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a b s t r a c t
Night-time water uptake (Sn ) mainly corresponds to stem and organ rehydration and transpiration, the
latter through stomata and cuticle. Nocturnal transpiration is uncoupled from photosynthesis, therefore
it contributes to reduce water use efﬁciency (WUE). Night-time grapevine physiology was measured on
ﬁeld grown grapevines (cv. Shiraz) under partial root-zone drying (PRD) and deﬁcit irrigation (Exp. 1),
on potted vines (cv. Tempranillo) (Exp. 2) and on potted vines (cv. Cabernet Sauvignon) on a progressive
drought treatment in the glasshouse (Exp. 3). Sap ﬂow probes using the compensated heat pulse method
(cHP) were installed in vines (Exp. 1 and 3). Night-time gas exchange measurements were performed for
Exp. 3. Other vine water status monitoring methods used were: midday stem water potential ( s ) for all
experiments, and abscisic acid (ABA) concentration monitored from leaf sap for Exp. 3. Results showed
that Sn was parabolically correlated to  s measured on the previous day for all treatments and cultivars.
Two distinct zones where vines exhibit different night-time behaviour within the  s vs Sn parabolic
relationships were identiﬁed for all experiments. The differences between the two identiﬁed areas were
related to the water status conditions of the vines: (i) non-water stress conditions (0 <  s < −1.0 MPa); (ii)
water stress conditions (−1.0 MPa <  s < −2.0 MPa). Furthermore, levels of water stress were negatively
correlated to concentrations of leaf sap ABA, which helped to explain the parabolic curve found for cv.
Cabernet Sauvignon.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Water has become an increasingly critical resource that will
determine future production and quality parameters for a sustainable winemaking industry in a changing environment. Widespread
water shortages and future climate change predictions have
demanded emphasis on improving water use efﬁciency (WUE)
through deﬁning critical plant water status parameters for precise
and efﬁcient water management (Anderson et al., 2008). This has
led to increased interest in the use of more sophisticated soil-plantatmosphere sensor technology over the last 15 years. However,
little consideration has been given to night-time physiological processes in grapevines, such as night-time transpiration, which is not
coupled to photosynthesis, and therefore decreases WUE.
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It has been demonstrated that sap ﬂow measurements in
grapevines are correlated with whole vine transpiration (E) and that
this relationship may be used to obtain plant water status indicators
for vineyard water management purposes (Fernández et al., 2001;
Ginestar et al., 1998a, 1998b; Giorio and Giorio, 2003; Remorini
and Massai, 2003). Based on these studies, attempts have been
made to apply sap ﬂow sensors for irrigation scheduling using well
irrigated plants as reference (Green et al., 2006) and E modelling
(Fernández et al., 2001; Pereira et al., 2006). However, changes in E
are largely determined by diurnal stomatal conductance (gs ), which
is affected by internal and external factors; therefore, making difﬁcult the determination of vine water status indices based on sap
ﬂow measurements.
Internal factors (hormonal signalling) as a consequence of external factors (soil moisture and vapour pressure deﬁcit (VPD)) that
reduce gs have been exploited by deﬁcit irrigation (DI), regulated deﬁcit irrigation (RDI) and partial root-zone drying (PRD)
irrigation techniques to increase WUE and reduce vigour of vines
(Chaves et al., 2007; McCarthy, 1997) whilst increasing grape
quality (Matthews and Anderson, 1988; Matthews et al., 1987).
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Hormonal signalling and, speciﬁcally abscisic acid (ABA), has been
shown to be the most likely candidate affecting gs under DI and PRD
techniques (Dry and Loveys, 1999; Dry et al., 2000; Romero et al.,
2004; Souza et al., 2001; Stoll et al., 2000c).
In the past, night-time sap ﬂow has been commonly associated
to shoot rehydration, assuming that night-time stomatal conductance (gnight ) and transpiration (Enight ) are insigniﬁcant due to
stomatal closure (Fernández et al., 2001; Green et al., 1997) with
some basal levels due to cuticular transpiration occurring. However, contrary to this general view, leaf conductance or water
vapour loss (combination of cuticular and gnight ) can be signiﬁcant at night, which contributes to reduced intrinsic WUE (Caird
et al., 2007). In fact, the inﬂuence of gnight and, in consequence,
Enight on WUE seems to be higher under water stress conditions
(Escalona et al., 2013). It has been reported that gnight can reach
values as high as 50% compared to day-time gday for other Vitis
species (Vitis riparia) (Caird et al., 2007). Furthermore, gnight for Vitis
vinifera var. Semillon can reach up to 0.250 mol m−2 s−2 (Rogiers
et al., 2009). For the cultivars Tempranillo and Manto Negro, gnight
values ranged from 0.107 mol H2 O m−2 s−1 for well irrigated vines,
down to 0.009 mol H2 O m−2 s−1 , for non-irrigated vines, which are
similar to the values of 0.107 mol H2 O m−2 s−1 reported in following studies for cuticular conductance (Flexas et al., 2010). These
values were similar to gday values measured on mild to moderate water stressed plants (Flexas et al., 2002). Therefore, internal
factors, such as hormonal signalling and external factors, such as
VPD, could inﬂuence night-time sap ﬂow depending on soil water
availability and grapevine day/night-time behaviour (Caspari et al.,
1993).
The functional reason for signiﬁcant gnight and Enight relative to
rehydration dynamics is poorly understood. Further research, using
gas exchange measures at night-time, is needed to enable separation of sap ﬂow caused by rehydration of the shoot from that caused
by transpiration. This research has been hampered, until recently,
by a lack of accurate methods to quantify low sap ﬂow rates, such
as those likely to occur at night (Fisher et al., 2007). Night-time
sap-ﬂow was often viewed as an artefact or signal “noise” and
night-time values were forced to zero and completely disregarded
(Fuentes et al., 2013). Recently, a comparison of ﬁve sap ﬂow methods in peach trees resulted in the compensated heat-pulse method
(cHP) being selected as the most sensitive system in detecting low
ﬂows in experimental conditions (González-Altozano et al., 2008).
In this study cHP was used to interrogate whole plant nocturnal
water uptake (Sn ) (from sunset to sunrise).
Results for night-time water dynamics (Sn ) are presented from
grapevines under PRD and DI using the cHP method (cv. Shiraz, Exp.
1), for progressive water deﬁcit trials, where water loss was measured with: (i) balances that can be regarded as mini-lysimeters,
(cv. Tempranillo, Exp. 2) and (ii) the cHP method (cv. Cabernet
Sauvignon, Exp. 3). This data was compared to midday stem water
potential ( s ) measured the previous day (Exp. 1, 2 and 3), nighttime gas exchange (Exp. 2) and leaf-sap ABA concentration (Exp. 3).
The cultivars selected differ for their drought tolerance: cv. Shiraz is
drought sensitive, cv. Cabernet Sauvignon shows average tolerance
while Tempranillo is a drought tolerant variety (Schultz, 2003; Soar
et al., 2006).

