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Resumo 

Em um estudo de campo feito com a variedade Pinot Noir foi investigada o desempenho da videira, 

bem como a composição de seus frutos e de seu vinho. As videiras foram sujeitas a abrangentes 

tratamentos de desfolha e monda de cachos. Ambos os tratamentos foram aplicados em três níveis 

(25%, 50% e 100% de desfolha e monda de cachos, respectivamente) no estado fenológico onde a 

frutificação estava com bago “ervilha”. As netas laterais foram retiradas conforme seu aparecimento. 

A maturação foi retardada quando a relação entre área foliar/ grama uva (LA/Y) foi reduzida a um 

certo limiar (13 cm2 g-1). Ao contrário uma alta relação LA/Y (> 26cm2g-1) não demonstrou diferença 

na coloração dos frutos. Não foram observadas diferenças significativas da taxa fotossintética entre 

tratamentos. Contudo há uma tendência de que videiras com uma desfolha de 50% exibem os maiores 

valores para a condutância estomática, bem como maior fotossíntese. Videiras desfolhadas 

compensaram sua restrita área foliar através do aumento individual das folhas remanescentes. 

Os resultados do presente estudo sugerem que o fruto é produzido à custa do crescimento vegetativo. 

Elevados níveis de produção resultaram em diminuição do tamanho de folha. Além disso, o peso de 

lenha de poda e a relação LA/Y estão positivamente correlacionadas. A evolução do açúcar nos bagos 

de uva apresenta uma curva de saturação. Um aumento na relação produção e consumo foi 

acompanhado de uma acumulação de açúcar, ate certo limite. Se este limite for excedido uma área 

foliar adicional não promove uma maior acumulação de açúcar, o que indica que a videira pode estar 

limitada pelo consumo ou “sink”. 

O tratamento de desfolha mais severo reduziu de forma significativa o tamanho das bagas bem como 

seu peso. Não foram encontrados nenhum padrão consistente de relação entre acidez titulável, pH, 

azoto assimilável, tão pouco na relação entre área foliar e volume de frutificação. 

Nos vinhos nem os taninos tão pouco os parâmetros de cor foram afectados pelos tratamentos. 

 

Abstract 

Vine performance, fruit and wine composition were investigated on field grown Pinot Noir grapevines 

subjected to a range of leaf removal and cluster thinning treatments. Both treatments were applied in 

three levels (25 %, 50 % and 100 % of leaves and clusters retained, respectively) at the phenological 

stage of pea-size. New emerging leaves were removed as they appeared. 

Veraison was delayed when leaf area to fruit weight ratio (LA/Y) dropped below a certain threshold 

(13 cm2 g-1). On the contrary a high LA/Y ratio (> 26 cm2g-1) did not show any difference on fruit 

colouration. No significant differences in single leaf photosynthetic rate were observed between the 

treatments, however, there was a trend that vines from the 50 % leaf retained treatment tended to 

exhibit highest values for stomatal conductance and photosynthesis. Defoliated vines compensated for 

a restricted leaf area by increasing individual leaf size of the remaining leaves. 

 



   

 

The results of the present study suggest that fruit is produced at the expense of vegetative growth. 

High crop levels resulted in a decrease of individual leaf size. Moreover, pruning weight and LA/Y 

ratio were positively correlated. Sugar accumulation in grape berries were shown to follow a 

saturation curve. An increase of the source to sink ratio up to a certain point was accompanied by an 

increase in sugar accumulation. If this threshold was exceeded, additional leaf area did not promote 

higher sugar accumulation, indicating that the vine might be sink-limited.  

The most severe defoliation treatment significantly reduced berry size and berry weight. No consistent 

pattern between titratable acidity, pH and YAN and leaf area to fruit weight ratio could be found. 

Wine tannin content and wine colour parameters were not affected by the treatments. 
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1 Introduction	  

Pinot Noir is an important red cultivar that is predominantly cultivated in cool climate wine regions 

worldwide, such as Burgundy (France), Canterbury (New Zealand), Oregon (USA) and Ahr 

(Germany) among others. Cool climate wine regions are characterized by a shorter growing season, 

where it might be critical to ripen the fruit properly to full maturity (Howell 2001). Leaf fall and 

harvest usually coincide in cool climates, which means there is no postharvest accumulation of 

carbohydrates reserves in storage organs. This implies that carbohydrate reserve accumulation, 

vegetative growth and reproductive growth must compete for photo-assimilates during the growing 

season (Bennett et al. 2005). The stored carbohydrate reserves at the start and end of the season must 

be similar to ensure the longevity and productivity of a vine (Trought et al. 2001). 	  
The concept of vine balance deals with this issue and states that a vine is balanced when it produces 

constant fruit quality and yield over time. Vine balance is generally expressed as the leaf area that is 

required to maximize ripeness of a unit of fruit (Fredes et al. 2010). Mature grape berries are generally 

associated with high wine quality in terms of colour and aroma profile. Several cultural practices, i.e. 

pruning, defoliation and cluster thinning aim to achieve this equilibrium between crop level and leaf 

area and have been shown to influence the growth and ripening behaviour of grapevines throughout 

the growing season (Poni et al. 2006, Gatti et al. 2012, and Fredes et al. 2010). These practices impact 

the source to sink relationship of the vine. Modifications of the source to sink relationship change the 

pattern of carbohydrate partitioning (Candolfi-Vasconcelos et al. 1994b), which in turn affects whole 

vine physiology.  

The results found in literature concerning the influence of source to sink ratio on yield parameters and 

fruit composition are controversial. Differences can be attributed to the fact that studies were 

conducted under an array of climates, cultivars, sites, and experimental designs. Particularly, timing 

and extent of treatments (cluster thinning and defoliation) varied considerably, making it difficult to 

compare these studies and apply results on specific situations. 

In the current study a wide range of leaf area to fruit weight ratios were established on field grown 

Pinot Noir vines in Canterbury (New Zealand), by the application of various leaf removal and crop 

removal treatments. 

The objectives of this study were to evaluate the effect of the relationship of vegetative to reproductive 

growth on vine performance, fruit composition and ultimately wine composition.  

The first hypothesis was that differences in the leaf area to fruit weight ratio would affect fruit 

ripening. The second hypothesis was that the grapevine would compensate for differences in the 

source to sink balance by increased photosynthesis and a change in carbohydrate partitioning pattern. 

Thirdly, differences in leaf area to fruit weight ratio would be reflected in fruit composition (sugar 

content, acidity level and nitrogen content) as well as wine composition (phenolic compounds). 
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2 Literature	  review	  

2.1 Vine	  balance	  

The challenge of today's grape production is to obtain highest possible yields while meeting the 

demanded grape quality requirements, and at the same time maintaining healthy vines (King et al. 

2012, and Chalfant 2012).	  

The concept of vine balance is of critical importance to ensure high quality grapes, and productivity 

and sustainability of a vineyard (Geller and Kurtural 2013).  

2.1.1 General	  concept	  

Grapevines show a great physiological and architectural plasticity regulating the vegetative to 

reproductive growth relationship (Etchebarne et al. 2010). Thus, this capacity may explain the wide 

dissemination of this species in so many different parts of the world.  

Vine balance is commonly referred to as the relationship between vegetative and reproductive growth. 

Gladstone (1992) states “balance is achieved when vegetative vigour and fruit load are in equilibrium 

and consistent with high fruit quality.“ In other words, the leaf area has to be large enough to supply 

all sinks (fruits, roots, trunk and shoots) adequately with carbohydrates (sugar and starch) without 

excessive vegetative growth that may result in a dense canopy, with unfavourable micro-climatic 

conditions and delayed fruit maturity. Indicators for a balanced vine are homogeneous shoot growth, 

good light microclimate conditions of the renewal and fruiting zone, early and even fruit ripening, 

appropriate lignification of canes, good reserves of carbohydrates for next season and even bud burst 

(Lakso and Sachs 2009, Dry et al. 2004, and Martinson 2013).  

Vine capacity is a function of the leaf area that is at light saturation, the quantity of perennial wood 

structure, the size of the root system and the environment and previous history of the vine (Kliewer 

and Weaver 1971, Winkler 1974, Miller et al. 1993, and Smart 1993).  

If too many clusters exceed the capacity of the vine, the vine is referred to as “over cropped” or 

“under-leafed”, which means that the finite leaf area cannot supply the grapes adequately with 

photoassimilates. Thus, the greater the ratio of reproductive to vegetative growth is, the larger is the 

required heat summation to ripen the fruit and the longer the ripening period (Winkler 1958, Kliewer 

and Ough 1970, Kliewer and Weaver 1971, and Smart 1993). Generally, it is thought that the required 

leaf area per unit of fruit weight has to be larger in cool climate vine growing areas. However, this 

depends on several factors such as cultivar, soil fertility, and viticultural practices. A long foliated 

period postharvest with photosynthetically active leaves enables the grapevine to accumulate and 

partition carbohydrates to storage tissues (Howell 2001). Large vines with a large woody framework 

may compensate for a high crop level to some degree from carbohydrate reserves, whereas the growth 

of small vines is relatively quickly depleted, since fruits are preferentially supplied with 

photoassimilates compared to roots, shoots and leaves (Miller et al. 1993, and Dry et al. 2004). 

Overcropped vines are characterized by low sugar and high acidity levels, poor fruit coloration, 

reduced berry size, reduced shoot growth, reduced bud fruitfulness, lower carbohydrate reserves, poor 
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wood maturity and low levels of proline in the grape juice and higher levels of undesirable “green” 

flavour compounds such as 3-isobutyl-2-methoxypyrazine (Winkler 1958, Kliewer and Ough 1970, 

Kliewer and Weaver 1971, Miller et al. 1993, and Lakso and Sachs 2009). Therefore, the best wine 

quality is generally obtained from grapes that come from balanced vines (Kliewer and 

Dokoozlian 2005). Various viticultural practices such as pruning, shoot and cluster thinning, 

trimming, leaf removal, irrigation, among others are known and can be applied to manipulate the 

vigour, crop level and growth behaviour of the vine in order to achieve a balanced vine. Making the 

right decisions when establishing a new vineyard by selecting an adequate site, soil, planting density, 

rootstock, training system, etc. for a given cultivar is an important measure to improve fruit quality, 

balance vine vigour and save costs in the future (Vance 2012). 

2.1.2 Indices	  

Table 1 Indices used to indicate vine balance  

Index	   Abbrev.	  
Optimal	  

value	  
References	  

<	  10	  -‐	  12	   Bravdo	  et	  al.	  (1984,	  1985)	  
6	  -‐	  10	   Intrieri	  and	  Filipetti	  (2001)	  
7	  -‐	  10	   Reynolds	  (2001)	  
4	  -‐	  10	   Kliewer	  and	  Dokoozlian	  (2001)	  

Fruit	  weight	  per	  vine	  (kg)/	  
pruning	  weight	  per	  vine	  (kg)	  

Y/P	  

5	  -‐	  10	   Smart	  (2001)	  
0.3	  -‐	  0.6	   Shaulis	  and	  Smart	  (1974)	  

0.4	   Reynolds	  (2001)	  
0.3	  -‐	  0.6	   Kliewer	  and	  Dokoozlian	  (2001)	  

Pruning	  weight	  (kg)/	  unit	  
canopy	  length	  (m)	  

P	  

0.5	  -‐	  2.5	   Smart	  (2001)	  
<	  1.5	   Smart	  (1992)	  Total	  leaf	  area	  per	  vine	  (m2)/	  

surface	  area	  per	  vine	  
TLA/VSA	  

1.5	  -‐	  2.5	   Intrieri	  and	  Filipetti	  (2001)	  
Total	  leaf	  area	  per	  vine	  (m2)/	  
unit	  canopy	  length	  (m)	  

-‐	   2	  -‐	  5	  
Kliewer	  and	  Dokoozlian	  (2001)	  

25-‐	  	  40	   Reynolds	  (2001)	  
Mean	  cane	  weight	   -‐	  

35	  -‐	  45	   Smart	  (2001)	  
Source:	  Dry	  et	  al.	  2004	  

	  
Yield per hectare is an index which is commonly used to assess wine quality and vine balance. Low 

yields are generally associated with high grape and wine quality since premium wines are often made 

from vineyards with low yields. Even if it has been proven by numerous studies that this correlation is 

not always true many legal frameworks that regulate the wine production of famous wine regions, for 

instance Bordeaux and Burgundy, are based on this way of thinking (Dry et al. 2004). Table 1 gives an 

overview about numerous indices which were empirically determined to provide information about the 

vine balance status of the vine (Dry et al. 2004).  

However, it is difficult to apply these concepts as the grapevine is a perennial plant and impacts often 

have multi-annual effects. Secondly vines are cultivated in a wide range of different climates and 

especially in cool climates weather conditions are very variable with large annual fluctuations. 

Thirdly, if a high number of buds are retained the shoot growth and internodes distance will decrease 

resulting in a larger ratio of leaf area per unit weight of canes (Howell et al. 2001). Another point to be 
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taken into consideration is that the concept of vine balance and related indices are not static, they are 

rather dynamic and change over the growing season (Lakso and Sachs 2009).  

2.1.2.1 Leaf area to fruit weight ratio 

The optimal ratio of leaf area (LA) to fruit weight (Y) indicates the minimum leaf area which is 

required to ripen an unit of fruit weight with maximum levels of total soluble solids and skin colour 

(Kliewer and Weaver 1971). Kliewer and Dokoozlian (2005) suggest an optimum value of 8 to 12 cm2 

leaf area per gram of fruit. The LA/Y value refers to exposed leaf area and thus potential 

photosynthetic capacity. The training and trellising system may influence the portion of well-exposed 

leaves considerably (Kliewer and Dokoozlian 2005). Therefore, the method of measurement is a 

critical point and only well-exposed leaves should be considered in order to obtain comparable values. 

In addition to the exposed leaf area other factors influencing photosynthesis such as climatic and 

cultural conditions, cultivar, vine age and size may affect the relationship LA/Y significantly, so that 

given values in the literature (Table 2) vary markedly (Kliewer and Weaver 1971, Kliewer 1970, and 

Dry et al. 2004). Maximum photosynthetic rate is usually lower in cool climates due to unfavourable 

temperature and light conditions, so that a higher LA/Y ratio is required for optimal berry composition 

(Stoll et al. 2013, Kliewer and Dokoozlian 2005, and Dry et al. 2004). Kaps and Cahoon (1992) 

suggest that values for field grown vines may be generally higher compared to container grown vines 

in a glasshouse, due to canopy shading in the field. Another reason for the large variance of the 

proposed optimum value, may be explained by differences in timing of measurement. In many 

investigations leaf area was measured after harvest and the loss of leaf area due to mechanical damage, 

pests and leaf senescence was not considered (Kliewer 1970). 

Table 2 Optimum values for leaf area (cm2)/ gram of fruit. 

Leaf	  area	  
per	  gram	  of	  
fruit	  

Cultivar	   Location	   References	  

7	  cm2	   Thomspon	  Seedless	   Victoria,	  AU	   May	  et	  al.	  1969	  
7,2	  -‐	  9,5	  cm2	   Italia	   Glasshouse	   Kingston	  and	  Epenhuijsen	  1989	  
8	  -‐	  10	  cm2	   Seyval	  Blanc	   Glasshouse	   Kaps	  and	  Cahoon	  1992	  
8	  -‐	  10	  cm2	   Thomspon	  Seedless	   California,	  US	   Kliewer	  1970	  
10	  cm2	   Thompson	  Seedless	   Victoria,	  AU	   Kliewer	  and	  Antcliff	  1970	  
10	  cm2	   Thompson	  Seedless	   California,	  US	   Kliewer	  and	  Ough	  1970	  

10	  -‐	  12	  cm2	  
Chasselas	  and	  
Gamay	  

Wädenswill,	  CH	   Murisier	  1996	  

15	  cm2	   Chasselas	   Wädenswill,	  CH	   Zufferey	  et	  al.	  2012	  
15	  cm2	   Concord	   New	  York	  State,	  US	   Amberg	  and	  Shaulis	  1966	  
22	  cm2	   Pinot	  Noir	   Oregon,	  US	   Vance	  2012	  

	  
Figure 1 shows clearly that the leaf area to fruit weight relationship is highly dependent on the cultivar 

and suggests that Pinot Noir, grown in cool climates, needs a high LA/Y ratio to mature fruits in terms 

of colour (Dry et al. 2004). These results are in accordance with a recent study (Vance 2012) that has 

shown that a LA/Y ratio below 22,5 cm2/ g causes a reduction in both anthocyanins and total soluble 

solids (TSS) of Pinot Noir grown in Oregon. 
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Figure 1 Relationship between grape colour and Leaf Area/ Fruit Weight (cm2/g).  
P.T.A. indicates: Potential total anthocyanins. (Source: Iland et al. 1993) 
 

2.1.2.2 Ravaz index 

Another prevalent index, which describes vine balance and grape quality, is the crop yield (Y) to 

pruning weight (P) ratio, also called Ravaz Index (Y/P). It is named after the French scientist Louis 

Ravaz, who developed it over 100 years ago. Values of 5 to 10 are generally considered to be in the 

optimal range, whereas for Pinot noir, grown in cool climates, values between 3 to 6 may be optimal 

(Kliewer and Dokoozlian 2005). This index is inversely related to the leaf area to fruit weight (LA/Y) 

relationship.  

Leaf area and thus vine capacity is indirectly deduced from pruning weight. This assumption, 

however, may not always applicable, for instance it is assumed that all leaves are well exposed, intact 

and fully functional, but this is usually not the case and Lakso and Sacks (2009) suggest that the leaf 

area to fruit weight ratio may be physiologically more correct because it refers to the actual leaf area. 

Pruning weight per meter of canopy length is another index and values between 0.3 and 0.6 are 

considered to be good (Kliewer and Dokoozlian 2005).  

 

2.1.2.3 Number of shoots per meter of canopy 

The index number of shoots per meter of canopy length provides information about the canopy-

microclimate. Smart (1988) suggest an optimum value of 15 shoots per meter of undivided canopy for 

the cultivar Gewürztraminer. This value depends on the leaf size and may be lower for cultivars with 

large leaves. High values (> 20) indicate a very dense and crowded canopy with poor light conditions 

inside the canopy and bad aeration, resulting generally in lower grape quality. Lower values (< 10) 

describe too loose canopies with many gaps that are inefficient in solar radiation interception (Smart 

1993). Training systems with laterally divided canopies (e.g. Geneva double curtain or lyre) can 

handle twice the number of shoots per meter of canopy length on a per vine basis compared to 

undivided canopies (Smart 1985). A study of Reynolds et al. (1994) showed that fruit maturity was 

delayed and bunch rot infestation increased with increasing shoot density. Reynolds et al. (1996) 
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confirm the negative effects of high shoot-densities on berry composition of Pinot Noir, grown in a 

cool climate (Oregon). When the shoot density exceeded 15 shoots per meter of canopy length, the 

wines exhibited a vegetative character, with less flavours and fruit aroma and lower colour intensity, 

on his studies.  

 

2.1.2.4 Total leaf area to exposed leaf area 

The ratio total leaf area to external leaf area directly exposed to sunlight is a measure for the efficiency 

of a canopy to intercept radiation and optimum values range between 1.5 and 2.5 (Intrieri and 

Filippetti 2000, and Smart 1985). It describes the percentage of interior leaves and therefore shading 

within the canopy. A value of 1.0 describes a canopy without interior leaves, only with external leaves 

directly exposed to the sunlight. A canopy composed of only external leaves may be inefficient in light 

interception. Generally, there are some leaves which are damaged and are not fully productive. 

Canopies with three leaf layers are considered to be optimal in terms of photosynthesis and photon 

fluence rate (PFR) (Smart 1985). The transmission rate of PFR through a single leaf layer ranges from 

5 % for sunny conditions to 20 % for overcast conditions. The transmission rate is higher under 

overcast conditions because diffuse light penetrates the canopy better. Interior leaves utilize the 

transmitted light and also receive occasional sun flecks. Therefore, leaves of the second leaf layer 

contribute to whole plant photosynthesis (Smart 1985). 

 

2.2 Grapevine	  source-‐sink	  relationship	  

The source-sink relationship describes the physiological mechanism of photosynthate translocation 

and distribution from the place of production to the place of consumption. The source organ is defined 

as any tissue that exports material to a sink organ which requires import of this material for storage or 

final use. Typically source organs are photosynthesizing tissues once they become carbon autonomous 

or autotrophic (mature leaves). Sink organs are dependent on the import of carbon or nitrogen 

compounds, which may be photosynthetically active but their consumption exceeds their own supply. 

Growing organs such as developing roots, leaves, fruits, seeds are generally sink organs. Therefore, 

reproductive and vegetative organs can be sink organs depending on their development stage. Storage 

tissues in roots, trunks and canes may function as both source and sink organs (Blanke 2009 and 

Keller 2010).  

 

2.2.1 Carbohydrate	  accumulation	  

2.2.1.1 Photosynthesis    

Photosynthesis is a process by which light energy is captured and converted into chemical energy that 

is used to synthesize organic compounds. Therefore it determines the vine’s capacity to produce 

reproductive and vegetative organs. Carbon dioxide from the atmosphere is the carbon source and 
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sunlight the energy source for the photosynthetic reaction. Particularly all green organs such as shoots, 

leaves and berries contribute to photosynthesis, however, the photosynthetic activity of shoots and 

berries is negligible and never exceeds respiration (Keller 2010). Hence, whole vine photosynthesis is 

the sum of the photosynthetic active leaves minus respiration of all organs and can be expressed by the 

following equation (Escalona et al. 2012):  

PCB = ANleaf - Rdleaf - Rstem - Rroot 

where PCB is plant carbon balance, ANleaf is carbon gain by net photosynthesis, RDleaf is nocturnal leaf 

respiration, Rstem is respiration by stems and Rroot respiration by roots. 

Photosynthesis is a biochemical process of successive reactions, at which in a first step light energy is 

captured by chloroplasts. When a chlorophyll molecule absorbs a photon, an electron of the molecule 

moves to a higher energetic stage, it is then released and ultimately reduces NADP+ to NADPH. This 

reaction causes a proton gradient across the thylakoid membrane and the energy is used by ATP 

synthase to produce ATP from ADP and phosphate. In the process of photolysis water is split, 

releasing O2 and a proton which in turn replaces the lost electron of the chlorophyll molecule. In a 

second step the high energy molecules ATP and NADPH are used to convert CO2 and H2O 

enzymatically into carbohydrates (Keller 2010, and Pallardy 2007).  

Carbon dioxide, which is assimilated in chloroplasts, diffuses into the leaf through stomata and 

follows a similar path as water vapour but in an opposite direction. The inward moving CO2 has to 

pass more membranes than the outward moving water vapour, which means the resistance to diffusion 

for CO2 is higher and thus the diffusion rate is about 40 times lower compared to water. Due to the 

differences in diffusion rate the plant loses 200 to 600 molecules of H2O for every fixed molecule of 

CO2 (Keller 2010). This ratio depends on the cultivar and soil water content and is termed water use 

efficiency (WUE) (Keller 2010). RuBisCo (Ribulose-1,5-bisphosphat-carboxylase/oxygenase) is the 

key enzyme of the Calvin Cycle that catalyses the carboxylation of ribulose-1,5-biphosphate to a 

highly unstable molecule that decays immediately in two molecules of 3-phosphoglycerate, which are 

then used to build up carbohydrates (i.e. the hexose sugars glucose and fructose).  Combining the two 

monosaccharides glucose and fructose yields the disaccharide sucrose, which is the primary transport, 

sugar. Additionally, RuBisCO catalyses also an oxygenation reaction. The resulting product of the 

oxygenation reaction 2-phosphoglycolat is toxic and has to be recycled under loss of energy and a 

carbon atom as CO2. This process is termed photorespiration and reduces the efficiency of 

photosynthesis. Around 20 % of the CO2 molecules inside the chloroplasts are released back to the 

atmosphere due of this process. Carbon dioxide competes with O2 for the same acceptor at RuBisCo. 

The specificity of RuBisCo for oxygen increases with increasing temperatures while CO2 diffusion 

declines due to a loss in solubility. Therefore the strong increase in photorespiration rate (oxygenase 

activity) at high temperatures reduces net photosynthesis (Zufferey et al. 2000).  
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2.2.1.2 Factors influencing photosynthesis  

Photosynthesis is a complex process which is influenced by numerous factors such as temperature, 

light intensity, humidity, wind velocity, water supply, nitrogen supply, leaf age, leaf structure, size and 

form, stomatal sensitivity, temperature history, and demand for carbohydrates (Zufferey et al. 2000).  

 

Light 

Light energy utilized for photosynthesis is in the waveband 400 to 700 nm and is called 

photosynthetically active radiation (PAR) and corresponds to the visible part of the light spectrum. 

Leaves absorb the largest part (80 to 90 %) of PAR and only a small part of about 9 % is transmitted 

while the rest is reflected (Smart 1985, and Dokoozlian and Kliewer 1995).  

