and tillage (Alternate), 

and tillage of every alleyway (Tilled). Fruit chemical and volatile compositions were 

analyzed by High Performance Liquid Chromatography (HPLC) and Stir Bar Sorptive 

Extraction-Gas Chromatography-Mass Spectrometry (SBSE-GC-MS). Results showed 

that different vineyard floor management did not affect the grape general ripeness in most 

of years (2008 and 2009), but the Grass treatment caused decreases of juice sugar and 

organic acid levels in 2010. Meanwhile, the Grass treatment reduced berry free amino 

acid levels but increased the concentrations of grape quercetin glycosides and 

anthocyanins. Composition of grape volatiles and their precursors was also affected by 

the vineyard floor management practices. Grass treatment increased free-form terpenoids 

but decreased free-form C6 compounds (hexanal, trans-2-hexenal and 1-hexanol) and -

damascenone in most of the years. There was a negative correlation between vine pruning 

weight and levels of free-form terpenoids, while, a positive correlation between vine 

pruning weight and free-form C6 compounds and -damascenone. Furthermore, Alternate 

treatment had the highest concentrations of bound-form terpenoids, and a correlation 

between bound-form terpenoids and Ravaz index. 

 

 

 

Keywords:  Pinot Noir grape, vineyard floor management, quercetin glycosides, 

anthocyanins, free amino acids, free- and bound-form volatile compounds, PDMS-SBSE-

GC-MS, HPLC. 
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2.2. Introduction 

    Excessive vine vigor is a common problem in the cool-climate viticulture region of 

the Willamette Valley of Oregon due to high winter and spring rainfall, deep and fertile 

soil. Excessive vine vegetative growth is known to produce unbalanced musts, resulting 

in poor wine quality (Cortell et al., 2008, Song et al., 2014). Planting perennial cover 

crops between vine rows is an important vineyard floor management strategy to reduce 

vine vigor by introducing nutrient and water competition from the cover crops (Celette et 

al., 2009; Tesic et al., 2007). A favorable balance between grapevine vegetative and 

reproductive growth is important in determining fruit and wine quality. It has been 

reported that vineyard cover crop treatment can improve grape quality through reducing 

berry titratable acidity and increasing soluble sugar, total phenol and anthocyanin levels 

as well as enhance wine color and sensory properties (Celette et al., 2009; Tesic et al., 

2007). 

    Aroma is an important aspect of wine quality, and grape-derived volatile compounds 

play important roles in defining wine aroma characteristics because they reflect the 

particular grape variety, regional climate, and soil type (Ribereau-Gayon et al., 2000). In 

grape only a small portion of volatile compounds are present as free-form, whereas the 

majority exist as non-volatile, glycosidically-bound form or other precursor forms 

(Günata et al., 1985; Winterhalter et al., 1990). However, these non-volatile precursors 

can be converted to the volatile form through enzymatic or chemical hydrolysis during 

vinification and aging to contribute to wine aroma (López et al., 2004).  

    Managing water is important for altering vine growth and berry development, and 

reducing water can affect vine physiology and fruit quality (Romero et al., 2013). In 

addition, it has been reported that reduced vine water availability through vineyard deficit 

irrigation decreased vine vigor and increased the levels of glycosidically-bound 

terpenoids and C13-norisoprenoids in Cabernet Sauvignon and Merlot grapes, leading to 

final wines with less vegetative and more fruity aromas (Koundouras et al., 2009; Ou et 

al., 2010; Song et al., 2012). Vine nitrogen status influences vine vigor, but can result in 
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increased must acidity and decreased berry total soluble solids, total phenolics, and 

anthocyanin, and thus impair wine quality (Bell and Henschke, 2005). Long-term 

nitrogen (N) fertilization has been reported to increase the level of -damascenone but 

decrease the levels of the vitispirane, actinidol and TDN in Riesling wines (Linsenmeier 

and Löhnertz, 2007). However, few studies report the influence of vine nitrogen status on 

aromatic compounds or precursors in grapes. 

    Changes in vine vegetative growth influence the canopy microclimate (Di Profio et 

al., 2011; Dokoozlian and Kliewer, 1996). Reduced vine vigor is associated with a more 

open canopy and greater sunlight exposure in the fruiting zone. Sunlight exposure is 

thought to be one of the main factors influencing grape-derived volatile compound 

composition. It has been reported that higher sunlight exposure of the clusters increased 

the bound-form terpenoid accumulation (Skinkis et al., 2010), possibly due to the 

enhanced deoxyxylulose-5-phosphate (DXP) activity (Estévez et al., 2001). Increased 

cluster sunlight exposure also can lead to elevated levels of photosynthetic pigments in 

berries, such as carotenoids, the precursors of C13-norsioprenoids in grapes (Baumes et al., 

2002; Oliveira et al., 2004). 

    The relationship between vine vigor and grape quality, especially volatile 

composition has not been fully understood. It is our hypothesis that growing grass on the 

vineyard floor could reduce Pinot Noir vine vigor and increase grape quality in the 

Willamette Valley of Oregon. The objective of the current study was to evaluate the 

different composition of volatiles and their precursors in Pinot Noir grapes with different 

vine vigor levels created by vine pruning weight through vineyard floor management 

practices.  

2.3. Materials and Methods 

2.3.1. Chemicals  
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    Sources of volatile compound standards used in this study are listed in Appendix A. 

Standard of (-)-epicatechin, caffeic acid, and delphinidin 3-monoglucoside (HPLC grade) 

were purchased from Sigma-Aldrich (St. Louis, MO). For various reagents, GC grade 

was purchased, including methanol from EMD (Gibbstown, NJ) and dichloromethane 

from Burdick & Jackson (Muskegon, MI). Citric acid (>99.0%) was purchased from 

Lancaster (Ward Hill, MA), and 0.2 M citrate buffer solution (pH 3.2) was prepared fresh 

before usage. Tartaric acid (99%) was purchased from Mallinckrodt Inc. (Paris, KY). 

Malic acid (>99.0%) was purchased from Alfa Aesar (Ward Hill, MA). Formic acid (88%) 

was purchased from J.T.Baker (Center Valley, PA). Sodium chloride was obtained from 

Fisher & Scientific (Fair Lawn, NJ). Macer
®

8 FJ enzyme solution was purchased from 

Biocatalysts Limited Inc. (Wales, UK). C18 disposable extraction cartridges (500 mg, 6 

mL) were obtained from J. T. Baker (Philipsburg, NJ). EZ:faast GC-FID kit for free 

amino acid analysis was purchased from Phenomenex (Torrance, CA).  

2.3.2. Vineyard experimental design 

    The vineyard trial was conducted from 2008 to 2010 at a commercial vineyard 

located in Dayton, Oregon (45°N, 123°W; Dundee Hills AVA). The climate was 

characterized as cool with high winter and spring rainfall, which is typical for the climate 

of much of the grape production region within the Willamette Valley of Oregon. The 

climate and soil conditions generally resulted in high vegetative growth for vineyards 

within this region. The vineyard consisted of Pinot Noir clone 115 grafted to 101-14 

rootstock planted in 1998 to north-south oriented rows with 1.5 m×2.1 m. Vines were 

cane pruned and trained to a bilateral Guyot system with vertical shoot positioning. The 

treatments were applied in a completely randomized block design with five field 

replicates consisting of 16 vines per plot. The areas between vine rows (inter-rows) were 

managed as follows: 1) grass consisting of hard red fescue (Festuca rubra spp.rubra), 

grown on both sides of the experimental vine rows (Grass); 2) alternating inter-rows with 

tillage and grass on either side of the vine rows (Alternate); and 3) tillage on both sides of 

the vine row (Tilled). Tiled areas within the treatments were roto-tilled in spring and 



39 
 

summer to prevent weeds from establishing. In the Grass treatment, inter-rows were 

mowed until the grass became quiescent in mid-late summer. The vineyard was managed 

using regular management practices (e.g., fungicide application, in-row cultivation for 

weed control, hedging, cluster-zone leaf removal, and cluster thinning). 

2.3.3. Determination of berry chemical composition 

2.3.3.1. Analysis of berry organic acids 

        At commercial maturity, a seven-cluster sample of grapes were harvested per plot, 

chilled immediately to -10°C, transported to the lab and frozen at -80°C. Once frozen, all 

berries were removed from the rachis and mixed to create a composite sample for 

analysis and stored at -80°C until analysis.  

        A 100 g berry sample was prepared to grape juice, and 20 mL of juice sample was 

mixed with 0.4 g polyvinylpolypyrrolidone (PVPP).  The mixture was filtered through a 

plug of glass wool and the juice was collected. An aliquot (1.0 mL) of the filtrate was 

transferred into a 1.5 mL micro-centrifuge tube, and then centrifuged in a microcentrifuge 

machine (Minispin plus, Eppendorf, Hamburg, Germany) at 11,000 rpm for 2 min. The 

supernatant was diluted in a 1:9 ratio using milli-Q water, and 20 L of diluted sample 

was injected onto a Shimadzu HPLC system (Shimadzu Corporation, Kyoto, Japan) 

equipped with a Bio-Rad Aminex column (HPX-87H, 300 × 7.8 mm, Richmond, CA) 

maintained at 65°C. A mobile phase of 5 mM H2SO4 solution was programmed at a 

constant flow rate of 0.5 mL/min. A UV-Vis spectrophotometric detector at wavelength 

of 210 nm was used for detection. Each sample was analyzed in duplicate. 

2.3.3.2. Analysis of anthocyanins and phenolics in berries 

        Grape anthocyanins and phenolics were extracted and analyzed followed the 

procedures described by Mazza et al., (1999) with some modifications. Sixty grams of 

berries were blended with 300 mL methanol/water/formic acid solution (60:37:3 v/v/v) 

using a blender (Osterizer, Sunbeam products, Inc., Boca Raton, FL) at low speed for 15 
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s to crush the berries and maintain intact seeds. The mixture was shaken at 220 rpm for 2 

hr and then filtered using VWR No. 413 filter paper. An aliquot (5 mL) of filtrates was 

evaporated to dryness in a rotary evaporator (Rotavapor R205, Buchi, Switzerland) under 

vacuum at 35C, and the residue was re-suspended in 1 mL of 3% formic acid/water 

solution (v/v). The solution was then transferred into a 1.5 mL micro-centrifuge tube and 

centrifuged at 11,000 rpm for 5 min.  All procedures were conducted under dim light. 

        A 20 µL sample was injected into an HPLC system (Agilent model 1100, Agilent 

Technologies, Palo Alto, CA) consisting of a vacuum degasser, autosampler, quaternary 

pump, photo-diode array detector, and column heater controlled by Chemstation software 

for LC 3D (version A.10.02) (Agilent Technologies). The separation was carried out on a 

Prodigy C18 column (100 Å, 5 µm, 250×4.6 mm, Phenomenex, Torrance, CA). The 

mobile phase consisted of two solvents: solvent A, 5% formic acid in milli-Q water; 

solvent B, methanol (HPLC grade), flow rate was 1 mL/min. The following gradient was 

employed, 0-34 min (3-36% B); 34-45 min (36% B); 45-55 min (36-100% B); 55-60 min 

(100%-3% B); 60-70 min (3% B). Absorbance at 280 nm was used to measure the 

concentrations of hydroxycinnamic acid esters and flavan-3-ols, absorbance at 360 nm 

was used for the quantification of flavonols, and absorbance at 520 nm for the 

quantification of anthocyanins. 

2.3.3.3. Analysis of free amino acids in berries 

        Grape juice was prepared as descried above, and an aliquot (20 mL) of grape juice 

per sample was maxed with 0.4 g PVPP. The mixture was centrifuged at 11,000 rpm for 

10 min. the supernatant was used for free amino acid analysis.  

        An aliquot (300 L) of supernatant was derivatized using the EZ:faast amino acid 

derivatization technique, as described by manufacture instructions. A 2 L aliquot of 

each derivatized sample was injected into a GC with FID and a ZB-AAA column (10 m x 

0.25 mm i.d., provided by the kit). The following parameters were used: injector 

temperature, 320 °C; helium flow, 1.5 mL/min; FID temperature, 340 °C; oven program, 
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110 °C with a 4 min hold, then increased to 320 °C at 10 °C/min rate and held for 2 min. 

An internal standard quantification method was used in this study, and the calibration 

curve was plotted using y-axis as peak area ratio of target compound to internal standard 

and x-axis as concentration ratio of target compound to internal standard. 

2.3.4. Analysis of volatile compounds in grapes 

        Randomly selected berry samples (60 g) were frozen in liquid nitrogen and 

powdered using a blender (Sunbeam products, Inc., Boca Raton, FL).  Fifty grams of 

grape powder was mixed with 30 g of NaCl and 50 mL citrate buffer solution (0.2M, pH 

3.2). The mixture was kept under nitrogen in the dark for 24 hr at room temperature, and 

then centrifuged at 7000 rpm for 30 min (Sorvall RC-5C, Du Pont Company, Wilmington, 

DE). The supernatant was filtered twice, first through Whatman No. 1 and then VWR 

413 filter paper. Filtered juice was used for the analysis of both free- and bound-form 

volatile compounds. 

2.3.4.1. Free-form volatile compound analysis by SBSE-GC-MS  

        A stir bar sorptive extraction-gas chromatography-mass spectrometry method 

(SBSE-GC-MS) was used to analyze the free-form volatile compounds in grape juice as 

described by Malowicki et al., (2008) with some modifications. Clear grape juice (20 mL) 

was added in a 20 mL vial, and mixed with 20 μL of internal standard solution (9.4 mg/L 

of 3-hexanone, 2.4 mg/L of 4-octanol, and 1.3 mg/L of naphthalene). A pre-cleaned 

polydimethylsiloxane (PDMS) coated stir bar (0.5 mm film thickness, 10 mm length, 

Gerstel Inc., Baltimore, MD) was placed into the vial and stirred at 1000 rpm for 3 hr at 

room temperature. After extraction, the stir bar was removed from the sample, rinsed 

with distilled water, dried with light-duty tissue wipers, and then transferred into a 

thermal desorption tube for GC-MS analysis. 

        Analysis of the extracted volatile compounds was carried out using an Agilent 6890 

gas chromatograph coupled with a 5973 mass selective detector (Agilent Techonologies, 

Inc., Wilmington, DE) and a Gerstel MPS-2 multipurpose TDU autosampler with a CIS-4 
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cooling injection system (Gerstel Inc., Linthicum, MD). The analytes were thermally 

desorbed at the TDU in splitless mode, ramping from 25 to 250 °C at a rate of 

100 °C/min, and held at the final temperature for 2 min. The CIS-4 was cooled to -80 C 

with liquid nitrogen during the sample injection, and then heated at 10 °C/s to 250 °C for 

10 min. Solvent vent mode was used during the injection with a split vent flow of 50 

mL/min. Separation was achieved using a HP-5ms capillary column (60 m × 0.32 mm 

i.d., 0.25 m film thickness, Agilent Technologies, Inc.). The oven temperature was 

programmed at the successive temperature and time points:  40 °C for 2 min, ramped to 

220 °C at a rate of 4 °C/min, increased to 250 °C at a rate of 8 °C/min, and held at the 

final temperature for 6 min. A constant helium flow of 2.5 mL/min was used.  A column 

splitter was used at the end of column, 1 mL/min column flow was introduced to the MS, 

and the other 1.5 mL/min was vented out. The MS transfer line and ion source 

temperature were 280 °C and 230 °C, respectively. The mass selective detector was used 

in full scan mode for acquiring data.  Electron ionization mass spectrometric data from 

m/z 35 to 300 were collected, with an ionization voltage of 70 eV. System software 

control, data management, and analysis were performed through Enhanced ChemStation 

Software (Agilent Techonologies, Inc.). Identifications were made by comparing mass 

spectral data samples with the Wiley 275 L database and confirmed by authentic pure 

standards. Internal standard were used for quantification and all analyses were conducted 

in duplicate. 

2.3.4.2. Bound-form volatile compound analysis by SPE-SBSE-GC-MS 

        Bound-form volatile compounds in grape were isolated using the C18 solid phase 

extraction method (SPE) described by Williams et al., (1995) with modifications, then 

enzyme-acid hydrolysis was used to release free-form volatile compounds according to 

the method described by Du et al., (2010). Each 20 mL of grape juice was loaded onto a 

C18 disposable extraction cartridge (500 mg, J. T. Baker, Philipsburg, NJ) that had been 

pre-conditioned with 10 mL of methanol and 10 mL of milli-Q water. After sample 

loading, the cartridge was washed with 10 mL of milli-Q water to remove sugar and 

organic acids followed by 20 mL of dichloromethane to remove free volatile compounds. 
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The bound-form volatiles were eluted from the cartridge with 6 mL of methanol and 

concentrated to dryness at 45 ºC under vacuum using a rotary evaporator. Twenty 

milliliters of citrate buffer solution (0.2M, pH 3.2) and 100 μL of Macer
®

8 FJ enzyme 

solution were added to the isolates. The mixtures were incubated at 45 ºC for 20 hours. 

The solution was cooled to room temperature, and the released volatiles were analyzed 

using PDMS-SBSE-GC-MS method described previously. All analyses were conducted 

in duplicate. 

2.3.5. Statistical analysis 

        Statistical analysis of grape chemical and volatile composition data were conducted 

using analysis of variance (ANOVA) to study the cover crop treatment impacts within 

each year using SPSS version 16.0 (SPSS, Chicago, IL). Statistical differences among 

treatment levels were identified using Tukey’s HSD mean separation at the p<0.05 level. 

Linear regression analysis was used to determine relationships between vine vigor 

(represent by pruning weight) and the concentrations of volatile compounds. 

  

2.4. Results and Discussion 

2.4.1. Grape chemical composition 

    The weather during the year of 2010 was cooler than the 30 year historical averages 

for the period between April 1st and November 1st. There was only 1296 growing degree 

days (GDD10) in 2010 compared to 1388 and 1538 GDD10 in 2008 and 2009, respectively 

(Table 2.1). The mean daily temperature was averaged 0.2°C and 1°C cooler in 2010 

compared to the 2008 and 2009, respectively. In addition, the year of 2010 had 415 mm 

of precipitation compared to 154 mm and 297 mm in 2008 and 2009, respectively. There 

was a small amount of precipitation from bloom to véraison in 2010; however heavy 

precipitation occurred prior to harvest (Table 2.1).  
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    Grape maturity parameters: Sugar and organic acids are commonly used as 

parameters of ripeness for grapes. A good balance between them can be a useful indicator 

of resultant quality of wine. Vineyard floor management treatments did not affect the 

grape general ripeness in most of years (2008 and 2009). However, in 2010 Grass 

treatment caused a significant decrease of juice sugar content and organic acid 

concentrations (p<0.05) (Table 2.2). The reduction of sugar content by Grass treatment 

was correlated to the reduced vine leaf area (r
2
=0.6403, p<0.0001) (Figure 2.1), which 

may because of less leaf area produces less amount of sugar, and therefore less 

carbohydrate translocated into fruits (Mullins et al. 1992). Conversely, there are often 

reported increased acid levels in grapes by increasing vine vigor (Cortell et al., 2007a; 

Song et al., 2014). Similarly, in 2010, we observed that reduced organic acids by Grass 

treatment, indicating there was a positive correlation between organic acid level and vine 

pruning weight (r
2
=0.7576, p<0.0001) (Figure 2.2). 

    Grape phenolic composition: Phenolic compounds, including anthocyanins, 

flavonols, and flavan-3-ol tannins, contribute to red wine color, bitterness, astringency, 

and anti-oxidant capacity. Five anthocyanin glycosides was found in Pinot Noir grapes, 

including delphindin-3-monoglucoside (Dp), cyanidin-3-monoglucoside  (Cy), petunidin-

3-monoglucoside (Pt), peonidin-3-monoglucoside (Pn), and malvidin-3-monoglucoside 

(Mv). Among them, Mv were the most abundant anthocyanin in grapes (Table 2.3), and 

they are responsible for the color of red wine and grapes. Results showed that Grass 

treatment increased the concentration of total anthocyanin compared to Tilled in two out 

of three years (2008 and 2009) by 67 and 30%, respectively (p<0.05) (Table 2.3). For 

each individual anthocyanin, except peonidin-3-monoglucoside (Pn), all the other 

anthocyanins were significantly increased by Grass treatment in 2008 and 2009. There 

was no statistical difference of total anthocyanin and individual anthocyanin by 

treatments in 2010. This may be due to the different climate in 2010 and different 

ripeness level of grapes compared to 2008 and 2009. The increase in anthocyanins 

observed in this study across three years negatively corresponds with pruning weight 

(r
2
=0.3369, p<0.0001) (Figure 2.3) and supports the results from previous study that 
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reduced vine vigor favored the accumulation of grape anthocyanins (Cortell et al., 2007a). 

The increase of anthocyanins may be related to the changes of vine microclimate by 

Grass treatment, such as increased sunlight exposure and temperature due to reduced 

canopy size (Chorti et al., 2010; Tarara et al., 2008). In addition, Hilbert et al., (2003) 

reported that the nitrogen status can directly affect the anthocyanin biosynthetic pathway, 

as observed a decrease in anthocyanin composition in Merlot grapes with high nitrogen 

supply without changes of vine vegetative growth. Grass treatment introduced nitrogen 

competition with grapevine (data not shown); therefore it is possible that vine nitrogen 

status may also play a role in anthocyanin accumulation as observed in current study.  

    Flavonols occur in a wide range of vegetable food sources. This class of compounds 

is mostly found in the form of glycosides in the grape pericarp where they function as sun 

screen preventing damage from ultraviolet exposure (Waterhouse, 2006). Grapes from 

Grass and Alternate treatments had higher amounts of quercetin glycosides compared to 

Tilled over the three years of the study (p<0.05) (Table 2.3). Levels of quercetin 

glycosides were negatively correlated to pruning weight (r
2
=0.3041, p<0.0001) (Figure 

2.4), which may be attributed to the increased sun exposure as a result of reduced canopy 

size. Price et al., (1995) found a 10-fold increase in quercetin glycosides in Pinot Noir 

wines made from sun-exposed grape clusters than those wines made from shaded clusters. 

Similar results were also found in Merlot grape as observed by Spayd et al., (2002). 

However, there were no consistent impact for phenolics such as catechin, caffeoyltartaric 

acid, and epicatechin among different vineyard floor treatments in this study.   

    Grape amino acid composition: Free amino acids in grapes are a major nitrogen 

source for alcohol fermentation and serve as precursors for important wine aroma 

compounds generated by yeast metabolism (Garde-Cerdán and Ancín-Azpilicueta, 2008; 

Torrea et al., 2011). Eighteen amino acids in grape juice were analyzed by GC-FID after 

derivatization (Table 2.4). Results of the free amino acid composition were similar to the 

report by Gouthu et al., (2012) in Pinot Noir grape except arginine and cysteine were not 

quantified in our samples due to the technical limitation of GC-FID.  
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    Comparisons of the amino acid profile from three years (2008-2010) of the study 

showed differences between Tilled and the two cover crop treatments (Grass and 

Alternate). All of the individual free amino acid were significantly reduced in Alternate 

and Grass treatments, leading to an overall 40-50% reduction in total free amino acid 

level in all three years (p<0.05) (Table 2.4). We found that the use of grass in the inter-

row can compete with grapevine for nitrogen as observed by decreased petiole nitrogen 

status at bloom and véraison (Skinkis et al., in preparation). This result suggests that the 

competition of grass for nitrogen uptake may lead to the reduction of free amino acids in 

grapes. Similar findings of vine nitrogen availability affecting fruit free amino acid levels 

were reported in Pinot Noir (Lee and Schreiner, 2010), Riesling (Smit et al., 2014), and 

Thompson Seedless grapes (Ough and Bell, 1980). 

 2.4.2. Grape volatile composition 

    In this study, both grape free- and bound-form volatile compounds including C6 

aldehydes and alcohols, terpenoids, C13-norisoprenoids, and other volatile compounds 

were quantified (Tables 2.5-2.7). 

    The C6 Aldehydes and alcohols were found in current study at high concentrations 

(ranging from 30 to 1000 g/kg) and they made up ~ 90% of the total free-form volatile 

compounds in grapes. The C6 compounds are well known for their herbaceous odors 

which is undesirable for wine quality if their concentrations are above their sensory 

thresholds. Both environmental and viticultural practices have been shown to affect the 

accumulation of this group of compounds in various grapes (Song et al., 2012; Sun et al., 

2011). We found that seasonal weather apparently affected the composition of free-form 

C6 compounds in grapes (Table 2.5). In 2010, Pinot Noir grapes had an average of 95% 

of free-form C6 compounds, while in 2008 and 2009, grapes contain only 84% and 89% 

of C6 compounds, respectively. This difference was likely due to the heavy precipitation 

during grape maturity in 2010 (415 mm) compared to 2008 (154 mm) and 2009 (297 mm) 

(Table 2.1). It has been reported that higher vine water availability increases levels of 

free-form C6 compounds in Merlot grapes (Song et al., 2012). The levels of free-form C6 
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compounds were also different among treatments. Compared to Tilled, Grass treatment 

significantly reduced all free-form C6 compounds by an average of 34% and 31% in 2009 

and 2010, respectively (p<0.05) (Table 2.5). The reduction of free-form C6 compounds 

was correlated to the reduced pruning weight due to Grass treatment (r
2
=0.3393, p<0.001) 

(Figure 2.5). Sun et al., (2011) has reported that reduction in pruning weight could lead to 

the decrease of C6 compounds in Marechal Foch wine. Since C6 compounds in wine are 

majorly come from grapes, in this sense, our finding was in agreement with Sun’s study.  

Furthermore, our results indicated that, in most cases, especially in heavy rainfall years 

growers could be benefit from Grass treatment by reducing these herbaceous compounds 

in Pinot Noir grapes. 1-Hexanol was found also exist in bound form but the levels of 

bound-form 1-hexenol was not affected by treatments (Table 2.6).   

    Terpenoids, especially linalool and geraniol, are important grape-derived volatile 

compounds that contribute to Pinot Noir wine floral aroma although present in small 

amount (Fang and Qian, 2005a). Seven terpenoids were determined in Pinot Noir grapes, 

including trans-linalool oxide, cis-linalool oxide, linalool, citronellol, nerol, α-terpineol, 

and geraniol (Table 2.5&2.6). Except for trans-linalool oxide and cis-linalool oxide 

which only existed in bound forms, all other terpenoids were found in both free- and 

glycosidically-bound forms. The levels of free-form terpenoids were varied among 

treatments. Grass treatment significantly increased the concentrations of free-form 

terpenoids in 2008 and 2009 (p<0.05), with an increasing trend of free-form terpenoids 

with Grass treatment in 2010 though no statistical difference was observed (Table 2.5). In 

addition, the increase of total free-form terpenoids was found correlated to the reduced 

pruning weight across three years (r
2
=0.1906, p<0.005, Figure 2.6). Lower vigor vines 

typically have greater fruit exposure to sunlight, causing the increased concentrations of 

terpenoids (Song et al., 2014). Although we did not measure cluster-zone sunlight 

exposure, Grass treatment reduced leaf area (Skinkis et al., in preparation). Therefore, in 

current studies, sunlight exposure cannot be completely excluded when considering the 

effects of vine vigor on grape free-form terpenoids composition.  
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    Most of the terpenoids exist in glycosidically-bound forms (Table 2.6), after enzyme 

hydrolysis, they can be released from their bound-forms precursors and contribute to 

aroma perception. Different from free-form terpenoids, the highest concentration of 

bound-form terpenoids was found in Alternate treatment grapes among three years and 

when data from all three years were included, total bound-form terpenoids was not 

correlated to vine vigor but significantly correlated to Ravaz index (r
2
=0.1997, p<0.05, 

Figure 2.7). To our knowledge, the relationship between Ravaz index and bound-form 

terpenoid accumulation has not been reported yet. Our results indicate a good vine 

balance is important for bound-form terpenoids accumulation in Pinot Noir grapes.   

    The C13-norisoprenoids such as -damascenone, -ionone, vitispirane, and TND 

could contribute to complex aroma such as floral, rosy, raspberry, aged and kerosene in 

different wines. Among them, β-damascenone with a complex smell of flowers, tropical 

fruit and stewed apple, has a very low olfactory perception threshold of 0.05 ng/L in wine 

(Guth, 1997), which makes it very important contributor to red wine aroma. In this study, 

β-damascenone was found to exist in both free and bound forms, and the level of bound-

form -damascenone was ~10 times higher than the free form (Table 2.5&2.6). Similarly, 

higher precipitation in 2010 were related to a reduced level of both free- and bound-form 

β-damascenone compared to 2008 and 2009, which in agreement with previous report 

(Song et al., 2012). The levels of free-form -damascenone varied between treatments. 

Tilled treatment significantly increased the level of free-form -damascenone in all three 

years compared to Grass treatment (p<0.05) (Table 2.5). This increase of free-form -

damascenone was strongly correlated to the reduced vine vigor in 2008 (r
2
=0.16813, 

p<0.001), 2009 (r
2
=0.6210, p<0.001) and 2010 (r

2
=0.3494, p<0.001) (Figure 2.8). 

However, no consistent trend of bound-form -damascenone was observed between 

treatments (Table 2.6). -Ionone was found only exist in the free form, but there was no 

obvious trend for the levels of -ionone between the treatments (Table 2.5). TDN has 

been detected in wines and is associated with a characteristic kerosene-like aroma. 

Vitispirane (6, 9-epoxy-3, 5(13)-megastigmadiene) has a camphoraceous odor with an 
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aroma threshold in wine of 800 g/L (Simpson, 1978). Both TDN and vitispirane have 

been reported to increase during wine aging (Simpson and Miller, 1983). In this study, 

none of the treatment had a consistent influence on the concentrations of bound-form 

TDN, vitispirane, and 3-hydroxy--damascone was observed (Table 2.6).  

    Other compounds such as alcohols and aldehyde were also identified in grapes, but 

there was no consistent effect of treatments on these compounds over the 3 years, 

indicating that the behavior of these compounds depended on different year weather 

(Table 2.5&2.6).  

2.5. Summary 

    Like a complicated biochemical unit, the grape berry synthesizes and metabolizes an 

array of compounds, including mineral nutrients, carbohydrates, amino acids, organic 

acids, and many secondary metabolites during development and ripening. Understanding 

physiological and biochemical aspects of grape development will improve our ability to 

modify management practices in the vineyard. In current study, grape maturity 

parameters, anthocyanins, phenolics, amino acids, and volatile compounds were 

quantified to determine the influence of vine vigor as a result of vineyard floor 

management practices. These results can be used to determine how to manage vine 

growth with potential impacts on final grape quality at harvest. 

    Use of the permanent cover crops on the vineyard floor resulted in increased 

anthocyanins and quercetin glycosides and decreased organic acids and free amino acids 

in grapes during certain years. Benefits for grape quality observed with Grass treatment 

include decreased concentrations of C6 compounds, resulting in potentially lower 

herbaceous aromas in wine. Meanwhile, Grass treatment also had lower concentrations of 

desirable aromas such as -damascenone, but an increased concentration of free-form 

terpenoids. Alternate treatment increased the bound-form terpenoids, suggesting that this 

vineyard practice could be related to a better balance between vegetative and productive 

growth of the vine, resulting in potentially optimized quality.   
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Figure 2.1 In 2010, total soluble solids in Pinot Noir grapes as a function of vine leaf area and the 

regression analysis indicated linear relationships demonstrated by the equations as following, y= 

0.5159x+19.302 (r2=0.6403, p<0.0001). Each data point represents values from one plot. 

 

 

Figure 2.2  In 2010, total organic acids in Pinot Noir grapes as a function of pruning weight 

and the regression analysis indicated linear relationships demonstrated by the equations as 

following, y= 2.3594x+ 4.5697 (r2=0.7576, p<0.0001). Each data point represents values from 

one plot. 

 

 



51 
 

 

Figure 2.3 Concentration of total anthocyanins in Pinot Noir grapes as a function of pruning 

weight and the regression analysis indicated a linear relationships demonstrated by the 

equations as following, (A) in 2008, y= -227.78x+ 624.89 (r2=0.5241, p<0.0001); (B) in 2009, 

y=-47.943x+ 271.27 (r2=0.5641, p<0.0001); (C) across three years (2008-2010), y=-116.59x+ 

420.82 (r2=0.3369, p<0.0001). Each data point represents values from one plot. 
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Figure 2.4 Concentration of total quercetin glycosides in Pinot Noir grapes as a function of 

pruning weight and the regression analysis indicated a linear relationships demonstrated by the 

equations as following, (A) in 2008, y= -2839.2x+ 6133.7 (r2=0.5090, p<0.01); (B) in 2009, 

y= -918.24x+ 2670.7(r2=0.6676, p<0.0001); (C) in 2010, y= -1349.6x+ 4897.5 (r2=0.4987, 

p<0.01); (D) across three years (2008-2010), y= -1435.1x+ 4285.4 (r2=0.3041, p<0.0001). 