2. Materials and methods
2.1. Description of experiments
Experiment 1 (Exp. 1) was conducted during the season
2003–2004 at the Seven Sisters commercial vineyard located near
Benalla, Victoria, Australia (Latitude (deg S): −36◦ 32 53.88 ; Longitude (deg E): 145◦ 58 13.08 ). The climate in this region presents a

hot dry summer, with a mean January temperature (MJT) of 22.9 ◦ C
and average annual rainfall of 671 mm. In season 2003–2004 MJT
was 23.9 ◦ C and annual rainfall 635 mm. On average, about 50%
of the annual rain falls during the growing season for this area,
with almost 90% of that falling in Oct–Dec, before veraison occurs.
Nine-year-old drip irrigated Shiraz (clone PT 23) vines grown on
Schwarzmann rootstocks were used for this experiment. Vines
were planted in a duplex soil of granite origins with no cover crop
and root-zone depth estimated as 30–60 cm. The soil has a strong
compaction layer at 40 cm. Row orientation was North-South with
a row and vine spacing, of 3.0 and 1.85 m. Vines were trained to a
modiﬁed double Scott Henry and approximately 50 buds per plant
were left at pruning.
Irrigation treatments were applied for three consecutive seasons, from 2001 to 2004. Conventional drip (D) and partial
root-zone drying (PRD) irrigation were applied at a single rate
of water application (0.9 and 0.45 estimated crop evapotranspiration; ETc), which was labelled as 100% ETo and 50% ETo (D100
and DPRD100; D50, DPRD50, respectively). Class A pan evaporation
from a nearby Bureau of Meteorology station (Benalla, at a distance
of 8.5 km) was used to estimate vine water consumption. Reference
evapotranspiration (ETo) was obtained using the pan evaporation
(ETp) corrected using a pan coefﬁcient (Kp = 0.75). Irrigation was
applied using 2 × 1 L h−1 and 2 × 2 L h−1 drippers (Netaﬁm Australia
and New Zealand, Laverton, VIC, Australia), respectively, for D and
PRD vines. The total water applied to the vines was 1.7 ML ha−1 for
the 100% treatments.
Irrigation treatments were arranged over four rows in a random
block design with eight replicated plots per irrigation treatment
and two plots for each treatment per row. Buffer rows surrounded
the experiment. Each irrigation treatment plot consisted of three
panels (nine vines) and all measurements were carried out on the
middle panel. The PRD irrigation schedule alternated the “wet”
and “dry” sides every 10 days. Irrigation started post fruit set to
ensure that irrigation treatments did not affect yield potential.
The vineyard manager initiated irrigation in response to soil moisture content as measured by capacitance probes (EnviroscanTM ;
Sentek® Pty. Ltd., Adelaide, Australia) with arbitrary reﬁll and full
point values determined by the manager.
Total vine water-use was continuously monitored using sap ﬂow
probes on two plants per treatment. Probes were installed at 30 cm
from the ground surface and wrapped with bubble wrap and aluminium foil to avoid inﬂuence from ground heat during the day.
The sampling frequency was every 30 min Sap ﬂow was monitored from the 17th February to 30th March (post-veraison). Sap
ﬂow measurements were performed using the compensated heatpulse method (Green et al., 2003). Heat-pulse sap ﬂow sensors
were supplied by Tranzﬂo New Zealand Ltd. (Palmerston North,
NZ) and were connected to a CR23X data logger (Campbell Scientiﬁc, Logan, Utah, USA). Night-time sap ﬂow (Sn ) was calculated as
the summed sap ﬂow volume in L h−1 from 9 PM (about one hour
after sunset) until 5 AM (about one hour before sunrise) for each
treatment.
Midday  s measurements were carried out on a single adult
leaf per plant per replicate using a Scholander pressure chamber
(Soil Moisture Equipment Corporation, Santa Barbara, CA, USA) on
measurement campaigns days. Shaded leaves were enclosed for
30 min in a plastic bag covered with aluminium foil to stop leaf
transpiration. The leaf was cut from the vine and water potential
was measured within 30 s of removal.
Experiment 2 (Exp. 2) was carried out in the summer of 2010 at
the experimental site of The University of Balearic Islands (Spain)
(Latitude (deg N): 39◦ 38 14.73 ; Longitude (deg E): 2◦ 38 51.21 ).
Ten-year-old Tempranillo vines were grown in 70 L containers in
a mix of sand, substrate and perlite (1:1:1). The exposed surface
of containers was covered with a plastic ﬁlm to avoid water loss
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by direct evaporation and aluminium foil to minimise temperature
rise within the root zone (Escalona et al., 2013).
