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SUMMARY. Limited water supply in arid and semiarid Mediterranean environments
demands improving irrigation efficiency. The purpose of this study was to
determine a functional relationship between soil water availability and wine grape
(Vitis vinifera) water status to determine a threshold value of soil matric potential
to trigger irrigation. Seasonal trends of soil water potential, leaf water potential,
and stomatal conductance (gS) of ‘Tempranillo’ wine grape were determined in
two deficit irrigation treatments replenishing 45% and 30% of the reference
evapotranspiration, and in a third non-irrigated treatment during 2001 and 2002.
Soil water potential was measured with granular matrix soil moisture sensors placed
at 0.3 m (Y0.3), 0.6 m (Y0.6), and 1.2 m (Y1.2) depths. The sensors at 0.3 m depth
quickly responded to irrigation by increasing Y0.3 levels. At the 0.6 m depth, Y0.6

progressively decreased, showing significant differences between T1 and the rest of
the treatments, while no significant differences in Y1.2 were found. All relationships
between profile soil matric potential and leaf water potential and gS were highly
correlated. After integrating our data with previous studies, we suggest a whole
profile soil water potential value of –0.12 MPa as threshold to trigger irrigation and
avoid severe water stress during berry growth.

M
ost cultivated vineyards in
arid and semiarid environ-
ments grown under in the

Mediterranean zone weather condi-
tions, with irregular annual rainfalls
ranging from 300 to 600 mm per year
mainly during the dormant season,
and high vapor pressure deficit and
evaporation rates during a long sum-
mer, need to be irrigated during part
of their seasonal cycle. The limited
water resources characteristic of this
region have promoted the develop-
ment of several strategies of deficit ir-
rigation. In a deficit irrigation system,
only a fraction of the estimated crop
evapotranspiration (ET) is replen-
ished. Stored soil water is assumed to
provide the remaining fraction. Usu-
ally, spring rainfalls and soil water
content satisfied wine grape needs
until berry set (mid June). In practical
terms, vines grow throughout the sea-
son under controlled water deficit to
prevent severe water stress.

Soil water deficit reduces vegeta-
tive growth (Deloire et al., 2004;

Intrigliolo and Castel, 2006; Matthews
et al., 1987; Paranychianakis et al.,
2004), stomatal conductance (gS)
(Cuevas et al., 2006; Dry and
Loveys, 1999; Grimes and Williams,
1990), photosynthesis (Iacono and
Sommer, 1996), and reproductive
growth and yield (Dry et al., 2001;
Escalona et al., 2003; Tregoat et al.,
2002). Thus, soil water availability
and vine water status need to be
evaluated simultaneously to guaran-
tee adequate vine irrigation manage-
ment; that is, to prevent vine water
stress.

Different methods are used to
determine soil water availability.
Some of them estimate volumetric
soil water content [time-domain re-
flectometer (TDR) and neutron
probe], while others measure matric

water potential/soil moisture tension
(tensiometer, gypsum blocks, and
granular matrix soil moisture sensor).
It is difficult to measure an effective
soil water potential within the rhizo-
sphere because soil water potential
varies diurnally along with the root
and plant potential (Nadler and Heuer,
1997). However, the information of
soil water content is a good tool to
evaluate the plant water status (Girona
et al., 2006; Medrano et al., 2003; Van
Leeuwen et al., 2001; Williams and
Trout, 2005). Critical to the use of
soil moisture sensors is the threshold
or lower limit value, which indicates
the level to which soil can dry be-
fore irrigation is required. Generally,
threshold values are selected to ensure
that crops do not experience water
stress or a loss in production. A large
number of sensors must be installed
to correctly monitor soil water con-
tent and to detect the spatial distri-
bution of water in the root zone.
Furthermore, because drip irrigation
does not regularly wet the soil, spe-
cial care must be taken for sensors
to evaluate the wetted soil volume
(Davenport et al., 2008; Stevens and
Douglas, 1994; Stevens and Harvey,
1996). In addition, uneven distribu-
tion of roots within the soil poses
another difficulty. Measurements in
zones with large root density may be
closely associated with plant water
status under non-limited water avail-
ability (Nadler and Heuer, 1997;
Schultz, 2003). However, under lim-
ited water supply or rain-fed condi-
tions, vines can take up water from
deeper zones with less root density
but higher moisture. Therefore, an
integrated soil moisture profile may
provide a better assessment of soil
water supply than single-depth soil
moisture readings.