The light compensation point for photosynthesis describes the light intensity at which the rate of 

photosynthesis equals the rate of respiration. In other words, the amount of carbon dioxide released in 

respiration matches the photosynthetic carbon dioxide uptake. At this point the net carbon dioxide 

assimilation is zero. Carbon dioxide uptake equals respiratory CO2 release when the photon flux is 

between 10 and 30 µmol m-2s-1 (Keller 2010 and Kriedemann 1968) and light saturation is reached 

between 800 and 1000 µmol photons m-2s-1. The light intensity on bright days can reach values above 

2000 µmol m-2s-1, whereas in overcast conditions values are much lower and are between 100 and 

1000 µmol m-2s-1, depending on the density of the cloud layer (Keller 2010). This in turn means that 

the second leaf layer receives around 200 µmol m-2s-1 on sunny days which is below light saturation, 

but well above light compensation point. However, ambient photosynthetic active radiation under 

overcast conditions may be so low that already the second leaf layer receives PAR values below the 

light compensation point (Howell 2001). This effect highlights the importance of canopy architecture 

and density on carbon assimilation and vine productivity that is driven by the amount of 

photosynthetically active exposed leaf surface area (Schultz 1995). Therefore vineyards in grape 

growing regions with lower light intensities, such as in cool climates and regions with lower latitudes, 

might have a higher proportion of non functioning interior leaves that are limiting the vines 

photosynthetic capacity, which again may delay fruit ripening (Dry et al. 2004). To prevent this 

situation, it is a common practice that grape growers reduce the number of leaf layers by removing 

some of interior leaves. Also, the grapevine sheds unproductive leaves when the photosynthetic 

capacity of a leaf drops below a certain level over a prolonged period. This mechanism ensures that 

the vine does not invest water and nutrients in unproductive leaves (Keller 2010). However, leaves are 

able to adapt to ambient light conditions in order to optimize light use efficiency. This is achieved by 

adjusting chloroplast protein and pigment composition, i.e. shaded leaves have a lower light 

compensation point and higher concentrations of chlorophyll a and b and carotenoids (Jackson 2008). 

This adaptation applies to both low light conditions and excessive exposure (Matthew and Foyer 

2001). Many leaves inside the canopy are only partly exposed and receive occasional sunspots. 

Kriedemann (1968) has shown that light compensation point was already achieved when only 8.5 % of 
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the leaf surface for the equivalent of 8,4 % of the time was illuminated. A permanent illumination of 

the leaf spot increased photosynthetic rate that reached 25 % of a fully exposed leaf. 

Leaves intercept red light in the waveband 650 to 700nm to a greater extent (90 %) than far-red light 

in the waveband 710 to 800 nm (21 %). Thus, light inside the canopy has a different spectrum 

compared to ambient sunlight and photosynthetic photon fluence rate (PPFR) is reduced. The ratio of 

red light (R) to far-red light (FR) is much smaller inside the canopy and may be lower as 0.1, 

depending on the canopy density. Sunlight has a ratio of red to far-red light of 1.1 to 1.2. (Smart et al. 

1988, and Dokoozlian and Kliewer 1995). This ratio (R:FR) is of critical physiological importance, 

since it regulates the phytochrome, which is the photosensor of grapevines and controls various 

metabolic reactions involved in the ripening process. Phytochrome is photoactivated by red light and 

inactivated by far red light. Grapevines have at least five different phytochrome proteins regulating the 

expression of important enzymes as nitrate reductase activity (NRA), phenylalanine ammonia lyase, 

malic enzyme, malic dehydrogenase and phosphoenolpyruvate-carboxylase (Smart et al. 1988, and 

Keller 2010). Shaded leaves are thinner and accumulate less carbohydrates compared to sun exposed 

leaves. When the production of photosynthates exceeds the demand, the sink organs cannot utilize all 

of the produced carbohydrates as rapidly as they are synthesized and sucrose and/ or starch accumulate 

in leaves (Zufferey et al. 2005). Overproduction may occur at high photosynthetic rates or at high leaf 

area to fruit ratios, which may be the result of excessive fruit thinning practices. Elevated sucrose 

concentrations in leaves trigger a feedback inhibition of photosynthesis by repressing photosynthetic 

genes and reduced stomatal conductance due to an alternation in the thylakoid structure (Zufferey et 

al. 2005). In response to reduced photosynthesis, vines cease growing earlier in autumn which is 

accompanied with a decrease in leaf chlorophyll content and a premature leaf fall (Keller 2010, and 

Petrie et al. 2000c). A surplus of carbohydrates earlier in the season may change the pattern of 

assimilates partitioning, i.e. by stimulating vegetative growth (Matthew and Foyer 2001).  

 

Temperature 

Temperature is another important factor influencing photosynthetic rate. Optimum values are 

generally considered to be in the range of 25 to 30 °C (Kriedemann 1968). However, this range 

depends on the cultivar, phenological stage, light intensity and temperature history during leaf growth. 

Optimum values are higher in summer (25 to 30 °C) compared to autumn (20 to 25 °C). 

Photosynthesis is especially sensitive to low temperatures and stops at 10 °C (Keller 2010, and 

Jackson 2008). Mullins et al. (1992) report in a study that possibly up to 50 % of photosynthesis was 

maintained at very high air temperatures (45°C). Kriedemann (1968) states in his studies that the 

lamina of leaves are discoloured when leaf temperature exceeded 50 °C. 

This suggests that the higher demand for photosynthates associated with fruit ripening has the 

potential to maintain or increase grapevine Pn. It also suggests that the Pn decline attributed to leaf 

ageing may in part be caused by the increasing leaf area during the season, i.e. an increase in the 
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source to sink ratio. This provides a cultural challenge to viticulturists, suggesting that once an 

adequate leaf area has been developed early in the season, the vine has greater capacity to fix CO2 than 

it can utilise. Under these circumstances the vine could be considered to be sink-limited.  

 

Leaf age 

Leaves need 35 to 40 days from unfolding until they reach full size. During this growing phase 

photosynthesis increases rapidly, it peaks when leaves attain full size and then steadily declines 

throughout to senescence, under conditions when leaf area is adequate to meet the demand (Poni et al. 

1994a, and Kriedemann et al. 1970). During the growing phase leaves are net importers of 

carbohydrates until they reach 50 % to 80 % of their final size (Vasconcelos and Castagnoli, 2000). 

Kriedemann et al.  (1970) suggest that the increase in photosynthesis during leaf expansion is due to 

anatomical changes of the palisade and mesophyll tissues, enhancing CO2 uptake. Stomatal limitations 

seem to play no role in young expanding leaves. In Poni’s, it was shown that there is only a weak 

correlation between increases in stomatal conductance and photosynthesis. These results suggest that 

water use efficiency (WUE) is significantly lower for young (apical) than mature (basal leaves) (Poni 

et al. 1994). Therefore, basal leaves are the greatest contributors to plant photosynthesis at the 

beginning of the season, median leaves from flowering to veraison and apical leaves during the 

ripening period (Edson et al. 1995, and Poni et al. 1994a). After veraison lateral leaves are the most 

efficient and important contributors to photosynthesis, since they are the youngest leaves of the 

canopy (Candolfi-Vasconcelos and Koblet 1991). The decline in photosynthesis of aging leaves, is 

probably not only an effect of leaf age but is related to an increase in the source to sink ratio. At the 

beginning of the season, the source to sink ratio is low and the demand for CHO exceeds the supply. 

Once the leaf area is fully developed this ratio reverses. The change from source to sink limitation 

results in a decrease in photosynthesis (Petrie et al. 2000c). Petrie et al. (2000c) studied the effect of 

leaf area and crop level on photosynthesis and leaf senescence. In this study, different levels of leaf 

removal and cluster thinning treatments were applied at pea size.  The authors demonstrate that 

limiting the leaf area and thus decreasing the source to sink ratio, caused no decrease in photosynthesis 

of the basal leaves until harvest.  

It has been reported that chlorophyll content increases with leaf age (Kriedemann 1968), peaks around 

harvest and then declines rapidly after harvest (Poni et al. 1994b). No correlation was found between 

leaf chlorophyll content and photosynthetic rate in pot grown Pinot Noir vines that were subjected to 

different crop load and leaf area treatments (Petrie et al. 2000c). Leaf chlorophyll content was not 

significantly affected by alterations in crop level (Poni et al. 1994b). On the contrary, in another study 

leaf removal caused an increase in chlorophyll content and delayed leaf senescence. This phenomenon 

was more pronounced when the full crop was present (Petrie et al. 2000c). When leaf senescence is 

delayed the leaves will remain photosynthetically active for a longer period post harvest  
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Nitrogen 

Nitrogen is the most important macronutrient regulating photosynthetic capacity. Large amounts of 

nitrogen are required for the synthesis of Rubisco and to maintain a high enzymatic activity. Nitrogen 

limitations lead to a degradation of Rubisco, resulting in reduced production of photosynthates. High 

levels of plant available nitrogen in the soil stimulates the synthesis of cytokinins in the roots and its 

translocation to the leaves where it up-regulates photosynthesis (Pallardy 2007). 

 

Water 

The water status of the vine affects indirectly the plant photosynthesis. Water stress stimulates the 

production of ABA in the roots, which is transported to the leaves and induces the closure of stomata 

to prevent water losses. As a consequence transpiration and gas exchange (CO2 uptake) decline, 

resulting in elevated O2 levels inside the leaf and higher leaf temperatures, which in turn diminishes 

photosynthesis (Jackson 2008). 

 

Source-Sink Relationship 

Grapevines do not only have the ability to down-regulate photosynthesis, but also compensate for a 

loss of leaf area and/ or high crop level through higher photosynthetic rates. Several studies have 

reported an increase in photosynthesis after leaves have been removed (Table 3) (Kliewer and Antcliff 

1970, Hofäcker 1978, Hunter and Visser 1988, Hunter et al. 1991, 1995, Intrieri et al. 1997, and Petrie 

et al. 2000b, 2000c). Some authors did not find any effect under non saturating light conditions 

(400 µmol m-2s-1) in a growth cabinet (Ollat and Gaudillere 1998), and on the contrary Candolfi-

Vasconcelos et al. (1994a) found a decrease in photosynthesis.  

Table 3 Effect of defoliation on pre- and postveraison photosynthesis.  

	   µ	  moles	  cm-‐2	  s-‐1	   	  

%	  Leaves	  removed	   Preveraison	   Postveraison	   F-‐test	  

100	   10.36	   7.69	   **	  
66	   10.57	   5.94	   **	  
33	   9.92	   6.68	   **	  
0	   9.48	   5.53	   **	  

F-‐test	   ns	   ns	   	  
Linear	  regression	   *	   **	   	  

Different	  levels	  of	  within-‐shoot	  leaf	  removed	  two	  weeks	  postbloom,	  Chardonnay. 	  
*,	  **,	  and	  ns	  indicate	  statistical	  significance	  by	  linear	  regression	  or	  the	  F-‐test	  at	  0.05,	  
0.01,	  and	  not	  significant,	  respectively.	  	  
After	  Howell	  and	  Trough,	  unpublished	  (Source:	  Howell	  2001)	  
 

Candolfi-Vasconcelos et al. (1994a) explain that a certain level of stress might be needed to induce a 

photosynthetic compensation. Moreover they suggest that the decrease in photosynthesis may be due 

to late date (BBCH code: 75) of the defoliation treatment (only basal leaves were removed) and a lost 

ability for compensation of mature leaves. However, in another study, Hunter et al. (1995) report that 

defoliation (33 %) of basal and middle leaves at both pea size (BBCH code: 75) and veraison (BBCH 

code: 83-85) increased photosynthesis. Authors suggest this effect is due to improved light conditions 
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inside the canopy. Kliewer et al. (1970) propose the same explanation for increased photosynthetic 

efficiency after defoliation.  

Several studies have shown that stomatal and mesophyll conductance together with leaf chlorophyll 

content, rise with increasing levels of defoliation, which in turn leads to an increase in photosynthetic 

activity of the remaining leaves (Hofäcker 1978, Candolfi-Vasoconcelos and Koblet 1991, Candolfi-

Vasconcelos et al. 1994b, Hunter and Visser 1988, and Petrie et al. 2000c). Defoliated vines were 

shown to have a reduced transpiration, resulting in a higher water supply for the remaining leaves. 

This enables the vine to increase stomatal conductance, which favours carbon dioxide uptake (Petrie et 

al. 2000c, and Hofäcker 1978). An increase in mesophyll conductance enhances carboxylation 

efficiency and therefore photosynthesis (Candolfi-Vasconcelos and Koblet 1991). Leaf chlorophyll 

concentration responded not as quickly as photosynthetic rate to leaf removal treatments. Furthermore 

as an effect of leaf removal, chlorophyll degradation was slowed down during the ripening period, 

delaying leaf senescence and abscission (Candolfi-Vasconcelos and Koblet 1991, and Hofäcker 1978). 

An alternative response to defoliation is the mobilisation of carbohydrates from woody storage tissues 

to the leaves, which may increase photosynthetic rate (Candolfi-Vasconcelos et al. 1994b).  

Phytohormones, especially cytokinin and abscisic acid (ABA), are known to be involved in the 

regulation of photosynthesis. Cytokinins are produced in the root meristem and are transported via 

transpiration stream up to the leaves. Cytokinins are known to stimulate the expression of 

photosynthesis genes, to delay both chlorophyll and protein degradation and eventually leaf abscission 

(Matthew and Foyer 2001). Herold (1980) states that artificial manipulation of source-sink 

relationships (i.e. defoliation) can result in changes of photosynthetic rate, which may be an indirect 

effect of hormone synthesis and availability. An increased root/shoot ratio is likely to supply the 

remaining sinks (leaves) better with cytokinins. This effect may explain the delay in leaf senescence of 

defoliated vines (Hofäcker 1978). A study by Hofäcker (1978) suggests that there is a relation between 

levels of ABA in leaves and defoliation; the greater the leaf removal is, the higher the ABA quantity 

will be within the remaining leaves. This phenomenon could be explained by higher photosynthetic 

activity of the remaining leaves, since ABA causes stomatal closure and accumulates in the leaves 

when grapevines are sink limited (girdling of the phloem) (Roper and Williams 1989). However, an 

increase of photosynthesis may not fully compensate for a severe loss of leaf area that still may cause 

a delayed and inadequate ripening of fruit (Howell 2001). 

The sink regulation of photosynthesis is an important physiological measure for the grapevine to 

optimise the investment of carbon, nitrogen and water resources (Matthew and Foyer 2001). Not all 

authors are in accordance on sink regulation of photosynthesis. Several studies reported a stimulating 

effect of sink strength (high crop level) on photosynthesis (Intrieri et al. 1997, Edson et al. 1993, 

1995, and Hofäcker 1978), whereas restricted sink demand, i.e. after cluster thinning, resulted in a 

down-regulation of many genes involved in photosynthesis and carbohydrate metabolism 
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(Pastore et al. 2011). However, Poni et al. (1994a, 1994b) found that photosynthesis, stomatal 

conductance, WUE, leaf chlorophyll and leaf nitrogen content were not significantly affected by yield. 

Photosynthesis varies throughout the growing season and peaks at veraison and then declines from 

veraison to harvest (Petrie et al. 2000c and Edson et al. 1993, 1995). At veraison the fruit is an 

important sink, able of suppressing the translocation of carbohydrates to other organs, i.e. roots 

(Candolfi-Vasconcelos et al. 1994a).  

2.2.1.3 Respiration  

Respiration is a process that takes place in the mitochondria of cells for the purpose of gaining energy 

in form of ATP from stored sugars and starch. Respiration comprises three processes (glycolysis,	  the	  

tricarboxylic	  acid	  cycle,	  and	   the	  electron	   transport	  chain) in which photosynthates are combined 

with oxygen releasing energy, carbon dioxide, water and intermediate compounds that are the skeleton 

for the construction of other organic compounds such as amino acids, fatty acids, isoprenoids, etc. The 

gained energy is used for active transport, nutrient uptake, cell maintenance and biosynthesis of 

phytomass (Keller 2010).  

Table 4 shows the construction cost for different plant compounds. A study by Vivin et al. (2003) 

reveals that leaf tissues have the highest construction costs over the season if compared with other 

tissues. Leaf tissue contains compounds such as proteins, lipids and phenolics, which require high 

amounts of C and N atoms for their biosynthesis. The average annual production costs of main leaves 

were around 1.5 g glucose g-1 dry mass (calculated as C and N concentration), whereas the costs for 

berries were around 1.1 g glucose g-1 dry weight.  

Table 4 Mean specific construction cost for major chemical fractions.  

Component	   Cost	  

(g	  glucose	  g-‐1)	  

Carbohydrates	   1.17	  

Organic	  acids	   0.91	  

Lipids	   3.03	  

Amino	  acids,	  proteins	   2.48	  

Phenolics	   2.60	  

Inorganic	  compounds	  (minerals)	   0	  

(Source: Vivin et al. 2003) 

 

Escalona et al. (2010) report that 30 to 50 % of the carbon gained by photosynthesis was lost through 

respiration, while values for water stressed plants were even higher (40 to 60%). Maintenance 

respiration generally accounts for more than 50 % of total plant respiration. Respiration differs 

between the types of plant tissues. Leaf tissues generally have the highest respiration rate that 

represent 5 to 10 % of rate of photosynthesis (Keller 2010). High temperatures generally promote the 

metabolic activity of tissues and organs, which in turn boosts respiration rate. A temperature increase 

of 10 ° C results in a doubling or tripling of respiration rate but when temperatures exceed 30 °C 
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respiration rate declines. Thus vine carbon balance can be significantly diminished by respiratory CO2 

release (Keller 2010). Therefore biomass production depends on both processes photosynthesis and 

respiration (Escalona et al. 2010). This has important implications for berry composition of grapes 

since high carbon losses through respiration may have negative effects on colour and aroma formation.  

High nocturnal losses of C through respiration are observed especially in warm climates (25 to 30 °C) 

with high night temperatures. While higher amounts of carbon are available for fruit ripening and 

growth in regions with moderate temperatures (15 to 20 °C) (Keller 2010). Respiration is suppressed 

at low night temperatures (< 10 °C) and this effect may cause an accumulation of assimilates in the 

leaves causing a feedback inhibition of photosynthesis on the following morning (Poni et al. 1994). 

Young leaves respire at higher rates compared to mature leaves (Schultz 1991). Schultz results are in 

accordance with a study done by Escalona et al. (2003) whom found out that apical leaves respired on 

a daily average 30-35% more than basal leaves while shaded leaves showed the lowest respiration 

rates. In addition to the factors mentioned above, there are other factors that affect respiration, 

including water availability, amount of substrates provided by photosynthesis, light and daily and 

seasonally changes (Schultz 2013). 

 

2.2.2 Carbohydrate	  partitioning	  	  

Carbohydrate partitioning is defined as the distribution of compounds from the source to the sink 

organs. Sucrose is the major end product of photosynthesis and is the most important transport sugar. 

Sucrose and other solutes are distributed throughout the plant via the sieve elements of the phloem. 

The driving force behind the transport is a gradient in pressure potential (Roitsch and Ehneß 2000). 

This difference in pressure is due to the generally higher solute concentration in source phloem 

compared to the sink phloem. Phloem unloading of sucrose is accompanied by a passive diffusion of 

water into sink organs (osmosis). The loss of water lowers the osmotic pressure at the end of the sieve 

tubes, which determines the direction of the sap movement from the source to the sink organ (Keller 

2010). Sink organs have different capacities in mobilizing photo-assimilates towards themselves. This 

ability is called “sink strength” and is likely related to the regulation of sucrose degrading enzymes 

such as invertase and sucrose synthase (Candolfi-Vasconcelos et al. 1994). The sink strength is 

probably also related to the proximity of sink to source organs and this phenomena might contribute to 

the high sink strength of fruits (Candolfi-Vasconcelos and Koblet 1990). The “sink size” describes the 

quantity of compounds an organ is able to import from the source. Sink activity describes the rate of 

utilization of these compounds, which is a reflection of respiration rate (Blanke 2009). A high sink 

priority does not necessarily correspond to high sink strength, i.e. seeds are high priority sink organs 

but they have only a quite weak sink strength (Keller 2010). Among the different sink organs, there is 

a hierarchy in terms of priority of supply with carbohydrates. This hierarchy is dynamic and changes 

throughout the growing season (Figure 2) and may be influenced by environmental conditions, 
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viticultural practices and the phytosanitary status of the grapevine. Blanke (2009) proposes following 

hierarchy of sink priorities:  

Fruit >> Flower >> Root >> Shoot >> Leaf 

 

Vegetative and reproductive organs compete for the same pool of carbohydrates. Therefore, changes 

in demand and supply affect the entire physiology and morphology of the vine (Edson et al. 1995).  

At the beginning of the growing season the roots function as a source of carbohydrates and nutrients 

for developing shoots, leaves and flowers until leaves are mature enough to become the primary 

source organ. A study by Bennett et al. (2005) established a positive correlation between starch 

reserves in both, trunk and roots at budburst and the number of flowers per inflorescence and number 

of inflorescences per shoot produced in spring. Low availability of carbohydrates during flowering 

results in poor fruit set and therefore lower yields (Poni et al. 2006). During flowering shoot tips, 

flowers and developing buds compete for photosynthates. The demand of photosynthates for shoots 

peaks around flowering period (Lakso and Sacks 2009). A limited carbohydrate supply during the 

two-week period following flowering affects bud development and may reduce bud fertility in the 

following season (Vasconcelos and Castagnoli, 2000). From fruit set until harvest berries are top 

priority sinks. After harvest the storage tissues in roots are replenished with carbohydrates and they 

become the primary sink organ (Vasconcelos and Castagnoli 2000).  

 

Figure 2 Source–sink relations along a grapevine shoot change over the course of a growing season.  

Arrows indicate direction of movement. (Reproduced from Koblet (1969). Source: Keller 2010) 

Grape berry growth is commonly described by a double sigmoid growth curve with three main 

developmental stages. During the first growth stage carbohydrate import is one third of that during the 

second growth period. The first growth stage is characterized by cell division and cell enlargement  

(Ollat and Gaudillere 1998). In the second phase (lag phase) berry weight and volume remain 

constant, and the embryo develops to its full size. During this phase, some carbohydrates are allocated 

to the trunk, roots and shoots. With the onset of ripening (third phase) fruit becomes the predominant 

sink again (Chlafant 2012) and berry enlargement is due to uptake of water and sugars. The demands 

in V. vinifera cultivars, is a major component in very 
young muscadine berries (Lamikanra et al., 1995). Its 
concentration declines rapidly thereafter. Malic acid 
content tends to increase up to véraison, declining 
thereafter.

It has long been known that grapes grown in hot cli-
mates often metabolize all their malic acid before har-
vest. Conversely, grapes grown in cool climates may 
retain most of their malic acid into maturity. Although 
exposure to high temperatures activates enzymes that 
catabolize malic acid, this alone appears insuffi cient to 
explain the effect of temperature on berry malic acid 
content. Reduced synthesis, and possibly heightened 
gluconeogenesis, may also play a role in the drop in 
malic acid content.

The drop in acid concentration during ripening is par-
ticularly marked when assessed on fresh-berry weight. 
This results from berry enlargement (water uptake) 
markedly exceeding the accumulation of tartaric acid 
and the metabolism of malic acid.

Shoot vigor is another factor infl uencing fruit acid-
ity. Vigor (as indicated by an increased leaf surface/
fruit ratio) is correlated with reduced grape acidity and 
higher pH (Jackson, 1986). This connection has usually 
been ascribed to leaf and fruit shading associated with 
increased vigor. Nevertheless, experiments where shad-
ing was prevented showed a direct effect of vigor on 
reduced fruit quality (lower ºBrix, higher pH and lower 
acidity) (Jackson, 1986).

In addition to environmental infl uences, hereditary 
factors can signifi cantly affect berry acid content. Some 
varieties such as ‘Zinfandel,’ ‘Cabernet Franc,’ ‘Chenin 
blanc,’ ‘Syrah,’ and ‘Pinot noir’ are proportionally high in 
malic acid, whereas others, such as ‘Riesling,’ ‘Sémillon,’ 
‘Merlot,’ ‘Grenache,’ and ‘Palomino’ are higher in tar-
taric acid content (Kliewer et al., 1967).

Tartaric acid tends to accumulate primarily in the 
skin, with lower amounts relatively evenly distributed 
throughout the fl esh (Fig. 3.34). This difference may 
slowly diminish during ripening. In contrast, malic acid 
deposition is high in the epidermis, low in hypodermis, 
and increases again to a maximum near the berry locule. 
As ripening advances, the differences across the fl esh 
become less marked. By maturity, the malic acid con-
centration in the skin, although low, may surpass that 
in the fl esh. This may result from malate metabolism 
initiating around the axial vascular bundles and pro-
gressing outward.

The free versus salt state of tartaric acid generally 
changes throughout maturation. Initially, most of the 
tartaric acid exists as free acid. During ripening, pro-
gressively more tartaric acid combines with cations, pre-
dominantly K!. Salt formation with Ca2! ions usually 
results in the deposition of calcium tartrate crystals in 
the vacuoles of skin cells (Ruffner, 1982). In contrast, 
malic acid generally remains as a free acid. The combi-
nation of the changing acid concentrations and their salt 
states results in the lowest titratable acidity occurring 

Figure 3.33 Development in the translocation of photosynthate from leaves during shoot growth. (After Koblet, 1969, 
reproduced by permission)

Reproductive Structure and Development  83
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of fruit for photosynthates shows two peaks, with one during the cell division phase and the second 

peak is shortly after veraison. After this second peak, the demand diminishes during the ripening 

period (Lackso and Sacks 2009). 

 

Source limitations 

A study on the effects of different crop levels on dry matter partitioning found that crop level and 

vegetative growth were inversely related. Grapevines with low crop levels showed a significant 

increase in dry weight translocated to storage tissues (Edson et al. 1993). Fruit removal over two 

consecutive seasons resulted in a yield increase (+60%) in the third season when fruit was not 

removed (Smith and Holzapfel 2009). Total non-structural carbohydrates (starch, sucrose, and hexose 

sugars) in roots and to a lesser extent in wood were also increased. These results suggest that root total 

non-structural carbohydrates (TNC) reserve responses are more sensitive to changes in the source-sink 

relationship than wood reserves. Similar results have been previously reported (Bennett et al. 2005). 