Two irrigation treatments were imposed: (i) full irrigation and
(ii) progressive water stress. For the full irrigation treatment seven
plants were kept at ﬁeld capacity for the duration of the experiment
with daily irrigations. For the progressive water stress, seven plants
were irrigated at ﬁeld capacity on day 1 of the experiment and then
no more irrigation was applied until the end of the experiment.
Measurements of  s were carried out as described in Exp. 1 on
each plant per treatment on days 1, 4 and 7.
Night-time leaf conductance (gnight ), transpiration (Enight ) and
respiration (Rnight ) were measured using a Li-6400 open gas
exchange system (Li-Cor Inc, Environmental Sciences, Lincoln, NE,
USA) on three nights during the experiment: (i) at day 1 when
all plants were well watered and kept at ﬁeld capacity; (ii) at
day 4, when plants (ﬁve) showed  s values of −0.8 MPa (close to
mild water stress); and (iii) at day 7, when plants reached severe
water stress ( s = 1.34 MPa) (Acevedo-Opazo et al., 2010). The  s
was used as a water stress indicators as follows: above −1.0 MPa
(non-stress), between −1.0 and −1.2 MPa (moderate water restriction) and from −1.2 to −1.5 MPa (severe water restrictions) (Sibille
et al., 2007; Cifre et al., 2005). Gas exchange measurements were
obtained from three mature leaves (ﬁfth leaf from the tip of shoots)
per plant per treatment every two hours during the whole nighttime period, starting one hour after sunset (9 PM) until one hour
before dawn (5 AM). The measurement conditions included: air
ﬂow set to 150 mol s−1 and chamber CO2 concentration set to
400 mol mol−1 using an external CO2 injector. Changes of weight
for each plant, due to water losses by transpiration and water
uptake by dew water, were measured with balances of 30 kg at
2 g precision (Baxtran BR90 Market Pes SL, Badalona, Spain).
Plant total leaf area (LA) was also measured in order to upscale
gas exchange measurements conducted at leaf level to the whole
plant by considering the proportion of leaf area measured by the
instrument (6 cm2 ) and total leaf area per plant (Escalona et al.,
2013). At the end of the experiments all leaves in the plant were
stripped from the plants and positioned on a ﬂat surface. Digital images of leaves were obtained from a set height of 2 m
using a Nikon SLR D90 camera (Tokyo, Japan). A 4 cm × 4 cm plate
was scanned with the leaves in order to have an area of reference. Scanned images were analysed using a customised code in
MATLAB® 2008b (The Mathworks Inc., Natick, MA, USA) (Escalona
et al., 2013).
Experiment 3 (Exp. 3) was carried out in the summer of 2012 at
the glasshouse facilities of the Plant Research Centre, The University
of Adelaide (Waite Campus), Australia (Latitude (deg S): −34◦ 58 8 ;
Longitude (deg E): 138◦ 38 19 ). Ten 5-year-old Cabernet Sauvignon
plants planted in 15 L pots were used for the experiment. The same
substrate mix as in Exp. 2 was used for the pots. The pots were
also covered with plastic and aluminium foil to minimise direct
evaporation.
Total vine water-use was continuously monitored using sap ﬂow
probes on four plants per treatment. Sap ﬂow measurements were
conducted as described for Exp. 1, a CR1000 datalogger using a
AM25T multiplexer was used (Campbell Scientiﬁc, Logan, UT, USA).
Irrigation treatments and water potential measurements were
as described for Exp. 2. After every  s measurement on days 3,
6, 10 and 14 of progressive water stress, leaves were kept inside
the pressure chamber and, by applying pressure inside the chamber, extra sap was forced to extrude through the petiole so that it
could be collected for abscissic acid (ABA) and breakdown products (ABA-glucosyl ester (ABA-GE), dihydrophaseic acid (DPA) and
phaseic acid (PA)) analysis. Sap samples were collected using a
pipette and transferred into 1.5 mL Eppendorf tubes, snap frozen
in liquid nitrogen and stored in a −80 ◦ C freezer until analysis. Laboratory analysis of ABA abundance in xylem sap was performed
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Table 1
Analytes, retention times and m/z values for parent and product ions of native
analytes and deuterated internal standards for Experiment 2 (Cabernet Sauvignon).
Compound
DPA
ABA-GE
PA
ABA

RT (min)
7.25–7.75
8.25–8.75
9.0–9.5
10.5–11.0

MRM for native and deuterated ions (m/z)
281/284 → 171/174
425/430 → 263/268
279/282 → 139/142
263/269 → 153/159

Abscissic acid (ABA) and breakdown products (ABA-glucosyl ester (ABA-GE), dihydrophaseic acid (DPA) and phaseic acid (PA)).