Each data point represents values from one plot. 

 

 

 



53 
 

 

Figure 2.5 Concentration of total free-form C6 compounds in Pinot Noir grapes as a function 

of pruning weight and the regression analysis indicated a linear relationships demonstrated by 

the equations as following, (A) in 2009, y=0.0013x+ 0.4636 (r2=0.6469, p<0.001); (B) in 2010, 

y=0.0011x-0.1418 (r2=0.6170, p<0.001). Each data point represents values from one plot. 
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Figure 2.6 From 2008 to 2009, concentration of total free-form terpenoids in Pinot Noir grapes as 

a function of pruning weight and the regression analysis indicated a linear relationships 

demonstrated by the equations as following, y=-4.6286 x+ 17.143 (r2=0.1906, p<0.001). Each 

data point represents values from one plot. 

 

 

Figure 2.7 From 2008 to 2009, concentration of total bound-form terpenoids in Pinot Noir grapes 

as a function of Ravaz index and the regression analysis indicated a quadratic relationships 

demonstrated by the equations as following, y=59.047 x2+ 234.49x-26.936 (r2=0.1997, p<0.001). 

Each data point represents values from one plot. 
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Figure 2.8 Concentration of free-form -damascenone in Pinot Noir grapes as a function of 

pruning weight and the regression analysis indicated a linear relationships demonstrated by the 

equations as following, (A) in 2008,  y=0.6577x+ 0.2336 (r2=0.6813, p<0.001). (B) in 2009, 

y=2.1238x+0.0141 (r2=0.6210, p<0.001). (C) in 2010, y=0.0722x+0.2 (r2=0.3494, p <0.001). 

Each data point represents values from one plot. 
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Table 2.1 Monthly growing degree days (GDD10), daily average temperature, and precipitation at vineyard from 2008 to 2010. 

 Year Apr May Jun Jul Aug Sep Oct Total 

GDD10 (ºC)
 a

 

2008 51 159 190 309 310 254 114 1388 

2009 90 181 225 372 308 256 106 1538 

2010 69 111 165 298 297 230 127 1296 

Daily average temperature (ºC) 
b
 

2008 8 14 15.5 19.8 19.7 17.5 11.2   

2009 10.3 14.5 17.3 21.8 19.6 17.3 11.3   

2010 9.7 11.9 15.3 19.4 19.2 16.1 12.2   

Precipitation (mm)  
2008 13 22 23 0.76 41 3 51 154 

2009 36 86 22 13 15 37 87 297 

2010 90 78 82 4 2 43 117 415 

Growing Degree Days and Precipitation data were obtained from Campbell Scientific CR10X base weather station on-site.  

a: Growing degree days (GDD) calculated using the sum of daily (Tmax + Tmin)/2 - 10ºC with no upper temperature limit.  

b: Daily average temperature was obtained from Agrimet, US Bureau of Reclamation, weather station located in Aurora, OR 

(http://www.usbr.gov/pn/agrimet/wxdata.htm). 
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Table 2.2 Total soluble solids (TSS) and organic acid composition of Pinot Noir grapes with different treatments from 2008 to 2010 (g/L). 

 
2008  2009  2010 

Tilled Alternate Grass  Tilled Alternate Grass  Tilled Alternate Grass 

TSS 22.9±0.3a 22.2±0.5a 22.6±0.6a  22.9±0.8a 22.8±0.7a 23.0±0.9a  22.2±0.6a 22.6±0.8a 21.0±0.2b 

Citric acid 0.82±0.10a 0.76±0.06a 0.70±011a  0.81±0.09a 0.73±0.09a 0.79±0.09a  0.81±0.08a 0.80±0.08a 0.62±0.05b 

Tartaric acid 2.68±0.08a 2.45±0.12a 2.56±0.19a  2.53±0.38a 2.46±0.42a 2.69±0.17a  2.95±0.13a 2.95±0.09a 2.28±0.28b 

Malic acid 6.11±0.84a 5.34±0.40a 4.80±0.33a  5.43±0.37a 4.88±0.58a 4.84±0.62a  5.44±0.41a 5.06±0.37a 3.89±0.24b 

Mean±SD are presented (n=5) 

   Different lowercase letters indicate a statistical difference in means within one year (p< 0.05, ANOVA, Turkey's HSD test). 
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Table 2.3 Composition of phenolic compounds in Pinot Noir grape with different vineyard floor practices from 2008 to 2010. 

 2008  2009  2010 

 Tilled Alternate Grass  Tilled Alternate Grass  Tilled Alternate Grass 

Anthocyanins 
a
            

delphindin-3-monoglucoside 15.4±7.0b 29.3±5.0b 38±4a  8.44±2.21b 10.40±4.99ab 17.2±3.7a  13.7±2.6a 12.2±2.1a 18.2±4.4a 

cyanidin-3-monoglucoside 3.42±1.13b 5.99±1.59b 10.4±1.8a  2.92±0.61b 3.72±0.75ab 5.41±1.49a  5.13±0.77a 5.43±2.05a 6.19±1.19a 

petunidin-3-monoglucoside 20.5±6.8c 32.9±2.8b 44±5a  12.0±2.2b 14.1±5.1ab 20.8±3.5a  15.9±2.5a 14.3±2.7a 20.7±4.6a 

peonidin-3-monoglucoside 45±4a 46±1a 46±5a  54±6a 60±10a 63±11a  58±6a 50±10a 66±20a 

malvidin-3-monoglucoside 163±27c 223±7b 273±20a  93±10b 102±14ab 116±6a  121±9ab 98±8b 142±27a 

Total  247±46c 337±17b 412±37a  171±21b 190±35ab 223±26a  214±22a 180±25a 252±57a 

Flavonols 
b
            

quercetin 3-glucuronide 543±134b 1263±83a 1236±220a  399±125b 463±159b 818±93a  1109±272b 946±351b 1700±254a 

quercetin 3-glucoside 709±165b 1777±231a 1902±177a  401±110b 552±203b 969±96a  1416±316a 1143±431a 1987±278a 

Total  1252±291b 3040±254a 3138±355 a  800±235b 1015±361b 1787±160a  2526±562b 2089±782 b 3687±483a 

Flavan-3-ols 
c
            

catechin 452±78a 421±104a 599±69a  396±85a 394±6.5a 222±39b  377±92a 287±151a 288±117a 

epicatechin 330±61b 515±76a 385±27ab  344±106a 371±37a 164±40b  268±90a 184±83a 201±107a 

Hydroxycinnamic acid esters 
d
           

caffeoyltartaric acid 8.2±1.0b 8.6±1.1b 11.5±0.5a  5.9±2.1ab 7.9±0.5a 3.6±0.1b  16.8±4.3a 10.7±2.4a 16.9±1.3a 

Mean±SD are presented (n=5). 

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

a: as mg/kg berry maldivian-3-monoglucoside equivalent.  

b: as peak area.  

c: as mg/kg berry epicatechin equivalent.  

d: as mg/kg berry caffeic acid equivalent.  
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Table 2.4 Free amino acid composition of Pinot Noir grapes with different vineyard floor management from 2008 to 2010 (mg/kg). 

 2008  2009  2010 

 Tilled Alternate Grass  Tilled Alternate Grass  Tilled Alternate Grass 

Alanine 162±37a 95±12b 68±9b  124±17a 82±15b 41±7c  168±32a 97±7b 63±12b 

Glycine 4.7±0.8a 3.2±0.6b 2.9±0.3b  4.1±0.5a 3.9±0.6b 2.6±0.4b  5.2±0.9a 3.5±0.4b 2.6±0.3b 

Valine 24±1a 22±3b 20±2b  19±3a 17±3a 8.9±0.8b  41±4a 27±3b 29±3b 

Leucine 25±2a 19±3ab 16±2b  17±2a 14±3a 8.0±0.7b  53±7a 33±3b 36±3b 

Isoleucine 20±1a 18±2b 16±1b  12±1a 11±3a 6±1b  39±4a 27±3b 30±3b 

Threonine 110±13a 78±11b 61±6b  75±12a 57±10b 29±3c  123±16ab 146±15a 81±33b 

Serine 226±15a 185±11b 180±15b  202±37a 209±21a 151±50b  224±30a 155±1b 147±15b 

Proline 215±17a 166±26b 129±18b  160±27a 137±21a 59±14b  293±85a 189±30ab 131±21b 

Asparagine 9±2a 7±1ab 5±1b  18±3a 15±4a 13±5a  13±4b 20±4ab 15±2a 

Aspartic acid 14±1a 12±2a 13±3a  17±4a 17±3a 6±4b  17±3a 9±2b 12±1b 

Methionine 1.7±0.3a 3.5±2.5a 1.9±2a  5.1±2.6a 1.2±0.3b 0.0±0c  9.2±2.5a 7.2±2.2a 3.1±0.4b 

Glutamic acid 31±5a 21±2b 16±3b  43±7a 29±6b 11±5c  78±17a 29±10b 50±16ab 

Phenylalanine 11±1a 9.1±1.3ab 7.5±1b  7.5±0.9a 6.7±1.7a 3.2±0.3b  37±4a 20±2b 23±3b 

Glutamine 81±28a 45±8b 33±7b  54±10a 69±13ab 24±12b  128±38a 69±13b 43±4b 

Lysine 5.7±1.2a 3±0.5b 2.5±0.5b  4.9±0.9a 3.5±0.9b 1.8±0.4c  7.0±2.1a 4.0±0.7b 2.2±0.4b 

Histidine 26±7a 12±2b 9.6±1.6b  14±4a 12±3a 2.4±0.9b  39±13a 11±2b 14±4b 

Tyrosine 1.5±0.4a 1.5±0.6a 1.3±0.6a  2.0±0.5a 1.5±0.4ab 1.2±0.4b  5.3±1.2a 4.7±0.6ab 3.6±0.4b 

Tryptophan 7.9±1.6a 4.8±1.8ab 3.9±1.4b  4.4±1.2a 4.1±2.3a 1.9±1.2b  13±3a 8.2±1.3b 6.7±1.7b 

Total 761±112a 538±44ab 456±40b  616±96a 523±67a 285±86b  998±156a 520±157b 533±24b 

Mean±SD are presented (n=5).  

           Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

. 
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Table 2.5 Composition of free-form volatile compounds in Pinot Noir grapes with different vineyard floor management from 2008 to 2010 

(g/kg berry). 

Compound 
2008  2009  2010 

Tilled Alternate Grass  Tilled Alternate Grass  Tilled Alternate Grass 

C6 Compounds           

hexanal 44±7b 29±10c 55±10a  93±26a 90±15a 63±7b  43±13a 34±15a 29±7b 

trans-2-hexenal 109±20b 94±25b 134±19a  310±136a 242±69ab 198±39b  1012±176a 804±175b 732±103b 

1-hexanol 323±68a 327±91a 362±76a  596±133a 455±151ab 392±74b  784±167a 747±102a 523±139b 

Subtotal 476 450 551  1005 776 653  1839 1585 1284 

Subtotal% 84.3 83.2 85.7  92.0 88.8 86.7  96.2 95.3 94.2 

Terpenoids            

linalool 0.89±0.14c 1.58±0.36b 1.99±0.52a  0.79±0.33b 0.90±0.16ab 1.14±0.30a  1.39±1.09a 2.70±1.97a 3.38±2.3a 

-terpineol 2.16±0.84b 3.02±0.55a 3.11±0.42a  1.21±0.34b 1.41±0.37b 2.07±0.87a  4.09±0.72a 4.29±0.70a 4.43±0.8a 

citronellol 0.57±0.13b 0.76±0.20b 1.99±0.61a  0.40±0.10b 0.76±0.29a 0.80±0.36a  0.61±0.54a 0.56±0.36a 0.90±0.5a 

nerol 0.94±0.22b 0.82±0.17b 1.46±0.19a  0.36±0.21b 0.59±0.24ab 0.82±0.39a  0.50±0.31a 0.41±0.23a 0.52±0.3a 

geraniol 5.50±0.70a 5.42±0.91a 6.24±1.35a  2.97±1.22a 3.61±0.09a 2.96±0.62a  4.58±0.75a 5.29±1.08a 5.37±1.3a 

Subtotal 10.1 11.6 14.8  5.7 7.3 7.8  11.2 13.3 14.6 

Subtotal% 1.78 2.14 2.30  0.52 0.83 1.03  0.58 0.80 1.07 

C13-norisoprenoids          

-damascenone 1.32±0.23a 1.07±0.09b 0.93±0.23b  0.84±0.13a 0.68±0.09b 0.65±0.06b  0.35±0.07a 0.31±0.04a 0.27±0.04b 

-ionone 0.19±0.05a 0.12±0.01b 0.11±0.01b  0.11±0.04a 0.14±0.06a 0.12±0.03a  0.03±0.01a 0.02±0.01a 0.03±0.01a 

Subtotal 1.51 1.19 1.04  0.95 0.82 0.77  0.38 0.33 0.30 

Subtotal% 0.27 0.22 0.16  0.09 0.09 0.10  0.02 0.02 0.02 

Other compounds           
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Table 2.5 Composition of free-form volatile compounds in Pinot Noir grapes with different vineyard floor management from 2008 to 2010 

(g/kg berry) (continued). 

heptanal 1.57±0.22a 1.36±0.15a 1.39±0.33a  0.64±0.10b 0.55±0.20b 1.39±0.30b  0.39±0.04a 0.39±0.05a 0.38±0.05a 

 octanal 1.24±0.07a 1.26±0.03a 1.22±0.05b  1.68±0.5a 1.60± 0.4a 1.14±0.2b  0.50±0.1c 0.62±0.03b 0.81±0.04a 

nonanal 5.84±0.23a 4.74±0.76b 4.80±0.09b  1.81±0.08a 1.93±0.35a 1.48±0.44a  2.52±0.9b 2.85±0.22a 2.80±0.12a 

1-octen-3-ol 7.51±1.87a 6.85±1.10a 6.26±0.90a  4.02±0.13b 5.60±0.58a 6.26±0.90a  1.28±0.24a 1.22±0.23a 1.08±0.20a 

1-octanol 5.52±0.74a 6.04±0.59a 6.12±1.13a  6.03±0.58a 5.86±0.56a 5.52±0.44a  3.50±0.22a 3.21±0.16b 2.45±0.12c 

2-phenylethanol 12.9±1.4a 13.4±0.9a 13.6±0.6a  21.3± 2.7b 25.1±2.2a 23.6±0.6a  10.4± 0.2b 11.4±0.4a 12.6±1.1a 

vanillin 43±2a 45±4a 43±3a  46±4a 49±7a 52±3a  42±2a 46±3a 44±2a 

Subtotal 77.6 78.7 76.4  81.5 89.6 91.4  60.6 65.7 64.1 

Subtotal% 13.7 14.5 11.9  7.5 10.3 12.1  3.2 4.0 4.7 

Total 565 541 643  1093 874 753  1911 1664 1363 

Mean±SD are presented (n=5). 

     Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 
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Table 2.6 Composition of bound-form volatile compounds in Pinot Noir grapes with different vineyard floor management from 2008 to 2010 

(g/kg berry). 

Compound 
2008  2009  2010 

Tilled Alternate Grass  Tilled Alternate Grass  Tilled Alternate Grass 

C6 Compounds           

1-hexanol 521±87a 393±107b 414±84b  559±109a 592±92a 570±88a  633±121a 632±89a 583±128a 

Subtotal 521 393 414  559 592 570  633 632 583 

Subtotal% 31.78 25.94 31.06  38.64 40.46 41.12  49.19 47.57 48.69 

Terpenoids            

cis-linalool oxide 89±23ab 101±25a 67±10b  85±12a 85±16a 80±19a  130±30a 132±22a 125±20a 

trans-linalool oxide 103±26ab 118±26a 80±13b  72±11a 80±11a 78±18a  129±24a 131±19a 124±31a 

linalool 11±2b 13±2a 12±1ab  14±1a 15±3a 15±3a  4.24±0.48a 5.22±0.68a 6.12±3.60a 

-terpineol 244±76a 218±53ab 167±29b  146±24b 151±45a 148±27ab  130±23a 144±31a 122±35a 

citronellol 2.86±0.56c 4.43±1.46b 5.84±0.65a  4.13±1.47a 4.78±2.26a 5.75±3.22a  1.64±1.35a 2.42±1.59a 1.74±1.34a 

nerol 3.64±0.46a 4.10±0.48a 3.60±0.60a  4.39±1.66a 6.08±1.11a 5.06±1.35a  2.49±0.50a 2.91±0.37a 2.77±1.33a 

geraniol 12.3±2.2b 15.6±2.6a 14.5±1.8ab  14.0±1.2b 17.3±4.1a 14.7±2.6b  8.3±1.5b 11.5±1.4a 8.6±3.1b 

Subtotal 466 501 350  340 359 347  406 429 390 

Subtotal% 28.43 33.07 26.26  23.50 24.54 25.03  31.55 32.29 32.57 

C13-norisoprenoids          

-damascenone 9.2±1.0b 10.7±1.6a 7.1±0.7c  7.6±1.0a 8.1±1.2a 7.9±1.3a  3.6±2.1a 2.7±0.4ab 2.0±0.3b 

vitispirane * 0.94±0.19a 1.23±0.24a 0.85±0.10b  0.70±0.19a 0.69±0.13a 0.83±0.18a  0.61±0.14b 0.67±0.14b 0.78±0.15a 

TDN * 0.57±0.14b 0.80±0.09a 0.59±0.08b  0.35±0.13b 0.42±0.07b 0.55±0.11a  0.29±0.01a 0.29±0.04a 0.32±0.02a 

hydroxy dihydroedulan * 5.18±1.34b 6.72±1.46a 5.26±0.74b  3.18±0.60b 3.23±0.54b 4.13±0.91a  3.44±0.49b 4.02±0.82a 4.44±0.53b 

3-hydroxy--damascone * 1.31±0.27a 1.36±0.21a 0.90±0.11b  0.78±0.10a 0.72±0.11a 0.75±0.13a  1.01±0.12a 0.95±0.21a 0.78±0.13a 
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Table 2.6 Composition of bound-form volatile compounds in Pinot Noir grapes with different vineyard floor management from 2008 to 2010 

(g/kg berry) (continued). 

Subtotal 17.2 20.8 14.7  12.61 13.16 14.16  8.95 8.63 8.32 

Subtotal% 1.05 1.37 1.10  0.87 0.90 1.02  0.70 0.65 0.69 

Other compounds            

1-octen-3-ol 8.5±1.3a 10.2±2.1a 10.1±1.4a  5.1±0.3b 6.2±0.7a 6.3±0.1a  4.3±0.3a 4.6±0.4a 4.4±0.2a 

1-octanol 5.5±0.6a 6.0±0.6a 6.1±1.1a  6.0±0.6a 5.9±0.9a 5.5±0.7a  3.5±0.2a 3.2±0.2a 2.5±0.1b 

1-nonanol 2.3±0.2a 2.2±0.2a 2.5±0.4a  1.6±0.0a 1.1±0.0b 1.2±0.4b  4.0±0.4a 4.7±0.3a 4.4±0.5b 

benzyl alcohol 528±31a 483±43b 439±19c  427±23a 391±40ab 339±21b  156±35a 163±35a 125±21a 

2-phenylethanol 12.9±1.1a 13.4±0.9a 13.6±0.6a  21.3±2.7b 25.1±2.2a 23.6±1.6a  10.4±0.8a 11.4±0.4a 12.6±1.1a 

vanillin 78±8a 85±4a 82±5a  74±9a 76±8a 80±9a  61±11b 72±8a 67±7ab 

Subtotal 635 600 554  535 499 455  239 259 216 

Subtotal% 38.74 39.61 41.57  36.98 34.10 32.82  18.57 19.49 18.04 

Total 1639 1515 1333  1447 1463 1386  1287 1329 1197 

Mean±SD are presented (n=5).  

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

Asterisk (*) indicates as equivalent of -damascenone. 

 

 

 

 

 

 



64 
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3.1 Abstract 

The impacts of different vineyard floor managements on Pinot Noir wine quality were 

investigated over three growing seasons (2008, 2009, and 2010). Wine was made from 

grapes with different inter-row floor managements, including tillage (Tilled), grass and 

tillage (Alternate), and grass (Grass). Wine composition was analyzed using HPLC, GC-

FID and GC-MS. Results showed that the wine made from grapes of Alternate and Grass 

treatments had higher concentrations of anthocyanins compared to that of the Tilled 

treatment. Wine volatile composition was affected by the vineyard floor management as 

well but in different ways. Alternate and Grass treatments had increased levels of 

branched-chain esters, acetates, terpenoids, and phenethyl alcohol in wine; meanwhile, 

they had decreased levels of straight-chain ethyl esters, higher alcohols (1-propanol, 

isobutyl alcohol and isoamyl alcohols), -damascenone, ethyl vanillate, dimethyl sulfite, 

and methanethiol compared to Tilled treatment. Based on calculated odor activity values, 

the most important odorants (OAV>1) in analyzed Pinot Noir wine included higher 

alcohols (isobutyl alcohol, isoamyl alcohol and phenethyl alcohol), ethyl esters (ethyl 

butanoate, ethyl hexanoate, ethyl octanoate, ethyl vanillate, ethyl isobutanoate, ethyl 2-

methylbutanoate and ethyl 3-methylbutanoate), acetates (ethyl acetate and isoamyl 

acetate), -damascenone, volatile fatty acids (hexanoic acid and octanoic acid), volatile 

sulfurs (methanethiol and dimethyl sulfide), and volatile phenolics (guaiacol and 4-vinyl 

phenol). Least square-discrimination analysis (PLS-DA) was able to visualize and reveal 

differences among wines from different treatments according to volatile composition. 

 

 

 

Keywords: Pinot Noir wine, vineyard floor management, anthocyanins, volatile 

composition, HPLC, GC-MS, PLS-DA, OAV 
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3.2. Introduction 

    Aroma is one of the most important aspects of wine quality. Several hundred volatile 

compounds such as alcohols, esters, volatile fatty acids, aldehydes, ketones, terpenoids, 

and volatile sulfurs have been identified in wine at concentrations ranging from hundreds 

of mg/L to a few ng/L (Rapp and Mandery, 1986). Although many volatile compounds in 

wine are formed during alcoholic fermentation, grape-derived volatile compounds are the 

most important contributors to wine varietal aroma characteristics (Ribéreau-Gayon et al., 

2006). Grape-derived volatile compounds and their precursors are the grapevine 

secondary metabolites; therefore, many factors would be expected to influence their 

concentrations in the berry, e.g., cultivar and rootstock, vineyard site, climate, soil, and 

viticultural practices (Robinson et al., 2013). 

    The Willamette Valley of Oregon is known for producing high quality Pinot Noir 

wine. However, many vineyards in this region are challenged by vigorous growth of 

vines as a consequence of deep, fertile soils with great water holding capacity and a 

climate with high precipitation in winter and spring. Excessive vine vigor results in 

unbalanced grape musts and deteriorates wine quality (Cortell et al., 2008, Song et al., 

2014). The use of competitive cover crops to reduce vine vigor in established high vigor 

vineyards becomes a common and important viticultural strategy in western Oregon.  

    The reduction of vine vigor through the use of cover crops is a consequence of 

competition for water and nutrients from cover crops, which results in both direct and 

indirect influences on final wine quality (Celette et al., 2009; Monteiro and Lopes, 2007; 

Tesic et al., 2007). First, water and nutrients are essential for berry development, 

introducing the competition could affect fruit quality through affecting the synthesis of 

primary and secondary metabolites in grapes (Romero et al., 2013). Considerable studies 

have shown that moderate water and nutrient stress during the vine growth can improve 

final wine quality through increases of grape-derived compounds, such as anthocyanins 

(Koundouras et al., 2006), phenolics (Schreiner et al., 2013), terpenoids, and C13-

norisoprenoids (Song et al., 2012), while also reduce C6 compounds (Song et al., 2012) 
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and methoxypyrazines (Mendez-Costabel et al., 2014), which impart herbaceous aromas. 

Second, the competition of soil nutrients, especially nitrogen could affect levels of grape 

must yeast assimilable nitrogen (YAN) (Bell and Henschke, 2005; Schreiner et al., 2013). 

Must YAN levels greatly influence the yeast growth, fermentation rate, the formation of 

volatile compounds, such as esters, higher alcohols, volatile fatty acids, and ultimate wine 

quality (Bell and Henschke, 2005). 

    Xi et al., (2011) examined the influence of different cover crops (white clover, 

alfalfa, and tall fescue) with clean tillage on wine aroma compounds of Cabernet 

Sauvignon vines in northwestern China. They reported that compared to clean tillage, 

wines made from grapes grown with various cover crops had higher levels of aroma 

compounds such as ethyl esters, acetates, higher alcohols, terpenoids and norisoprenoids, 

potentially improved wine quality. Similarly, in New Zealand, Wheeler et al., (2005) 

observed that a permanent chicory cover crop improve wine quality in highly vigorous 

Cabernet Sauvignon vines. Despite the increasing use of vineyard cover crops in Oregon, 

very little work has been made to study the influence of cover crops on Pinot Noir grape 

and wine aroma characteristics. It is our hypothesis that the use of competitive grass 

cover in the vineyard may help reduce vine vigor, thereby improving wine quality. The 

aim of the present research was to achieve a better understanding on the influence of 

reduced vigor by vineyard floor management on volatile composition of Pinot Noir wine 

in western Oregon. 

 

3.3. Materials and Methods 

3.3.1. Chemicals  

        Sources of volatile compound standards used in this study are listed in Appendix A. 

For various reagents, GC grade of methanol was obtained from EMD (Gibbstown, NJ) 

and ethanol was purchased from Aaper Alcohol and Chemical Co. (Shelbyville, KY). 

Tartaric acid was purchased from Mallinckrodt Inc. (Paris, KY). A synthetic wine 
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solution was made by dissolving 3.5 g of L-tartaric acid in 1 L of 12% ethanol solution, 

and adjusting pH to 3.5 with 1 M NaOH. 

3.3.2. Plant material and field trial site  

        The floor cover crop management trial was conducted from 2008 to 2010 at a 

commercial vineyard located in Dayton, Oregon (45°N, 123°W; Dundee Hills AVA). A 

Pinot Noir clone 115, grafted to 101-14 rootstock was selected and planted in 1998. Vine 

rows were oriented north to south with row-by-vine spacing of 1.5 m by 2.1 m. The 

treatments were applied in a completely randomized design with five field replicates 

consisting of 16 vines per plot. The inter-row floor treatments included: 1) grass 

consisting of hard red fescue (Festuca rubra spp.rubra), grown on both side of the 

experimental vine rows (Grass), 2) alternating inter-row with  tillage and grass on either 

side of the vine rows (Alternate), and 3) tillage on both side of the vine row (Tilled). 

Tilled areas within the treatment were rototilled in spring and summer to prevent weed 

vegetation from establishing. In the Grass treatment, the inter-rows were mowed until the 

grass went quiescent in mid-later summer. The vineyard was managed using regular 

management practices (e.g. fungicide applications, in-row cultivation for weed control, 

hedging, cluster zone leaf removal, and cluster thinning). 

3.3.3. Wine Production 

        After harvest, fruits from field replicates were combined and then randomly 

subdivided into three lots of equal weight (3 kg) which were used to produce triplicate 

fermentations for each treatment. Fruit was fermented at Oregon State University 

research winery. Grapes were destemed, pooled and placed into 1 gallon glass micro-

scale fermenters that utilize a submerged cap method to maintain skin and juice contact 

as described by Sampaio et al., (2007) on the day of harvest. Potassium metabisulfite was 

added to provide a calculated amount of 50 mg/L total sulfur dioxide. Grapes were then 

inoculated with an active-dry form of Saccharomyces cerevisiae RC212 (Lallemand, 

Montréal, Canada) at approximately 1 x 10
6
 cfu/mL after rehydration according to 
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manufacturer’s directions. Fermenters were placed in a temperature controlled room set 

to 27 C and alcoholic fermentation was monitored by °Brix measurements using an 

Anton-Paar DMA 35N Density Meter (Graz, Austria). At the completion of alcoholic 

fermentation (< 0.5 g/L reducing sugar as measured by CliniTest ®), wines were pressed 

using a small modified basket press that applied a constant pressure of 15 psi for 5 min 

allowing consistent pressing. Pressed wine was settled in ½ gal glass carboys for 72 hr at 

4 C before being racked into ½ gal glass carboys and an addition of 50 mg/L of SO2 was 

made. Wine was stored at 13 C until required for analysis. No malolactic fermentation 

was conducted. 

3.3.4. Wine Anthocyanin Analysis 

         An aliquot (1 mL) of wine sample was transferred into a 1.5 mL micro-centrifuge 

tube and centrifuged in a microcentrifuge machine (Minispin plus, Eppendorf, Hamburg, 

Germany) at 11,000 rpm for 5 min. Twenty microliters of the supernatant was injected to 

HPLC system. An Agilent model 1100 HPLC system (Palo Alto, CA) consisting of a 

vacuum degasser, autosampler, quaternary pump, photo-diode array detector, and column 

heater was used. The Chemstation software for LC 3D (version A.10.02) (Agilent 

Techonologies Inc., Wilmington, DE) was used for chromatographic analysis. The 

separation was carried out on a Prodigy C18 column (100 Å, 5 µm, 250×4.6 mm, 

Phenomenex). The mobile phase consisted of two solvents: solvent A, 5% formic acid in 

milli-Q water; solvent B, methanol (HPLC grade), with a flow rate of 1 mL/min. The 

following gradient was employed, 0-34 min (3-36% B); 34-45 min (36% B); 45-55 min 

(36-100% B); 55-60 min (100%-3% B); 60-70 min (3% B). The absorbance at 280 nm 

was used to measure the content of anthocyanins. External calibration was performed 

using malvidin-3-glucoside, and all other compounds were quantified using this 

calibration curve and reported as malvidin-3-glucoside equivalent.  

3.3.5 Wine volatile compound analyses 

3.3.5.1 Higher alcohol and acetate analysis by HS-GC-FID  
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        Headspace gas chromatography method was used to analyze propanol, isobutyl 

alcohol, isoamyl alcohol, ethyl acetate, and isoamyl acetate. An aliquot (0.5 mL) of wine 

was diluted with 0.5 mL of milli-Q water in a 20 mL headspace glass vial. Twenty 

microliter of internal standard solution (2.5 mg/L of methyl propionate) was added into 

the vial as well. The mixture was incubated at 70C for 15min to reach the equilibrium 

between the sample and headspace. An aliquot (1000 mL) of headspace gas was taken by 

a 2.5 mL of gastight syringe at a rate of 200 L/s and then injected into the GC injection 

port. 

    The analysis of the extracted volatile compounds was carried out by using an 

Agilent 7890A gas chromatograph coupled with a flame ionization detector (Agilent 

Techonologies, Inc.). Separation was achieved using a DB-wax capillary column (30 m × 

0.25 mm i.d., 0.5 m film thickness, Agilent Techonologies, Inc.). The oven temperature 

was programmed at 35 °C for 4 min, then ramped to 150 °C at a rate of 10 °C/min and 

held at the final temperature for 6 min. A constant helium flow of 2 mL/min was used. 

The injector temperature was kept at 200 °C and the FID was kept at 250 °C. Peak 

identification of the volatile components was achieved by comparison with GC retention 

indices of standards. All analyses were carried out in duplicate per treatment. 

3.3.5.2 Volatile compound analysis by SPME-GC-MS 

        A headspace solid phase microextraction-gas chromatography-mass spectrometry 

(SPME-GC-MS) method was used to analyze majority of volatile compounds in the wine 

samples. An aliquot (2 mL) of wine was diluted with 8 mL of saturated NaCl solution in 

a 20 mL glass vial, in which 20L of internal standard solution (96 mg/L of 3-heptanone, 

109 mg/L of 4-octanol, and 118 mg/L of octyl propionate) were added. A pre-conditioned 

2cm 50/30 m divinylbenzene/Carboxen 
TM

/Polydimethylsiloxane (DVB/Carboxen TM 

/PDMS) coated SPME fiber (Supelco, Bellefonte, PA) was inserted into the headspace at 

50 ºC for 30 min using CTC autosampler (CTC Analytics, Inc., Zwingen, Switzerland). 

