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Abstract The effects of crop level and irrigation on water

relations, yield, grape and wine composition were studied

during two seasons in a Tempranillo vineyard in Spain.

Irrigation was applied at two levels: R2 (with mild deficit

irrigation applied during all the season) and R1 (with more

severe water stress applied before veraison). Deficit irri-

gated vines were compared to a non-irrigated control. Crop

levels imposed resulted in 11, 20, and 27 clusters per vine.

Over all treatments, yield and ratio of leaf area to yield

(LA: Y) were different between years: 4.4 and 16.3 t ha-1

and 1.72 and 0.88 m2 kg-1 in 2005 and 2006, respectively.

In 2005, large differences in grape and wine composition

occurred among non-irrigated and the irrigated treatments,

but not between R1 and R2 treatments. Wines from non-

irrigated vines were more acid, had higher total anthocy-

anins, and higher color intensity. In 2006, irrigation had

less effect on grape and wine variables. The effect of shoot

and cluster thinning on wine composition was different

between seasons due to the different crop load values

between years. Grape composition was negatively affected

by high crop level only for values of LA: Y lower than

1.5 m2 kg-1.

Introduction

In a vineyard, the training system employed defines the

amount of light intercepted for a certain amount of leaf

area and determines bud and fruit exposure to sunlight

(Reynolds and Vanden Heuvel 2009). Within each genetic

material and terroir, the vine water status and the vine yield

(i.e. the crop level) or the balance between the sources

(vine capacity to produce photoassimilates) and the sink

demand (grape yield) (i.e. the crop load) are probably the

major determinants of the vineyard performance and of the

fruit composition (Jackson and Lombard 1993).

In arid and semi-arid environments, irrigation is a major

tool to regulate soil water availability to vines. Under these

conditions, supplying irrigation to ensure the potential vine

evapotranspiration increases yield, and in occasions

reduced wine quality (Williams and Matthews 1990; Salón

et al. 2005; Valdés et al. 2009); though in other cases

irrigation applied at 100% of crop evapotranspiration did

not negatively affect grape or wine composition (Smart and

Coombe 1983; Reynolds et al. 2007). Regulated deficit

irrigation can be applied as a strategy to improve vine

performance but minimizing the possible negative impact

of high water status on wine quality (Acevedo-Opazo et al.

2010; Romero et al. 2010).

Water stress during the period from fruit set to veraison

(i.e. the onset of ripening) heavily reduces fruit size, as the

detrimental effect of soil water deficit on early fruit

growth (Ojeda et al. 2001) cannot be normally compen-

sated even if water supply returns at full dosage later in

the season (Poni et al. 1994a). In this sense, a reduction in

berry size might have a positive impact on wine phenolics

content (Roby et al. 2004) and sugar concentration

(Trought and Tannock 1996). If other berry characteris-

tics, such as skin thickness, are not affected by lowering
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vine water status, smaller berries would have a higher

skin-to-pulp ratio. In addition, a certain level of vine water

stress during the pre-veraison period might be beneficial to

regulate vine growth and vigor, helping to ensure an

adequate cluster light environment. In this sense, our

previous research (Intrigliolo and Castel 2010) has shown

that in two out of four experimental seasons, a certain

water restriction during the fruit set to veraison period

leads to wines with higher color and larger phenolic and

anthocyanins concentrations than the wines made from the

well-watered plots.

In addition, because of the high dependence of fruit

quality on various environmental and endogenous factors

(Jackson and Lombard 1993), the overall effect of irriga-

tion might change according to other cultural practices,

particularly those affecting the crop level (Bravdo et al.

1984; Poni et al. 1994b). Vines with higher crop level seem

to benefit more of a higher amount of irrigation both in

terms of yield (Lakso et al. 1999) and of fruit composition

(Hepner and Bravdo 1985). This is normally because under

high yield a source limitation for carbohydrates derived

from water stress might be more detrimental to proper fruit

ripening, hence negatively affecting fruit and wine quality.

In grapevines, crop level can be regulated in several

ways. Removing clusters during the growing season should

mainly affect the fruit demand consequently decreasing the

crop load. When crop is removed, vegetative growth can be

stimulated (Poni et al. 1994a; Naor et al. 2002), but gen-

erally this effect is small (Freeman et al. 1979; Reynolds

et al. 1994) or even nil if crop is removed late in the season

(Valdés et al. 2009). In terms of fruit and wine composi-

tion, results presented in the literature have reported con-

trasting results, with cluster thinning leading to better fruit

quality in some cases (Prajitna et al. 2007; Guidoni et al.

2002), but with no clear effect in others (Ough and Na-

gaoka 1984; Keller et al. 2005). In addition, cluster thin-

ning is more expensive than shoot thinning alone, that, if

performed very early in the season (e.g. before anthesis),

can be carried out quicker and cheaper. However, shoot

removal not only reduces the fruit demand (the crop level)

but it also affects the plant leaf area; hence, the final effect

on vine crop load (e.g. the ratio between leaf area and crop

weight) might vary depending on the intensity and timing

of this operation. In addition, the individual shoot leaf area

might increase as a consequence of the shoot removal

operation (Naor et al. 2002; Reynolds et al. 2005).