Watermark� sensors (Irrometer,
Riverside, CA) are granular matrix
sensors (GMS) for electronically
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measuring soil water. This technol-
ogy reduces the problems inherent in
gypsum blocks (i.e., loss of contact
with the soil by dissolving and in-
consistent pore size distribution) by
use of a mostly insoluble granular fill
material held in a fabric tube sup-
ported in a metal or plastic screen.
GMS operates on the same electrical
resistance principle as gypsum blocks
and contains a wafer of gypsum im-
bedded in the granular matrix below
a pair of coiled wire electrodes. The
electrodes are embedded in the gran-
ular fill material above the gypsum
wafer. The gypsum wafer slowly dis-
solves to buffer the effect of salinity
of the soil solution on electrical re-
sistance between the electrodes. Wa-
termark blocks operate under drier
conditions than tensiometers as max-
imum readings range to –200 cbar,
and this characteristic makes them
particularly appropriate for irrigation
scheduling (Hanson et al., 2000).

Leaf water potential (Yl) mea-
sured at different times of the day
(predawn and during the day) is often
used to determine plant water status.
Leaf water potential measured at pre-
dawn (Ypd), when leaf stomata are
closed, has been found to be signifi-
cantly related to soil water status in
grapevine under various crop condi-
tions (Deloire et al., 2004; Medrano
et al., 2003; van Leeuwen et al., 2001;
Yuste et al., 1999). However, Williams
(2002) pointed out that Ypd does not
accurately reflect vine water status un-
der water stress because non-irrigated
plants sometimes have similar values
to their irrigated counterparts due
to rehydration during the night.
Thus, leaf water potential measured
at midday (Ymd) would be better
correlated to plant water status, plant
performance, and soil water availability

than Ypd (Williams and Araujo, 2002;
Williams and Trout, 2005). Girona
et al. (2006) showed that scheduling
irrigation according to a certain Ymd

threshold improved irrigation effec-
tiveness. Intrigliolo and Castel (2006)
concluded that stem water potential
and gS measured in the early morning
were the best water stress indicators.
Also, Cifré et al. (2005), Dry and
Loveys (1999), and Medrano et al.
(2003) recommended gS to evaluate
grapevine water stress because of the
fast response to soil water deficit and
the good correlation to soil water
content.

Baeza et al. (2007), Cuevas et al.
(2006), Flexas et al. (2002), Lakso
(1985), and Williams et al. (1994)
established significant relationships
between leaf water potential and leaf
assimilation rate or gS, indicating a
sensitive response of leaf performance
to its water status. Optimal irrigation
scheduling using soil moisture sen-
sors requires accurate threshold val-
ues for individual crops in given
agricultural systems (Thompson et al.,
2007). The objective of this work was
to determine a functional relationship
between soil water availability and
grapevine water status to define a
threshold value of soil matric potential
for irrigation management.

Materials and methods
P L A N T M A T E R I A L A N D

EXPERIMENTAL SITE. This work was
carried out in the experimental fields
of Universidad Politécnica de Madrid,
Spain (lat. 40�26#36$N, long.
3�44#18$W, altitude 595 m) over
two consecutive growing seasons
(2001–02). Measurements were tak-
en on a 13-year-old vineyard of ‘Tem-
pranillo’ grafted onto Richter 110
(110R). Plant spacing was 2 m

between rows and 1.2 m within the
plants along the row. Vines were
trained to a vertical shoot positioned
trellis (VSP) on a bilateral cordon ori-
ented north-south. The experimen-
tal site was flat with 1.2 m deep
homogeneous sandy loam soil. Field
capacity and wilting point were field
determined by tracking the soil water
content trend along several years us-
ing a TDR [Trase System 6050X1;
Soil Moisture Equipment, Santa Bar-
bara, CA (Cuevas et al., 2006)]. Field
capacity was 26.7% (v/v) correspond-
ing to a soil matric potential of –0.024
MPa, and wilting point was 9.6% (v/
v) corresponding to –1.5 MPa. Soil
total available water was about 172
mm�m–1, with a bulk density of 1.4
g�cm–3. Rooting depth was 1.2 m,
with a root density of 13% between
0 and 0.2 m depth, 53% between 0.2
and 0.6 m depth, and 34% between
0.6 and 1.2 m depth (data not
published).

Thirty-minute averages of air
temperature, reference evapotranspi-
ration [ETo (Allen et al., 1998)], and
total rainfall were continuously re-
corded with an automatic weather
station located at the experimental
vineyard (Table 1). The climate is typ-
ically Mediterranean, with a hot, dry
period from mid-May to September.

IRRIGATION TREATMENTS AND

EXPERIMENTAL DESIGN. A randomized
complete block design with four rep-
lications was established. Each repli-
cate consisted of three adjacent rows
with 10 vines per row. The eight cen-
tral vines on the central row were the
data vines while the others served as
borders. Since 1990, the irrigation
system consisted of two 4 L�h–1 drip-
pers per vine, 1.2 m apart. Weekly
irrigation water to be applied (R) was
calculated using the previous week’s

Table 1. Monthly and annual meteorological data (2001–02) in Madrid, Spain. ETo = reference evapotranspiration
(Allen et al., 1998), GDD = growing degree days [base temperature 10 �C (50.0 �F)].

