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An increase in xylem embolism resistance of grapevine leaves
during the growing season is coordinated with stomatal
regulation, turgor loss point and intervessel pit membranes
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 Although xylem embolism resistance is traditionally considered as static, we hypothesized

that in grapevine (Vitis vinifera) leaf xylem becomes more embolism-resistant over the growing season.
 We evaluated xylem architecture, turgor loss point (ΨTLP) and water potentials leading to
25% of maximal stomatal conductance (gs25) or 50% embolism in the leaf xylem (P50) in
three irrigation treatments and at three time points during the growing season, while separating the effects of leaf age and time of season.
 Hydraulic traits acclimated over the growing season in a coordinated manner. Without irrigation, ΨTLP, gs25, and P50 decreased between late May and late August by 0.95, 0.77 and
0.71 MPa, respectively. A seasonal shift in P50 occurred even in mature leaves, while irrigation
had only a mild effect (< 0.2 MPa) on P50. Vessel size and pit membrane thickness were also
seasonally dynamic, providing a plausible explanation for the shift in P50.
 Our findings provide clear evidence that grapevines can modify their hydraulic traits along
a growing season to allow lower xylem water potential, without compromising gas exchange,
leaf turgor or xylem integrity. Seasonal changes should be considered when modeling ecosystem vulnerability to drought or comparing datasets acquired at different phenological stages.

Introduction
Plants evolved a water transport system that relies on water sustaining a tensile force. From a thermodynamic perspective, water
under tension should be vaporized (Or & Tuller, 2002). Still, the
steric organization of water molecules and the limited nucleation
points inside the xylem are assumed to enable the xylem sap to
maintain a liquid metastable state (Dixon & Joly, 1895). These
system conditions imply the following problem: when the tension grows beyond a certain threshold, as a result of high water
demand and/or low water availability, the xylem sap vaporizes (a
process known as xylem cavitation). Cavitation results in the formation of a gas bubble (embolism) inside a xylem conduit, thus
breaking its hydraulic continuity. However, the structure of bordered pits restricts the embolism to a single xylem conduit, meaning that a single cavitation event may not spread and therefore is
not necessarily catastrophic (Delzon et al., 2010; Johnson et al.,
2020). However, if the tension intensifies, the gas could spread
into the xylem network, reducing the capacity of the plant to
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deliver water to its leaves and can lead to leaf shedding and even
death (Tyree et al., 1993; Choat et al., 2018).
To maintain the integrity of their hydraulic system, plants
maintain a safety margin, usually defined as values of water
potential (Ψ) between complete stomatal closure and 12%, 50%
or 88% cavitation (P12, P50, P88; Pammenter & Van der Willigen, 1998; Martin-StPaul et al., 2017). In most – if not all –
species, the safety margin is positive, meaning that complete
stomatal closure precedes any sign of cavitation, as illustrated in
Fig. 1 (solid gray and dashed gray lines; Martin-StPaul et al.,
2017; Creek et al., 2020). For example, in potted grapevines, a
common model plant for hydraulic studies (Brodersen et al.,
2013), complete stomatal closure occurred before leaf wilting
and 0.3 MPa before the first cavitation event (Hochberg et al.,
2017b; Dayer et al., 2020). Differences between these processes
were even more remarkable when the timing of stomatal closure
and cavitation is considered. Full stomatal closure occurred 3 d
before cavitation. Once cavitation had occurred, substantial leaf
wilting was observed (Hochberg et al., 2017b). Accordingly,
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these authors assumed that stomatal regulation would prevent
cavitation in the vineyard under most conditions (including
moderate drought stress) and that vines that do not exhibit wilting or leaf shedding did not get to their P12.
In apparent contradiction, the xylem water potentials (Ψx) that
are frequently measured in vineyards during late summer in the
Mediterranean or semiarid regions (Martorell et al., 2015;
Munitz et al., 2018; Netzer et al., 2019) are near the reported P50
of grapevine leaves ( 1.9 < P50 < 1.2 MPa; Charrier et al.,
2016; Hochberg et al., 2016a, 2017b; Dayer et al., 2020).
Because such vineyards maintain their stomata open
(30 < gs < 150 mmol m 2 s 1) and do not show any visible signs
of wilting or leaf shedding, we should consider one of two possibilities. The first option is that late in the season grapevines are
prone to cavitation (Munitz et al., 2018) and when approaching
harvest, grape leaves maintain their stomata open and drive their
xylem sap into cavitating water potentials (Ψx; Fig. 1, solid black
and dashed gray lines). This could be viewed as a profitable strategy for a plant that desires to maximize its productivity before
winter dormancy. The second option, and the one which we
advocate for, is that P50 is a plastic trait, shifting in coordination
with other hydraulic traits to more negative values as the season
progresses (Fig. 1, solid black and dashed black lines).
Evidence for a seasonal shift of hydraulic traits can be found in
the turgor loss point (ΨTLP), known for its seasonal plasticity
(Bartlett et al., 2014; Marechaux et al., 2017; Degu et al., 2019).
Owing to the high correlation between stomatal regulation and
ΨTLP (Brodribb et al., 2003; Farrell et al., 2017; Creek et al.,
2020), it is probable that the Ψ of stomatal closure will also
adjust to lower values during the season. There are even a few
studies that supported a seasonal shift in stem (Kolb & Sperry,
1999) or leaf P50 (Martorell et al., 2015), but this possibility has
been given little attention. In fact, many studies tried to estimate

the amount of xylem embolism by following the seasonal dynamics of Ψ and combining it with a constant xylem vulnerability
curve (VC; e.g. Hochberg et al., 2016b). Establishing the seasonal
plasticity of plants could resolve this contradiction and open up a
new perspective on how we comprehend plants’ drought
response.
In the current study, we monitored three hydraulic traits
(stomatal closure, ΨTLP and leaf vulnerability to cavitation)
throughout a single growing season. We hypothesized that these
three hydraulic traits shift in a coordinated way to support turgor
maintenance and gas exchange at lower Ψ as the season progresses, but also to maintain a constant safety margin. We applied
three irrigation treatments to determine if the plasticity in the
traits measured would depend on the water availability conditions. Additionally, to comprehend if the seasonal plasticity in
P50 is a function of leaf age or the time of season, we compared
the young (but fully mature) leaves in late May with both young
leaves and old leaves (taken from the same nodal position) at the
end of August. Finally, to understand the anatomical differences
that are associated with the plasticity of P50, we monitored petiole vessel diameter and pit membrane thickness throughout the
growing seasons, which are both important characteristics associated with hydraulic efficiency and drought-induced embolism
resistance (Kaack et al., 2019).

Materials and Methods
Experimental setup
The study was conducted in the 2019 growing season in an
experimental vineyard (Vitis vinifera cv Cabernet Sauvignon) that
had several irrigation treatments (as described later) during seven
successive years, from 2012 to 2019 (Ohana-Levi et al., 2020).