During the extraction, the sample was stirred at 500 rpm. Upon completion of the 



71 
 

extraction, the fiber was removed from the sample vial and inserted into the injection port 

of the GC at 250 ºC for 5 min at splitless mode.  

    The analysis of the extracted volatile compounds was carried out on an Agilent 

6890N gas chromatograph coupled with a 5973N mass selective detector (Agilent 

Techonologies, Inc.). Separation was achieved by using a DB-wax capillary column (30 

m × 0.25 mm i.d., 0.5m film thickness, Agilent Techonologies, Inc.). The oven 

temperature was initially programmed at 35 °C for 4 min, and then ramped to 230 °C at a 

rate of 5 °C/min and held at the final temperature (230 °C) for 10 min. A constant helium 

flow of 2.5 mL/min was used. The MS transfer line and ion source temperature were 

280 °C and 230 °C, respectively. The mass selective detector in the full scan mode was 

used for acquiring the data.  Electron ionization mass spectrometric data from m/z 35 to 

300 were collected, with an ionization voltage of 70 eV. System software control and 

data management/ analysis were performed through enhanced ChemStation software 

(Agilent Techonologies, Inc.). The unique quantification mass ion and qualifying mass 

ions were carefully selected to give the highest response and lowest interference for each 

compound. Internal standard quantification method was performed using the Chemstation 

software. All analyses were carried out in duplicate per treatment. 

3.3.5.3 Volatile phenolic and lactone analysis by EG-SBSE-GC-MS  

        A stir bar sorptive extraction coupled with gas chromatography-mass spectrometry 

(SBSE-GC-MS) method was used to analyze volatile phenolics and lactones. An aliquot 

(10 mL) of wine was diluted with 10 mL of milli-Q water in a 20 mL glass vial. Twenty 

microliter of internal standard solution (59.6 mg/L of 3, 4-dimethylphenol) was added. A 

pre-cleaned ethylene glycol-silicone coated (EG) stir bar (32 L phase volume, 10 mm 

length, Gerstel Inc., Linthicum, MD) was used to extract the volatile compounds. The 

extraction was carried out at room temperature at 1000 rpm for 2 hr. After extraction, the 

EG stir bar was removed from the sample, rinsed with distilled water, dried with VWR 

light-duty tissue wipers, and transferred into a thermal desorption tube for GC-MS 

analysis.  
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    The analytes were thermally desorbed at the TDU in splitless mode, ramping from 

25 to 220 °C at a rate of 100 °C/min, and held at the final temperature for 5 min. The 

CIS-4 was cooled to -80C with liquid nitrogen during the sample injection, then heated 

at 10 °C/s to 220 °C for 10 min. Solvent vent mode was used during the injection with a 

split vent purge flow of 50 mL/min beginning at 3 min. The compounds were transferred 

into an Agilent 7890A gas chromatograph coupled with a 5979C mass selective detector 

with a ZB-wax-plus capillary column (30 m × 0.25 mm i.d., 0.5 m film thickness, 

Agilent Techonologies, Inc.). The chromatographic program was set at 35 ºC for 4 min, 

raised to 150 ºC at a rate of 20 ºC/min, then raised to 230 ºC at a rate of 4 ºC/min and 

held for 10 min. A constant helium flow of 2 mL/min was used.  The temperatures for 

MS transfer line and ion source were 280 °C and 230 °C, respectively. The mass selective 

detector in the full scan mode was used for acquiring the data.  Electron ionization mass 

spectrometric data from m/z 35 to 300 were collected, with an ionization voltage of 70 

eV. System software control, data management, compound identification and 

quantification were performed as described previously. All analyses were carried out in 

duplicate per treatment. 

3.3.5.4 Volatile sulfur compound analysis by SPME-GC-PFPD  

        A solid-phase microextraction and gas chromatography-pulsed flame photometric 

detection technique (HS-SPME-GC-PFPD) was used to quantify volatile sulfur 

compounds in Pinot Noir wines according to the procedures described by Fang and Qian 

(2005b). An aliquot (2 mL) of wine was diluted with 8 mL of saturated NaCl solution in a 

20 mL autosampler glass vial, in which 100L of internal standard solution (500 g/L of 

EMS) was added. Furthermore, 50 L of acetaldehyde (200 mg/L) was added to the 

samples to eliminate the interference of SO2. A 1cm, 85 m Carboxen-PDMS StableFlex 

SPME fiber (Supelco) was used for volatile sulfur compound extraction. The samples 

were equilibrated for 15 min at 30 C, and extracted at the same temperature for 30 min 

with agitation of the SPME fiber. After extraction, the SPME fiber was injected directly 

into GC injection port with the splitless mode at 300 C.  
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    The analysis was achieved on a Varian CP-3800 gas chromatography equipped with 

a pulsed flame photometric detector (PFPD) (Varian, Walnut Creek, CA) operating in 

sulfur mode. The separation was performed using a DB-FFAP capillary column (30 

m×0.32 mm i.d., 1m film thickness, Agilent Techonologies, Inc.). The chromatographic 

program was set at 35 ºC for 3 min, raised to 150 ºC at a rate of 10 ºC/min, held for 5min, 

and then raised to 220 ºC at a rate of 20 ºC/min and held at the final temperature (220 ºC) 

for 6 min. The carrier gas was nitrogen with a constant flow rate of 2 mL/min. The 

temperature of the detector was 300 C. The detector voltage was 500V, the gate delay 

for sulfur compounds was 6 ms, and the gate width is 20 ms. The peak identification was 

achieved by comparing the retention time with the pure standard. The sulfur responses of 

specific compounds were calculated by taking the square root of the peak area. 

3.3.6. Odor activity value  

        To evaluate the contribution of each volatile compound to the wine aroma profile, 

the odor activity value (OAV) was determined. OAV is an indicator of the importance of 

a specific compound to the odor of a sample. It was calculated as the ratio between the 

concentration of an individual compound and the sensory threshold value found in the 

literatures. 

3.3.7 Statistical analyses  

    Statistical analyses of wine chemical and volatile composition among different 

treatments within each year were performed using one-way ANOVA by SPSS 16.0 

(SPSS, Chicago, IL, USA). Statistical differences among the means were evaluated using 

Tukey’s HSD test at the p < 0.05 level.  

    Partial least squares discriminant analysis (PLS-DA) was conducted to develop 

models to discriminate wines made of different treatments based on the wine volatile 

composition, and the calculation process of PLS-DA was according to the previous 

method (Zheng et al., 2014). PLS-DA was applied to find a two-dimensional plane 

(discriminating plane) in which the wine samples (projected observation) on the PLS 
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components were well separated according to their volatile compounds. The X and Y 

matrix in this plane consisted of the volatile composition data of the observation and 

dummy variables, respectively. As for the PLS weight plot, composition variables of 

which can reveal the variables (specific volatile compounds) contributing to the 

separation. Volatile compounds which close to the dummy variables of class membership 

contribute strongly to the separation. PLS-DA was conducted by SIMCA-P version 

12.0.1 (Umetrics, Sweden). 

3.4. Results and Discussion 

3.4.1. Weather conditions 

        Weather variations during the three years of this study were presented previously in 

Table 2.1. Generally, 2010 was a cooler and wetter year compared to 2008 and 2009. 

There were only 1296 growing degree days (GDD10) in 2010 compared 1388 and 1538 

GDD10 in 2008 and 2009, respectively. In addition, 415 mm of rainfall was observed in 

2010, compared to 154mm and 297 mm in 2008 and 2009, respectively. These variations 

could have attributed to some of the vintage variations observed in the current study. 

3.4.2. Wine anthocyanin composition 

    Color is an important aspect of red wine quality, and anthocyanins are responsible 

for this attribute (Cortell et al., 2005). Five anthocyanin glycosides, delphindin-3-

monoglucoside (Dp), cyanidin-3-monoglucoside (Cy), petunidin-3-monoglucoside (Pt), 

peonidin-3-monoglucoside (Pn), and malvidin-3-monoglucoside (Mv), were analyzed in 

wine made from grapes with different vineyard floor managements in 2008, 2009, and 

2010 (Table 3.1). Results show that anthocyanins varied with vineyard floor management. 

The Alternate and Grass treatments resulted in higher levels of anthocyanins than the 

Tilled treatment (Table 3.1). In 2008 and 2009, wines made from Grass treatment had the 

highest concentrations of five anthocyanin glycosides, followed by Alternate and Tilled 

treatments. In 2010, wines made from Grass treatment had similar levels of anthocyanins 

compared to Alternate treatment, but still higher than that of Tilled treatment. Since 
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anthocyanins in wine are directly extracted from grape skins, the level of anthocyanins in 

final wine is determined by the initial levels of anthocyanins in grapes (Cortell et al., 

2007; Lopes et al., 2008; Wheeler et al., 2005). Current results are consistent with our 

previous observation that grass grown on the vineyard floor substantially increased 

anthocyanin concentrations in Pinot Noir grapes (Table 2.3). Similarly, Song et al., (2014) 

observed an increase in total anthocyanins in Pinot Noir wines with a vine vigor decrease 

(as determined by plant cell density) in a commercial vineyard of Australia. Moreover, 

reduced vine vigor correlated to more open canopies and greater fruit exposure. Price et 

al., (1995) showed that Pinot Noir wines made from fully-exposed and moderately-

exposed clusters have higher total monomeric anthocyanins than those from shaded 

clusters. Similar results are also found in Cabernet Sauvignon and Shiraz wines 

(Joscelyne et al., 2007). 

3.4.3. Wine volatile composition 

        The volatile compounds in Pinot Noir wines made from grapes grown with different 

vineyard floor managements are presented in Table 3.2. Higher alcohols, esters, and 

volatile fatty acids formed the majority of volatile compounds. In addition, there were 

other minor compounds present in Pinot Noir wines, including terpenoids, C13-

norisoprenoids, volatile phenols, lactones, and volatile sulfur compounds. 

        Higher alcohols: Fourteen higher alcohols (include C6 alcohols) were quantified in 

this study, and they were quantitatively the greatest group of volatile compounds in Pinot 

Noir wine (Table 3.2). Higher alcohols can be recognized by their strong and pungent 

smell and they are considered negative quality factors when present at concentrations 

higher than 400 mg/L (Rapp and Mandery, 1986). However, the total concentration of 

higher alcohols in this study was below 100 mg/L, indicating their contribution to wine 

complexity instead of negative impacts (Table 3.2). Among these higher alcohols, Pinot 

Noir wines contained high levels of 1-propanol, isobutyl alcohol, and isoamyl alcohol. 

Moreover, isobutyl alcohol and isoamyl alcohol were found at concentrations above their 

sensory threshold values (OAV >1) in analyzed wines (Table 3.3). This is in accordance 
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with previous results (Fang and Qian, 2005a), which indicated that they were important 

contributors to Pinot Noir wine aroma. In all three years, cover crop treatments decreased 

levels of 1-propanol, isobutyl alcohol, and isoamyl alcohol in wine (Table 3.2). Higher 

alcohols can be synthesized by yeast action through two mechanisms: anabolic pathway 

from glucose or catabolic pathway from their corresponding amino acids (Rapp and 

Mandery, 1986). As a result, their production in wine is highly dependent on the yeast 

stain and other parameters, such as must YAN, fermentation temperature and oxygen 

availability (Carrau et al., 2008; Varela et al., 2012). Since the yeast and fermentation 

conditions used in this study were the same for all treatments, the only difference 

observed is the level of must YAN. Cover crop treatments significantly reduced grape 

must YAN (Skinkis et al., in preparation). Our results indicated that the reduction of 1-

propanol, isobutyl alcohol, and isoamyl alcohol in Pinot Noir wine with cover crop 

treatments is most likely related to the low YAN level in grape musts.  

    Higher alcohols with six carbon atoms, otherwise known as C6 alcohols, exhibit 

herbaceous aroma characteristics and usually have negative effects on wine quality when 

their concentrations are above their sensory threshold values (Ferreira et al., 1995). 

Results showed that cover crop treatment had no impact on the level of C6 alcohols. 

Although cover crop treatment decreased levels of C6 aldehydes and alcohols in grapes, 

the complex formation of C6 alcohols in wine further complicates the outcomes of cover 

crop treatment. For example, C6 alcohols can form through enzymatic oxidation of 

unsaturated lipids in grapes, as well as transforming from their corresponding aldehydes 

during fermentation (Ferreira et al., 1995; Joslin and Ough, 1978). In addition, C6 

alcohols such as 1-hexanol and trans-2-hexenol are precursors to hexyl acetate during 

fermentation (Dennis et al., 2012). Nevertheless, considering that concentrations of these 

undesirable compounds were lower than their sensory threshold values, they might have 

no direct effect on wine aroma in this study (Table 3.3). 

        Of aromatic higher alcohols, benzyl alcohol and phenethyl alcohol are described 

with positive characteristics such as floral, fruity, and dry rose in Pinot Noir wines (Fang 
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and Qian, 2005a). Results showed that in all three years, Grass treatment significantly 

increased the level of phenethyl alcohol in wine (p<0.05), however, it had no impact on 

the concentration of benzyl alcohol (Table 3.2). In addition, due to low OAVs, their 

contributions to Pinot Noir wine analyzed in this study seem insignificant (Table 3.3). 

        Esters: Esters are responsible for wine fruity aroma and in this study seventeen 

esters were found in wine with concentrations ranged from 0.5 g/L to 150 mg/L (Table 

3.2). Two groups of important esters in wine are ethyl esters and acetates, both of which 

are largely the results of enzymatic production during alcoholic fermentation. Among 

ethyl esters, levels of straight-chain ethyl esters (e.g., ethyl butanoate, ethyl hexanoate, 

ethyl octanoate) were all higher than their sensory threshold values (Table 3.3), which 

made them important aroma contributors to wine. Results indicated that cover crop 

treatments tended to decrease concentrations of straight-chain ethyl esters compared to 

Tilled treatment (Table 3.2). It was observed that cover crop treatments reduced must 

YAN (Skinkis et al., in preparation) and free amino acid composition (Table 2.4). Since 

straight-chain ethyl esters are formed by yeast during alcohol fermentation and their 

composition are greatly dependent on must nutrient, especially assimilable nitrogen, it is 

likely that the limitation of YAN in the grape musts could be the reason for lower 

amounts of ethyl esters in wine made from cover crop treatments. This is in agreement 

with previous studies reported levels of nitrogen in grape must were positively correlated 

to levels of straight-chain ethyl esters in Riesling and Chardonnay wines (Torrea et al., 

2011; Webster et al., 1993). 

    Branched-chain ethyl esters such as ethyl isobutyrate, ethyl 2-methylbutyrate, and 

ethyl 3-methylbutyrate were also important wine aroma contributors due to their high 

OAVs (Table 3.3). Unlike straight-chain ethyl esters, these branched-chain ethyl ester 

concentrations increased in wines with cover crop treatments in all three years (Table 3.2). 

This inverse correlation between the initial musts nitrogen compound contents in grape 

musts and branched-chain ethyl esters in wine was also observed in other studies 

(Barbosa et al., 2009; Vilanova et al., 2007). 
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    Ethyl acetate and isoamyl acetate were the most abundant compounds among those 

acetate esters analyzed in Pinot Noir wine and their concentrations were much higher 

than their sensory threshold values (Table 3.2 & 3.3), which indicates their importance to 

Pinot Noir wine aroma. Cover crop treatments significantly increased the level of isoamyl 

acetate in wines among all three years (p<0.05). Similar increasing trends were also 

observed with hexyl acetate, ethyl phenylacetate, and phenethyl acetate in wines.  

    Other esters, such as diethyl succinate, ethyl cinnamate, methyl anthranilate, methyl 

vanillate, and ethyl vanillate were also quantified in the analyzed Pinot Noir wine. 

Among them, diethyl succinate was the most abundant and its concentration was 

decreased by cover crop treatments in all three years. However, because its sensory 

threshold value is very high (~200 mg/L), it may not able to impact the wine aroma 

(Table 3.3). Ethyl cinnamate and methyl anthranilate were reported as minor constituents 

in Pinot Noir wine, contributing fruity, cherry, and cinnamon-like odors (Moio and 

Etievant, 1995). However, our results showed that concentrations of these esters in the 

analyzed Pinot Noir wine were below their sensory threshold values (Table 3.3). 

Consequently they had very limited contributions to Pinot Noir wine aroma. In addition, 

cover crop treatments did not affect levels of these compounds in wine (Table 3.2). Ethyl 

vanillate and methyl vanillate were identified as potential odor-active compounds in 

Pinot Noir wine with vanilla and spicy aromas (Miranda-Lopez et al., 1992). However, in 

our study, only the concentration of ethyl vanillate was found above its sensory threshold 

value, which indicated it might be important odorant in wine. The Grass treatment 

produced the lower concentration of ethyl vanillate compared to Tilled treatment (Table 

3.2). 

    Terpenoids: Terpenoids are important constituents to wine aroma. Terpenoids, 

particularly linalool, geraniol, citronellol, and nerol could contribute to Pinot Noir wine 

floral aroma (Fang and Qian, 2005a). In general, wines produced from Grass treatment 

had higher concentrations of terpenoids, but the trend depended on the individual 

compound. As demonstrated in Table 3.2, Grass treatment significantly increased levels 
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of linalool, -citronellol, and geraniol in wines compared to Tilled treatment (p < 0.05). 

Consistent with that Xi et al., (2011), who reported increased formation of terpenes in 

Cabernet Sauvignon wine produced from grapes with cover crop treatments compared to 

tilled treatment. We observed that Grass treatment reduced vine vigor, leading to more 

open canopies and greater sunlight exposure to the fruit zone. It has been well 

documented that sunlight exposure increases levels of terpenoids in Pinot Noir, Merlot, 

and Traminette grapes and wine (Skinkis et al., 2010; Song et al., 2012&2014).  

    C13-norisoprenoids: The C13-norisoprenoids such as -damascenone and -ionone 

can contribute complex aromas, including honey, floral, and raspberry notes, to wines. 

They are considered important contributors to wine aroma also because of their very low 

sensory threshold values. However, in this study the concentration of -ionone was lower 

than its sensory threshold value (OAV < 1) (Table 3.3). In addition, vineyard floor 

treatments had no significant impact on the concentration of β-ionone in Pinot Noir wines 

produced in any of the years (Table 3.2). On the contrary, -damascenone was found as 

an active odorant (OAV > 30) (Table 3.3). Also cover crop treatments significantly 

decreased the level of -damascenone in wines compared to Tilled treatment (p< 0.05) 

among three years (Table 3.2). -damascenone is derived from grapes and the current 

results support findings from our previous study that the level of -damascenone in 

grapes with cover crop treatments was lower than that with Tilled treatment (Table 2.5).  

    Volatile sulfur compounds: Volatile sulfur compounds produced by alcoholic 

fermentation are of great importance for wine aroma, and this is related to their high 

volatility, low sensory threshold values, and powerful characteristic odors. Most of them 

in wines are associated with off-flavor such as rotten eggs, cooked cabbage, onion and 

rubber (Mestres et al., 2000). The concentrations of volatile sulfur compounds in Pinot 

Noir wines are summarized in Table 3.2, and only hydrogen sulfide (H2S), methanethiol 

(MeSH), carbon disulfide (CS2), dimethyl sulfide (DMS), methyl thioacetate (MeSOAc), 

and methionol were quantified because concentrations of other volatile sulfurs (diethyl 

disulfide (DEDS) and dimethyl trisulfide (DMTS)) are below detection limits of the 
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SPME-GC-PFPD method. Among them, concentrations of H2S, MeSH and DMS were 

higher than their sensory threshold values, which indicated they can contribute to wine 

aroma (Table 3.3). Results showed that vineyard floor management had impacts on levels 

of volatile sulfur compounds. Grass treatment significantly decreased concentrations of 

MeSH and DMS (p<0.05) in Pinot Noir wines. Although there were variations of H2S, 

MeSOAc and methionol among treatments, these variations were more dependent on 

vintage years. The formation mechanisms of volatile sulfur compounds are still not 

completely understood. Previous studies indicated that nitrogen deficiency in grape musts 

is one of the major reasons to form volatile sulfur compounds in wine (Vos and Gray, 

1979). However, Fang (2006) reported that levels of H2S and MeSH were significantly 

higher in Pinot Noir wine made from grapes with nitrogen supplementation in the 

vineyard. Similarly, Grass treatment introduced nitrogen competition and led to lower 

YAN in the grape musts, which further indicated that there was a correlation between 

levels of wine sulfur volatiles and levels of grape musts YAN. 

    Other compounds: For volatile fatty acids, hexanoic acid, octanoic acid, and 

decanoic acid, were identified and the concentrations of hexanoic acid and octanoic acid 

were higher than their sensory threshold values in analyzed Pinot Noir wines (Table 3.3). 

levels of volatile fatty acids did not varied significantly among treatments.-Nonalactone 

and -decalactone were associated with coconut aroma in wine, and they are present in 

the berry and also can be extracted from oak during wine aging (Jarauta et al., 2005; 

López et al., 2004). Their concentrations in analyzed Pinot Noir wines were below their 

sensory threshold value (OAV <1) and levels of these two compounds were independent 

of vineyard floor treatments (Table 3.2&3.3). Guaiacol, eugenol, 4-ethyl phenol, 4-vinyl-

guaiacol, and 4-vinyl phenol were found to contribute smoky, spicy, woody, animal, and 

medicinal aroma characteristics in Pinot Noir wine (Fang and Qian, 2005a). In this study, 

only guaiacol and 4-vinyl phenol were found as active odorant (OAV>1). Results showed 

that there was no consistent treatment impact on these compounds in wines. 

3.4.5. Discrimination of wines with different treatments 
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        The volatile composition of wines with from different vineyard floor practices were 

analyzed with partial least squares discriminant analysis (PLS-DA). This multivariate 

statistical technique allows clustering and grouping of observations with similar volatile 

composition and identification of the specific volatile compounds responsible for this 

discrimination. Results illustrated that 67% of total variance was extracted by the first 2 

principle components, with PC1 and PC2 contributing 45% and 22%, respectively. Figure 

3.1 (A) shows the score plot for PC1 and PC2. As can be seen, PC1 mainly separates the 

2010 vintage wine from those of 2008 and 2009, but it was not possible to separate 

different treatments. The separation among treatments was achieved by PC2, and three 

group of compounds can be clearly visualized: a group for the sample of Grass treatment 

(positive direction of PC2), a group for sample of Tilled treatment (negative direction of 

PC2), and a group for the sample of Alternate (middle position of PC2). 

        In addition, results of PLS-DA highly coincide with quantitative results of the 

volatile composition. For example, some volatile compounds, such as branched-chain 

esters [19-21], acetates [22-26], and linalool [35] (Table 3.2), presenting higher 

concentrations in wine with Grass treatment, strongly correlate with Grass treatment and 

is located in the positive direction of w*c [2] axis (Figure 3.1 B). Similarly, several 

volatile compounds located in the negative position of w*c [2] axis, such as straight-

chain ethyl esters [15-18], higher alcohols [2-5, 10-13], -damascenone [39], dimethyl 

sulfite [44] and methanethiol correlate with Tilled treatment and they also displayed 

higher levels with Tilled treatment than with other treatments. 

3.5. Summary 

        Few studies have investigated how vineyard floor management influences the 

volatile composition of wine. Results from this study with Pinot Noir, grown in a cool 

and wet climate, provide further evidence that using grass cover treatment in the vineyard 

reduced vine vigor, not only led to changes of grape-derived volatile composition, but 

also had great impacts on the volatile composition of final wine. Wine made with vine 

vigor reduced via Grass treatment had higher the concentrations of branched-chain esters, 
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acetates, terpenoids, and phenethyl alcohol, while it had lower concentrations of straight-

chain ethyl esters, certain higher alcohols (1-propanol, isobutyl alcohol and isoamyl 

alcohols), -damascenone, ethyl vanillate, dimethyl sulfite, and methanethiol. 
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Figure 3.1 PLS-DA of wine made with different vineyard floor management by volatile 

compounds, (A) given as a two-dimensional representation of the score (t[1] and t[2]) on the first and 

second PLS components. The first PLS component R2X [1] and the second PLS component R2X [2] 

explained 45% and 22% of the variation of the X data, respectively. (B) PLS-DA weight plot of variables 

(volatile compounds) (w*c [1] and w*c [2]) on the first and second components. Each number in the atlas 

represented one volatile compound listed in Table 3.2.  $M1.DA1,2,3,4,5,6,7,8,and 9 represent 2008Tilled, 

2008Alternate, 2008Grass, 2009Tilled, 2009Alternate, 2009Grass, 2010 Tilled, 2010Alternate, and 

2010Grass, respectively. 
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Table 3.1 Composition of anthocyanins in Pinot Noir wine with different vineyard floor management from 2008 to 2010 (mg/L). 

 
2008  2009  2010 

Tilled Alternate Grass  Tilled Alternate Grass  Tilled Alternate Grass 

Dp 0.46±0.02c 0.95±0.00b 1.60±0.01a  0.83±0.01c 1.73±0.01b 3.12±0.01a  0.41±0.05b 0.59±0.21ab 0.77±0.05a 

Cy 0.23±0.01c 0.26±0.00b 0.34±0.00a  0.21±0.00c 0.34±0.01b 0.53±0.01a  0.32±0.08a 0.26±0.06a 0.38±0.03a 

Pt 2.00±0.04c 2.63±0.01b 3.17±0.01a  2.18±0.02c 3.85±0.00b 6.15±0.01a  1.29±0.03b 1.72±0.56ab 1.77±0.04a 

Pn 2.17±0.00c 2.50±0.02b 4.89±0.01a  2.72±0.02c 4.81±0.03b 7.62±0.05a  1.99±0.32b 2.48±0.45ab 2.84±0.43a 

Mv 15.6±0.2c 18.8±0.2b 39.2±0.0a  37.0±0.1c 48.8±0.0b 62.6±0.1a  23.9±0.0b 26.1±7.1ab 38.5±4.7a 

Total 20.5±0.2c 25.1±0.2b 49.2±0.0a  42.9±0.1c 59.5±0.1b 80±0a  28.0±0.4b 31.2±8.3ab 44.3±5.2a 

Mean±SD are presented (n=3).  

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

Dp: delphindin-3-monoglucoside.  

Cy: cyanidin-3-monoglucoside.  

Pt: petunidin-3-monoglucoside.  

Pn: peonidin-3-monoglucoside.  

Mv: malvidin-3-monoglucoside 
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Table 3.2 Composition of volatile compounds in Pinot Noir wine with vineyard floor management from 2008 to 2010 (g/L). 

No. Compound 
2008  2009  2010 

Tilled Alternate Grass  Tilled Alternate Grass  Tilled Alternate Grass 

 Higher alcohols            

 C6 alcohols            

1 1-hexanol 2007±56a 2143±48a 2171±44a  2337±61a 2134±34a 2271±50a  5617±617a 5396±114a 5443±56a 

2 trans-2-hexenol 21±2a 22±3a 19±3  22±0a 22±0a 23±2a  24±11a 18±6a 18±2a 

3 trans-3-hexenol 88±1a 73±4a 83±8  79±0c 75±0b 87 ±1a  91±12a 80±2a 81±2a 

4 cis-3-hexenol 49±1a 42±0b 31±2c  33±11a 33±7a 30±3a  53±11a 48±4a 30±3b 

 Other higher alcohols            

5 1-propanol * 14.1±0.4a 9.5±0.2b 8.1±0.7b  19.7±1.7a 11.3±0.1b 10.4±0.5b  52.7±2.7a 36.3±0.0b 22.3±0.8c 

6 1-heptanol 83±4a 81±2a 72±6a  78±11a 68±9a 72±4a  120±4a 115±3a 105±14a 

7 2-ethyl-1-hexanol 20±0c 23±0b 27±1a  9.6±0.5b 10.7±0.3b 15.2±0.0a  14±5b 23±2a 23±1a 

8 1-octanol 1316±85a 948±30b 872±52b  850±24a 893±55a 863±18a  642±18a 652±19a 619±37a 

9 1-nonanol 7.5±0.8a 6.2±0.6a 5.9±0.2a  7.9±0.6a 7.0±0.0ab 5.4±0.4b  8.0±0.5a 6.9±0.6a 6.4±0.2a 

10 1-decanol 0.44±0.0a 0.43±0.01a 0.41±0.01a  0.47±0.07a 0.44±0.0a 0.33±0.01a  0.58±0.06a 0.49±0.07a 0.42±0.02a 

11 isobutyl alcohol * 82±0a 66±2b 54±5b  79±7a 66±1b 60±3b  23±0a 23±1a 23±1a 

12 isoamyl alcohol * 197±5a 161±6b 155±13b  165±9a 162±1ab 148±12b  158±6a 150±4ab 130±8b 

13 benzyl alcohol 690±52a 681±65a 555±27a  783±90a 783±148a 446±88b  825±16a 787±45a 777±23a 

14 phenethyl alcohol 12338±165b 12465±395b 13403±57a  12384±202b 12606±129b 13927±243a  23703±2789b 26484±790b 28762±143a 

 Esters            

 Ethyl esters            

15 ethyl butanoate 304±6a 230±7b 230±1b  323±3a 262±3b 246±2c  230±6a 198±10b 161±6c 

16 ethyl hexanoate 658±17a 315±6b 290±23b  441±5a 388±7b 366±2c  486±18a 473±40a 471±23a 
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Table 3.2 Composition of volatile compounds in Pinot Noir wine with vineyard floor management from 2008 to 2010 (g/L) (continued). 

17 ethyl octanoate 517±21a 182±9b 138±6b  265±16a 262±18a 224±12b  376±38a 357±26a 355±37a 

18 ethyl decanoate 134±7a 104±1b 87±3c  181±8a 97±3b 82±7c  81±2a 74±5ab 60±11b 

19 ethyl isobutanoate 59±1c 69±3b 84±1a  62±6b 65±10b 83±4a  56±3b 61±3b 76±9a 

20 ethyl 2-methylbutanoate 15±2c 19±1b 24±2a  26±1b 25±4b 33±1a  16±1c 19±1b 26±2a 

21 ethyl 3-methylbutanoate 8.8±0.5b 9.5±0.1ab 10.6±0.2a  12.5±0.1b 12.5±0.3b 14.8±0.2a  8±2b 10±1b 13±1a 

 Acetates            

22 ethyl acetate * 34.5±0.2b 38.7±0.1a 40.2±0.7a  33.7±0.9a 31.5±0.4a 31.6±0.5a  27.9±1.1a 26.2±0.1a 27.8±0.8a 

23 isoamyl acetate  114±3b 128±1b 150±7a  105±14b 147±4a 168±3a  82±7b 95±9ab 113±15a 

24 hexyl acetate 2.4±0.3b 2.6±0.2b 4.3±0.9a  1.7±0.2b 1.8±0.1b 2.5±0.1a  2.8±0.1b 5.2±0.5a 6.5±0.7a 

25 ethyl phenylacetate 0.9±0.0b 1.0±0.0b 1.7±0.0a  0.7±0.4c 1.3±0.1b 1.9±0.4a  2.9±0.2c 3.9±0.1b 4.6±0.1a 

26 phenethyl acetate 7.8±0.3b 8.7±0.1ab 9.1±0.3a  8.5±0.1b 9.7±0.4ab 10.0±0.4a  10.9±0.7c 13.9±1.0b 19.1±0.9a 

 Other esters            

27 diethyl succinate 2819±70a 2218±23b 2087±36b  2704±18a 2296±68b 2111±45b  3728±391a 3568±144a 2583±157b 

28 ethyl cinnamate 0.38±0.03b 0.42±0.02ab 0.47±0.03a  0.44±0.10a 0.6±0.04a 0.49±0.12a  0.69±0.05a 0.70±0.1a 0.73±0.04a 

29 methyl anthranilate 0.61±0.01b 0.67±0.01b 0.79±0.7a  0.71±0.06a 0.64±0.01a 0.75±0.06a  1.14±0.14a 1.35±0.16a 1.34±0.21a 

30 methyl vanillate 21±2b 20±1b 31±3a  19±2a 19±0a 20±2a  48±2a 49±1a 49±3a 

31 ethyl vanillate 1565±146a 1314±11a 719±127b  1878±55a 1422±90b 1145±29c  2193±149a 1988±106a 1571±36b 

 Fatty acids            

32 hexanoic acid 1914±45a 1245±150b 1292±48b  1343±7a 1362±18a 1414±44a  1883±280a 1785±200a 1709±170a 
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Table 3.2 Composition of volatile compounds in Pinot Noir wine with vineyard floor management from 2008 to 2010 (g/L) (continued). 