Non-structural carbohydrates play an important role in vegetative and reproductive growth, protection 

against frost and they are also involved in defence reactions against biotic and abiotic stress (Zufferey 

et al. 2012). 

Candolfi-Vasconcelos et al. (1994b) applied a defoliation treatment during the ripening phase and 

used 14C labelled carbon to investigate the effect of limited carbon supply on carbon partitioning 

pattern. The treatment resulted in a re-translocation of carbon reserves from roots into shoots. These 

results are confirmed by other studies (Howell 2001, Candolfi-Vasconcelos and Koblet 1990, and 

Kliewer 1970) and suggest that the grapevine uses all available sources to ripen its fruits. Research 

indicated that restricted carbohydrate supply has a greater negative impact on vegetative growth (shoot 

and root) than on fruit development (Miller et al. 1993). The mobilization of reserves to support fruit 

maturation only occurs when stress occurs and the source is limited, i.e. under unfavourable weather 

conditions or reduced leaf area (Zufferey et al. 2012, Candolfi-Vasconcelos et al. 1994b, and Kliewer 

and Antcliff 1970). A too high number of vegetative sinks (shoots per meter of row) can also cause a 

stress situation and delay fruit maturity by decreasing the relative sink strength of the fruits (Reynolds 

et al. 1994). It has been reported that a large number of vegetative sinks reduced berry size and thus 

yield (Edson et al. 1993). Research by Dokoozlian and Kliewer (1996) indicated that light might be 

another important factor regulating sink strength. They showed that the sink strength of shaded fruit 

was reduced, resulting in a delay of fruit maturity and lower sugar accumulation. The authors suggest 

that these results may be due to two reasons: light might influence the concentrations of 

phytohormones which regulate fruit development and it is believed that the enzyme invertase is 

photoregulated. Thus, poor light conditions in the fruiting zone may decrease the activity of enzymes 

that are involved in the sugar accumulation process, explaining the lower sugar concentrations in 

shaded fruit. Ripening of fruit can be promoted by viticultural practices that facilitate carbohydrate 

partitioning to the fruits. Girdling of trunks is a common practice in table grape production and 
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prevents the movement of photosynthates into the roots (Weaver 1958). Applying canopy 

management treatments that promote many young, fully expanded leaves after veraison is another 

measure to supply fruits with photosynthates (Vasconcelos and Castagnoli 2000).  

Zufferey et al. (2012) found a positive correlation between starch concentrations in roots and sugar 

content of berries at harvest (r = 0.85, p < 0.01). It has been reported that up to 40% of the total sugar 

content in berries might come from carbohydrate reserves (Kliewer and Antcliff 1970). Because of 

this great capacity to compensate for a loss in leaf area, there is no linear relationship between reduced 

leaf area and fruit quantity and quality (Candolfi-Vasconcelos et al. 1994a). Research by May et al. 

(1969) indicated that the exchange of carbohydrates between shoots on the same cane is reasonable, 

whereas the translocation of carbohydrates between different canes is more restricted. Changes in leaf 

area also seem to affect the root system. A partial defoliation resulted in a decrease of thick roots, 

which is likely due to the mobilization of carbohydrates. The synthesis of fine and medium roots, 

however, was stimulated, which probably increases the absorption of nutrients and improves the 

exploitation of the soil (Hunter and Le Roux 1992). A root system with more fine roots does not only 

increase the water and nutrient uptake capacity of the grapevines but also promotes the synthesis of 

phytohormones such as cytokinin, gibberellin and abscisic acid which have regulating functions in 

vegetative and reproductive growth (Hunter et al. 1995).  

During veraison and ripening the grapevine is able to compensate for source limitations by increasing 

the photosynthetic rate of the leaves and altering the natural translocation pattern. Grapevines were 

also able to compensate for a loss of leaf area (leaf removal) by increasing the size of the remaining 

leaves (Petrie et al. 2000a). 

The larger the perennial structure of the plant, the greater is the capacity to compensate for stress. 

However, even plants with larger reserves may show negative effects on fruit quality, when 

carbohydrate stress occurs in consecutive seasons (Kingston and Epenhuijsen 1989). As a result of 

defoliation treatment, trunk carbohydrate reserves were significantly reduced in the following season 

(Bennett et al. 2005, and Candolfi-Vasconcelos and Koblet 1990). It has been reported that grapevines 

need two seasons to fully recover from a severe stress situation (i.e. defoliation) because flower’ bud 

initiation takes place early in the season when carbohydrate supply might be still limited. For 

perennial plants like the grapevine it is of equal importance to refill the storage tissues with 

carbohydrates and to mature the seeds and fruits, in order to ensure survival (Candolfi-Vasconcelos 

and Koblet 1990). 

In cold climates, leaf fall and harvest often coincide, not allowing the vine to replenish its reserves, 

which in turn can have negative impacts on cold hardiness and development in the following year. 

(Bennet et al. 2005, Smith and Holzapfel 2009, and Edson et al. 1993). When harvest and leaf fall 

coincide carbohydrate reserve accumulation has to occur during the growing season (Bennet et al. 

2005). High crop levels may have detrimental effects on grapevine longevity because they increase the 

demand for carbohydrates, which are allocated at the expenses of the storage organs to the fruits. 
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Hence, according to Bennet et al. (2005), potentially more fruit can be produced from vines grown in 

warm climates because leaves remain photosynthetic active over an extended period post harvest, 

producing sufficient photosynthates to replenish its reserves. Before leaf abscission carbohydrates are 

translocated out of the leaves into the vine (Kliewer and Antcliff 1970). 

 

Sink limitation  

A study revealed that cluster thinning changes the natural partitioning pattern of carbohydrates. The 

reduced sink capacity of the remaining clusters resulted in an accumulation of carbohydrates in the 

form of starch in leaves, which in turn promotes a feedback inhibition of photosynthesis, as previously 

mentioned (Da Mota et al. 2010). These results are confirmed by Intrieri et al. (1997) who state that a 

low sink demand prevents further sugar accumulation in berries when exceeding a certain limit for the 

ratio leaf area to fruit weight.  

A recent study has shown that likewise genes involved in sugar transport were down-regulated in 

cluster thinned grapevines (Pastore et al. 2011). Petrie et al. (2000a) state that vines without any crop 

had significant higher shoot and root dry weights. Increased rates of non structural carbohydrate 

accumulation in perennial parts of the plant were found in low cropped vines (Murisier 1996). Table 5 

summarizes the effects of both source and sink limitations on plant physiology. 

Table 5 Sink (fruit load) effects on the source and their regulation of carbon and water relations  

Source	  limited	   Sink	  limited 

Increased	  stomatal	  conductance	   Reduced	  stomatal	  resistance	  of	  the	  leaf	  
Increased	  transpiration	   Reduced	  leaf	  ABA	  content	  and	  synthesis	  
Increased	  water	  uptake	   Reduced	  water	  use	  efficiency	  (WUE)	  
Increased	  transpiration	  coefficient	   Reduced	  starch	  accumulation	  in	  the	  leaf	  
Increase	  leaf	  photosynthesis	   Reduced	  shoot	  and	  root	  growth	  
Increase	  carbohydrate	  export	   Reduced	  root	  respiration	  
Increase	  dark	  respiration Reduced/	   retarded	   translocation	   of	   carbohydrates	  

and	  nutrients	  from	  the	  leaf	  to	  the	  root 
(Source: Blanke 2009) 

	  

2.3 Grape	  berry	  composition	  

The parent vine supplies the berries with essential substances such as water, sugars, amino acids and 

nutrients. Further compounds, such as phenolic, flavour and aroma, which play an important role in 

the quality of wine, are synthesized by the berry itself (Kennedy 2002). 

Figure 3 shows the grape berry development from flowering to harvest. Shown is the growth in size 

and coloration of the berry over time, as well as the accumulation of various grape berry compounds. 

Further illustration is the xylem and phloem transport to the berry. Before veraison, the berry is mainly 

supplied with water and minerals via the xylem, whereas at the beginning of the ripening phase, the 

flow of xylem sap into the berry ceases and following sugar and water accumulation is due to phloem 

inflow. Some study results in this field suggest that phloem inflow will be impeded as the berry 

reached its maximum weight (Coombe and McCarthy 2000). 
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Figure 3 Grape berry development from flowering to harvest.  

(Source: Kennedy 2002) 

 

2.3.1 Sugars	  

Ripe grapes contain around 150 to 240 g / l reducing sugars (Ribérau-Gayon 2006). Thus, sugar is 

beside to water (70-80%) the main component found in berries. Before veraison, the sugar 

concentration is relatively low and counts for about 2 percent of berry fresh weight (Kennedy 2002). 

During this time the present sugar provides the energy for metabolic processes and carbon skeleton for 

the formation of other organic compounds such as amino acids and organic acids (Dokoozlian 2000). 	  

With the onset of veraison sugar is imported in high concentration into the berry (Kennedy 2002). Due 

to the high sugar concentration inside the berry energy is required to transported sugar against the 

diffusion gradient into the berry. Sugar is transported in the form of sucrose via the phloem into grape 

berries, and further hydrolyzed enzymatically (invertase) in glucose and fructose. These hexose are the 

principal sugars of grape berry, making up approximately 95-99% of total berry sugar content. Other 

sugars such as sucrose, arabinose, xylose, rhamnose, maltose, raffinose, etc. are present in low 

amounts (Keller 2010, and Kennedy 2002). The rapid import of sugar coincides with the increase in 

berry volume (Coombe and My Carthy 2000). 
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2.3.2 Organic	  acids	  

Tartaric and malic acid are the main acids in grape berry and account for approximately 90% of total 

acidity (Dookozlian 2000). Further organic acids are citric, oxalic, fumaric and shikimic acid among 

others and are usually present only in trace amounts (Keller 2010). Total acidity values at harvest are 

between 5 and 15 g L-1 (in tartaric acid) (Ribérau-Gayon et al. 2006). Prior to veraison, both tartaric 

acid and malic acid are formed in leaves and grapes, respectively, and their concentrations peak near 

veraison. Tartaric acid is a product of the breakdown of ascorbic acid and is formed during the first 

growth stage when cell multiplication occurs. It is relatively stable and not degraded by enzymes. A 

decrease in tartaric acid during ripening is a dilution effect caused by the great infux of sugars and 

water into the berry (Ribérau-Gayon et al. 2006, and Keller 2010). 

Malic acid is a by-product of both glycolysis and pentose phosphate pathway. It can be also 

synthesized enzymatically by malate dehydrogenase, which reduces oxaloacetate to malic acid. Malic 

acid accumulates just prior to veraison and is stored in vacuoles of pericarp cells. Optimal 

temperatures for malic acid formation are believed to be in the range of 20 to 25 °C. Malic acid 

concentration declines from veraison to harvest because it functions as respiratory substrate for the 

berries during ripening and glycolysis is inhibited (Ribérau-Gayon et al. 2006, and Keller 2010). 

Accumulating potassium in the berry during maturation forms salts with free organic acids resulting in 

a decrease of the amount of free tartaric and malic acid (Kodur 2011 and Dookozlian 2000). Grape 

juice pH is generally related to total acidity and is 2,5 before veraison, but salt formation and 

respiration of malic acid will increase this pH value as a process of maturation (Dookozlian 2000). 

 

2.3.3 Nitrogenous	  compounds	  

There are two main periods of nitrogen incorporation in berries. The first one follows fruit set and the 

second starts with the onset of ripening. Ammonium (NH4
+) represents the major part of nitrogen 

compounds during the first growth phase, however, it declines after veraison, since ammonium ions 

are used to build up amino acids (Dookozlian 2000). Amino acids account for the majority (50 - 90%) 

of total nitrogen at maturity (Ribérau-Gayon et al. 2006), being arginine and proline quantitatively the 

principal amino acids of the berries (Jackson 2008). Arginine is mainly synthesized pre-veraison, 

whereas proline accumulation occurs in the latter ripening stages. Consequently, total amino acid 

concentration raises from veraison to harvest and generally reaches a plateau, after which it may be 

stable or decline slowly close to harvest. Proline is believed to function as a protector against osmotic 

stress (Keller 2010). Declines in arginine concentrations are attributed to re-translocation of arginine 

to storage tissues, where nitrogen is mainly stored in the form of arginine (Bell and Henschke 2005).  
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2.3.4 Aroma	  compounds	  

The composition and amount of aroma and flavour compounds varies greatly between different grape 

varieties (Dookozlian 2000). With the exception of aromatic cultivars (i.e. Muscat cultivars), most of 

the Vitis vinifera cultivars contain non volatile precursors (i.e. unsaturated lipids, phenolic acids, 

carotenoids, S-cysteine conjugates, glycoconjugates and S-methylmethionine) that are transformed 

during the winemaking process to odorous varietal aroma compounds (Baumes 2009). Further grape 

derived aroma compounds are monoterpenes, norisoprenoids, phenylpropanoids, methoxypyrazines, 

and volatile sulfur compounds and they contribute directly to the wine aroma (Robinson et al. 2014). 

 

2.3.4.1 Pyrazines 

Methoxypyrazines (i.e. IBMP, IPMP and SBMP) are responsible for herbaceous and vegetal wine 

aromas (bell pepper, aspargus) and are found particularly in the cultivars Cabernet Franc, Cabernet 

Sauvignon and Sauvignon Blanc (Robinson et al. 2014, and Baumes 2009).  

Methoxypyrazine may be found in grape juice of unripe Pinot Noir fruit, but the concentration is 

below the odour threshold as reported by Robinson et al. (2014). Methoxypyrazine are synthesized 4 

to 8 weeks post flowering and then the concentration decreases during the maturation. Increased levels 

of pyrazines are therefore considered an indicator of unripe fruit. Methoxypyrazine exist in free form 

in berries and are also produced in flowers, rachis, tendrils and roots but there is no translocation 

process towards the fruit (Robinson et al. 2014).  

 

2.3.4.2 C13- norisoprenoids 

C13- norisoprenoids are another important group of aroma compounds being responsible for the 

varietal flavour of cultivars such as Riesling, Chenin Blanc, Pinot Noir, Merlot, Sauvignon Blanc, etc. 

(Mendes-Pinto 2009). They occur mainly as glycoconjugates in berry flesh and have very low 

olfactory perception thresholds (i.e. 0.002 µg/L for damascenone), exhibiting flavours of exotic 

flowers and fruit. The compound ϐ-ionone has a berry and violet like aroma and was found in Pinot 

Noir at concentrations from 0.2 to 0.6 µg/L. Considering the low sensory threshold (0.007 µg/L), ϐ-

ionone has a high sensorial impact on wine aroma of Pinot Noir (Fang and Qian 2006). 

Norisoprenoids are produced by the biodegradation of carotenoids and subsequent enzymatic 

transformation to the aroma precursor (glycoconjugates), which again are converted via enzymatic 

reactions and acid hydrolysis processes releasing their volatile aglycone (Robinson et al. 2014, and 

Mendes-Pinto 2009). The main grapevine carotenoids are β-carotene and lutein representing 

approximately 85 % of total carotenoids. Other carotenoids are neoxanthin, violaxanthin, zeaxanthin, 

neochrome, flavoxanthin, lutoxanthin and are present only in small amounts (Baumes 2009). 

Carotenoids accumulate primarily in berry skins during the first growth stage of berry developement 

and have at this time, a similar composition as in the leaves. The synthesis stops preveraison, followed 

by degradation of carotenoids to norisoprenoids (i.e. ϐ-ionone, ϐ-damascenone, vitispirane and 6- 
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trimethyl-1,2-dihydronaphthalene) during maturation (Razungles et al. 1988). The synthesis of 

carotenoids from fruit set to veraison, as well as the subsequent degradation of carotenoids to 

norisoprenoids is stimulated by light (Baumes 2009 and Bureau et al. 2000). Carotenoids have 

antioxidative properties protecting plant tissues against photodegradation by scavenging and 

preventing the formation of oxygen radicals (Robinson et al. 2014). 

 

2.3.4.3 Terpenes 

Terpenes are responsible for floral, fruity and citrus aromas in wine and are mainly found in aromatic 

Muscat varieties and Gewürztraminer, but they are also present in other varieties, i.e. Riesling (Clarke 

and Bakker 2004, and Ugliano and Henschke 2009). Fang and Qian (2006) state that they may 

contribute to floral and cherry flavours in studies done with Pinot Noir wine. Among the 44 different 

identified monoterpenes in grapes, linalool, geraniol, nerol, citronellol and α-terpineol are the most 

important compounds contributing to the flavour of wine (Ugliano and Henschke 2009, and Clarke 

and Bakker 2004).  

Monoterpenoids are synthesized via two different pathways: the cytosolic mevalonic-acid (MVA) 

pathway or the mevalonate-independent (MEP) pathway, both pathways produce the precursors 

isopentyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). The starting substances for 

these pathways are acetyl-CoA or pyruvate and glycernaldehyde-3-phosphate, respectively (Robinson 

et al. 2014). The two C5 isoprenic units IPP and DMAPP are linked together “head to tail” to produce   

acyclic or cyclic monoterpenoids or more condensed terpenes (Ribérau-Gayon et al. 2006). Terpenes 

exist as glycosides, free monoterpene alcohols or oxide, or may be present as di- or triols. However, 

only the free form is volatile and contributes to wine aroma. Non-volatile glycosides can be 

enzymatically and/ or chemically hydrolysed to the free form during wine making (Clarke and Bakker 

2004). Terpenes accumulate primarily in berry skin at different stages of berry development. Wilson 

et al. (1984) report that terpenes generally accumulate at fruit set, decreasing preverasion and finally 

increase again during ripening. Individual terpenes may show different behaviours and might be 

converted to non volatile forms. It is believed that terpenes are produced by the plant for its own 

defence (Robinson et al. 2014). 

 

2.3.4.4 Unsaturated fatty acids  

Many aroma compounds are derived from fatty acids and are formed via the lipoxygenase pathway or 

through α- or β-oxidation . These compounds include alcohols, aldehydes, esters, acids, ketones and 

lactones. Linoleic and linolenic acid are the main esters of unsaturated fatty acids and are degraded by 

grape-derived enzymes to the so-called C6-compounds mainly during grape crushing. Hexenal and 2-

hexenal are quantitatively the main C6-compounds and are powerful odorants exhibiting unpleasant 

“green” and “grassy” aromas. As the maturity advances the content of C6-compounds depletes. Thus, 

high levels of C6-compounds indicate a lack of maturity (Baumes 2009, and Robinson et al. 2014). 
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Fang and Qian (2005) found significant amounts of trans-3-Hexenol and cis-3-hexenol in Pinot Noir 

wine, which potentially affected the wine aroma. C6-aldehydes are also strong odorants in grape must, 

but they have little impact on wine aroma since they are reduced during alcoholic fermentation to 

hexanol, whose content is usually below its odour threshold (Baumes 2009). 

 

2.3.4.5 Polyfunctional thiols 

Volatile thiols are sulfur-containing compounds responsible for pleasant herbaceous, fruity and smoky 

aromas. They have extremely low perception thresholds (ng L-1) and contribute to the varietal 

characteristics of several cultivars, including Sauvignon Blanc, Gewürztraminer, Riesling, Cabernet 

Sauvignon, Merlot, and many other varieties. To date, little is known about the biosynthesis of these 

compounds. Studies suggest that they accumulate during maturity. They are present as non-volatile 

cysteinylated and glutathionylated precursors in grapes with concentrations highest in skins. 

Polyfunctional thiols are released during alcoholic fermentation by β-lyase activity (Peña-Gallego et 

al. 2012, and Robinson et al. 2013). 

 

2.3.5 Phenolic	  compounds	  

Grapevine phenolics encompass a great diversity of compounds which are generally divided into two 

main groups. The first group of non-flavonoids includes phenolic acids (hydroxycinnamic and benzoic 

acids) and stilbenes and the second group of flavonoids comprises flavonols, flavanonols, flavan-3-ols 

(tannins) and anthocyanins (Cheynier 2005). 

 

2.3.5.1 Proanthocyanidins 

The proanthocyanidins are the most abundant class of phenolics in grape berries. Proanthocyanidins 

(condensed tannins) are oligomers and polymers of flavan-3-ol units that are linked by interflavan 

bonds predominantly between C4-C8 and to a lesser extent C4-C6. Flavan-3-ols comprise subunits of 

(-)-epicatechin, (+)-catechin, (-)-epigallocatechin, gallocatechin and epicatechin-3-gallate (Fournand et 

al. 2006, and Cortell et al. 2005). Polymeric tannins that are composed of (-)-epicatechin and (+)-

catechin units are named procyanidins. Prodelphinidins are polymeric compounds, formed from 

gallocatechin and (-)-epigallocatechin molecules. Cyanidin and delphinidin are released through acid 

catalysed cleavage from procyanidin and prodelphinidin, respectively (Cheynier 2005). Flavan-3-ol 

composition differs in skin and seeds, with the skin flavan-3-ols having a high proportion of (-)-

epicatechin subunits and a higher degree of polymerization (~30). Seed flavan-3-ols have similar 

amounts of (+)-catechin and (-)-epigcatechin subunits with a lower degree of polymerization (~10) 

(Cheynier et al. 2006, Cortell and Kennedy 2006, and Downey et al. 2006). Proanthocyanidins are 

bitter and astringent compounds and thus are thought to function as a feeding deterrent to herbivores 

and insects. Seed tannins are synthesized after fruit set, reaching maximum levels around veraison and 

followed by decline. Skin tannins show high concentrations at flowering and they accumulate again 
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from fruit set until 1 to 2 weeks after veraison. Proanthocyanidins may react with polysaccharides or 

proteins, resulting in a loss of extractability which might explain the decline of proanthocyanidins 

during ripening. This decrease in extractability leads to a decrease of bitterness and astringency 

making berries more attractive for feeding to promote seed dispersal (Downey et al. 2006, Pastor del 

Rio and Kennedy 2006, and Cortell and Kennedy 2006).  

 

 

Figure 4 Amounts of total in skins as a function of sugar content. 
Circle, triangle, filled circle indicate: red pigments, free anthocyanins, and proanthocyanidins, respectively.  
(Source: Fournand et al. 2006) 
 
2.3.5.2 Anthocyanins 

In Vitis vinifera grapes anthocyanins occur as 3-O-monoglucosides and 3-O-acylated monoglucosides 

of the five main anthocyanidins malvidin, cyanidin, petunidin, peonidin and delphinidin. The 

glycosylation increases the stability and water solubility of the relatively unstable anthocyanins. 

Acylation protects anthocyanins against decoloration in neutral and weakly acidic solutions and even 

enhances the colour intensity (He et al. 2010). The anthocyanin profile differs among cultivars, 

characterized by great variations in quantities and composition of individual anthocyanins, i.e. Pinot 

Noir contains only 3-monoglucosides with minimal amounts of acylated anthocyanins (Boss et al. 

1996a). Anthocyanin biosynthesis can be divided into two pathways (Figure 5): phenylalanine is 

produced via the shikimate pathway and then converted to 4-coumaroyl-CoA in the phenylpropanoid 

metabolic pathway. In a second step 4-coumaroyl-CoA is converted in the flavonoid pathway yielding 

various compounds such as aurones, flavones, flavonols, isoflavonoids, proanthocyanidins and 

anthoyanins (Boss et al. 1996b). 

Anthocyanin accumulation starts at veraison, reaching maximum levels close to harvest. Just before 

harvest or during over-maturation total anthocyanins may decrease slightly due to conversion 

reactions of free anthocyanins to derived pigments (Fournand et al. 2006). For the majority of 

cultivars anthocyanins are located in the grape skins, with the exception of some few teinturier 

varieties that accumulate anthocyanins also in the pulp. Anthocyanins have several functions and act 

as UV protection, antioxidant, defence against pathogens, and they attract herbivores by its red colour 

for seed dispersal (He et al. 2010). 

 

RESULTS AND DISCUSSION
Physiological Data on Berry Samples. As the physiological

characteristics of grape berries in a vineyard are very hetero-
geneous (40), samples were harvested and sorted out, as
described above, as a function of the berry density (directly
related to their content in total soluble solids). The physiological
ripeness of the berry samples selected at each harvest date was
assessed by measurement of berry weight (g/berry), °Brix, pH,
and titratable acidity (mequiv/L). °Brix is directly related to the
sugar content (g/L) and potential titratable alcohol (vol %). The
sugar content of the 10 samples ranged between 127.3 and 275.0
g/L, corresponding to a potential titratable alcohol of 7.56 and
16.34 vol %, respectively, confirming that the sampling provided
berries with contrasted physiological patterns (Table 1). The
maximum mean berry weight was achieved for a sugar content
of about 170-190 g/L. In agreement with previous studies
performed on non-sorted berries (2, 10, 23), the berry weight
then decreased as the sugar content increased, because of water
loss.
Anthocyanin Composition in Berry Skins as a Function

of the Pulp Sugar Content. Skin extracts were analyzed by
spectrophotometric methods to quantify total red pigments and
by HPLC methods to quantify free anthocyanins. Both total red
pigments and free anthocyanins accumulated rapidly until 170
g/L of sugars in pulp (18.0 °Brix), as described in previous
studies performed on non-sorted berries (10). Afterward, while
the amount of total red pigments remained nearly unchanged,
free anthocyanins slightly decreased (Figure 1), suggesting a
conversion of free anthocyanins to derived pigments. The
presence of such compounds in grape skins has been previously
reported (3, 4, 32, 41).