Fig. 1 Potential seasonality trend of leaf hydraulic traits: stomatal regulation (gs; solid line), turgor loss point (TLP; arrow), and xylem vulnerability to
cavitation (cavitation; dashed line). The gray color represents the commonly reported coordination between the three parameters (e.g. Creek et al., 2020).
The solid black line and black arrow, in combination with the gray dashed line, demonstrate the possibility that osmotic adjustment modifies stomatal
regulation to drive plants into cavitating xylem water potential (Ψx) at the end of the growing season. The black color for all parameters demonstrates the
hypothesis that seasonal shift of all three traits drives them into lower Ψxwhile maintaining a similar safety margin.
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The vineyard was located in the central mountain region of
Israel (32.2°N, 35.1°E), 759 m above sea level. The precipitation
was 650 mm in the 2018–2019 winter, and the last rain was on
20 April 2019. The daily minimum and maximum temperatures,
the vapor pressure deficit (VPD) and the potential evapotranspiration for this season are presented in Supporting Information
Fig. S1. Budbreak occurred on 1 April and leaf fall commenced
at the end of October. The irrigation treatments were as follows:
no irrigation (NI), deficit irrigation (DI), and super irrigation
(SI). The DI treatment received 127 mm during the season: 40%
from maximal vine water consumption (ETc) until veraison, and
10% from veraison until harvest. Irrigation was applied once a
week. The SI treatment was composed of six vines planted in six
lysimeters filled with local Terra Rossa soil, with a total volume
of 1.47 m3 (Munitz et al., 2019). Irrigation was applied on an
hourly basis, that is, 24 irrigation pulses d–1 during the entire
growing season, to ensure ’optimum soil water conditions’
(Pereira et al., 2015). The daily irrigation amount exceeded the
vines’ estimated daily ETc by 10–20%.
The SI treatment was applied to six vines, grown side by side in
lysimeters, and considered as six replicates. The NI and DI treatments were applied to 48 vines, organized in four random blocks
(12 vines in a block), considered as four replicates. Row orientation was east–west, and the vines were trained to a vertical shoot
positioning training system with two foliage wires. The vines were
designed as a bilateral cordon and pruned during the winter to 16
spurs per vine, each comprising two buds. The vines were fertilized
and sprayed for pests following the local commercial growing practices. Because the SI treatment suffered from downy mildew from
the middle of July, it was terminated, and data for that treatment
was available only for the first half of the season.
In the 2019 season, physiological parameters such as xylem
water potential, gas exchange, leaf area index and leaf osmotic
content were evaluated periodically. Leaf responses to dehydration were evaluated at three time points during the experiment
(late May, early July and late August). Shoots were brought to
the laboratory and dehydrated while their VCs and stomatal closure dynamics were recorded. In parallel, leaves were sampled to
analyze their anatomical properties.
Field measurements
he field measurements were taken weekly on the same plants,
three plants from each of the four plots for NI and DI treatments,
and six plants from the SI treatment. Leaf area index (LAI) was
measured weekly during canopy development and every fortnight
for the remainder of the season using a canopy analysis system
(SunScan model SS1-R3-BF3; Delta-T Devices, Cambridge,
UK) as described in Munitz et al. (2018)
During the season, we marked the newly formed leaves (< 3
cm2). The length of the midrib and the petiole of six of the newly
formed leaves from each treatment were measured weekly until
reaching their final size. This procedure allowed us to know when
we sampled the leaves in relation to leaf growth.
Midday xylem water potential (Ψx) was measured weekly with
a pressure chamber (model Arimad 3000; MRC, Hulon, Israel;
Ó 2020 The Authors
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or model 600D; PMS, Albany, OR, USA) at midday (from
12:00 to 14:30 h) on the day before the DI treatment was irrigated. Measurements were conducted following the protocol
described by Boyer (1995). Sunlit, fully expanded leaves were
bagged for at least 30 min before the measurement with plastic
bags covered with aluminum foil. The time elapsing between leaf
excision and chamber pressurization was < 15 s.
Every 2 wk, gas exchange measurements were made at midday
using a commercial gas exchange system (Li-6400; Li-Cor Inc.,
Lincoln, NE, USA) on the youngest fully expanded mature leaf.
The conditions were set to photosynthetic active radiation (PAR)
of 1000 µmol m 2 s 1, a flow rate of 500 µmol s 1, 400 µmol
CO2 mol 1 with ambient humidity and temperature.
Generating VCs
Embolism spread was evaluated using the optical technique (Brodribb et al., 2016) in dehydrating shoots three times during the
season: late May (20 May–2 June), July (2–23 July) and August
(19–25 August). On each of these dates, the youngest fully
mature leaf was monitored for embolism spread. Additionally, to
evaluate the seasonal and environmental (available water) effects
on the VC of a leaf, we compared the embolism resistance of four
mature leaves that were measured in May with that of August
leaves taken from the same nodal positions as the ones measured
in May.
On those dates, we collected four shoots (1.5 m long) from
each treatment before sunrise and immediately recut them underwater. During the trip back to the laboratory (1 h), the cut shoots
were kept submerged underwater and covered with a dark plastic
bag. In the laboratory, we verified that the Ψx was close to zero,
and then started to dehydrate them for 3 d while imaging the
youngest fully mature leaf. Leaves were imaged every 5 min with
a scanner (9000F mark II; Canon) or with a custom-built imaging clamp (http://www.opensourceov.org). The imaged area was
at least 300 mm2 in the center of the leaf and encompassed all
vein orders, including the midrib. Ψx was measured on other
bagged leaves from the same shoot every 1 to 8 h using a pressure
chamber (model 600D; PMS) to capture the dehydration
dynamics at a 0.2 MPa interval. A best-fit regression model of the
Ψx vs time was used to determine the Ψx of all the images. Image
sequences were then analyzed as described in http://www.open
sourceov.org/process/ to determine the embolized area for each
image and generate the VC, expressed as a percentage of
embolized pixels vs Ψx.
Evaluation of the embolism degree
The optical vulnerability method requires that no embolism is
present in the leaf before the dehydration starts. This was evident
by comparing Ψx measured in the vineyard with the generated
VC. Additionally, to directly evaluate the degree of embolism, we
used the reversed light transmission technique (Hochberg et al.,
2017b). At three different dates, we collected five branches from
the NI treatment at the time it exhibited its lowest Ψx throughout
the season (middle of August to the middle of September). The
New Phytologist (2020)
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shoots were recut underwater and transported to the laboratory
while their cut ends were dipped in water (to avoid dehydration)
and their canopy was still transpiring to avoid refilling (Knipfer
et al., 2016). In the laboratory, the youngest fully mature leaf was
tightly taped to a custom-built imaging clamp and imaged once.
To refill potentially embolized conduits, we pressurized the
branch with water at 0.2 MPa for 10 min before the leaf was
imaged again. From each image, we measured the gray value of
10 random polygons, containing 200–400 pixels, taken from the
first and second vein orders. Then, the gray value ratio of after/
before pressurization was calculated for each leaf. No difference
in gray values (a ratio of 1) suggests that no embolism was present
in the leaf. As a positive control (leaf with embolism), we
repeated this protocol with four branches that were bench-dehydrated to an average Ψx of 2.15 MPa. As a negative control (leaf
without embolism), we measured leaves from the SI treatment
for which Ψx was never < 0.5 MPa.
Stomatal regulation throughout dehydration
In the same weeks of shoot collection for the VC, we also sampled four branches from the NI treatment (in the same manner
as described earlier for VC) to measure the stomatal conductance
dynamics during dehydration. It was previously shown that measuring the relation between gs and Ψx for a bench-dehydrating
grapevine shoot resulted in a similar curve to that acquired when
drying the whole plant (Tombesi et al., 2014). The measurements took place in an environmentally controlled room with
steady light (100 µmol m 2 s 1), humidity (40%), and temperature (30°C). Apart from the youngest fully mature leaf, all other
leaves were bagged to increase the dehydration time of the
branch. The youngest fully mature leaf was attached to a gas
exchange system (Li-6400 or Li-6800; Li-Cor) set to
PAR = 1000 µmol m 2 s 1 and 400 µmol CO2 mol 1 in the
cuvette with ambient temperatures and humidity. Gas exchange
measurements were logged every 2 min. When gs was stable (after
c. 1 h), the branches were disconnected from the water reservoir.
When the stomatal conductance decreased to at least 20% of its
initial value (typically 4–6 h from the beginning of dehydration),
we stopped the measurement. Throughout dehydration, Ψx was
monitored every 30–60 min (in the same manner as described for
the VC generation). A best-fit regression model of Ψx vs time was
used to determine the Ψx of every gs measurement. Then, to generate the stomatal response curve, gs, expressed as a percentage of
the initial value, was plotted against Ψx.
Osmolality measurements
Every 2 wk, osmolality was measured on the same leaves used for
Ψx measurements. From each leaf, two pieces from both sides of
the midrib were placed in two 1.5 ml plastic tubes that were
immediately frozen in liquid nitrogen. Leaves were frozen c.
3 min after excision. In the laboratory, the tubes were thawed
and centrifuged at 20,200 g (Eppendorf 5417R, Hamburg, Germany) for 1 min. The extracted sap was measured in a vapor pressure osmometer (Vapro 5600; Wescor Inc., Logan, UT, USA)
New Phytologist (2020)
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and the mean of the two halves of the leaf was taken as leaf osmolality (mmol kg 1).
Turgor loss point calculation
Turgor loss point was calculated from leaf osmolality (p), leaf
water potential (Ψl; assuming it is lower than the Ψx by 0.2 MPa,
as shown by Williams & Araujo (2002) for many grape cultivars),
symplastic water content fraction (sf) and cell wall elasticity (e). A
detailed explanation of the turgor loss point calculation appears
in Methods S1.
Anatomy
Petioles were collected in May, July and August. We sampled the
six uppermost mature leaves per treatment. The petioles were sectioned by sliding microtome, stained in phloroglucinol-HCL and
analyzed as described in Shtein et al. (2017).
Transmission electron microscopy (TEM) was used for leaf
samples collected in May, July and September. The fresh samples
were shipped to Ulm University and prepared for TEM following a standard protocol (Li et al., 2016; Schenk et al., 2018).
Only a single sample was prepared per month for each treatment.
For both light microscopy and TEM, in the last sampling date
we also collected basal leaves that were already mature during the
sampling in May. A detailed protocol for the preparation, image
acquisition and image analysis can be found in Methods S2.
Statistics
All analyses were computed in R v.3.5.2. The differences between
treatments and dates were tested using a one-way ANOVA with
Tukey honestly significant difference post hoc test using the AGRICOLAE package. To create the curves of the vulnerability to cavitation and stomatal response to dehydration (Fig. 3) that can be
averaged with their corresponding repetitions and be compared
with other treatments, for each measurement, we round the Ψx
by 0.05 MPa, and then averaged the values and their corresponding percentage cavitation, or % gs.