33 octanoic acid 501±1a 500±60a 550±30a  847±10a 919±40a 912±44a  1399±126a 1417±132a 1252±119a 

34 decanoic acid 20±4a 19±8a 25±14a  82±8a 92±5a 82±7a  221±17a 226±21a 184±10a 

 Terpenoids            

35 linalool 3.4±0.3b 3.5±0.1b 3.9±0.1a  3.4±0.4b 3.7±0.2b 4.1±0.0a  5.4±0.2b 5.9±0.4b 6.5±0.2a 

36 -citronellol 2.2±0.3b 3.3±0.2a 3.4±0.5a  2.6±0.2b 3.4±0.4b 4.4±0.3a  5.0±0.3b 5.9±0.3a 5.8±0.2a 

37 nerol 10.3±0.1a 10.4±0.3a 9.7 ±1.6a  8.6±0.2a 7.1±0.3a 7.9±0.2a  9.4±1.9a 10.3±2.9a 11±1a 

38 geraniol 9.9±0.2b 10.7±0.1a 10.8±0.7a  10.9±0.5b 13.3 ±1.0a 12.7±0.2a  6.5±0.6b 7.9±0.5a 8.4±0.3a 

 C13-Norisoprenoids           

39 -damascenone 2.9±0.2a 1.5±0.1b 1.5±0.1b  2.1±0.1a 1.8±0.0b 1.5±0.0c  2.4±0.2a 1.9±0.1b 1.9±0.1b 

40 -ionone 0.06±0.01a 0.07±0.01a 0.07±0.1a  0.09±0.01a 0.08±0.01a 0.07±0.0a  0.02±0.002a 0.03±0.003a 0.02±0.001a 

 Volatile sulfurs            

41 hydrogen sulfide 4.29±0.96a 3.64±0.20a 4.08±1.40a  5.6±0.68ab 6.28±0.04a 3.38±0.71b  2.96±0.61a 3.51±0.33a 3.25±0.44a 

42 methanethiol 2.00±0.11a 1.63±0.23ab 1.43±0.02b  2.16±0.29a 1.83±0.04ab 1.26±0.03b  2.12±0.26a 1.79±0.20ab 1.48±0.12b 

43 carbon disulfide 7.45±2.03a 5.97±1.95a 9.88±0.95a  7.17±0.22a 9.35±2.29a 7.67±2.93a  7.15±1.35a 7.54±2.36a 8.92±2.17a 

44 dimethyl sulfide 75±7a 60±4ab 53±0b  78±5a 71±7a 52±2b  55±3a 48±2b 40±3c 

45 methyl thioacetate 1.85±0.34a 0.91±0.48a 0.83±0.03a  1.97±0.51 1.16±0.09 n.d.  2.1±0.4a 1.1±0.3b 0.70.4b 

46 methionol 158±1b 199±17ab 234±49a  178±26a 232±26a 238±38a  151±17b 198±36ab 206±17a 

 Lactones          

47 -nonalactone 2.0±0.1b 3.1±0.1a 1.5±0.5b  1.4±0.2b 1.9±0.2b 3.1±0.1a  7±2a 6±1a 7±0a 

48 -decalactone 1.37±0.02 1.62±0.04 1.29  1.28 1.24±0.05 1.66±0.16  4.61±0.25a 4.34±0.10a 3.85±0.45a 
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Table 3.2 Composition of volatile compounds in Pinot Noir wine with vineyard floor management from 2008 to 2010 (g/L) (continued). 

 Volatile phenolics            

49 guaiacol 24±0a 22±1b 22±0b  18±1a 19±1a 15±2a  24±6a 24±3a 22±2a 

50 eugenol 1.14±0.0b 1.13±0.03b 1.47±0.01a  1.43±0.13a 1.32±0.04a 1.23±0.07a  2.29±0.12 a 2.24±0.11a 2.23±0.02a 

51 4-ethyl phenol 0.32±0.0a 0.32±0.03a 0.49±0.16a  0.34±0.05a 0.30±0.04a 0.28±0.02a  0.51±0.12b 0.61±0.09b  0.79±0.03a 

52 4-vinyl-guaiacol 21±5b 21±2b 31±2a  11±2a 12±0a 11±0a  21±1a 26±4a 26±2a 

53 4-vinyl phenol 569±34a 503±31a 522±25a  305±35a 286±15a 298±18a  410±53a 406±41a 289±15b 

54 vanillin 47±1b 47±1b 56±2a  40±7a 39±1a 32±11a  13±3a 13±2a 13±2a 

Mean±SD are presented (n=3).  

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

Asterisk (*) expressed as mg/L.   

n.d.: not detected. 
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Table 3.3 Odor activity value (OAV) a for volatile compounds in Pinot Noir wine with vineyard floor management from 2008 to 2010. 

Compound 

Sensory 

threshold
b
 

(g/L) 

 2008  2009  2010 

 Tilled Alternate Grass  Tilled Alternate Grass  Tilled Alternate Grass 

Higher alcohols              

1-hexanol 8000[1]  0.25 0.27 0.27  0.29 0.27 0.28  0.70 0.67 0.68 

trans-2-hexenol 400[1]  0.05 0.06 0.05  0.06 0.06 0.06  0.06 0.05 0.05 

trans-3-hexenol 400[1]  0.22 0.18 0.21  0.20 0.19 0.22  0.23 0.20 0.20 

cis-3-hexenol 400[1]  0.12 0.11 0.08  0.08 0.08 0.08  0.13 0.12 0.08 

1-propanol 50000[2]  0.28 0.19 0.16  0.39 0.23 0.21  1.05 0.73 0.45 

isobutyl alcohol * 40000[3]  2.05 1.65 1.35  1.98 1.65 1.50  0.58 0.58 0.58 

isoamyl alcohol * 30000[3]  6.57 5.37 5.17  5.50 5.40 4.93  5.27 5.00 4.33 

benzyl alcohol 200000[4]  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 

phenethyl alcohol 14000[1]  0.88 0.89 0.96  0.88 0.90 0.99  1.69 1.89 2.05 

Esters              

ethyl butanoate 20[1]  15.2 11.5 11.5  16.15 13.1 12.3  11.5 9.9 8.05 

ethyl hexanoate 14[1]  47.00 22.50 20.71  31.50 27.71 26.14  34.71 33.79 33.64 

ethyl octanoate 5[1]  103.4 36.4 27.6  53 52.4 44.8  75.2 71.4 71 

ethyl decanoate 200[1]  0.67 0.52 0.44  0.91 0.49 0.41  0.41 0.37 0.30 

ethyl isobutanoate 15[1]  3.93 4.60 5.60  4.13 4.33 5.53  3.73 4.07 5.07 

ethyl 2-methylbutanoate 18[1]  0.83 1.06 1.33  1.44 1.39 1.83  0.89 1.06 1.44 

ethyl 3-methylbutanoate 3[1]  2.93 3.17 3.53  4.17 4.17 4.93  2.67 3.33 4.33 

ethyl acetate * 12264[3]  2.81 3.16 3.28  2.75 2.57 2.58  2.27 2.14 2.27 

isoamyl acetate * 30[3]  3.80 4.27 5.00  3.50 4.90 5.60  2.73 3.17 3.77 
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Table 3.3 Odor activity value (OAV) a for volatile compounds in Pinot Noir wine with vineyard floor management from 2008 to 2010 (continued). 

hexyl acetate 1500[5]  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 

ethyl phenylacetate 73[6]  0.01 0.01 0.02  0.01 0.02 0.03  0.04 0.05 0.06 

phenethyl acetate 250[3]  0.03 0.03 0.04  0.03 0.04 0.04  0.04 0.06 0.08 

ethyl cinnamate 1.1[1]  0.35 0.38 0.43  0.40 0.55 0.45  0.63 0.64 0.66 

methyl anthranilate 3[7]  0.20 0.22 0.26  0.24 0.21 0.25  0.38 0.45 0.45 

Fatty acids              

hexanoic acid 420[1]  4.56 2.96 3.08  3.20 3.24 3.37  4.48 4.25 4.07 

octanoic acid 500[1]  1.00 1.00 1.10  1.69 1.84 1.82  2.80 2.83 2.50 

decanoic acid 1000[1]  0.02 0.02 0.03  0.08 0.09 0.08  0.22 0.23 0.18 

Terpenoids              

linalool 25[1]  0.14 0.14 0.16  0.14 0.15 0.16  0.22 0.24 0.26 

-citronellol 100[5]  0.02 0.03 0.03  0.03 0.03 0.04  0.05 0.06 0.06 

geraniol 30[3]  0.33 0.36 0.36  0.36 0.44 0.42  0.22 0.26 0.28 

C13-Norisoprenoids              

-damascenone 0.05[3]  58 30 30  42 36 30  48 38 38 

-ionone 0.09[1]  0.67 0.78 0.78  1.00 0.89 0.78  0.22 0.33 0.22 

Volatile sulfurs              

hydrogen sulfide 0.8[11]  5.36 4.55 5.10  7.00 7.85 4.23  3.70 4.39 4.06 

methanethiol 0.3[11]  20 16.3 14.3  21.6 28.3 12.6  21.2 17.9 14.8 

carbon disulfide 30[11]  0.25 0.20 0.33  0.24 0.31 0.26  0.24 0.25 0.30 

dimethyl sulfide 10[10]  7.5 6.0 5.3  7.8 7.1 5.2  5.5 4.8 4.0 

methionol 1000[1]  0.16 0.20 0.23  0.18 0.23 0.24  0.15 0.20 0.21 

Lactones              
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Table 3.3 Odor activity value (OAV) a for volatile compounds in Pinot Noir wine with vineyard floor management from 2008 to 2010 (continued). 

-nonalactone 30[1]  0.07 0.10 0.05  0.05 0.06 0.10  0.23 0.20 0.23 

-decalactone 386[1]  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 

Volatile phenolics              

guaiacol 9.5[8]  2.53 2.32 2.32  1.89 2.00 1.58  2.53 2.53 2.32 

eugenol 6[8]  0.19 0.19 0.25  0.24 0.22 0.21  0.38 0.37 0.37 

4-ethyl phenol 440[8]  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 

4-vinyl-guaiacol 1100[8]  0.02 0.02 0.03  0.01 0.01 0.01  0.02 0.03 0.03 

4-vinyl phenol 180[8]  3.16 2.79 2.90  1.69 1.59 1.66  2.28 2.26 1.61 

vanillin 60[4]  0.78 0.78 0.93  0.67 0.65 0.53  0.22 0.22 0.22 

methyl vanillate 3000[9]  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 

ethyl vanillate 990[9]  1.58 1.33 0.73  1.90 1.44 1.16  2.22 2.01 1.59 

 [1] Ferreira et al. (2000), the matrix was a 11% water/ethanol solution containing 7 g/L glycerol and 5 g/L tartaric acid, with the pH adjusted to 3.4 with 1 M 

NaOH; [2] Li et al. (2008) and [5] Etievant (1991), the matrix was a 12% ethanol/water solution; [3] Guth (1997), the matrix was a 10% water/ethanol solution; 

[4] Gómez-Míguez et al. (2007), the matrix was a 10% water/ethanol solution containing 5 g/L of tartaric acid at pH 3.2; [6] Tat et al. (2007), the matrix was a 

red wine; [7] Aubry et al. (1997) and [11] Tsai (2006), the matrix was a white wine; [8] Boidron et al. (1988), the matrix was a synthetic wine containing 12% 

ethanol, 8 g/L glycerol, and different salts; [9] Lopez et al. (2002), the matrix was a 10% water/ethanol solution at pH 3.2; [10] Cliff et al. (2011), the matrix was 

a 11% water/ethanol solution containing 5 g/L tartaric acid, with the pH adjusted to 3.2 with 2 M NaOH. 

a: Odor activity value calculated by dividing concentration by odor threshold value of the compound.   

b: Reference from which the value has been taken is given in parentheses. 
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4.1. Abstract 

Cluster zone leaf removal practice has been reported to effectively improve canopy 

microclimate and enhance grape quality in cool-climate viticulture regions. However, few 

studies have conducted to elucidate the influence of leaf removal practices on overall 

volatile composition specific to Pinot Noir grapes. In the current study, we investigated 

the effects of cluster-zone leaf removal on Pinot Noir vine growth and fruit chemical and 

volatile compositions by using HPLC and SBSE-GC-MS over three growing seasons 

(2010, 2011, and 2012). Grapevines were managed to have four different leaf removal 

treatments, including removing 0% (None), 50% and 100% of leaves from the cluster 

zone, and a local industry standard treatment (IS) (exposing clusters on the east side of 

the canopy at the pea-size stage). Results revealed that cluster-zone leaf removal had little 

impact on vine growth or grape maturity in terms of total soluble solids (TSS), pH, or 

titratable acidity (TA) at harvest. However, compared to control (None), 100% leaf 

removal increased quercetin glycoside concentrations in all three years, and increased the 

concentrations of petunidin- and malvidin-3-monoglucoside anthocyanins in two out of 

three years (2010 and 2012) by an average of 62 and 53%, respectively. The 100% leaf 

removal significantly increased levels of bound-form -damascenone in all three years 

and increased free-form -damascenone and several bound-form terpenoids in two out of 

three years. The increases in free- and bound-forms of -damascenone were positively 

correlated to the increased sunlight exposure. Results suggest that the use of 100% leaf 

removal in this region effectively improved Pinot Noir grape quality.   

 

 

 

Keywords:  Pinot Noir grape, cluster-zone leaf removal, sunlight exposure, chemical 

composition, free- and bound-form volatile compounds, SBSE-GC-MS. HPLC 
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4.2. Introduction 

        Cluster zone leaf removal refers to the viticultural practice of deliberate removal of 

selected leaves around the fruit. It has been widely used in vineyards of cool-climate 

viticultural regions to improve air circulation, sunlight exposure, and decrease disease 

pressure (Duncan et al., 1995; Reynolds et al., 1996; Tardaguila et al., 2008). Canopy 

microclimate is important in determining fruit and wine quality (Jackson and Lombard, 

1993). A dense canopy with inadequate sunlight exposure can delay fruit ripening and 

result in poor quality grapes (Morrison and Noble, 1990). Sunlight-exposed fruit is 

generally higher in total soluble solids, anthocyanins, and phenolics and lower in 

titratable acidity and malate compared to shaded fruits, although climate conditions may 

have an important impact (Diago et al., 2012; King et al., 2012; Kotseridis et al., 2012). 

However, too much sunlight exposure also leads to supraoptimal berry temperature, 

potentially resulting in fruit sunburn and can inhibit color development (Spayd et al., 

2002). Therefore, an optimal sunlight exposure of grapevine canopies is very important to 

achieve high quality grapes. 

        As a group of secondary metabolites of grapevine, volatile compounds derived from 

grapes play very important roles in grape and wine aroma quality since they reflect the 

particular grape variety, vineyard regional climate, and soil type (Rapp and Mandery, 

1986). In grapes, only a small portion of volatile compounds are present in their free 

forms, whereas the majority exists in non-volatile, glycosidically-bound forms or other 

precursor forms (Günata et al., 1985; Winterhalter et al., 1990). However, these non-

volatile precursors can be converted to the volatile form through enzymatic or chemical 

hydrolysis during vinification and aging, contributing to wine aroma (Ricardo López et 

al., 2004; Loscos et al., 2009). 

        Considerable studies have investigated the influence of leaf removal on grape-

derived terpenoids; however, results are still inconclusive. For example, in the research 

conducted in British Columbia, Canada (Reynolds et al., 1996a), basal leaf removal 

increased both free- and bound-form terpenoids in Gewürztraminer grapes. However, in a 
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study reported by the same author, only bound-form terpenoids were increased in 

Riesling grapes by leaf removal (Reynolds et al., 1996b). Similarly, Zoecklein et al., 

(1998) showed that in northern Virginia, leaf removal increased bound-from terpenoids in 

Riesling grapes. However, in central Europe, wine made from Riesling grapes grown 

with leaf removal showed no significant differences in free- and bound-form of 

terpenoids compared to those with no leaves removed, while significant increases in free- 

and bound-form terpenoids were observed in Sauvignon Blanc wine by leaf removal 

(Kozina et al., 2008). These disagreements may due to different vineyard characteristics, 

seasonal climate, cultivar, rootstock, and timing and severity of leaf removal practice. 

        Effects of leaf removal on grape-derived C13-norisoprenoid levels have not been 

well studied. C13-norisoprenoids constitute an important part of the volatile compounds of 

“neutral” type of grapes, such as Cabernet Sauvignon (Bindon et al., 2007), Syrah 

(Pineau et al., 2007), Sauvignon Blanc (Marais, 1994), and Pinot Noir (Fang and Qian, 

2006). The C13-norisoprenoids can be formed by direct degradation of carotenoids, or 

they can be stored as glycoconjugates and release their volatile aglycone during 

fermentation via processes of enzyme or acid hydrolysis (Baumes et al., 2002; 

Skouroumounis and Sefton, 2000; Winterhalter and Rouseff, 2002). Sunlight exposure 

has been speculated to influence levels of C13-norisoprenoid in grapes. Ristic et al., (2007) 

reported that after acid hydrolysis, Shiraz wine made from shaded fruit had decreased 

levels of -damascenone and 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) compared to 

those from sunlight-exposed fruit. While, others have reported either an increase or no 

change of -damascenone in shaded grapes (Kwasniewski et al., 2010;  Lee et al., 2007). 

        High vegetative growth is common in Willamette Valley of Oregon as a result of 

high winter and spring rainfall, rich soil, and cool climate.  Excessive vine growth can 

result in fruit zone shading and negatively affect the wine quality. Therefore, leaf 

removal is commonly applied in high vigor vineyards in this region. However, the 

relationship between leaf removal and grape secondary metabolites, especially volatile 

composition are not well understood. The aim of current study was to investigate the 
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influence of selected leaf removal practices on Pinot Noir grape quality with focus on 

volatile compounds and their precursors in fruit from western Oregon. 

4.3. Materials and Methods 

4.3.1. Chemicals  

        Sources of volatile compound standards used in this study are listed in Appendix 

A. Standard of (-)-epicatechin, caffeic acid, and delphinidin 3-monoglucoside (HPLC 

grade) were purchased from Sigma-Aldrich (St. Louis, MO). For various reagents, GC 

grade was purchased, including methanol from EMD (Gibbstown, NJ) and 

dichloromethane from Burdick & Jackson (Muskegon, MI). Citric acid (>99.0%) was 

purchased from Lancaster (Ward Hill, MA), and 0.2 M citrate buffer solution (pH 3.2) 

was prepared fresh before usage. Tartaric acid (99%) was purchased from Mallinckrodt 

Inc. (Paris, KY). Malic acid (>99.0%) was purchased from Alfa Aesar (Ward Hill, MA). 

Formic acid (88%) was purchased from J.T.Baker (Center Valley, PA). Sodium chloride 

was obtained from Fisher & Scientific (Fair Lawn, NJ). Macer®8 FJ enzyme solution 

was purchased from Biocatalysts Limited Inc. (Wales, UK). C18 disposable extraction 

cartridges (500 mg, 6 mL) were obtained from J. T. Baker (Philipsburg, NJ).  

4.3.2. Vineyard experimental design 

        A leaf removal trial was conducted at two vineyards located within the Willamette 

Valley. In 2010, the trial was conducted at a commercial vineyard located in Dayton, OR. 

The vineyard was planted in 1995 to a vine density of 6563 vines/ha with Pinot Noir 

clone 115 grafted to 3309C rootstock. The grapevines were oriented north to south with 

row by vine spacing of 1 by 1.5 m. In 2011 and 2012, the study was conducted at Oregon 

State University’s Woodhall research vineyard in Alpine, OR, USA. This vineyard was 

planted in 2006 to a vine density of 3417 vines/ha with Pinot Noir clone Pommard 

grafted to 101-14 rootstock. The grapevines were oriented north to south with row by 

vine spacing of 1.4 by 2.1 m. Both vineyards were cane pruned to a bilateral Guyot 

system, and vertically shoot positioned. Standard vineyard management practices, 
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including pest and canopy management were performed during each growing season with 

the exception of leaf removal. 

        Leaf removal treatments included 0%, 50% and 100% leaf removal in the cluster 

zone (both sides), and an industry standard (IS) method of leaf removal. Leaf removal 

was imposed at the pea-sized stage on 6-vine plots in a randomized complete block 

design with five field replicates of each treatment. Treatments with 100% leaf removal 

had all leaves removed from the base of the shoot to the node just above the apical cluster. 

The 50% leaf removal had leaves removed from alternating nodes from the base of the 

shoot to the node just above the apical cluster, and the 0% (None) had no leaves removed 

in the cluster zone for the duration of the season. When the 100%, 50%, and IS 

treatments were applied, all lateral shoots in the cluster zone were removed. The IS 

treatment was added to this study in 2011 and 2012 to compare with what is conducted 

commercially in vineyards, and leaves were removed by manually exposing clusters on 

the morning-sun side of the canopy (east) at the pea-size stage.  

4.3.3. Weather data 

        Weather data were collected on site for each growing season. A CR10X weather 

station (Campbell Scientific, Logan, UT) located within vineyard 1 (Dayton, OR) was 

used in 2010, and an iMetos weather station (Pessl Instruments, Juli, Austria) positioned 

within vineyard 2 (Alpine, OR) was used in 2011 and 2012. Data for daily temperature 

were logged and used to calculate Growing Degree Days and the mean daily temperature. 

Growing Degree Day (GDD10) units were calculated using the daily mean of Tmax and 

Tmin with a minimum threshold of 10°C. Daily precipitation was also recorded for each 

growing season. 

4.3.4. Vine growth  

        Canopy size and density, cluster zone sunlight exposure, yield, and dormant pruning 

weight were measured annually. In 2010, the amount of leaves removed from the vine 

were determined by collecting all primary and lateral leaves removed per vine and 
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scanned on a leaf area meter (LI-3100, LI-COR Biosciences, Lincoln, NE, USA). Whole 

vine leaf area was quantified again at véraison to determine late season impacts of leaf 

removal using a non-destructive method as described by Schreiner et al., (2012). In 2011 

and 2012, to make leaf area quantification more efficient and descriptive with respect to 

the remaining leaf area on the vine, the amount of leaves removed and remaining on the 

vine were measured and percentage of leaf area removed was calculated when leaf 

removal treatment was initiated using the non-destructive method described above. 

Similarly, whole vine leaf area was quantified again at véraison using the non-destructive 

method.  

        Among three years, shoot length and shoots per vine were quantified on all vines 

and the average of shoot leaf area multiplied by average shoot count to determine whole 

vine leaf area. Light was quantified in the cluster zone shortly after véraison each year by 

using a LP-80 Ceptometer (LP-80, Decagon Devices, Pullman, WA). Total 

photosynthetically active radiation (PAR) was quantified at 10:00 AM, solar noon, and 

2:30 PM on the east and west exposure of the vine cluster zone. At harvest, whole vine 

yield was quantified on three randomly selected vines per plot. During the dormant 

period that followed each growing season, shoot pruning weight were removed and 

weighed. The pruning weight and yield data were used to calculate the Ravaz Index, a 

measure of vine balance (yield/vine divided by pruning weight/vine). 

4.3.5. Determination of grape chemical composition 

4.3.5.1. Analysis of grape maturity parameters at harvest  

        A seven-cluster sample was collected at harvest from each plot, transported to the 

lab and kept cool (6°C) until analysis. All collected clusters were measured for cluster 

size metrics (cluster weight, berry weight and berries per cluster). One hundred grams of 

berries were pressed to juice to measure total soluble solids (TSS) with a digital 

refractometer (Model 300042, Sper Scientific, Scottsdale, AZ, USA), pH with a digital 
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pH meter (Accumet AB 15, Fisher Scientific), and titratable acidity by titration with 0.1 

N NaOH to an end pH of 8.2 according to the procedure described by Zoecklein (1995). 

4.3.5.2. Analysis of grape phenolic compounds 

        Grape phenolics were extracted and analyzed following the procedures described by 

Mazza et al., (1999) with some modifications. Sixty grams of berries were blended with 

300 mL methanol/water/formic acid solution (60:37:3 v/v/v) using a blender (Osterizer, 

Sunbeam products, Inc., Boca Raton, FL, USA) at low speed for 15 s to crush the berries 

and maintain intact seeds. The mixture was shaken at 220 rpm for 2 hr and then filtered 

using VWR No. 413 filter paper. An aliquot (5 mL) of filtrates was evaporated to dryness 

in a rotary evaporator (Rotavapor R205, Buchi, Switzerland) under vacuum at 35C, and 

the residue was re-suspended in 1 mL of 3% formic acid/water solution (v/v). The 

solution was then transferred into a 1.5 mL micro-centrifuge tube and centrifuged at 

11,000 rpm for 5 min.  All procedures were conducted under dim light. 

        A 20 µL sample was injected into an HPLC system (Agilent model 1100, Agilent 

Technologies, Inc., Palo Alto, CA) consisting of a vacuum degasser, autosampler, 

quaternary pump, photo-diode array detector, and column heater controlled by 

Chemstation software for LC 3D (version A.10.02) (Agilent Technologies, Inc.). The 

separation was carried out on a Prodigy C18 column (100 Å, 5 µm, 250×4.6 mm, 

Phenomenex, Torrance, CA). The mobile phase consisted of two solvents: solvent A, 5% 

formic acid in milli-Q water; solvent B, methanol (HPLC grade), flow rate was 1 mL/min. 

The following gradient was employed, 0-34 min (3-36% B); 34-45 min (36% B); 45-55 

min (36-100% B); 55-60 min (100%-3% B); 60-70 min (3% B). Absorbance at 280 nm 

was used to measure the concentrations of hydroxycinnamic acid esters and flavan-3-ols, 

absorbance at 360 nm was used for the quantification of flavonols, and absorbance at 520 

nm for the quantification of anthocyanins. 

4.3.6. Analysis of grape volatile compounds 
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        Randomly selected berry samples (60 g) were frozen in liquid nitrogen and 

powdered using a blender (Sunbeam products, Inc., Boca Raton, FL).  Fifty grams of 

grape powder was mixed with 30 g of NaCl and 50 mL citrate buffer solution (0.2M, pH 

3.2). The mixture was kept under nitrogen in the dark for 24 hr at room temperature, and 

then centrifuged at 7000 rpm for 30 min (Sorvall RC-5C, Du Pont Company, Wilmington, 

DE). The supernatant was filtered twice, first through Whatman No. 1 and then VWR 

413 filter paper. Filtered juice was used for the analysis of both free- and bound-form 

volatile compounds. 

4.3.6.1. Free-form volatile compound analysis by PDMS-SBSE-GC-MS  

        A stir bar sorptive extraction-gas chromatography-mass spectrometry method 

(SBSE-GC-MS) was used to analyze the free-form volatile compounds in grape juice as 

described by Malowicki et al. (2008) with some modifications. Clear grape juice (20 mL) 

was added in a 20 mL vial, and mixed with 20 μL of internal standard solution (9.4 mg/L 

of 3-hexanone, 2.4 mg/L of 4-octanol, and 1.3 mg/L of naphthalene). A pre-cleaned 

polydimethylsiloxane (PDMS) coated stir bar (0.5 mm film thickness, 10 mm length, 

Gerstel Inc., Baltimore, MD) was placed into the vial and stirred at 1000 rpm for 3 hr at 

room temperature. After extraction, the stir bar was removed from the sample, rinsed 

with distilled water, dried with light-duty tissue wipers, and then transferred into a 

thermal desorption tube for GC-MS analysis. 

        Analysis of the extracted volatile compounds was carried out using an Agilent 6890 

gas chromatograph coupled with a 5973 mass selective detector (Agilent Techonologies, 

Inc., Wilmington, DE) and a Gerstel MPS-2 multipurpose TDU autosampler with a CIS-4 

cooling injection system (Gerstel Inc.). The analytes were thermally desorbed at the TDU 

in splitless mode, ramping from 25 to 250 °C at a rate of 100 °C/min, and held at the final 

temperature for 2 min. The CIS-4 was cooled to -80 C with liquid nitrogen during the 

sample injection, and then heated at 10 °C/s to 250 °C for 10 min. Solvent vent mode was 

used during the injection with a split vent flow of 50 mL/min. Separation was achieved 

using a HP-5ms capillary column (60 m × 0.32 mm i.d., 0.25 m film thickness, Agilent 
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Technologies, Inc.). The oven temperature was programmed at the successive 

temperature and time points:  40 °C for 2 min, ramped to 220 °C at a rate of 4 °C/min, 

increased to 250 °C at a rate of 8 °C/min, and held at the final temperature for 6 min. A 

constant helium flow of 2.5 mL/min was used.  A column splitter was used at the end of 

column, 1 mL/min column flow was introduced to the MS, and the other 1.5 mL/min was 

vented out. The MS transfer line and ion source temperature were 280 °C and 230 °C, 

respectively. The mass selective detector was used in full scan mode for acquiring data.  

Electron ionization mass spectrometric data from m/z 35 to 300 were collected, with an 

ionization voltage of 70 eV. System software control, data management, and analysis 

were performed through Enhanced ChemStation Software (Agilent Techonologies, Inc.). 

Identifications were made by comparing mass spectral data samples with the Wiley 275 L 

database and confirmed by authentic pure standards. Internal standard were used for 

quantification and all analyses were conducted in duplicate. 

4.3.6.2. Bound-form volatile compound analysis by SPE-SBSE-GC-MS 

        Bound-form volatile compounds in grape were isolated using the C18 solid phase 

extraction method (SPE) described by Williams et al. (1995) with modifications, then 

enzyme-acid hydrolysis was used to release free-form volatile compounds according to 

the method described by Du et al. (2010). Each 20 mL of grape juice was loaded onto a 

C18 disposable extraction cartridge (500 mg, J. T. Baker, Philipsburg, NJ) that had been 

pre-conditioned with 10 mL of methanol and 10 mL of milli-Q water. After sample 

loading, the cartridge was washed with 10 mL of milli-Q water to remove sugar and 

organic acids followed by 20 mL of dichloromethane to remove free volatile compounds. 

The bound-form volatiles were eluted from the cartridge with 6 mL of methanol and 

concentrated to dryness at 45 ºC under vacuum using a rotary evaporator. Twenty 

milliliters of citrate buffer solution (0.2M, pH 3.2) and 100 μL of Macer®8 FJ enzyme 

solution were added to the isolates. The mixtures were incubated at 45 ºC for 20 hours. 

The solution was cooled to room temperature, and the released volatiles were analyzed 

using PDMS-SBSE-GC-MS method described previously. All analyses were conducted 

in duplicate. 
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4.3.7. Statistical analyses 

        Statistical analyses of vine growth data were conducted using general linear models 

and mixed procedures of analysis of variance for parametric data and Kruskal-Wallis for 

non-parametric data as appropriate using SAS 9.3 statistical software (SAS Institute Inc., 

Cary, NC). Statistical analyses of grape chemical and volatile composition data were 

conducted using analysis of variance (ANOVA) to study the leaf-removal treatment 

impacts within each year using SPSS version 16.0 (SPSS, Chicago, IL). Statistical 

differences among treatment levels were identified using Tukey’s Honestly Significant 

Difference (HSD) mean separation at the p < 0.05 level. Linear regression analysis was 

used to determine relationships between sunlight exposure and the concentrations of fruit 

volatile compounds. 

4.4. Results and Discussion 

4.4.1. Weather and vine performance 

        Weather condition: Heat unit (GDD10), mean daily temperature, and precipitation 

were recorded for three consecutive growing seasons in the current study and showed 

varied patterns between vineyard sites and years (Table 4.1). Precipitation was highest at 

Dayton site, and at Alpine site 2011 had 1.4 fold higher of rainfall than 2012. Heat unit 

accumulation at Dayton site in 2010 averaged 79 GDD10 higher than that of Alpine site; 

and at Alpine site 2011 had 63 GDD10 less than 2012. In addition, mean daily 

temperature was averaged 1°C cooler in 2010 at Dayton site compared to the 2011 and 

2012 average for Alpine site. And in 2011, mean daily temperature was averaged 1 °C 

cooler than 2012. Consistent with the different weather conditions, vine phenological 

development exhibited temporal variation between vineyard sites and years. The number 

of days between budbreak and harvest was 14 days longer in 2010 at Dayton site than 

2011 and 2012 average at Alpine site. At Alpine site, warmer temperature and less 

precipitation led to the advanced fruit ripening and early harvest in 2012 (~25 °Brix, 

October 9th) compared to 2011 (~20 °Brix, October 17th) (Table 4.1&4.3). It is worth 
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noting that with the leaf removal management and the weather conditions for all three 

years, no fruit experienced sun burn.  