Yr Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual

Avg temp (�C)z 2001 5.3 6.1 10.9 11.8 15.1 21.9 29.1 24.5 19.2 15.0 6.5 1.8 13.9
2002 6.0 6.9 10.0 12.2 14.9 23.1 24.2 22.8 18.4 13.6 7.4 5.9 13.8

Rainfall (mm)y 2001 96 18 16 1 11 1 2 2 30 69 19 16 279
2002 52 11 36 40 1 7 10 10 30 67 23 15 302

ETo (mm) 2001 18 32 59 92 108 143 183 165 106 51 30 14 1000
2002 18 38 62 106 147 172 198 169 114 41 16 13 1092

GDD 2001 61 169 356 417 455 274 150 1882
2002 86 159 394 439 397 246 112 1832

z(1.8 · �C) + 32 = �F.
y1 mm = 0.0394 inch.
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ETo (Allen et al., 1998), effective
rainfall, and a treatment coefficient
using the following equation:

R = Ti 3 ETo� Peð Þ3 1=0:9

where Ti is the treatment irrigation
coefficient, Pe is the effective rainfall,
and 0.9 is the efficiency of the irrigation
system. Three deficit irrigation treat-
ments were established: T1 replen-
ished 45% of ETo, T2 replenished
30% of ETo, and T3 non-irrigated.
The calculated irrigation amount was
distributed over the next week on
a daily basis. Only in 2001, after a
steady trend of values under 20% of
soluble solids, was irrigation increased
in T1% to 100% ETo, and T2% to 67%
ETo, from day 248 to day 263, cor-
responding to phenological stage 37,
berries not mature enough, according
to Coombe (1995), to increase pho-
tosynthetic activity and enhance sugar
accumulation. In 2002, the increase of
sugar composition of berries was ade-
quate and it was not necessary to in-
crease the irrigation dose. Total water
applied in 2001 and 2002 was 288 and
229 mm for T1, and 200 and 136 mm
for T2. Following Hardie and Martin
(2000), irrigation started when elon-
gation of shoots stopped (day 159 in
2001, and day 185 in 2002), and
ended when autumn rainfalls started
(day 263 in 2001, and day 286 in
2002).

MEASUREMENTS. Soil water po-
tential (Ym) was measured on a weekly
basis from flowering to harvest
with GMS (Watermark�). This is an
inexpensive, fast, and easy-to-use
method, providing the opportunity
for automatic recording in a Water-
mark�MonitorDatalogger.Theequa-
tion used to convert soil electrical
conductivity (EC) on soil matric
potential was provided by the manu-
facturer. Sensors, operating within
a range of –0.01 to –0.2 MPa
(Charlesworth, 2000), were located
at 0.3 m (Y0.3), 0.6 m (Y0.6), and
1.2 m (Y1.2) depths in all replicates
and treatments. One single vine per
elemental plot was chosen to place the
three soil sensors. Thus, there were
three sensors per treatment and depth
placed at the vine row at 0.25 m from
the emitters and 0.35 m apart from
the trunk, under the influence of the
soil wetted volume. Data were col-
lected with a hand-held soil moisture
meter (Watermark�, model 30KTCD).

Measurements were taken 1 d after
irrigation events and on the same days
of plant physiological evaluations. Be-
cause rooting was 1.2 m depth, soil
profile matric potential (Y0–1.2) was
calculated as a weighted by depth in-
crement average of the soil water po-
tential measured at each of the three
depth intervals.

Stomatal conductance and leaf
water potential were measured on
the same leaf once every 2 weeks,
from days of the year (DOY) 157 to
262 in 2001, and from DOY 164 to
280 in 2002. Six mature, sunlit,
healthy leaves per treatment distrib-
uted between the four replications
were sampled from the cluster area
of main shoots. On each leaf, gS was
determined and it was then covered
with a plastic bag and excised to
measure the leaf water potential. Sto-
matal conductance was evaluated in
the early morning from 0800 to 0900
HR (gsem), and at midday [from 1130
to 1230 HR (gsmd)] using a portable,
open-system, gas exchange analyzer
(LI-6400; LI-COR, Lincoln, NE).
Leaf water potential measurements
were made with a pressure chamber
(Soil Moisture Equipment) according
to Turner’s (1988) procedure. Mea-
surements were done at predawn
from 0300 to 0400 HR (Ypd), at early
morning from 0800 to 0900 HR

(Yem), and at midday [from 1130 to
1230 HR (Ymd)].