Results
Vineyard measurements
Physiological parameters were measured periodically to follow
the treatment status (Fig. 2). Canopy development was mostly in
the first month after budbreak. By June, the SI treatment had the
highest LAI with 1.6 m2 m 2, while the DI and the NI had 1.2
and 0.9 m2 m 2, respectively (Fig. 2a). During the first 2 months
of the experiment, soil water content was adequate to give high
predawn water potentials (ΨPD) in the three treatments
(> 0.2 MPa). While the SI vines maintained a stable midday Ψx
of c. –0.4 MPa during the entire season, Ψx of the two other treatments decreased from 0.4 to 1.3 MPa at harvest (Fig. 2b).
The DI treatment had higher Ψx in the first 8 wk after budbreak
as compared with the NI. Later in the season, both treatments
Ó 2020 The Authors
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had similar Ψx, probably because the irrigation of the DI was
reduced from 40% to 10% ETc in accordance with the irrigation
protocol. The seasonal patterns of net photosynthetic assimilation, An, and gs were similar in all treatments.
Gas exchange rapidly increased at the beginning of the season
and gradually decreased, starting in July. By the beginning of
September,
gs
decreased
to
0.05  0.011
and
0.04  0.005 mol m 2 s 1, and An decreased to 4.4  0.6 and

3.5  0.6 µmol m 2 s 1 for the DI and NI treatments, respectively. The highest values for the SI, DI and NI treatments were
0.42  0.02, 0.3  0.03, and 0.2  0.04 mol m 2 s 1 for gs,
respectively,
and
16.1  0.3,
15.3  0.2,
and
13.8  0.4 µmol m 2 s 1 for An (Fig. 2c,d). The leaves accumulated osmolytes in all treatments during the season. DI and NI
accumulated osmolytes gradually from 332  18 and
302  40 mmol kg 1 at the beginning of May, to 700  30 and

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Physiological and vegetative parameters measured in the three irrigation treatments of grapevines: super irrigation (SI, black circles), deficit irrigation
(DI, gray triangles), and no irrigation (NI, white squares). (a) leaf area index (LAI); (b) midday (symbols) and predawn (bar graph) xylem water potential
(Ψx,); (c) net photosynthetic assimilation (An); (d) stomatal conductance (gs); (e) leaf midday osmolality; (f) turgor loss point (ΨTLP). Because the SI
treatment suffered from downy mildew from the middle of July, it was terminated, and data for that treatment are available only for the first half of the
season. Each value is the mean of four replicates (three leaves per replicate, 12 leaves in total) except for the SI treatment, which consists of six repetitions.
The gray area represents the SE.
Ó 2020 The Authors
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693  46 mmol kg 1 at the beginning of September, respectively. Osmotic concentration was lower in the SI treatment and
increased from 255  15 mmol kg 1 at the beginning of May to
430  35 mmol kg 1 in mid-June, but then maintained a similar
osmotic content for the remainder of the experiment (Fig. 2e).
Based on these osmotic values, the calculated ΨTLP of the SI
treatments decreased from
0.69  0.04 MPa in May to
1.2  0.05 MPa in July, and the ΨTLP of DI and NI decreased
from
0.9  0.03 and
0.83  0.04MPa in May to
1.88  0.04 and 1.86  0.05 MPa at the beginning of
September, respectively (Fig. 2f). Statistical comparison of these
physiological parameters is presented in Table S1.
Bench dehydration in May, July and August showed high seasonal plasticity and high coordination between the hydraulic
traits measured. In the NI treatment, for which we also evaluated
the stomatal regulation in bench-dehydrated shoots, it was coordinated with ΨTLP and xylem embolism resistance (Figs 3, 4),
maintaining a safety margin between 0.36 and 0.83 MPa, with
Ψx values corresponding to 25% stomatal conductance (gs25) and
P12. Absolute gs values were higher in May and July
(gs100 = 0.156  0.028 and 0.16  0.028 mol m 2 s 1, respectively) than in August (gs100 = 0.104  0.007 mol m 2 s 1).
Remarkably, the coordination of these three parameters (gs25,
ΨTLP, P12) was maintained despite their seasonal plasticity.
Namely, they all showed a similar decline as the season progressed. The gs25 changed significantly (P < 0.001) from
1.01  0.05 MPa in May to 1.25  0.04 in July and to
1.78  0.1 MPa in August, while at the same time the P12
changed significantly (P < 0.001) from 1.55  0.07 MPa in
May to 1.83  0.03 in July and to 2.15  0.11 MPa in
August. ΨTLP changed from
0.9  0.06 in May to
1.44  0.05 in July and 1.85  0.05 in August. The raw data
of Fig. 3 are available in Fig. S2. The high coordination between
the different hydraulic traits is further manifested by the high
correlation (R2 = 0.96) between ΨTLP and P12 for all of the irrigation treatments throughout the growing season (Fig. 4).
Contrary to the large coordinated hydraulic shift through the
growing season, we found only a minor change in hydraulic vulnerability in response to the irrigation treatment. In fact, over the
growing season, P12, P50 and P88 were not significantly different
between the treatments. Only on a few occasions were significant
differences measured showing a 0.1–0.2 MPa drought acclimation: P12 in May was significantly higher in the SI vines
( 1.33  0.03 MPa) than in the DI vines ( 1.5  0.06 MPa),
and in July the P12 of SI plants ( 1.68  0.07) was significantly
higher than those from the DI treatment ( 1.76  0.03 MPa)
(Fig. S3; Table 1).
As we always sampled the ‘youngest fully mature leaf’ as the
growing season progressed, leaves from further up the shoot were
collected. To understand if the seasonal plasticity is limited to
newly formed leaves, or if leaves formed earlier in the season
could also change their hydraulic traits, we measured again at the
end of the season (August) leaves from the same nodal position as
those that were measured at the beginning of the season (the basal
leaf that was formed on 6 May). We found that in the NI treatment leaves formed early in the season also changed, and became
New Phytologist (2020)
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less vulnerable to cavitation with time (Fig. 5; Table 1). The P12
and P50 of the leaves formed on 6 May were significantly more
vulnerable at 3 wk after leaf formation ( 1.55 and 1.89 MPa,
respectively) than at 16 wk after formation ( 1.82 and
2.5 MPa). Still, the P12 was not as low as that of leaves formed
on 1 July (P12 = 2.15  0.11 MPa), although the P50 values
were similar ( 2.6 MPa).
As noted, the optical vulnerability technique assumes that no
embolism was present before measurement. This was confirmed
based on the Ψx values that never approached the P12 of even the
most vulnerable leaves. To show that the reduction in the whole
plant hydraulic conductivity (Fig. S4) was not related to xylem
embolism, we used the reverse optical technique (Hochberg
et al., 2017b). The measurement confirmed that no embolism
was present in the vineyard even in the NI treatment in late
August or early September (lowest Ψx measured throughout the
experiment). The gray value ratio of the most stressed leaf was
close to 1, implying that no cavitation had occurred in the vineyard. The value was similar to the negative control (SI treatment;
0.99  0.03) and significantly lower than the positive control
(1.07  0.01) shoots that were bench-dried to an average Ψx of
2.15 MPa (Fig. 6).
Growth rate, leaf morphology and anatomy were similar in the
DI and NI treatments. They did, however, show significant
changes during the season, exhibiting significant decreases in
leaves that were formed later in the season. Maximal growth rate
and final size of newly formed leaves gradually decreased as the
season progressed (Figs 7, S5). Maximal growth rate, single leaf
area and petiole diameter of NI plants decreased from
7.9 mm d 1, 83.8  5.06 cm2 and 2.3  0.06 mm in May to
4.7 mm d 1, 53.53  3.19 cm2 and 1.71  0.05 mm in July,
and to 2.2 mm d 1, 24.1  1.92 cm2 and 1.28  0.03 mm in
August, respectively (Table 2). These changes were also reflected
in the xylem anatomical parameters measured. Mean vessel diameter decreased significantly during the season, but no significant differences between treatments were observed. For example, in the NI
treatment, mean vessel diameter in the center of the midrib
decreased from 23.69  0.34 µm in May to 21.42  0.31 µm in
July, and to 16.92  0.24 µm in August (Table 2). In addition,
the vessel structural strength (t/b)2 was not significantly different
between the treatments or between May and July, but had a significant increase in August in plants from both the DI and NI treatments. For example, in the NI treatment, (t/b)2 increased from
0.0024  0.00022 in July to 0.0043  0.00051.
Surprisingly, pit membrane thickness (TPM) showed considerable seasonal shrinkage (Figs 8, 9b). TPM was significantly
reduced between May and July, from 643.9  23.9 to
296.5  59.5 nm, for all treatments (Table 2). The reduction in
TPM over the growing season was also noticeable when sampling
leaves from the same nodal position. Leaves that were formed
early in the season (fifth nodal position) in the NI treatment had
a relatively high TPM in May (474.1  39.5 nm), but when sampled again in August, TPM (303.3  72.6 nm) had reduced considerably, showing values that were similar to the apical leaves in
August (389.5  13.2 nm). Leaves of the NI treatment in May
showed considerably thinner pit membranes (474.1  39.5) than
Ó 2020 The Authors
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Fig. 3 Coordinated hydraulic plasticity of grapevines from the no irrigation treatment. Stomatal conductance (gs; solid lines), turgor loss point (ΨTLP;
arrows) and xylem embolism resistance (dashed lines) of the leaves during the growing season (May, blue; July, green; August, red). The gray area
represents the SE (n = 4). The raw data for the figure are presented in Supporting Information Fig. S2.