        Vine growth: Leaf removal resulted in differences in total amount of leaf area 

removed from the vines during each year of the trial. In 2010, the 100% leaf removal had 

641 cm
2
 more leaf area per vine removed than the 50% leaf removal (p=0.0181), and this 

equated to a total of 7 more leaves removed per vine. More leaf area was removed in 100% 

than the 50% and IS treatments in 2011 (p<0.0001) and 2012 (p=0.0004). The 100% leaf 

removal removed 25% to 27% of leaves in 2011 and 2012, respectively. The 50% and IS 

treatments had the similar amount of leaves removed (15% to 16%) each year even 

though the method by which they were removed differed: the 50% treatment had leaves 

removed on a per shoot basis while IS had leaves removed based on a visual basis to 

expose the eastern side of the cluster zone as is done by commercial growers. Despite the 

differences in leaf area removed from the vines at treatment application, vine leaf area 

did not differ by véraison when compared across treatments in any year (Table 4.2) 

indicating sufficient leaf area remained for proper vine development and fruit ripening. 

No significant differences were found in the number of shoots and clusters per vine, yield, 

or cluster weight by the leaf removal treatments within each year (Table 4.2). This is to 

be expected that vines were managed to typical commercial standards with standardized 

bud numbers, shoot density and cluster thinning for each vineyard block used. 

        Cluster-zone sunlight exposure: To determine sunlight exposure of clusters, the 

percent of ambient photosynthetically active radiation (PAR) was measured in the cluster 

zone. Results showed that leaf removal substantially altered the percent of ambient PAR 

in the cluster zone at 10:00 AM (2010 and 2011) and 2:30 PM (all three years), but had 

no effect at solar noon. The percent of PAR was highest in vines with 100% leaf removal 

(p<0.0001), while the vines with 50% and IS leaf removal had similar levels of PAR 

(Figure 4.1). The lack of significant differences among treatments in the incident light 

measured at solar noon is due to the canopy’s vertical shoot positioning and row 

orientation. 
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4.4.2. Grape chemical composition  

    Fruit maturity parameters: When comparing fruit maturity parameters at harvest 

within each year, leaf removal did not have significant impacts on TSS or TA in all three 

years but decreased pH in one (2010) out of three years (Table 4.3). We observed that 

leaf removal treatment had no impact on the amount of vine leaf area at véraison, and the 

lack of difference at maturity indicated adequate leaf area remained for fruit ripening 

(Table 4.2). There are mixed reports in the literature regarding to the effect of leaf 

removal on basic berry maturity (TSS, TA, and pH). Our findings are in agreement with 

recent studies in cool climate regions (King et al., 2012; Lee and Skinkis, 2013). 

However, others have found that leaf removal affected berry soluble solids, pH and TA 

(Kozina et al., 2008). These discrepancies could be related to differences in climate or 

severity of leaf removal.  

    Grape phenolic composition: Phenolic compounds, especially anthocyanins, 

flavonols, and flavan-3-ol play a major role in red wine quality. Anthocyanins are 

responsible for the color of red wine. Results showed Pinot Noir grape has only five 

anthocyanin glycosides: delphindin-3-monoglucoside (Dp), cyanidin-3-monoglucoside 

(Cy), petunidin-3-monoglucoside (Pt), peonidin-3-monoglucoside (Pn) and malvidin-3-

monoglucoside (Mv). Among them, Mv are the most abundant anthocyanins found in 

Pinot Noir grapes, which was in agreement with previous reports (Lee & Skinkis, 2013; 

Mazza et al., 1999). There was a noteworthy vineyard location effect on the accumulation 

of anthocyanins in Pinot Noir grapes, samples from Dayton site (older vine, high vine 

vigor, Pinot Noir clone 115 grafted to 3309C rootstock) were lower in all five individual 

anthocyanins compared to Alpine site (younger vine, low vine vigor, Pinot Noir clone 

Pommard grafted to 101-14 rootstock) (Table 4.4). Cortell et al., (2007a) reported that 

high vigor Pinot Noir vine had lower levels of anthocyanins than low vigor vine. When 

compared the treatment effect within each year, 100% leaf removal significantly 

increased levels of Pt and Mv in two out of three years (2010 and 2012) by an average of 

62 and 53%, respectively (p<0.05) (Table 4.4). It has been suggested that the 

improvement of vine microclimate such as sunlight exposure and temperature by leaf 
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removal treatment could lead to the increases of these compounds (Chorti et al., 2010). 

However, the lack of significant increase in any anthocyanin by leaf removal in 2011 

may be related to the cooler weather and lower fruit maturity at harvest in that year 

(Table 4.3). 

    Flavonols, such as quercetin glycosides are act as UV protectants due to their ability 

to absorb ultraviolet radiation. They have a sensory impact described as velvety 

astringent and contribute to the typical astringency and bitterness associated with red 

wine (Hufnagel and Hofmann, 2008). Quercetin glycosides have also been associated 

with anthocyanin polymerization in wine and enhance wine color stability and quality 

(Price et al., 1995). In the current study, leaf removal affected the levels of quercetin 

glycosides in all three years (Table 4.4). Leaf removal at 100% level significantly 

increased the accumulations of quercetin glycosides in berries relative to control (None) 

in all three years (p<0.05). In addition, berries from vines with leaf removal at the IS 

level had a similar concentration of quercetin glycosides as at 50% level in both year 

(Table 4.4). The increase in quercetin glycosides observed in this study corresponds with 

increased PAR in the cluster zone and supports the results from others (Price et al., 1995; 

Sternad Lemut et al., 2013).  

        Flavanols (flavan-3-ols) include catechin and epicatechin are colorless but 

contribute to wine bitterness and astringency. There was no difference observed for 

catechin and epicatechin concentrations among leaf removal treatments (Table 4.4). Our 

finding that leaf removal did not affect the levels of grape skin flavan-3-ol monomers are 

in agreement with the results of other studies with Pinot Noir (Sternad Lemut et al., 2013), 

Syrah (Downey et al., 2004) and Cabernet Sauvignon grapes (Fujita et al., 2007).   

4.4.3. Grape Volatile and Their Precursors 

        C6 compounds: The C6 compounds are the main contributors of herbaceous and 

green aromas in grape and wine, imparting a negative effect on the final wine quality. 

They are the most abundant volatile compounds quantified in this study. All C6 alcohols, 

namely 1-hexanol, trans-2-hexenol, trans-3-hexenol, and cis-3-hexenol, were present in 
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both free- and bound-form. The C6 aldehydes, hexanal and trans-2-hexenal, were found 

to exist in the free-form only (Table 4.5). Basal leaf removal treatments had no 

significant effect on levels of C6 compounds (free- and bound-form) in Pinot Noir grapes 

over three years (Table 4.5). The effect of leaf removal treatment on these compounds has 

not been extensively researched, and to our knowledge, this is the first time that the 

absence of any significant effect of basal leaf removal practices on C6 compounds has 

been reported. However, it has been demonstrated that the levels of C6 compound in 

grapes decreased with increasing fruit maturity by other vineyard practices (Song et al., 

2012; Mendez-Costabel et al., 2014). In this sense, our results are consistent with the 

notion that the accumulation of C6 compounds is related to grape maturity. 

        Terpenoids: Terpenoids, particularly linalool and geraniol, have been reported as 

important contributors to Pinot Noir wine aroma (Fang and Qian, 2005a). As a neutral-

type variety, Pinot Noir grape only contain trace amount of free-form terpenoids, and the 

majority of terpenoids exist in the glycosidic-bound form. However, bound-form 

terpenoids can release their aglycones by acidic or enzymatic hydrolysis during wine-

making.  

    In 2010 at Dayton site, compared to control, 100% leaf removal significantly 

increased free-form linalool and geraniol by 13 and 10%, respectively (p<0.05), and 

significantly increased all bound-form terpenoids by 58-105% (p<0.05) (Table 4.6), with 

a significant positive correlation between levels of total bound-form terpenoids and 

incident sunlight in the cluster zone (r
2
=0.7178, p<0.0001, data not shown). Light 

exposure can increase the synthesis of terpenoids in grapes, especially bound-form 

terpenoids, while free-form terpenoids tend to be less responsive to sunlight exposure 

(Reynolds et al., 1996b; Skinkis et al., 2010). Given the increased incident light exposure 

by leaf removal in this study (Figure 4.1), it can be hypothesized that light mediated the 

accumulation of bound-form terpenoids in 2010 in the different leaf removal treatments. 

In 2011 at Alpine site, 100% leaf removal only significantly increased the concentration 

of trans-linalool oxide and linalool by 48% and 33%, respectively (p<0.05) (Table 4.6). 

The less pronounced impact of leaf removal on terpenoids in 2011 compared to 2010 may 
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be attributed to the differences in vine vigor and canopy density. Vineyard at Dayton site 

used in 2010 had higher vine vigor and canopy density, as indicated by higher leaf area 

index (LAI) relative to vineyard at Alpine site used in 2011 (Table 4.2). With leaf 

removal, there was a greater increase in percent ambient PAR in 2010 (p<0.05). With a 

less dense canopy at Alpine site (2011), leaf removal had less of an impact in exposing 

clusters, resulting in a smaller percent of ambient PAR as the clusters were already better 

exposed. Surprisingly, in 2012 none of the bound-form terpenoid level was significantly 

affected by leaf removal treatment. The lack of differences in bound-form terpenoids 

among treatments in 2012 indicated that the sunlight exposure is not the sole factor 

determining differences in terpenoids profiles in grapes at harvest. Increases in berry 

temperature associated with sunlight exposure have been shown to have significant 

influence on the accumulation of terpenoids (Skinkis et al., 2010). Although we did not 

measure berry temperature, in 2012 the higher mean daily temperature during berry 

ripening, and the warmer weather resulted more mature fruit may possibly contribute to 

fewer differences despite cluster exposure differences. Therefore, in current studies, 

temperature effects cannot be completely excluded when considering the effects of leaf 

removal on grape terpenoids composition. 

    C13-norisoprenoids: The C13-norisoprenoids such as -damascenone, vitispirane, 

and TND contribute to complex aroma such as floral, rosy, kerosene in different wines. 

Among these compounds, β-damascenone with a complex smell of flowers, tropical fruit 

and stewed apple, has a very low olfactory perception threshold of 0.05 ng/L in wine 

(Guth, 1997), which makes it very important contributor to red wine aroma. In this study, 

-damascenone was found to exist in both free- and bound-form, and the level of bound-

form -damascenone was ~10 times higher than free form (Figure 4.2). Previous studies 

proposed that -damascenone in grapes were formed from carotenoids degradation, and 

instead of forming free-form -damascenone, most of the degradation products were 

transformed to β-damascenone glycoside conjugates which would be released chemically 

or enzymatically during vinification and wine aging (Schneider et al., 2001; Winterhalter 

et al., 1990). 
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        Our results showed grapes from Dayton site had higher level of -damascenone 

compared to that of Alpine site (Figure 4.2). This may be due to differences in Pinot Noir 

clone, vine age and vine growth, as a result of vineyard environment (elevation, slope, 

soils, etc). At Alpine site, higher concentrations of β-damascenone were observed in 2012 

compared to 2011. This difference may come from a direct effect of rainfall availability 

on volatiles that lower rainfall detected in 2012 may have favored higher β-damascenone 

accumulation, as observed by Song et al., (2012). Compared to control (None), leaf 

removal at 100% significantly increased bound-form -damascenone in all three years 

and free-form -damascenone in two out of three years (p<0.05) (Figure 4.2). None of 

the other leaf removal levels had a consistent influence on free- and bound-form -

damascenone. When comparing incident light and fruit composition data each year, a 

positive correlation was found between levels of free- and bound-form -damascenone 

and incident PAR in cluster zone (Figure 4.3), indicated that the increased sunlight 

exposure as a result of leaf removal was related to an increase of β-damascenone. 

Although other researchers have reported no change or a decrease of -damascenone 

level in highly sun-exposed grapes (Lee et al., 2007; Marais et al., 1992), and these 

studies were conducted with only one year data with different grape genotype or were 

conducted in warmer climate regions. 

        Yuan and Qian (2013) studied the carotenoids composition and the evolution of -

damascenone in Pinot Noir grapes during berry development and found that the level of 

-damascenone increased from the early stage of berry development until after véraison. 

Results of this current study suggest that Pinot Noir grapes can benefit from basal leaf 

removal, possibly through altering the primary metabolites accumulation that affect 

metabolite biosynthesis later in the ripening process. It is generally accepted that the 

synthesis of carotenoids starts from the first stage of berry development until véraison, 

and then degrades after véraison to C13-norisoprenoids (Baumes et al., 2002). As a group 

of photosynthetic pigments, carotenoids are affected by environmental factors such as 

sunlight. It has been reported that sunlight exposure increases the levels of carotenoids in 

unripe grapes compared to shaded grapes, but during the ripening process, grapes 
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exposed to sunlight show a significant decrease in carotenoids compared to grapes under 

shade conditions (Bureau et al., 2000; Marais et al., 1991; Razungles et al., 1996). The 

increase of -damascenone with leaf removal may be related to either increased 

carotenoids availability resulting from more active photosynthesis in pre-véraison berries 

or due to post-véraison cluster sunlight exposure that accelerates carotenoid degradation 

(Razungles et al., 1998). This area of study needs further research to better understand the 

biosynthetic pathways that can be manipulated through vineyard management practices. 

4.5. Summary 

        In conclusion, our research showed that leaf removal conducted in the cluster zone 

at berry pea-size stage using different intensities effectively modified canopy 

microclimate (sunlight) in cool-climate Pinot Noir production region of Oregon. This 

research was conducted with leaf removal practices that can be easily implemented in 

commercial vineyards without influencing vine productivity (canopy growth or yield) or 

altering canopy: yield ratios, both of which can directly affect berry ripening. In addition, 

100% leaf removal effectively improved Pinot Noir grape quality through the increase of 

anthocyanins and quercetin glycosides, as well as grape-derived volatile compounds and 

their precursors (e.g., terpenoids and C13-norisoprenoids) without causing fruit sunburnt. 

Results of this work will help grape growers to make more informed decisions in 

managing their vine canopies for optimized Pinot Noir fruit and wine quality in cool and 

wet climate viticultural regions. 
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Figure 4.1 Percent of ambient photosynthetically active radiation (PAR) received in the cluster 

zone at 10:00 AM, solar noon, and 2:30 PM during 2010, 2011, and 2012. Treatments include all 

cluster zone leaves removed (100%), half of all cluster zone leaves removed (50%), industry 

standard with east-side only leaves removed (IS), and no leaves removed from the cluster zone 

(None). Different letters above error bars indicates a difference in means between treatments 

using Tukey HSD mean separation at p<0.05. 
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Figure 4.2 Concentrations of -damascenone (B) in Pinot Noir grape with different vineyard leaf 

removal treatments from 2010 to 2012. (A) free-form and (B) bound-form. Mean±SD are 

presented (n=5). Different lowercase letters indicates a statistical difference in means between 

treatments using Tukey HSD mean separation at p<0.05. Leaf removal treatments include the 

following:  None (no leaf removal), 100% (all leaves in the cluster zone removed), 50% (half of 

the leaves in the cluster zone removed) and IS (industry standard where leaves are only removed 

in the cluster zone on the east side of the canopy). 
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Figure 4.3 Concentration of -damascenone in Pinot Noir grapes as a function of %ambient PAR 

of cluster zone from 2010 to 2012. (A) free-form and (B) bound-form. In (A), regression analysis 

indicated linear relationships demonstrated by the equations as following, in 2010 

y=0.0093x+0.4339 (r2=0.6384, p<0.0001), in 2011 y=0.0014x+0.0816 (r2=0.6712, p<0.0001), 

and in 2012 y=0.007x+0.0377 (r2=0.647, p<0.0001).  In (B), regression analysis indicated linear 

relationships demonstrated by the equations as following, in 2010 y=0.1036x+3.4753 (r2=0.8428, 

p<0.0001), in 2011 y =0.0218x+0.887 (r2=0.8949, p<0.0001), and in 2012 y =0.0269x+1.1175 

(r2=0.735, p<0.0001).    
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Table 4.1 Weather and vine phenology of vineyards from 2010 to 2012. 

Year Phenology Days GDD10 
Precipitation 

(mm) 

Mean Daily 

Temperature (˚C) 

2010 

(Dayton, OR) 

bud break to bloom 67 284 188 12.4 

bloom to véraison 67 648 6 18.8 

véraison to harvest 46 310 73 15.4 

bud break to harvest 180 1221 267 15.5 

2011 

(Alpine, OR) 

bud break to bloom 60 233 112 13.2 

bloom to véraison 61 574 145 16.0 

véraison to harvest 45 329 72 16.6 

bud break to harvest 164 1111 217 16.1 

2012 

(Alpine, OR) 

bud break to bloom 68 254 83 13.1 

bloom to véraison 63 610 8 18.8 

véraison to harvest 39 323 0 17.7 

bud break to harvest 168 1174 91 16.3 

Weather data were obtained from on-site weather stations located within each vineyard.  

Growing Degree Day (GDD10) units were calculated using the daily mean of Tmax and Tmin with a base threshold of 10°C. 
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Table 4.2 Vine growth measures of vines under different levels of leaf removal during 2010 to 2012. 

Year Treatment  
Shoots/ 

vine 

Clusters/ 

vine 

Vine leaf 

area (m
2
) 

LAI 
Vine yield 

(kg) 

Vine 

pruning 

weight (kg) 

Ravaz 

Index 

2010  

(Dayton, OR) 

None 14 15 3.15 5.4 a 0.92 - - 

50% 13 15 2.55 4.7 b 0.82 - - 

100% 14 17 2.90   4.9 ab 1.04 - - 

p n.s. n.s. n.s. 0.0195 n.s. - - 

2011  

(Alpine, OR) 

IS 15 22 3.62 2.6 b 3.31 0.64 5.2 

None 14 23 4.16 3.9 a 3.55 0.62 5.7 

50% 15 22 3.50   3.3 ab 3.36 0.64 5.1 

100% 14 21 3.56 2.6 b 3.50 0.68 5.2 

p n.s. n.s. n.s. 0.0107 n.s. n.s. n.s. 

2012  

(Alpine, OR) 

IS 12 18 3.31 b 3.6 1.76 0.67 2.8 

None 12 19 3.62 a 3.9 1.86 0.70 2.7 

50% 12 19   3.60 ab 3.3 1.82 0.64 2.7 

100% 12 17 2.96 b 3.7 1.76 0.58 2.8 

p n.s. n.s. 0.0337 n.s. n.s. n.s. n.s. 

Means are presented (n=5). 

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

n.s.:  indicates no statistical differences.  

Leaf Area Index (LAI) is presented here as a measure of canopy density.  

Ravaz index is a measure of vine balance that is unitless (yield/pruning weight).  

Leaf removal treatments include the following:  None (no leaf removal), 100% (all leaves in the cluster zone removed), 50% (half of the leaves in the 

cluster zone removed) and IS (industry standard where leaves are only removed in the cluster zone on the east side of the canopy). 
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Table 4.3 Basic fruit maturity at harvest from vines under different levels of leaf removal from 2010 to 2012. 

Year Treatment TSS (°Brix) pH TA
a
 (g/L) 

2010 (Dayton, OR) 

None 20.9 3.14 a 10.1 

50% 20.4 3.08 b 10.0 

100% 20.3   3.09 ab 10.2 

p n.s. 0.0362 n.s. 

2011 (Alpine, OR) 

IS 19.9 3.05 10.1 

None 19.8 3.05 9.9 

50% 19.9 3.06 9.6 

100% 19.4 3.00 10.1 

p n.s. n.s. n.s. 

2012 (Alpine, OR) 

IS 25.0 3.21 8.0 

None 25.3 3.27 7.8 

50% 25.1 3.24 7.7 

100% 25.1 3.19 7.7 

p n.s. n.s. n.s. 

Means are presented (n=5). 

                          Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

n.s.: indicates no statistical differences.  

a: TA refers to titratable acidity shown in g/L of tartaric acid equivalents.  

Leaf removal treatments include the following:  None (no leaf removal), 100% (all leaves in the cluster zone removed), 50% (half of the 

leaves in the cluster zone removed) and IS (industry standard where leaves are only removed in the cluster zone on the east side of the 

canopy). 
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Table 4.4 Composition of phenolic compounds in Pinot Noir grapes with different levels of leaf removal from 2010 to 2012. 

 2010 (Dayton, OR)  2011 (Alpine, OR)  2012 (Alpine, OR) 

 None 50% 100%  IS None 50% 100%  IS None 50% 100% 

Anthocyanins 
a              

delphindin-3-monoglucoside 9.08±1.51b 17.8±7.1a 16.9±4.1a  36.3±16.2a 28.4±10.9a 16.9±4.1a 34.0±7.2a  37.9±10.2a 33.1±3.2a 42.3±10.0a 54.6±18.4a 

cyanidin-3-monoglucoside 4.03±1.13a 5.41±2.48a 5.09±1.09a  8.74±2.76a 7.36±3.34a 5.09±1.09a 7.43±1.74a  7.67±1.57ab 6.73±0.73b 7.92±1.61ab 11.1±2.5a 

petunidin-3-monoglucoside 12.3±1.0b 21.4±6.7a 21.8±3.1a  33.6±13.1a 28.2±10.7a 21.8±3.1a 33.8±5.2a  38.9±8.94ab 35.4±2.8b 46.1±9.7ab 59.2±17.9a 

peonidin-3-monoglucoside 58±11a 56±13a 55±9a  64±8a 50±7a 55±8a 51±5a  69±4ab 63±5b 70±14ab 81±9a 

malvidin-3-monoglucoside 104±13b 151±23a 168±19a  148±34a 161±59a 168±19a 149±11a  229±33b 218±17b 275±47ab 331±70a 

Flavonols 
b
              

quercetin 3-glucuronide 347±47c 964±108b 1525±358a  1090±253ab 797±211b 1791±235a 1896±647a  995±242b 713±207b 892±247b 1467±159a 

quercetin 3-glucoside 199±59c 626±53b 1003±255a  717±205ab 444±166b 960±261a 1253±753a  1084±242b 798±205b 1342±433b 2535±296a 

Flavan-3-ols 
c              

catechin 257±60a 337±71a 284±127a  293±60a 434±99a 437±172a 380±89a  333±50a 237±79a 296±65a 319±28a 

epicatechin 217±90a 365±114a 257±88a  267±68a 444±58a 420±78a 456±56a  227±16a 171±56a 241±77a 261±78a 

Hydroxycinnamic acid esters 
d
             

caffeoyltartaric acid 7±2b 10±3ab 12±3a  46±4a 42±6a 55±22a 44±14a  50±10a 45±6a 55±13a 63±26a 

Mean±SD are presented (n=5). 

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

a: as mg/kg berry malvidin-3-monoglucoside equivalents.  

b: as peak area.  

c: as mg/kg berry epicatechin equivalent;  

d: as mg/kg berry caffeic acid equivalent.  

Leaf removal treatments include the following:  None (no leaf removal), 100% (all leaves in the cluster zone removed), 50% (half of the leaves in the cluster zone 

removed) and IS (industry standard where leaves are only removed in the cluster zone on the east side of the canopy). 
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Table 4.5 Composition of C6 compounds in Pinot Noir grapes with different levels of leaf removal from 2010 to 2012 (µg/kg berry). 

 2010 (Dayton, OR)  2011 (Alpine, OR)  2012 (Alpine, OR) 

 None 50% 100%  IS None 50% 100%  IS None 50% 100% 

Free Form              

hexanal 26±9a 16±5a 19±3a  19±2a 20±4a 22±4a 28±3a  28±8a 18±5a 18±7a 16±9a 

trans-2-hexenal 52328a 466127a 49756a  341±31a 390±58a 336±22a 384±22a  498±100a 437±83a 415±119a 436±78a 

1-hexanol 12812a 11314a 14029a  131±11a 145±13a 124±15a 136±19a  144±32a 242±81a 175±49a 177±62a 

trans-2-hexenol nc nc nc  195±25a 202±24a 170±19a 192±32a  170±18a 213±21a 197±40a 213±64a 

trans-3-hexenol nc nc nc  6.9±1.3a 7.3±1.3a 7.6±1.9a 6.5±2a  7±5a 7±1a 6.9±4a 7.2±6a 

cis-3-hexenol nc nc nc  53±17a 71±38a 52±15a 79±25a  23±2a 31±4a 30±9a 31±7a 

Bound Form              

1-hexanol 67±13a 70±13a 75±9a  48±9a 43±6a 47±8a 46±5a  203±19a 209±45a 206±39a 209±39a 

trans-2-hexenol nc nc nc  14±2a 13±3a 14±1a 15±2a  21±4a 21±5a 19±4a 18±5a 

cis-3-hexenol nc nc nc  9±2a 8±1a 8±1a 10±1a  13±4a 11±3a 15±6a 14±4a 

Mean±SD are presented (n=5). 

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

nc: data not collected.  

Leaf removal treatments include the following:  None (no leaf removal), 100% (all leaves in the cluster zone removed), 50% (half of the leaves in the cluster 

zone removed) and IS (industry standard where leaves are only removed in the cluster zone on the east side of the canopy). 
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Table 4.6 Composition of terpenoids in Pinot Noir grapes with different levels of leaf removal from 2010 to 2012 (µg/kg berry). 

 2010 (Dayton, OR)  2011 (Alpine, OR)  2012 (Alpine, OR) 

 None 50% 100%  IS None 50% 100%  IS None 50% 100% 

Free form              

linalool 0.39±0.04b 0.41±0.08ab 0.45±0.01a  0.11±0.03a 0.10±0.05a 0.13±0.01a 0.14±0.04a  0.78±0.03a 0.89±0.14a 0.85±0.34a 0.90±0.42a 

-terpineol 0.47±0.22a 0.44±0.17a 0.46±0.30a  4.1±0.7a 4.3±0.6a 4.4±0.2a 4.1±0.5a  1.8±0.4a 1.6±0.7a 2.0±0.5a 2.4±1.0a 

citronellol nc nc nc  0.21±0.03a 0.24±0.02a 0.34±0.11a 0.25±0.01a  0.52±0.08a 0.48±0.10a 0.50±0.06a 0.61±0.21a 

nerol nc nc nc  0.15±0.02a 0.21±0.07a 0.14±0.08a 0.26±0.05a  2.0±0.2a 1.9±0.1a 1.9±0.1a 1.9±0.1a 

geraniol 2.16±0.04b 2.13±0.05b 2.36±0.01a  1.00±0.53a 1.12±0.38a 1.28±0.34a 1.23±0.15a  0.91±0.07a 0.89±0.06a 0.94±0.08a 0.93±0.05a 

Bound form              

trans-linalool oxide 18±6c 28±3b 37±10a  9±2a 5±1.1b 6.4±0.6ab 7.4±1.1a  6.2±1.5a 5.2±1a 5.9±1.1a 6.5±1.6a 

cis-linalool oxide 21±8 b 32±4a 40±11a  10±3 7.9±0.7 9.5±1.9 9.6±1.6  7.8±1.8a 6.5±1.1a 7.4±1.4a 8.1±2a 

linalool 1.2±0.1b 1.6±0.5a 1.9±0.3a  1.9±0.2a 1.2±0.1b 1.2±0.5ab 1.6±0.2a  1.3±0.3a 1.0±0.2a 1.4±0.4a 1.4±0.2a 

-terpineol 1.5±0.4b 2.1±0.7ab 2.5±0.6a  11±3a 9±1a 10±2a 11±2a  3.1±0.5a 3±0.5a 2.8±0.7a 3±1.1a 

citronellol nc nc nc  0.6±0.1a 0.3±0.2a 0.4±0.1a 0.5±0.1a  1.6±0.1a 1.6±0.1a 1.5±0.1a 1.6±0.1a 

nerol nc nc nc  0.8±0.2a 0.5±0.1b 0.5±0.2b 0.6±0.1ab  2.0±0.2a 1.9±0.1a 1.9±0.1a 1.9±0.1a 

geraniol 12±3b 20±4a 23±2a  6.6±1a 5±2.3a 5.2±0.8a 5.4±0.5a  3.2±0.7a 2.8±0.6a 2.8±0.8a 2.8±0.5a 

Mean±SD are presented (n=5). 

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

nc: data not collected.  

Leaf removal treatments include the following:  None (no leaf removal), 100% (all leaves in the cluster zone removed), 50% (half of the leaves in the cluster zone 

removed) and IS (industry standard where leaves are only removed in the cluster zone on the east side of the canopy). 
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CHAPTER 5 CLUSTER ZONE LEAF REMOVAL PRACTICE 

ENHANCED PINOT NOIR WINE QUALITY 

Hui Feng, Patricia A. Skinkis, and Michael C. Qian, 
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5.1. Abstract 

The impact of fruit-zone leaf removal practice on Pinot Noir wine quality was 

investigated over two growing seasons (2011 and 2012) in a western Oregon vineyard. 

Treatments included removing 0%, 50% and 100% of leaves from the cluster zone at the 

pea-size stage, and a current local industry standard treatment (IS) by exposing clusters 

on the morning-sun side of the canopy (east). Wines were made when the grapes reached 

the commercial maturity, and wine compositions were analyzed using HPLC and GC-MS. 

Results showed that the leaf removal treatment significantly increased levels of total 

anthocyanins and individual anthocyanin, such as delphindin-3-monoglucoside (De), 

petunidin-3-monoglucoside (Pt) and malvidin-3-monoglucoside (Mv) in 2012. More 

importantly, 100% leaf removal significantly increased levels of wine volatile 

compounds, such as linalool, -terpineol, -damascenone, and some esters (e.g., ethyl 

butanoate, ethyl octanoate, methyl vanillate, and ethyl vanillate). Analysis of potential 

volatile compounds following acid hydrolysis indicated that 100% leaf removal 

significantly increased levels of bound-form -damascenone, vitispirane, and TDN in 

wines. Our results suggest that 100% leaf removal management is an efficient option to 

increase Oregon Pinot Noir wine quality. 

 

 

 

 

 

 

Keywords:  Pinot Noir wine, fruit-zone leaf removal practice, anthocyanins, volatile 

composition, acid hydrolysis, HPLC, GC-MS 
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5.2. Introduction  

    Fruit-zone leaf removal is a canopy management practice that deliberately removes 

selected leaves around berry clusters. It is widely used in vineyards of cool-climate 

viticultural regions where heat accumulation and sunlight exposure are more limited than 

warm-climate regions. It helps to regulate cluster-zone air circulation, sunlight exposure 

and disease pressure (English et al., 1989; Reynolds et al., 1996). The lower canopy 

density can increase cluster sunlight exposure, consequently, improving fruit-zone 

microclimate. Canopy microclimate is important in determining fruit quality through 

affecting the synthesis of primary and secondary metabolites in grapes (Pereira et al., 

2006; Sternad Lemut et al., 2013). Considerable studies have shown that leaf removal 

practice can improve grape quality by reducing berry titratable acidity and increasing 

total soluble solids, anthocyanins and phenolic contents (Kotseridis et al., 2012; Lee and 

Skinkis, 2013).  

    The positive impacts of leaf removal on grape quality are paralleled with the 

enhancements of wine quality. Color, mouthfeel and aroma are important aspects of wine 

quality. The effects of leaf removal practice on wine quality are well documented. It has 

been reported that leaf removal could enhance wine color and mouthfeel through the 

elevation of anthocyanin, tannin and phenolic levels in grapes (Joscelyne et al., 2007; 

Kemp et al., 2011; King et al., 2012; Lee and Skinkis, 2013). However, few studies have 

examined the influence of leaf removal on wine aroma characteristics which may largely 

due to the complicated nature of wine aroma.  

    More than one thousand volatile compounds are known to be responsible for wine 

aroma, and their concentrations vary from few ng/L to several mg/L levels (Ribéreau-

Gayon et al., 2000). The complexity of wine volatile compounds is due to the diverse 

mechanisms involved in its development, including originated from the grapes, produced 

by yeast during alcoholic, and formed during the aging process. Grape-derived volatile 

compounds are the most important contributors to wine varietal characteristics (though 

majority of wine volatile compounds are formed during alcoholic fermentation) 
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(Ribéreau-Gayon et al., 2006). As plant secondary metabolites, the synthesis of grape-

derived volatile compounds could be affected by viticultural practices (Robinson et al., 

2013). Consequently, the volatile compositional difference in grapes could affect the 

volatile composition of wines. 