by The Australian Commonwealth Scientiﬁc and Research Organisation (CSIRO–Plant Industries, Adelaide, Australia) using a liquid
chromatography/mass spectrometry (LC MS/MS) using a stable isotope dilution assay. Compounds were identiﬁed by retention times
(RT) and multiple reaction monitoring (MRM). Parent and product
ions are shown in Table 1.
2.2. Data analysis
For comparison of Sn and midday  s between treatments, general linear and curvilinear models were ﬁtted to the data using
MATLAB® R2011b (The Mathworks Inc., Natick, MA, USA) and the
Curve Fitting ToolboxTM . To evaluate the goodness of relationships
the coefﬁcient of determination (R2 ) standard error of estimates
(SEE) and the root mean squared error (RMSE) were also obtained.
When Sn and  s relationships from different treatments followed
the same linear or curvilinear trends, a statistical analysis of residuals was performed to evaluate whether they were statistically
different from each other. The latter analysis was performed using a
customised code in MATLAB® to obtain the general X–Y relationship
for all treatments and to analyse residuals from individual treatments using the Statistical Toolbox® . Differences between residuals
was analysed using a one-way ANOVA test with P < 0.05.
2.2.1. Zero-ﬂow models
A simple zero-ﬂow model was applied to the three experiments
(Fuentes et al., 2013; Zeppel et al., 2010). The purpose of these zeroﬂow models was to estimate the  s at which Sn was minimal or
close to zero. These zero-ﬂow models were obtained by solving
the equations obtained from the parabolic relationships comparing Sn with midday  S measured the day before (Fuentes et al.,
2013). The two solutions for each model (roots) were obtained
using the “solver” function from MATLAB® R2011b (The Mathworks Inc., Natick, MA, USA). The root closer to the axes origin
(0,0) was considered as the point where the plant closes stomata
due to complete hydration of aerial parts, not requiring water ﬂow
for rehydration/transpiration. The root farthest to the axis origin
(more negative  s ) was considered when plant close stomata due
to severe stress conditions.
3. Results
3.1. Night-time sap ﬂow (Sn ) in response to irrigations (Exp. 1)
In Exp. 1 (cv. Shiraz), Sn was responsive to water supplied and
therefore to soil water availability throughout the season (Fig. 1).
There was a gradual decrease of Sn from DOY 48 to DOY 88 for all
the irrigation treatments, with the exception of DPRD100, which
maintained Sn values of around 0.85 L plant−1 night−1 over most of
the study period (Fig. 1). The Sn response of vines under DPRD100
was delayed after shifting the irrigation from the wet to the dry side
and after short irrigations (DOY 66–68 and DOY 70–72). This delay
can be seen earlier for DPRD50 (DOY 57–59) and it was observed in
a later short irrigation side shift (DOY 73–74) and a long irrigation
shift (DOY 83).
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Fig. 1. Changes of night-time sap ﬂow (Sn ) due to irrigation events (arrows) for different irrigation treatments of Experiment 1 (cv. Shiraz). Thin and thick arrows correspond
to short and long irrigations 4 h and 6 h, respectively. Lines with round markers instead of an arrow tip (top section), correspond to side shifts for PRD treatments (D = drip,
PRD = partial root-zone drying, 100 = 100% irrigated based on crop evapotranspiration, 50 = 50% irrigated based on crop evapotranspiration).

3.2. Relationship between Sn and midday  s (Exp. 1, 2 and 3)
Fig. 2 depicts the relationship between Sn and midday  s for
Exp. 1. Parabolic relationships were found with higher and statistically signiﬁcant R2 for D100 and DPRD100 and lower R2 for D50
and DPRD50 (Table 2). The plateaux of these relationships were
found at Sn = 0.9 L plant−1 night−1 for D100 and DPRD100 and about
0.7 L plant−1 night−1 for D50 and DPRD50. The only treatments that
were statistically different from each other were the PRD (DPRD100
and DPRD50) at P < 0.05, which was assessed using residual statistical analysis (Fig. 2, inset). By applying the zero-ﬂow models
(Table 2), the minimum  s obtained was about −2.43 MPa in average while the maximum was about −0.3 MPa in average. Speciﬁc
differences of maximum and minimum zero-ﬂows per treatments
are shown in Table 2.
When comparing maximum water stress reached on the
previous day and Sn for different treatments in Exp. 1 (end
of data for zone 2), it can be seen that D100, D50 and
DPRD50 reached lower Sn values (Sn = 0.35 L plant−1 night−1 at
 s = −2.0 MPa; Sn = 0.22 L plant−1 night−1 at  s = −2.0 MPa and
Sn = 0.15 L plant−1 night−1 at  s = −2.24 MPa, respectively) (Fig. 2).
This is a reduction of maximum Sn from zone 2 of 65%, 78%
and 85%, respectively. However, DPRD100 reached Sn values of
0.66 L plant−1 night−1 at  s = −2.1 MPa, i.e. a reduction of only 34%
compared to maximum Sn for the same treatment.

Fig. 2. Relationship between night-time sap ﬂow (Sn ) and midday stem water potential ( s ) for ﬁeld-grown grapevines cv. Shiraz under PRD and D irrigation treatments
(D = drip, PRD = partial root-zone drying, 100 = 100% irrigated based on crop evapotranspiration, 50 = 50% irrigated based on crop evapotranspiration) from Experiment
1.