Leaf area surface was performed
based on Carbonneau (1976) by
establishing a relationship between
main leaf vein and surface area. Eight
shoots per treatment were tagged in
each single plot and the main leaf vein
was measured on one of every three
leaves on main and lateral shoots. The
relationship between the main leaf
vein (Ln) and the leaf surface (Ls)
was: Ls = Ln · 20.306 – 69.302.

STATISTICAL ANALYSIS. Analysis
of variance was performed using
SPSS (version 11.0; SPSS, Chicago).
Duncan’s test (P < 0.05) was used to
compare differences among means.

The regression slopes were com-
pared by using the software package
MSTAT-C (version 2.1.0; Michigan
State University, East Lansing).

Results
ENVIRONMENTAL CONDITIONS

AND VINE PHENOLOGY. In both years
(Table 1), July was the hottest month,
with a mean temperature of 29.1 �C
in 2001 and 24.2 �C in 2002. During
the growing season (budbreak to har-
vest), rainfall was 47 and 116 mm in
2001 and 2002, mostly concentrated
a few days before harvest. Reference
evapotranspiration totaled 904 and
848 mm in the 2001 and 2002 grow-
ing seasons. Therefore, most water
required for crop transpiration was
provided by deficit irrigation and/or
soil water storage, depending on
treatments. On a daily basis, the high-
est ETo occurred in July, with 5.9
mm�d–1 in 2001 and 6.4 mm�d–1 in
2002.

Budburst, flowering, veraison,
and harvest were on DOY 85, 157,
198, and 277, respectively, in 2001,
and on DOY 99, 151, 213, and 287
in 2002 (Table 2). Warmer tempera-
tures in Apr. 2002 resulted in earlier
vine growth and flowering compared
with 2001. Very hot temperatures in
July 2001 accelerated crop develop-
ment compared with 2002. Veraison
stage was reached 2 weeks earlier in
2001 than in 2002. These phenolog-
ical differences had limited impact on
canopy size. In 2001, average leaf area
per unit soil surface area at veraison
for T1, T2, and T3 treatments were
2.5, 2.5, and 1.8 m2�m–2; and in 2002
were 2.3, 2.4, and 1.3 m2�m–2,
respectively.

SEASONAL PATTERNS OF SOIL

MATRIC POTENTIAL, LEAF WATER

POTENTIAL, AND GS. Soil matric po-
tential showed different trends in
response to irrigation treatments
(Fig. 1). Larger differences were ob-
served in upper soil layers, indicating
more water extraction associated with
more abundant root density (data not

Table 2. Day of the year (DOY) at which the key phenological events (Coombe,
1995) took place in 2001 and 2002 growing seasons in ‘Tempranillo’ wine
grapevine located in Madrid, Spain.

Yr

Budburst Flowering Veraison Harvest

DOY

2001 85 157 198 277
2002 99 151 213 287
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shown). Irrigation replenished water
consumed only in the upper layer
(0–30 cm) of T1. In deeper soil layers
(60 and 120 cm), a consistent de-
crease across treatments in soil water
potential as the season progressed in-
dicated significant root water uptake
and no water refill due to irrigation.
T1 and T2 were deficit irrigation
strategies.

Evaluations of leaf water potential
at predawn (Ypd) detected differences
in water supply between irrigated and
non-irrigated treatments. In the non-
irrigated treatment (T3), Ypd were
lower starting at 4 and 2 weeks after
the beginning of irrigation in 2001
and 2002, respectively (Fig. 2, A and
B). In both years, the differences be-
tween treatments became significant

when Ypd in T3 was lower than –0.4
MPa. The lowest Ypd values reached
in T1, T2, and T3 were –0.33, –0.52,
and –1.04 MPa in 2001 and –0.50,
–0.52, and –0.87 MPa in 2002.

In both seasons, significant dif-
ferences were found in Yem (Fig. 2,
C and D) and Ymd (Fig. 2, E and F)
between irrigated and non-irrigated
treatments. The lowest Yem values
reached by T1, T2, and T3 were
–1.16, –1.46, and –1.91 MPa in
2001 and –1.38, –1.51, and –1.55
MPa in 2002. The lowest Ymd values
reached by T1, T2, and T3 were
–1.32, –1.38, and –1.98 MPa in
2001 and –1.52, –1.59, and –1.77
MPa in 2002. The variability of Ypd

measurements was always greater
than Yem and Ymd measurements in

2001 and 2002. The CV of Ypd was
34% in 2001 and 12% in 2002, while
the CV of Yem and Ymd was 7% and
8% in 2001, and 11% and 9% in 2002.