Fig. 4 Relationship between turgor loss point (ΨTLP) and 12% cavitation (P12) during the growing season (May, blue; July, green; August, red) in
grapevines from three irrigation regimes: super irrigation (SI, circles), deficit irrigation (DI, triangles) and no irrigation (NI, squares). For ΨTLP, each value is
the mean of four replicates (three leaves per replicate) except for the SI treatment which had six replicates (one leaf per replicate). P12 is the average of four
leaves, and the bars represent the SE.

leaves collected at the same time from SI (725.2  42.3) and DI
treatments (690.8  26.7). Minor differences in TPM were found
for the DI and NI treatments between July and August, with
TPM values of c. 300–400 nm. In July and August, the leaves
from treatments that exhibited lower P12 were found to have
higher TPM (Fig. 9b). For example, the increased xylem vulnerability in August compared with July was accompanied by higher
TPM in August than July for both the DI (340.3  14.4 nm vs.
287.4  8.3) and NI treatments (389.5  13.2 vs
309.6  15.3 nm). Additionally, the most resistant leaf in terms
of xylem vulnerability (NI in August) also had the highest TPM
(389.51  13.2 nm). Besides TPM, there was also a considerable
change in electron density of pit membranes between the leaves
Ó 2020 The Authors
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collected in May and later in the growing season. Pit membranes
in May were highly transparent and had a low contrast under
TEM (Fig. 8a–d), while darker pit membranes with a granular
appearance were more pronounced in July and September
(Fig. 8e–h).

Discussion
Seasonal plasticity of plant hydraulics
Our results show that a seasonal shift in xylem embolism resistance is well coordinated with ΨTLP and stomatal regulation
dynamics (Fig. 3). This leads to the affirmation of the hypothesis:
New Phytologist (2020)
www.newphytologist.com

New
Phytologist

8 Research

Table 1 Xylem embolism resistance of grapevine leaf veins obtained by the optic vulnerability method in June, July and August in the three treatments
(super irrigation, SI; deficit irrigation, DI; no irrigation, NI).
Leaf formation time

Treatment

Sampling time

N

6 May

SI
DI
NI
SI
DI
NI
SI
DI
NI
NI

May

3
4
5
4
4
4

1.33  0.03Aa
1.5  0.06Aab
1.55  0.07Ab
1.68  0.07Ba
1.76  0.03Bb
1.83  0.03Bab

1.92  0.09Aa
1.79  0.05Aa
1.89  0.02Aa
2.03  0.1Aa
2.07  0.06Ba
2.15  0.04Ba

2.44  0.54Ab
2.16  0.71Aa
2.09  0.3Aa
2.35  0.26Aa
2.56  1.77ABa
2.65  1.1Ba

4
4
4

2.1  0.05Ca
2.15  0.11Ca
1.82  0.08B

2.53  0.1Ca
2.6  0.07Ca
2.6  0.16C

2.99  1.5Ca
3.11  0.96Ca
3.27  0.26C

17 June

1 July

6 May

July

P12 (MPa)

P50 (MPa)

P88 (MPa)

August

August

Values are averages  SE. Capital letters indicate statistically significant differences (a = 0.05) between dates within the same treatment based on one-way
ANOVA followed by post hoc Tukey HSD test, and small letters indicate differences between treatments on the same date.

Fig. 5 Comparison of the vulnerability to cavitation as a function of leaf age or time of season in grapevines at the no irrigation treatment. The mean
vulnerability curve shown was measured on the apical youngest fully mature leaf in May (leaf formation on 6 May; blue squares) and August (leaf
formation on 1 July; red squares) and on the basal leaf in August (formed on 6 May; black squares). The gray area beside the lines represents the SE (n = 4).

the safety margin is maintained throughout the season
(c. 0.4 MPa between stomatal closure and the onset of cavitation).
This safety margin is similar to those previously reported for potted grapevines (Hochberg et al., 2017b), and their seasonal maintenance explains the species’ ability to support gas exchange while
avoiding embolism despite a seasonal decline in Ψx. Our results
match those of Martorell et al. (2015), who measured the
hydraulic vulnerability of grapevine leaves using the rehydration
kinetics method, and found that P88 is significantly more negative in August than in July or June, and bears a high correlation
with ΨTLP. The seasonal decrease in ΨTLP is well documented in
grapevines (Patakas et al., 1997; Alsina et al., 2007; Martorell
et al., 2015) as well as in many other species (Bowman &
Roberts, 1985; Bartlett et al., 2014), but a seasonal increase in
embolism resistance of leaves is far less explored (Martorell et al.,
New Phytologist (2020)
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2015). The finding of a coordinated seasonal plasticity presents a
new perspective for our understanding of plant hydraulics, indicating that hydraulic traits are more seasonally dynamic than previously thought.
In general, the ability of the xylem vulnerability to adjust in
response to environmental pressure is well documented. Exposure
to light/shade (Lemoine et al., 2002; Schoonmaker et al., 2010),
fertilization (Harvey & Van Den Driessche, 1999; Beikircher
et al., 2019) and drought stress (Stiller, 2009; Awad et al., 2010;
Cardoso et al., 2018) led to substantial xylem plasticity. Thus,
the seasonal change of xylem vulnerability presented in this study
should not come as a surprise, especially when considering the
enormous environmental changes experienced by deciduous
species grown in Mediterranean climates between budbreak and
leaf fall. In fact, this coordinated hydraulic shift seems to be the
Ó 2020 The Authors
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Fig. 6 Evaluation of the cavitation level in leaves from the vineyard based on the relative change in the gray values of the midrib (after/before
pressurization). Measured leaves (gray) are those that experienced the lowest xylem water potential (Ψx,) throughout the experiment (the no irrigation (NI)
treatment during late August and early September). The positive control is composed of leaves that were taken from the same treatment at the same time
and bench-dehydrated to an average Ψx of 2.15 MPa (orange). The negative control represents leaves from the SI treatment, which did not experience
water stress (blue). The data are presented as a whisker plot. n = 5. ***, P < 0.001 (statistically significant difference).