Skin free anthocyanin composition significantly changed as
the pulp sugar content increased. As shown in Figure 2, when
anthocyanins were grouped as a function of their B-ring
substitution pattern (aglycone structure), the amounts of del-
phinidin, cyanidin, and petunidin derivatives reached a maxi-
mum before those of peonidin and malvidin derivatives (for
sugar levels in the pulp of 170 and 200 g/L, respectively). As
a consequence, the proportion of two of the three methoxylated
forms, peonidin and malvidin, continually increased as sugars
accumulated in pulp, the third one (petunidin) appearing to be
an intermediate form between delphinidin and malvidin. The
percentages of peonidin plus malvidin derivatives were 73, 80,
and 84% at 127, 201, and 275 g/L of sugars in pulp, respectively.
This suggests that methyltransferase activity (converting cya-
nidin to peonidin and delphinidin to petunidin and malvidin (5,

Table 1. Physiological Characteristics of Densimetrically Sorted Berries of Vitis vinifera L. Cv. Shiraz Grown in Montpellier, France, in the
2003−2004 Season, from 1 Week to 10 Weeks after Véraison

date of harvest physiological data on the homogeneous berry sample selected on a densimetric basis
weeks after
véraison

berry weight
(g) °Brix

sugar content
(g/L)

potential alcohol
(vol %) pH

titratable acidity
(mequiv/L)

sugar to acidity ratio
(g/mequiv)

1 1.89 14.2 127.3 7.56 3.07 191.0 0.67
2 2.20 17.4 162.6 9.66 3.26 130.0 1.25
3 2.30 18.0 169.3 10.06 3.21 116.8 1.45
4 2.29 19.5 186.8 11.10 3.41 99.5 1.88
5 2.26 20.1 193.4 11.49 3.43 97.9 1.98
6 2.20 20.8 201.1 11.97 3.49 85.4 2.36
7 1.96 22.7 222.4 13.21 3.67 76.5 2.92
8 1.84 24.2 240.6 14.30 3.67 73.5 3.28
9 1.70 26.8 270.4 16.07 3.72 79.0 3.42
10 1.62 27.2 275.0 16.34 3.79 73.2 3.76

Figure 1. Amounts of total red pigments (O), free anthocyanins (b), and
proanthocyanidins (2) in skins as a function of pulp sugar content.

Figure 2. Changes in amounts of the different free anthocyanin species.
A, Anthocyanins grouped as a function of their B-ring substitution
pattern: (9), malvidin derivatives; (4), peonidin derivatives; (1), petunidin
derivatives; ([), delphinidin derivatives; (O), cyanidin derivatives. B,
Anthocyanins grouped as a function of their C-ring substitution pattern:
(b), non-acylated derivatives; (O), acetylglucoside derivatives; (1),
coumaroylglucoside derivatives. Results are mean values of duplicates.

Grape Skin Tannin and Anthocyanin Accumulation and Extractability J. Agric. Food Chem., Vol. 54, No. 19, 2006 7333
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Figure 5 A schematic figure of the general phenylpropanoid and flavonoid biosynthesis pathways. 
(Source: Boss et al. 1996b) 
 

2.3.5.3 Flavonols 

Flavonols contribute to grapevine UV protection and have antioxidative properties, scavenging 

radicals. The main grapevine flavonols are quercetin, kaempferol, myricetin and isorhamnetin and are 

present as 3-glycosides. They are localized mainly in berry skins and to a lesser extent in pulp (Markis 

et al. 2006, and Terrier et al. 2009). Flavonol biosynthesis occurs at flowering and again during berry 

ripening (Cortell and Kennedy 2006). Approaching maturity, flavonol concentration decreases slowly. 

Although colourless, flavonols significantly contribute to wine colour, being involved in co-

pigmentation reactions (Sternad Lemut et al. 2011).  

 

2.3.5.4 Phenolic acids 

The class of phenolic acids comprise hydroxycinnamic and hydroxybenzoic acids. Hydroxycinnamic 

acids accumulate primarily before veraison in grape skin and pulp and their concentrations decrease as 

berries expand during ripening. Depending on the substituent on the aromatic ring there are three 

different hydroxycinnamic acids (p-coumaric, caffeic and ferulic acids). Cinnamic acids have been 

identified in small quantities in free form, but they are mainly esterified with tartaric acid. 

Hydroxybenzoic acids (gallic, syringic, p-hydroxybenzoic acid, etc.) are mainly present as esters or 

glycosides in low concentrations in grapes (Teixeira et al. 2013). 
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Figure 1. A schematic diagram of the general phenylpropanoid 
and flavonoid biosynthesis pathways. The dotted line indicates the 
start of the flavonoid pathway. The genes examined in this study 
are boxed and the dehydratase is putative. Arrows indicate that the 
intermediates are precursors of other biosynthesis pathways with 
final products indicated. C4H, cinnamate 4-hydroxylase; 4CL, 4- 
coumarate CoA ligase. 

pigments. The pattern of expression of each gene tested 
was similar in each of the tissues with the exception 
of UFGT (Fig. 2). Seeds and mid leaves showed the 
highest levels of expression of PAL, CHS, CHI, F3H, 
DFR and LDOX, but significant expression of these six 
genes was also detected in the young leaf, tendril, green 
cane, root and flower RNA samples. Lower levels of 
expression were detected for these six genes in fully 
expanded leaves and berry skin tissue, and in the berry 
flesh tissue only DFR expression was detected. UFGT 
was detected only in the berry skin sample, and this 
was also the only sample in which anthocyanins were 
detected (Table 1). 

These results suggest that the main point of con- 
trol of anthocyanin production in grapevine is after 
LDOX, which is in contrast to other plants previously 
studied. In maize, expression of all the genes from 

Figure 2. Northern analysis of total RNA (4#g per lane) extracted 
from different Shiraz grapevine tissues probed with various clones 
as indicated on the left of the figure. RNA was denatured and frac- 
tionated on 1.2% agarose gels containing 8% formaldehyde, then 
transferred to ZetaProbe (BioRad) membrane in 0.05 M NaOH for 
at least 15 h. Membranes were prehybridised for 2 h at 65 °C, 
in 0.25 M sodium phosphate pH 7.0, 1 mM EDTA, 7% SDS, and 
then hybridised for 15 h at 65 °C in the same buffer with the addi- 
tion of denatured 32P-labelled probes of the flavonoid genes. The 
membranes were then washed for successive 15 rain periods in 2× 
SSC, 0.1% SDS (65 °C, twice) and 1x SSC, 0.1% SDS (65 °C ). 
The membranes were exposed to Kodak XAR film with intensifying 
screens, at -80 o C. 

CHS to UFGT is induced when tissues become pig- 
mented, whereas in snapdragon and petunia flowers, 
the control start points are further on in the pathway, 
being F3H and DFR respectively [for review, see 12]. 

We detected expression of all the flavonoid path- 
way genes, except UFGT, in all the unpigmented tis- 
sues except berry flesh. As depicted in Fig. 1, most of 
the intermediates of the pathway are precursors of oth- 
er biosynthesis pathways, and this may explain why 
the expression of these genes occurs in the absence 
of anthocyanin synthesis in unpigmented tissues. For 
example, expression of the flavonoid genes up to and 
including DFR would be necessary for production of 
proanthocyanidins, which are precursors to tannin syn- 
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2.3.5.5 Stilbens 

Stilbens (resveratrol, viniferins, etc.) are phytoalexins and accumulate in grape berries when berries 

are affected by pathogens. Resveratrol is also formed in response to high UV irradiation and other 

abiotic stresses. Resveratrol synthesis decreases rapidly at verasion because it may compete with 

anthocyanins for the same substrates. Stilbens are thought to have human health benefits due to their 

antioxidants properties (Cheynier 2005, and Bavaresco et al. 1999, 2008). 

Table 6 Phenolic compounds produced and accumulated in the grape berry  

Level	  of	  synthesisa	   Berry	  phenological	  scaleb	  
Compound	  

Skin	   Flesh	   Seed	  
Location	  

Blooming	  
Green	  
stage	  

Veraison	   Ripening	  

Non-‐flavonoids	   	   	   	   	   	   	   	   	  

Hydroxycinnamic	  
acids	  

++	   +++	   ++	  

Hypodermal	  cells	  and	  
placental	  cells	  of	  the	  
pulp;	  primarily	  in	  the	  
vacuoles	  of	  mesocarp	  
cells	  

+++	   +++	   +	   +	  

Hydroxybenzoic	  
acids	  

+	   -‐	   ++	  
	  

	   	   	   	  

Stilbens	   +++	   +	   ++	   Berry	  skin	  and	  seeds	   -‐	   +	   ++	   +++	  
Flavonoids	   	   	   	   	   	   	   	   	  

Flavonols	   ++	   -‐	   -‐	  
Dermal	  cell	  vacuoles	  of	  
the	  skin	  tissue	  and	  cell	  
wall	  of	  skin	  and	  seeds	  

++	   +	   +++	   ++	  

Flavan-‐3-‐ols	   ++	   +	   +++	  

Specific	  vacuoles	  of	  
hypodermal	  skin	  cells	  
and	  seed	  coat	  soft	  
parenchyma	  

+	   ++	   +++	   ++	  

Anthocyanins	   +++	   -‐*	   -‐	  

Cell	  layers	  below	  the	  
epidermis;	  storage	  
confined	  to	  the	  
vacuoles	  and	  
anthocyanoplasts	  	  

-‐	   -‐	   +	   +++	  

a,b	  Very	  abundant	  compound	  (+++)	  to	  absent	  (−);	  *	  Teinturiers	  contain	  anthocyanis	  also	  in	  mesocarp	  cells.	  	  
(Source: Teixeira et al. 2013) 
 
2.3.6 Minerals	  

Inorganic minerals are taken up by the roots and transported mainly with the water stream via the 

xylem vessels to the fruit. Therefore, mineral uptake is related to the amount of water that is transpired 

by the fruit. Since most of the xylem vessels break after veraison hardly any minerals are imported 

into the berry and calcium, sodium, etc. concentration decreases as berry expands. Potassium is an 

exception and is transported via the phloem, because it is involved in sugar translocation processes. 

This explains why its concentration increases during maturation when xylem transport is already 

blocked. Minerals might be also remobilized from storage tissues. The principal minerals in grape 

berries are potassium, calcium, magnesium, sodium, phosphate and chloride. Potassium is 

predominant and occurs at levels up to 1-2 g/L, whereas the remaining minerals present in grape 

berries are found in much lower concentrations (Dookozlian 2000, Ribérau-Gayon et al. 2006, and 

Keller 2010). 
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2.4 Effect	  of	  leaf	  area	  and	  crop	  level	  on	  vine	  performance	  and	  fruit	  composition	  

Grapevine physiology is influenced by several interacting factors that cause variability in fruit 

composition and vine performance. These factors include environmental conditions (light, 

temperature, soil water content, etc.), viticultural practices (trellis and training systems, rootstock, 

scion, cultivar, leaf removal, cluster thinning, fertilization, irrigation, etc.) and biotic factors (pests and 

diseases). The interaction of multiple factors makes it difficult to investigate single factors separately 

and to distinguish between the direct and indirect influence of a single factor.  

Moreover some treatments might only show an effect when they are applied over a prolonged period 

of time because of the grapevine’s capacity to compensate for changes in the source-sink relationship. 

However, this chapter reviews some of the parameters influencing grapevine physiology, including 

crop level, leaf area, light and temperature. 

 

2.4.1 Effect	  of	  crop	  level	  

Numerous studies were undertaken to investigate the effect of leaf area and crop level on fruit 

composition and provided varying results. It has been reported that cluster thinning and/ or reduced 

crop level increases total soluble solids (TSS) (Skinkis et al. 2013, King et al. 2012, Pastore et al. 

2011, Almanza-Merchán et al. 2011, Tardaguila et al. 2008a, and Miller et al. 1993), or had no effect 

(Vance 2012, Da Mota et al. 2010, and Etchebarne et al. 2010). This discrepancy in the vine responses 

to cluster thinning may be due to different levels, timings and methods (basal versus acropetal cluster) 

of cluster removal. Vance (2012) applied two cluster thinning treatments (35 and 65% crop removal) 

on Pinot Noir in Oregon and found that a reduction in yield by 64 % resulted only in an increase of 1.2 

Brix. Another study confirms these results and reports that at least 50 % of the clusters had to be 

removed before any effect, i.e. in sugar concentration, was observed (Kliewer and Ough 1970). These 

results suggest that the leaf area fruit weight ratio must exceed or fall below a certain threshold in 

order to cause significant changes in sugar accumulation (see also Chapter 1.2). Further results in this 

area indicate that excessive vegetative growth may have adverse effects on TSS accumulation, as 

vegetative and reproductive organs compete for the same pool of carbohydrates and production of C is 

limited (Cortell et al. 2007a). Therefore, removal of vegetative sink organs (e.g. shoot tip removal) 

may lead to a better supply to fruits and thus higher TSS values (Da Mota et al. 2010). 

Several studies have shown that cluster thinning decreased total acidity (TA) (Skinkis et al. 2013, 

Vance 2012, King et al. 2012, Pastore et al. 2011, Da Mota et al. 2010, and Prajitna et al. 2007), 

whereas Tardaguila et al. (2008a) found no effect. Cluster thinning also caused an increase in pH 

(Skinkis et al. 2013, Vance 2012, and Prajitna et al. 2007) or had no impact (Da Mota et al. 2010 and 

Tardaguila et al. 2008a). The decrease in TA and increase in pH in response to fruit removal are 

attributed to advanced fruit maturation, which is generally associated with lower TA and high pH 

values (Prajitna et al. 2007). Research by Skinkis et al. (2013) observed that cluster thinning pre-

bloom (50% of clusters removed) increased YAN level by 51% compared to full crop. These results 
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are in accordance with another study where crop reduction (15 days after anthesis) increased total 

nitrogen, free amino nitrogen arginine and proline (Kliewer and Ough 1970). However, Vance (2012) 

applied thinning treatments at four different times (pre-bloom, fruit set, lag phase and veraison) and 

found no significant differences regarding N substances. Grape berry nitrogen content is influenced by 

the source-sink relationship. The greater the source size (root surface and volume, storage organs) in 

relation to the sink (fruit) the greater are the amounts of N in the berry (Kliewer and Ough 1970). 

Conflicting results have been reported on the effect of yield on wine quality (sensory evaluation). 

Different studies (Kliewer and Dokoozlian 2005, Šuklje et al. 2013, and Bravdo et al. 1985) report 

that yield had no or no consistent impact on wine quality, whereas two studies (Reynolds et al. 1996 

and Bravdo et al. 1984) found a positive relationship between low yields and high tasting scores. 

Chapman et al. (2004) applied different pruning and cluster thinning levels to manipulate the yield 

(4.3 to 22 t ha-1) of Cabernet Sauvignon vines. They found that fruity aromas increased in intensity 

and vegetal aromas decreased in intensity as bud number and yield increased. 

Numerous studies investigated the effect of reduced crop levels on berry size and berry weight. It has 

been reported that cluster thinning increased berry weight (Reynolds et al. 1994, King et al. 2012, and 

Murisier 1996) or had no significant effect (Skinkis et al. 2013, Gatti et al. 2012 Keller et al. 2005, 

and Dokoozlian and Hirschfelt 1995). It is generally believed that early cluster thinning results in an 

increase of final berry size. This compensation effect is due to a better supply of the remaining berries 

with assimilates and was demonstrated by King et al. (2012). However, Dokoozlian and Hirschefelt 

(1995) removed 30% of the clusters at five different times during the growing season (pre-flowering 

until 6 weeks post fruit set) and found no significant differences regarding berry weight. These 

discrepancies may be due to source sink relationship before and after the crop removal. If the leaf area 

is sufficient to supply initial crop adequately, then it is unlikely that crop removal has an effect on 

berry size. But if the leaf area was limited before clusters have been removed, cluster thinning may 

bring the source sink relationship in balance and the compensation effect occurs. 

Various studies have shown that a reduction in crop level may positively influence the ripening 

behaviour of grape berries (King et al. 2012, Pastore et al. 2011, Myers et al. 2008, Kliewer and 

Dokoozlian 2005, and Winkler 1958). A certain amount of heat is required to ripe the fruit to a given 

sugar level. The lower the crop level, the less heat is required, and the earlier fruits reach fully 

maturity (Winkler 1958). Results by Pastore et al. (2011) indicate that cluster thinning has a direct 

impact on the expression of genes which are involved in ripening processes. In this study several 

genes involved in the normal ripening process were up-regulated, but also new processes were induced 

(e.g. genes related to secondary metabolite synthesis), which were not expressed in the control of 

ripening berries. However, some pathways involved in the normal ripening process were repressed. 

The expression of genes involved in the ripening process is not fully understand, but results suggest 

that the overall process is accelerated. Cluster thinning may indirectly enhance anthocyanin 

accumulation by advancing fruit maturity (He et al. 2010). In addition, it was also shown that cluster 
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thinning changed the expression of various genes involved in the phenylpropanoid pathway, which in 

turn promoted the accumulation of anthocyanins. These results indicate that the gene expression may 

be directly influenced by the source to sink balance (Pastore et al. 2011). In other studies, however, 

cluster thinning had no significant effect on anthocyanin (King et al. 2012, Skinkis et al. 2013, and 

Tardaguila et al. 2008a), or tannin concentration (Skinkis et al. 2013).  

 

2.4.2 Effect	  of	  leaf	  area	  

Sugar 

The results found in literature regarding the influence of leaf area on sugar accumulation are 

controversial. It has been shown that a reduction in leaf area (defoliation) resulted in a decrease of TSS 

(Stoll et al. 2013, Šuklje et al. 2013, Kliewer and Dookozlian 2005, Vasconcelos and Castagnoli 2000, 

Candolfi-Vasconcelos and Koblet 1990, Kingston and Epenhuijsen 1989, and Kliewer 1970), or had 

no effect on TSS in studies done by other authors (Chalfant 2012, Kemp et al. 2011, Chorti et al. 

2010, Tardaguila et al. 2008b, Hunter et al. 1995, and Kliewer and Ough 1970). A reduction in leaf 

area may reduce whole vine photosynthesis resulting in an inadequate supply of berries with 

photosynthates (Kliewer 1970). Grapevine may also compensate for a loss in leaf area by increased 

photosynthetic rate of remaining leaves and/ or remobilization of carbohydrates from storage tissues. 

When the leaf area is not limiting after a defoliation treatment has been applied, nothing would result. 

These effects may explain why defoliation does not necessarily result in a reduction of TSS (see 

chapter 2.2.1.2). 

Acidity 

In the majority of studies leaf removal had no effect on TA and pH (Chalfant et al. 2012, King et al. 

2012, Bubola and Peršuric 2012, Kemp et al. 2011, Bavaresco 2008, and Percival et al. 1994b), 

however, some studies report an increase of TA (Hunter et al. 1995, and Kliewer and Antcliff 1970).  

Defoliation promotes the exposure of the fruiting zone, and thus changes light and temperature 

conditions. Several studies have shown that exposed clusters have lower TA levels at harvest. This 

effect is primarily attributed to higher cluster temperatures which increase the respiration rate of malic 

acid during the ripening period (Tarara et al. 2008, Mori et al. 2005, Bergqvist et al. 2001, and 

Dookozlian and Kliewer 1996). However, this relationship between cluster exposure and reduced TA 

levels does not always apply. In regions with low temperatures during the ripening phase (< 30°C), the 

effects may be marginal, since cluster temperatures may be under the optimum for malate enzyme 

activity, even when clusters are exposed (Percival et al. 1994b). A reduced leaf area may delay 

maturity and cause higher TA values (Kliewer and Antcliff 1970). 

Poor lighting conditions (shade) in the fruiting zone increased concentrations of malic acids (Smart et 

al. 1988) and caused higher potassium levels and pH values in grapes (Smart 1985, and Kliewer and 

Dookozlian 1995). Increased pH values may be explained by higher levels of potassium. Studies 

dealing with the topic factors affecting mineral composition of grapes are scarce. Etchebarne et al. 
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(2010) demonstrated that there is a positive relationship between available soil water and cation 

uptake. They also state that a favourable soil water status increased TA at maturity.  

 

Nitrogenous compounds 

Light conditions impact also the quantity and composition of nitrogenous compounds in leaves and 

berries. Smart et al. (1988) found a tendency for total N to increase with shade in fruits, although not 

significantly. Shade caused also increased levels of NO3
- and NH4 in leaves. The quality of the light 

affects nitrate reductase activity (NRA), which is stimulated by red light. This enzyme reduces nitrate 

to nitrite, which is in turn reduced to ammonia by nitrate reductase (NiR). Red light supplementation 

reduced the NO3
- to NH4 ratio in leaves and induced earlier veraison and maturity. These results 

suggest that shaded canopies may cause an accumulation of NO3
- which might then inhibit the 

synthesis of anthocyanin and phenols (Smart et al. 1988).  

 

Aroma compounds 

Aroma compounds are a further group of berry components that respond sensitively to defoliation 

treatments. Partial defoliation of Sauvignon blanc vines at fruit set significantly reduced “vegetal” 

aromas. Later defoliation treatments (veraison) was less effective in reducing these aromas (Arnold 

and Bledsoe 1990). Overall wine quality and varietal character was significantly higher rated from 

grapes of partially defoliated vines compared to non-defoliated vines (Hunter et al. 1991). Preveraison 

IBMP levels of Cabernet Franc were 21 to 44 % lower when cluster exposure was improved through 

partial defoliation (Ryona et al. 2008). Improved light conditions, however, had no effect on 

postverasion degradation of IBMP. These results suggest that cluster exposure may influence IBMP 

accumulation but not its degradation (Ryona et al. 2008). High shoot densities (15 to 20 shoots per 

meter of row) in Pinot Noir caused higher intensities of vegetative aromas and reduced pleasant fruity 

and floral aromas (Reynolds et al. 1996). A reduction of fruity aromas in wine is likely due to poor 

light conditions inside the canopy (Smart 1985). Wines from early-defoliated (fruit set) Grenache 

vines had the highest aroma complexity compared to late-defoliated (veraison) and non-defoliated 

vines (Tardaguila et al. 2008). It has been reported that grape juice of defoliated Riesling vines 

achieved higher levels of glycoconjugates than non-defoliated vines. Zoecklein et al. (1998) state that 

the removal of basal leaves might have changed the pattern of assimilate movement towards the 

clusters resulting in higher levels of glycosides. 

 

Berry size 

In the study of grape berry compounds, the berry size plays an important role as it affects the 

concentration of various substances. In particular, the concentration of substances that are located in 

the skin decreases with increasing berry size. If it is assumed that the berry is spherical, the surface to 

volume ratio decreases with increasing volume, since the surface (skin) increases quadratically, while 
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the volume (flesh) increases cubically (Roby et al. 2004). Final berry size is largely determined in the 

first phase of berry growth by cell division and cell enlargement (Ollat and Gaudillere 1998). Berry 

expansion after veraison is attributed to water and sugar influx. Leaf removal at different times during 

the growing season resulted always in a lower berry weight (Stoll et al. 2013, Guidoni et al. 2008a, 

Howell et al. 1994, Kingston and Epenhuijsen 1989, and Kliewer and Antcliff 1970) and reduced 

berry volume (Petrie et al. 2000b, Hunter et al. 1991, and Ollat and Gaudillere 1998), however, 

Etchebarne et al. (2010) found no effect. Berry weight depends on both berry size and sugar 

concentration respectively and therefore may be not an adequate indicator for berry size. 

A reduced leaf area during the first period of berry growth may not meet the increased demand for 

photosynthates and therefore may have negative effects on the growth processes. It has been reported 

that photosynthate shortage during the first berry growth stage may inhibit fruit growth rates and 

irreversibly affect berry size, since cell division and enlargement requires a lot of energy for 

biosynthesis of structural compounds and enzymatic activity (Ollat and Gaudillere 1998, and Stoll et 

al. 2013).  

Therefore, the timing of defoliation is a crucial measure that determines the magnitude of the effect of 

defoliation on final berry size. The effect of leaf removal on berry size was found to diminish the later 

the leaves were removed during the growing season. It was also shown that berry size decreased with 

increasing defoliation (Hunter et al. 1991, Kliewer and Antcliff 1970, and Kliewer and Ough 1970). 

Pre-flowering leaf removal significantly reduced the final yield by reducing fruit set and berry size 

(Poni et al. 2006). In addition to the supply of berries with carbohydrates, cluster exposure may also 

affect berry size. Dookozlian and Kliewer (1996) grew potted vines under different light conditions 

but at the same temperature. This study established that berry growth and final berry size is influenced 

by light conditions in the period fruit set until veraison. Berries grown under normal light conditions 

during this period were significantly bigger than berries grown in the absence of light. Different light 

conditions during the ripening phase had no impact on berry size. They concluded that berry growth is 

photoregulated through processes such as fruit photosynthesis and importation and/ or metabolism of 

carbon. Optimum temperatures for berry growth are in the range of 25 and 30°C (Hale and Buttrose 

1974). Under natural conditions, sun-exposed berries experience higher temperatures than shaded 

berries leading to higher transpiration rates, evaporative potential and subsequent berry dehydration 

during maturation, resulting in smaller berries at maturity (Bergqvist et al. 2001, Guidoni et al. 2008a 

and English et al. 1990). It has been reported that sun exposed berries had a thicker cuticle (Chalfant 

2012) and restricted water supply post veraison seems to reduce berry size (Etchebarne et al. 2010). 

Both effects are generally considered to be positive for wine quality regarding phenolic compounds.  