The main objective of this research was to test two

different deficit irrigation regimes based on different vol-

umes of water applied before veraison in comparison with

rain-fed vines. Within each irrigation regime, three crop

levels were tested, where crop levels were regulated by

shoot thinning followed by cluster removal. The effects of

these combined irrigation and crop level treatments on vine

water status and leaf photosynthesis rates, growth, yield,

and fruit and wine composition are analyzed.

Materials and methods

Site description

The experiment was carried out during two seasons (2005

and 2006) in a ‘Tempranillo’ vineyard (Vitis vinifera L.)

planted in 1991 on 161–49 rootstock at a spacing of 2.45 by

2.45 m (1,666 vines/ha) in north–south oriented rows. The

vineyard was located near Requena (39�290N, 1�130W,

elevation 750 m), Valencia, Spain. Budbreak for Temp-

ranillo in this area usually occurs by the mid April, anthesis

by early June; veraison is reached by early August with

harvest during late September and leaf fall at the beginning

of November. In 2000, a drip-irrigation system was

installed and vines trained to a vertically shoot positioned

canopy on a bilateral cordon system. Winter pruning was

carried similarly in all treatments by leaving 11–12 spurs

per vine with two count buds per spur. Canopy height and

width were about 1.3 and 0.40 m, respectively. Canopy

management practices, all manually performed, included

deshooting and shoot tip topping. Drip irrigation was

applied with two pressure-compensated emitters of

2.4 l h-1 located at 60 cm each side of the vine. Irrigation

was adjusted for rainfall and its frequency varied from 3 to

5 days per week. Water meters measured the amount

applied to each replicate plot. All treatments were fertilized

at a rate of 30–20–60–16 kg ha-1 of N, P2O5, K2O, and

MgO, respectively.

The soil at the site is a Typic Calciorthid, with a clay

loam to light clay texture, highly calcareous and of low

fertility (0.66% of organic matter, and 0.04% of total

nitrogen). It has a deep soil profile ([2 m), available water

capacity is about 200 mm m-1 of soil depth and bulk

density 1.43–1.55 t m-3.

Irrigation treatments and experimental design

The irrigation treatments applied water amounts at various

fractions of estimated crop evapotranspiration (ETc) during

the periods from anthesis to veraison and veraison to har-

vest. The first irrigation treatment (designated R1) con-

sisted of applied water amounts at 25% of ETc from

anthesis to veraison and then at 35% of ETc from veraison

to harvest. The second irrigation treatment (R2) consisted

of applied water amounts at 50% of ETc from anthesis to

veraison and then at 35% of ETc from veraison to harvest.

A non-irrigated control (the standard practice for the local

viticulture) was also included in the study. The R1 irriga-

tion treatment was slightly modified in 2006, and irrigation
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did not commence until midday stem water potential

(Wstem) reached -1.0 MPa. Thereafter, irrigation for R1

treatment was the same as that described for the R2 treat-

ment. The selection of -1.0 MPa as a threshold for mild

water stress was based on previous results obtained in the

same vineyard (Intrigliolo and Castel 2007) and other

findings reported by Girona et al. (2006). Despite the R1

irrigation scheduling was slightly modified over years, the

objective was in both seasons to reduce water applications

during the pre-veraison period, in an attempt to reduce

berry size, while the same watering regime than the R2

treatment was applied after veraison during the ripening

period.

Crop level treatments were 11, 20, and 27 clusters per

vine (designated Low (L), Medium (M) and High (H),

respectively) for the R1 and R2 irrigation treatments. Only

the Low and Medium crop level treatments were used for

the non-irrigated control. Crop level was adjusted by shoot

thinning in mid-May and by additional cluster removal in

early June if needed.

Each plot consisted of five rows with nine vines per row

and the surrounding perimeter vines used as guards. The

experiment was performed with a generalized incomplete

block design (Steel and Torrie 1980) with three blocks and

two replicated treatment combinations within each block

for the irrigated treatments and a single replicate per block

for the rain-fed treatments.

Crop evapotranspiration was estimated as product of

reference evapotranspiration (ETo) and crop coefficient

(Kc). Reference ETo was calculated by the Penman–

Monteith equation (Allen et al. 1998). Environmental data

were collected hourly at the vineyard site to include tem-

perature, humidity, global radiation wind speed and

direction, and rainfall with an automated meteorological

station over bare soil in the plot. The estimated seasonal Kc

(crop coefficient for fully watered vines) used varied with

the phenological period and the expected pattern of leaf

area development. Thus, from June to July, Kc was grad-

ually increased from 0.16 to 0.70.

Stem water potential and leaf photosynthesis

determinations

Stem water potential (Wstem) was measured with a pres-

sure chamber (Soil Moisture Corp., Santa Barbara, CA)

following the procedure described by Turner (1981).

Leaves chosen were located in the shaded portion of the

canopy and were bagged 2 h before measurements were

taken (from 1130 to 1230 h). Leaf blades remained covered

with the plastic bags inside the pressure chamber. Four

representative vines per treatment and two leaves per vine

were measured for both R0 treatments and the low and high

crop levels for the R2 irrigation treatment in 2005. During

2006, Wstem was also measured in the R1 treatment, low

and high crop levels, along with the treatments measured

the previous year, as two pressure chambers were used

simultaneously.