(a)

(b)

Fig. 7 (a, b) Lengths of midribs (circle; a) and petioles (triangle; b) of grapevine leaves throughout the growing season. The different colors represent the
time of leaf formation as the visible light spectrum from 21 April to 24 June. Data are averages for all treatments. Each line represents the mean of at least
10 leaves. The gray area represents the SE.

Ó 2020 The Authors
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Table 2 Leaf anatomy parameters of grapevine in May, July and August in the three treatments (super irrigation, SI; deficit irrigation, DI; no irrigation, NI).

Treatment

Date

SI
DI
NI
SI
DI
NI
SI
DI
NI

May

Leaf area (cm2)

July

August

70.59  5.35Aa
83.76  7.82Aa
83.8  5.06Aa
43.84  2.66Ba
55.85  3.69 Ba
53.53  3.19 Ba
–
22.58  1.52Ca
24.1  1.92Ca

Petiole diameter (mm)

Mean vessel
diameter (µm)

(t/b)2

Pit membrane thickness (nm)

2.4  0.14
2.6  0.08
2.3  0.06
1.71  0.07
1.73  0.05
1.71  0.05
–
1.23  0.04
1.28  0.03

24  0.38Aa
25.89  0.36Aa
23.69  0.34Aab
20.3  0.25Bab
20.73  0.29 Bab
21.42  0.31 Ba
–
16.83  0.38Ca
16.92  0.24Ca

0.0029  0.00043Ba
0.0024  0.00053Ba
0.0026  0.00032Ba
0.0029  0.0003Ba
0.0026  0.00031Ba
0.0024  0.00022Ba
–
0.005  0.00034Aa
0.0043  0.00051Aa

725.22  42.37Aa
690.78  26.74Aa
474.07  39.48Ab
289.93  18.01 Ba
287.42  8.31Ba
309.56  15.33Ca
340.26  14.39Bb
389.51  13.24Ba
303.3  72.6*

Values are means of six samples  SE. Capital letters indicate statistically significant differences (a = 0.05) between dates within a specific treatment based
on one-way ANOVA followed by post hoc Tukey’s honestly significant difference test, and small letters indicate differences between treatments on the
same date. *The value represents the basal leaf of the NI treatment that was formed on 6 May, and leaves of the same age from the same node sampled in
August.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 8 Transmission electron microscopy images of grapevine showing pit membranes (PM, arrows) in intervessel pits of xylem at the base of the midrib.
Samples were prepared from the youngest fully mature leaves collected in May (a–d), July (e, g, h), and August (f), and followed three different watering
regimes: super irrigation (d, h), no irrigation (a, b, e, f) and deficit irrigation (c, g). Pit membranes in spring showed a very low electron density, were
sometimes invisible (a), and relatively thick (a–d), while more electron-dense and thinner pit membranes were observed in early and late summer (e–h).

desired strategy for any species that generally experiences high
water availability early in the spring and gradually drier conditions as the summer progresses. This notion is supported by Kolb
New Phytologist (2020)
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& Sperry (1999), who showed a more than 3 MPa decline in P50
of Artemisia tridentata stems as summer progressed and the soil
dried out. In grapevines, Charrier et al. (2018) showed that stem
Ó 2020 The Authors
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(a)

(b)

Fig. 9 (a, b) Relationship between mean vessel diameter (a) or pit membrane thickness (b) and P12in the three treatments at the vineyard (super irrigation
(SI), circles; deficit irrigation (DI), triangles; and no irrigation (NI), squares). Measurement time is represented by different colors (May, blue; July, green;
apical leaf in August, red). The black squares represent the basal leaves measured in August, which were formed on the same date as those measured in
May. Mean vessel diameter was measured on five petioles. For pit membrane thickness, the averages represent more than 15 pits that were measured in
one leaf per treatment. P12 values are averages of four replicates. The error bars represent the SE. The dashed lines and R2 in panel (b) were calculated
without the May group data for the pit membrane thickness.