Fig. 3 shows the combined results for the potted experiments
(Exp. 2 (a) and Exp. 3 (b)). Parabolic relationships between  s
and Sn were also found for both experiments with differences
in the plateau and zero ﬂows for water stress conditions. Lack
of data at  s > −0.6 MPa resulted in physiologically non-sensible
zero-ﬂows at higher  s (Table 2). Minimum ﬂows of around
0.07 L plant−1 night−1 were considered as artefacts due to insufﬁcient Sn data at non-water stress levels to obtain zero ﬂow  s
values. For Exp. 3 (cv. Cabernet Sauvignon), the places where data
points should be for days 3 (control), 6 and 10 within the progressive water stress period (PWS) are numbered 1–3 denoting
data points under progressive stress, respectively, and day 14 for
recovering period after re-watering was numbered 4 denoted as
the only data point under recovery in Fig. 3a. The latter point was
not considered in the parabolic curve ﬁtting. Fig. 3b shows the relationship between midday  s and water loss measured with balance
and by up-scaling E obtained at the leaf level to the whole plant.
The parabolic ﬁt was made with the balances data only. The measurement days were labelled from 1 (control) to 3 (PWS), which
corresponded to days 3, 6 and 10 of the experiment, respectively.

Fig. 3. Relationship between night-time sap ﬂow (Sn ) and midday stem water potential ( s ) for progressive water stress treatments for the cv. Cabernet Sauvignon (a)
and cv. Tempranillo (b) corresponding to Experiments 2 and 3, respectively (in pots).
Black ﬁlled circles correspond to fully irrigated treatments; grey ﬁlled circles to mild
water stress conditions and open circles to severe water stress conditions. Triangles for cv. Tempranillo (b) correspond to relationships between up-scaled Enight
measured with LiCor 6400 using total leaf area per plant.
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Table 2
Parabolic models and statistical analysis found for different experiments and treatments (D = drip, PRD = partial root-zone drying, 100 = 100% irrigated based on crop
evapotranspiration, 50 = 50% irrigated based on crop evapotranspiration). The units for night-time sap ﬂow (Sn ) are in L plant−1 night−1 and MPa for stem water potential
( s ).
Cultivar

Treatment

Equation (Sn )

Plateau
(Sn ;  s )

R2

SEE

RMSE

1

Shiraz

D100
D50
DPRD100
DPRD50

−1.041 s 2 − 2.709 s − 0.864
−0.586 s 2 − 1.547 s − 0.318
−0.642 s 2 − 1.888 s − 0.423
−0.715 s 2 − 1.958 s − 0.603

0.90; −1.3
0.70; −1.3
0.96; −1.5
0.74; −1.4

0.82*** (P < 1e−2 )
0.49ns
0.85*** (P < 5e−3 )
0.71** (P < 1e−2 )

0.10
0.13
0.08
0.16

0.11
0.13
0.10
0.14

2

Cabernet Sauvignon

Progressive stress

−0.149 s 2 − 0.191 s + 0.078

0.21; −0.9

0.97*** (P < 0.1e−4 )

3.4e−5

3

Tempranillo

Progressive stress

−0.182 s 2 − 0.322 s + 0.063

0.14; −0.6

0.97*** (P < 0.1e−4 )

5.2e−5

Experiment

For all the experiments, in the parabolic relationships between
 s and Sn , it is possible to identify two distinct areas where these
relationship present different characteristics. It is called zone 1 the
area of Fig. 3 from the high values of  s to the plateau point of
the curves and zone 2 from the latter point to minimum  s values.
There were differences in the maximum Sn for both cultivars and
 s at plateau. The Cabernet Sauvignon cultivar had a maximum
Sn = 0.21 L plant−1 night−1 at  s = −0.9 MPa, whilst cv. Tempranillo
had maximum Sn = 0.14 L plant−1 night−1 at  s = −0.6 MPa.
3.3. Responses of Sn to night-time VPD (Exp. 1)
Fig. 4 shows the relationship between Sn and night-time VPD
for nights after non-water stress days, with  s values within
zone 1 of the parabolic relationships (Fig. 4a) and nights within
zone 2 (Fig. 4b). There were strong and statistically signiﬁcant linear regressions for all treatments when comparing data in zone
1(Table 3). Residual analysis showed that DPRD 50 was the only
treatment that was signiﬁcantly different from the rest at P < 0.05.
However, D100 and DPRD50 differed from D50 and DPRD100 at
P < 0.1 (Fig. 4a, inset). There was no correlation when comparing
data from the zone 2 for all the treatments (Fig. 4b).
3.4. ABA dynamics for experimental days (Exp. 2)
Signiﬁcant differences were found for ABA between the ﬁeld
capacity treatment (control) and progressive stress treatment.
Maximum ABA concentration was found at day 10 followed by a
considerable drop in ABA at day 14 (after rewatering of stressed
vines). The breakdown products did not present signiﬁcant differences between treatments with the exception of DPA for day 6 and
PA for days 6, 10 and 14 of the experiment (P < 0.05) (Fig. 5a–d).
3.5. Behaviour of gnight , Enight and Anight under progressive water
stress conditions
Fig. 6 shows results of night-time gas exchange measurements
for Exp. 3. The general pattern of behaviour for the three days of
Table 3
Linear models and statistical analysis found for the relationship between vapour
pressure deﬁcit at night-time (VPD in kPa) and night-time water uptake by vines
(Sn in L plant−1 night−1 ) from the Experiment 1 (cv. Shiraz) and different treatments (D = drip, PRD = partial root-zone drying, 100 = 100% irrigated based on crop
evapotranspiration, 50 = 50% irrigated based on crop evapotranspiration). Statistical analysis presented with coefﬁcient of determination (R2 ), standard error of
estimates (SEE) and the root mean squared error (RMSE).
Treatment