Leaf gas exchange was only determined in treatments

R0L, R0M, R2L, and R2H with a portable IRGA system

(Model ADC LC Pro?, The Analytical Development Co.

Ltd., Hoddesdon, UK) on three mature, well-exposed

leaves per vine in the same four vines per treatment used

for Wstem determinations. Leaf gas exchange measure-

ments ended in mid-August of 2005 because of equipment

failure.

Yield and vegetative growth determinations

Yield and the number of clusters per vine were determined

at harvest on each experimental vine. Berry weight was

determined on random samples of about 200 berries per

treatment replicate. The exact number of berries was sub-

sequently counted.

On 23 June 2005, a hail storm occurred that partly

damaged clusters and shoot development. The impact of

the hail storm on clusters was assessed by counting the

number of berries affected in a random sample of 20

clusters per replicate.

Pruning weight and leaf area were determined in four

selected vines per replicate. Leaf area was estimated after

veraison when shoot growth had ceased. Leaf area per vine

was estimated from a linear equation relating leaf area

(Y, m2 per shoot and total (main plus laterals) shoot length

(X, cm). This relationship was obtained, from 10 to 20

representative shoots of different lengths collected after

veraison each year. Thus, leaf area per vine was calculated

from the sum of each of the measured individual shoot

lengths. Leaf area-to-yield ratio (LA: Y) was also calcu-

lated on the four selectioned vines per replicate.

Grape juice and wine analysis

Grape juice (i.e. must) components were determined in the

same berry samples collected for berry fresh weight

determination, which were crushed with a small hand-

press, and the juice centrifuged. Soluble solids (Brix) were

determined by refractometry. Juice pH and titratable

acidity (TA) were determined by an automatic titrator.

Organic acids (malic and tartaric in juice and wines) were

analyzed by high-performance liquid chromatography fol-

lowing procedures described by Romero et al. (1993).

Wine potassium was obtained by atomic absorption spec-

trophotometry. Ethanol in the wines was analyzed by

gas chromatography. Wine color intensity (OD420 ?

OD520 ? OD620), and total phenolics index (OD280)

were determined by spectrophotometry in accordance with
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Ribereau-Gayon et al. (2000) and they were expressed in

terms of absorbance units (AU). Anthocyanins (OD520 in

HCl media) was also determined by spectrophotometry. All

analytical determinations were duplicated.

Microvinification procedures

Grapes from the different treatments were harvested on the

same day (or with one day difference), when a minimum

21� Brix was reached, and were transported to the exper-

imental winery in field boxes. Vinifications were per-

formed at ‘‘Estación Viticultura y Enologı́a Requena’’

separately on samples of about 30 kg from each plot, (six

and three vinifications per treatment for the irrigated and

non-irrigated treatments, respectively). Grapes were

mechanically crushed, de-stemmed, and fermented at about

25�C in stainless steel containers. All wine lots were

inoculated with a commercial yeast strain (L-2056, Danstar

Ferment AC, Zug Switzerland) at 100 mg kg-1. Skin

contact time was 7 days, and during this time they were

punched down automatically every 4 h. After alcoholic

fermentation, they were racked off and malolactic bacteria

(Oenococcus oeni) inoculated. They were again racked off,

sulfited at 100 mg l-1 K2S2O5, decanted and bottled. Wine

storage time was the same for all treatments and years.

Analysis of the wines was performed at the same time for

all treatments, just before the inoculation with malolactic

bacteria about 1 month after grapes were crushed.

Statistical analysis

Analysis of variance was performed using the mixed pro-

cedure of the SAS statistical package (version 8.2; SAS

Institute, Cary, NC). Data from both seasons were initially

analyzed together. Since the treatment-by-year interaction

was for most of the variables determined highly significant,

each season was then analyzed separately. Within each

season, differences among treatments were assessed by

Duncan multiple range test at P \ 0.05.

Results

Climatic conditions, stem water potential

and leaf photosynthesis

The climate at the vineyard site is continental and semiarid

with average annual rainfall of 430 mm of which about

65% falls during the dormant period. However, both, 2005

and 2006 were drier seasons, particularly 2005 with rainfall

from Nov 04 to Oct 05 of 355 mm. In the 2006 season

yearly rainfall was 381 mm, of which 149 mm occurred

from April to harvest. During each phenological period,

except for the after harvest period, the estimated crop

evapotranspiration surpassed the irrigation applied plus

rainfall (Table 1). As it was planned, the largest deficit was

recorded during the veraison to harvest period.

Irrigated vines had higher Wstem and Pn compared to

the non-irrigated control (Fig. 1). By the middle of the

growing season (DOY 190 to 230), irrigated vines had Pn

ranging from 10 to 15 lmol CO2 m-2 s -1, while Pn

for the non-irrigated control ranged from 2 to 6 lmol

CO2 m-2 s -1. Midday Wstem during the summer months

for the non-irrigated control vines averaged -1.29 and

-1.37 MPa in 2005 and 2006, respectively. The delay in

applying water to the R1 treatment in 2006 resulted in a

decrease of Wstem compared to the R2 treatment during

that time frame. Once irrigation started, R1 treatment

tended to maintain the highest Wstem among all treatments

(Fig. 1).