P50 values shifted from 2.1MPa in July to 2.8MPa in
September. As many studies did not consider the potential effect
of seasonality on hydraulic traits, it could be speculated that
many other species that experience significant seasonal changes in
ΨTLP (Bartlett et al., 2014) will also shift their embolism resistance.
Seasonal hydraulic plasticity seems to be, in part, a predetermined strategy rather than only a response to the seasonal change
in the environment. Generally, in field conditions, it is hard to
separate seasonal plasticity from drought acclimation because frequently, as the season progresses, drought frequencies, duration
and intensity increase. Considering the atmospheric conditions,
this was not the case in the current experiment where VPD was
higher in May than in June, July and August (Fig. S1b). Therefore, the hydraulic plasticity of the SI treatment (Table 1;
Fig. S2), despite its constant high water availability, implies that
in grapevines, hydraulic plasticity is partly a function of leaf maturation. In support, the small – and mostly insignificant –
Ó 2020 The Authors
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modification of the VC or ΨTLP with respect to the water treatment (Table 1; Fig. S3) suggests that drought has a limited ability
to shape grapevine hydraulics compared with the developmental
changes. This is surprising in comparison to the large effect
drought has on the VC of other species (Stiller, 2009; Awad
et al., 2010; Cardoso et al., 2018), but in agreement with previous experiments that did not find improved xylem resistance in
grapevine leaves (Hochberg et al., 2017a) or other species (Lamy
et al., 2014) that were acclimated to drought. Moreover, the limited drought acclimation response of grapevines can also be
inferred from the limited osmotic adjustment that drought treatments caused in several studies (c. 0.3 MPa) compared with the
much larger seasonal osmotic adjustment (c. 1 MPa) (Fig. 2e;
Alsina et al., 2007; Martorell et al., 2015). The magnitude of the
seasonal change in osmotic adjustment seems reasonable when
considering the challenges it presents to a deciduous species that
has to regrow its entire canopy in a relatively short period. The
osmotic content of leaves is composed of many inorganic ions
New Phytologist (2020)
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(Downton & Loveys, 1981; Patakas et al., 2002; Degu et al.,
2019) and their transport from the soil and accumulation in tissues takes time. This is especially true for the early-season leaves
that are formed when the growth rate is very fast compared with
the limited supply of minerals (Fig. S4). In accordance with that,
Patakas & Noitsakis (2001) showed that the immature grapevine
leaf relies mostly on sugars (coming from previous year’s storage)
as osmolytes, replaced primarily by inorganic ions upon maturation. The factors that account for the major seasonal changes in
the VC are more elusive, especially because we still lack a clear
understanding of the drought-induced xylem cavitation mechanism (Jansen et al., 2018).
Seasonal anatomical changes with respect to cavitation
Air-seeding from adjacent embolized conduits is currently the
most probable explanation for drought-induced xylem cavitation
(Cochard et al., 1992; Schenk et al., 2015; Hochberg et al.,
2019). Based on the rare pit hypothesis, large vessels with a high
number of intervessel pits would increase the likelihood of airseeding (Christman et al., 2012). Accordingly, if vessel dimensions would be positively related to the number of intervessel pits,
the high correlation of xylem vulnerability with the vessel size can
be linked to air-seeding (Fig. 9a; Saliendra et al., 1995). Having
said that, this correlation (Fig. 9a) might be incidental because
plants that sustain higher tensions require smaller vessels to prevent xylem collapse (Hacke et al., 2001). In support of an indirect
relationship, the basal leaves that were formed early in the season
and measured in August had large vessels despite low vulnerability to cavitation. Other factors, such as reduced lignification or
partial cell wall thickening, could also contribute to the higher
xylem vulnerability experienced by early-season leaves (Lens
et al., 2016). Therefore, we should consider the possibility that
more than one anatomical feature determines the likelihood of
air-seeding. The surprising shift in P50 of mature leaves could
have resulted from changes in xylem sap composition, affecting
surface tension, and also from dynamic structural changes. Even
mature xylem elements are ‘only mostly dead’ (https://youtu.be/
xbE8E1ez97M) and some processes, such as cell wall thickening
and lignification, can occur with the assistance of living neighboring cells (Barros et al., 2015; Blokhina et al., 2019).
The seasonal shift in xylem vulnerability to cavitation could
result from the pit membrane structure, which is shown here for
the first time to represent a dynamic trait by itself. Previously
reported pit membrane thickness for grapevines (185 nm; Jansen
et al., 2009) is probably an underestimation as a result of irreversible shrinkage. The thickness measured in the current
research (280–390 nm) seems to better represent the native pit
membrane thickness of grapevines. When pit membranes
undergo hydrolysis, slight swelling of the pit membrane has been
observed (Schmid & Machado, 1968). It has also been shown
that pit membranes become more electron-dense as the season
progresses (Schmid & Machado, 1968; Wheeler, 1981). However, any major change in shrinkage has previously been
attributed to aspiration and dehydration (Tixier et al., 2014;
Zhang et al., 2020), which are unlikely to explain the large
New Phytologist (2020)
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shrinkage between May and summer (Fig. 8). The correlation
between pit membrane thickness and P12 in July and August
matches previous findings (Jansen et al., 2009, 2012), which
showed that thicker pit membranes lead to lower vulnerability to
cavitation. As a 50% shrinkage of pit membranes is associated
with a c. 23% reduction of the pore volume fraction (Zhang
et al., 2020), smaller pore dimensions of shrunken pit membranes in summer are probably an explanation for the increased
embolism resistance and do not contradict the overall relationship between embolism resistance and pit membrane thickness
(Li et al., 2016; Kaack et al., 2019). Therefore, the thick pit
membranes that were measured in May did not confer high resistance to cavitation of those leaves. How seasonal changes in electron density of pit membranes (Fig. 8) affect embolism resistance
is currently unknown and would require further research on the
functional role of xylem sap lipids (Schenk et al., 2015, 2018;
Yang et al., 2020).
What is the probability of cavitation in vineyards? Potential
limitations for dataset extrapolations
The current dataset also highlights the problematic extrapolation
of pot experiments into field-scale scenarios. Most of the available
VC for grapevine leaves were acquired for potted vines
(Hochberg et al., 2016b, 2017b; Charrier et al., 2018; Dayer
et al., 2020). Those experiments suggested that cavitation starts
between 1 and 1.5 MPa and that P50 is between 1.2 and
1.9 MPa, slightly more vulnerable than the VC we measured in
May. Combining these values with Ψx measured under deficit
irrigation conditions in the vineyard, 2 < Ψx < 1.2 MPa (e.g.
Martorell et al., 2015; Netzer et al., 2019) was interpreted as substantial cavitation (Munitz et al., 2018). However, the VCs measured in July and August clearly demonstrate that P12 values
( 1.8 MPa and 2.1 in July and August, respectively) are Ψx
values that vines seldomly experience in the field. In support,
Choat et al. (2010) also did not see an increase in cavitation in
the stem, despite a reduction of Ψx from 0.7 to 1.3 MPa
between fruit set and post-harvest. More important than the cavitation values themselves is the physiological sequence of events
through dehydration. Stomatal closure and ΨTLP preceded cavitation throughout the season; accordingly, even in the rare event
that Ψx would drop below 2 MPa in the vineyard, we suspect
that the leaf VC should be modified accordingly and that cavitation is unlikely, unless the vines experience complete stomatal
closure and wilting. Furthermore, cavitation should also lead to
basal leaf shedding (Hochberg et al., 2017b) and its absence
implies that no substantial degree of cavitation had taken place.
The difference between pots and vineyards probably originates
from the significantly larger root volume accompanied by a more
abundant soil water reservoir in plants growing in the field. As a
result, dehydration of field-grown vines is much longer than pots
(Essiamah & Eschrich, 1985; Bota et al., 2001). In most vineyard
experiments, a drop of 0.4 MPa (the safety margin) takes several
weeks (Fig. 2), and it would be even slower if stomata had been
closed. During the slow dehydration under field conditions, the
vines have time to adapt and to shift their hydraulic properties, as
Ó 2020 The Authors
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a function of soil dehydration and/or maturation. Accordingly,
by the time Ψx approaches the cavitation threshold of early-season leaves (at least 2 months after budbreak), the hydraulic characteristics of the vines have already been modified. These
different values between pots and field experiments and the difference in hydraulic traits between the early season and the late
season could explain why some meta-analysis (taking the VC and
stomatal closure curves from different studies) results in a negative safety margin for some species, contrary to studies that simultaneously measured gs and cavitation (Hochberg et al., 2017b;
Creek et al., 2020).
The ability of plants to modify their hydraulic traits suggest
that wilting and cavitation will only occur in one of two scenarios: when Ψx drops below the minimum value to which the vines
can acclimate; or when the changes in Ψx are faster than the plant
acclimation rate. Although we do not have any information on
xylem vulnerability acclimation thresholds, we do know that
ΨTLP in grapevines can be as low as 2.5MPa (Alsina et al.,
2007), lower than any reported measurement of grapevines’ Ψx.
Furthermore, the P12 values measured in August in this experiment ( 2.1 MPa) are not common in vineyards, implying that
scenario 1 is not probable. On the other hand, fast changes in Ψx
(scenario 2) are likely under heatwaves or when the soil waterholding capacity is low (karstic or sandy soils) compared with the
canopy transpiration demand. The risk is even more significant
in specific cultivars known for their high transpiration rates (e.g.
Syrah) and towards the end of the season when plant hydraulic
resistance is high (Fig. S4; Schultz, 2003; Choat et al., 2010). In
support, late-season heatwaves frequently lead to leaf shedding in
specific cultivars (Syrah, Malbec, Carignan and others), and vineyard managers are encouraged to take precautions (increased irrigation dosage and frequency) under such scenarios.
To conclude, our measurements provide clear evidence for significant and coordinated seasonal hydraulic plasticity in
grapevines. This plasticity can occur even in mature leaves with
mostly differentiated xylem. The plasticity of the VC is probably
linked to the remarkable changes in pit membrane structure
throughout the season and can explain the ability of grapevines
to maintain photosynthesis despite growing xylem tension without compromising its hydraulic integrity.

Acknowledgements
We thank Dr Shabtai Cohen for reviewing the manuscript. SJ
thanks Andrea Huppenberger and the Electron Microscopy Unit
of Ulm University for preparation of the TEM samples. Financial
support to SJ was provided by grants from the German Research
Foundation (nos. 383393940 and 410768178). Financial support to YN for field study was provided by grants from the Ministry of Science and Technology (no. 6-6802), Israel, the
Ministry of Agriculture and Rural Development (no. 31-010013), Israel, and the Israeli Wine Grape Council. The authors
would like to thank the dedicated growers, Yoav David, Itamar
Weis, and Shlomi Cohen. We thank Yossi Shteren for assisting
in the field measurements.
Ó 2020 The Authors
New Phytologist Ó 2020 New Phytologist Trust

Research 13

Author contributions
YS performed the experiment with help from SG and YN. IS performed the petiole anatomical measurements. SJ performed the
SEM measurements. UH conceived the experiment and wrote
the main body of the text with a major contribution from YS,
YN and SJ.

ORCID
Uri Hochberg https://orcid.org/0000-0002-7649-7004
Steven Jansen https://orcid.org/0000-0002-4476-5334
Yishai Netzer https://orcid.org/0000-0003-3142-4116
Ilana Shtein https://orcid.org/0000-0002-2281-3550