Stomatal conductance was much
lower in 2002 than in 2001 by the
time irrigation began (Fig. 3). After
irrigation started in 2001, gsem de-
creased throughout the season in all
treatments (Fig. 3A). However, the
largest decrease was observed in T3.
Differences in gsem between irrigated
and non-irrigated treatments began
to appear 4 weeks after irrigation was
triggered. Within the irrigated treat-
ments, T1 had significantly (P < 0.05)
higher gsem values than T2 for 2
weeks after veraison (DOY 198), after
which similar values were observed.
The lowest values of gsem in 2001

Fig. 1. Seasonal evolution of soil matric potential measurements for T1 [45% reference evapotranspiration (ETo)], T2 (30%
ETo), and T3 (non-irrigation) in a vineyard with sensors at (A and B) 0.3 m (Y0.3), (C and D) 0.6 m (Y0.6), and (E and F) 1.2 m
(Y1.2) depths during 2001 (left) and 2002 (right). Arrows indicate the beginning of irrigation. Each point represents the
average of three measurements. Treatments with the same letter are not significantly different by Duncan’s test at P < 0.05.
DOY = day of year, CV = average CV; 1 MPa = 10 bars.
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were 51.4 and 14.3 mmol�m–2�s–1 in
irrigated and non-irrigated treat-
ments, respectively. In 2002, gsem

decreased in all treatments until irri-
gation started when, unlike the pre-
vious year, gsem increased in T1 until
the end of the cycle. Significant dif-
ferences in gsem were found between
T1 and the rest of the treatments. In
T3, gsem decreased mainly after verai-
son (DOY 213) (Fig. 3B). The lowest
gsem values in 2002 were 63.2 and
25.6 mmol�m–2�s–1 in irrigated and
non-irrigated treatments, respectively
(Fig. 3B).

Observations at midday (gsmd)
provided a complementary picture.
In2001, significant differences ingsmd

between T1 and T2 were observed

throughout the season. However, in
2002, stomata at noon were mostly
closed in all treatments through the
season. The lowest gsmd values were
29 and 14.8 mmol�m–2�s–1 in 2001
and 21.7 and 11.9 mmol�m–2�s–1 in
2002 in irrigated and non-irrigated
treatments, respectively. Calculated
CV indicated high variability in the
measurements, with lower CV in gsem

(35% in 2001 and 38% in 2002) than
in gsmd (42% in 2001 and 49% in
2002).

RELATIONSHIP BETWEEN SOIL

MATRIC POTENTIAL AND PLANT WATER

STATUS. The relation between whole
profile soil matric potential and vine
water status as determined by leaf
water potential and gS was examined.

Because Watermark� sensors provide
reliable outputs within the range of
–0.01 to –0.2 MPa, we included in
our analysis only the values of soil
matric potential from irrigated treat-
ments (T1 and T2). Soil matric po-
tentials (Y0–1.2) ranged between
–0.04 and –0.18 MPa (Figs. 4 and
5), and leaf water potentials (Ypd,
Yem, and Ymd) between –0.08 and
–1.91 MPa (Fig. 4). Y0–1.2 was sig-
nificantly related to plant water status
in 2001 and 2002 (Figs. 4A and B,
and 5). No differences were detected
between regression lines at early
morning and midday, so only one
regression line with all pooled data
are shown for leaf water potential
(Fig. 4B). The regression lines of gS

Fig. 2. Seasonal evolution of grapevine leaf water potential measured at (A and B) predawn (Ypd), (C and D) early morning
(Yem), and (E and F) midday (Ymd) during 2001 (left) and 2002 (right), for T1 [45% reference evapotranspiration (ETo)], T2
(30% ETo), and T3 (non-irrigated) treatments. Each point represents the average of six determinations. Treatments with the
same letter are not significantly different by Duncan’s test at P < 0.05. Arrows indicate the beginning of irrigation. DOY = day of
year, CV = average CV; 1 MPa = 10 bars.
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at early morning and midday were
different (P < 0.05) in intercept but
not in slope (Fig. 5). Y0–1.2 was better
correlated to Yem and Ymd (r2 = 0.50,
Fig. 4B) than to Ypd (r2 = 0.43, Fig.
4A). In both seasons, Y0–1.2 was also
significantly related to gsem and gsmd

(r2 = 0.59 and 0.44, respectively;
Fig. 5).

Discussion
The purpose of this research was

to determine if there was a functional

relationship between soil water avail-
ability and grapevine water status that
could be used to effectively manage
deficit irrigation. One of the sim-
plest methods to estimate vine water
status would be to monitor soil water
(Intrigliolo and Castel, 2006) under
the assumption that a functional re-
lationship links both system compo-
nents. Although the method neglects
the impact of atmospheric demand on
plant evapotranspiration, it assumes
there is a soil water threshold value at

which irrigation should be applied to
prevent major crop water stress. In
this work, we measured soil water
potential with Watermark� sensors
located at 0.3, 0.6, and 1.2 m depths.
These sensors are inexpensive and
easy-to-use, but have a limited range
of response from –0.01 to –0.2 MPa
(Charlesworth, 2000). This range
was found to be adequate for our
deficit irrigation application (Fig. 1).