Within each irrigation regime, the crop level did not

affect leaf photosynthetic rate (Fig. 1). Pooling data for

seasons and treatments, Pn decreased as vine water status

was reduced, particularly when Wstem went below

Table 1 Estimated potential crop evapotranspiration (ETc), rainfall, and irrigation volumes applied to the R1 and R2 treatments on each main

phenological period

Year Budbreak-anthesis Anthesis-veraison Veraison-harvest Harvest-leaf fall

ETc (mm) 2005 95 226 102 70

2006 100 236 125 56

Rainfall (mm) 2005 13 98 1 143

2006 52 43 55 119

Irrigation R1 (mm) 2005 1 60 31 16

2006 2 66 48 6

Irrigation R2 (mm) 2005 6 97 31 16

2006 2 97 50 6

The irrigation treatment designated R1 consisted of water applied at 25% of estimated crop evapotranspiration, ETc from anthesis to veraison and

at 35% ETc from veraison to harvest. The R2 irrigation treatment consisted of water applied at 50% ETc from anthesis to veraison and at 35%

ETc from veraison to harvest
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-0.9 MPa (Fig. 2). However, there were no differences in

Pn between crop levels (Fig. 2). Besides, the effect of crop

level on Wstem was not clear in 2005 (Fig. 1). In 2006,

only in the non-irrigated vines, crop level had a more

consistent effect throughout the season, with the medium

crop level having around -0.1 MPa lower Wstem than the

low crop level (Fig. 1).

Vegetative growth, berry growth, and yield

Irrigation stimulated vegetative growth, resulting in greater

leaf area per vine both years (Table 2). In 2006, differences

in leaf area between R1 and R2 treatments were also sig-

nificant. The high crop level reduced leaf area per shoot,

but leaf area per vine increased in the more cropped vines

because of the more shoots per vine left.

Non-irrigated vines had lower berry weight throughout

the course of the season (Fig. 3). Before veraison, the R1

treatments had lower berry fresh weight than the R2 ones.

The detrimental effect of the water restrictions applied

before veraison on the berry fresh weight of the R1 treat-

ments could not be fully compensated during the post-

veraison period when both R1 and R2 treatments had the

same watering regime. In general, the crop level had a

much weaker effect on berry growth than irrigation.

Nonetheless, the low crop levels had larger berry weights

than the medium and high treatments on both seasons

(Table 3). Differences in berry fresh weight due to irriga-

tion or crop level were mainly due to reductions in growth

rate, because the irrigation or the crop level did not affect

plant phenological development nor the length of the berry

growth cycle.

In both years, irrigation increased yield, with respect to

non-irrigated (Table 3). This yield increment was due to

the increases in both berry size and berry number per

Fig. 1 a and c Stem water

potential measured at midday

(Wstem), and b and d leaf net

photosynthesis rate (Pn) during

the 2005 and 2006 seasons.

Values are treatment

means ± standard error of 8

and 12 leaves for Wstem and Pn,

respectively. Pn and Wstem

were measured only in the

selected treatments shown.

Daily rainfall events and

amounts are included as bars
originating from the x-axis, the

downward arrow indicates

the initiation of irrigation,

and the upward arrow indicates
the inception of veraison

in (a) and (c)

Fig. 2 Relationship between midday measurements of stem water

potential (Wstem) and leaf net photosynthesis (Pn). Values are

treatment means across both seasons separated for either the low or

medium and high crop level
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cluster produced by irrigation. In 2005, berries per cluster

were higher in the R2 treatments than in the R1, but

surprisingly the reverse pattern was observed in the next

season. Crop level increased yield in the three irrigation

treatments, in proportion to the number of clusters per

vine.

There were large differences between seasons in the

vine crop load estimated from the LA: Y ratio (Table 2).

However, the effect of irrigation was consistent between

years with the irrigated vines having lower LA: Y ratio.

Fruit and wine composition

In 2005, must total soluble solids concentration decreased

as the irrigation volume applied increased (Table 4). In the

following season, irrigation did not affect must sugar lev-

els. Crop level had no effect on must Brix level in 2005,

but there was a clear decreasing trend as crop level

increased in 2006. In both seasons, irrigation increased the

must titratable acidity, but crop level did not clearly affect

this variable.

The effect of irrigation and crop level on wine ethanol

content was in agreement with differences reported in must

sugars levels (Table 5) and showed good correlation

(r2 = 0.52, P \ 0.001). The effect of irrigation on the

titratable acidity of the wine was only significant in 2005

when irrigation decreased it. Irrigation increased the malic

acid concentration but tended to decrease the tartaric acid

level in the wines. As a consequence, wine pH was sig-

nificantly higher in the irrigated vines. On the other hand,

crop level did not affect wine titratable acidity or the

Table 2 Vegetative growth components of the different treatments on each season

Treatment-combination Shoots per vine Leaf area per shoot (m2) Leaf area per vine (m2) Leaf area: yield (m2 kg-1)