References
Alsina MM, De Herralde F, Aranda X, Save R, Biel CC. 2007. Water relations
and vulnerability to embolism are not related: experiments with eight grapevine
cultivars. Vitis 46: 1–6.
Awad H, Barigah T, Badel E, Cochard H, Herbette S. 2010. Poplar vulnerability
to xylem cavitation acclimates to drier soil conditions. Physiologia Plantarum
139: 280–288.
Barros J, Serk H, Granlund I, Pesquet E. 2015. The cell biology of lignification
in higher plants. Annals of Botany 115: 1053–1074.
Bartlett MK, Zhang Y, Kreidler N, Sun S, Ardy R, Cao K, Sack L. 2014. Global
analysis of plasticity in turgor loss point, a key drought tolerance trait. Ecology
Letters 17: 1580–1590.
Beikircher B, Losso A, Gemassmer M, Jansen S, Mayr S. 2019. Does
fertilization explain the extraordinary hydraulic behaviour of apple trees?
Journal of Experimental Botany 70: 1915–1925.
Blokhina O, Laitinen T, Hatakeyama Y, Delhomme N, Paasela T, Zhao L,
Street NR, Wada H, K€a rk€onen A, Fagerstedt K. 2019. Ray parenchymal cells
contribute to lignification of tracheids in developing xylem of Norway spruce.
Plant Physiology 181: 1552–1572.
Bota BJ, Flexas J, Medrano H. 2001. Genetic variability of photosynthesis and
water use in Balearic grapevine cultivars. Annals of Applied Biology 138: 353–
361.
Bowman WD, Roberts SW. 1985. Seasonal and diurnal water relations
adjustments in three evergreen chaparral shrubs. Ecology 66: 738–742.
Boyer JS, ed. 1995. Chapter 2: pressure chamber. In: Measuring the water status of
plants and soil. San Diego, CA, USA: Academic Press., 13–48.
Brodersen CR, Mcelrone AJ, Choat B, Lee EF, Shackel KA, Matthews MA.
2013. In vivo visualizations of drought-induced embolism spread in vitis
vinifera. Plant Physiology 161: 1820–1829.
Brodribb TJ, Holbrook NM, Edwards EJ, Gutierrez MV. 2003. Relations
between stomatal closure, leaf turgor and xylem vulnerability in eight tropical
dry forest trees. Plant, Cell & Environment 26: 443–450.
Brodribb TJ, Skelton RP, Mcadam SAM, Bienaime D, Lucani CJ, Marmottant
P. 2016. Visual quantification of embolism reveals leaf vulnerability to
hydraulic failure. New Phytologist 209: 1403–1409.
Cardoso AA, Brodribb TJ, Lucani CJ, DaMatta FM, McAdam SAM. 2018.
Coordinated plasticity maintains hydraulic safety in sunflower leaves. Plant,
Cell & Environment 41: 2567–2576.
Charrier G, Delzon S, Domec JC, Zhang L, Delmas CEL, Merlin I, Corso D,
King A, Ojeda H, Ollat N et al. 2018. Drought will not leave your glass
empty: low risk of hydraulic failure revealed by long-term drought observations
in world’s top wine regions. Science Advances 4: 1–10.
Charrier G, Torres-Ruiz JM, Badel E, Burlett R, Choat B, Cochard H, Delmas
CEL, Domec JC, Jansen S, King A et al. 2016. Evidence for hydraulic
vulnerability segmentation and lack of xylem refilling under tension. Plant
Physiology 172: 1657–1668.

New Phytologist (2020)
www.newphytologist.com

14 Research
Choat B, Brodribb TJ, Brodersen CR, Duursma RA, Lopez R, Medlyn BE.
2018. Triggers of tree mortality under drought. Nature 558: 531–539.
Choat B, Drayton WM, Brodersen C, Matthews MA, Shackel KA, Wada HIR,
McElrone AJ. 2010. Measurement of vulnerability to water stress-induced
cavitation in grapevine: a comparison of four techniques applied to a longvesseled species. Plant, Cell & Environment 33: 1502–1512.
Christman MA, Sperry JS, Smith DD. 2012. Rare pits, large vessels and extreme
vulnerability to cavitation in a ring-porous tree species. New Phytologist 193:
713–720.
Cochard H, Cruiziat P, Tyree MT. 1992. Use of positive pressures to establish
vulnerability curves: further support for the air-seeding hypothesis and
implications for pressure-volume analysis. Plant Physiology 100: 205–209.
Creek D, Lamarque LJ, Torres-Ruiz JM, Parise C, Burlett R, Tissue DT,
Delzon S. 2020. Xylem embolism in leaves does not occur with open stomata:
evidence from direct observations using the optical visualization technique.
Journal of Experimental Botany 71: 1151–1159.
Dayer S, Herrera JC, Dai Z, Burlett R, Lamarque LJ, Delzon S, Bortolami G,
Cochard H, Gambetta GA. 2020. The sequence and thresholds of leaf
hydraulic traits underlying grapevine varietal differences in drought tolerance.
Journal of Experimental Botany 71: 4333–4344.
Degu A, Hochberg U, Wong DCJ, Alberti G, Lazarovitch N, Peterlunger E,
Castellarin SD, Herrera JC, Fait A. 2019. Swift metabolite changes and leaf
shedding are milestones in the acclimation process of grapevine under
prolonged water stress. BMC Plant Biology 19: 1–17.
Delzon S, Douthe C, Sala A, Cochard H. 2010. Mechanism of water-stress
induced cavitation in conifers: bordered pit structure and function support the
hypothesis of seal capillary-seeding. Plant, Cell & Environment 33: 2101–2111.
Dixon HH, Joly J. 1895. XII. On the ascent of sap. Philosophical Transactions of
the Royal Society of London 31: 563–576.
Downton W, Loveys B. 1981. Abscisic acid content and osmotic relations of saltstressed grapevine leaves. Functional Plant Biology 8: 443.
Essiamah S, Eschrich W. 1985. Changes of starch content in the storage tissues of
deciduous trees during winter and spring. IAWA Journal 6: 97–106.
Farrell C, Szota C, Arndt SK. 2017. Does the turgor loss point characterize
drought response in dryland plants? Plant, Cell & Environment 40: 1500–1511.
Hacke UG, Sperry JS, Pockman WT, Davis SD, McCulloh KA. 2001. Trends in
wood density and structure are linked to prevention of xylem implosion by
negative pressure. Oecologia 126: 457–461.
Harvey HP, Van Den Driessche R. 1999. Nitrogen and potassium effects on xylem
cavitation and water-use efficiency in poplars. Tree Physiology 19: 943–950.
Hochberg U, Albuquerque C, Rachmilevitch S, Cochard H, David-Schwartz R,
Brodersen CR, McElrone A, Windt CW. 2016a. Grapevine petioles are more
sensitive to drought induced embolism than stems: evidence from in vivo MRI
and microcomputed tomography observations of hydraulic vulnerability
segmentation. Plant, Cell & Environment 39: 1886–1894.
Hochberg U, Bonel AG, David-Schwartz R, Degu A, Fait A, Cochard H,
Peterlunger E, Herrera JC. 2017a. Grapevine acclimation to water deficit: the
adjustment of stomatal and hydraulic conductance differs from petiole
embolism vulnerability. Planta 245: 1091–1104.
Hochberg U, Herrera JC, Cochard H, Badel E. 2016b. Short-time xylem
relaxation results in reliable quantification of embolism in grapevine petioles
and sheds new light on their hydraulic strategy. Tree Physiology 36: 748–755.
Hochberg U, Ponomarenko A, Zhang YJ, Rockwell FE, Holbrook NM. 2019.
Visualizing embolism propagation in gas-injected leaves. Plant Physiology 180:
874–881.
Hochberg U, Windt CW, Ponomarenko A, Zhang YJ, Gersony J, Rockwell FE,
Holbrook NM. 2017b. Stomatal closure, basal leaf embolism, and shedding
protect the hydraulic integrity of grape stems. Plant Physiology 174: 764–775.
Jansen S, Choat B, Pletsers A. 2009. Morphological variation of intervessel pit
membranes and implications to xylem function in angiosperms. American
Journal of Botany 96: 409–419.
Jansen S, Klepsch M, Li S, Kotowska MM, Schiele S, Zhang Y, Schenk HJ.
2018. Challenges in understanding air-seeding in angiosperm xylem. Acta
Horticulture 1222: 13–20.
Jansen S, Lamy J, Burlett R, Cochard H, Gasson P, Delzon S. 2012.
Plasmodesmatal pores in the torus of bordered pit membranes affect cavitation
resistance of conifer xylem. Plant, Cell & Environment 35: 1109–1120.
New Phytologist (2020)
www.newphytologist.com