    There is some evidence that volatile compositions of grapes and wine are influenced 

by leaf removal management; however, the results are still inconclusive. Zoecklein et al., 

(1998) reported that leaf removal increased bound-form terpenoids in Riesling grapes. On 

the contrary, Kozina et al., (2008) found that leaf removal had no influences on bound-

form terpenoids in Riesling wine, but they further pointed out that Sauvignon Blanc wine 

quality was much improved by leaf removal through increased free- and bound-form 

terpenoids. In addition, Lee et al., (2007) reported that leaf removal conducted at berry 

set stage can increase the concentrations of vitispirane and TDN in Cabernet Sauvignon 

grapes and subsequent wine, although Kwasniewski et al., (2010) later found no such 

increase in Riesling grapes and the resultant wine. The discrepancy across these studies 

may come from factors including climate, grape cultivar, rootstock, as well as timing and 

severity of leaf removal practice.  

    Pinot Noir wine is the most terroir-driven variety of all red wines. Depending on 

where grapes are grown and how they are managed, the wine can demonstrate huge 

differences in wine style. High vegetative growth is common in Willamette Valley of 

Oregon as a result of high winter and spring rainfall and well-drained soil with good 

water holding capacity. However, excessive vine growth can result in fruit-zone shading 

and negatively affect wine quality. We hypothesize that the use of leaf removal 

management may improve Pinot Noir wine quality through increased fruit-zone sunlight 

exposure. The objective of this study is to evaluate the influence of selected leaf removal 

practice on Pinot Noir wine volatile composition and overall quality. 

5.3. Materials and Methods 

5.3.1. Chemicals  



123 
 

        Sources of volatile compound standards used in this study are listed in Appendix A. 

For various reagents, GC grade of methanol was obtained from EMD (Gibbstown, NJ) 

and ethanol was purchased from Aaper Alcohol and Chemical Co. (Shelbyville, KY). 

Tartaric acid was purchased from Mallinckrodt Inc. (Paris, KY). A synthetic wine 

solution was made by dissolving 3.5 g of L-tartaric acid in 1 L of 12% ethanol solution, 

and adjusting pH to 3.5 with 1 M NaOH. 

5.3.2. Plant material and field trial site  

    A field experiment was conducted in 2011 and 2012 to study impacts of cluster zone 

leaf removal on Pinot Noir wine volatile composition. Treatments included 0%, 50% and 

100% leaf removal in the cluster zone, and an industry standard (IS) method of leaf 

removal. Leaf removal was imposed at the pea-sized stage on 6-vine plots in a 

randomized complete block design with five field replicates of each treatment. 

Treatments with 100% leaf removal had all leaves removed from the base of the shoot to 

the node just above the apical cluster. The 50% leaf removal had leaves removed from 

alternating nodes from the base of the shoot to the node just above the apical cluster, and 

the 0% (None) had no leaves removed in the cluster zone for the duration of the season. 

The IS treatment had leaves removed by manually exposing clusters on the morning-sun 

side of the canopy (east) at the pea-size stage. When the 100%, 50%, and IS treatments 

were applied, all lateral shoots in the cluster zone were removed.  

    The study was conducted at Oregon State University’s Woodhall research vineyard 

in Alpine, OR. This vineyard was planted in 2006 to a vine density of 3417 vines/ha with 

Pinot Noir clone Pommard grafted to 101-14 rootstock. The vineyard was planted in rows 

oriented north-south, cane pruned to a bilateral Guyot system, and vertically shoot 

positioned. Standard vineyard management practices, including pest and canopy 

management were performed during each growing season with the exception of leaf 

removal. 
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5.3.3 Wine production 

        After harvest, fruits from field replicates were combined and then randomly 

subdivided into three lots of equal weight (3 kg) which were used to produce triplicate 

fermentations for each treatment. Fruit was fermented at Oregon State University 

research winery. Grapes were destemed, pooled and placed into 1 gallon glass micro-

scale fermenters that utilize a submerged cap method to maintain skin and juice contact 

as described by Sampaio et al., (2007) on the day of harvest. Potassium metabisulfite was 

added to provide a calculated amount of 50 mg/L total sulfur dioxide. Grapes were then 

inoculated with active-dry form of Saccharomyces cerevisiae RC212 (Lallemand, 

Montréal, Canada) at approximately 1 x 10
6 

cfu/mL after rehydration according to 

manufacturer’s directions. Fermenters were placed in a temperature controlled room set 

to 27 C and alcoholic fermentation was monitored by °Brix measurements using an 

Anton-Paar DMA 35N Density Meter (Graz, Austria). At the completion of alcoholic 

fermentation (< 0.5 g/L reducing sugar as measured by CliniTest ®), wines were pressed 

using a small modified basket press that applied a constant pressure of 15 psi for 5 min 

allowing consistent pressing. Pressed wine was settled in ½ gal glass carboys for 72 hr at 

4 C before being racked into ½ gal glass carboys and an addition of 50 mg/L of SO2 was 

made. Wine was stored at 13 C until required for analysis. No malolactic fermentation 

was conducted. 

5.3.4. Analysis of wine anthocyanins 

        An aliquot (1 mL) of wine sample was transferred into a 1.5 mL micro-centrifuge 

tube and centrifuged in a microcentrifuge machine (Minispin plus, Eppendorf, Hamburg, 

Germany) at 11000 rpm for 5 min. Twenty microliters of the supernatant was injected to 

HPLC system. An Agilent model 1100 HPLC system (Palo Alto, CA) consisting of a 

vacuum degasser, autosampler, quaternary pump, photo-diode array detector, and column 

heater was used. The Chemstation software for LC 3D (version A.10.02) (Agilent 

Techonologies Inc., Wilmington, DE) was used for chromatographic analysis. The 

separation was carried out on a Prodigy C18 column (100 Å, 5 µm, 250×4.6 mm, 
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Phenomenex). The mobile phase consisted of two solvents: solvent A, 5% formic acid in 

milli-Q water; solvent B, methanol (HPLC grade), with a flow rate of 1 mL/min. The 

following gradient was employed, 0-34 min (3-36% B); 34-45 min (36% B); 45-55 min 

(36-100% B); 55-60 min (100%-3% B); 60-70 min (3% B). The absorbance at 280 nm 

was used to measure the content of anthocyanins. External calibration was performed 

using malvidin-3-glucoside, and all other compounds were quantified using this 

calibration curve and reported as malvidin-3-glucoside equivalent.  

5.3.5. Analyses of wine volatile compounds 

5.3.5.1. Higher alcohol and acetate analysis by HS-GC-FID 

        Headspace gas chromatography method was used to analyze propanol, isobutyl 

alcohol, isoamyl alcohol, ethyl acetate, and isoamyl acetate. An aliquot (0.5 mL) of wine 

was diluted with 0.5 mL of milli-Q water in a 20 mL headspace glass vial. Twenty 

microliter of internal standard solution (2.5 mg/L of methyl propionate) was added into 

the vial as well. The mixture was incubated at 70 C for 15 min to reach the equilibrium 

between the sample and headspace. An aliquot (1000 mL) of headspace gas was taken by 

a 2.5 mL of gastight syringe at a rate of 200 L/s and then injected into the GC injection 

port. 

        The analysis of the extracted volatile compounds was carried out by using an 

Agilent 7890A gas chromatograph coupled with a flame ionization detector (Agilent 

Techonologies, Inc.). Separation was achieved using a DB-wax capillary column (30 m × 

0.25 mm i.d., 0.5 m film thickness, Agilent Techonologies, Inc.). The oven temperature 

was programmed at 35 °C for 4 min, then ramped to 150 °C at a rate of 10 °C/min and 

held at the final temperature for 6 min. A constant helium flow of 2 mL/min was used. 

The injector temperature was kept at 200 °C and the FID was kept at 250 °C. Peak 

identification of the volatile components was achieved by comparison with GC retention 

indices of standards. All analyses were carried out in duplicate. 
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5.3.5.2. Volatile compound analysis by SPME-GC-MS  

        A headspace solid phase microextraction-gas chromatography-mass spectrometry 

(SPME-GC-MS) method was used to analyze majority of volatile compounds in the wine 

samples. For analysis of free-form volatile compounds, an aliquot (2 mL) of wine was 

directly diluted with 8 mL of saturated NaCl solution in a 20 mL glass vial, in which 

20L of internal standard solution (96 mg/L of 3-heptanone, 109 mg/L of 4-octanol, and 

118 mg/L of octyl propionate) were added. For analysis of hydrolytically-released 

compounds, wine were adjusted to pH 2.5 with citric acid and heated to 100 °C for 1 h. 

After hydrolysis, 20L of internal standard solution (96 mg/L of 3-heptanone, 109 mg/L 

of 4-octanol, and 118 mg/L of octyl propionate) was added. A pre-conditioned 2 cm 

50/30 m divinylbenzene/Carboxen
TM

/Polydimethylsiloxane (DVB/Carboxen
TM

/PDMS) 

coated SPME fiber (Supelco, Bellefonte, PA) was inserted into the headspace at 50 ºC for 

30 min using CTC autosampler (CTC Analytics, Inc., Zwingen, Switzerland). During the 

extraction, the sample was stirred at 500 rpm. Upon completion of the extraction, the 

fiber was removed from the sample vial and inserted into the injection port of the GC at 

250 ºC for 5 minutes at splitless mode.  

        The analysis of the extracted volatile compounds was carried out on an Agilent 

6890N gas chromatograph coupled with a 5973N mass selective detector (Agilent 

Techonologies, Inc.). Separation was achieved by using a DB-wax capillary column (30 

m × 0.25 mm i.d., 0.5m film thickness, Agilent Techonologies, Inc.). The oven 

temperature was initially programmed at 35 °C for 4 min, and then ramped to 230 °C at a 

rate of 5 °C/min and held at the final temperature (230 °C) for 10 min. A constant helium 

flow of 2.5 mL/min was used. The MS transfer line and ion source temperature were 

280 °C and 230 °C, respectively. The mass selective detector in the full scan mode was 

used for acquiring the data.  Electron ionization mass spectrometric data from m/z 35 to 

300 were collected, with an ionization voltage of 70 eV. System software control and 

data management/ analysis were performed through enhanced ChemStation software 

(Agilent Techonologies, Inc.). The unique quantification mass ion and qualifying mass 
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ions were carefully selected to give the highest response and lowest interference for each 

compound. Internal standard quantification method was performed using the Chemstation 

software. All analyses were carried out in duplicate. 

5.3.5.3. Volatile phenolic and lactone analysis by EG-SBSE-GC-MS  

        A stir bar sorptive extraction coupled with gas chromatography-mass spectrometry 

(SBSE-GC-MS) method was used to analyze volatile phenolics and lactones. An aliquot 

(10 mL) of wine was diluted with 10 mL of milli-Q water in a 20 mL glass vial. Twenty 

microliter of internal standard solution (59.6 mg/L of 3, 4-dimethylphenol) was added. A 

pre-cleaned ethylene glycol-silicone coated (EG) stir bar (32 L phase volume, 10 mm 

length, Gerstel Inc., Linthicum, MD) was used to extract the volatile compounds. The 

extraction was carried out at room temperature at 1000 rpm for 2 hr. After extraction, the 

EG stir bar was removed from the sample, rinsed with distilled water, dried with VWR 

light-duty tissue wipers, and transferred into a thermal desorption tube for GC-MS 

analysis.  

    The analytes were thermally desorbed at the TDU in splitless mode, ramping from 

25 to 220 °C at a rate of 100 °C/min, and held at the final temperature for 5 min. The 

CIS-4 was cooled to -80C with liquid nitrogen during the sample injection, then heated 

at 10 °C/s to 220 °C for 10 min. Solvent vent mode was used during the injection with a 

split vent purge flow of 50 mL/min beginning at 3 min. The compounds were transferred 

into an Agilent 7890A gas chromatograph coupled with a 5979C mass selective detector 

with a ZB-wax-plus capillary column (30 m × 0.25 mm i.d., 0.5 m film thickness, 

Agilent Techonologies, Inc.). The chromatographic program was set at 35 ºC for 4 min, 

raised to 150 ºC at a rate of 20 ºC/min, then raised to 230 ºC at a rate of 4 ºC/min and 

held for 10 min. A constant helium flow of 2 mL/min was used.  The temperatures for 

MS transfer line and ion source were 280 °C and 230 °C, respectively. The mass selective 

detector in the full scan mode was used for acquiring the data.  Electron ionization mass 

spectrometric data from m/z 35 to 300 were collected, with an ionization voltage of 70 eV. 
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System software control, data management, compound identification, and quantification 

were performed as described previously. All analyses were carried out in duplicate. 

5.3.6. Odor activity value  

        To evaluate the contribution of each volatile compound to the wine aroma profile, 

the odor activity value (OAV) was determined. OAV is an indicator of the importance of 

a specific compound to the odor of a sample. It was calculated as the ratio between the 

concentration of an individual compound and the sensory threshold value found in the 

literatures. 

5.3.7. Statistical analyses  

        Statistical data analyses were performed using analysis of variance (ANOVA) by 

SPSS version 16.0 (SPSS, Chicago, IL). Statistical differences among the means were 

evaluated using Tukey’s HSD test at the p < 0.05 level. 

5.4. Results and Discussion 

5.4.1. Vintage and berry attributes 

    Growing degree days (GDD10), mean daily temperature, and precipitation were 

recorded in current study and showed varied patterns between different growing seasons 

(Table 5.1). In general, 2012 was a warmer and drier year compared to 2011. There were 

more growing degree days (GDD) and higher average daily temperature in 2012. In 

addition, the precipitation in 2012 (91 mm) was much less than in 2011 (217 mm). The 

relatively warmer weather condition of 2012 resulted in the earlier onset of grapevine 

phenological stage including ripening time and harvest date (Table 5.1). Moreover, the 

weather variation could contribute to some of the vintage variations observed in this 

study. 

    Berry total soluble solids (TSS), pH, and titratable acidity (TA) are the most 

common indicators of berry maturity. Results showed warmer weather in 2012 resulted in 

higher berry TSS and pH but lower TA. However, there was no statistical difference 
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among treatments in TSS, TA, and pH at harvest in either season (Table 5.2), indicating 

leaf removal treatment had no direct influence on fruit ripening. There have been some 

studies showing a positive effect of leaf removal on must soluble solids in Cabernet 

Sauvignon and Tempranillo grapes (Diago et al., 2012; Kotseridis et al., 2012). In those 

studies leaf removal was performed prior to flowering, thus led to the increased leaf area-

to-fruit ratio during berry ripening. It is possible that the timing of leaf removal has an 

influence on these outcomes. 

5.4.2. Wine anthocyanin composition 

        Color is one of the most important attributes of red wines, and the principal sources 

of red color in wines are anthocyanins or their further derivatives that are extracted or 

formed during the vinification process (Cortell et al., 2005). In current study, five 

monomeric anthocyanins including delphindin-3-monoglucoside (Dp), cyanidin-3-

monoglucoside (Cy), petunidin-3-monoglucoside (Pt), peonidin-3-monoglucoside (Pn), 

and malvidin-3-monoglucoside (Mv) were determined in 2011 and 2012 Pinot Noir 

wines (Table 5.3). Overall, levels of anthocyanins were ~30% lower in 2011 compared to 

2012, indicating that there was noteworthy seasonal weather effect on the accumulation 

of anthocyanins in wine. The leaf removal treatment generally resulted in higher 

anthocyanin levels than control. However, this effect is vintage and individual 

anthocyanin variety dependent (Table 5.3). In 2011, leaf removal had no effect on levels 

of total and individual monomeric anthocyanin (except for De). On the contrary, in 2012, 

100% and IS treatments significantly increased total anthocyanins compared to control 

(p<0.05), but no difference was observed between 50% and control. For individual 

anthocyanin, 100% leaf removal treatment significantly increased concentrations of De, 

Pt and Mv compared to control (p<0.05). These results coincide with a study conducted 

by King et al., (2012) who reported that basal defoliation effectively increased total and 

individual anthocyanin levels in Merlot wines. 

        Anthocyanins in wine are directly extracted from grapes, thus initial concentrations 

of anthocyanins in grapes are closely associated with anthocyanin concentrations in final 



130 
 

wine (Cortell et al., 2007b). Therefore, our results are consistent with previous 

observation that leaf removal treatment substantially increased certain monomeric 

anthocyanins in Pinot Noir grapes, and this influence were more pronounced in warmer 

year (Table 4.3). It has been well documented that sunlight exposure had positive impact 

on the synthesis of anthocyanins in grapes. Price et al., (1995) found that Pinot Noir 

wines made from greater sunlight-exposed fruits have higher levels of anthocyanins. 

Similarly, increased anthocyanins were also reported in Cabernet Sauvignon and Shiraz 

wines made from sunlight-exposed fruits compared to those from shade fruits (Joscelyne 

et al., 2007). Taken together, current results and the available evidence indicate that 

increased sunlight exposure to fruit zone due to leaf removal practice could have 

contributed to the increased levels of anthocyanins in wine. Moreover, our results suggest 

that fruit-zone leaf removal is likely to have a positive influence on wine color through 

the elevation of anthocyanin levels. 

5.4.3. Wine volatile composition 

        Volatile composition of Pinot Noir wine made from grapes grown with different leaf 

removal practice was presented in Table 5.4. Fermentation-generated volatile compounds 

such as esters, higher alcohols, and fatty acids formed the majority of volatile compounds 

in wine. In addition, there were other minor compounds derived from grapes such as 

terpenoids and C13-norisoprenoids. Despite their considerable low concentration, these 

compounds play important roles in determining wine varietal characteristics. Meanwhile, 

in order to assess the influence of the compounds studied on overall wine aroma, odor 

activity values (OAV) were calculated (Table 5.5). 

5.4.3.1 Grape-derived volatile compounds 

   C6 alcohols exhibit grassy and herbaceous aroma characteristics, which negatively 

affect wine quality when their concentrations are above their sensory thresholds (Ferreira 

et al., 1995). In the current study, none of the C6 alcohols had directly negative impact on 

Pinot Noir wine aroma due to their low OAVs (OAV<1) (Table 5.5). In 2011, 100% leaf 
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removal significantly increased levels of 1-hexanol and cis-3-hexenol compared to 

control (p<0.05), but in 2012, 100% leaf removal significantly decreased level of 1-

hexanol (p<0.05) and had no impact on cis-3-hexenol (Table 5.4). In both years, leaf 

removal treatment had no impact on the levels of trans-3-hexenol and trans-2-hexenol. 

This result indicated that individual C6 alcohols in wines responded differently to leaf 

removal, and this response depended on vintage year.  

    Terpenoids are important grape-derive volatile compounds that contribute to wine 

floral aroma. Although the concentrations of terpenoids, including linalool, -terpineol, 

citronellol and geraniol were found lower than their sensory threshold values in this study 

(Table 5.5), it has been reported their synergistic contributions to Pinot Noir wine aroma 

(Fang and Qian, 2005a). The impacts of leaf removal on concentrations of terpenoids 

were presented in Table 5.4. In general, wines produced from leaf removal treatment had 

higher concentrations of terpenoids, but this trend depended on vintage year and 

individual compound. In 2011, leaf removal at the 100% level significantly increased 

levels of linalool, -terpineol, citronellol and geraniol by 22%, 11%, 30%, and 40%, 

respectively compared to control (P<0.05). While the IS and 50% treatments had similar 

levels of terpenoids. These results are consistent with a previous report by Kozina et al., 

(2008), who showed increased formation of terpenoids in Sauvignon Blanc wine 

produced from vines with leaf removal practice. A similar increasing trend of terpenoids 

with leaf removal was observed in 2012 though the increase was less dramatic (Table 

5.4). In 2012, 100% leaf removal only increased the concentrations of linalool and -

terpineol by 22% and 32%, respectively, compared to control (P<0.05). However, there 

was no statistical differences found in citronellol and geraniol with leaf removal 

treatments in 2012 (Table 5.4), and this may be due to the greater fruit maturity observed 

in that year (Table 5.2).  

        Sunlight exposure can influence the synthesis of terpenoids in grapes, especially 

bound-form terpenoids (Skinkis et al., 2010). As a neutral-type variety, majority of 

terpenoids in Pinot Noir grapes exist as glycosidic-bound form, which have no aroma 
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contribution but can release free-form terpenoids by acidic or enzymatic hydrolysis 

during wine-making. Given the increased incident sunlight exposure by leaf removal 

treatment in our study, it can be speculated that light mediates the accumulation of 

bound-form terpenoids in grapes and thus results in high level of terpenoids in final wines. 

Similarly, Song et al., (2014) reported that increased the formation of terpenoids in Pinot 

Noir wine as a result of greater fruit sunlight exposure in low vigor vines. 

    The C13-norisoprenoids are important odorants in wines, -ionone, vitispirane, and 

1,1,6-trimethyl-1,2-dihydronaphthalene (TND) contribute to complex aromas in different 

wines. Among these compounds, β-damascenone with a complex smell of flowers, 

tropical fruit and stewed apple, has a very low sensory threshold value of 0.05 g/L in 

wine (Guth, 1997).  In the current study, -damascenone was found at concentration 

much higher than its sensory threshold value (OAV>40), which makes it very important 

contributor to wine aroma (Table 5.5). Our results showed that there was significant 

treatment effect on the accumulation of -damascenone in wine. In 2011 and 2012, leaf 

removal at the 100% level significantly increased -damascenone level compared to 

control treatment (p<0.05), while there was no statistical difference among control, 50% 

and IS treatments (Table 5.4).  

    It has been proposed that C13-norisoprenoids in grapes are formed from carotenoids 

degradation (Winterhalter and Rouseff, 2002). Instead of free-form compounds, most of 

the C13-norisoprenoids were transformed to their respective glycoside conjugates which 

will subsequently release the free-form compounds chemically or enzymatically during 

vinification and wine aging (Mendes-Pinto, 2009; Schneider et al., 2001). Analyses of 

potential C13-norisoprenoids in wine followed by acid hydrolysis allowed us to better 

understand the impacts of leaf removal treatment on C13-norisoprenoids in wine. As 

shown in Figure 5.1 A, acid hydrolysis resulted in a significantly higher -damascenone 

level in 100% treatment than in control in 2011 and 2012 (p<0.05). These results confirm 

our previous findings that a positive correlation between levels of free- and bound-form 

-damascenone in Pinot Noir grapes and increased sunlight exposure as a result of leaf 
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removal treatment (Figure 4.2). Our results are in agreement with the observation from 

Ristic et al., (2007), they reported that Shiraz wine made with sunlight-exposed grapes 

had higher -damascenone level after acid hydrolysis compared to wine made from 

shaded grapes.  

        Vitispirane and TDN were not detected in any of the wine analyzed in this study, 

however, acid hydrolysis yielded considerable amount of these compounds in wines 

(Figure 5.1 B&C). Our results indicate that vitispirane and TDN exist in Pinot Noir wine 

as bound form, and they can be generated during aging. Among them, vitispirane has a 

eucalyptus or camphoraceous aromas with a sensory threshold of 80 g/L in wine 

(Simpson and Miller, 1983). TDN has a kerosene-like aroma and gives a characteristic 

bottle-aged aroma to many wines, particularly Rieslings, and has a sensory threshold of 2 

g/L in wine (Sacks et al., 2012). Concentrations of both compounds after acid 

hydrolysis were higher than their sensory thresholds, which suggest that these two 

compounds are important to aged Pinot Noir wine aromas. In addition, after acid 

hydrolysis levels of these two compounds in the wine from 100% treatment were the 

highest among all the treatments. These outcomes are in agreement with previously 

report that higher sunlight exposure led to more acid-hydrolyzed TDN in Shiraz wine 

(Ristic et al., 2007). Similarly, Lee et al., (2007) reported that increased sunlight exposure 

due to leaf removal can significantly increase TDN and vitispirane concentrations in 

Cabernet Sauvignon wine. 

-Ionone has a complex smell of violet and raspberry and a very low sensory 

threshold of 0.09 g/L in model wine (Ferreira et al., 2000). In this study, -ionone was 

found at concentrations higher than its sensory threshold value (OAV>1), which makes it 

a contributor to Pinot Noir wine aroma (Table 5.5). After acid hydrolysis, there was no -

ionone was found in wine, suggesting that it majorly existed as free form in wine. 

Nevertheless, the concentration of β-ionone was independent of leaf removal treatment 

(Table 5.4). 
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    Six volatile phenolic compounds (guaiacol, eugenol, 4-ethyl phenol, 4-vinyl-

guaiacol, 4-viny phenol, and vanillin) and three lactones (-nonalactone, -decalactone, 

and -dodecalactone) were determined in this study (Table 5.4). Guaiacol and -

nonalactone were found as important odorants in Pinot Noir wine (OAV>1) (Table 5.5). 

Overall, leaf removal treatment did not affect the concentrations of volatile phenols and 

lactones in wine.  

5.4.3.2. Fermentation-generated volatile compounds 

    Higher alcohols can be recognized by their strong and pungent smell, and they are 

considered negative quality factors at concentrations above 400 mg/L (Rapp and 

Mandery, 1986). The total concentration of higher alcohols found in this study was below 

200 mg/L (Table 5.4), suggesting that they can contribute to wine complexity without 

negatively affect wine quality.  The isobutyl alcohol, isoamyl alcohol and 2-phenethyl 

alcohol were found at concentrations higher than their respective sensory threshold value 

in the analyzed Pinot Noir wine (OAV>1) (Table 5.5). This is in accordance with 

previous results, which reported that these higher alcohols were important aroma 

contributors to Pinot Noir wine (Fang and Qian, 2005a). Neither of the treatments 

evaluated in this study consistently influenced higher alcohol concentrations (Table 5.4). 

Higher alcohols in wine are synthesized directly from sugars metabolism, through 

anabolic reactions (Ribéreau-Gayon et al., 2006). Our results are in agreement with the 

observation that leaf removal did not change berry sugar content (Table 5.2). Likewise, it 

has been reported that leaf removal had no influence on higher alcohol levels in 

Sauvignon Blanc, Riesling and Tempranillo wines (Kozina et al., 2008; Vilanova et al., 

2012). 

    Esters are the second abundant group of volatile compounds found in analyzed 

wines (Table 5.4). Esters include ethyl esters and acetates are largely responsible for wine 

fruity aromas (Ferreira et al., 2000). Ethyl butanoate, ethyl hexanoate, ethyl octanoate, 

ethyl 3-methyl butyrate, ethyl isobutyrate, ethyl acetate and isoamyl acetate were the 

most important odorants found in analyzed wine due to their high OAVs (Table 5.5). 
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Aromatic esters, including ethyl phenylacetate, 2-phenylethyl acetate, ethyl cinnamate, 

methyl anthranilate, methyl vanillate and ethyl vanillate were also found in wine. 

Although these aromatic esters have been reported as potential odor-active compounds in 

Pinot Noir wines (Miranda-Lopez et al.,1992; Moio and Etievant, 1995), in current study, 

their concentrations were all below their sensory threshold values (OAV<1) (Table 5.5), 

indicating they had no contributions to wine aroma. Results showed 100% leaf removal 

treatment significantly increased the concentration of ethyl butanoate compared to control 

in both years (p<0.05) and similar increasing trend was also observed on ethyl octanoate, 

methyl vanillate and ethyl vanillate (Table 5.4). However, for most esters, leaf removal 

treatment had no influence on their concentrations in wine. 

    Hexanoic acid, octanoic acid, decanoic acid and dodecanoic acid were identified and 

only the concentration of octanoic acid was higher than its sensory threshold in the 

analyzed Pinot Noir wines (Table 5.4&5.5). No significant difference of volatile fatty 

acids with leaf removal treatment was observed in this study. Similarly, Vilanova et al., 

(2012) showed that the levels of volatile fatty acids were hardly affected by leaf removal 

treatment in Tempranillo wine. 

5.4.3.3. Wine aroma profiles based on OAVs 

        By combining the OAV for compounds with similar aroma characteristics, an OAV-

based wine aroma profile was obtained (Figure 5.2). As shown in the figure, the aroma of 

the wine is described as herbaceous, floral, berry fruit, smoky, candy, chemical and fruity. 

Herbaceous was the term with lowest OAV, while berry fruit, fruity and chemical 

reached the highest markers. Wines from different treatment had similar aroma profiles; 

however, 100% leaf removal wines had higher OAVs for terms of berry fruit, fruity, 

floral and sweet candy in both years. This is in agreement with the higher concentrations 

of linalool, -terpineol, -damascenone, and esters, such as ethyl butanoate, ethyl 

octanoate, methyl vanillate, and ethyl vanillate (Table 5.4). 
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5.5. Summary 

        In conclusion, our research shows that, in the cool-climate Pinot Noir production 

region of Oregon, leaf removal conducted in the cluster zone at pea-size berry stage using 

different intensities effectively improved Pinot Noir wine quality. In addition, our results 

provide evidence that improved fruit sunlight exposure had a positive effect on wine 

quality. These beneficial impacts are associated with the increases of anthocyanins and 

volatile compounds, such as terpene alcohols, C13-norisoprenoids and some esters, 

indicating deep color, more fruity and floral aromas in wine. Analyses of potential 

volatile compounds following acid hydrolysis indicated that 100% leaf removal 

significantly increased levels of potential -damascenone, vitispirane, and TDN, which 

will be slowly released into wine to enhance wine quality. Therefore, 100% fruit-zone 

leaf removal is a recommended canopy management practice if Oregon winegrape 

growers desire the highest achievable levels of anthocyanins and positive volatile 

compounds  in the final wine. 
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Figure 5.1 Concentrations of potential C13-noisoprenoids, including -damascenone (A), 

vitispirane (B) and TDN (C) in Pinot Noir wine with different leaf removal treatments in 2011 

and 2012 after acid hydrolysis. Mean±SD are presented (n=5). Different lowercase letters 

indicates a statistical difference in means between treatments using Tukey HSD mean separation 

at p<0.05.  
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Figure 5.2 Aroma profiles of Pinot Noir wine with different leaf removal treatments in (A) 2011 and (B) 

2012 based on OAVs. 
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Table 5.1 Climate and vine phenology of vineyards from 2010 and 2012. 

 Days GDD10 Precipitation (mm) Mean Daily Temperature (˚C) 

2011 Year     

  bud break to bloom 60 233 112 13.2 

  bloom to véraison 61 574 145 16.0 

  véraison to harvest 45 329 72 16.6 

  bud break to harvest 164 1111 217 16.1 

2012 Year     

  bud break to bloom 68 254 83 13.1 

  bloom to véraison 63 610 8 18.8 

  véraison to harvest 39 323 0 17.7 

  bud break to harvest 168 1174 91 16.3 

Climate data were obtained from on-site weather stations located within each vineyard.  

Growing Degree Day (GDD10) units were calculated using the mean of Tmax and Tmin with a base threshold 

of 10°C. 

 

Table 5.2 Grape juice composition prior to fermentation from vines with different levels of leaf removal 

in 2011 and 2012 

Treatment 
TSS (°Brix)  pH  

Titratable 

acidity (g/L) 

2011 2012  2011 2012  2011 2012 

None 19.8 25.3  3.05 3.27  9.9 7.8 

50% 19.9 25.1  3.06 3.24  9.6 7.7 

100% 19.4 25.1  3 3.19  10.1 7.7 

IS 19.9 25  3.05 3.21  10.1 8 

p n.s. n.s.  n.s. n.s.  n.s. n.s. 

Means are presented (n=5).  

n.s.: indicates no statistical difference in means within each year, according to ANOVA test (P<0.05). 
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Table 5.3 Composition of anthocyanins in Pinot Noir wine with different levels of leaf removal in 

2010 and 2012 (mg/L). 

Treatment 
Anthocyanin glycosides  

Total 
Delphinidin Cyanidin Petunidin Peonidin Malvidin  

2011 Year 

None 10±1b 1.75±0.13a 18±2a 18±2a 192±22a  238±27a 

50% 12±1ab 2.01±0.13a 21±1a 19±1a 200±7a  254±11a 

100% 15±3a 2.16±0.28a 23±3a 20±1a 196±5a  255±12a 

IS 13±2ab 1.79±0.51a 22±4a 20±1a 208±18a  267±25a 

2012 Year 

None 17±3b 2.56±0.68a 22±5b 30±9a 213±11b  294±7c 

50% 19±1ab 2.61±0.25a 25±2ab 34±4a 263±13ab  334±25bc 

100% 25±3a 2.95±0.13a 32±3a 33±2a 316±32a  409±39a 

IS 24±0a 2.93±0.05a 30±1ab 33±0a 282±15a  372±16ab 

Mean±SD are presented (n=3).  

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, 

Turkey's HSD test). 
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Table 5.4 Composition of volatile compounds in Pinot Noir wine with different levels of leaf removal in 2011 and 2012 (µg/L). 