2005 2006 2005 2006 2005 2006 2005 2006

R0L 10c 13c 0.21c 0.40b 2.4b 5.2d 3.1a 1.4a

R0M 14b 19b 0.18c 0.35b 2.7b 6.5c 2.1b 1.1b

R1L 11c 12c 0.32a 0.56a 3.8a 6.7c 2.6a 0.9bc

R1M 15b 18b 0.24ab 0.46ab 3.8a 8.1b 1.7bc 0.7c

R1H 18a 22a 0.22b 0.42ab 4.1a 9.3a 1.3c 0.8c

R2L 11c 12c 0.35a 0.65a 4.0a 8.1b 1.9b 1.0b

R2M 14b 19b 0.27ab 0.48ab 4.1a 8.9ab 1.2c 0.7c

R2H 18a 21a 0.24ab 0.44ab 4.4a 9.4a 1.1c 0.7c

Significance of effects

Year 0.034 \0.0001 \0.0001 \0.0001

Treat 9 year 0.234 \0.0001 \0.0001 \0.0001

The statistical significance of the year and treatment 9 year factors is indicated

Meaning of treatment legends: R0 non-irrigated, R1 irrigated at 25% ETc from anthesis to veraison and at 35% ETc from veraison to harvest, R2
irrigated at 50% ETc from anthesis to veraison and at 35% ETc from veraison to harvest. Crop level treatments were 11, 20, and 27 clusters per

vine (designated Low (L), Medium (M) and High (H), respectively). Means followed by a different letter within each column are significantly

different at the P \ 0.05 level based on Duncan multiple range test

Fig. 3 The change in berry fresh weight for the various treatments in

2005 and 2006. Values are treatment means of three replicates per

treatment. Bars represent one standard error. Meaning of treatment

legends: R0 non-irrigated; R1 irrigated at 25% ETc from anthesis to

veraison and at 35% ETc from veraison to harvest; R2 irrigated at

50% ETc from anthesis to veraison and at 35% ETc from veraison to

harvest. Crop level treatments were 11, 20, and 27 clusters per vine

(designated Low (L), Medium (M) and High (H), respectively)
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concentration of the main organic acids. Wine potassium

levels were higher in the R1 and R2 treatments than in the

R0 treatments. In addition, wine potassium levels increased

in the low crop treatments (Table 5).

Supplemental irrigation reduced anthocyanins and total

phenolics concentration in the berries as well as in the

resulting wines (Tables 6, 7). This was particularly

noticeable in 2005, where the R1 and R2 treatments had

lower total and extractable berry anthocyanins content, and

as consequence, lower color and anthocyanins concentra-

tion in the wine. The effect of crop level on fruit and wine

phenolics content was instead only clear in 2006, when

particularly the low cropping vines had higher concentra-

tions of anthocyanins in wines and whole berries

(Tables 6, 7).

Pooling data across irrigation and crop level treatments

and seasons, there was a negative linear relationship

between vine yield and wine total phenolics and anthocy-

anins concentration (Fig. 4). These same wine components

were instead less related with the vine leaf area-to-yield

ratio (Fig. 5).

Discussion

Stem water potential and leaf photosynthesis

Results presented in Figs. 1 and 2 suggest a lack of influ-

ence of crop level on gas exchange. This is in agreement

with reports for other grapevine cultivars (Poni et al.

Table 3 Yield and yield components of the different treatments at harvest of each season (August 31 2005 and September 21 2006)

Treatment-combination Yield (t ha-1) Cluster per vine Cluster weight (g) Berries per cluster Berry weight (g)

2005 2006 2005 2006 2005 2006 2005 2006 2005 2006

R0L 1.5d 6.2e 9c 13c 106cd 296d 83bc 226de 1.18c 1.25e

R0M 2.3cd 9.8d 16b 23b 93d 262d 74d 212e 1.13c 1.16f

R1L 2.5cd 11.8cd 9c 13c 181ab 552a 102abc 327a 1.66ab 1.62cd

R1M 4.3bc 18.0b 15b 24b 169ab 454ab 103abc 295ab 1.47b 1.45d

R1H 5.6ab 19.8ab 23a 29a 150bc 414c 91bc 262cd 1.51b 1.49c

R2L 3.4bc 13.0c 9c 13c 245a 603a 125a 283b 1.87a 2.07a

R2M 5.6ab 20.1ab 16b 25b 209ab 484b 117ab 267bc 1.70ab 1.73ab

R2H 6.9a 21.6a 23a 31a 178bc 434bc 99abcd 234cd 1.70ab 1.77ab

Significance of effects

Year \0.0001 \0.0001 \0.0001 \0.0001 0.465

Treat 9 year \0.0001 \0.0001 \0.0001 0.0003 0.298

The statistical significance of the year and treatment 9 year factors is indicated

Meaning of treatment legends as in Table 2

Means followed by a different letter within each column are significantly different at the P \ 0.05 level based on Duncan multiple range test

Table 4 Variables of must

quality at harvest of the

different treatments on each

season

The statistical significance of

the year and treatment 9 year

factors is indicated

Meaning of treatment legends as

in Table 2

Means followed by a different

letter within each column are

significantly different at the

P \ 0.05 level based on Duncan

multiple range test

Treatment-combination Total soluble solids (�Brix) Titratable acidity (g l-1 tartaric acid)

2005 2006 2005 2006

R0L 25.3a 23.7a 3.83bc 3.72ab

R0M 24.6a 22.2bc 3.80c 3.60b

R1L 23.3b 23.8a 3.94ab 3.79a

R1M 22.9b 22.9ab 3.89abc 3.67ab

R1H 22.7b 22.2bc 3.89abc 3.65b

R2L 22.9b 23.4a 3.96a 3.73ab

R2M 22.5b 22.7ab 3.86abc 3.65b

R2H 22.5b 21.6c 3.79c 3.61b

Significance of effects

Year 0.004 \0.0001

Treat 9 year 0.002 0.710
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1994b; Edson et al. 1995). Presumably this was due to the

fact that cluster-to-shoot ratios were very similar among

treatments, as crop level was regulated mainly by shoot

thinning and practically all shoots retained had only one

cluster. For instance, Naor et al. (1997) reported that

Sauvignon Blanc vines with two clusters per shoot had

higher assimilation rates than plants with only one cluster

per shoot.