Equation (VPD = b × Sn )
Slope (b)=

R2

SEE

RMSE

D100
D50
DPRD100
DPRD50

0.803
0.597
0.638
1.261

0.75*** (P < 0.0001)
0.49*** (P < 0.0001)
0.66*** (P < 0.0001)
0.80*** (P < 0.0001)

0.57
0.13
0.08
0.16

0.13
0.13
0.10
0.14

3e−3
1.3e−2

Zero ﬂow (min
 s ; max  s )
−2.23; −0.37
−2.42; −0.22
−2.69; −0.25
−2.38; −0.36
−1.61; NA
−1.95; NA

measurements was minimal gnight values at 21:00, which increased
progressively until 5:00. A sudden gnight increase from 3:00 to 5:00
was found for severe water stress conditions (Fig. 6a). For Enight
the general pattern was slightly different from gnight with minimal
values between 23:00 and 1:00 and maximum values at 21:00 and
5:00 (Fig. 6b).
Signiﬁcant reductions were found for gnight in mild to severe
water stressed vines compared to well watered vines. The reductions in gnight were of the order of 35% for mild stress and up
to 60% for severe stress conditions compared to control vines
in average (Fig. 6d). Similar results were obtained for Enight
(Fig. 6d) with reductions of 25% for mild stress and 50% for
severe stress conditions compared to control vines in average
(Fig. 6d).
Well-watered plants showed the highest rates of Rnight at the
beginning of the night-time cycles (around −1 mol CO2 m−2 s−1 ,
Fig. 6c). Moderate water stress vines showed no reduction in Anight
compared to well-watered plants. However there was a signiﬁcant
reduction of Anight when plants were under severe water stress. On
the other hand, a progressive decline of Anight was observed from
the beginning to the end of the night. This reduction was more evident in well-watered plants, where Anight was 27% lower at the end
compared to the beginning of the night (Fig. 6d). However, Anight
was more constant throughout the whole night period in severe
water stressed plants.

4. Discussion
4.1. Dynamics of Sn for grapevines in ﬁeld conditions
Water application had a strong inﬂuence on night-time water
uptake in grapevines with difference in behaviours related to the
irrigation treatments. Vines under DPRD100 from Exp. 1 kept nighttime water uptake throughout the season. For the DPRD100, there
was a delay in the response of Sn to irrigations when irrigation
was shifted from one side of the root-zone to the other. This
might be related to the early onset of cavitation and embolism
of drying root xylem, which may restrict water ﬂow and delay
the response of DPRD100 vines after rewatering the drying side
with soil moisture levels close to wilting point (Jones, 2004). This
supports the idea that shifting sides every 10 days for PRD treatments for the speciﬁc conditions of the trial in Exp. 1 was too
long.
Root volume and rooting depth is higher for vines under
PRD treatments (Collins et al., 2010; Sharp and Davies, 1989;
Vandeleur et al., 2009). This will expose higher root volume to
drying conditions on longer wet and dry cycles of PRD, increasing chances of cavitation. Alternatively the delayed response to
irrigations could be a consequence of root rehydration liberating ABA sequestered in dried roots and restoration of sapﬂow
through the roots mobilising ABA to transpiration stream (Dodd,
2007).
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Fig. 4. Relationship between night-time sap ﬂow (Sn ) and night-time vapour pressure deﬁcit (VPD) from data in zone 1 of the parabolic relationship found for Experiment
1 (cv. Shiraz) for different treatments (a) and zone 2 (b). D = drip, PRD = partial root-zone drying, 100 = 100% irrigated based on crop evapotranspiration, 50 = 50% irrigated
based on crop evapotranspiration.
(b)

4.2. Parabolic relationship between Sn and midday  s as a
response to internal (ABA) and external (VPD) factors
This study showed parabolic relationships between Sn and
midday  s for all the experiments and cultivars. This data is consistent with results obtained in similar experiments on Almond
trees [Prunnus dulcis (Mill.) Webb] in Australia (Fuentes et al.,
2013). Two zones were identiﬁed for this relationship in grapevines
according to different levels of stress. Zone 1 was characterised
by increasing levels of Sn while decreasing levels of Sn are found
in zone 2. Plateaux of the parabolic relationships were found at
 s corresponding to none to mild water stress conditions, with
the exception of cv. Tempranillo (Exp. 2). In the latter the maximum Sn was found at  s of about −0.6 MPa, corresponding to
non-water stress conditions. However, the literature cited for levels of  s refers to the cultivars Concord, Merlot, Chardonnay and
Cabernet Sauvignon, none of which show a clear water conservative
behaviour such as Tempranillo (Schultz, 2003; Soar et al., 2006).
Speciﬁcally this parabolic pattern between  s and Sn can be
described starting from the right side of the graphs (Figs. 2 and 3),

which showed higher midday  s values from the previous day and
lower Sn . These observations coincided with milder atmospheric
demand (Fig. 4a). When the soil moisture surrounding the root zone
starts to deplete (lower  s within zone 1), Sn starts to increase. This
period coincide with higher diurnal atmospheric demand, reduced
water availability in the soil and lower water potentials in the vine.
Approaching levels of mild water stress and maximum Sn the curves
reach a plateau. Roots in drying soil will synthetise ABA, which is
later translocated via xylem to the leaves resulting in partial stomata closure reducing gs in the day (Loveys et al., 2004, 2005; Stoll
et al., 2000a, 2000b). Zone 2 of the Sn vs Sn parabolic relationship
for Exp. 3 (Fig. 3, data marked as 3) coincided with higher levels of
ABA at day 10 (Fig. 5a). After rewatering of stressed plants, Sn levels
did not return completely (Fig. 3, data marked as 4) to non-stressed
conditions (Fig. 3, data marked as 1), even though  s values were
in non-water stress conditions for this cultivar at this same point
( s = −0.72 MPa). This effect is in accordance with the ABA data
for day 14 with concentrations of ABA = 149 ng mL−1 . This demonstrates that ABA was not completely ﬂushed out of leaves after
rewatering stressed plants at ﬁeld capacity for 3 days (Fig. 5a). This