Sensors at the 0.3 m depth de-
tected variations in soil water content

Fig. 3. Seasonal evolution of grapevine stomatal conductance (gs) measured (A and B) early morning (gsem) and (C and D)
midday (gsmd) during 2001 (left) and 2002 (right) for T1 [45% reference evapotranspiration (ETo)], T2 (30% ETo), and
T3 (non-irrigated) treatments. Each point represents the average of six measurements. Treatments with the same letter are
not significantly different by Duncan’s test at P < 0.05. Arrows indicate the beginning of irrigation. DOY = day of year,
CV = average CV.

Fig. 4. The relationship between average soil matric potential in the soil profile (Y0–1.2) and grapevine leaf water potential (Yl)
at (A) predawn (Ypd), and (B) early morning (em) and midday (md) in 2001 and 2002. Each point represents the average
of six measurements. Coefficients of determination (r 2) were significant at P = 0.01 (**). 1 MPa = 10 bars.
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earlier than sensors located at deeper
soil layers. As a result, continuous
variations were observed in the Y0.3

readings (Fig. 1, A and B). Sensors at
the 0.6 m depth registered a steady
decrease in Y0.6 compared with those
at the 0.3 m depth (Fig. 1, C and D),
possibly due to the high root density
and more intense water extraction at
this depth. Prior and Grieve (1986)
recommended that Y0.6 should not
fall under –0.05 MPa to prevent wa-
ter stress, particularly in the weeks
immediately after flowering, when
plants are more sensitive to stress.
Myburgh (2003) considered water
stress when soil matric potential was
lower than –0.07 MPa. According to
these authors, all of our treatments
remained under water stress condi-
tions through both growing seasons,
although in 2001, Y0.6 maintained
values higher than –0.07 MPa for
30 d after flowering.

Y1.2 was unaffected by irrigation
(Fig. 1, E and F). Soil moisture pat-
tern at this depth was similar across
treatments and indicated a slow and
consistent reduction in soil water. The
trend of soil moisture at this depth is
usually influenced by water movement
to upper layers, where abundant roots
extract considerable amounts of wa-
ter. However, the lack of treatment
effect suggested that capillary rise
might have not been the main cause
for the soil moisture trends observed
at this depth.

Leaf water potential evaluated at
predawn hours (Ypd) was within the
range of –0.08 and –0.63 MPa in the
irrigated treatments. Because most
readings were higher than –0.54

MPa (Fig. 2, A and B), our irrigated
vines were under conditions of mod-
erate water stress (Deloire et al.,
2004; Intrigliolo and Castel, 2006;
Medrano et al., 2003). Contrary
to irrigated vines, values for non-
irrigated vines were lower than –0.6
MPa during significant portions of
the season, which is considered severe
water stress (Deloire et al., 2004).
Recorded Yem and Ymd values were
lower in 2002 (Fig. 2, D and F) than
in 2001 (Fig. 2, C and E). In 2002,
irrigation began later and plants were
under greater water stress when irri-
gation started (Ymd = –1.52 MPa)
than in 2001 (Ymd = –0.72 MPa). As
the season progressed, stress condi-
tions accumulated, resulting in larger
differences among treatments. The
development of Yem and Ymd sug-
gested that both of these measure-
ments were good indicators of the
effect of irrigation on plant water
status. However, they were not ade-
quate at detecting the sufficiency of
water applied because no differences
were found between T1 and T2 in
spite of 33% more water applied in
T1. Intrigliolo and Castel (2006)
obtained differences in Ypd and Ystem

at early morning between vines under
moderate and severe water stress, but
no differences were found in Ymd.
However, Grimes and Williams
(1990) and Araujo et al. (1995) ob-
served a greater decrease in Ymd in the
most severely stressed treatments
compared with the mildly stressed
treatments. Differences between these
results might be mainly due to the level
of plant water deficit because under
intense water stress, variations in leaf

water potential are mostly detected at
early morning when stomata are open.
Under our deficit irrigation condi-
tions, severe water stress is prevented
but vines are subjected to controlled
water deficit most of the year.

