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Summary

The partial root-zone drying (PRD) irrigation tech-
nique has been proposed for viticulture as a possible way to
save water without compromising yield. Half of the plant
root system is slowly dehydrating whereas the other half is
irrigated; after about two weeks the opposite side of vines is
irrigated. A PRD irrigation system (50 % of the crop
evapotranspiration - ETc) was installed in a vineyard (Vitis
vinifera L. cv. Castelão) in Southern Portugal and com-
pared with two other irrigation systems, deficit irrigation,
DI (50 % ETc) and full irrigation, FI (100 % ETc), as well
as with non-irrigated vines (NI). Water was applied twice a
week, from fruit set (mid-June) until one week before har-
vest (September 3). While FI vines remained well watered
during the ripening period, a severe water stress developed
in NI plants. PRD and DI vines exhibited mild water deficits
during the same period. A significant decrease in vegeta-
tive growth (shoot weight, pruning weight, leaf layer number
and percentage of water shoots) was observed in NI and
PRD vines when compared to DI and FI. In denser canopies
(FI and DI) berry temperature was always lower than that of
the more open ones (NI and PRD). The higher degree of
cluster exposition in PRD and NI had a positive influence
on berry composition due to temperature and incident ra-
diation, leading to higher concentrations of anthocyanins
and total phenols in the berry skin compared to DI and FI
vines. Irrigation did not significantly affect berry sugar
accumulation and pH in berries. Compared to FI, PRD and
DI treatments water use efficiency (the amount of fruit pro-
duced per unit of water applied) was doubled since at the
same yield the amount of water applied, was reduced by
50 %.

K e y   w o r d s :  berry temperature, canopy microclimate,
fruit quality, Vitis vinifera L., irrigation, partial rootzone drying,
yield.

A b b r e v i a t i o n s :  DI: deficit irrigation, ETc: crop
evapotranspiration, ETo: potential evapotranspiration, FI: full ir-
rigation, LLN: leaf layer number, NI: non irrigation, PRD: partial
rootzone drying, PPFD: photosynthetic photon flux density, Tb:
berry temperature, WUE, water use efficiency.

Introduction

For a long time, vineyard irrigation was uncommon in
wine production in Portugal, because of possible negative

effects on wine quality. Due to the severe water stress in the
last decade irrigation became an increasingly common in
central and southern parts of the country where high poten-
tial evaporation and low rainfall dominate during the grow-
ing season. It is now considered important for stabilizing
yield and to warrant vine longevity.

Future climate scenarios suggest drier and warmer con-
ditions for most of southern Europe, with longer dry sum-
mers and more severe plant water deficits (SCHULTZ, 2000;
MIRANDA et al. 2002). With enhanced pressure on water re-
sources, the increasing demand for vineyard irrigation will
only be met if there is an improvement in the efficiency of
water use. This goal can be obtained by deficit drip-irriga-
tion, including partial root-zone drying techniques (LOVEYS

et al. 2000).
Regulated Deficit Irrigation (RDI) is one of the most

frequently used drip-irrigation strategies in vineyards with
the aim to balance grapevine vegetative and reproductive
growth by applying less than the full vineyard water use at
specific periods of the growing season (CHALMERS et al.
1986; MCCARTHY 1997; BATTILANI 2000; DRY et al. 2001). One
of the main objectives of RDI on red-wine cultivars is to
reduce berry size, leading to an increase of the berry skin/
flesh ratio and thus to an improvement of fruit quality. The
management of RDI is, however, not easy. A major difficulty
is the need for a reliable soil water monitoring system in
order to avoid the risk of severe water stress in periods with
extreme temperature events (GOODWIN and JERIE 1992).

An irrigation technique called Partial Root-Zone Drying
(PRD) was developed, allowing to control plant growth and
transpiration avoiding severe water stress periods that can
occur in RDI (DRY et al. 1996, DÜRING et al. 1997, LOVEYS

et al. 2000). With the PRD technique part of the grapevine
root system is slowly dried and while the remaining roots
are exposed to wet soil. Thus, roots of the watered side
maintain a favourable plant water status, while dehydrating
roots will produce chemical signals that are transported to
the shoots via the xylem and will hypothetically control veg-
etative vigour and stomatal aperture (DODD et al. 1996; Dry
et al. 1996). In recent years much information obtained un-
der controlled conditions have provided evidence for a re-
duction of growth and gas exchange of plants in drying soil,
without shoot water relations being affected (DAVIES et al.
1994; Liu et al. 2003).