The stem water potential and photosynthesis seasonal

variations were mostly dependent on the irrigation regime.

However, it should be noted that in 2006 the R1 treatments,

once irrigation was resumed at similar rates than the R2

vines, had higher Wstem (Fig. 1). This was probably a

consequence of the lower leaf area of these pre-veraison

stressed vines. Similarly in 2006, the fact that in rain-fed

vines the medium crop level had lower Wstem than the low

one could be explained considering the larger leaf area of

the medium cropping vines because of the more shoots

retained during shoot thinning.

With data pooled across seasons, there was not a very

tight relationship between plant water status and photo-

synthesis (Fig. 2). An attempt was made to relate the

Table 5 Wine components, before malolactic fermentation, of each treatment in both years of the study

Treatment-combination Ethanol (% vol) pH Tit. acidity (g l-1

tartaric)

Malic acid

(g l-1)

Tartaric acid

(g l-1)

Potassium

(mg l-1)

2005 2006 2005 2006 2005 2006 2005 2006 2005 2006 2005 2006

R0L 14.5a 12.7b 3.80cd 3.57c 6.82a 6.22b 2.06ab 1.50e 2.94bc 3.48a 1,625c 1,807ab

R0M 14.1a 12.6b 3.76d 3.61bc 6.71a 6.25ab 1.91b 1.72de 3.22a 2.39c 1,637c 1,353c

R1L 12.8b 13.6a 4.02a 3.78a 5.71bc 6.15b 2.71a 2.16cd 2.77d 2.95abc 2,118a 1,860ab

R1M 12.7b 13.1ab 4.0a 3.64bc 5.56bc 5.88b 2.23ab 2.79ab 3.04b 2.94abc 1,812bc 1,655b

R1H 12.4bc 12.9ab 3.98ab 3.65bc 5.48c 6.29ab 2.53ab 2.66abc 2.73d 2.84bc 2,047ab 1,847ab

R2L 12.7b 13.2ab 4.0a 3.70ab 5.80b 6.69a 2.59a 2.43bc 2.86cd 3.35ab 2,022ab 1,935a

R2M 12.8b 13.1ab 4.01a 3.66bc 5.66bc 6.28ab 2.35ab 2.72abc 2.96bc 2.81bc 1,911ab 1,784ab

R2H 12.1c 12.5b 3.89cd 3.66bc 5.56bc 5.85b 2.50ab 3.06a 2.85cd 2.94abc 1,852abc 1,791ab

Significance of effects

Year 0.750 \0.0001 \0.0001 0.85 0.60 0.003

Treat 9 year \0.0001 \0.0001 \0.0001 0.007 0.002 0.29

The statistical significance of the year and treatment 9 year factors is indicated

Meaning of treatment legends as in Table 2

Means followed by a different letter within each column are significantly different at the P \ 0.05 level based on Duncan multiple range test

Table 6 Variables of grape phenolics of the different treatments on each season

Treatment-combination Total berry anthocyanins (mg g-1) Extractable berry anthocyanins (mg g-1) Total phenolics (AU)

2005 2006 2005 2006 2005 2006

R0L 2.0a 1.3a 1.3a 0.6a 84ab 45a

R0M 1.8ab 1.3a 1.1b 0.5abcd 65c 37b

R1L 1.6bc 1.1bc 1.2ab 0.6ab 76abc 39ab

R1M 1.6bc 1.0cd 1.2ab 0.5bcd 79abc 33bcd

R1H 1.4c 0.9cd 1.0b 0.4dc 79abc 31cd

R2L 1.6bc 1.1abc 1.0b 0.5abc 73bc 36bc

R2M 1.5bc 0.8d 1.1b 0.4cd 88ab 32bcd

R2H 1.4c 0.9cd 1.0b 0.4d 92a 27d

Significance of effects

Year \0.0001 \0.0001 \0.0001

Treat 9 year 0.92 0.55 0.0002

The statistical significance of the year and treatment 9 year factors is indicated

Meaning of treatment legends as in Table 2

Means followed by a different letter within each column are significantly different at the P \ 0.05 level based on Duncan multiple range test
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residuals of the Wstem-Pn relationships with some envi-

ronmental variables such as (average air vapor pressure

deficit, air temperature, wind speed, and solar radiation).