 

Carboyhydrates 

The leaf-area fruit-weight ratio plays also an important role in grapevine longevity because it impacts 

carbohydrate concentration in perennial wood structures and roots. A recent study has shown that the 
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leaf area fruit weight ratio affects starch and total non-structural carbohydrates (TNC) in the trunks 

and roots. A reduction in the leaf area fruit weight ratio from 2.0 m2 kg-1 to 0.5 m2 kg-1 resulted in a 

50 % decrease of TNC content in roots (Zufferey et al. 2012). Another study showed decreasing 

concentrations of starch in shoots with increasing defoliation (Weaver 1967). Low overwintering 

carbohydrate reserves may negatively affect vine growth and inflorescence formation and 

development at the beginning of the next season. As a result bud fruitfulness and overall productivity 

are reduced (Bennett et al. 2005). The same study established that defoliation resulted in fewer 

inflorescences per shoot and fewer flowers per inflorescence in the following growing season. This 

may be due to two reasons: insufficient CHO supply when inflorescence initiation and differentiation 

takes place (preflowering to veraison) or at the beginning of the following growing season when 

inflorescences are formed (Bennett et al. 2005).  These results are consistent with another study where 

a severe defoliation (75 % of leaves were removed) caused a reduction in yield by 80 % in the 

following season. This great decrease in yield was mainly due to a reduction in number of berries per 

cluster (May et al. 1969). However, defoliation performed relatively early can also increase the bud 

fertility in the following season. Higher light intensities in the basal zone promote the conversion of 

anlagen to inflorescences instead of tendril primordia (Hunter et al. 1995). No carry over effect were 

found with regard to fruitfulness, yield, foliation or fruit composition when the vines were defoliated 

at pea size in the previous season (Howell et al. 1994). 

 

Canopy microclimate 

Leaf removal in the basal part of the canopy significantly increases cluster exposure to sunlight (Geller 

and Kurtural 2013). Several studies have shown that berry temperature increase linearly to their 

incident radiation (Bergqvist et al. 2001 and Dokoozlian and Kliewer 1996). Wind velocity is the 

second most important parameter that influences fruit temperature (Cortell et al. 2007a). Mid-day 

berry temperatures of exposed clusters were 7 °C higher than the ambient temperature and 10 ° C 

higher than berries of shaded clusters. The same study reported that berry temperatures were on 

average 3 to 4 °C higher on the south side of the canopy compared to the north side in a warm grape 

growing region (California). These large temperature differences are likely to be lower in cool 

climates (Bergqvist et al. 2001). Kliewer and Antcliff (1970) found that sun exposed fruits in 

California accumulated 43 to 62 % more heat per day compared to shaded fruit. 

Defoliation does not only lead to elevated berry temperatures and associated changes in metabolism 

but also to a better aeration of the fruiting zone. This in turn promotes drying of berries and reduces 

the disease susceptibility to fungal diseases such as botrytis. Leaf removal also increases the efficiency 

of spraying. It improves spraying agent penetration in the canopy and wetting of fruits with spraying 

products (Guidoni et al. 2008a, and Percival et al. 1994a, 1994b) 

Vines are normally partially defoliated shortly after fruit set in order to reduce the susceptibility to 

sunburn, because young berries are able to acclimate to increased UV radiation and higher 
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temperatures (Dokoozlian 2009). A common practice is to remove the leaves only on the morning sun 

side to avoid excessive temperatures in the afternoon (Dokoozlian 2009).  

 

Ripening behaviour 

Many studies report that leaf removal delays fruit maturity in terms of sugar accumulation (Chorti et 

al. 2010, Howell 2001, Petrie et al. 2000b, Kingston and Epenhuijsen 1989, and May et al. 1969). A 

reduced leaf area results in an imbalance of the source-sink relationship, so that the fruit may not be 

adequately supplied with photoassimilates (Howell 2001). Petrie et al. (2000b) found that leaf removal 

caused an extension of the lag phase. In contrast, another study reports that defoliation promoted the 

accumulation of sugar and accelerated the maturity (Bledsoe et al. 1988). 

 

Phenolic compounds 

The concomitant increase in solar radiation and subsequent temperature increase in the fruiting zone of 

defoliated vines play an important role in the formation of phenolic substances. 

The synthesis of anthocyanins is light and temperature sensitive. Lower temperatures and adequate 

light conditions generally promote anthocyanin accumuation (Yamane et al. 2006, Mori et al. 2005, 

Tarara et al. 2008, Rustioni et al. 2011, and Downey et al. 2006). Light is a limiting factor for 

anthocyanin accumulation, therefore less light implicates in less production of these substances, but 

light is not the only factor: temperature is also related to its production. At adequate exposure, 

anthocyanin accumulation is likely limited by temperature (Sternard Lemut at el. 2011). 

Results of several studies suggest that abscisic acid (ABA) is involved in the regulation and expression 

of several genes (PAL, CHS, CHI, DFR, LDOX, and UFGT genes; Figure 5) that are involved in 

biosynthesis of anthocyanins (Ban et al. 2003). Thus endogenous ABA concentration is closely linked 

to anthocyanin accumulation (Pirie and Mullins 1976 and Mori et al. 2005). Yamane et al. (2006) 

report that ABA concentrations were 1.6 times higher in fruits grown under 20 °C compared to fruits 

grown under 30 °C. They suggest that ABA biosynthesis is promoted by low temperatures and/ or low 

temperatures reduce its degradation. Results suggest that sucrose also promotes the accumulation of 

anthocyanins and total phenols by stimulating PAL activity (Pirie and Mullins 1976). Being the key 

enzyme in the shikimic acid pathway PAL channels phenylalanine away from protein towards 

flavonoid and anthocyanin synthesis. Since light is necessary to stimulate PAL activity and sugar is a 

substrate for anthocyanin synthesis both factors play an important role in anthocyanin accumulation 

(Hunter et al. 1991 and Candolfi-Vasconcelos and Koblet 1991). 

Potted Pinot Noir vines grown under low (15 °C) and high night (30 °C) temperatures after veraison 

showed significantly lower concentrations of delphinidin-3-glucoside, cyanidin-3-glucoside and 

petunidin-3-glucoside in the high night temperature treatment. Peonidin-3-glucoside and malvidin-3-

glucoside were not affected by the different temperature conditions. These two anthocyanins are the 

main anthocyanins of Pinot Noir. Both are highly methylated which is believed to improve the thermal 
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stability of anthocyanins. Therefore, only a decrease of low-methylated anthocyanins (delphinidin, 

cyanidin and petunidin) was found (Mori et al. 2005). In another study the accumulation of malvidin-

3-glucoside in Pinot Noir was mainly influenced by temperature and the authors proposed that 

malvidin-3-glucoside is not very sensitive to light but rather to temperature (Cortell et al. 2007). 

However, when berries were heavily shaded higher temperatures caused a lower malvidin-3-glucoside 

accumulation, whereas temperature had no effect when berries were exposed to sunlight (Tarara et al. 

2008). These results indicate that anthocyanin accumulation is driven by both factors light and 

temperature, respectively. Anthocyanin concentration increased with increasing solar irradiation up to 

100 µmol m-2 s-1. Higher solar irradiation resulted in a decrease of anthocyanin accumulation. This 

phenomena is likely an effect of excessive temperatures which inhibit the biosynthesis of anthocyanins 

(Bergqvist et al. 2001). Mori et al. (2007) state that excessive berry temperatures may cause oxidative 

stress since genes of peroxidase were induced. This enzyme is likely responsible for anthocyanin 

degradation in the presence of H2O2. Overall, the results suggest that improved berry exposure leads to 

higher concentrations of anthocyanins, especially in cool climates where increased exposure is not 

associated with excessive high temperatures (King et al. 2012). Both, excessive exposure and poor 

light conditions negatively impact anthocyanin accumulation. A decrease of anthocyanins and phenols 

with increasing degree of shading has been observed (Smart et al. 1988). Results indicate that 

beneficial effects of leaf removal on wine colour are rather due to improved microclimatic conditions 

inside the canopy than to the source-sink relationship (Tardaguila et al. 2008b). Although anthocyanin 

accumulation starts with veraison, Dokoozlian and Kliewer (1996) propose that fruit exposure before 

veraison is important for maximum pigment production during maturation. Favourable light 

conditions before veraison may increase the activity and concentration of enzymes that are involved in 

the biosynthetic pathway of phenolic compounds. Adequate light conditions also enhance flavonol 

accumulation, since the expression of the genes encoding flavonol synthase (FLS) is stimulated by 

light (Downey et al. 2006). The impact of solar radiation on flavonol accumulation in Pinot Noir 

grapevine was demonstrated by Cortell and Kennedy (2006). In this study, sun-exposed berries had 

eight times higher skin flavonol concentrations than berries that grew in the absence of light. They 

found also differences in the proportions of epicatechin and catechin, with the shaded berries having a 

higher proportion of epicatechin than the exposed berries. An increase of flavonol concentration as a 

result of leaf removal is confirmed by the results of Sternard Lemut et al. (2011). The removal of five 

to six basal leaves at fruit set and veraison increased the flavonol concentrations at harvest by 450 and 

500 %, respectively, compared to non-defoliated vines. Cortell and Kennedy (2006) report that 

proanthocyanidin accumulation is also stimulated by light. In contrast, seed proanthocyanidin 

accumulation is not greatly affected by environmental conditions such as light and vine water status 

(Cortell et al. 2005). The same study demonstrated that proanthocyanidin level in skins, total tannin 

concentration and mean degree of polymerization (mDP) significantly increased with decreasing vine 

vigour, whereas a decrease in flavan-3-ol monomers was observed. Partially defoliated Pinot Noir 
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grapevines at four different times (7 days after flowering, 30 days after flowering, beginning of 

veraison and control) showed different concentrations of total tannins at harvest (Kemp et al. 2011). 

Tannin concentrations were greater in berries from the two early defoliated vines compared to the late 

defoliation at veraison and control (no defoliation). Catechin was the predominant flavan-3-ol 

monomer, and epicatechin the second most abundant. Cluster exposure is thought to enhance catechin 

synthesis by stimulating LAR activity (Kemp et al. 2011).  
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3 Material	  and	  Methods	  

The objectives of the present study was to evaluate the effect of leaf area to fruit weight ratios on fruit 

ripening, vine performance, fruit and wine composition. The results attained are interpreted with 

regard to vine balance and the source to sink relationship. 

3.1 Experimental	  conditions	  

Research was conducted in New Zealand over a single growing season (2013/2014) at an experimental 

vineyard located on the campus of Lincoln University, Canterbury (43° 38’ 48.2”S, 172° 17’ 26.6”E). 

For this study, eighteen-year-old grapevines Vitis vinifera L, cv. Pinot noir, clone 10/5, grafted on 

Riparia Gloire rootstock were used. The experimental plot comprised two rows where vines were 

planted in a north-south orientation and spaced at 1.6 m within the row by 2.8 m between rows. There 

were 61 vines per row. The experimental plot was divided into four blocks (replicates) in order to 

eliminate soil-related variability.  

Table 7 Experimental design 

Row	  37	   	   Row	  38	  

Leaf	  area	  
(%)	  

Crop	  level	  
(%)	  

Replicate	   	   Leaf	  area	  
(%)	  

Crop	  level	  
(%)	  

Replicate	  

X	   X	   	   	   X	   X	   	  

100	   25	   2	   	   25	   100	   3	  

100	   50	   2	   	   25	   50	   3	  

100	   100	   2	   	   25	   25	   3	  

X	   X	   2	   	   X	   X	   3	  

25	   100	   2	   	   100	   25	   3	  

25	   25	   2	   	   100	   50	   3	  

25	   50	   2	   	   100	   100	   3	  

X	   X	   2	   	   X	   X	   3	  

50	   50	   2	   	   50	   100	   3	  

50	   25	   2	   	   50	   25	   3	  

50	   100	   2	   	   50	   50	   3	  

X	   X	   	   	   X	   X	   	  

25	   100	   1	   	   25	   100	   4	  

25	   50	   1	   	   25	   50	   4	  

25	   25	   1	   	   25	   25	   4	  

X	   X	   1	   	   X	   X	   4	  

50	   25	   1	   	   50	   100	   4	  

50	   100	   1	   	   50	   50	   4	  

50	   50	   1	   	   50	   25	   4	  

X	   X	   1	   	   X	   X	   4	  

100	   50	   1	   	   100	   100	   4	  

100	   100	   1	   	   100	   50	   4	  

100	   25	   1	   	   100	   25	   4	  

X	   X	   	   	   X	   X	   	  

X,	  indicate	  a	  buffer	  vine	  

 

The experiment was set up as a three-by-three factorial in a split plot design. Each treatment, a 

combination of leaf area and crop level removal (see Table 8), was replicated four times, with three 
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vines per plot, yielding 12 vines per treatment. There were buffer vines at both ends of the row, as 

well as within the row separating leaf area treatments (see Table 7). 

The vines were trained to a vertical shoot position (VSP) trellis system and pruned to two canes 

(Double Guyot), each with approximately 7 buds. The soil type was a Paparua series sandy loam on 

sand. Shoot topping was applied once when berry size was pea size (BBCH 75). Shoot tips were cut to 

shoots with exactly 14 nodes. All vines were covered with nets from veraison to harvest in order to 

prevent berry damages through birds. Pest and disease management as well as drip irrigation were 

applied when necessary.  

 

3.2 Climatic	  data	  

The weather data comes from a weather station (Lincoln, Broadfield Ews 17603) which is in about 

1 km distance to the experimental plot. 	  

 

3.3 Leaf	  area	  and	  crop	  level	  manipulation	  

Three levels of cluster thinning and three levels of leaf removal were applied (3x3 factorial). Both leaf 

removal and cluster thinning treatments were performed manually at growth stage pea-size 

(BBCH: 75). Basal leaves from node position 1 and 3 were removed for all shoots as well as all lateral 

shoots. Twelve leaves on node positions 2, 4, 6, 8, 10, 11, 12, 13 and 14 were maintained after the 

“full leaf area” treatment (100L), six leaves on node positions 2, 4, 6, 8, 10 and 12 were maintained 

after the “half leaf area” treatment (50L) and three leaves on node positions 2, 4 and 12 were 

maintained after the “quarter leaf area” treatment (25L). Leaves and lateral shoots emerging after 

defoliation were removed as they appeared.  

Three cluster thinning treatments were applied to keep all clusters for the “full crop” treatment (100C), 

every other cluster was thinned out for the “half crop” treatment (50C) and three out of four clusters 

were thinned out for the “quarter crop” treatment (25C). No specific clusters were selected to be 

removed. The clusters were counted consecutively per vine and thinned out according to the desired 

crop level. 

Three cluster-thinning treatments were imposed randomized within each plot.  

Table 8 Leaf area/ crop level treatment with codes.  

Crop	  level	  
Treatment	  

25	  %	   50	  %	   100	  %	  

25	  %	   25L	  /	  25C	   25L	  /	  50C	   25L	  /	  100C	  

50	  %	   50L	  /	  25C	   50L	  /	  50C	   50L	  /	  100C	  Leaf	  area	  

100	  %	   100L	  /	  25C	   100L	  /	  50C	   100L	  /	  100C	  

Numbers	  indicate	  the	  proportion	  in	  %	  of	  the	  remaining	  leaf	  area	  and	  
crop	  level	  after	  defoliation	  and	  cluster	  thinning	  was	  applied.	  	  
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3.4 Vineyard	  measurements	  

3.4.1 Leaf	  chlorophyll	  concentration	  

A portable chlorophyll-meter (SPAD-502, Minolta Camera Co. LTD, Osaka, Japan) was used to 

measure the leaf greenness non-destructively. Leaf greenness is related to leaf chlorophyll content and 

thus leaf nitrogen content (Porro et al. 2001). The SPAD-502 meter gives data in arbitrary units. 

However, these values were not correlated to actual leaf chlorophyll concentrations in the present 

study. Readings were made on the leaf opposite to the cluster on node position four. Leaves were 

selected randomly and five readings per leaf were taken at the distal part of the leaf (see Figure 6). 

Then an average value was calculated. Two measurements per vine were made, one per cane. Three 

vines per treatment with four replicates where measured. 

The leaves must be dry for the measurement in order to obtain accurate results. Mature and thick 

leaves should be avoided because they may falsify the results. The measurement is taken by inserting 

the leaf into the measuring head of the chlorophyll meter.    

 

 

Figure 6 SPAD-Meter measurements  

Black spots on leaf surface indicate locations where measurements were made.  
(Source for left image: http://www.konicaminolta.eu) 
 
Measurements were made at four different times during the season: starting at mid-veraison 

(BBCH 83), then at the beginning of ripening period (BBCH 86), then one week before harvest 

(BBCH 88) and the last one was taken two weeks after harvest when leaves started to senescence 

(BBCH 92).  

3.4.2 Photosynthetic	  active	  radiation	  

Photosynthetically active radiation (PAR) within the fruiting zone was measured with a ceptometer 

(AccuPAR LP80, Decagon Devices Inc., Pullman, USA). First, the ceptometer probe was held in the 

horizontal plane with the sensors facing the sky and ambient PAR was recorded above the canopy. 

The probe was inserted diagonally into the canopy just above the fruiting zone. The light sensors were 

in horizontal plane facing the sky. One measurement per vine was applied. Three vines per treatment 
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with four replicates where measured. After each measurement above and inside canopy, the ratio of 

above to inside PAR was calculated. 

Measurements were performed on two different days during the ripening period (BBCH 86). One 

measurement was made under clear and sunny weather conditions, the other when the sky was 

overcast. The objective was to investigate the effect of defoliation on light conditions inside the 

canopy and thus canopy microclimate. There was a measurement made in the morning (10am) and in 

the afternoon (3pm) under cloudless conditions. For the overcast conditions, only one measurement 

was taken in the afternoon (2pm).   

 

Figure 7 Ceptometer  
(Source: http://www.ums-muc.de/produkte/pflanzenmesstechnik/accupar.html) 
 

3.4.3 Evaluation	  of	  veraison	  

Colour change of grape berries, of every single vine, was evaluated subjectively using a 9-value rating 

scale which is used by the viticulture department of Lincoln University (see Table 9). Colour change 

was monitored in intervals of four days over five weeks.  

Table 9 Rating scale used to assess veraison. 

Rating	  
%	  Fruit	  at	  
veraison	  

0	   0	  
1	   0-‐4	  
2	   5-‐15	  
3	   16-‐30	  
4	   31-‐50	  
5	   51-‐70	  
6	   71-‐85	  
7	   86-‐95	  
8	   96-‐100	  
9	   100	  

	  

3.4.4 Stomatal	  conductance	  

Stomatal conductance was measured with a leaf-porometer (SC-1, Decagon Devices Inc., Pullman, 

USA). Readings were made on the leaf opposite to the cluster on node position four. Leaves were 

selected randomly, but only sun exposed and intact leaves were used for the measurement. The 

measurement was made on a cloudless and sunny day (growth stage BBCH: 86) at 11am in the 

morning. Ambient air temperature was 23 °C.  The measurement was performed on two vines per plot, 

which means there were eight measurements per treatment. 
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The measurement is taken by inserting the leaf into the measuring head. The leaf porometer measures 

the humidity inside the leaf and at both of the humidity sensors inside the measurement chamber and 

then calculates the resistance between the inside and outside of the leaf, which is the stomatal 

conductance (Decagon 2014). The results are displayed as vapour flux in mmol m-2s-1. 

 

Figure 8 Leaf Porometer.  

(Source: private picture) 
 

3.4.5 Photosynthetic	  rate	  

A portable infrared gas analyser (Li-Cor 6400XT, Licor, Lincoln, NE, USA) was used to measure 

photosynthetic rate in a non-destructive way. Readings were made on the leaf opposite to the cluster 

on node position four. Leaves were selected randomly, but only sun exposed and intact leaves were 

used for the measurement. The measurement was performed on one vine per plot, which means there 

were four measurements per treatment. Therefore the measurements should be carried out under the 

same conditions, within a short period of time, it was not possible to take more measurements, because 

a single measurement took about five minutes. Measurements were taken on a bright and sunny day 

(22 °C air temperature) one week before harvest between 11.30 am and 1.00 pm. The device measures 

the CO2 uptake by the leaves (µmol CO2 m-2s-1) to calculate the rate of carbon assimilation. The 

measurement head consists of a reference cell and a sample cell containing the leaf sample. An air 

stream is passed continuously through both cells, first entering the reference cell and then passing 

through the sample cell. The difference in concentration of CO2 and H2O entering the reference cell 

and flowing out of the sample cell is used to calculate photosynthesis and transpiration (Meyer 2014). 
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Figure 9 Infrared Gas Analyser (Li-Cor 6400).  

(Source: private picture) 
 

3.4.6 Maturity	  control	  

Maturity was monitored starting two weeks before harvest. Berry samples were taken at three different 

dates (19/03/14, 26/03/14 and 02/04/14). One berry per vine was taken for sugar analysis. Berries of 

the same plot (3 vines) were put together in a small plastic bag and then pressed by squeezing the bag. 

The obtained grape juice was analysed using a digital refractometer (PAL1 Pocket Refractometer, 

Atago Co. LTD, Tokyo, Japan). The objective of the maturity control was to get a rough idea about 

the sugar level in order to set a time for harvest. Although the small sample size was not 

representative, it ensured that the crop level was not affected.	  

 

3.4.7 Estimation	  of	  leaf	  area	  	  

In a first step, the number of shoots for every vine was counted on 12.02.2014. This value was used 

for subsequent calculations of leaf area. In a second step, all leaves of two shoots per vine were 

completely stripped of and collected in plastic bags. Leaf samples were taken 14 days post harvest. At 

this time the majority of leaves were still on the vine.  In a third step, the leaf area of every single leaf 

was measured using a leaf area meter (LI-3100C Area Meter, Li-Cor, Lincoln, NE, USA).  

Two shoots per vine were defoliated in order to obtain a representative result. All shoots depending on 

the leaf area treatment had exactly the same number of leaves (3, 6 or 12 leaves per shoot, 

respectively). The estimated leaf area per vine (cm2) was calculated using following equation: 

(1) Average leaf area = Sum of leaf area from leaves of two shoots / Number of leaves  

(2) Leaf area per shoot = Average leaf area * Number of leaves per shoot 

(3) Estimated leaf area per vine = Leaf area per shoot * Number of shoots per vine  
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3.4.8 Root	  carbohydrates	  

Root samples were taken four weeks post harvest. Perennial roots with a diameter > 1 cm were 

collected for root carbohydrate analysis. Twelve root samples per treatment were taken. The roots 

were washed with water, dried and the fresh weight was recorded. Root samples were stored for 

further analysis in a freezer at - 20 °C for three weeks. Frozen roots were cut in pieces of 1 cm length, 

put in paper bags and freeze dried for 48 h. Freeze dried samples were weight and put in plastic zip 

bags. Water loss after the freeze drying process was calculated by subtracting dry weight from fresh 

weight. This was done to make sure that all roots had approximately the same water content. Freeze 

dried root pieces were finely ground (ZM 200, Retsch, Haan, Germany) to a mesh size of 1 mm at 

18000 rpm. The ground root samples were stored in small plastic containers at room temperature for 

chemical analysis. 

 

 

Figure 10 Root samples  

(Source: private picture) 

 

3.4.9 Measurements	  at	  harvest	  

Due to an unfavourable weather forecast with much rainfall, it was decided to harvest the grapes on 

04/04/2014 at approximately 20 °Brix, even though they had not yet reached the desired maturity 

level. Additionally, at harvest time, there were already some bunches infected with Botrytis cinerea, 

which made it impossible to postpone harvest. Each vine was harvested individually. Grapes were 

picked selectively and only healthy clusters (Botrytis < 5 %) were used for winemaking. The number 

of healthy and rotten clusters was recorded per vine. Healthy grapes were weighed and then all the 

grapes of the same plot and same treatment were put together in a bucket. Berry samples of 50 berries 

per plot were taken randomly for further analysis. Berry samples were stored in a freezer at - 20 °C.	  



3 Material and Methods   
3.5 Winemaking   

- 43 - 

3.4.10 Pruning	  weight 

Vines were pruned on 29/07/2014 to two canes (Double Guyot) with approximately 7 buds each. The 

pruning weight was determined separately for each vine, by weighing the one-year old growth. 

 

3.5 Winemaking 

Grapes were processed in the experimental winery of Lincoln University, located about 500 m 

distance to the experimental plot. Immediately after harvest, grapes were destemmed manually and 2 

to 3 kg of grapes, depending on the available quantity, grape berries were put for fermentation in 

plastic buckets of 10 L volume. Grapes of replicates 1 & 4 and 2 & 3 were processed together, which 

means there were two wines per treatment made. It was not possible to vinificate each replicate 

separately due to low quantities of grapes, especially for the “25C” crop level treatment. After 

destemming, 60 ppm SO2 in the form of potassium metabisulfite was added to the grapes in order to 

suppress wild yeast activity. A cold soaking was performed for 15 h at 4 °C. Grape juice samples were 

taken from the free run juice after cold soaking. These samples were stored in a freezer at - 20 °C until 

further analysis were made. After cold soaking, the sugar content of the must of each experimental 

wine was determined using a digital refractometer (PAL1 Pocket Refractometer, Atago Co. LTD, 

Tokyo, Japan). All musts were adjusted to the same sugar content by adding sucrose. The must with 

the highest sugar content was set as a reference.  

After the cold soaking, grape must was heated up to 20 °C and inoculated with a selected yeast strain 

(BGY Enoferm Burgundy, Lallemand Inc., Montreal, Canada). The dry yeast was rehydrated in warm 

water at 35 °C for 30 minutes. Then grape must was added. After another 30 minutes yeast activity 

could be observed visually and the yeast slurry was allowed to cool down to the temperature of the 

must. The must was inoculated with 60 g hL-1 yeast. An addition of 30 g hL-1 of diammonium 

phosphate was applied to ensure a sufficient nitrogen supply for the yeast, since some of the grapes 

were infected with Botrytis.  