New
Phytologist
Johnson KM, Brodersen C, Carins-Murphy MR, Choat B, Brodribb TJ. 2020.
Xylem embolism spreads by single-conduit events in three dry forest
angiosperm stems. Plant Physiology 184: 212–222.
Kaack L, Altaner CM, Carmesin C, Diaz A, Holler M, Kranz C, Neusser G,
Odstrcil M, Schenk HJ, Schmidt V. 2019. Function and three-dimensional
structure of intervessel pit membranes in angiosperms: a review. IAWA Journal
40: 673–702.
Knipfer T, Cuneo IF, Brodersen CR, McElrone AJ. 2016. In situ visualization of
the dynamics in xylem embolism formation and removal in the absence of root
pressure: a study on excised grapevine stems. Plant Physiology 171: 1024–1036.
Kolb KJ, Sperry JS. 1999. Differences in drought adaptation between subspecies
of sagebrush (Artemisia tridentata). Ecology 80: 2373–2384.
Lamy JB, Delzon S, Bouche PS, Alia R, Vendramin GG, Cochard H, Plomion
C. 2014. Limited genetic variability and phenotypic plasticity detected for
cavitation resistance in a Mediterranean pine. New Phytologist 201: 874–886.
Lemoine D, Cochard H, Granier A. 2002. Within crown variation in hydraulic
architecture in beech (Fagus sylvatica L): evidence for a stomatal control of
xylem embolism. Annals of Forest Science 59: 19–27.
Lens F, Picon-Cochard C, Delmas CEL, Signarbieux C, Buttler A, Cochard H,
Jansen S, Chauvin T, Doria LC, Del Arco M. 2016. Herbaceous angiosperms
are not more vulnerable to drought-induced embolism than angiosperm trees.
Plant Physiology 172: 661–667.
Li S, Lens F, Espino S, Karimi Z, Klepsch M, Schenk HJ, Schmitt M, Schuldt
B, Jansen S. 2016. Intervessel pit membrane thickness as a key determinant of
embolism resistance in angiosperm xylem. IAWA Journal 37: 152–171.
Marechaux I, Bartlett MK, Iribar A, Sack L, Chave J. 2017. Stronger seasonal
adjustment in leaf turgor loss point in lianas than trees in an Amazonian forest.
Biology Letters 13: 819.
Martin-StPaul N, Delzon S, Cochard H. 2017. Plant resistance to drought
depends on timely stomatal closure. Ecology Letters 20: 1437–1447.
Martorell S, Medrano H, Toma s M, Escalona JM, Flexas J, Diaz-Espejo A.
2015. Plasticity of vulnerability to leaf hydraulic dysfunction during
acclimation to drought in grapevines: an osmotic-mediated process. Physiologia
Plantarum 153: 381–391.
Munitz S, Netzer Y, Shtein I, Schwartz A. 2018. Water availability dynamics
have long-term effects on mature stem structure in Vitis vinifera. American
Journal of Botany 105: 1443–1452.
Munitz S, Schwartz A, Netzer Y. 2019. Water consumption, crop coefficient and
leaf area relations of a Vitis vinifera cv. ‘Cabernet Sauvignon’ vineyard.
Agricultural Water Management 219: 86–94.
Netzer Y, Munitz S, Shtein I, Schwartz A. 2019. Structural memory in
grapevines: early season water availability affects late season drought stress
severity. European Journal of Agronomy 105: 96–103.
Ohana-Levi N, Munitz S, Ben-Gal A, Netzer Y. 2020. Evaluation of withinseason grapevine evapotranspiration patterns and drivers using generalized
additive models. Agricultural Water Management 228: 105808.
Or D, Tuller M. 2002. Cavitation during desaturation of porous media under
tension. Water Resources Research 38: 11–19.
Pammenter NWvd, Van der Willigen C 1998. A mathematical and statistical
analysis of the curves illustrating vulnerability of xylem to cavitation. Tree
Physiology 18: 589–593.
Patakas A, Nikolaou N, Zioziou E, Radoglou K, Noitsakis B. 2002. The role of
organic solute and ion accumulation in osmotic adjustment in drought-stressed
grapevines. Plant Science 163: 361–367.
Patakas A, Noitsakis B. 2001. Leaf age effects on solute accumulation in waterstressed grapevines. Journal of Plant Physiology 158: 63–69.
Patakas A, Noitsakis B, Stavrakas D. 1997. Adaptation of leaves of Vitis vinifera
L. to seasonal drought as affected by leaf age. Vitis 36: 11–14.
Pereira LS, Allen RG, Smith M, Raes D. 2015. Crop evapotranspiration estimation
with FAO56: past and future. Agricultural Water Management 147: 4–20.
Saliendra NZ, Sperry JS, Cotock JP. 1995. Influence of leaf water status on
stomatal response to humidity, hydraulic conductance, and soil drought in
Betula occidentalis. Planta: An International Journal of Plant Biology 196: 357–
366.
Schenk HJ, Espino S, Rich-Cavazos SM, Jansen S. 2018. From the sap’s
perspective: the nature of vessel surfaces in angiosperm xylem. American Journal
of Botany 105: 172–185.
Ó 2020 The Authors
New Phytologist Ó 2020 New Phytologist Trust

New
Phytologist
Schenk HJ, Steppe K, Jansen S. 2015. Nanobubbles: a new paradigm for airseeding in xylem. Trends in Plant Science 20: 199–205.
Schmid R, Machado RD. 1968. Pit membranes in hardwoods—fine structure
and development. Protoplasma 66: 185–204.
Schoonmaker AL, Hacke UG, Landh€a Usser SM, Lieffers VJ, Tyree MT. 2010.
Hydraulic acclimation to shading in boreal conifers of varying shade tolerance.
Plant, Cell & Environment 33: 382–393.
Schultz HR. 2003. Differences in hydraulic architecture account for nearisohydric and anisohydric behaviour of two field-grown Vitis vinifera L.
cultivars during drought. Plant, Cell & Environment 26: 1393–1405.
Shtein I, Hayat Y, Munitz S, Harcavi E, Akerman M, Drori E, Schwartz A,
Netzer Y. 2017. From structural constraints to hydraulic function in three Vitis
rootstocks. Trees - Structure and Function 31: 851–861.
Stiller V. 2009. Soil salinity and drought alter wood density and vulnerability to
xylem cavitation of baldcypress (Taxodium distichum (L.) Rich.) seedlings.
Environmental and Experimental Botany 67: 164–171.
Tixier A, Herbette S, Jansen S, Capron M, Tordjeman P, Cochard H, Badel E.
2014. Modelling the mechanical behaviour of pit membranes in bordered pits
with respect to cavitation resistance in angiosperms. Annals of Botany 114: 325–
334.
Tombesi S, Nardini A, Farinelli D, Palliotti A. 2014. Relationships between
stomatal behavior, xylem vulnerability to cavitation and leaf water relations in
two cultivars of Vitis vinifera. Physiologia Plantarum 152: 453–464.
Tyree MT, Cochard H, Cruiziat P, Sinclair B, Ameglio T. 1993. Droughtinduced leaf shedding in walnut: evidence for vulnerability segmentation.
Plant, Cell & Environment 16: 879–882.
Wheeler EA. 1981. Intervascular pitting in Fraxinus Americana L. IAWA Journal
2: 169–174.
Williams LE, Araujo FJ. 2002. Correlations among predawn leaf, midday leaf,
and midday stem water potential and their correlations with other measures of
soil and plant water status in Vitis vinifera. Journal of the American Society for
Horticultural Science 127: 448–454.
Yang J, Michaud J, Jansen S, Schenk HJ, Zuo YY. 2020. Dynamic surface
tension of xylem sap lipids. Tree Physiology 40: 433–444.
Zhang Y, Carmesin C, Kaack L, Klepsch MM, Kotowska M, Matei T, Schenk
HJ, Weber M, Walther P, Schmidt V. 2020. High porosity with tiny pore
constrictions and unbending pathways characterize the 3D structure of
intervessel pit membranes in angiosperm xylem. Plant, Cell & Environment 43:
116–130.

Ó 2020 The Authors
New Phytologist Ó 2020 New Phytologist Trust

Research 15

Supporting Information
Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.
Fig. S1 Meteorological data throughout the 2019 growing season.
Fig. S2 The raw data of the coordinated hydraulic plasticity for
the no irrigation (NI) treatment.
Fig. S3 The leaf vulnerability curve based on the optical method
during the 2019 growing season for the three irrigation treatments.
Fig. S4 Plant conductivity during the growing season for the irrigation treatments.
Fig. S5 The elongation rate of developing leaves across the growing season.
Methods S1 Detailed explanation on the calculation of turgor
loss point.
Methods S2 Detailed protocols of the anatomical procedures.
Table S1 Statistical comparison of the physiological parameters
between the different irrigation treatments.
Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist (2020)
www.newphytologist.com