There is an extensive experience with PRD irrigation of
grapevines  in Australia (LOVEYS and DAVIES 2004). In most
cases, PRD resulted in a better control of vegetative growth,
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providing an adequate exposure of clusters to sunlight and
saving water without detrimental impacts on the quality and
yield (LOVEYS et al. 2000). In addition to a favourable bal-
ance between vegetative and reproductive growth the lower
vigour in PRD allows a more open canopy and, consequently,
influences the light environment within the fruit zone. The
beneficial effects on berry composition and metabolism are
well documented, usually improving fruit colour and anthocy-
anin concentrations in red varieties in addition to a rise in
total phenols (CRIPPEN and MORRISON 1986 a, b, SMART et al.
1988, DOKOOZLIAN and KLIEWER 1996, KELLER and HRAZDINA

1998, SPAYD et al. 2002). An excessive cluster exposure may
lead, however, to supra-optimal berry temperature with det-
rimental effects on grape berry composition. In fact, while in
most wine-producing regions a high grape exposure is ben-
eficial, in some warm regions the high temperature of fully
exposed berries can reduce or even inhibit the synthesis of
anthocyanins (COOMBE 1992, HASELGROVE et al. 2000,
BERGQVIST et al. 2001, SPAYD et al. 2002).

The aim of the present study was to evaluate the re-
sponse of Castelão grapevines to differences in soil water
availability in the root system as a consequence of different
irrigation techniques under field conditions. Two objectives
were specifically addressed: (1) The effects of PRD on plant
growth and canopy density. PRD plants were compared with
vines that were rainfed (NI), fully irrigated (FI) or that re-
ceived the same amount of water as PRD but distributed to
both sides of the vines (DI). This treatment is important
because earlier studies compared PRD with a system where
the water given to each plant was twice as much as in PRD
(LOVEYS et al. 2000). Field trials where PRD was compared
with a control receiving the same amount of water are still
scarce (LOVEYS et al. 2000, SANTOS et al. 2003); (2) the impli-
cations of the soil water regime on the cluster microclimate,
in terms of radiation and temperature and on berry composi-
tion and quality.

Material and Methods

F i e l d   c o n d i t i o n s   a n d   p l a n t   m a t e r i a l :
This study was carried out during the 2002 growing season
in a commercial vineyard at the Centro Experimental de
Pegões, southern Portugal (70 km south of Lisbon). The
Mediterranean climate is hot and dry in summer and mild in
winter, with an average annual rainfall of 550 mm, of which
400 mm are falling in autumn and winter. The soil is derived
from a podzol, mostly sandy and with a clay-rich horizon
(low permeability) at about 1 m depth. The experimental vines
(Vitis vinifera L., cv. Castelão, a red wine variety) were
8 years-old and grafted on 1103 Paulsen rootstocks. The
vineyard has a planting density of 4,000 vines per ha with
vines spaced 1.0 m within and 2.5 m between rows. The
spur-pruned vines were trained on a bilateral Royat Cordon
system in north-south directed rows using vertical shoot
positioning with two pairs of movable wires. All vines were
pruned to 16 nodes per vine. The usual cultural practices of
the region were applied to all treatments. Shoots were
trimmed at about 30 cm above the higher movable wire, two
times between bloom and veraison.

I r r i g a t i o n   a n d   e x p e r i m e n t a l   d e s i g n :
Irrigation was applied with drippers, two per vine, and inde-
pendently controlled and positioned 30 cm from the vine
trunk, at both sides of the row. Water was applied according
to crop evapotranspiration (ETc), estimated from the poten-
tial evapotranspiration (ETo), which was calculated from
Class A pan evaporation and using the crop coefficients
(Kc) proposed by PRICHARD (1992). Each irrigation treatment
was checked by a time clock-valve-assembly to control wa-
ter supply. The treatments were: fully irrigated (FI, minimum
water deficit, 100 % of the ETc, half of the water amount
supplied by drippers, 4 l·h-1 to each side of the vine); deficit
irrigated (DI, 50 % of the ETc, half of the amount of water
supplied to each side of the row with 2 l·h-1 by drippers);
partial root drying (PRD, 50 % of ETc periodically supplied
to only one side of the vine by drippers, 4 l·h-1, while the
other side tried); non-irrigated (NI, rainfed). In PRD the first
change of the irrigation side of the vine was done after
1 month and then alternating sides every 15 d. Vines were
watered twice a week, from fruit-set (mid-June) until one
week before harvest (September 3). The total amount of water
supplied to FI plants was 196.8 mm (493 l per vine). The PRD
and the DI vines received half of this amount.