 

Figure 11 Fermentation buckets in temperature controlled room 
(Source: private picture) 
 
Alcoholic fermentation took place in a temperature-controlled room at 26 to 27 °C. The cap of the 

fermenting grapes was pushed down three times a day (8 am, 2 pm and 8 pm). When initial sugar 
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concentration was decreased by 30 % another 20 g hL-1 of diammonium phosphate was added to the 

ferments. The process of fermentation was monitored every 24 h by measuring temperature and sugar 

concentration. Sugar concentration was measured using a hydrometer. When sugar concentrations 

reached -1 °Brix fermentation was considered as finished, followed by a post-fermentation maceration 

of 24 h. After fermentation, grapes were pressed manually and the wine was filled in plastic bottles of 

1 to 3 L volume. After 24 h of sedimentation, the wine was racked off the lees and filled again in 

plastic bottles. Freeze-dried lactic bacteria of the strain Oenococcus Oeni (Viniflora® CH16, CHR 

Hansen, Hørsholm, Denmark) were added (0.6 g hL-1) to initiate malolactic fermentation. Malolactic 

fermentation took place in a temperature controlled room at 20 °C. The conversion of malic acid into 

lactic acid was monitored by paper chromatography. After malolactic fermentation, the wine was 

stored for four weeks at 15 °C and then bottled. The wine was carefully racked off the lees and filled 

into 0.375 L glass bottles and sealed with screw caps. At bottling, the concentration of free SO2 was 

adjusted to 25 mg/ L free SO2 with potassium metabisulfite solution.  

 

3.6 Berry	  and	  wine	  analysis	  

3.6.1 Berry	  weight	  

Berry weight was determined at harvest in which 50 berries per treatment with four replicates were 

selected randomly to be weighed (Model BL150, Sartorius, Göttingen, Germany). The mean berry 

weight was calculated by dividing the weight of 50 berries by factor 50. Then, the berry sample was 

put in plastic zip bags and frozen at - 20 °C for further analysis. 

3.6.2 Berry	  diameter 

The berry diameter of 20 randomly selected berries per treatment with four replicates was determined 

using a calliper. Berries were measured when they were frozen in order to prevent a crushing by the 

measurement. 

 

 

Figure 12 Berry diameter measurement with calliper 
(Source: private picture) 
 
 



3 Material and Methods   
3.6 Berry and wine analysis   

- 45 - 

3.6.3 Sugar	  level 

The sugar level of the grape berries was determined with a digital refractomer (PAL1 Pocket 

Refractometer, Atago Co. LTD, Tokyo, Japan). 20 berries per treatment with four replicates were 

selected randomly for the measurement. The berries were put into a plastic bag and pressed manually 

by squeezing the bag. The obtained juice was clarified using a centrifuge (10 minutes at 5000 rpm) 

and approximately 2 mL of the clear juice was transferred with a pipette to the measuring cell of the 

refractometer.  

3.6.4 Titratable	  acidity	  and	  pH 

The grape juice for titratable acidity and pH determination was obtained by the same method as 

described in the previous chapter (3.6.3). 10 mL of grape juice and 10 mL of distilled water were put 

into a beaker and homogenized.  Titratable acidity was determined using a titrator (799 GPT Titrino, 

Metrohm AG, Herisau, Switzerland) coupled with a sampler (788 Sample Processor, Metrohm AG, 

Herisau, Switzerland). Titration was done with sodium hydroxide (0.1 M) to an end point of pH 8.2. 

The pH was determined using a pH-meter (SP-701, Suntex Instruments Co., Ltd., Taipei, Taiwan). 

 

TA = Used mL of NaOH x 0.1/10 x 75 

 

 

Figure 13 Titrator used to analyse titratable acidity  

(Source: private picture) 
 

3.6.5 Yeast	  assimilable	  nitrogen	  (YAN)	  

Grape juice was collected after cold soaking of the crushed grapes. Since the grapes of the two 

replicates 1&4 and 2&3 were vinificated together, only two analysis of YAN per treatment were 

performed. Grape juice ammonia nitrogen and primary amino acid nitrogen (PAAN) content was 

determined enzymatically using two enzymatic test kits (4A110 and 4A120, Vintessential® 
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Laboratories, Dromana, Australia). The method to determine ammonia nitrogen was proposed by 

Bergmeyer (1985), while the analysis of PAAN is based on Dukes and Butzke (1998). The procedures 

described here are based on the instructions proposed by Vintessential®.    

Yeast assimilable nitrogen (YAN) is the sum of ammonia nitrogen and primary amino acid nitrogen. 

 

Ammonia nitrogen  

Principle 

Glutamate dehydrogenase converts ammonia in the presence of α-ketoglutarat and NADH to 

L-glutamate and nicotinamide adenine dinucleotide (NAD). In a second step, the amount of NADH 

transformed to NAD is measured spectrophotometrically at 340 nm and is stoichiometrically related to 

the concentration of ammonia in the grape juice (Bergmeyer 1985).  

Procedure 

The juice sample was centrifuged at 5000 rpm for 15 minutes. The grape juice was diluted with 

distilled water 1:5. Table 10 shows the procedure for ammonia analysis in grape juice. 

Table 10 Procedure for the quantification of ammonia content in grape juice 

Procedure	   Blank	   Standard	   Sample	  

1.	  Addition	  of	  buffer	   1.0	  mL	   1.0	  mL	   1.0	  mL	  

2.	  Addition	  of	  NADH	   0.1	  mL	   0.1	  mL	   0.1	  mL	  

3.	  Addition	  of	  distilled	  water	   2.0	  mL	   1.9	  mL	   1.9	  mL	  

4.	  Addition	  of	  standard	  /	  sample	   	   0.1	  mL	   0.1	  mL	  

5.	  Homogenisation	  of	  reagents	  and	  waiting	  for	  5	  minutes	   	  

6.	  Reading	  of	  absorbance	  at	  340	  nm	  (A1)	   	  

7.	  Addition	  of	  glutamate	  dehydrogenase	   0.02	  mL	   0.02	  mL	   0.02	  mL	  

8.	  Homogenisation	  of	  reagents	  and	  waiting	  for	  20	  minutes	   	  

9.	  Reading	  of	  absorbance	  at	  340	  nm	  (A2)	   	  

10.	  Calculation	  of	  Ammonia	  Nitrogen	  (mg	  L-‐1)	   	  

	   	  

The absorbance was measured spectrophotometrically at 340 nm (UV-1800, Shimadzu Corp., Kyoto, 

Japan) in 1 cm polymethyl methacrylate cuvettes (1.5 semi-micro PMMA disposable cuvettes, Brand 

GmbH & Co KG, Wertheim, Germany) against air. 
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Primary amino acids 

Principle 

Ortho-phthaldialdehyde and N-acetyl-L-cysteine forms with primary amino acids complexes, in the 

presence of an alkaline buffer. These coloured complexes are measured with an UV-

spectrophotometer to compute the amounts of PAAN (Dukes and Butzke 1998). 

 

Procedure 

The juice sample was centrifuged at 5000 rpm for 15 minutes. The grape juice was diluted with 

distilled water 1:1. Table 11 shows the procedure for ammonia analysis in grape juice. 

Table 11 Procedure for the quantification of PAAN in grape juice 

Procedure	   Blank	   Standard	   Sample	  

1.	  Addition	  of	  buffer	   2.0	  mL	   2.0	  mL	   2.0	  mL	  

2.	  Addition	  of	  N-‐acetyl-‐L-‐cysteine	   0.9	  mL	   0.9	  mL	   0.9	  mL	  

3.	  Addition	  of	  distilled	  water	   0.05	  mL	   1.9	  mL	   1.9	  mL	  

4.	  Addition	  of	  standard	  /	  sample	   	   0.05	  mL	   0.05	  mL	  

5.	  Homogenisation	  of	  reagents	  	   	  

6.	  Reading	  of	  absorbance	  at	  335	  nm	  (A1)	   	  

7.	  Addition	  of	  ortho-‐phthaldialdehyde	   0.1	  mL	   0.1	  mL	   0.1	  mL	  

8.	  Homogenisation	  of	  reagents	  and	  waiting	  for	  10	  minutes	   	  

9.	  Reading	  of	  absorbance	  at	  340	  nm	  (A2)	   	  

10.	  Calculation	  of	  PAAN	  (mg	  L-‐1)	   	  

	   	  

The absorbance was measured spectrophotometrically at 335 nm (UV-1800, Shimadzu Corp., Kyoto, 

Japan) in 1 cm polymethyl methacrylate cuvettes (1.5 semi-micro PMMA disposable cuvettes, Brand 

GmbH & Co KG, Wertheim, Germany) against air. 

 

3.6.6 Methylcellulose	  precipitation	  (MCP)	  assay 

Principle 

Total wine tannin concentration was assayed according to Sarneckis et al. (2006). The assay measures 

tannins that are precipitated by methylcellulose. Methylcellulose is added to the wine and interacts 

with tannins to form insoluble complexes, which precipitate. The precipitated polymer-tannin 

complexes are measured with a spectrophotometer at 280 nm. Methylcellulose is non-absorbing at 

280 nm, which means it does not interfere with the assay. Two samples have to be prepared for the 

assay, one control (no methylcellulose) and one treatment (methylcellulose) sample. The A 280 value 

of the control sample refers to the content of total phenolics present in the wine. The treatment sample 

indicates the content of total phenolics without tannins. Total tannin concentration can be calculated 

by subtracting the value of the treatment sample from the value of the control sample.  
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Procedure 

The result of total tannins can be expressed as epicatechin equivalents. The procedures described here 

are based on the instructions proposed by the Cooperative Research Centre for Viticulture (CRCV 

2007). Wine samples for the MCP assay were taken two weeks after fermentation, when the wine has 

been racked off the lees.  

i. Control sample 

The reagents (1, 3 and 4) listed in Table 12 were successively pipetted into a 1.5 mL tube 

(FlexTube® 1.5 mL, Eppendorf, Hamburg, Germany) and mixed by shaking the tube 

thoroughly. The solution was then centrifuged for 5 minutes at 10000 rpm, after 10 minutes of 

reaction time. The clarified solution was pipetted into a polymethyl methacrylate cuvette and 

the absorbance was measured at 280 nm with an UV-spectrophotometer (UV-1800, Shimadzu 

Corp., Kyoto, Japan). 

ii. Treatment sample 

The wine sample and methyl cellulose solution were pipetted into a 1.5 mL tube (FlexTube® 

1.5 mL, Eppendorf, Hamburg, Germany). The tube was shaken several times and after 3 

minutes of reaction time ammonium sulphate and deionised water was added. After further 10 

minutes, the solution was centrifuged for 5 minutes at 10000 rpm. The supernatant was 

pipetted into a polymethyl methacrylate cuvette and the absorbance was measured at 280 nm 

with an UV-spectrophotometer (UV-1800, Shimadzu Corp., Kyoto, Japan). Each analysis was 

carried out in triplicate in order to minimize the uncertainty of the measurement.  

Table 12 Reagents used for MCP method 

Reagents	   Control	   Treatment	  

1.	  Wine	  sample	  	   25	  µL	   25	  µL	  

2.	  0,04	  %	  Methyl	  cellulose	  solution	   	   300	  µL	  

3.	  Ammonium	  sulphate	  solution	   200	  µL	   200	  µL	  

4.	  Deionised	  water	   775	  µL	   475	  µL	  

	  

Tannin concentration in wine was calculated using following formulas: 

(1) A280 (tannin) = A280 (control) - A280 (supernatant) 

(2) Tannin concentration (mg L-1 epicatechin eq.) = ((A280 (tannin) – Intercept) / Slope) x Dilution  

      factor  

The dilution factor for wine is 40. 
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Figure 14 Epicatechin equivalent calibration curve 
 

The epicatechin equivalent calibration curve was determined by a series of epicatechin standards with 

different concentrations (Table 13). The standards were pipetted into polymethyl methacrylate 

cuvettes and the absorbance was measured at 280 nm with an UV-spectrophotometer (UV-1800, 

Shimadzu Corp., Kyoto, Japan). 

Table 13 Concentrations used to create the epicatechin equivalent calibration curve  

Standard	  
Epicatechin	  (μL)	  

Water	  
(µL)	  

Total	  	  
(μL)	  

Mean	  absorbance	  at	  280	  	  
(n=3)	  	  

0	   1000	   1000	   0,000	  

25	   975	   1000	   0,287	  

50	   950	   1000	   0,586	  
75	   925	   1000	   0,919	  

100	   900	   1000	   1,267	  

	  

3.6.7 Wine	  colour 

Principle 

Wine colour measurements were conducted as described by Iland et al. (2006). 

1) Wine colour density (a.u.) = A520 + A 420 

This measure describes the density of the colour in arbitrary units, where A420 measures 

brown/ yellow pigments (mostly flavanoids and tannins) and A520 measures red pigments 

(mostly anthocyanins). In other words, this value describes how much colour is present in the 

wine.  

2) Wine colour hue = A420 / A520 

Colour hue is the ratio of A420 to A520.  

3) Total red pigments = AHCl 520 

This measure describes the “total red pigment colour”. The addition of HCl to the wine lowers 

the pH, so that all the red pigments and anthocyanins are present in their red coloured form.  

y	  =	  0,0124x	  +	  2E-‐16	  
R²	  =	  0,99824	  
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4) Total phenolics = (AHCl 280 – 4) 

It is an estimation of the concentration of all phenolic compounds present in the wine. The 

factor 4 is subtracted from the absorbance and accounts for non-phenolic compounds. 

5) Estimate of the concentration of SO2 resistant pigments = ASO2 520 

This measure gives an estimate of the concentration of red coloured pigments that are not 

bleached by SO2. The addition of SO2 in excess leads to a bleaching of red coloured pigments 

(monomeric anthocyanins) that are not resistant to bleaching by SO2. 

6) Degree of red pigment colouration (%) = A520 / AHCl 520) x 100 % 

This measure gives an estimate of the percentage of total pigments that are present in their red 

form at the actual wine SO2 level and pH. 

 

Procedure 

The wine sample used for the colour measurement was taken before SO2 addition at bottling and 

directly analysed to prevent oxidation. The wine was centrifuged for 10 minutes at 5000 rpm. Three 

different samples (i, ii, iii) were prepared and measured.  

i. Pure wine 

The absorbance of the pure wine sample was measured in 2 mm quartz cuvettes at 420 nm and 

520 nm with an UV-spectrophotometer (UV-1800, Shimadzu Corp., Kyoto, Japan) against 

purified water. The obtained absorbance values were adjusted to an absorbance for a 10 mm 

pathlength cuvette. 

ii. Wine + SO2 

To 2 mL of wine 30 µL of 25 % w/v sodium metabisulfite (Na2S2O5 ) was pipetted into a test 

tube (14 mL) and mixed carefully by shaking the test tube thoroughly. The absorbance was 

then measured in 2 mm quartz cuvettes at 420 nm and 520 nm with an UV-spectrophotometer 

(UV-1800, Shimadzu Corp., Kyoto, Japan). Purified water was used as a reference in a quartz 

cuvette with 2 mm optical thickness. The obtained absorbance values were adjusted to an 

absorbance for a 10 mm pathlength cuvette. 
iii. Wine + HCl 

To 10 mL of 1 M hydrochloric acid solution 100 µL of wine was pipetted into a test tube 

(volume of 14 mL) and mixed carefully by shaking the test tube thoroughly. After three hours 

of waiting time, the absorbance of the sample was measured in 2 mm quartz cuvettes at 280 

nm and 520 nm with an UV-spectrophotometer (UV-1800, Shimadzu Corp., Kyoto, Japan). 

Purified water was used as a reference in a quartz cuvette with 2 mm optical thickness. The 

obtained absorbance values were adjusted to an absorbance for a 10 mm pathlength cuvette 

and the dilution factor was considered as well. 
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3.6.8 CIE	  L*a*b 

Principle 

The CIE L*a*b colour space is a colour space representing all perceivable colours. It was developed in 

1976 by the French Commission Internationale de l’Eclairage. Any colour in the L*a*b colour space 

is defined by three colour coordinates L*, a* and b* (see Figure 15). The L*axis (values range from 0 

to 100) describes the lightness of the colour. The a* axis (values range from -150 to 100) describes the 

green or red component of a colour, with positive values for red and negative values for green. The b* 

axis (values range from -100 to 150) describes the blue or yellow component of a colour, with positive 

values for yellow and negative values for blue. The purpose of the CIE L*a*b method is to describe 

the real perception of wine colour by calculating chromatic characteristics which are expressed by 

three coordinates. The International Organisation of Vine and Wine proposes this method to describe 

the colour of wine (OIV-MA-AS2-11). 

 

 

Figure 15 CIE Lab colour space  

(Source: http://msl.sagepub.com/content/52/1/6/F1.large.jpg) 

 

Procedure  

Samples were taken before SO2 addition at bottling and immediately analysed to avoid oxidation of 

coloured pigments. The samples were centrifuged for 10 minutes at 5000 rpm. The wine was pipetted 

into quartz cuvettes with 2 mm optical thickness and the transmittance was measured from 380 nm to 

780 nm every 2 nm using a UV-spectrophotometer (UV-1800, Shimadzu Corp., Kyoto, Japan). 

Purified water was used as a reference in a quartz cuvette with 2 mm optical thickness. The “sample 

cuvette” was carefully washed with water after each measurement. Before every new measurement the 

cuvette was rinsed out with the wine to be measured.  

The absorbance values were calculated to colorimetric coordinates (L*, a* and b*) using a computer 

program (ETS Wine Color Analysis, ETS laboratories®, St. Helena, USA). The corresponding colours 

of the colorimetric coordinates were computed with image editing software (Corel Photo-Paint 12, 

version 12.0.0.458, Corel Cooperation, Ontario, Canada). 
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3.7 Statistical	  analysis	  

All data were statistically analysed using the software Minitab 17 (Minitab®, version 17, Minitab Inc., 

Pennsylvania State University, USA).  

Vineyard data as well as grape, must and wine composition data were statistically analysed using one-

way and two-way analysis of variance (ANOVAS) to test the significance of treatments (crop removal 

and leaf removal) during the growing season (vineyard data), at harvest (grape data) and during 

winemaking (must and wine data). Fisher’s Protected Least Significant Difference (LSD) tests were 

used to perform multiple comparisons of mean values to identify significant differences between 

treatments (p < 0.05). ANOVA and F-test was used to analyse non-significant treatment interactions 

(p > 0.05).  

Linear regression analysis was performed to detect relationships between the leaf area to fruit weight 

ratio and fruit and wine composition and vineyard data, using Excel (Excel 2013, Microsoft, 

Redmond, USA). All graphs were produced using Excel (Excel 2013, Microsoft, Redmond, USA). 
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4 Results	  and	  Discussion	  

This chapter is divided into four sub-chapters climatic data, vine performance, harvest data and wine 

composition. Here, results of the experiments and analysis described in the previous chapter Material 

and Methods are presented and discussed. Taking into account previous studies it is discussed how 

leaf removal and fruit removal affect the physiology of the vine and wine composition. The objective 

is to identify if effects are due to a combination of both treatments (leaf removal and crop removal), or 

due to a single component of the treatment (leaf removal or crop removal).  

The effects of very low and very high leaf area to fruit weight ratios on the different parameters such 

as vine performance, fruit and wine composition are studied in particular. 

 

4.1 Climatic	  data	  

Growing degree day (GDD) accumulations from September until May (base temperature 10°C) were 

957. The average GDD for the period 1960 to 1990 is 924. Mean temperatures during the ripening 

period were relatively low (14.5 °C). On several days, night-tempeaturen dropped below 10 °C. 

Maximum temperatures during ripening period were below 30 °C except for one day where they 

reached 35 °C. The low temperatures in combination with lots of rainfalls in March (120.9 mm) 

delayed maturity.  

 

Figure 16 Climatic data Lincoln, NZ 
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4.2 Vine	  performance	  	  

4.2.1 Photosynthesis	  

Single leaf measurements for stomatal conductance (gs) were made two times during the ripening 

period under cloudless conditions. At the second measurement photosynthetic rate (Pn) was measured 

as well.  

Table 14 Single leaf photosynthetic rate and stomatal conductance measurements. 

	  

Stomatal	  

conductance1	  

(mmol	  m-‐2s-‐1)	  

Stomatal	  

conductance2	  

(mmol	  m-‐2s-‐1)	  

Photosynthetic	  

rate	  	  

(µmol	  CO2	  m
-‐2s-‐1)	  

Date	   21/03/2014	   27/03/2014	   27/03/2014	  

Full	  leaf	  area	   	   	   	  

100	  %	  crop	   366ab	   190ab	   10.3abc	  

50	  %	  crop	   346abc	   163bc	   9.0bc	  

25	  %	  crop	   357ab	   166bc	   9.3bc	  

Half	  leaf	  area	   	   	   	  

100	  %	  crop	   394a	   228a	   12.4a	  

50	  %	  crop	   356ab	   209ab	   11.2ab	  

25	  %	  crop	   324bc	   155bc	   9.5bc	  

Quarter	  leaf	  area	   	   	   	  

100	  %	  crop	   349ab	   176abc	   10.5abc	  

50	  %	  crop	   287c	   125c	   8.5c	  

25	  %	  crop	   340abc	   172abc	   11.0ab	  

Significance	   p	  <	  0.05	   p	  <	  0.05	   p	  <	  0.05	  

1	  Porometer,	  2	  Infrared	  Gas	  Analyser.	  Measurements	  were	  taken	  between	  11am	  and	  1pm.	  
Mean	  values	  within	  columns	  were	  separated	  using	  Fisher’s	  LSD	  test	  (p	  <	  0.05).	  Mean	  values	  
with	  dissimilar	  letters	  across	  a	  column	  do	  differ	  significantly.	  	  
	  
Leaves of the half-leaf area treatments (“50L”) tend to exhibit the highest photosynthetic rates and 

highest values for stomatal conductance (see Table 14). Numerous studies have reported that 

grapevines have the ability to compensate for a low source to sink ratio, i.e. restricted leaf area, 

through higher photosynthetic rates (Kliewer and Antcliff 1970, Hofäcker 1978, Hunter and Visser 

1988, Hunter et al. 1991, 1995, Intrieri et al. 1997, and Petrie et al. 2000b, 2000c). Defoliated vines 

exhibited reduced transpiration rates, which means that the “leaf water status” of the remaining leaves 

was higher, allowing the vine to increase stomatal conductance, which in turn promotes CO2 uptake 

(Petrie et al. 2000c and Hofäcker 1978). In this study, the half leaf area/ full crop level treatment 

(“50L/100C”) showed the highest values for Pn and gs, while gs and Pn for the quarter leaf area/ half 

crop level treatment (“25L/50C) was significant lower (p > 0.05). Although, it is not statistically 
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significant, stomatal conductance was highest for all leaf area treatments where no crop was removed 

(“100L/100C”, “50L/100C” and “25/L/100C”). These results are in accordance with other studies that 

demonstrated a stimulating effect of high crop levels on photosynthesis (Intrieri et al. 1997). 

In the present study, only single leaf photosynthesis measurements were conducted. Our results 

revealed that variations in the LA/Y ratio and therefore source to sink relationship affected 

photosynthesis. However, it is difficult to relate singe leaf photosynthesis to whole vine 

photosynthesis. Edson et al. (1993) demonstrated that there is only very little correlation between 

single leaf photosynthesis and whole vine photosynthesis.  

 

Leaf chlorophyll content 

Leaf chlorophyll content was measured at three times during the ripening period and once two weeks 

post harvest. The results of the SPAD meter measurement are presented in arbitrary units (Table 15), 

where high values indicate high leaf chlorophyll contents and vice versa. SPAD values rose 

significantly (p < 0.001) with increasing levels of defoliation, i.e. vines with the lowest leaf area 

showed the highest values. Another study of Candolfi-Vasconcelos and Koblet (1991) showed that 

photosynthesis responded faster to defoliation than leaf chlorophyll content. In this study, there was no 

crop level effect observed for the first three measurements during the ripening period. Post harvest, 

however, SPAD values were 60 % higher for the full crop treatment compared to the treatment with 

the lowest crop level. This effect was even more pronounced for the leaf area treatments: SPAD values 

were three times higher for the “25L” treatment compared to the “50L” treatment and six times higher 

compared to vines with full leaf area. During the measurement post harvest, it was clearly visible 

(Table 16) that the proportion of yellow coloured leaves was significantly higher for the full leaf area 

treatment compared to the two other treatments, which were showing more green coloured leaves.  

In this study, both a restricted leaf area and high crop levels delayed leaf senescence and abscission 

(Table 16). These results corroborate other studies (Candolfi-Vasconcelos and Koblet 1990, and 

Hofäcker 1978) that showed as well a delay in chlorophyll degradation as a result of leaf removal. A 

delay in leaf senescence and increase in photosynthesis may be due to a better supply of the remaining 

leaves with hormones such as ABA and cytokinin (Herold 1980 and Hofäcker 1978). Neither in the 

present study nor by Petrie et al. (2000c) a correlation has been found between leaf chlorophyll 

content and photosynthesis.  

When leaves are longer photosynthetically active post harvest carbohydrate reserves can be 

replenished (Smith and Holzapfel 2009). Particularly overcropped vines may not be able to partition a 

sufficient amount of carbohydrates to storage organs during the growing season because of the high 

sink strength of the fruit. Heavily cropped vines depend on an extended period post harvest with 

photosynthetically active leaves, otherwise high crop levels may negatively affect cold hardiness and 

development in the following season (Bennet et al. 2005). 
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Table 15 SPAD meter measurements.  

Treatment	   Leaf	  area	   	   Crop	  level	   	   Main	  effects	   Interaction	  

Growth	  stage	   25	  %	   50	  %	   100	  %	   	   25	  %	   50	  %	   100	  %	   	  
Leaf	  

area	  

Crop	  

level	  
	  

BBCH:	  83	  

(14/02/2014)	  
35.98a	   34.12b	   32.73c	   	   34.33	   34.67	   33.83	   	   ∗∗∗	   n.s	   n.s.	  