Fig. 5. Leaf sap concentration, obtained from Experiment 2, of (a) abscisic acid (ABA) and breakdown products analysis: (b) ABA-glucosyl ester (ABA-GE), (c) dihydrophaseic
acid (DPA) and (d) phaseic acid (PA) for fully irrigated Cabernet Sauvignon vines (ﬁlled markers) and progressive stressed vines (open markers). Asterisks represent statistically
signiﬁcant differences between treatments at P < 0.05.
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Fig. 6. Night-time gas exchange trends expressed as night-time stomatal conductance (gnight ) (a) night-time transpiration (Enight ) (b) and respiration (Rnight ) (c) for Experiment
3 (cv. Tempranillo) under well-watered conditions (black line), mild water stress (dotted bold line) and severe water stress (dotted light line) for three night-time measurement
cycles. (d) Gas exchange changes in percentage from mild stress conditions measured as midday stem water potential ( s = −0.81 MPa) of non-water stress ( s = −0.61 MPa)
and severe stress ( s = −1.37 MPa).

could be a further indication of a decoupling factor due to hormonal
signals between Sn and  s that could explain the parabolic relationship (Figs. 2 and 3a,b) as an adaptive behaviour of plants to conserve
water at night-time and to use Sn for rehydration rather than Enight
in zone 2 as shown for Almond trees (Fuentes et al., 2013). Wellirrigated plants maintained an almost constant ABA concentration
in the leaf sap of about 45 ng mL−1 during the experiment, which is
consistent with similar values found for  s and Sn for well-irrigated
plants during the whole experiment (Fig. 3a, data marked as 1).
Results for Exp. 2 showed that gnight and Enight are reduced as
consequence of lower  s in the previous day. At daytime, it was
shown for Shiraz that PRD and DI treatments decreased gs due
to hormonal signalling changing the anisohydric behaviour of this
cultivar to a more isohydric-like behaviour. This was achieved by
regulating gs due to hormonal signalling (ABA) produced from the
roots in drying soil (Collins et al., 2009). Results from the latter
study also showed that there is an effect of increased sensitivity of
gs to VPD at daytime. Therefore, similar internal and external factors
may play a role in diurnal and night-time physiological behaviour
of gs and E.
Results of high and signiﬁcant correlations between Sn and VPD
for zone 1 and no correlation for zone 2 of data from parabolic
curves between Sn and  s (Fig. 4) are consistent with those
obtained for Quercus sp. under control and drought conditions
comparing Enight and VPD (Moore et al., 2008). This could be an
indication that stomata are opening in nights that fall in conditions
found in zone 1, with atmospheric demand being the main driver
of water uptake by plants. This is considered an indirect observation, since it is not possible to discriminate just by assessing sap
ﬂow data whether night-time water uptake corresponds to Enight or
rehydration of stems and organs. However, this observation is
supported by the gas exchange data from Exp. 3 in which gnight
and Enight were at maximum levels in non-water stress conditions (plateau of zone 1) and they were signiﬁcantly reduced from