The experimental design was a Latin square with 4 treat-
ments and 4 replications per treatment. Each replicate (plot)
had 3 rows with 15 to 20 vines each and all the measure-
ments were made in the central row.

P l a n t   a n d   s o i l   w a t e r   r e l a t i o n s :  Pre-dawn
leaf water potential (Ypd) was measured weekly from the be-
ginning of berry development (pea size) until harvest (sec-
ond week of September). Measurements were carried out on
one adult leaves of 6 replicate plants of each treatment and
a Scholander pressure chamber (Model 1000; PMS instru-
ment Co., Corvallis, OR, USA). Leaves were enclosed in a
plastic bag, immediately severed at the petiole and sealed
into the humidified chamber for determination of the balanc-
ing pressure.

Soil moisture was monitored twice a week (before and
after each irrigation) during the growing season until har-
vest using a Diviner 2000TM capacitance probe (Sentek En-
vironmental Technologies, Stepney, Australia). Water con-
tent in the soil profile was determined down to 1.5 m depth
all 0.1 m using access tubes located 0.1 m from the plant row.

C a n o p y   d e n s i t y   a n d   c l u s t e r   m i c r o c l i
m a t e :  Canopy density was assessed by point quadrat
analysis (SMART and ROBINSON 1991). Eighty horizontal in-
sertions per treatment (twenty per plot) were made at regular
intervals into the fruit zone using a pre-marked sampling
guide, enabling to calculate leaf layer number and the per-
centage of exposed clusters.

Leaf area per shoot (8 shoots per treatment) was as-
sessed periodically in shoots from buds left at winter prun-
ing (count shoots) after bud break in a non-destructive way
(LOPES and PINTO 2000). Primary leaf area was estimated us-
ing a mathematical model with 4 variables: shoot length, leaf
number and area of the largest and the smallest leaf. Lateral
leaf area was estimated using a mathematical  model with
4 variables: shoot length, leaf number and area of the largest
and the smallest leaf. Lateral leaf area was estimated by a
model that uses the same variables with the exception of
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lateral shoot length. The area of single leaves was estimated
using an empiric model based on the relationship between
the length of the two main lateral leaf veins and leaf area on
1,645 leaves of all sizes, using a leaf area meter (LI-3000; LI-
COR Lincoln, Nebraska, USA). Leaf area per plant was cal-
culated by multiplying the leaf area average by the mean
shoot number.

Light at the cluster zone was measured on sunny days
at midday using a Sunflek Ceptometer (model SF-40, Delta T
Devices, Cambridge, UK) inserted horizontally at cluster
zone along the row. The values of incident photosynthetic
photon flux density (PPFD) were expressed in percentage of
a reference PPFD, measured on top of the canopy. Berry
temperature (Tb) was determined on clear, sunny days using
two representative exterior clusters per treatment facing east
and west. Measurements were made continuously using
two-junction, fine-wires (36 American Wire Gauge [AWG])
thermocouples (type T, copper-constantan) wired in paral-
lel, they were manually inserted about 3 mm into the berries
and connected to a data logger (Delta-T Devices, Cambridge,
UK).