BBCH:	  86	  

(13/03/2014)	  
34.74a	   33.54a	   30.62b	   	   32.35	   33.32	   33.24	   	   ∗∗∗	   n.s.	   n.s.	  

BBCH:	  88	  

(27/03/2014)	  
33.70a	   31.65b	   27.93c	   	   29.84	   31.42	   32.02	   	   ∗∗∗	   n.s.	   n.s.	  

BBCH:	  92	  

(19/04/2014)	  
20.43a	   11.63b	   3.43c	   	   9.44b	   11.11b	   15.93a	   	   ∗∗∗	   ∗∗∗	   ∗∗∗	  

∗,∗∗,	  ∗∗∗,	  n.s.:	  indicate	  significance	  at	  p	  value	  ≤	  0.05,	  0.01,	  and	  0.001,	  and	  not	  significant,	  respectively.	  Mean	  values	  within	  
rows	   were	   separated	   using	   Fisher’s	   LSD	   test	   (p	   <	   0.05).	   Mean	   values	   with	   dissimilar	   letters	   across	   a	   row	   do	   differ	  
significantly.	  
Values	  are	  presented	  in	  arbitrary	  units.	  

 

Table 16 Effect of leaf area and crop level on leaf senescence and abscission 

Crop	  level	   

25	  %	   50	  %	   100	  %	  
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Values	  indicate	  the	  percentage	  of	  leaves	  or	  clusters	  that	  were	  maintained	  after	  defoliation	  and	  cluster	  thinning.	  
Pictures	  were	  taken	  14	  days	  after	  harvest.	  
(Source:	  private	  pictures) 
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Canopy characteristics 

Photosynthetically active radiation (PAR) was measured inside the canopy to investigate the effect of 

leaf removal on canopy light conditions within the fruiting zone. Leaf removal significantly increased 

cluster exposure to sunlight. As expected values for PAR inside the canopy increased with increasing 

level of defoliation (see Table 17). The ratio of inside canopy PAR to above canopy PAR was between 

0.54 and 0.72 for the highest defoliation level (“25L”) and 0.18 and 0.30 when all leaves were 

maintained (“100L”). These results show that photosynthetically active radiation within the fruiting 

zone was fairly high, even for the non-defoliated vines. Smart (1985) report that PAR values in the 

interior of dense canopies could be as low as 1 % of ambient radiation.  

Table 17 Photosynthetically active radiation (PAR) inside the fruiting zone 

	  
	   Inside	  canopy	  PAR	  	  

(μmol	  m-‐2	  s-‐1)	  	  
	  

Ratio	  of	  inside	  canopy	  PAR	  measurements	  
to	  the	  above	  canopy	  PAR	  value	  

Weather	  
conditions	  

	  
clear	  and	  sunny	   	   overcast	   	   clear	  and	  sunny	   	   overcast	  

	   	   Morning	   Afternoon	   	   Afternoon	   	   Morning	   Afternoon	   	   Afternoon	  

Leaf	  area	   	   	   	   	   	   	   	   	   	   	  

25	  %	   	   515a	   967a	   	   654a	   	   0.72a	  	   0.64a	   	   0.54a	  

50	  %	   	   315b	   703b	   	   302b	   	   0.46b	   0.38b	   	   0.31b	  

100	  %	   	   199c	   510c	   	   179c	   	   0.30c	   0.19c	   	   0.18c	  

Significance	   	   ∗∗∗	   ∗∗∗	   	   ∗∗∗	   	   ∗∗∗	   ∗∗∗	   	   ∗∗∗	  

∗,∗∗,	  ∗∗∗,	  n.s.:	  indicate	  significance	  at	  p	  value	  ≤	  0.05,	  0.01,	  and	  0.001,	  and	  not	  significant,	  respectively.	  
Mean	  values	  within	  columns	  were	  separated	  using	  Fisher’s	  LSD	  test	  (p	  <	  0.05).	  Mean	  values	  with	  dissimilar	  
letters	  across	  a	  column	  do	  differ	  significantly.	  	  

	  
The high ratio of inside canopy PAR to above canopy PAR indicates that all leaves of the canopy of 

the “25L” treatment were at light saturation (700 µmol m2 s-1) when ambient PAR was around 

1400 µmol m2 s-1. Bergqvist et al. (2001) found out that anthocynanin concentration declined when 

PAR inside the fruiting zone exceeded 51-100 µmol m2 s-1. Elevated levels of PAR in the interior of 

canopies are associated with high rates of evaporation and high berry temperatures (Smart 1985). High 

berry transpiration rates may cause berry dehydration and thus a reduction in berry size (Bergqvist et 

al. 2001). This effect may be less important in cool climates where temperatures during the ripening 

period are normally moderate (< 25 °C). In this study, no correlation between berry size and light 

quantity (PAR inside the fruiting zone) was observed. The relationship between berry size and high 

radiation is probably more pronounced in warm climates. Clusters directly exposed to sunlight may 

also suffer from sunburn. Rainfalls shortly before harvest led to an increased water influx in berries 

and expansion of berries, which in turn mitigated possible effects of PAR on berry size. 

Even though the ratio of red to far red light was not measured in the present study, the reduced number 

of leaf layers for both defoliation treatments probably increased the R:FR ratio significantly within the 

fruiting zone. The phytochrome is photoregulated and red light was found to stimulate the expression 



4 Results and Discussion   
4.2 Vine performance   

- 58 - 

of several enzymes involved in the berry ripening process (Smart et al. 1988, and Keller 2010). A 

study by Dookozlian (1990) revealed that light quantity (PAR) impacts fruit composition (sugar, malic 

acid, anthocyanins and phenolics) while light quality (R:FR) has no effect on fruit composition. 

The number of shoots per meter of canopy was measured in order to estimate the leaf area per vine 

and as a measure to evaluate the canopy density. There were on average 8.7 to 10.2 shoots per meter 

of canopy without any significant differences between treatments (results are not presented). 

According to Basler (1981) 8 to 11 shoots per meter of canopy is the optimum range for vertical shoot 

positioned trained Pinot Noir grapevines. Table 18 shows pictures of the canopy during ripening and 

clearly demonstrates big differences between the treatments. The canopies of the two leaf removal 

treatments were characterized by many gaps, making them inefficient at interception radiation. Even 

the canopy of the non-defoliated vines had some gaps and can be considered as loose, which is 

confirmed by the results of the PAR inside the canopy (Table 17). Another reason for the loose 

structure of the canopy can be attributed to the fact that lateral shoots were removed as they appeared 

once the treatments were imposed. 

Table 18 Effect of leaf removal on canopy structure 

Crop	  level	   

25	  %	   50	  %	   100	  %	  
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Values	  indicate	  the	  percentage	  of	  leaves	  or	  clusters	  that	  were	  maintained	  after	  defoliation	  and	  cluster	  thinning.	  
Pictures	  taken	  during	  the	  ripening	  period	  on	  15/03/2014.	  	  
(Source: private pictures) 
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Leaf area 

Leaf area measurements were conducted two weeks post harvest. At this time, the majority of the 

leaves were still on the vine, however, some of the basal leaves especially for the “100C” treatment 

dropped already (Table 16). This loss in leaf area was not taken into consideration when total leaf area 

per vine was calculated. Therefore values presented in Table 20 slightly underestimate the real leaf 

area during the ripening period. As expected, defoliation reduced significantly (p < 0.001) leaf area 

per vine. Non-defoliated vines (“100L”) had the largest leaf area per vine, followed by the vines where 

50 % of the leaves were removed (“50L”) and vines with 75 % defoliation (“25L”) had the smallest 

leaf area. New emerging lateral shoots were removed as they appeared so that the grapevine was not 

able to compensate the loss in leaf area by higher growth rates of lateral shoots. Defoliated vines 

compensated for the restricted leaf area by increasing the efficiency of the remaining leaves. This was 

achieved through an increase in size of individual leaves (Figure 17). Individual leaf size was smallest 

for leaves from the most severe defoliation treatment. This may result from the fact that only two basal 

leaves on node position 2 and 4 and one apical leaf on node position 12 were maintained. Hence, the 

most severe defoliation treatment (“25l”) cannot be compared with the two other treatments (“50L” 

and “100L”) because all median leaves were removed. Individual leaves were substantially larger for 

the half leaf area treatment compared to the full leaf area treatment. An increase in individual leaf size 

in response to defoliation has been reported by other studies (Geller and Kurtural 2013). In another 

study, the grapevine compensated for a restricted leaf area (after leaf removal at pea size) by 

producing shorter internodes and thus increasing the number of leaves per shoot (Petrie et al. 2000a) 

Figure 17 Effect of defoliation treatment on individual leaf size 

 

Significant	   at	   p	   value	   <	   0.001.	   Mean	   values	   were	   separated	  

using	  Fisher’s	  LSD	  test	  (p	  <	  0.05).	  	  
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Crop level was inversely related to individual leaf size, with the most severe crop removal having 

significantly larger leaves compared with no crop removal (p < 0.05). The half crop level treatment 

was not significantly different to the “25C” and “100C” treatments (Figure 18). The results of the 

present study are confirmed by prior studies of Petrie et al. (2000a) and Edson et al. (1993) among 

others. The vine produced fruit at the expense of vegetative growth. Fully cropped vines were not able 

to compensate for a low source to sink ratio by making individual leaves larger. The high sink strength 

of fruit likely changed the pattern of carbohydrate partitioning towards clusters. As a result leaves 

were not adequately supplied with carbohydrates and could not compensate for a low source to sink 

ratio by increasing individual leaf growth. Edson et al. (1993) state that crop level and internode 

length were inversely related. They report that the grapevine compensated a low source to sink ratio 

by producing more leaves. 

Figure 18 Effect of crop level on individual leaf size 

4.2.2 Fruit	  maturation	  

Fruit colouration was monitored in intervals of four days over a period of five weeks (06/02/2014 until 

10/03/2014). The fruit colouration process slowed down after 25 days, which can be probably 

attributed to relatively cool temperatures and rainfall in late February and early March. Air 

temperature has been previously identified as a factor that can delay veraison (Coombe 1992). When 

temperatures rose again in the second week of March fruit colouration continued and most of the 

clusters passed through veraison within five days. There was an exception for the treatment with the 

lowest leaf area to fruit weight ratio (“25L/100C”) where an important proportion of approximately 

10 % of the berries remained green until harvest and the finishing of veraison was delayed by 10 days. 

This treatment had a very low leaf area to fruit weight ratio (LA/Y) of 3.8 cm2 leaf area per gram of 

fruit. A delay in berry development could be also observed for the “25L/50C” and “50L/100C” 

treatments where the LA/Y ratios were 6.7 cm2 and 10.6 cm2 leaf area per gram of fruit, respectively. 

In this study, the data revealed that ripening was significantly (p < 0.05) delayed when the LA/Y ratio 

dropped below 13.1 cm2 leaf area per gram of fruit. However, where the LA/Y ratio was very high, no 
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beneficial effects (treatment “100L/25C” versus 100L/50C”) of the additional leaf area regarding berry 

development could be observed (Figure 19). These results may have economic implications for 

vineyard managers, demonstrating that very low crop levels, achieved by radical cluster thinning 

operations, do not advance the ripening process. Kliewer and Dokoozlian (2005) report that a leaf area 

of 10 to 12 cm2 per gram fruit was required to maximize sugar concentration at harvest. The delay in 

veraison is likely caused by an imbalance of the source to sink ratio (Howell 2001). The proportion of 

green berries after veraison (for treatment “25L/100C”) indicates that the source size was to small to 

supply all berries adequately with carbohydrates. Interestingly, only a proportion of 10% of the berries 

remained green, while the rest appeared to ripen normally, it can be assumed that there are priorities in 

the supply of individual berries within the same cluster. This phenomenon could be seen as a strategy 

of the grapevine to ensure that at least some of the berries mature normally, to be attractive for 

herbivores for seed dispersal. No significant difference in berry ripening was observed when the leaf 

area and crop level were reduced concomitantly and the LA/Y ratio remained similar (Figure 20).	  

Winkler (1958) states that a larger amount of heat summation is required to ripen the fruit if the crop 

exceeds the capacity of the vine. A delay in ripening might be critical especially in cool climate vine 

regions, i.e. Canterburry in New Zealand, where the frequency of rain events increases sharply in 

autumn.  

 

 

Figure 19 Influence of leaf area to fruit weight ratio on verasion.  
LA/Y indicates leaf area in cm2 per gram of fruit.  
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Figure 20 Influence of leaf area to fruit weight ratio on verasion. 
LA/Y indicates: leaf area in cm2 / gram fruit. The green line represents treatment “50L/50C”, the orange line shows 
treatment “100L/100C” and the black line is treatment “25L/25C”  
 

4.2.3 Pruning	  weight	  	  

As expected, both leaf area and crop level significantly affected pruning weight (Table 19). Leaf area 

to fruit weight ratio and pruning weight was positively correlated (Figure 21). There was one 

exception for the treatment with the highest LA/Y ratio (69.3) that showed a similar pruning weight to 

treatments with a LA/Y ratio of 17.4 and 26.0. Pruning weight was lowest for smallest leaf area and 

highest crop level respectively (Table 19). The results of the study are in agreement with previous 

reports that found a decrease in pruning weight per vine in response to defoliation (Geller and Kurtal 

2013, and Bennett et al. 2005). Bennett et al. (2005) severely defoliated Chardonnay vines in 

Canterbury (NZ) and maintained only the basal four leaves (75 % defoliation). This defoliation 

treatment affected the pruning weight in the following season. The authors state that the amount of 

available carbohydrate reserves at the start of the season determine vine growth and productivity 

throughout the growing season. This carry-over effect is of particular importance in cool climates, 

where vines are limited in carbohydrate accumulation and compensatory growth due to a shorter 

growing season and cooler temperatures (Bennett et al. 2005). The results of the present study suggest 

that not only a reduced leaf area negatively affects pruning weight, but also high yields limit 

vegetative growth. The crop level effect may be attributed to the high sink strength of fruit and 

associated change in the natural partitioning pattern of carbohydrates. 

Values for the Ravaz Index of 3 to 6 are considered to be in the optimum range for Pinot Noir in cool 

climates (Kliewer and Dokoozlian 2005). In the present study, the Ravaz Index ranged from 0.8 for 

“100L/25C” to 4.0 for “25L/100C” and “100L/100C” respectively.  
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Figure 21 Effect of leaf area to fruit weight ratio on pruning weight 

 
 

Replicate number 1 and 4 had a significantly higher pruning weight than replicate 2 and 3 (p < 0.001). 

The difference in pruning weight suggests that vines of replicate 1 and 4 were more vigorous than 

vines of replicate 2 and 3. This might be due to differences in soil structure. 

Table 19 Effect of leaf area and crop level on pruning weight 

Leaf	  area	   	   Crop	  level	   	   Main	  effects	   Interaction	  

Variables	  
25	  %	   50	  %	   100	  %	   	   25	  %	   50	  %	   100	  %	   	  

Leaf	  

area	  

Crop	  

level	  
	  

Pruning	  weight	  

(g)	  /	  vine	  
515b	   616a	   596a	   	   610a	   593ab	   524b	   	   ∗	   ∗	   n.s.	  

∗	  indicate	  significance	  at	  p	  value	  ≤	  0.05.	  Mean	  values	  within	  rows	  were	  separated	  using	  Fisher’s	  LSD	  test	  	  
(p	  <	  0.05).	  Mean	  values	  with	  dissimilar	  letters	  across	  a	  row	  do	  differ	  significantly.	  
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4.3 Harvest	  data	  

4.3.1 Yield	  

Yield per vine was significantly reduced by both cluster removal treatments, independent on the level 

of leaf removal (Table 20 and Table 21). The yield was decreased by 49 % and 72 % for “50C” and 

“25C”, respectively. Treatment “25C” did not always differ significantly from treatment “50C” 

regarding yield per vine. This may be due to the fact that some of the vines were affected by bird 

damage resulting in lower crop levels. There were also some differences in yield for the full-cropped 

vines that can be also attributed to bird damage. Leaf removal did not significantly affect the yield per 

vine, although berries of the “100L” treatment were significantly larger and heavier compared to the 

“25L” treatment. Variations in the number of berries per cluster might explain this discrepancy, 

however, this value was not determined. It has been reported that preflowering leaf removal did not 

affect berry number of Sangiovese vines in the season when the treatment was applied, but when the 

treatment was repeated in the following seasons berry number per cluster decreased. This observation 

suggests that the grapevine is capable to buffer limitations imposed by leaf removal for a single season 

through higher photosynthetic rates or mobilisation of reserves. A source limitation in consecutive 

years, however, causes a mining of carbohydrates reserves and the vine becomes more susceptible to 

limitations in leaf area (Gatti et al. 2012) 

Severe cluster thinning may shift the source sink ratio towards a relative excess of leaves. If the supply 

exceeds the demand, the surplus of carbohydrates is probably translocated to perennial wood structure. 

Under-cropped vines were shown to compensate this imbalance by higher vegetative and reproductive 

growth in the following year (Smith and Holzapfel 2009). Therefore, cluster thinning might be not the 

appropriate method to control the yield of vigorous vines because of carryover effects. The results of 

Smith and Holzapfel (2009) are in agreement with another study that reports an increase in berry 

number per cluster, which was the outcome of previous year cluster thinning (Gatti et al. 2012). 
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Table 20 Effect of leaf area to fruit weight ratio on fruit composition 

	   Leaf	  area	  to	  fruit	  weight	  ratio	   	  

	   4	  :	  1	   	   2	  :	  1	   	   1	  :	  1	   	   1	  :	  2	   	   1	  :	  4	   	  

Leaf	  area	  
retained	  

100	  %	   	   50	  %	   100	  %	   	   50	  %	   25	  %	   100	  %	   	   50	  %	   25	  %	   	   25	  %	  

Crop	  
retained	  

25	  %	   	   25%	   50	  %	   	   50	  %	   25	  %	   100	  %	   	   100	  %	   50	  %	   	   100	  %	  

Signifi-‐	  
cance	  

	  

Vine	  leaf	  
area	  (cm2)	  

28039a	   	   14263b	   26277a	   	   13501b	   6944b	   25084a	   	   13162b	   6134c	   	   5945c	   ***	  

Yield	  per	  
vine	  (gram)	  

480e	   	   598de	   1021c	   	   910cd	   455e	   2095a	   	   1622b	   1004cd	   	   1855ab	   ***	  

LA/Y	   69.3a	   	   29.4b	   26.0bc	   	   17.4cd	   16.0cde	   13.1def	   	   10.6def	   6.7ef	   	   3.8f	   ***	  

Berry	  
weight	  
(g/berry)	  

1.53	   	   1.46	   1.48	   	   1.48	   1.37	   1.46	   	   1.44	   1.41	   	   1.40	   n.s.	  

Berry	  
diameter	  
(cm)	  

1.25c	   	   1.27abc	   1.3a	   	   1.29ab	   1.2d	   1.29ab	   	   1.27abc	   1.27abc	   	   1.25c	   ***	  

Brix	   20.1a	   	   19.4ab	   20.0a	   	   19.9a	   19.0bc	   19.3ab	   	   18.9bc	   18.9bc	   	   18.2c	   **	  

TA	   5.4bc	   	   5.4bc	   5.9ab	   	   5.4bc	   5.3bc	   6.4a	   	   5.2c	   5.9ab	   	   5.6bc	   *	  

pH	   3.64a	   	   3.60ab	   3.56abc	   	   3.64a	   3.65a	   3.46c	   	   3.67a	   3.51bc	   	   3.6ab	   *	  

∗,∗∗,	  ∗∗∗,	  n.s.:	   indicate	   significance	  at	  p	   value	  ≤	  0.05,	  0.01,	  and	  0.001,	  and	  not	   significant,	   respectively.	  Mean	  
values	  within	  rows	  were	  separated	  using	  Fisher’s	  LSD	  test	  (p	  <	  0.05).	  Mean	  values	  with	  dissimilar	  letters	  across	  a	  
column	  do	  differ	  significantly.	  
	  
	  

4.3.2 Berry	  size	  

The size of a berry and its sugar content largely determines its weight. The berry size is an important 

quality parameter for wine production because it affects the concentration of substances that are 

located in the berry skin (see chapter 2.4.2). Berry weight and berry size were significantly (p < 0.05) 

reduced for the more severe defoliation treatment. The treatments where 50 % and 100 % of the leaves 

were maintained showed similar values for berry weight and size (Table 21). Numerous studies report 

that leaf removal at different times during the growing season caused a decline in berry weight (Stoll 

et al. 2013, Guidoni et al. 2008a, and Howell et al. 1994). Kliewer and Antcliff (1970) state that final 

berry size is dependent on leaf area and cluster exposure. Berry growth during the first growth period 

is very sensitive to assimilate supply because both cell division and enlargement are energy intensive 

processes (Ollat and Gaudillere 1998). Therefore, if the demand for assimilates during the first growth 

period is not met (i.e. over-cropped vines or excessive vegetative growth) final berry size may be 

reduced (Edson et al. 1993). Guidoni et al. (2008a) defoliated the fruiting zone of Barbera vines in 

Italy and reports that increased cluster exposure to solar radiation is accompanied by elevated 

transpiration rates that may result in berry dehydration and a reduction in berry size. A recent study 

investigating the effects of defoliation on berry composition report that berries of defoliated vines 

exhibited thicker skins. The authors state that preflowering leaf removal promote skin growth at the 

expense of flesh growth (Gatti et al. 2012) 
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In another study, Pinot Noir vines grown in British Colombia were subjected to two crop level 

treatments (full crop and half crop). Reducing half of the flower clusters at bloom caused an increase 

in berry number per cluster and berry weight because of an increased source to sink ratio 

(Reynolds et al. 1996).  

To reach the same sugar concentration in a small and a large berry, less sugar has to be stored for the 

small one. For this reason, viticultural practices that aim to produce small berries can be applied in 

situations where ripening conditions and/ or the carbon balance of the vine may be a limiting factor 

(Ollat and Gaudillere 1998). 

Previous studies reported that cluster thinning (30% and 60% of cluster removed) of Cabernet 

Sauvignon vines two weeks after bloom reduced yield and increased berry size because of 

compensatory berry growth as the remaining clusters are better supplied with assimilates (Ough and 

Nagaoka 1984). Guidoni et al. (2002) applied two crop level treatments (full crop and half crop) four 

weeks after bloom on Nebbiolo vines over three consecutive years and observed no effect on berry 

weight. Conversely, in this trial a 75 % crop removal produced slightly smaller berries compared to 

the full and half crop treatment (Table 21). Different vine responses to cluster thinning may be due to 

the source sink relationship. On the one hand cluster thinning may only affect berry weight when the 

leaf area was limiting before the crop removal. On the other hand, if too many clusters are removed, 

the sink size is significantly reduced, which in turn may result in a downregulation of photosynthesis 

due to feedback inhibition (Pastore et al. 2011). Leaf chlorophyll content two weeks post harvest was 

significantly lower for severe cluster thinned vines (“25C”) compared to non-cluster thinned vines 

(“100C”). This observation indicates that photosynthetic rate of full cropped vines was probably 

higher during the ripening period compared to low cropped vines, where photosynthesis stop earlier 

due to low sink demand. 

4.3.3 Total	  soluble	  solids	  

Total soluble solids (TSS) per berry at harvest was significantly influenced by the leaf area to fruit 

weight ratio (p < 0.01). The leaf area to fruit weight ratio hereinafter is expressed as leaf area per gram 

of fruit (cm2 g-1). There was no significant difference between treatments with high LA/Y ratios (26.0 

to 69.3) and “normal” LA/Y ratios (13.1 to 17.5) regarding sugar accumulation, except for “25L/25C” 

(LA/Y ratio of 16) that had significant lower TTS than treatments with LA/Y ratios of 17.4, 26.0, 29.4 

and 69.3 respectively. Soluble solids for the treatment (“25L/100C”) with the lowest LA/Y of 3.8 were 

about 1 °Brix lower compared to the treatment (“100L/100C”) with a LA/Y of 13.1. As TTS was not 

positively correlated with LA/Y no linear relationship between TSS and LA/Y could be observed in 

this studies. These results suggest that the relationship between leaf area to fruit weight ratio and sugar 

accumulation in berries rather follows a saturation curve, where the increase of the LA/Y ratio up to a 

certain point is concomitant by an increase in sugar accumulation, however, when this threshold is 

exceeded additional leaf area does not have beneficial effects on sugar accumulation. In other words, 

over- and undercropped vines may adversely affect TTS content at harvest.  
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Almanza-Merchán et al. (2011) applied two cluster thinning treatments (33 % and 66 % of crop 

reduction) on Corrales vines at the moment of fruit set and observed that the content of TSS was lower 

for the more severe crop removal compared to the moderate crop removal. These results are confirmed 

by a study of Kliewer and Dokoozlian (2005) that demonstrated that the relationship between LA/Y 

and TSS accumulation tends to follow a saturation curve.  

By using a two-way ANOVA in this study with °Brix as response and leaf area and crop level as 

factors revealed that both factors affect sugar accumulation (Table 21). Leaf removal significantly 

decreased TSS when only 25 % of leaves were maintained, while no decrease in TTS was identified 

when 50 % of the leaves were maintained (p < 0.001). These results indicate that the leaf area was 

probably a limiting factor after the “25L” treatment has been applied, in contrast to the “50L” 

treatment where the reduced leaf area was still sufficient to ripen the fruit. A reduction in crop level 

resulted in significant higher TTS concentrations for both cluster-thinning treatments compared to the 

full crop treatment. The findings of this study suggest that non-thinned delayed ripening in terms of 

sugar accumulation.  