However, no significant relationships were found, sug-

gesting that the Wstem-Pn relationship might change across

the season due to endogenous factors related with

differences in plant phenological development (Naor

2008). However, despite the scatter, it could be derived a

threshold of -0.9 MPa of Wstem when a further decrease

Table 7 Wine phenolics composition and wine color of the different treatments on each season

Treatment-combination Anthocyanins (mg l-1) Total phenolics Index (AU) Color intensity (AU)

2005 2006 2005 2006 2005 2006

R0L 967a 625ab 83a 60a 17.4a 14.5a

R0M 973a 517cd 80ab 50b 17.7a 10.6cd

R1L 698bc 642a 76bc 60a 10.7b 12.5b

R1M 722b 461de 72cd 45bc 10.6b 9.5de

R1H 622cd 470de 66de 44bc 9.8b 10.0d

R2L 712b 558bc 74bc 57a 10.4b 11.9bc

R2M 707b 480cd 70cd 46bc 10.0b 10.6cd

R2H 594d 395e 63e 40c 9.3b 8.3e

Significance of effects

Year \0.0001 \0.0001 0.0002

Treat 9 year \0.0001 0.034 \0.0001

The statistical significance of the year and treatment 9 year factors is indicated

Meaning of treatment legends as in Table 2

Means followed by a different letter within each column are significantly different at the P \ 0.05 level based on Duncan multiple range test

Fig. 4 The relationships between total wine phenols (a) and wine

anthocyanins (b) and yield across year and treatment. Data points

represent values from each experimental plot. ***Significant at

P \ 0.001. Meaning of treatment legends as in Fig. 3 Fig. 5 The relationships between total wine phenols (a) and wine

anthocyanins (b) and the leaf area-to-yield ratio (LA: Y) across year

and treatment. Data points represent values from each experimental

plot. ***Significant at P \ 0.001. Meaning of treatment legends as in

Fig. 3
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in plant water status detrimentally affects assimilation

rates. Interestingly, in a previous study, we also showed

that Wstem around -1.0 MPa was found as a threshold for

the onset of mild water stress based on trunk shrinkage data

analysis (Intrigliolo and Castel 2007). A similar threshold

of Wstem-Pn relationship was also obtained for Riesling

vines grown in New York (A. N. Lakso, Cornell Univer-

sity, personal communication). On the other hand, in other

cases, a more linear relationship between plant water

potential and stomatal conductance has been reported with

a decline in leaf conductance at stem water potentials

higher than what is reported here (Shackel 2007; Naor

2008).

Irrigation effects on grape and wine composition

Irrigation affected grape and wine composition in a slight

different fashion in both seasons, with a less negative

impact on wine composition, when compared to rain-fed,

in 2006 than in 2005. This might be attributed to the dif-

ferences in crop level and crop load between seasons, as

water stress experienced by rain-fed vines was similar in

both years. In 2005, crop demand for photoassimilates was

very low, because of the low yield levels. Under this sit-

uation, the source limitation derived by vine water stress

did not impair berry sugar accumulation and ripening. In

fact, rain-fed berries and wines were more concentrated in

terms of sugar and phenolics than the irrigated ones. In

2006, under a much larger crop demand, the supplemental

irrigation applied on vines with limiting LA: Y was prob-

ably more necessary than in 2005 to ensure a proper vine

source capacity. As a consequence, in 2006, irrigation even

increased wine alcohol content and its detrimental effects

on wine phenolics concentration were much less noticeable

than in the first experimental season.

The effects of irrigation on must and wine organic acid

concentrations and on wine pH were consistent between

seasons. Irrigation increased wine pH similarly to our

previous findings (Intrigliolo and Castel 2008) and also to

another experiment with Carignane vines (Freeman and

Kliewer 1983). However, previous irrigation trials with

Tempranillo vines grown in other regions of Spain (Este-

ban et al. 1999, 2002) concluded that wine pH decreased

with the application of supplemental irrigation. This sug-

gests that even in the same variety the impact of the sup-

plemental irrigation on wine pH might be different

according to other factors probably related with the soil and

the environmental conditions.

The fact that the irrigation increased wine pH is a

negative effect. This is because wines with high pH are

more susceptible to microbiological contaminations and

hence less prone to aging. This effect was due to the dif-

ferential effect reported of irrigation on the main wine

organic acids. Irrigated vines had more vegetative growth,

as reflected by the greater leaf area (Table 2). This larger

canopy probably reduced cluster exposure to direct solar

radiation and therefore cluster temperature—conditions

favorable for the retention of malic acid and counteracting

the dilution effect by irrigation because of larger berries.

Tartaric acid concentrations decreased in irrigated wines.

This was most likely because this acid is less affected than

malic acid by environmental conditions (Ruffner 1982),

and thus, its concentration was probably more determined

by the dilution effect as well as by increased precipitation

of bitartrate potassium salts (Iland and Coombe 1988),

since wine potassium levels were also higher in the irri-

gated vines (Table 5). Given that malic is a weaker acid

than tartaric (i.e. malic acid has higher pKa and it disso-

ciates incompletely), the overall effect of irrigation on wine

pH was to increase it.

In 2006, the delay in the onset of irrigation applied pre-

veraison to the R1 treatment reduced berry fresh weight

when compared with an earlier irrigation start as applied in

the R2 treatments. These results are in agreement with the

general observation that even mild pre-veraison water

stress reduces berry size (Poni et al. 1994a; McCarthy

1997). However, the pre-veraison irrigation reduction had

some positive effect on wine composition, only in 2006

when the R1 treatment had higher amount of wine antho-

cyanins (Table 7). Further seasons of investigation are

hence needed in order to ultimately suggest growers to

apply a pre-veraison water shortage under our conditions.