Compound 
2011  2012 

None 50% 100% IS  None 50% 100% IS 

C6 alcohols          

1-hexanol 2251±15b 2234±134b 2578±92a 2217±139b  2876±83a 2627±83b 2562±41b 2503±72b 

trans-3-hexenol 15±0 18±1 18±0 17±1  33±2 34±1 33±1 34±0 

cis-3-hexenol 23±2b 25±1b 33±4a 26±1b  21±1 23±0 25±1 24±1 

trans-2-hexenol 3.1±0.4 3.7±0.4 4.1±0.4 3.0±1.2  11±4 10±2 9±1 10±1 

Terpenoids          

linalool 10.1±0.1c 11.1±0.3b 12.3±0.4a 11.4±0.4b  12.5±0.1b 14.4±0.2a 15.4±0.3a 15.1±1.1a 

-terpineol 9.2±0.1b 10.1±2.9ab 10.2±0.5a 9.3±0.3b  7.4±0.1b 9.0±0.2a 9.8±0.8a 9.2±0.4a 

-citronellol 9.5±0.7b 11.7±0.4a 13.0±1.0a 11.7±1.0ab  12.2±1.1 13.6±1.4 14.3±0.4 13.5±2.1 

geraniol 9.4±0.8b 12.7±1.8a 13.1±0.9a 12.6±1.3a  10.3±1.4 11.4±1.1 10.8±0.6 10.4±1.3 

C13-norisoprenoids          

-damascenone 2.29±0.06b 2.43±0.06ab 2.54±0.11a 2.22±0.12b  3.2±0.2b 3.5±0.2ab 3.7±0.1a 3.5±0.1ab 

ionone 0.32±0.01a 0.33±0.02a 0.33±0.02a 0.33±0.01a  0.72±0.01 0.74±0.02 0.73±0.04 0.72±0.02 

Volatile phenols          

guaiacol 10±2 10±2 10±1 11±2  13±0 13±2 13±2 11±4 

phenol 7.2±0.7 7.4±0.7 7.9±0.8 7.5±0.2  4.6±0.5 4.6±0.2 5.9±1.1 5.4±0.9 

eugenol 0.67±0.04b 0.81±0.02a 0.80±0.06a 0.78±0.01a  0.72±0.14 0.71±0.05 0.77±0.10 0.74±0.02 

4-ethyl phenol 0.21±0.05 0.20±0.02 0.21±0.02 0.20±0.01  0.15±0.07 0.20±0.03 0.25±0.03 0.23±0.01 
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Table 5.4 Composition of volatile compounds in Pinot Noir wine with different levels of leaf removal in 2011 and 2012 (µg/L) (continued). 

4-vinyl-guaiacol 5.5±0.8 6.9±1.5 6.6±0.8 6.5±2.1  6.4±1.1 7.0±0.4 9.2±2.6 7.6±1.5 

4-vinyl phenol 97±16b 146±14a 136±12a 140±7a  122±11 123±8 154±40 143±12 

vanillin 15±2 18±2 19±4 18±1  17±3 19±1 19±1 17±1 

Lactones          

-nonalactone 138±7 149±18 131±4 137±9  155±9 154±6 143±9 154±6 

-decalactone 1.33±0.11b 1.66±0.02a 1.71±0.07a 1.70±0.04a  1.51±0.09 1.32±0.47 1.58±0.13 1.32±0.47 

-dodecalactone 1.17±0.06 1.36±0.14 1.28±0.19 1.30±0.23  1.15±0.04 1.18±0.04 1.13±0.05 1.16±0.20 

Higher alcohols          

propanol * 9.5±0.8 10.4±0.5 9.8±0.6 10.0±0.4  19±3 15±4 13±3 14±1 

isobutyl alcohol
 
* 119±6 116±6 118±10 118±9  63±8 69±5 65±7 66±1 

isoamyl alcohol * 188±5 195±12 199±24 195±14  141±10 146±2 160±10 145±7 

1-octanol 31±1 34±2 31±1 30±1  23±1 24±3 21±1 23±2 

1-nonanol 5.4±0.2c 6.4±0.1b 7.1±0.2a 6.0±0.1b  3.8±0.1 3.8±0.5 3.4±0.1 3.5±0.4 

1-decanol 2.30±0.17 2.24±0.16 2.55±0.03 2.29±0.10  1.4±0.1 1.2±0.1 1.2±0.2 1.2±0.1 

benzyl alcohol 1636±61 1608±103 1473±25 1506±62  1565±116 1428±52 1385±35 1457±60 

phenethyl alcohol* 35±1 35±3 35±1 34±2  33±3b 40±2ab 41±2a 40±1ab 

Esters 

ethyl propanoate 57±2 58±5 63±6 55±1  49±3 53±8 52±7 53±2 

ethyl butanoate 139±6b 142±6b 165±8a 144±2b  89±7b 101±8ab 123±19a 111±10ab 

ethyl hexanoate 288±9 280±30 315±29 293±9  80±15 87±2 96±6 92±7 

ethyl heptanoate 0.34±0.03 0.41±0.04 0.35±0.02 0.36±0.04  0.12±0.01 0.12±0.01 0.10±0.02 0.12±0.01 

ethyl octanoate 295±21 283±22 324±39 288±23  244±27b 271±13ab 314±19a 301±16b 

ethyl decanoate 72±6 74±12 87±8 69±3  67±9 76±17 78±17 75±10 

ethyl 2-methyl butyrate 5.3±0.6 5.2±0.2 5.9±0.7 5.8±0.2  2.9±0.4 3.1±0.3 3.2±0.3 3.2±0.4 
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Table 5.4 Composition of volatile compounds in Pinot Noir wine with different levels of leaf removal in 2011 and 2012 (µg/L) (continued). 

ethyl 3-methyl butyrate 5.9±0.4 5.7±0.2 6.8±0.9 6.4±0.5  4.1±0.6 4.3±0.5 4.5±0.3 4.3±0.2 

ethyl isobutyrate 125±9 120±6 133±6 125±10  149±26 174±18 161±21 151±10 

ethyl acetate* 20±1 21±1 20±0 21±0  36±4 30±2 29±1 33±0 

isobutyl acetate 117±4 121±7 119±7 118±3  120±4 125±4 127±8 126±2 

isoamyl acetate  177±20 179±19 185±9 180±24  141±10 146±2 160±10 155±7 

hexyl acetate 5.8±2.2 4.8±2.2 3.3±0.9 4.7±3  7.2±0.9 6.3±1.3 5.9±0.8 6.5±1.7 

octyl acetate 0.59±0.21 0.58±0.07 3.10±4.36 1.99±2.66  0.42±0.04 0.39±0.02 0.35±0.02 0.37±0.04 

ethyl phenylacetate 2.17±0.26 2.12±0.09 2.22±0.04 2.04±0.29  1.9±0.4 2.6±0.4 2.7±0.2 2.6±0.2 

2-phenethyl acetate 31±1 30±2 30±1 29±2  31±2a 38±5ab 40±6b 39±2b 

ethyl cinnamate 0.8±0.1 0.8±0.1 0.9±0.1 0.9±0.2  0.7±0.2 0.8±0.1 0.8±0.1 0.8±0.2 

methyl anthranilate 0.92±0.05 0.91±0.05 0.93±0.04 0.92±0.04  0.64±0.05 0.71±0.1 0.70±0.1 0.70±0.2 

methyl vanillate 12.1±0.8b 13.8±0.4a 14.3±0.5a 14.0±0.2a  26±3b 28±2b 34±3a 30±4ab 

ethyl vanillate 216±23a 253±5b 269±11b 259±7b  580±34 592±39 669±60 611±20 

Volatile fatty acids 

hexanoic acid 186±3 208±20 185±8 194±6  322±30 352±12 321±41 324±15 

octanoic acid 3393±103 3731±424 3161±193 3345±149  2299±186 2286±60 2363±284 2407±101 

decanoic acid 330±18 335±38 308±23 318±11  401±29 460±15 422±44 433±12 

dodecanoic acid 48±3 53±10 48±2 45±2  84±5 81±6 84±2 87±9 

Mean±SD are presented (n=3).  

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

Asterisk (*) expressed as mg/L.   
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Table 5.5 Odor activity values (OAVs)a for volatile compounds in Pinot Noir wine with different levels of leaf removal in 2011 and 2012 

Compound 

Sensory 

threshold
b
 

(g/L) 

2011 Year  2012 Year 

None 50% 100% IS  None 50% 100% IS 

Herbaceous           

1-hexanol 8000[1] 0.28 0.28 0.32 0.28  0.36 0.33 0.32 0.31 

trans-3-hexenol 400[1] 0.04 0.05 0.05 0.04  0.08 0.09 0.08 0.09 

cis-3-hexenol 400[1] 0.06 0.06 0.08 0.07  0.05 0.06 0.06 0.06 

trans-2-hexenol 400[1] 0.01 0.01 0.01 0.01  0.03 0.03 0.02 0.03 

Floral           

linalool 25[1] 0.40 0.44 0.49 0.46  0.51 0.58 0.62 0.60 

-terpineol 250[1] 0.04 0.04 0.04 0.04  0.03 0.04 0.04 0.04 

-citronellol 100[5] 0.10 0.12 0.13 0.12  0.12 0.14 0.14 0.14 

geraniol 30[3] 0.31 0.42 0.42 0.42  0.34 0.38 0.36 0.35 

phenethyl alcohol 14000[1] 2.50 2.50 2.50 2.43  2.36 2.86 2.93 2.86 

phenethyl acetate 250[3] 0.12 0.12 0.12 0.12  0.12 0.15 0.16 0.16 

Berry fruity           

-damascenone 0.05[3] 46 49 51 44  64 70 74 70 

ionone 0.09[1] 3.56 3.67 3.67 3.67  8.00 8.22 8.11 8.00 

Phenolic (smoky, woody, roasted)          

guaiacol 9.5[8] 1.05 1.05 1.05 1.16  1.37 1.37 1.37 1.16 
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Table 5.5 Odor activity values (OAVs)a for volatile compounds in Pinot Noir wine with different levels of leaf removal in 2011 and 2012 

(continued). 

eugenol 6[8] 0.11 0.14 0.13 0.13  0.12 0.12 0.13 0.12 

4-ethyl phenol 440[8] <0.01 <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 <0.01 

4-vinyl-guaiacol 1100[8] <0.01 <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 <0.01 

4-vinyl phenol 180[8] 0.54 0.81 0.76 0.78  0.68 0.68 0.86 0.79 

Caramelized (sweet, candy)          

vanillin 60[4] 0.25 0.30 0.32 0.30  0.28 0.32 0.32 0.28 

methyl vanillate 3000[9] <0.01 <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 <0.01 

ethyl vanillate 990[9] 0.22 0.26 0.27 0.26  0.59 0.60 0.68 0.62 

-nonalactone 30[1] 4.37 4.60 4.97 4.57  4.77 5.13 5.17 5.13 

-decalactone 386[1] <0.01 <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 <0.01 

Fermented (chemical, fatty)          

propanol 50000[2] 0.19 0.21 0.20 0.20  0.38 0.30 0.26 0.28 

isobutyl alcohol 40000[3] 2.98 2.90 2.95 2.95  1.58 1.73 1.63 1.65 

isoamyl alcohol 30000[3] 6.27 6.50 6.63 6.50  4.70 4.87 5.33 4.83 

benzyl alcohol 200000[4] <0.01 <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 <0.01 

hexanoic acid 420[1] 0.44 0.50 0.44 0.46  0.77 0.84 0.76 0.77 

octanoic acid 500[1] 6.79 7.46 6.32 6.69  4.60 5.17 4.73 4.81 

decanoic acid 1000[1] 0.33 0.335 0.308 0.318  0.401 0.46 0.422 0.433 

Fruity            

ethyl Propanoate 1800[5] 0.03 0.03 0.04 0.03  0.03 0.03 0.03 0.03 



146 
 

 

Table 5.5 Odor activity values (OAVs)a for volatile compounds in Pinot Noir wine with different levels of leaf removal in 2011 and 2012 

(continued). 

ethyl Butanoate 20[1] 6.95 7.10 8.25 7.60  4.45 5.05 6.15 6.05 

ethyl Hexanoate 14[1] 21 20 23 21  5.71 6.21 6.86 6.57 

ethyl octanoate 5[1] 59 57 65 58  49 54 63 60 

ethyl decanoate 200[1] 0.36 0.37 0.44 0.35  0.34 0.38 0.39 0.38 

ethyl 2-methyl butyrate 18[1] 0.29 0.29 0.33 0.32  0.16 0.17 0.18 0.18 

ethyl 3-methyl butyrate 3[1] 1.97 1.90 2.27 2.13  1.37 1.43 1.50 1.43 

ethyl isobutyrate 15[1] 8.33 8.00 8.87 8.33  9.93 11.60 10.73 10.07 

ethyl acetate 12264[3] 1.63 1.71 1.63 1.71  2.94 2.45 2.36 2.69 

isobutyl acetate 1605[9] 0.07 0.08 0.07 0.07  0.07 0.08 0.08 0.08 

isoamyl acetate 30[3] 5.90 6.00 6.17 6.00  4.70 4.87 5.33 5.17 

hexyl acetate 1500[5] <0.01 <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 <0.01 

ethyl phenylacetate 73[6] 0.03 0.03 0.03 0.03  0.03 0.03 0.04 0.03 

ethyl cinnamate 1.1[1] 0.73 0.73 0.82 0.73  0.64 0.73 0.73 0.73 

methyl anthranilate 3[7] 0.31 0.30 0.31 0.30  0.21 0.24 0.23 0.23 

[1] Ferreira et al.(2000), the matrix was a 11% water/ethanol solution containing 7 g/L glycerol and 5 g/L tartaric acid, with the pH adjusted to 3.4 with 1 M NaOH; 

[2] Li et al.(2008) and [5] Etievant (1991), the matrix was a 12% ethanol/water solution; [3] Guth (1997), the matrix was a 10% water/ethanol solution; [4] Gómez-

Míguez et al. (2007), the matrix was a 10% water/ethanol solution containing 5 g/L of tartaric acid at pH 3.2; [6] Tat et al. (2007), the matrix was a red wine; [7] 

Aubry et al.(1997), the matrix was a white wine; [8] Boidron et al.(1988), the matrix was a synthetic wine containing 12% ethanol, 8 g/L glycerol, and different 

salts; [9] Lopez et al.(2002), the matrix was a 10% water/ethanol solution at pH 3.2.  

a: Odor activity value calculated by dividing concentration by odor threshold value of the compound.   

b: Reference from which the value has been taken is given in parentheses. 

 



147 
 

CHAPTER 6 EFFECTS OF SEVERITY AND TIMING OF CROP 

THINNING ON PINOT NOIR GRAPE AND WINE VOLATILE 

COMPOSITION 

Hui Feng, Patricia A. Skinkis, and Michael C. Qian, 
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6.1. Abstract 

 

Crop thinning is commonly implemented in most vineyards of Oregon to regulate crop 

level, but its practicality has been questioned because of increased production costs and 

lost yields, as well as lack of knowledge of the relationship between crop thinning and 

Pinot Noir grape and wine quality. Effects of severity and timing of crop thinning 

practice on Pinot Noir grape and wine volatile compositions were investigated over three 

growing seasons (2010, 2011, and 2012) in a commercial vineyard of western Oregon. 

Crop levels were moderately (35% crop removed) or severely (65% crop removed) 

thinned at pre-bloom, fruit set, lag phase, or véraison and compared to full crop 

treatments (control). Grape and wine volatile compositions were analyzed by GC-FID 

and GC-MS. Results showed that crop thinning practice affect some of the yeast-

generated volatile composition, for example, both crop thinning and severity of crop 

thinning increased levels of certain higher alcohols (e.g., trans-3-hexenol, 1-heptanol, 

and propanol), but decreased levels of some esters (e.g., ethyl hexanoate, ethyl 

isobutanoate, ethyl 2-methyl butanoate, and isoamyl acetate). However, crop thinning 

practice had very limited impact on the grape-derived volatile compositions (terpenoids 

and C13-norisoprenoids).  

 

 

  

 

 

 

Keywords:  Pinot Noir wine, crop thinning, severity, timing, volatile composition, SBSE-

GC-MS, HS-GC-FID, SPME-GC-MS 
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6.2. Introduction 

        Vine balance is defined as the balance between vegetative growth and crop 

production in order to not only maintain healthy canopy growth, but also achieve 

adequate fruit production with optimal fruit quality (e.g., sugar levels, acid balance, and 

flavor compounds) (Vance and Skinkis, 2013). Considerable studies have shown that 

vine balance has a significant effect on fruit and wine quality (Howell, 2001; Kliewer and 

Dokoozlian, 2005; Reynolds et al., 1994; Reynolds and Wardle, 1989; Smart et al., 1990). 

Crop thinning is a management practice of deliberate removal of selected clusters from 

the grapevine. It is commonly used in the vineyards to regulate crop level and to achieve 

desirable vine balance (Kliewer and Dokoozlian, 2005). 

        Considerable studies have investigated the influence of crop thinning on grape and 

wine quality; however, results are still inconclusive. It has been reported that crop 

thinning can effectively reduce fruit yield and increases the berry weight and soluble 

solids of grapes (Gil et al., 2013; Sun et al., 2012). Grape phenolic and volatile 

compounds have also been found to be increased by crop thinning. Bureau et al., (2000) 

showed that crop thinning decreased levels of free-form C6 compounds and increased 

levels of bound-form monoterpene alcohols and volatile phenols in Syrah grapes. Gil et 

al., (2013) reported that crop thinning enhanced Syrah wine quality by elevating 

anthocyanin and polysaccharide levels. Similarly, Reynolds et al., (1996) found that crop 

thinning improved color, currant aroma, and astringency of Pinot Noir wine. However, 

Studies in Cabernet Sauvignon (Bravdo et al., 1985) and Chardonnay Musqué (Reynolds 

et al., 2007) indicate that differences between wines made from crop-thinned vines 

compared to full crop vines are not always detected in sensory evaluation. Moreover, 

variations in vineyard climate and grape cultivar often are found to override the outcomes 

of crop thinning practice (Andrews et al., 2013; Diago et al., 2010; Keller et al., 2008; 

Ough and Nagaoka, 1984; Reynolds et al., 2007).  

        In addition, the timing of the crop thinning practice further complicates impacts of 

this practice on grape and wine quality. Dokoozlian (1995) reported that cluster thinning 
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before bloom were more effective to improve grape quality through increased total 

soluble solids and enhanced color. However, they further mentioned that prebloom 

cluster removal is risky, because berry set and cluster shape were unknown at the time 

thinning was performed. Crop thinning late in the season (e.g., véraison or later) often has 

limited impact on fruit quality. Chapman et al., (2004a) reported that different intensities 

of thinning at véraison in Cabernet Sauvignon resulted in no differences in wine quality.  

On the contrary, Reynolds et al., (2007) reported that levels of total soluble solids, free-

form and bound-form monoterpenes tended to increase with increased delay in thinning 

time of Chardonnay Musqué grapes and wine. They further stated that crop thinning at 

later stages prevented berry size compensation. Since small berry size is considered a 

characteristic of high-quality grapes, berry size compensation is an important 

consideration for growers when making crop thinning decisions. 

        Currently, in Oregon, most commercial vineyard growers perform 2 to 3 crop 

thinnings (between fruit set and lag phase) during the season, removing 25 to 50% of the 

vine’s total fruit each year (Vance, 2012). However, given the inconsistent data of 

impacts of crop thinning on grape and wine composition, there emerges the notion that 

response of berry development to crop thinning may vary differently depending on 

specific region (e.g., warm climates vs. cool climates) and grape cultivar (e.g., high-

yielding vs. low-yielding cultivars). Furthermore, crop thinning is one of the most 

expensive management practices in vineyards for Pinot Noir produced in Oregon. It is 

important to know how this implemented technique might influence the grape quality and 

if its benefits will offset increased production expenses. The main objective of the present 

study was evaluate effects of impacts of crop thinning with the focus of severity and 

timing on Pinot Noir grape and wine volatile composition. 

6.3. Materials and Methods 

6.3.1. Chemicals  
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        Sources of volatile compound standards used in this study are listed in Appendix A. 

For various reagents, GC grade was purchased, including methanol from EMD 

(Gibbstown, NJ) and dichloromethane from Burdick & Jackson (Muskegon, MI). Citric 

acid was purchased from Lancaster (Ward Hill, MA), and 0.2 M citrate buffer solution 

(pH 3.2) was prepared fresh before usage. Tartaric acid was purchased from Mallinckrodt 

Inc. (Paris, KY). Macer
®

8 FJ enzyme solution was purchased from Biocatalysts Limited 

Inc. (Wales, UK). C18 disposable extraction cartridges (500 mg, 6 mL) were obtained 

from J. T. Baker (Philipsburg, NJ). Tartaric acid was purchased from Mallinckrodt Inc. 

(Paris, KY). A synthetic wine solution was made by dissolving 3.5 g of L-tartaric acid in 

1 L of 12% ethanol solution, and adjusting pH to 3.5 with 1 M NaOH. 

6.3.2. Vineyard experimental design 

        This trial was conducted from 2010 to 2012 at Stoller Vineyard, Dayton, OR. The 

experimental block used for 2011 to 2012 was planted in 1998 to Vitis vinifera L. Pinot 

Noir clone 115 grafted to 3309C rootstock at a planting density of 1245 vines/acre (1.5 x 

2.1 m/vine). In 2010, a different trial block was used at the same vineyard (16 year old 

clone 115 PN grafted to 3309). However, due to issues with low yield and a mishap of 

the vineyard management labor on-site in 2010, trial was moved to a more consistent 

yielding block that was also more visible to the vineyard manager to avoid treatment 

losses for 2011 and 2012.  A 2x4 + 2 factorial experimental design was used to compare 

two crop thinning intensities (moderate thinning (MT) and severe thinning (ST)) at four 

stages of phenology (pre-bloom, fruit set, lag phase and véraison). Moderate thinning was 

defined as thinning to 1 cluster per shoot, and severe thinning was defined as 1 cluster per 

every 2 shoots, achieved by a manual thinning scheme of 1-0-1-0. These treatments were 

compared to a full crop treatment (control) where no clusters were removed. Full crop 

level on these vines was approximately 1.5 clusters per shoot. Each treatment was 

replicated five times in a randomized complete block design. There were 8 vines per plot. 

Vines were managed with standard practices for the region (e.g., hedging, leaf pulling, 
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and pest management) performed by the grower collaborator with the exception of cluster 

thinning. 

6.3.3. Analysis of volatile compounds in grapes 

        Randomly selected berry samples (60 g) were frozen in liquid nitrogen and 

powdered using a blender (Sunbeam products, Inc., Boca Raton, FL).  Fifty grams of 

grape powder was mixed with 30 g of NaCl and 50 mL citrate buffer solution (0.2M, pH 

3.2). The mixture was kept under nitrogen in the dark for 24 hr at room temperature, and 

then centrifuged at 7000 rpm for 30 min (Sorvall RC-5C, Du Pont Company, Wilmington, 

DE). The supernatant was filtered twice, first through Whatman No. 1 and then VWR 

413 filter paper. Filtered juice was used for the analysis of both free- and bound-form 

volatile compounds. 

6.3.3.1. Free-form volatile compound analysis by SBSE-GC-MS  

        A stir bar sorptive extraction-gas chromatography-mass spectrometry method 

(SBSE-GC-MS) was used to analyze the free-form volatile compounds in grape juice as 

described by Malowicki et al., (2008) with some modifications. Clear grape juice (20 mL) 

was added in a 20 mL vial, and mixed with 20 μL of internal standard solution (9.4 mg/L 

of 3-hexanone, 2.4 mg/L of 4-octanol, and 1.3 mg/L of naphthalene). A pre-cleaned 

polydimethylsiloxane (PDMS) coated stir bar (0.5 mm film thickness, 10 mm length, 

Gerstel Inc., Baltimore, MD) was placed into the vial and stirred at 1000 rpm for 3 hr at 

room temperature. After extraction, the stir bar was removed from the sample, rinsed 

with distilled water, dried with light-duty tissue wipers, and then transferred into a 

thermal desorption tube for GC-MS analysis. 

        Analysis of the extracted volatile compounds was carried out using an Agilent 6890 

gas chromatograph coupled with a 5973 mass selective detector (Agilent Techonologies, 

Inc., Wilmington, DE) and a Gerstel MPS-2 multipurpose TDU autosampler with a CIS-4 

cooling injection system (Gerstel Inc., Linthicum, MD). The analytes were thermally 

desorbed at the TDU in splitless mode, ramping from 25 to 250 °C at a rate of 
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100 °C/min, and held at the final temperature for 2 min. The CIS-4 was cooled to -80 C 

with liquid nitrogen during the sample injection, and then heated at 10 °C/s to 250 °C for 

10 min. Solvent vent mode was used during the injection with a split vent flow of 50 

mL/min. Separation was achieved using a HP-5ms capillary column (60 m × 0.32 mm 

i.d., 0.25 m film thickness, Agilent Technologies, Inc.). The oven temperature was 

programmed at the successive temperature and time points:  40 °C for 2 min, ramped to 

220 °C at a rate of 4 °C/min, increased to 250 °C at a rate of 8 °C/min, and held at the 

final temperature for 6 min. A constant helium flow of 2.5 mL/min was used.  A column 

splitter was used at the end of column, 1 mL/min column flow was introduced to the MS, 

and the other 1.5 mL/min was vented out. The MS transfer line and ion source 

temperature were 280 °C and 230 °C, respectively. The mass selective detector was used 

in full scan mode for acquiring data.  Electron ionization mass spectrometric data from 

m/z 35 to 300 were collected, with an ionization voltage of 70 eV. System software 

control, data management, and analysis were performed through Enhanced ChemStation 

Software (Agilent Techonologies, Inc.). Identifications were made by comparing mass 

spectral data samples with the Wiley 275 L database and confirmed by authentic pure 

standards. Internal standard were used for quantification and all analyses were conducted 

in duplicate. 

6.3.3.2. Bound-form volatile compound analysis by SPE-SBSE-GC-MS 

        Bound-form volatile compounds in grape were isolated using the C18 solid phase 

extraction method (SPE) described by Williams et al., (1995) with modifications, then 

enzyme-acid hydrolysis was used to release free-form volatile compounds according to 

the method described by Du et al., (2010). Each 20 mL of grape juice was loaded onto a 

C18 disposable extraction cartridge (500 mg, J. T. Baker, Philipsburg, NJ) that had been 

pre-conditioned with 10 mL of methanol and 10 mL of milli-Q water. After sample 

loading, the cartridge was washed with 10 mL of milli-Q water to remove sugar and 

organic acids followed by 20 mL of dichloromethane to remove free volatile compounds. 

The bound-form volatiles were eluted from the cartridge with 6 mL of methanol and 
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concentrated to dryness at 45 ºC under vacuum using a rotary evaporator. Twenty 

milliliters of citrate buffer solution (0.2M, pH 3.2) and 100 μL of Macer®8 FJ enzyme 

solution were added to the isolates. The mixtures were incubated at 45 ºC for 20 hours. 

The solution was cooled to room temperature, and the released volatiles were analyzed 

using PDMS-SBSE-GC-MS method described previously. All analyses were conducted 

in duplicate. 

6.3.4. Wine production 

        After harvest, fruits from field replicates were combined and then randomly 

subdivided into three lots of equal weight (3 kg) which were used to produce triplicate 

fermentations for each treatment. Fruits from crop thinning at FLWR and FS stages were 

combined to form “Early” treatment, and fruit from crop thinning at LAG and VER 

stages were combined to form “Late” treatment. Fruit was fermented at Oregon State 

University research winery. Grapes were destemed, pooled and placed into 1 gallon glass 

micro-scale fermenters that utilize a submerged cap method to maintain skin and juice 

contact as described by Sampaio et al., (2007) on the day of harvest. Potassium 

metabisulfite was added to provide a calculated amount of 50 mg/L total sulfur dioxide. 

Grapes were then inoculated with an active-dry form of Saccharomyces cerevisiae 

RC212 (Lallemand, Montréal, Canada) at approximately 1 x 10
6
 cfu/mL after rehydration 

according to manufacturer’s directions. Fermenters were placed in a temperature 

controlled room set to 27 C and alcoholic fermentation was monitored by °Brix 

measurements using an Anton-Paar DMA 35N Density Meter (Graz, Austria). At the 

completion of alcoholic fermentation (< 0.5 g/L reducing sugar as measured by CliniTest 

®), wines were pressed using a small modified basket press that applied a constant 

pressure of 15 psi for 5 min allowing consistent pressing. Pressed wine was settled in ½ 

gal glass carboys for 72 hr at 4 C before being racked into ½ gal glass carboys and an 

addition of 50 mg/L of SO2 was made. Wine was stored at 13 C until required for 

analysis. No malolactic fermentation was conducted. 

6.3.5 Wine volatile compound analysis 
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6.3.5.1 Higher alcohol and acetate analysis by HS-GC-FID  

        Headspace gas chromatography method was used to analyze propanol, isobutyl 

alcohol, isoamyl alcohol, ethyl acetate, and isoamyl acetate. An aliquot (0.5 mL) of wine 

was diluted with 0.5 mL of milli-Q water in a 20 mL headspace glass vial. Twenty 

microliter of internal standard solution (2.5 mg/L of methyl propionate) was added into 

the vial as well. The mixture was incubated at 70C for 15min to reach the equilibrium 

between the sample and headspace. An aliquot (1000 mL) of headspace gas was taken by 

a 2.5 mL of gastight syringe at a rate of 200 L/s and then injected into the GC injection 

port. 

    The analysis of the extracted volatile compounds was carried out by using an 

Agilent 7890A gas chromatograph coupled with a flame ionization detector (Agilent 

Techonologies, Inc.). Separation was achieved using a DB-wax capillary column (30 m × 

0.25 mm i.d., 0.5 m film thickness, Agilent Techonologies, Inc.). The oven temperature 

was programmed at 35 °C for 4 min, then ramped to 150 °C at a rate of 10 °C/min and 

held at the final temperature for 6 min. A constant helium flow of 2 mL/min was used. 

The injector temperature was kept at 200 °C and the FID was kept at 250 °C. Peak 

identification of the volatile components was achieved by comparison with GC retention 

indices of standards. All analyses were carried out in duplicate. 

6.3.5.2 Volatile compound analysis by SPME-GC-MS 

        A headspace solid phase microextraction-gas chromatography-mass spectrometry 

(SPME-GC-MS) method was used to analyze majority of volatile compounds in the wine 

samples. An aliquot (2 mL) of wine was diluted with 8 mL of saturated NaCl solution in 

a 20 mL glass vial, in which 20L of internal standard solution (96 mg/L of 3-heptanone, 

109 mg/L of 4-octanol, and 118 mg/L of octyl propionate) were added. A pre-conditioned 

2cm 50/30 m divinylbenzene/Carboxen 
TM

/Polydimethylsiloxane (DVB/Carboxen TM 

/PDMS) coated SPME fiber (Supelco, Bellefonte, PA) was inserted into the headspace at 

50 ºC for 30 min using CTC autosampler (CTC Analytics, Inc., Zwingen, Switzerland). 
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During the extraction, the sample was stirred at 500 rpm. Upon completion of the 

extraction, the fiber was removed from the sample vial and inserted into the injection port 

of the GC at 250 ºC for 5 minutes at splitless mode.  

    The analysis of the extracted volatile compounds was carried out on an Agilent 

6890N gas chromatograph coupled with a 5973N mass selective detector (Agilent 

Techonologies, Inc.). Separation was achieved by using a DB-wax capillary column (30 

m × 0.25 mm i.d., 0.5m film thickness, Agilent Techonologies, Inc.). The oven 

temperature was initially programmed at 35 °C for 4 min, and then ramped to 230 °C at a 

rate of 5 °C/min and held at the final temperature (230 °C) for 10 min. A constant helium 

flow of 2.5 mL/min was used. The MS transfer line and ion source temperature were 

280 °C and 230 °C, respectively. The mass selective detector in the full scan mode was 

used for acquiring the data.  Electron ionization mass spectrometric data from m/z 35 to 

300 were collected, with an ionization voltage of 70 eV. System software control and 

data management/ analysis were performed through enhanced ChemStation software 

(Agilent Techonologies, Inc.). The unique quantification mass ion and qualifying mass 

ions were carefully selected to give the highest response and lowest interference for each 

compound. Internal standard quantification method was performed using the Chemstation 

software. All analyses were carried out in duplicate. 

6.3.6 Statistical analyses  

    Statistical analyses were conducted by SPSS 16.0 (SPSS, Chicago, IL, USA). The 

control treatment was compared with thinned treatment using student’s t-test, while the 

timing and severity impacts on grape and wine volatile composition among treatments 

were performed using two-way ANOVA. Statistical differences among means were 

evaluated using Tukey’s HSD test at the p < 0.05 level.  