Y i e l d ,   f r u i t   q u a l i t y   a n d   p r u n i n g   w e i g h t :
The follow berry ripening samples of 200 berries per plot
from all positions of the clusters (3-4 berries per cluster)
were collected (CARBONNEAU 1991). Sub-samples were used
for analysis of fresh weight, berry volume, pH, soluble solid
(ºBrix by refractometry) and titratable acidity by titration with
NaOH as recommended by OIV 1990). Another sub-sample
of berries was frozen at -30 ºC for analyses of anthocyanins
and total phenolics. Total phenols were determined by spec-
trophotometry measuring absorption at 280 nm (TPI, total
phenols index, OIV 1990). Anthocyanins were measured by
the sodium bisulphite discoloration method (RIBÉREAU-GAYON

and STONESTREET 1965). At harvest, yield components and
fruit quality were assessed after weighing clusters immedi-
ately after harvest. Number of clusters and yield per vine
were recorded for all vines on each plot. Water use effi-
ciency (WUE) of vines was estimated from the ratio between
yield and the amount of supplied water. In winter, shoot
number and pruning weight were also recorded and shoot
weight and the ratio yield/pruning weight)was calculated.

D a t a   a n a l y s i s :  Statistical data analysis was
performed by analysis of variance (ANOVA). Tukey HSD
tests were carried out to determine the significance of differ-
ences between treatment means, using the STATISTICA
software (ver. 5.0, Statsoft, Inc. Tulsa, OK, USA).

Results

C l i m a t e   a n d   s o i l - p l a n t   w a t e r   r e l a t i o n s :
In 2002 the growing season was drier than the 30-year-aver-
age with a total rainfall of 390 mm between January and
September (exception: March, Fig. 1) while the air tempera-
ture followed the average pattern.

As shown in Fig. 2, for NI plots the soil moisture in the
profile 0-0.9 m gradually decreases from June to August. In
the three irrigated treatments soil moisture was almost con-
stant during June and July although a slight decline was
observed in August resulting from the reduction in the irri-

0
20
40
60
80

100
120
140

Jan Feb Mar Apr May Jun Jul Aug Sep

R
ai

nf
al

l (
m

m
)

0

5

10

15

20

25

A
ir

te
m

pe
ra

tu
re

(ºC
)

R (mm) (54/84) R (mm) (2002)

Ta (ºC) (54/84) Ta (ºC) (2002)

0
20
40
60
80

100
120
140

Jan Feb Mar Apr May Jun Jul Aug Sep

R
ai

nf
al

l (
m

m
)

0

5

10

15

20

25

A
ir

te
m

pe
ra

tu
re

(ºC
)

R (mm) (54/84) R (mm) (2002)R (mm) (54/84) R (mm) (2002)

Ta (ºC) (54/84) Ta (ºC) (2002)Ta (ºC) (54/84) Ta (ºC) (2002)

Fig. 1: Total rainfall (colums) and monthly mean air temperature
(lines) at the experimental site during the 2002 season and average
values (1954-1984).
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Fig. 2: Profile of soil moisture (0-0.9 m) of the experimental site
measured in situ in the 2002 season. Arrows indicate changes of the
side of irrigation in PRD treatment. A: �- NI, �- DI, �- FI, B:
PRD treatment, �- right and �- left side of the root system. Each
point represents the average of 4 measurements with standard
error.

gation amount as a consequence of lower ETc values. Dur-
ing the growing season, mean soil moisture was in general
125 % higher in FI and 65 % in DI and PRD as compared to
NI. In PRD the right side of the root-zone, which was irri-
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gated first, had soil moisture values almost twice those of
the left side.

Pre-dawn leaf water potential (ypd) of FI vines remained
constant and close to -0.2 MPa throughout the growing
season, while in NI ypd decreased in June-July, reaching mean
values of -0.8 MPa at the end of August (Fig. 3). Plant water
potential of both PRD and DI plants decreased slightly from
the beginning of irrigation, PRD having a higher water sta-
tus (mean values of -0.35 MPa) than DI (mean values of
-0.45 MPa). With exception of the last measurement, at end
of August, ypd of DI vines was significantly lower than that
observed in PRD plants.

At veraison total leaf area per vine was significantly
higher (P <0.05) in FI than in NI and PRD vines; values of DI
vines were not significantly different from those of FI and
PRD (Tab. 1). The differences of total leaf area between treat-
ments were mainly due to differences in the lateral shoot leaf
area; primary shoot leaf area was similar in the different treat-
ments.