A research by Kliewer and Antcliff (1970) indicated that up to 40 % of total sugar content in berries 

may come from carbohydrate reserves. The mobilization of reserves may be the reason why there was 

only a difference of 1 °Brix for the treatment with the lowest LA/Y and the treatment that is 

considered to be in the optimum range.  

Vigorous grapevines with a high LA/Y ratio are usually characterised by dense canopies and poor 

light conditions within the fruiting zone. Light has been shown to affect sink strength of fruits. 

Invertase activity is thought to be photoregulated and might be the reason why shaded berries 

accumulated less sugar than berries exposed to light (Dokoozlian and Kliewer). 

Table 21 Effect of leaf area and crop level on yield and fruit composition 

Leaf	  area	   	   Crop	  level	   	   Main	  effects	   Interaction	  

Variables	  
25	  %	   50	  %	   100	  %	   	   25	  %	   50	  %	   100	  %	   	  

Leaf	  
area	  

Crop	  
level	  

	  

Yield	  (g)	  /	  vine	   894	   858	   937	   	   415c	   771b	   1502a	   	   n.s.	   ∗∗∗	   n.s.	  

Berry	  weight	  
(g)	  

1.39b	   1.46a	   1.49a	   	   1.45	   1.45	   1.43	   	   ∗∗	   n.s.	   n.s.	  

Berry	  diameter	  
(cm)	  

1.24b	   1.28a	   1.28a	   	   1.24b	   1.29a	   1.27a	   	   ∗∗∗	   ∗∗∗	   n.s.	  

Brix	   18.7b	   19.4a	   19.8a	   	   19.5a	   19.6a	   18.8b	   	   ∗∗∗	   ∗	   n.s.	  

TA	   5.6ab	   5.3b	   5.9a	   	   5.4	   5.4	   5.8	   	   *	   n.s.	   n.s.	  

pH	   3.59	   3.64	   3.55	   	   3.63	   3.57	   3.58	   	   n.s.	   n.s.	   ∗	  

∗,∗∗,	  ∗∗∗,	  n.s.:	  indicate	  significance	  at	  p	  value	  ≤	  0.05,	  0.01,	  and	  0.001,	  and	  not	  significant,	  respectively.	  
Mean	  values	  within	  rows	  were	  separated	  using	  Fisher’s	  LSD	  test	  (p	  <	  0.05).	  Mean	  values	  with	  dissimilar	   letters	  
across	  a	  row	  do	  differ	  significantly.	  
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4.3.4 Titratable	  acidity	  and	  pH	  

No significant effect of crop removal on titratable acidity (TA) and pH was observed. Partial 

defoliation (“50L”) decreased titratable acidity compared to non-defoliated vines (“100L”), while 

severe leaf removal (“25L”) did not significantly alter TA (Table 21). It has been reported that TA 

declined with increasing sunlight exposure of clusters of Cabernet Sauvignon and Grenache vines 

(Bergqvist et al. 2001). The effect of cluster exposure on TA concentration might be less pronounced 

in cool climates where temperatures during the ripening period are under the optimum temperature for 

malate enzyme activity (Percival et al. 1994b).  

The decline in TA is attributed to higher berry temperatures and associated increased respiration rates 

of malic acid (Tarara et al. 2008 and Bergqvist et al. 2001). On the contrary, Gatti et al. (2012) state 

that improved cluster light and temperature conditions may promote synthesis of tartaric acid, which 

could counter balance higher respiration rates of malic acid. In the present study, TA decreased in 

response to defoliation for the “50L” treatment and may be attributed to increased cluster exposure. 

Shaded fruits have been shown to exhibit higher concentrations in malic and tartaric acid due to a 

delay in ripening (Smart et al. 1988). However, no decrease in TA was observed for the most severe 

defoliated vines. A possible explanation why TA decreased for “50L” but not for “25L” might be due 

to a difference in berry size. Berry size of “25L” was significantly smaller which might imply a 

concentration effect of acids resulting in higher grape juice TA. No consistent pattern between LA/Y 

and TA or pH was found (Table 20). Titratable acidity and pH were negatively correlated (R2=0.94). 

Echtebarne et al. (2010) applied different leaf area to fruit weight ratios on Grenache noir vines and 

found no effect of LA/Y on berry TA. The pH value of the grape juice is determined by the 

concentration of anionic forms of organic acids (malic and tartaric acid) and cations (mainly 

potassium). High contents of potassium increase the precipitation of tartaric acid resulting in a decline 

of free acids and an increase in the pH of grape juice (Kodur 2011). Hepner and Bravdo (1985) found 

that the potassium content was higher in cluster thinned vines. Potassium is absorbed by the roots and 

transported to the berries. If the potassium uptake by roots remains constant in cluster thinned vines 

possibly more potassium is partitioned to the remaining clusters. 

  

4.3.5 Nitrogenous	  compounds	  

No consistent pattern between yeast assimilable nitrogen (YAN) and leaf area to fruit weight ratio has 

been observed in this study. The treatment with the highest and lowest LA/Y did not differ from each 

other in YAN content. The YAN content for all treatments ranged from 165 to 255 mg L-1 which is 

above the recommended minimum value of 140 mg L-1 for healthy fermentations (Bell and Henschke 

2005). Fermentation problems did not occur. A two way ANOVA with YAN as response and leaf area 

and crop level as factors revealed that cluster thinning had no impact on YAN in grape juice. The 

treatment with the most restricted leaf area had the highest concentration of primary amino acid 

nitrogen and consequently YAN. Yeast assimilable nitrogen is the sum of primary amino acid nitrogen 
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(PAAN) and ammonia nitrogen. The ammonia nitrogen content was not affect by any of the 

treatments. No difference in nitrogen content between the half and full leaf area treatment was 

observed (Table 22). Skinkis et al. (2013) applied two cluster-thinning (full and half crop) treatments 

on Pinot Noir in Oregon and report that the reduction in crop increased YAN compared to full crop. 

They found that pruning weight and yield had the greatest influence on YAN. Less competition for 

assimilates and nitrogenous compounds likely results in a greater supply of the remaining fruits. 

Kliewer and Ough (1970) state that the source to sink ratio probably influences the concentration of 

nitrogenous compounds in fruit. The source includes the leaf area for carbohydrate production, the 

root system for nitrogen uptake, the vine size for amino acid storage capacity and the sink size is 

mainly determined by the crop level. In this study, the results indicate that the source was not limiting 

even for the lowest LA/Y ratio, which explains similar YAN contents in grape juice across all 

treatments. A low source to sink ratio was probably compensated by mobilizing amino acid reserves to 

supply fruits with nitrogen. 

Red light supplementation to Cabernet Sauvignon vines has been shown to stimulate nitrate reductase 

activity (Smart et al. 1988). Increased nitrate reductase resulted in higher concentrations of ammonia 

and reduced the nitrate to ammonia ratio. Shaded canopies led to a reduction in nitrate reductase 

activity. A build up of nitrate may inhibit anthocyanin and phenol synthesis (Smart et al. 1988). 

In the present study, the light conditions were probably not a limiting factor, as shown by the PAR 

values (Table 17). The higher concentration of PAAN for the treatment with the smallest leaf area may 

be due to two reasons. There might be a concentration effect because berry size for this treatment was 

significantly reduced and the proportion of red light was likely higher because the fruits were almost 

directly exposed to the sun, which in turn might have stimulated nitrate reductase activity. 

Table 22 Impact of leaf area on nitrogen content in grape juice 

Leaf	  area	   	  
Variables	  

25	  %	   50	  %	   100	  %	   	  
Significance	  

PAAN	   246	  ±	  27a	   186	  ±	  12b	   182	  ±	  29b	   	   ∗∗∗	  

Ammonia	   44	  ±	  11	   	  39	  ±	  1	   	  35	  ±	  5	   	   n.s.	  

YAN	   	  300	  ±	  38a	   234	  ±	  12b	   	  225	  ±	  35b	   	   ∗∗	  

∗,∗∗,	  ∗∗∗,	   n.s.:	   indicate	   significance	   at	  p	   value	   ≤	   0.05,	   0.01,	   and	   0.001,	   and	   not	  
significant,	  respectively.	  
Mean	  values	  within	  rows	  were	  separated	  using	  Fisher’s	  LSD	  test	  (p	  <	  0.05).	  Mean	  
values	  with	  dissimilar	  letters	  across	  a	  row	  do	  differ	  significantly.	  
	  
4.4 Wine	  composition	  

4.4.1 Phenolic	  compounds	  

A pre-fermentative cold soaking at 4 °C was performed to increase the extraction of skin derived 

anthocyanins. Anthocyanins are polar molecules and good soluble in aqueous solution, such as must at 

the beginning of the fermentation (Ribéreau-Gayon et al. 2006). Alcoholic fermentation was 
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completed within four days. A post-fermentation maceration of 24 hours was conducted to extract 

more proanthocyanidins from seeds (Cheynier et al. 2006). The concentration of total tannins 

(expressed as epicatechin equivalents) and total phenolics (a.u.) in wine was not significantly affected 

by the leaf area to fruit weight ratio (p ≤ 0.05). Additionally, no difference was observed between 

cluster thinning and removal treatments regarding total phenolics and tannins in wine (Table 23). 

Although LA/Y ranged from 3.8 to 69.3 cm2 g-1 between the nine treatments tannin accumulation was 

not influenced suggesting that there is no linear relationship between source to sink ratio and tannin 

synthesis. In this study, the vines probably compensated for a reduced leaf area by mobilizing 

reserves. Defoliation showed probably no effect on tannin accumulation because canopy light 

conditions, even for the full leaf area treatment, was not a limiting factor. In contrast, Gatti et al. 

(2012) found that preflowering defolation of Sangiovese vines resulted in higher grape phenolics at 

harvest. They attributed the increase in phenolics to improved light conditions for clusters of 

defoliated vines that probably promoted flavonol glucoside accumulation. Another reason for the 

absence of LA/Y effects on tannin accumulation in the current study might be the time when 

treatments were performed. Leaf removal and cluster thinning were applied about four weeks after 

fruit set. Seed tannins are synthesized from fruit set until veraison and skin tannins show high 

concentrations at flowering and they accumulate again from fruit set until 1 to 2 weeks after veraison 

(Downey et al. 2006).  

Kemp (2010) studied the influence of timing of leaf removal on Pinot Noir phenolic compounds in 

wine and report that tannin concentrations were higher in wines from early leaf removal treatments 

(seven to thirty days after flowering) compared to late (at veraison) or no leaf removal.  

Differences in tannin extractability between the treatments may have diminished potential 

concentration differences of tannins in berries. Fournand et al. (2006) demonstrated that the 

extractability of proanthocyanidins from berry skins of Shiraz grapes was not related to the sugar 

content but sun exposure has been reported to improve the extractability of anthocyanins during 

fermentation (Cortell and Kennedy 2006), while it might reduce tannin extractability during ripening 

(Downey et al. 2006). Low temperatures during the ripening phase probably resulted in lower 

accumulation of phenolic compounds because respiration rate is inhibited when night temperatures 

drop below 10 °C (Poni et al. 1994) 

No difference in tannin content could be observed when Pinot Noir vines in Oregon were subjected to 

two cluster thinning (full crop and half crop) treatments (Skinkis et al. 2013). Tannins are not only 

responsible for the sensation of astringency and bitterness in wine (Fournand et al. 2006) but they also 

contribute to wine colour stabilisation by forming stable complexes with anthocyanins that are not 

affected by SO2 bleaching and variations in pH (He et al. 2012). This is particular important for 

delicate cultivars such as Pinot Noir that are naturally light in colour (Sternad Lemut et al. 2011). 
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Table 23 Effect of leaf area and crop level on phenolic compounds in wine 

Main	  effects	  

	  

Total	  
tannins	  

(epicatechin	  
equivalents)	  

Total	  
phenolics	  
(a.u.)	  

Leaf	  
area	  

Crop	  
level	  

Interactions	  

Leaf	  area	   	   	   	   	   	  

25	  %	   301	  ±	  35	   18.9	  ±	  1.6	   n.s.	   n.s.	   n.s.	  

50	  %	   275	  ±	  41	   19.9	  ±	  2.1	   n.s.	   n.s.	   n.s.	  

100	  %	   318	  ±	  32	   19.7	  ±	  2.4	   n.s.	   n.s.	   n.s.	  

Crop	  level	   	   	   	   	   	  

25	  %	   304	  ±	  44	   19.7	  ±	  1.8	   n.s.	   n.s.	   n.s.	  

50	  %	   296	  ±	  40	   20.4	  ±	  2.1	   n.s.	   n.s.	   n.s.	  

100	  %	   295	  ±	  38	   18.4	  ±	  1.9	   n.s.	   n.s.	   n.s.	  

n.s.:	  indicate	  not	  significant.	  Significance	  level	  was	  p	  ≤	  0.05	  

 

4.4.2 Wine	  colour	  

Defoliation and cluster thinning treatments had no significant (p ≤ 0.05) impact on wine colour 

parameters such as wine colour density, degree of red pigments, SO2 resistant pigments and total red 

pigments (Table 24). The value for wine colour hue was higher for the “25L” compared to “50L” and 

“100L” defoliation treatment (p < 0.001). Wine colour hue describes the ratio of the absorbance in the 

violet to the absorbance in green. Higher values indicate that the wine colour exhibits a violet bluish 

colour. Above mentioned parameters were not affected by LA/Y ratio. Guidoni et al. (2002) applied a 

50 % cluster thinning on Nebbiolo vines four weeks after flowering which resulted in an 18 % 

increase of anthocyanin concentration in thinned vines compared to controls.  

Several factors have been identified affecting flavonoid biosynthesis in vines, including water status, 

light, temperature, nutritional status (N, K), soil type, cultural practices and pathogenesis among 

others (Downey et al. 2006). In the present study, most of these factors were similar for the different 

treatments. Light conditions within the fruiting zone and therefore probably also cluster temperature 

differed between defoliation treatments. Since ambient temperatures were relatively cool during the 

ripening period (mean temperature 14.8 °C), berry temperature from sun-exposed clusters of 

defoliated vines probably did not reach critical temperatures for anthocyanin synthesis except on a few 

days. Generally, the temperature within the fruiting zone rarely reaches critical values in cool climates. 

In phytotron, anthocyanin accumulation was studied in various cultivars (Cardinal, Pinot Noir and 

Tokay) exposed to different day and night temperatures. Fruits ripened at cool day temperatures 

(15 °C) promote colour formation while high day temperatures (35°C) significantly reduced synthesis 

of anthocyanins in Pinot Noir and Cardinal berries. Anthocyanin synthesis was completely inhibited 

for Tokay grapes at 35°C (Kliewer and Torres 1972). 

Spayd et al. (2002) investigated the effect of sunlight and temperature on fruit composition of Merlot 

and observed that anthocyanin concentration of sun exposed clusters were decreased which was 
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attributed to anthocyanin degradation and/ or inhibition of synthesis because of high temperatures. The 

authors report that temperature of sunlight exposed clusters were 12.3 to 13.0 °C above ambient 

temperature and suggest critical temperatures for anthocyanin accumulation are 30 to 35 °C 

(Spayd et al. 2002).  

Beside temperature light is an important factor influencing anthocyanin accumulation in berry skins. 

On clear and sunny days, photosynthetically active radiation within the fruiting zone reached values of 

510, 703 and 967 mmol m-2s-1 for the full, half and quarter leaf area treatment respectively. Bergqvist 

et al. (2001) report that anthocyanin accumulation in cultivars Grenache and Cabernet Sauvignon 

increased with increasing PAR up to 100 µmol m-2s-1, while higher PAR values had detrimental effects 

on anthocyanin concentration. They suggest that temperature becomes the dominating factor when 

photon flux exceeds 100 mmol m-2 s-1 and anthocyanin synthesis is inhibited due to excessive 

temperatures. However, the research was undertaken in the Central San Joaquin Valley of California 

where temperatures are much higher compared to Canterbury in New Zealand. Solar radiation 

influences the anthocyanin concentration not only through the associated temperature effect, but 

anthocyanins synthesis can be also inhibited by high levels of UV-B radiation. Increased UV-B is 

likely to cause biological damage and degradation of anthocyanins (Keller 2010, and Schultz 2000).  

No visiual damage to berries was evident, but it cannot be excluded that the high exposure to radiation 

had negative impact on anthocyanin accumulation. 

The objective of this study was to harvest the treatments at the same maturity level and if necessary 

separately. However, this was not possible because of unfavourable weather forecast and Botrytis 

cinerea infestation. Therefore, all treatments were harvested on the same day at different maturity 

levels. This difference in maturity makes it difficult to compare the treatments and draw conclusions 

because phenolic compounds change in terms of quantity and quality during the ripening period. 

Research conducted on Cabernet Sauvignon vines revealed that the per berry amount of anthocyanin 

and flavonol content increased rapidly after the onset of veraison and then accumulation slowed down 

considerably the last 5 weeks before harvest. Findings of the same study also suggest that skin tannin 

accumulation after veraison is due to the incorporation of anthocyanins into proanthocyanidins during 

fruit ripening (Kennedy et al. 2002). 
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Table 24 Effect of leaf removal and cluster thinning on wine colour 

Treatment	  
Wine	  colour	  
density	  

Wine	  colour	  
hue	  

Degree	  of	  red	  
pigments	  

SO2	  resistant	  
pigments	  

Total	  red	  
pigments	  

Leaf	  area	   	   	   	   	   	  

25	  %	   2.56	  ±	  0.34	   1.02	  ±	  0.06	  a	   11.7	  ±	  0.8	   0.35	  ±	  0.06	   9.6	  ±	  1.3	  

50	  %	   2.88	  ±	  0.51	   0.83	  ±	  0.08	  b	   13.7	  ±	  1.4	   0.41	  ±	  0.08	   11.5	  ±	  1.9	  

100	  %	   2.80	  ±	  0.51	   0.83	  ±	  0.05	  b	   12.5	  ±	  1.0	   0.4	  ±	  0.07	   12.2	  ±	  2.1	  

	   	   	   	   	   	  

Crop	  level	   	   	   	   	   	  

25	  %	   2.75	  ±	  0.25	   0.91	  ±	  0.10	   12.7	  ±	  1.0	   0.41	  ±	  0.06	   11.4	  ±	  1.7	  

50	  %	   2.84	  ±	  0.64	   0.87	  ±	  0.10	   12.7	  ±	  1.8	   0.42	  ±	  0.08	   12.0	  ±	  2.2	  

100	  %	   2.35	  ±	  0.53	   0.9	  ±	  0.14	   12.5	  ±	  1.4	   0.34	  ±	  0.06	   10.0	  ±	  2.1	  

	   	   	   	   	   	  

Main	  effects	   	   	   	   	   	  

	  	  	  	  Leaf	  area	   n.s.	   ∗∗∗	   n.s.	   n.s.	   n.s.	  

	  	  	  	  Crop	  level	   n.s.	   n.s.	   n.s.	   n.s.	   n.s.	  

Interaction	   n.s.	   n.s.	   n.s.	   n.s.	   n.s.	  

∗,∗∗,	  ∗∗∗,	   n.s.:	   indicate	   significance	   at	  p	   value	   ≤	   0.05,	   0.01,	   and	   0.001,	   and	   not	   significant,	  
respectively.	  Mean	  values	  within	  columns	  were	  separated	  using	  Fisher’s	  LSD	  test	   (p	  <	  0.05).	  
Mean	  values	  with	  dissimilar	  letters	  across	  a	  column	  do	  differ	  significantly.	  

	  
 

Table 25 Influence of leaf area to fruit weight ratio on wine colour 

	   	   Crop	  level	  

	   	   25	   50	   100	  

25	  

L	  =	  47.8	  

a	  =	  48.0	  

b	  =	  17.9	  
	  

L	  =	  47.3	  

a	  =	  46.0	  

b	  =	  22.8	  
	  

L	  =	  53.9	  

a	  =	  43.5	  

b	  =	  15.2	  
 

50	  

L	  =	  52.8	  

a	  =	  42.9	  

b	  =	  17.9	  
	  

L	  =	  61.8	  

a	  =	  34.5	  

b	  =	  16.1	  
	  

L	  =	  58.9	  

a	  =	  39.0	  

b	  =	  17.1	  
 

Leaf	  

area	  

100	  

L	  =	  48.4	  

a	  =	  52.3	  

b	  =	  16.6	  
	  

L	  =	  41.9	  

a	  =	  49.7	  

b	  =	  23.9	  
	  

L	  =	  48.2	  

a	  =	  53.2	  

b	  =	  16.4	  
 

Replicates	  1&4	  
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Although spectrophotometrical measurements at 420 nm and 520 nm of the wine colour revealed no 

significant differences between treatments, the wine colour varied considerably when evaluated 

visually. Therefore, the transmittance was measured from 380 nm to 780 nm in order to calculate 

L*a*b coordinates. The L*a*b values describe colours as they are perceived by the human eye (Table 

25 and Table 26). The CIE L*a*b measurement showed that the wine colour differed greatly in colour 

hue and intensity between the different treatments, but no consistent pattern between LA/Y and wine 

colour could be found. The wines made from the grapes of replicates 2&3 exhibited in general a more 

intensive colour. Vines of replicate 2&3 had a significantly lower pruning weight compared to vines 

of replicate 1&4, suggesting that wines made from grapes of low vigorous vines exhibit a more 

intensive colour. The wine colour for the leaf removal treatment “25L” and “50L” was less intensive 

compared to the full leaf area treatment for replicates 1&4. 

Table 26 Influence of leaf area to fruit weight ration on wine colour 

	   	   Crop	  level	  

	   	   25	   50	   100	  

25	  

L	  =	  37.4	  

a	  =	  55.9	  

b	  =	  23.7	  
	  

L	  =	  53.0	  

a	  =	  50.3	  

b	  =	  14.2	  
	  

L	  =	  48.1	  

a	  =	  51.1	  

b	  =	  17.8	  
 

50	  

L	  =	  48.1	  

a	  =	  51.1	  

b	  =	  17.8	  
	  

L	  =	  40.6	  

a	  =	  52.6	  

b	  =	  22.5	  
	  

L	  =	  50.7	  

a	  =	  48.1	  

b	  =	  16.9	  
 

Leaf	  

area	  

100	  

L	  =	  40.0	  

a	  =	  53.8	  

b	  =	  22.8	  
	  

L	  =	  54.2	  

a	  =	  49.1	  

b	  =	  13.8	  
	  

L	  =	  41.2	  

a	  =	  55.1	  

b	  =	  22.0	  
 

Replicates	  2&3	  

 

4.5 Future	  analysis	  

The results of the sensory evaluation of the wines as well as further results of chemical analysis are 

not included in this work. It was decided to conduct a sensory evaluation of the wines only after 

several months of aging in order to obtain better results, since it is more difficult to taste very young 

wines. Further chemical analysis will focus on more specific analysis of phenolic compounds such as 

the anthocyanin profile and mean polymerization degree. 	  
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5 Conclusion	   	  

The objective of the present study was to investigate the effect of alterations in the source to sink 

relationship on vine performance, fruit and wine composition. Leaf removal and cluster thinning, both 

on three levels, were applied on field grown Pinot Noir vines at the phenological stage of pea-size.  

Veraison was delayed when leaf area to fruit weight ratio dropped below a certain threshold 

(13 cm2 g -1). On the contrary a high LA/Y ratio (> 26 cm2g-1) did not show any difference on fruit 

colouration. No significant differences in single leaf photosynthetic rate were observed between the 

treatments, however, there was a trend that vines with half leaf area tended to exhibit highest values 

for stomatal conductance and photosynthesis. Defoliated vines compensated for a restricted leaf area 

by increasing individual leaf size of the remaining leaves. A limitation in source organs, i.e. restricted 

leaf area, caused a delay in leaf senescence and leaf abscission. In this way, leaves of source-limited 

grapevines are maintained photosynthetically active for a prolonged period of time, enabling the vine 

to replenish its carbohydrate reserves post-harvest. This replenishment is probably not possible during 

the growing season due to the high sink strength of fruits. 

The results of the present study suggest that fruit is produced at the expense of vegetative growth. 

High crop levels resulted in a decrease of individual leaf size. Moreover, pruning weight and LA/Y 

ratio were positively correlated. Sugar accumulation in grape berries were shown to follow a 

saturation curve. An increase of the source to sink ratio up to a certain point was accompanied by an 

increase in sugar accumulation. If this threshold was exceeded, additional leaf area did not promote 

sugar accumulation, indicating that the vine might be sink-limited. Leaf removal and cluster thinning 

treatments were applied for the first time and the vines probably compensated for source limitations by 

mobilizing carbohydrate reserves from permanent wood structures. The mobilization of carbohydrates 

may have diminished potential differences in grape berry composition. Nevertheless, the most severe 

defoliation treatment significantly reduced berry size and berry weight. No consistent pattern between 

titratable acidity, pH and YAN and leaf area to fruit weight ratio could be found. Wine tannin content 

and wine colour parameters were not affected by the treatments. 

The overall response of grapevine to differences in source to sink ratio indicates that a certain amount 

of leaves is required to supply a unit of fruit adequately with photo-assimilates. Both, source 

(overcropped) and sink (undercropped) limited vines may negatively impact fruit ripening and vine 

performance. A delay in ripening due to an unfavourable source to sink balance may be critical in cool 

climate regions, where the frequency of rain events increases sharply in autumn and harvest and leaf 

fall usually coincide.  

Further studies are needed to investigate long-term effects of source to sink relationship on vine 

performance and fruit composition. A study of consecutive years is more likely to show the influences 

of source to sink relationship than only one-year study, because of the great capacity of the grapevine 

to compensate for singular source limitations. 
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