Crop level and crop load effects on berry

and wine composition

Results reported corresponded with two seasons that were

very different in terms of vine growth, and particularly

yield levels. The very low number of berries per cluster

reported in 2005 was the main reason for such low yield

obtained in the first experimental year. This was in part due

to the hail storm event on June 2005 that damaged berries

and shoots (on average 15% of the berries were affected).

In addition, during fruit set, there were 5 consecutive days

with high temperatures recorded (maximum temperatures

between 30 and 35�C) and high ETo values (up to

6–6.5 mm). We can speculate that this might have nega-

tively affected fruit set. This unplanned feature allowed to

test irrigation and yield effects under very different crop

level and crop load conditions. On the other hand, within

each season and irrigation regime, particularly between M

and H crop levels there were small differences in the vine

crop load (i.e. LA: Y). This was mostly because the yield

level regulation adopted in this study reduced both the

number of shoots and the number of clusters per vine. In

addition, it should be noted that the different shoot
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densities among crop levels probably affected the cluster

light exposure. However, no specific determinations were

carried out to corroborate this hypothesis.

Among grape growers and wine makers there is a

common, and often not scientifically proved, consider-

ation that high yield and large berry size detrimentally

affects wine composition (see review by Matthews and

Nuzzo 2007). Only the first hypothesis seems to hold

true under our experimental conditions. Pooling data

across seasons and treatments yield alone could explain

up to 82 and 65% of the variability in the wine phen-

olics and anthocyanins concentrations, respectively

(Fig. 4). Yield, regardless of the cultural factor that

influences the crop level at harvest, was then a crucial

determinant of wine phenolic composition in our exper-

imental conditions.

In contrast, across seasons and treatments, berry fresh

weight was not related with wine composition (relation-

ships not-shown), suggesting that berry fresh weight itself

was not a determinant factor of wine composition. On the

other hand, despite it is often assumed that berry size will

decrease with an increase in yield (Matthews and Nuzzo

2007), in the present work, such effect was not found. In

fact, for berry size the effect of the year was not statisti-

cally significant while the yields were 2.5–3 times larger in

2006 than in 2005 (Table 3).

It is also generally considered that vine performance and

fruit and wine composition should be more closely related

to any index expressing vine crop load (e.g. leaf area to

yield, or the pruning weight to yield ratio) rather than just

yield (i.e. crop level itself) (Lakso and Eissenstat 2005).

The large difference in yield commented between seasons

were related to very different LA: Y. In 2005 the LA:

Y ratios were higher than 1.2 m2 kg-1 in all treatments,

except in R2H, where it was 1.1 (Table 2). Instead in 2006

crop load was more variable with values ranging from 1.5

to 0.7 m2 kg-1. The lowest values were reached in the

more irrigated and heavily cropped vines. These results

might explain why grape and wine phenolic composition

was more negatively affected by the high crop level in

2006 than in 2005.

Pooling data across seasons and treatments, wine total

phenolics content and wine anthocyanins were reasonably

well related to crop load (Fig. 5). It seems then that

accumulation of phenolics and anthocyanins in wines

might be detrimentally affected by high crop load for LA:

Y below 1.5 m2 kg-1. This suggests that this value could be

employed as a threshold for crop load management for

irrigated Tempranillo grapes under our environmental

conditions, trained as single narrow vertical shoot posi-

tioned curtain. It should be noted that this LA: Y threshold

is within the range of values suggested for red wine grapes

in warm climates by Kliewer and Dokoozlian (2005). In the

rain-fed vines instead it seems that 1.5 m2 kg-1 of LA: Y is

insufficient to maximize wine phenolics and lower crop

load values (i.e. higher LA: Y) are then suggested in order

to achieve the maximum potential under no irrigation

conditions. Naor et al. (2002) also showed that for LA:

Y above 1.7 m2 kg-1 there was not any clear increase in

berry sugar content or in wine quality evaluated by sensory

analysis.

Conclusions

The supplemental irrigation applied to vines when com-

pared to rain-fed conditions had a detrimental effect on

grape composition that was less pronounced under a large

crop demand (around 16 t ha-1). This implies that irriga-

tion should be used with caution and preferentially

employed under high crop levels. A pre-veraison water

shortage, compared to moderate water application

throughout the season, decreased berry size at harvest and

improved grape and wine composition only in one out of

two experimental years. On the other hand, grape quality

was negatively affected by high crop load only for leaf area

to yield lower than 1.5 m2 kg-1. This crop load index

could be then successfully used to manage vine balance,

accordingly to vine water status.

Acknowledgments This research was supported by funds from

INIA-FEDER project RTA2008-00037-C04-01, from project Rideco-

Consolider CSD2006-0067 and from a collaboration agreement with

Caja Campo and the Fundación Lucio Gil de Fagoaga. We are

grateful to the ‘‘Estación Experimental de Enologı́a y Viticultura

Requena’’ for the vinifications. Thanks are also due to C. Chirivella,
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