During ripening, NI plants showed the lowest leaf layer
number. PRD canopies had a significantly lower leaf layer
number (LLN) relative to FI and DI (Fig. 4). During August
DI presented values between PRD and FI. FI vines had the
highest values of LLN and displayed the lowest incident
PPFD values at the cluster zone (Fig. 5). The reduction in
vegetative growth observed in PRD resulted in a more open
canopy as indicated by the significant increase of PPFD at
the clusters when compared to DI and FI. A high and signifi-
cant coefficient to determination was obtained when LLN
was plotted against PPFD at the cluster zone, when data of
all treatments throughout the growing season were consid-
ered (Fig. 6).
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Fig. 3: Pre-dawn leaf water potential (�- NI, �- PRD, �- FI, �-
FI). Each symbol represents the average of 6 measurements with
standard error.

T a b l e  1

Growth parameters at veraison (leaf area) or at pruning time of the 4 water treatments (NI, PRD, DI, NI). Different letters show
statistically significant differences among treatments at P<0.05

NI PRD DI FI

Shoot number per vine 19.4 a  19.0 a  21.0 a 19.8 a
Weight per shoot (g) 47.9 b  56.1 b  76.2 a 74.9 a
Water shoots per vine   2.7 b    2.9 b    5.5 a   4.7 a
Pruning weight (kg per vine)   0.9 b    1.1 b    1.5 a   1.5 a
Main leaf area (m2 per vine)   4.4 a    4.6 a    5.5 a   6.2 a
Lateral leaf area (m2 per vine)   0.8 b      1.0 ab    1.5 a   1.5 a
Total leaf area (m2 per vine)   5.2 c      5.6 bc      7.0 ab   7.7 a
Crop load (yield per pruning weight)      5.0 5.6 4.2 4.2

V e g e t a t i v e   g r o w t h   a n d   c a n o p y   m i c r o-
c l i m a t e :  Shoot weight (measured in winter) was signifi-
cantly lower in PRD and NI compared to FI and DI, although
no significant differences in the shoot number per vine were
observed among treatments (Tab. 1). Similar differences were
observed in the number of water shoots (developed at the
trunk), with NI and PRD showing values significantly lower
than those of the other irrigated treatments. NI and PRD
vines had the lowest pruning weight per vine; these values
were significantly different from those of FI and DI ones
(Tab. 1).
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Fig. 4: Leaf layer number measured between veraison (end of July
and mid-August). Values represent means of 80 measurements
with standard error. Different letters show statistically significant
differences at P < 0.05.
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Diurnal courses of berry temperature analysed at
veraison (in August) with clear sky and high air temperature
are shown in Fig. 7. For all treatments and at both canopy
sides berry temperature progressively increased after dawn,
reaching maximum values at about 16:00 h. Increases in berry
temperature (Tb) due to sunlight was more obvious in NI
and PRD than in FI and DI vines, due to their denser cano-
pies. Higher berry temperatures were observed in NI and

PRD vines, 36.6 ºC and 37.7 ºC respectively. The largest dif-
ferences of Tb between NI and FI plants were reached at the
east side of exterior clusters by about 10:00 h (4 ºC), while at
the west side it occurred in the afternoon (3 ºC). A similar
diurnal evolution of Tb was lower during the day. However,
the differences were smaller than those registered when com-
paring NI to FI vines. During the night Tb was not different
between the treatments.
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Fig. 7: Diurnal changes of berry temperature at the cluster zone of exterior clusters on the east and west side of the canopy. A: FI (x) and
NI (�) in east side; B: FI and NI in west side; C: PRD (�) and DI (�) in east side; D: PRD and DI in the west side.
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Y i e l d   c o m p o n e n t s   a n d   f r u i t   c o m p o s i-
t i o n :  Berry weight and volume increased significantly as
a result of irrigation (Fig. 8). From berry set to veraison
(July, 25), a rapid increase in berry weight and volume was
observed for all treatments, differences being more appar-
ent between irrigated and NI vines. During ripening the in-
crease in berry weight was greater for the FI treatment fol-
lowed by DI and PRD. At harvest, NI vines presented the
significantly lowest berry weight while the three irrigated
treatments showed similar values.

In the first two weeks after veraison rates of skin an-
thocyanin accumulation were high, they declined thereafter
until harvest (Fig. 8). No differences between treatments
were observed at veraison; thereafter NI and PRD grape-
vines showed higher values than DI and FI. Total phenols
decreased for all treatments from pea berry size to veraison
and then increased distinctly two weeks before harvest.
During ripening PRD had the highest total phenol values
while values for FI were lowest.