Stomatal conductance was the
only measured parameter able to dis-
tinguish the effect of irrigation treat-
ments, especially the early morning
evaluations (Fig. 3, A and B). Al-
though differences in stomatal re-
sponse were found between years,
higher gS values were recorded in
treatments where more water was ap-
plied through irrigation (Fig. 3).
Highest stomatal closure was mea-
sured in mid-August after veraison
(Table 2), which is in agreement with
Intrigliolo and Castel (2006) who
observed the same response in ‘Tem-
pranillo’ plants subjected to water
stress. In both seasons, larger variabil-
ity was computed in gs measurements
(CV about 40%) than in leaf water
potential measurements (about 13%).
Cifré et al. (2005) concluded that gS is
the best indicator of water stress in
grapevine because of the rapid re-
sponse to water deficit. However, they
pointed out that gS showed more
variability than leaf water potential,
possibly due to the effects of vapor
pressure deficit or differences in light
exposure of the leaves (Düring, 1976).
The extreme conditions at midday
produced a consistent decrease in gsmd

compared with gsem, which evidenced
the rapid stomatal regulation to avoid
water loss, yet making these evalua-
tions less recommended for the pur-
pose of triggering irrigation.

Leaf water potential and gS were
highly correlated to the weighted
average matric potential of the soil
profile (Y0–1.2) (Figs. 4 and 5). Yem

and Ymd were slightly better corre-
lated to Y0–1.2 than Ypd, which in-
dicated that plant water status is more
responsive to soil water availability
when the atmospheric demand is high
(Williams and Araujo, 2002; Yuste
et al., 2004). However, Cifré et al.
(2005), Deloire et al. (2004), and
Yuste et al. (1999) obtained a good
relationship between Ypd and the
water status of the fraction of soil
explored by roots. The lower slope
of the regression line between Y0–1.2

and Ypd (Fig. 4A) indicated less var-
iation in plant water status at predawn
compared with plant water status
after sunrise (Fig. 4B). Nadler and

Fig. 5. The relationship between average soil matric potential in the soil profile
(Y0–1.2) and grapevine stomatal conductance (gs) measured in the early morning
(em) and at midday (md) in 2001 and 2002. Each point represents the average
of six measurements. Coefficients of determination (r 2) were significant at
P = 0.01 (**). 1 MPa = 10 bars.
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Heuer (1997) and Schultz (2003)
also found that under severe water
stress or when atmospheric demand
sharply increased, leaf water potential
remained relatively constant, in spite
of large changes in soil matric poten-
tial. Stomata close during the night
hours and shoot tissues recover from
water deficit, thus no differences in
Ypd were observed between irrigated
and non-irrigated plants (Williams,
2002). After sunrise stomata opened
and atmospheric demand increased,
there was a more pronounced slope of
the regression line without significant
differences between early morning
and midday evaluations (Fig. 4B).
Similar responses have been reported
when soil water status was evaluated
as water content. Cuevas et al. (2006)
found a good relationship between
soil water content (qv) up to 1.1 m
depth and gS, and Williams and Trout
(2005) and Naor et al. (1994) de-
termined a direct relationship be-
tween qv and gsmd.

Toome (2002) and Deloire et al.
(2004) established that severe water
deficit begins when soil matric poten-
tial falls under –0.06 MPa. In our
work, Y0–1.2 values of –0.06 MPa
corresponded to Ypd and Yem/Ymd

values of –0.23 and –0.91 MPa, re-
spectively, which agrees with Deloire
et al. (2004) who consider these values
as mild water stress. Similarly, Williams
(2002) and Baeza et al. (2007) de-
termined that Ymd could drop down
to –1.1 MPa without evidence of
water deficit in vines. Y0–1.2 values of
–0.06 MPa corresponded to gsem and
gsmd values, respectively, of 173 and
138 mmol�m–2�s–1, which according to
Cifré et al. (2005) is close to the lower
limit of light water stress (gS >150
mmol�m–2�s–1).

In the same experimental vine-
yard as that of the present work,
Cuevas et al. (2006) fitted a logarith-
mic relationship between gS and net
photosynthesis rate (A). In this re-
lationship, the initial slope of A started
decreasing at gS = 35 mmol�m–2�s–1

and it leveled off at gS = 175
mmol�m–2�s–1. Following these au-
thors and considering Y0–1.2, leaf
water potential and gS relationships
(Figs. 4B and 5), we found that when
Y0–1.2 > –0.04 MPa, plants have no
soil water limitations; when –0.04 <
Y0–1.2 < –0.14 MPa, the soil water
content falls within what is named
water deficit (Ymd and Yem around

–1.0 to –1.1 MPa), where vegetative
growth is stopped at –0.08 MPa, but
gS rates allow medium to high pho-
tosynthesis rates (gS ranges within
50–150 mmol�m–2�s–1); and when
Y0–1.2 < –0.18 MPa (gS < 50 and
Ymd or Yem around –1.4 MPa) the
soil water content is clearly limiting
leaf physiological activities and plants
would be into severe water stress
conditions. Thus, it would be recom-
mended to avoid soil matric potential
falling to –0.14 MPa.