6.4. Results and Discussion 

6.4.1. Pinot Noir grape volatile composition:     
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        In current study, both grape-derived free- and bound-form volatile compounds, 

including C6 aldehydes and alcohols, terpenoids, and C13-norisoprenoids were quantified 

and presented in Table 6.1-6.3.  

        Results showed that there was no consistent significant difference in grape volatile 

composition between treatments, although some variations were observed. In two of three 

years (2010 and 2011), crop thinned at fruit set had significant higher levels of -

damascenone than other time point (p<0.05). It is commonly thought that reducing crop 

level can produce higher quality grapes. Crop thinning practice has been reported to 

increase free and potentially volatile terpenes in Chardonnay Musqué grapes (Reynolds et 

al., 2007) and Gewürztraminer grapes (Reynolds and Wardle, 1989). However, other 

studies investigating links between crop level and grape secondary metabolites suggest 

that crop level may not be directly related to any of these compounds (Bowen et al., 2011, 

Bureau et al., 2000). In fact, the sunlight intensity and temperatures associated with 

cluster sunlight exposure are more closely correlated with concentrations of these 

compounds at harvest because of the physiological mechanism by which these 

compounds are synthesized (Downey et al., 2006; Jackson and Lombard, 1993).  In 

current study, we observed no differences on whole vine leaf area, which indicating 

cluster sunlight exposure was not affected by crop thinning treatments (Skinkis et al., in 

preparation). Therefore, crop thinning practice in our study was not able to affect the 

levels of volatile composition in grapes.  

        In addition, our results showed that reduce crop level did not guaranteed improve 

grape volatile composition. With consistently high-yielding grapevines, it may be 

possible for crop thinning practice to reduce vine size and achieve a better ripening and 

quality of grapes. However, in current study, given the relatively low yields of Pinot Noir 

without crop thinning, it is not likely that vines are over-cropped or without sufficient 

canopy to warrant crop removal to support fruit development. Crop thinning practice in 

this study did not alter the canopy microclimate or vine vigor, therefore, no impact on 

grape volatile composition. 
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6.4.2. Pinot Noir wine volatile composition:     

        The volatile compounds in Pinot Noir wines made from grapes grown with different 

crop thinning management in 2011 and 2010 vintages were presented in Table 6.4&6.5. 

Esters, higher alcohols, and fatty acids formed the majority of volatile compounds in the 

wines. In addition, there were other minor compounds including terpenoids and C13-

norisoprenoids presented in Pinot Noir wines. 

    Higher alcohols: Higher alcohols (include C6 alcohols) were quantified in this study, 

and they were the largest group of the volatile compounds in Pinot Noir wines (Table 

6.4&6.5). The impact of crop thinning treatment on other higher alcohols in wine 

depended on the individual compound and vintage year. Cis-3-hexenol, heptanol, and 

propanol was significantly increased by crop thinning treatment (p<0.05). Moreover, 

severe thinning treatment significantly increased these three higher alcohol levels in wine 

(p<0.05). On the other hand, higher alcohols such as isobutyl alcohol, benzeneethanol, 

and isoamyl alcohol were significantly decreased by crop thinning practice. Furthermore, 

the more fruits were removed, lower concentrations of these higher alcohols were found 

in final wine (p<0.05).  

    Esters: Esters were the major class of aroma-active compounds analyzed in this 

study, contributing fruity and floral aromas. This group of compounds was composed of 

ethyl esters of straight-chain fatty acid, higher alcohol acetates, ethyl esters of branched-

chain fatty acid, and aromatic esters (Table 6.4). In both years, crop thinning practice 

significantly reduced levels of ethyl hexanoate, ethyl isobutanoate, ethyl 2-methyl 

butanoate, and isoamyl acetate in wine (p<0.05). Moreover, severe thinning treatment 

had lower level of these esters than that of moderate thinning treatment (p<0.05).  

    Fatty acids: Four fatty acids, hexanoic acid, octanoic acid, decanoic acid, and 

dodecanoic acid were identified. At high concentrations, fatty acids are associated with 

rancid, cheesy and vinegar-like aromas, but they are usually present below their detection 

thresholds in wines (Louw et al., 2010). The impact of crop thinning on fatty acid 

composition was dependent on vintages.  In 2011, crop thinning had no impact on the 
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levels of fatty acids in wine, but in 2012, crop thinning practice significantly decreased 

levels of octanoic acid, decanoic acid, and dodecanoic acid in wine (p<0.05).  

    Higher alcohols, esters, and fatty acids are yeast metabolites, and their formation can 

be affected by many factors such as yeast strain, fermentation temperature, oxygen 

availability, grape nutrient status, and nitrogen level during fermentation (Bell and 

Henschke, 2005; Rapp and Mandery, 1986; Torija et al., 2003; Ugliano and Moio, 2005).. 

Therefore, the changes of those compound compositions may attribute to the alteration in 

grape nutrient status and grape must nitrogen level.  

    Grape-derived volatile compounds: Terpenoids and C13-norisoprenoids are 

important volatile compounds, contributing to floral and fruity aromas in wine. However, 

results showed that there was no consistent or significant difference in these compound 

compositions between treatments, although some variations were observed.  This result is 

in agreement with our previous observations that crop thinning practice did not alter the 

volatile composition in Pinot Noir grapes (Table 6.1-6.3).  

        Wine aroma profiles based on OAVs: By combining the OAV for compounds with 

similar aroma characteristics, an OAV-based wine aroma profile was obtained (Figure 

6.1-6.3). As shown in figures, the aroma of the wine is described as herbaceous, floral, 

berry fruit, fermented, and fruity. Herbaceous was the term with lowest OAV, while 

berry fruit, fruity and fermented reached the highest markers. Wines from different 

treatment had similar aroma profiles indicated that crop thinning practice had very 

limited impact on the wine aroma profiles. 

6.5. Summary 

    Currently, crop thinning practice is applied in most Oregon vineyards with the 

purpose to reduce crop level and increase grape quality. However, study the grape and 

wine volatile composition revealed that different from the common belief, crop thinning 

does not guarantee increased fruit and wine quality. Our results suggest that for low-

yielding Pinot Noir cultivar, crop thinning only serve to reduce yields, rather than 

increase fruit and wine aroma quality.    
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Figure 6.1 Aroma profiles of Pinot Noir wine with crop thinning treatment in (A) 2011 and (B) 2012 based on OAVs. 
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Figure 6.2 Aroma profiles of Pinot Noir wine with different crop thinning severity in (A) 2011 and (B) 2012 with 

different severity based on OAVs. 
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Figure 6.3 Aroma profiles of Pinot Noir wine with different crop thinning timing in (A) 2011 and (B) 2012 with 

different timing based on OAVs.

(A) 
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Table 6.1 Effect of severity and timing of crop thinning on Pinot Noir grape volatile composition in 2010. 

2010 Year 
Treatment 

a
  Severity 

b
  Timing 

c
 Severity×Timing 

interaction Ctr Thinned p  MT ST p  FLWR FS LAG VER p 

Free form               

hexanal 19.4 18.1 0.734  19.3 16.9 0.475  16.0 21.1 15.8 19.5 0.651 0.496 

trans-2-hexenal 420 406 0.780  417 396 0.660  442 424 404 355 0.597 0.710 

1-hexanol 145 170 0.282  169 170 0.969  161 205 170 142 0.275 0.154 

linalool 0.28 0.28 0.974  0.24 0.33 0.456  0.14 0.34 0.22 0.42 0.319 0.547 

citronellol 0.35 0.40 0.638  0.37 0.41 0.699  0.31 0.35 0.34 0.56 0.230 0.947 

geraniol 0.30 0.40 0.606  0.32 0.48 0.564  0.19 0.27 0.32 0.83 0.232 0.064 

-damascenone 0.51 0.43 0.515  0.42 0.44 0.927  0.29b 0.68a 0.45ab 0.31b 0.007 0.241 

Bound form               

1-hexanol 84.0 84.3 0.936  81.1 85.5 0.402  84.2 75.7 88.5 84.8 0.304 0.233 

cis-linalool oxide 25.9 27.6 0.758  30.1 25.1 0.517  22.6 24.1 27.1 36.6 0.599 0.042 

trans-linalool oxide 28.7 28.7 0.995  30.5 26.5 0.538  23.9 26.7 27.8 35.6 0.631 0.062 

linalool 1.40 1.28 0.462  1.18 1.37 0.327  1.14 1.35 1.52 1.11 0.313 0.000 

a-terpineol 1.89 1.99 0.775  1.81 2.21 0.372  1.91 1.72 2.83 1.59 0.096 0.416 

geraniol 20.1 18.5 0.232  18.6 19.4 0.696  17.1 19.9 20.2 18.9 0.663 0.159 

-damascenone 5.40 4.92 0.352  5.00 4.92 0.861  4.32 5.20 4.72 5.60 0.066 0.656 

Mean are presented (n=5).  

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

a: Ctr, Control group (without thinning treatment) 

b: MT, moderate-thinned treatment (35% crop removed); ST, severe-thinned treatment (65% crop removed) 

c:  Crop thinning at different timing, pre-bloom (FLWR), fruit set (FS), lag phase (LAG), or véraison (VER). 
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Table 6.2 Effect of severity and timing of crop thinning on Pinot Noir grape volatile composition in 2011. 

2011 Year 
Treatment 

a
  Severity 

b
  Timing 

c
 Severity×Timing 

interaction Ctr Thinned p  MT ST p  FLWR FS LAG VER p 

Free form               

hexanal 36.4 35.2 0.505  36.6 34.0 0.062  35.6 34.1 36.5 34.9 0.797 0.823 

trans-2-hexenal 207 213 0.263  214 211 0.225  216 212 211 212 0.549 0.144 

1-hexanol 211 235 0.098  221 248 0.256  229 245 211 253 0.691 0.411 

linalool 2.10 2.24 0.501  2.41 2.06 0.123  2.39 2.30 2.16 2.10 0.870 0.136 

citronellol 1.72 1.91 0.294  1.93 1.90 0.880  1.98 1.92 1.62 2.14 0.396 0.392 

geraniol 0.96 1.12 0.254  1.21 1.04 0.335  0.98 1.13 1.19 1.19 0.836 0.831 

-damascenone 0.51 0.56 0.059  0.56 0.56 0.995  0.52b 0.58a 0.58a 0.55ab 0.020 0.043 

Bound form               

1-hexanol 111 147 0.007  146 148 0.861  129 145 161 153 0.299 0.080 

cis-linalool oxide 4.55 4.68 0.719  4.73 4.63 0.758  4.30 5.04 4.98 4.41 0.198 0.069 

trans-linalool oxide 5.75 5.55 0.581  5.66 5.43 0.427  5.22 5.80 5.78 5.40 0.557 0.143 

linalool 5.53 6.20 0.131  6.08 6.33 0.618  5.85 6.45 6.65 5.85 0.578 0.206 

a-terpineol 4.04 4.29 0.391  4.43 4.15 0.364  4.48 4.42 4.12 4.14 0.831 0.155 

geraniol 1.21 1.46 0.230  1.21 1.70 0.011  1.65 1.36 1.41 1.41 0.870 0.278 

-damascenone 2.26 2.55 0.275  2.41 2.67 0.282  2.69 2.21 2.91 2.41 0.096 0.376 

Mean are presented (n=5).  

Different lowercase letters indicate a statistical difference in means within one year (p < 0.05, ANOVA, Turkey's HSD test). 

a: Ctr, Control group (without thinning treatment) 

b: MT, moderate-thinned treatment (35% crop removed); ST, severe-thinned treatment (65% crop removed) 

c:  Crop thinning at different timing, pre-bloom (FLWR), fruit set (FS), lag phase (LAG), or véraison (VER). 
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Table 6.3 Effect of severity and timing of crop thinning on Pinot Noir grape volatile composition in 2012. 

2012 Year 
Treatment 

a
  Severity 

b
  Timing 

c
 Severity×Timing 

interaction 
Ctr Thinned p  MT ST p  FLWR FS LAG VER p 

Free form               

hexanal 24.0 21.7 0.588  19.6 23.9 0.418  25.8 23.7 23.5 23.9 0.351 0.283 

trans-2-hexenal 123 112 0.554  123 125 0.549  124 125 126 121 0.699 0.306 

1-hexanol 242 260 0.598  261 259 0.952  266 261 291 222 0.664 0.080 

linalool 1.58 1.78 0.666  1.78 1.78 0.998  2.03 1.67 1.66 1.75 0.929 0.741 

citronellol 1.21 1.10 0.536  1.25 0.95 0.102  1.24 1.27 1.12 0.87 0.607 0.133 

geraniol 1.57 1.93 0.388  2.20 1.67 0.228  2.41 1.99 2.00 1.34 0.426 0.559 

-damascenone 0.46 0.41 0.128  0.42 0.40 0.434  0.43 0.44 0.43 0.35 0.135 0.503 

Bound form               

1-hexanol 201 216 0.554  215 217 0.430  221 217 232 193 0.239 0.771 

cis-linalool oxide 8.56 8.54 0.975  8.53 8.75 0.710  7.21 8.32 9.50 9.51 0.170 0.592 

trans-linalool oxide 11.8 11.7 0.928  11.2 11.9 0.379  11.3 11.2 12.1 11.6 0.856 0.767 

linalool 4.50 4.41 0.532  4.50 4.54 0.236  4.52 4.54 4.53 4.48 0.107 0.415 

a-terpineol 25.4 22.3 0.030  23.8 20.8 0.140  22.1 23.7 24.3 19.0 0.640 0.175 

geraniol 1.24 1.26 0.425  1.22 1.27 0.473  1.24 1.27 1.30 1.16 0.572 0.137 

-damascenone 1.87 1.51 0.262  1.55 1.83 0.002  1.79 1.71 1.59 1.57 0.477 0.000 

Mean are presented (n=5).  

a: Ctr, Control group (without thinning treatment) 

b: MT, moderate-thinned treatment (35% crop removed); ST, severe-thinned treatment (65% crop removed) 

c:  Crop thinning at different timing, pre-bloom (FLWR), fruit set (FS), lag phase (LAG), or véraison (VER). 
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Table 6.4 Effect of severity and timing of crop thinning on Pinot Noir wine volatile composition in 2011. 

2011 Year 
Treatment  Severity  Timing Severity×Timing 

interaction Ctr Thinned p  Moderate Severe p  Early Later p 

Higher alcohols             

1-hexanol 3947 4156 0.046  4249 4063 0.059  4224 4088 0.183 0.822 

trans-3-hexenol 21 23 0.000  23 23 0.767  23 23 0.953 0.560 

cis-3-hexenol 20 16 0.057  16.3 15.3 0.132  15.7 15.9 0.741 0.917 

trans-2-hexenol 4.00 3.52 0.097  3.65 3.40 0.257  3.63 3.42 0.351 0.453 

1-heptanol 23 34 0.026  33.6 33.8 0.959  32.5 34.9 0.585 0.734 

1-octanol 27 26 0.581  25.9 26.3 0.707  26.7 25.6 0.312 0.228 

1-nonanol 7.05 7.18 0.686  7.05 7.32 0.405  6.91 7.45 0.081 0.823 

1-decanol 1.98 1.90 0606  1.91 1.90 0.948  1.99 1.81 0.225 0.967 

benzyl alcohol 2289 2364 0.474  2290 2438 0.133  2379 2348 0.764 0.973 

benzeneethanol 30.6 32.5 0.143  32.2 32.7 0.666  32 33 0.368 0.874 

propanol * 15.4 18.0 0.001  17.8 18.3 0.436  18.2 17.8 0.528 0.404 

isobutyl alcohol * 114 105 0.042  105 106 0.792  106 105 0.810 0.629 

isoamyl alcohol * 188 187 0.846  183 190 0.389  188 185 0.712 0.439 

Esters             

ethyl butanoate 155 154 0.097  145 164 0.004  153 156 0.680 0.649 

ethyl hexanoate 263 245 0.024  238 252 0.038  247 242 0.482 0.757 

ethyl heptanoate 0.51 0.62 0.013  0.65 0.60 0.276  0.63 0.62 0.885 0.300 

ethyl octanoate 256 230 0.023  225 236 0.228  234 227 0.472 0.651 
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Table 6.4 Effect of severity and timing of crop thinning on Pinot Noir wine volatile composition in 2011 (continued). 

ethyl decanoate 56 62 0.168  64 60 0.253  63.8 60.1 0.385 0.427 

ethyl isobutyrate 119 107 0.022  107 107 0.864  104 110 0.179 0.363 

ethyl 2-methyl butyrate 4.76 4.53 0.296  4.46 4.60 0.500  4.37 4.69 0.081 0.378 

ethyl 3-methyl butyrate 5.91 5.50 0.182  5.44 5.56 0.661  5.25 5.75 0.051 0.141 

ethyl acetate * 19.9 21.0 0.188  20.2 21.9 0.024  20.1 21.2 0.627 0.912 

isobutyl acetate 131 119 0.026  115 122 0.127  118 119 0.846 0.621 

isoamyl acetate  171 197 0.100  180 214 0.006  190 203 0.712 0.672 

hexyl acetate 5.01 4.77 0.665  4.66 4.89 0.655  5.18 4.37 0.102 0.920 

ethyl phenylacetate 1.75 2.21 0.001  2.21 2.20 0.947  2.17 2.25 0.480 0.384 

phenethyl acetate 28.4 28.4 0.997  28.3 28.6 0.737  28.4 28.4 0.950 0.877 

diethyl succinate 813 1206 0.000  1148 1265 0.116  1237 1176 0.432 0.240 

Terpenoids             

linalool 8.50 8.38 0.662  8.26 8.50 0.382  8.17 8.58 0.113 0.973 

-terpineol 6.64 6.80 0.704  6.86 6.75 0.797  6.85 6.76 0.830 0.878 

citronellol 7.89 10.3 0.000  9.91 10.76 0.017  10.28 10.39 0.783 0.570 

geraniol 14.1 16.5 0.078  14.63 18.36 0.000  16.6 16.4 0.836 0.199 

C13-norisoprenoids             

-damascenone 3.06 3.11 0.630  3.02 3.19 0.042  3.07 3.14 0.480 0.631 

-ionone 1.43 1.46 0.096  1.47 1.46 0.826  1.45 1.48 0.183 0.966 

Fatty acids             

hexanoic acid 171 169 0.772  166 172 0.308  171 167 0.531 0.879 

octanoic acid 2554 2477 0.633  2371 2584 0.155  2514 2441 0.642 0.990 

decanoic acid 259 249 0.520  246 252 0.694  253 245 0.616 0.551 

dodecanoic acid 44.6 45.7 0.454  45.4 46.0 0.663  46.5 44.8 0.203 0.868 

   Means are presented (n=3).  
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Table 6.5 Effect of severity and timing of crop thinning on Pinot Noir wine volatile composition in 2012 

2012 Year 
Treatment  Severity  Timing Severity×Timing 

interaction Ctr Thinned p  Moderate Severe p  Early Later p 

Higher alcohols             

1-hexanol 2279 2451 0.099  2372 2530 0.093  2458 2444 0.894 0.204 

trans-3-hexenol 55 64 0.003  61.2 66.8 0.021  43.3 44.3 0.840 0.147 

cis-3-hexenol 43 44 0.229  44 44 0.927  32.8 36.1 0.454 0.110 

trans-2-hexenol 20.9 34.5 0.000  30.3 38.7 0.001  43.1 44.3 0.262 0.274 

1-heptanol 89 110 0.025  100 119 0.007  110 109 0.892 0.022 

1-octanol 915 998 0.001  977 1019 0.023  1000 995 0.795 0.283 

1-nonanol 12.4 12.5 0.982  11.9 13.0 0.045  12.4 12.5 0.932 0.007 

1-decanol 1.34 0.84 0.003  0.86 0.81 0.105  0.86 0.81 0.068 0.537 

benzyl alcohol 1323 1375 0.409  1333 1417 0.159  1419 1332 0.142 0.003 

benzeneethanol 19.1 17.9 0.014  18.2 17.6 0.118  17.8 18.1 0.537 0.859 

propanol * 17.3 20.4 0.002  19.7 21.2 0.086  20.7 20.2 0.515 0.028 

isobutyl alcohol * 53 44 0.000  46.7 40.8 0.000  43.1 44.3 0.449 0.095 

isoamyl alcohol * 166 142 0.002  149 136 0.026  140 145 0.613 0.618 

Esters             

ethyl butanoate 130 124 0.402  125 122 0.666  125 123 0.727 0.670 

ethyl hexanoate 230 206 0.050  219 194 0.014  210 202 0.503 0.465 

ethyl heptanoate 1.87 1.84 0.827  1.85 1.83 0.861  1.97 1.70 0.042 0.128 

ethyl octanoate 127 124 0.690  130 117 0.043  121 126 0.457 0.978 

ethyl decanoate 42.5 43.9 0.055  44.3 43.5 0.672  43.3 45.1 0.051 0.514 

ethyl isobutyrate 54.3 42.2 0.003  47.2 37.1 0.000  43.2 41.2 0.583 0.636 
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Table 6.5 Effect of severity and timing of crop thinning on Pinot Noir wine volatile composition in 2012 (continued). 

ethyl 2-methyl butyrate 8.44 6.92 0.006  6.79 7.05 0.521  7.49 6.34 0.000 0.985 

ethyl 3-methyl butyrate 7.39 5.51 0.000  5.96 5.05 0.008  5.66 5.35 0.412 0.049 

ethyl acetate * 19.9 21.1 0.102  20.4 21.9 0.019  21 21.3 0.701 0.326 

isobutyl acetate 44.9 40.5 0.156  41.6 39.5 0.407  40.3 40.7 0.893 0.587 

isoamyl acetate  122 98 0.000  100 96 0.373  98 98 0.988 0.420 

hexyl acetate 1.97 1.58 0.003  1.54 1.63 0.384  1.66 1.51 0.146 0.797 

ethyl phenylacetate 1.56 1.10 0.000  1.19 1.02 0.001  1.13 1.08 0.384 0.710 

phenethyl acetate 12.5 9.12 0.000  9.37 8.88 0.051  9.21 9.03 0.510 0.492 

diethyl succinate 1971 1929 0.487  1921 1937 0.787  1918 1940 0.704 0.421 

Terpenoids             

linalool 7.53 7.06 0.038  7.15 6.97 0.374  7.12 7.01 0.575 0.291 

-terpineol 3.18 3.02 0.134  3.00 3.03 0.726  3.12 2.91 0.022 0.151 

citronellol 7.33 6.81 0.123  6.94 6.68 0.380  6.98 6.64 0.239 0.341 

geraniol 15.9 16.6 0.483  16.8 16.4 0.646  16.0 17.1 0.209 0.862 

C13-norisoprenoids             

-damascenone 2.28 2.31 0.800  2.37 2.25 0.251  2.21 2.41 0.039 0.679 

-ionone 0.33 0.27 0.015  0.29 0.26 0.061  0.28 0.26 0.130 0.160 

Fatty acids             

hexanoic acid 860 822 0.122  837 806 0.096  824 819 0.820 0.385 

octanoic acid 1065 930 0.014  956 904 0.087  920 940 0.543 0.188 

decanoic acid 189 142 0.000  150 133 0.004  142 141 0.856 0.012 

dodecanoic acid 65.2 64.5 0.291  65.5 63.5 0.061  65.2 63.9 0.138 0.108 

      Means are presented (n=3). 



170 
 

CHAPTER 7   GENERAL CONCLUSION 

        The work presented in this dissertation filled the knowledge gap of how specific 

viticultural practices (i.e., cover crop, leaf removal, and crop thinning) affect Oregon 

Pinot Noir grape and wine volatile composition. Its major findings are summarized and 

discussed as following: 

(1) In the first study, the use of permanent cover crops on a vineyard floor resulted 

in increased anthocyanins and quercetin glycosides and decreased organic acids 

and free amino acids in grapes during certain years. It also altered grape volatile 

composition through reduced C6 compounds and -damascenone, and increased 

free-form terpenoids. Cover crop treatment not only affected the grape-derived 

volatile compounds, but also changed the composition of fermentation-derived 

volatile compounds in wine. Cover crop treatment elevated levels of branched-

chain esters, acetates, terpenoids, and phenethyl alcohol, while decreasing levels 

of straight-chain ethyl esters, higher alcohols, -damascenone, ethyl vanillate, 

dimethyl sulfite and methanethiol in final wine.  

 

Our data suggest that cover crop practice affect grape and wine volatile 

composition likely through two possible mechanisms. First, cover crop practice 

may directly influence the vine nitrogen status, and subsequently reshape 

volatile compound synthesis in grapes. The altered vine nitrogen status may also 

lead to changes in grape must nitrogen level and affect the fermentation process, 

hence modulating fermentation-derived volatile compound formation in final 

wine. Second, cover crop practice may affect grape volatile composition 

indirectly via alteration of the fruit-zone microclimate as a consequence of the 

reduction of vine vigor. However, very few studies have investigated the link 

between vine nitrogen status and grape volatile composition. Further work is 

needed to understand the role of nitrogen in the biosynthesis of grape secondary 
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metabolite biosynthesis. Additionally, it will be of interest to test whether the 

negative influence of cover crop (e.g., reduced levels of straight-chain ethyl 

esters and -damascenone) can be rescued through nitrogen supplementation 

during the vinification in the winery.  

 

(2) In the second study, we sought to determine the impact of leaf removal on grape 

and wine volatile composition. Leaf removal conducted in the cluster zone at 

berry pea-size stage effectively modified canopy microclimate (sunlight 

exposure) in the cool-climate Pinot Noir production region of Oregon. 100% leaf 

removal significantly increased levels of grape-derived volatile compounds (e.g., 

-damascenone and several terpenoids), and the augmentation of volatile 

compounds (e.g., free- and bound-forms of -damascenone) is positively 

correlated with sunlight exposure. More importantly, our data indicate that 100% 

leaf removal significantly improves Pinot Noir wine quality, manifested by the 

increase of linalool, -terpineol, -damascenone, several esters (e.g., ethyl 

butanoate, ethyl octanoate, methyl vanillate, and ethyl vanillate), and potential 

aromas (e.g., bound-form C13-norisoprenoids) in final wine. Although future 

sensory work is needed to confirm the positive influence of leaf removal on the 

wine aroma profile, our study provides strong evidence that 100% leaf removal 

has the potential of increasing wine quality and can serve as a valuable means to 

optimize grape and wine quality. 

 

(3) The third study was conducted to investigate the impact of crop thinning on 

volatile composition of Pinot Noir grape and wine with focus on the severity and 

timing of crop thinning. Our data indicate that crop thinning had limited impact 

on grape and wine volatile compositions with high variation over three studied 

seasons. This result may be attributed to two possible reasons. First, Pinot Noir 

is generally a low-yielding cultivar and vine sizes are often large due to cool and 

wet climate in western Oregon. There is no resource-limiting situation in which 
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vines are unable to ripen fruit, therefore, crop thinning may not alter the source-

sink relationship and affect grape volatile composition. Second, effects of crop 

thinning on grape-derived volatile compounds are likely due to the secondary 

changes in cluster-zone sunlight exposure and canopy density. However, in the 

current study, cluster sunlight exposure and canopy density were not affected by 

crop thinning and hence it is reasonable to expect little changes in grape-derived 

volatile composition. 

 

Commonly used to control grape yield for the purpose of improving grape 

quality, crop thinning is one of the most expensive vineyard practices. The 

premium winegrape industry is constantly seeking to answer the question: How 

to reduce costs while improve grape and wine quality without significantly 

sacrifice of yields? Contrary to the common belief in wine industry, our data 

point out that crop thinning does not guarantee increased Pinot Noir grape and 

wine aroma quality. More specifically, when vine yields are already low, crop 

thinning only serve to reduce yields, rather than increase fruit and wine quality.    
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APPENDIX 

Appendix A. Chemical standards 

Chemicals Source Purity 

4-octanol (IS) Aldrich  ≥98% 

3-hexanone (IS) Aldrich  ≥97% 

naphthalene (IS) Aldrich 99% 

octyl propionate (IS) Aldrich  ≥99% 

methyl propionate (IS) Aldrich  ≥99% 

3, 4-dimethylphenol (IS) Acros 99% 

ethyl methyl sulfide (EMS) (IS) TCI Japan ≥96% 

1-hexanol Sigma-Aldrich ≥99% 

(E)-2-hexen-1-ol (trans-2-hexenol) Sigma-Aldrich ≥90% 

(E)-3-hexen-1-ol (trans-3-hexenol) Aldrich 97% 

(Z)-3-hexen-1-ol (cis-3-hexenol)  Sigma-Aldrich 98% 

1-propanol  Sigma-Aldrich ≥99% 

1-heptanol Sigma-Aldrich 98% 

2-ethyl-1-hexanol Sigma-Aldrich ≥99.6% 

1-octanol Aldrich ≥99% 

1-octen-3-ol Aldrich  ≥98% 

1-nonanol Aldrich ≥95% 

1-decanol Aldrich ≥99% 

isobutyl alcohol  Aldrich ≥99% 

isoamyl alcohol  Aldrich ≥98% 

phenyl methanol (benzyl alcohol) Sigma-Aldrich 99.8% 

2-phenylethanol Sigma-Aldrich ≥99% 

ethyl butanoate Aldrich ≥98% 

ethyl hexanoate Aldrich ≥98% 
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Appendix A. Chemical standards (Continued) 

ethyl octanoate Aldrich ≥98% 

ethyl decanoate Aldrich ≥98% 

ethyl 2-methylpropanoate Aldrich ≥98% 

ethyl 2-methylbutanoate Aldrich ≥98% 

ethyl 3-methylbutanoate Aldrich ≥98% 

ethyl acetate  Sigma-Aldrich 99.8% 

3-methylbutyl acetate (isoamyl acetate)  Aldrich ≥97% 

hexyl acetate Aldrich ≥98% 

ethyl phenylacetate Aldrich ≥98% 

2-phenylethyl acetate Aldrich ≥98% 

diethyl butanedioate (diethyl succinate) Aldrich ≥99% 

ethyl 3-phenylprop-2-enoate (ethyl cinnamate) Alfa Aesar ≥98% 

methyl 2-aminobenzoate (methyl anthranilate) Aldrich ≥98% 

methyl 4-hydroxy-3-methoxybenzoate (methyl 

vanillate) 
Aldrich ≥99% 

ethyl 4-hydroxy-3-methoxybenzoate (ethyl 

vanillate) 
Sigma-Aldrich ≥95% 

hexanoic acid Aldrich ≥99% 

octanoic acid Aldrich ≥98% 

decanoic acid Aldrich ≥98% 

3,7-dimethyl-1,6-octadien-3-ol (linalool) Fluka ≥97% 

2-(5-methyl-5-vinyltetrahydro-1-furyl)-2-propanol 

(linalool oxide)  
Fluka ≥97% 

3,7-dimethyl-6-octen-1-ol -citronellol) Aldrich 95% 

(Z)-3,7-dimethyl-2,6-octadien-1-ol (nerol) Aldrich 98% 

(E)-3,7-dimethyl-2,6-octadien-1-ol (geraniol) Aldrich 98% 
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Appendix A. Chemical standards (Continued) 

(E)-1-(2,6,6-trimethyl-1,3-cyclohexadienyl)-2-

buten-1-one (-damascenone) 
Aldrich ≥90% 

(E)-4-(2,6,6-trimethyl-1-cyclohexenyl)-3-buten-2-

one -ionone) 
Aldrich 96% 

hydrogen sulfide Aldrich ≥99% 

methanethiol Aldrich ≥99% 

methanedithione (carbon disulfide) EM ≥99% 

S-methyl ethanethioate (dimethyl sulfide) TCI 99% 

methyl thioacetate Alfa Aesar 97% 

3-(methylthio)-1-propanol (methionol) Aldrich ≥98% 

5-pentyldihydro-2(3H)-furanone -nonalactone) Aldrich 98% 

6-pentyltetrahydro-2(2H)-pyranone-decalactone) Aldrich 98% 

2-methoxyphenol (guaiacol) Aldrich ≥98% 

4-allyl-2-methoxyphenol (eugenol) Aldrich 98% 

4-ethyl phenol Aldrich 98% 

4-ethenyl-2-methoxyphenol (4-vinyl-guaiacol) Aldrich 98% 

4-hydroxy-3-methoxybenzaldehyde (vanillin) Fluka ≥98% 

hexanal Aldrich ≥97% 

trans-2-hexenal Aldrich ≥95% 

heptanal Aldrich  ≥95% 

octanal Aldrich  ≥99% 

nonanal Aldrich  ≥95% 

IS: internal standards. 

 