At harvest berry composition differed with irrigation
treatments. When compared to NI, irrigation had no signifi-
cant effect on berry total soluble solids (ºBrix) and pH but
led to a significant increase in the must titratable acidity of
FI (Tab. 2). The lowest values for titratable acidity (3.9 g·l-1),

however, were obtained in the NI and PRD treatments.
Among the irrigated treatments PRD presented the highest
anthocyanin concentration, which differed significantly from
DI and FI. Similarly, PRD showed significantly higher values
of total phenols as compared to the other treatments which
had similar values. The cluster number per vine was not
affected by soil water availability, an important reduction in
cluster weight was obtained in NI resulting in a significant
yield decrease (Tab. 3). Water use efficiency (WUE, yield
per unit water applied) in PRD and DI treatments was almost
twice that observed in FI, which had received the double
amount of water.

Discussion

The severity of water stress sustained during the ripen-
ing was roughly proportional to the amount of water sup-
plied. These results, namely the seasonal pattern of pre-
dawn leaf water potential, were consistent with similar ex-
periments in 2000 and 2001 (SANTOS et al. 2003). Neverthe-
less, although PRD and DI plants had obtained the same
amount of water, ypd was consistently higher in PRD than in
DI.
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Fig. 8: Berry fresh weight (A), berry volume (B), anthocyanin concentration (C) and total phenol index, TPI (D) during ripening. Values
are means of 4 samples with standard error.
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PRD included a significantly lower leaf layer number,
percentage of water shoots, shoot weight and pruning weight
when compared with the other irrigated treatments; this con-
firms a better control of vegetative growth, as reported by
LOVEYS et al. (2000) and DRY et al. (2001). The higher growth
restriction in PRD as compared to DI suggests that a chemi-
cal regulation is superimposed on hydraulic signalling, be-
cause in both treatments the same amount of water was
applied and PRD had  higher water potential. This means a
close link of shoot physiology to soil water distribution in
the root-zone, pointing to the importance of the root-to-
shoot signalling (LOVEYS and DAVIES 2004). DRY et al. (2001)
also observed shoot growth inhibition in PRD vines in par-
allel with a marked decrease in the concentration of
cytokinins in shoots and roots. This effect was reversed by
the exogenous application of a synthetic cytokinin. A marked
reduction in leaf area without a change in the leaf water
status was also observed in split-root experiments with other
woody species, such as apple (GOWING et al. 1990) and pas-
sion fruit (TURNER et al. 1996), although these trials were not
performed under field conditions.

Berry temperature were always lower in the dense cano-
pies of FI and DI than in the more open canopies of NI and
PRD. On the other hand, berry temperatures of sun-exposed
clusters were higher at the west-facing canopy compared to
the east-facing canopy due to the high ambient temperature
in the afternoon. Similar results were reported for cv. Merlot
(SPAYD et al. 2002). Under the conditions of our experiment
the higher cluster exposure to sunlight in PRD and NI influ-
enced berry composition positively, confirming studies of
BERGQVIST et al. (2001), SMART and ROBINSON (1991) and
DOKOOZLIAN and KLIEWER (1996).

The changes in the concentration of anthocyanins and
total phenols in the berries during ripening and the effect of

irrigation are in accordance with data in literature (Jordão
et al. 1998). Exposure to sunlight influenced berry composi-
tion, suggesting that anthocyanin metabolism responds to
both light and temperature (SMART et al. 1988; HASELGROVE

et al. 2000). In our experiments the higher temperature and
incident light values measured during ripening in NI and
PRD compared to FI and DI were associated with higher
concentrations of anthocyanins and total phenols, as found
by SPAYD et al. (2002). In contrast, KELLER and HRAZDINA

(1998) showed that for Cabernet Sauvignon, the anthocy-
anin concentration in berries was similar at 20 % and 100 %
sunlight interception. It appears that if light conditions within
a canopy are above a given threshold light is not necessar-
ily a limiting factor for the synthesis of anthocyanins. So we
conclude that under our conditions high temperature was
not a limiting factor although it was shown to negatively
affect fruit quality by inhibiting anthocyanin synthesis or
increasing anthocyanin degradation (KLIEWER and TORRES

1972; HASELGROVE et al. 2000). If clusters are severely shaded,
as in FI plants, it is likely that light is a limiting factor for
anthocyanin synthesis during berry ripening.