Hardie and Martin (2000) pro-
posed using shoot growth as an in-
dicator to trigger irrigation. They
found that shoot growth elongation
stops at soil water potential around
–0.07 MPa, which equals Ypd = –0.25
and Ymd = –0.95 MPa attending Fig.
4 equations. Williams (2002) recom-
mends starting irrigation when Ymd

� –1.0 MPa, when shoot growth rate
is very slow. These former values
correspond to gS = 146 mmol�m–2�s–1,
which is within the range considered
as mild water deficit (Cifré et al.,
2005). We had previously determined
under similar experimental conditions
to those in this study (Baeza et al.,
2007) that when shoot elongation
totally stops, leaf water potentials had
the following values: Ypd = –0.48,
Yem = –1.12 and Ymd = –1.18 MPa.
Substituting these values in the re-
gressions shown in Fig. 4, thresholds
for irrigation would be Y0–1.2 = –0.17
MPa if predawn measurements (Fig.
4A) were used or Y0–1.2 = –0.12 MPa
if measurements at early morning or
midday (Fig. 4B) were used.

Y0–1.2 = –0.12 MPa corresponds
to a leaf water potential of –1.16 MPa
(Fig. 4B) and gS of 116 mmol�m–2�s–1

at early morning and 79 mmol�m–2�s–1

at midday (Fig. 5), which are within
the gS range assigned as moderate
water deficit (Cifré et al., 2005). Us-
ing relationships developed previously
in our laboratory under similar condi-
tions, when Y0–1.2 = –0.12 MPa, vines
would be expected to have dropped
leaf assimilation rate to 41% if the
above gS is used (Cuevas et al., 2006)
or to 45% if the leaf water potential
is used (Baeza et al., 2007). This
integrated soil water potential lowest
threshold (i.e., Y0–1.2 = –0.12 MPa)
can perform as a useful indicator of
vine physiological activity and ex-
pected water status when irrigation
should be triggered as well as kept
during berry maturation.

Conclusion
The results of the present work

verify the relationship between soil
water potential and plant water status
measures. Growers could adjust the
plant responses to different soil water
content to avoid excess of water def-
icit situations. With this adjustment,
irrigation can be efficiently and easily
managed. The rapid response of Wa-
termark� sensors indicated that these
sensors are a good tool for monitor-
ing irrigation, as long as soil water is
within their range of measurement,
that is, between –0.01 and –0.2 MPa.
They cannot be used in conditions of
severe water stress because Y0–1.2

values close to –0.2 MPa corre-
sponded with plant responses (Yem,
Ymd, and gS) indicative of severe
water stress. Also, it is necessary to
make soil water potential adjustments
on each crop and local conditions.
Leaf water potentials, Yem and Ymd,
and gS differentiated reasonably well
plant water status between irrigated
and non-irrigated plants. Linking the
results of this study with the previous
work of our group under simi-
lar experimental conditions (Cuevas
et al., 2006), we propose using an in-
tegrated soil water potential value of
–0.12 MPa as threshold to trigger
irrigation and to keep soil water status
within an optimal range for grapevine
activity during berry growth, avoid-
ing the reaching of an integrated soil
water potential of –0.14 MPa.
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Cifré, J., J. Bota, J.M. Escalona, H.
Medrano, and J. Flexas. 2005. Physiolog-
ical tools for irrigation scheduling in
grapevine (Vitis vinifera L.): An open
gate to improve water-use efficiency?
Agr. Ecosystems Environ. Photosyn. Abi-
otic Stresses 106:159–170.

Coombe, B.G. 1995. Growth stages of
the grapevine. Aust. J. Grape Wine Res.
1:100–110.

Cuevas, E., P. Baeza, and J.R. Lissarrague.
2006. Variation in stomatal behaviour and
gas exchange between mid-morning and
mid-afternoon of north-south oriented
grapevines (Vitis vinifera L. cv. ‘Tempra-
nillo’) at different levels of soil water
availability. Scientia Hort. 108:173–180.

Davenport, J.R., R.G. Stevens, and K.M.
Whitley. 2008. Spatial and temporal dis-
tribution of soil moisture in drip-irrigated
vineyards. HortScience 43:229–235.

Deloire, A., A. Carbonneau, H. Ojeda,
and Z. Wang. 2004. La vigne et l’eau.
J. Intl. Sci. Vigne Vin 38:1–13.

Dry, P.R. and B.R. Loveys. 1999. Grape-
vine shoot growth and stomatal conduc-
tance are conduced when part of the root
system is dried. Vitis 38:151–156.

Dry, P.R., B.R. Loveys, M.G. McCarthy,
and M. Stoll. 2001. Gestion des stratégies
d’irrigation dans les vignobles australiens.
Progrès Agricole et Viticole 118:457–470.
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