mild to severe water stress conditions (Fig. 6a and b, respectively),
which correspond to zone 2 of the parabolic curve found between
Sn and  s . Results from Exp. 2 further support this observation
as it showed increasing levels of ABA in leaves sap from mild to
severe water stress conditions (Fig. 5a), therefore were associated
to increasing levels of partial stomata closure at day and nighttime.
As shown in Fig. 1, the DPRD100 treatment maintained similar
levels of Sn throughout the season. This effect can be explained by
an increased root volume and depth for PRD treatments reported
elsewhere for this same experiment (Collins et al., 2009). Higher
stomatal control and higher root volume increases the buffer capacity of soils (soil moisture) to maintain physiological functioning of
grapevines at day and night-time even under severe water stress
conditions.
The cultivar Tempranillo has been often reported having isohydric behaviour (Antolín et al., 2006; Bota et al., 2004b; Kavanagh
et al., 2007). In this case, Sn varied from 0.15 L plant−1 night−1 , for
non-stressed conditions, to 0.04 L plant−1 night−1 for severe water
stress conditions. The curve obtained was again a parabolic relationship with data representing the plateau and zone 2. The curve
was extrapolated to estimate zone 1 due to lack of data at lower
water stress levels (Exp. 3; Fig. 3b). Zone 1 ranged in  s values
from 0 to a plateau of −0.6 MPa, and zone 2 ranged from −0.6 MPa
to −1.45 MPa. A gradual decline of Sn was observed from the beginning (−0.6 MPa, non-stress), middle (−0.8 MPa, mild stress) and
end (−1.45 MPa, severe stress) of the experiment. Even though the
cv. Tempranillo is considered to be a “water conservative” cultivar
(Antolín et al., 2006; Bota et al., 2004b; Kavanagh et al., 2007), at
severe water stress conditions ( s = −1.5 MPa) values of Sn were
down to 0.04 L plant−1 night−1 for this study. This is a decrease
of 73% compared to maximum Sn , which are comparable values
obtained for the cv. Shiraz (anisohydric) under severe water stress
conditions.
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There were similar night-time patterns of gas exchange parameters for well irrigated and water stressed Tempranillo vines with
lower Enight and gnight at mid-night that increased until pre-dawn.
These results are consistent with ﬁndings by (Kavanagh et al., 2007)
for the same cultivar under 100% ETo and 30% ETo irrigation treatments and the same environmental conditions as Exp. 2a. In this
case, reductions in gnight were in the order of 60% for ETo, 30% compared to control vines and 56% reduction of Enight for stressed vines
compared to control. In the same study, a non-irrigated treatment
was included, which showed reductions in gnight and Enight of 92%
and 87%, respectively, reaching almost complete stomatal closure.
In the latter case, lower gnight values can be attributed to cuticular
conductance (0.009 mol H2 O m−2 s−1 ). There was an incremental
increase in gas exchange parameters just before dawn, which has
been previously observed for other species studied also under ﬁeld
conditions (Bucci et al., 2004). Furthermore, it has been also found
that circadian rhythms might play a role in the rising of gnight and
Enight at pre-dawn (Dodd and Parkinson, 2004).
Therefore, at severe water stress conditions (zone 2 in cv. Tempranillo), there was minimal transpiration and Sn can be attributed
to minimal rehydration and cuticular transpiration. At the end of
this zone, cv. Tempranillo vines had minimal recovery capacity
from severe water stress, which was in contrast to results found
for the cv. Shiraz under DPRD100.
Variations of Rnight could have been mostly attributable to temperature under irrigation and moderate water stress. However,
under severe water stress Rnight becomes reduced and unrelated
to VPD. Since, under these conditions, photosynthesis rates are
strongly reduced (Escalona et al., 1999; Flexas et al., 2002) while
carbohydrate export from leaves, although somewhat reduced, is
still active (Bota et al., 2004a), it is possible that Rnight becomes
mostly limited by severe stress-induced reduction of substrate
availability.
4.3. Implications of night-time transpiration and rehydration in
the whole-plant water budget
Since Sn occurs without photosynthesis, it contributes to
decreased WUE when the higher contributor is Enight (Caird et al.,
2007). However, as the data in this study has shown, there was
an indication that Sn from vines under mild to moderate water
stress (zone 2) contributed to reduced gnight and Enight , with nighttime water uptake most probably corresponding to rehydration of
xylem and organs within the vine. It has been shown that internal
hydraulic redistribution may alleviate plant water stress by maintaining shallow root function (Domec et al., 2004), maintaining cell
turgor for plant growth (Hsiao and Xu, 2000), preventing loss of
root hydraulic conductivity (Nobel and Cui, 1992), supplying water
for night-time increases in leaf turgor (Blum and Johnson, 1992)
and presumably maintaining leaf water content in plants exposed
to drought (Andrea and Franco, 1999). Internal hydraulic redistribution has also been hypothesised to mitigate drought conditions
by reﬁlling root xylem embolisms (McCully, 1999) and by preserving plant root viability (Huang, 1999). Even under severe drought
conditions, such as Exp. 1 (cv. Shiraz), if a portion of the root system was maintained in wet soil, internal hydraulic redistribution
can continue to occur, and ﬁne roots in the dry soil locations can
retain their function (Caldwell et al., 1998), minimising the effect
of root cavitation. This was not always the case for Exp. 1 (Fig. 1),
where 10 days between shifting PRD sides was too long, especially
when applying short irrigations.
From a physiological and water balance point of view, it is
more beneﬁcial for vines to utilise Sn to recharge stems, leaves and
organs rather than lose this water by transpiration. Furthermore,
differences in Sn , Enight and gnight were cultivar dependant, which
is in agreement with previous studies (Escalona et al., 2013). For

example Flexas et al. (2010) found that cv. Tempranillo consumed
less water by night than cv. Manto Negro under water stress, the latter being more drought-resistant than the former. Therefore, more
studies are required for different cultivars to characterise internal
and external signals that play a role in the behaviour of gnight , Enight
and Sn . This knowledge could serve to devise management strategies for future warming scenarios due to climate change, which
have forecasted increments of night-time temperatures at a higher
rate than diurnal temperatures (Brunetti et al., 2000; Easterling
et al., 1997). In this scenario, it is expected there will be higher
gnight and Enight for grapevines under non-water stress and mild
water stress conditions (Rogiers and Clarke, 2013), which are characterised by the ﬁrst region of parabolic curves found so far for
grapevines, almond trees (Fuentes et al., 2013) and citrus trees
(Fuentes et al., unpublished).
5. Conclusions
The value of understanding Sn and its partitioning between Enight
and reﬁlling per cultivar is based on: (i) it provides the contribution information of internal water storage to the total daily water
consumption; (ii) stored water has a marked effect on surface
energy budget during periods of vine water stress; (iii) provides
understanding of the reﬁlling process of depleted stem water by
the daytime transpiration. Therefore, further research is required
to assess dynamics of Sn compared to diurnal plant water status
parameters for different grapevine cultivars. Irrigation techniques,
such as PRD and DI could be used to manipulate not only day-time
stomatal behaviour but also gnight , Enight and Sn , contributing in this
way to further increments in WUE for isohydric and anisohydric
grapevine cultivars. Up to now, signiﬁcant amounts of night-time
transpiration in grapevines have been reported compared to daytime values up to mild water stress conditions, which need to be
considered for evapotranspiration modelling and water budgeting.
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