The main reason for the higher concentrations of total
anthocyanins and total phenols in NI and PRD appears to
be higher percentage of sunlight-exposed clusters, as a re-
sult of the reduction in canopy density. In climates where
temperatures regularly exceed 30 ºC during ripening, moder-
ately open canopies like those obtained in PRD vines ap-
pear to create optimal conditions for anthocyanins and total
phenol synthesis. Similar results were obtained by
HASELGROVE et al. (2000) in their trials with Syrah vines in
South Australia.

An additional factor for the significantly lower concen-
trations of anthocyanins and total phenols in FI and DI can
be the higher rates of berry growth decreasing the skin to

T a b l e  2

Berry composition at harvest. For details see Tab. 1

Berry composition NI PRD DI FI

Brix 19.0 a   19.7 a  18.7 a  18.9 a
Anthocyanins (mg·l-1) 799.1 a 820.6 a 682.2 b 646.4 b
Total phenols index (TPI)   20.6 b   23.2 a   19.2 b   18.9 b
Titratable acidity (g·l-1)     3.9 b      3.9 b       4.3 ab     4.8 a
pH   3.92 a   3.88 a   3.81 a   3.82 a

T a b l e   3

Yield components and water use efficiency. For details see Tab. 1

Yield components NI PRD DI FI

Mean cluster number/vine  21.7 a   23.9 a   23.1 a   24.9 a
Mean cluster weight (g) 188.0 b 260.8 a 275.9 a 254.2 a
Yield (t·ha-1)   16.1 b   24.6 a   25.3 a   25.4 a
WUE (g berry·l-1) na   24.9 a   25.7 a    12.9 b
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flesh ratio. Since, however, differences in berry volume be-
tween DI and PRD grapevines were not significant we as-
sume that the main reason for differences is the indirect
effect of the cluster microclimate (NADAL and AROLA 1987,
WILLIAMS and MATTHEWS 1990, VAN LEEUWEN and SEGUIN

1994, LOPES et al. 2001).
The yield differences among treatments were mainly due

to cluster weight since cluster number was not significantly
different. The lower soil water content in NI vines and the
effects of elevated berry temperatures on berry cell elonga-
tion, as well as increased cluster transpiration rates and sub-
sequent berry dehydration (CRIPPEN and MORRISON 1986 a)
are the main reasons to explain the berry weight decrease in
NI vines. No significant differences in yield were observed
between the irrigation treatments even though FI received
twice as much water as PRD or DI. This indicates that berry
growth was not affected by the mild water stress under PRD
and DI conditions. This may be explained by the fact that
mild stress occurred during ripening, when berry size is less
sensitive to water stress (WILLIAMS and MATTHEWS 1990).
Even with higher yields, irrigated vines were able to main-
tain the ratio yield/pruning weight within the range consid-
ered by SMART and ROBINSON (1991) for a balanced vine.

Irrigation did not significantly affect berry sugar accu-
mulation. These results are in contrast with those obtained
by other authors who observed either an increase (SCHULTZ

1996, LOPES et al. 2001) or a decrease (JORDÃO et al. 1998,
PIRE and OJEDA 1999) of berry sugar content at high soil
water availability. It appears that in our experiment berries
were active sinks for carbohydrates under the moderate
drought stress (DI and PRD) and even under severe water
stress (NI). The response of must titratable acidity to irriga-
tion was consistent with results obtained in the 2000 and
2001 growing-seasons (SANTOS et al. 2003). The increase of
must titratable acidity in fully irrigated plants is a common
response to irrigation (WILLIAMS and MATTHEWS 1990) and is
considered beneficial for wines produced in hot areas, as
they usually present a low acidity.

As a result of the 50 % reduction in the amount of water
applied without any significant yield reduction, water use
efficiency was double in PRD and DI treatments when com-
pared to FI. These results, combined with the higher fruit
quality in PRD vines, due to the higher concentration of
anthocyanins and total phenols underline the strong inter-
est in this irrigation strategy.
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